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Abstract
Acid mine drainage (AMD) is a major environmental problem in many active and former
mining regions worldwide. Prediction of the nature of effluents released from mine sites
and their environmental impacts is a challenging and dynamic problem as AMD is
affected, both by the textural and compositional features of sulphide ores and their
weathered spoils and by water-rock interactions in receiving waters.
This thesis examines AMD processes in the headwater region of the Tintillo River (a high
level tributary of the Odiel River) that receives effluents draining the spoil heaps of the
Corta Atalaya (CA) mine, Iberian Pyrite Belt (IPB), South-West Spain. The district and CA
itself represent some of the largest massive sulphide mines in the world. The aim of the
work presented here is to assess AMD generation and impacts around the CA mine
focusing on, (a) AMD generation processes in the mine and its spoil heaps and (b) the
impacts of site AMD on river water chemistry and river morphology.
Tintillo River waters are extreme examples of AMD-affected Mg-SO4 type waters
characterised by high S, Mg, Fe and Al concentrations and low pH (~2.56). Intense
sulphide oxidation at all scales has resulted in the release of high concentrations of Fe
and SO4 and accessory metals (e.g. Cu, Zn, Cd, As and Co) into the fluvial network with
concomitant dissolution of gangue minerals and hydrolysis reactions leading to the
mobilisation of Mg, Al, Si, K and Na. Future differential rates and products of weathering
between the meta-rhyolites that dominate CA spoil could profoundly affect the partitioning
of major and trace elements (e.g. metals co-precipitated, adsorbed and or otherwise
retained by current secondary mineral accumulations), impacting the subsequent parts of
the system.
Two

major

geomorphological

expressions

(terrace

formations

and

evaporite

accumulations) are the result of hydrogeochemical processes following outwash of acidic
effluents at the study site. Secondary minerals at the site significantly influence the
geochemical

fractionation

of

hazardous

elements.

Dissolution

of

soluble

salts

(characteristically Mg- varieties of magnesiocopiapite, epsomite, and hexahydrite) and
neo-formed jarosites from spoil and riverine hinterlands results in an annual cycle of rapid
metal and acidity transference from CA spoil and Tintillo headwaters to the downstream
environment. The high affinity of jarosites for heavy metals and the capacity of watersoluble evaporites to coprecipitate, adsorb and/or scavenge a suite of toxic metals
(including Co, Cu, Mn, Zn, Ni and Cd) result in geomorphological and secondary mineral
interfaces that are major and dynamic conduits for metal transport within and through the
system, particularly during flood events.
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1. INTRODUCTION

This thesis examines acid mine drainage (AMD) processes and their effect on river
chemistry and morphology at the world class Corta Atalaya (CA) massive sulphide mine,
Iberian Pyrite Belt (IPB), southwest Spain.

1.1. Acid mine drainage (AMD)
It is well established that natural baseline water quality can be affected by undisturbed
mineralisation (Runnells et al., 1992). In addition, 19300km of rivers and 720km2 of lakes
and reservoirs worldwide are affected by mining effluents (Johson and Hallberg, 2005). In
particular, rivers draining operating and abandoned sulphide ore mines are often seriously
affected by acid run-off from mine workings, tailings and waste rock piles. Examples are
abundant from the UK (e.g. Boult et al., 1994 and Younger, 1995 and 2001) and
worldwide (e.g. France: Casiot et al., 2004; Taiwan: Tsai et al., 1998; Korea: Yu and Heo,
2001 and China: Zhao et al., 2007). Some of the best-studied sites are in the USA and
Canada (e.g. Kidd Creek, Ontario: Al et al., 1994; The Sacramento River, California:
Alpers et al., 2000b; Iron Mountain, California: Alpers et al., 1994c and The Montezuma
mining district, Colorado: Diehl et al., 2006 and Verplanck et al., 1999). In Europe, the
acid mine drainage (AMD) affected rivers draining the Iberian Pyrite Belt (IPB), in the
southwest of Spain have also been the focus of intense study (e.g. Achterberg et al.,
1999; Achterberg et al., 2003; Alpers et al., 1994a; Alpers et al., 1994b; Amils et al., 2002;
Borrego et al., 2002; Borrego et al., 2005; Cabrera et al., 1984; Cánovas et al., 2007;
Elbaz-Poulichet and Leblanc, 1996; Fernández-Remolar et al., 2003; Galán et al., 2003;
Leblanc et al., 1995; Morillo et al., 2002; Nelson and Lamothe, 1993; Nieto et al., 2007;
Olías et al., 2006; Sánchez-España et al., 2005b, Sánchez-España et al., 2006;
Sarmiento et al., 2004; Sarmiento et al., 2011; Solá et al., 2004).

Numerous authors have presented fundamental discussions on AMD generation and
geochemistry (e.g. Alpers and Nordstrom, 1999; Nordstrom and Southam, 1997;
Nordstrom and Alpers, 1999a; Nordstrom, 2000; Plumlee et al., 1997; Plumlee et al.,
1999; Smith, 1999; Smith 2000; Smith and Beckie, 2003). Massive sulphide associated
AMD is a common and pervasive environmental concern (e.g. Arambarri et al., 1996;
Banks et al., 1997; Bigham, 1994; Dinelli et al., 2001; Evangelou and Zhang, 1995; Galan
et al., 2002; Hammarström and Smith, 2000 and 2005; Jambor 1994; Price, 2003; Purra
and Neretnieks, 2000; Ritchie, 1994a; Ruiz et al., 1998; Salomons, 1995; Seal and
Hammarström 2003; and Virkanen et al., 1997). Indeed, environmental impacts from
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metal leaching and AMD produced by the oxidation of sulphide minerals and their byproducts, are the most costly and time-consuming environmental issue facing the mining
industry and one of the most technically challenging (Price, 2003).

Textural and compositional features of sulphide ores define the subsequent weathering
characteristics of their spoil (Alpers and Blowes, 1994a; Jambor, 1994; Jambor, 2003;
Lapakko, 2003) and the relative mobility and/or storage (e.g. secondary mineral
precipitation/dissolution interactions) of potentially deleterious contaminants, which can
create short and long-term (in some cases tens to thousands of years) hazards to river
water quality (e.g. Salomons and Förstner, 1984). In addition, in aqueous environments
impacted by acid drainage, water-rock interactions play an important role in controlling
water chemistry and relatively subtle changes in the chemical composition of waters can
radically affect solution/dissolution precipitation reactions. Thus, effective prediction of the
nature of effluents released from mine sites is not only a challenging but also a dynamic
problem.

1.2. The Iberian pyrite belt (IPB)
The Iberian Pyrite Belt (IPB) is one of the largest and most significant metallogenic
provinces in the southwest Variscan orogenic system of Europe (LODE, 2002). It is
dominated by a number of giant and supergiant Palaeozoic sulphide deposits, including
the largest individual massive sulphide bodies on Earth (Leblanc et al., 2000). The 250km
long arcuate belt (Figure 1.1) comprises a province of volcanic (hosted) massive sulphide
(VMS/VHMS) deposits/mines, embedded in the South-Portuguese geotectonic zone of the
Iberian Peninsula.

The complex geology of the IPB (particularly that of the Rio Tinto (RT) District) has been
reviewed in various publications, which also discuss controversies over modes of
emplacement via a sill-sediment or volcanic pile model (e.g. Almodóvar et al., 1997;
Barrie and Hannington, 1999a; Barriga, 1990; Boulter, 1993a, 1993b, 1993c, 1994, 1995,
1996; Boulter et al., 1999; Boulter et al., 2001; Boulter et al., 2004; Carvalho et al., 1999;
Dallmeyer and Martinez-García, 1990; García Palomero, 1990; Leistel et al., 1998d;
Martinez-Frias et al., 2001b; Munha et al., 1986; Oliveria, 1990; Oliveria and Quesada,
1998; Ribeiro et al., 1990; Sáez et al., 1996; Silva et al., 1990; Soriano and Marti, 1999;
Tornos et al., 1998; Tornos and Chiradia, 2003; Tornos, 2005; Tornos et al., 2005;
Tornos, 2006 and references therein). This is further discussed in Chapter 3.
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The original pre-erosional amount of IPB sulphides has been estimated at some 1.7 billion
tons (Barriga, 1990; Carvalho et al., 1999). Of this amount, circa 20% has been mined
and ten to 15% lost to erosion. Today the district is host to 82 mines and more than 38
identified massive sulphides or stockworks (IGME, 1982; Leistel et al., 1998d; Pinedo,
1963; Tornos et al., 2000). Total ore reserves exceed 1.5 billion tons, residing in eight
supergiant deposits (> 100 million tons) and a number of other smaller deposits (Sáez et
al., 1999; Tornos, 2006). Deposits typically contain 50% sulphur, 42% iron and between
two and eight percent by weight copper, lead and zinc combined (Van Geen et al., 1999).

Mining activity within the IPB dates back to the third millennium BC (Avery, 1974; Nocete
et al., 2008; Salkield, 1987) and is characterised by open cast mining, lesser underground
workings and drift and fill. A total of ~280 Mt of pyrite and base-metal ores, together with
significant tonnages of manganese ores have been exploited yielding resources equating
to 334 Mt of Cu (0.39%), Zn (0.34%), Pb (0.12%) and Au (0.4 g/t) (Pauwels et al., 2002).
Mining related spoil covers an estimated total of 107 Hm3 in the province of Huelva alone
(e.g. Buckby et al., 2003; IGME, 2006; Nocete et al., 2005, Nocete et al., 2008).

The Corta Atalaya mine site (Figure 1.1), north-northeast (NNE) of Huelva, is the primary
study location for this thesis. It is one of the largest massive sulphide mines in the world,
has characteristically good outcrop and its drainage area shows severe acid mine
drainage (AMD) effects.

Figure 1.1: (A) Lithostratigraphy of the Iberian Peninsula: CZ – Cantabrian Zone; WALZ –
West Asturian-Leonese Zone; GTOMZ – Galicia-Tras-Os-Montes Zone; CIZ – Central
Iberian Zone; TBCZ – Tomar-Bedajoz-Cordoba Shear Zone; OMZ – Ossa Morena Zone;
BAOC – Beja-Acebuches Ophiolitic Complex; and SPZ – South Portuguese Zone (after
Ribeiro and Sanderson, 1996); (B) Geological map of the Iberian Pyrite Belt (IPB) and
locations of the major mine sites (after Fonseca et al., 1999; Leistel et al., 1998d; Oliveira,
1990; Onézime et al. 2002; Quesada, 1998) including the study site of Corta Atalaya (CA).
3
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1.3. Aims and Objectives

The aim of this thesis is to assess acid mine drainage (AMD) generation and impacts
around the Corta Atalaya (CA) mine, Iberian Pyrite Belt (IPB), focusing on (a) AMD
generation processes in the mine and its spoil heaps and (b) impacts on river water
chemistry and river morphology.

Objectives are:

1. To lithologically map host rock outcrops and extant spoil heaps around the CA mine
and determine their acid generating potential based on their mineral composition
2. To characterise the influence of AMD on the chemical composition of local headwaters
and the wider catchment waters
3. To examine the impact of mine waste inputs and secondary precipitates on river
morphology, river sedimentation and in-channel AMD/metals transport and cycling
4. To assess the impact of a witnessed flood event on wash out and transport of AMD
and river morphology
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1.4. Structure of the thesis

This thesis is structured into 12 chapters (excluding the bibliography and appendix,
Chapters 13 and 14 respectively). Chapter 1 provides a context to the study and outlines
the key aims and objectives of the thesis. Chapter 2 summarises key factors that act to
define, control and modify acid mine drainage (AMD) character. Building on this, Chapter
3 discusses the thesis study area, focusing on the geological setting of the Iberian Pyrite
Belt (IPB), the Rio Tinto (RT) district itself (inclusive of Corta Atalaya (CA)) and current
AMD impacts. In Chapter 4 the hydrological, hydrochemical and AMD-related
morphological features of the study area are considered. The organisation and practice of
sampling, analysis and interpretation are outlined in the methodology Chapter 5 followed
by details of field observations and sampled sections in Chapter 6. Lithological
characterisation of host rock outcrops and extant spoil heaps (ref. objective 1; section 1.3
page 5) is discussed in Chapter 7. Characterisation of site AMD and assessment of
potential effects on the wider catchment (ref. objective 2; section 1.3) are detailed in
Chapter 8. Impacts of mine wastes and secondary precipitates on river morphology, river
sedimentation and in-channel AMD/metals transport and cycling, (ref. objective 3; section
1.3), are investigated in Chapter 9. Chapter 10 details a case study of a flood event in the
Tintillo River headwaters and its effects on wash out (including of AMD) and impacts on
river morphology (ref. objective 4; section 1.3). The discussion, interpretation and
conclusions from the data presented are detailed in Chapters 11 and 12.
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2. GENERATION OF AMD FROM MINE WASTES

2.1. Introduction
Essentially, acid mine drainage (AMD) is an aqueous geochemical product of sulphide
oxidation. The oxidative dissolution of sulphides is one of the main pollution processes of
natural watercourses in mining environments of the Iberian Pyrite Belt (IPB) (Nieto et al.,
2007).

Once sulphide is exposed to atmospheric conditions (i.e. moisture and oxygen), oxidation
takes place generating acidity and sulphates. In addition, mobilisation of Fe, trace metals
(e.g. Cu, Pb, Mn and Zn) and/or colloidal complexes may result (Alloway and Ayres, 1994;
Rüdel, 2003). Reactions are complex and varied. Ferric hydroxide oxidation products may
include a variety of secondary, oxyhydroxide or hydroxysulphate minerals such as
goethite, ferrihydrite, schwertmannite and jarosite that form oxidised zones on weathered
tailings or mine waste dumps and precipitate along streams (e.g. Desborough et al., 2010;
Madden et al., 2006; Nordstrom and Southam, 1997; Scroth and Parnell, 2005) with
specific chemistries defined by acid-sulphate alteration to local mineral assemblages.
Silicates are the most common gangue minerals (Lottermoser, 2007) but on exposure
oxides, hydroxides, phosphates, halides and carbonates are also present. Thus, the
specific nature of AMD effluents is directly related to mine waste mineralogy and is highly
heterogeneous and site specific.

Relative proportions of ore and gangue minerals, host rock lithology and wall-rock
alteration, are locally important (Blowes et al., 2003; Jambor, 2003; Romero et al., 2006;
Salmon and Malmström, 2004). These factors influence the chemical response of the
mine site by-products to AMD (e.g. Larson et al., 2014; Li et al., 2014; Matysek et al,
2014; Nugraha et al., 2009; Peretyazhko et al., 2009). Complex weathering reactions at
water-mineral interfaces involving oxidation, adsorption, desorption, ion exchange,
dissolution and the relative reactivities of mineral surface areas, further control the
processes that ultimately result in the elements that are released into solution or are
chemically bound or sequestered (Davis and Kent, 1990).
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2.2. Oxidation of sulphides
The oxidation of sulphide minerals is complex, incorporating different possible pathways;
including oxidation by dissolved oxygen only, by ferric iron at low pH and microbial
catalysis of the aqueous oxidation of ferrous iron (e.g. Gonzalez-Toril et al., 2011;
Nordstrom and Alpers, 1999b; Nordstrom and Southam, 1997). In essence, the
oxidisation of sulphide releases ferrous iron (Fe2+) and hydrogen ions (H+), which lowers
pH and forms a sulphate and sulphuric acid as by-products (e.g. Buckby et al., 2003; Jerz,
2002; Nordstrom and Alpers, 1999a and 1999b). Oxidation may be biotic (associated with
microorganisms) or abiotic. More complex still, biotic and abiotic degradation can result
from oxygen (i.e. direct oxidation), or oxygen and iron (i.e. indirect oxidation) (e.g.
Evangelou and Zhang, 1995). The latter is generally accepted as the primary process of
pyrite oxidation and consequently, the presence of iron (both trivalent and divalent), is of
fundamental importance.

Reaction pathways gradually convert metals and minerals in mine wastes into a weak
sulphuric acid solution containing dissolved ferrous iron (e.g. pyrite and pyrrhotite
oxidation equations 1-4: after Jerz, 2002).

2FeS2 + 7O2 + 2H2O → 2FeSO4 + 2H2SO4 + energy

1

Fe1-xS + 8-2x/4O2 + xH2O → (1-x)FeSO4 + xH2SO4

2

4FeS2 + 14H2O + 15O2 → 4Fe(OH)3 + 16H+ + 8SO42-

3

4FeS + 10H2O + 9O2 → 4Fe(OH)3 + 8H+ + 4SO42-

4

These acidic, iron- and sulphate-rich waters can then contact sulphide minerals and
accelerate their oxidation, evaporate partially or totally to precipitate hydrated mixed
ferrous-ferric sulphates and other minerals and/or contact host rock (gangue) minerals.
These exchanges lead to a complex set of reactions capable of contributing additional
acidity, or generating neutralisation capacity.

Whilst the oxidation of other sulphides (e.g. galena, sphalerite and chalcopyrite) can be
important (Lottermoser, 2007), pyrite oxidation has been the focus of most academic and
industrial interest (e.g. Cox et al., 1999; Evangelou and Zhang, 1995; Lapakko 1992,
2002; Lapakko and Lawrence 1993; Luther, 1987; White and Brantley 1995; and White et
al., 1999) and is considered responsible for the majority of acid production in mine wastes
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(Stumm and Morgan, 1981). As such, it is pyrite oxidation that will be concentrated on in
the remainder of this Chapter.

2.2.1. Direct oxidation
Both direct and indirect oxidation of pyrite influence acid mine drainage (AMD) although
the latter is considered as the primary mechanism in mine wastes. Direct oxidation
(equation 5: after Nordstrom and Alpers, 1999a) produces a solution of ferrous sulphate
and sulphuric acid. Dissolved ferrous iron continues to oxidise and hydrolyse when the
mine water is no longer in contact with pyrite surfaces and produces additional acidity.

2FeS2 + 7O2 + 2H2O → 2Fe2+ + 4SO42- + 4H+ + energy

5

2.2.2. Indirect oxidation
Indirect (exothermic) oxidation of pyrite is the primary oxidation pathway in mine wastes
whereby chemical oxidation of pyrite by oxygen and ferric iron (Fe3+) occurs in three
interconnected steps sometimes termed the “acid mine drainage (AMD) engine” and
summarised by one overall chemical reaction (equation 6: after Lottermoser, 2007).

FeS2 + 15/4O2 + 7/2H2O → Fe(OH)3 + 2H2SO4 + energy

6

With dissolved oxygen (DO) and Fe3+ acting as the major oxidants, ferrous iron (Fe2+) and
sulphur (S2-) are oxidised to produce solid iron hydroxides (Fe(OH)3) and oxyhydroxides
(FeOOH) in addition to dissolved sulphate (SO42-) and hydrogen ions (H+) (e.g.
Evangelou, 1998; Lottermoser, 2007; Singer and Stumm, 1970).

The specific processes are complex and varied, but principally comprise an
interconnected stepped sequence (Figure 2.1).
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Figure 2.1: Indirect oxidation of pyrite (after Banks et al., 1997).
Combined, the reactions result in a system whereby, on exposure to oxygen and water,
abiotic oxidation of pyrite is initiated producing dissolved ferrous iron (Fe2+), sulphate
(SO42-) and hydrogen ions (H+). Dissolved iron and sulphate ions cause an increase in the
total dissolved solids (TDS) of water. The release of hydrogen ions and sulphate anions
results in acidification of the host solution where equivalent neutralisation reactions do not
prevail.

Propagation of this reaction results in the system becoming increasingly acidic and
oxidising. Under these conditions the generated Fe2+ may be oxidised to ferric iron (Fe3+)
with available Fe3+ then acting as an oxidising agent for pyrite by oxidising sulphur and
generating in turn more Fe2+.

Alternately, ferric iron may precipitate from effluent as an iron hydroxide or iron
hydroxysulphate (equations 7 & 8: after Lottermoser, 2007).

Fe3+ + 3H2O ↔ Fe(OH)3 + 3H+

7

Fe3+ + 2H2O ↔ FeOOH + 3H+

8

Dissolved Fe3+ is the most efficient oxidant for pyrite (inclusive of oxygen itself) because it
oxidises pyrite more rapidly than oxygen (Luther, 1987). As the preferred oxidant of pyrite
this results in an increase in available O2 concentrations to oxidise dissolved Fe2+. Ongoing oxidation of pyrite by Fe3+ generates additional Fe2+ that can then be oxidised to
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Fe3+ by oxygen (Figure 2.1) resulting in increased availability of Fe3+ to oxidise pyrite,
which in turn produces more Fe2+. This cycle of Fe2+ to Fe3+ conversion and related
oxidation of pyrite by Fe3+ to produce Fe2+ cyclically propagates the system.

2.3. The influence of limiting factors
Once established, the cycle continues until the supply of pyrite or Fe3+ to the reaction
system is exhausted. However, various factors may affect the rate or specific evolution of
sulphide oxidation including:

•

pH

•

Available oxygen and

•

The precipitation of Fe hydroxides and/or oxyhydroxides

The hydrolysis of Fe3+ and the oxidation of FeS2 by Fe3+ are both acid-producing
reactions. For each mole of pyrite oxidised by Fe3+, 16 moles of proton acidity and one
excess ferrous ion (Fe2+) (then available to sustain the reaction) are generated (equation
9).

FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO42- + 16H+ + energy

9

The aqueous abundance of Fe3+ is thus influenced by the pH of the weathering solution,
with very low solubilities in neutral and alkaline waters (≥ pH 3) limited by the precipitation
of ferric hydroxides (Fe(OH)3) and oxyhydroxides (FeOOH). Consequently, solubility
increases as pH decreases.

As acidity generation continues and pH declines (< pH 5) the rate of abiotic Fe2+ oxidation
slows. Under abiotic, acid (pH < 4) conditions, the rate of Fe2+ oxidation to Fe3+ is
relatively slow. Acidophilic (acid-loving) bacteria such as Acidothiobacillus ferrooxidans
and Leptospirulum spp. participate in the conversion and the oxidation of sulphur and
sulphur compounds utilising the oxidation of the metal component (primarily Fe) and
sulphur to obtain energy for growth (e.g. Rohwerder et al., 2003). These bacteria are
autotrophic, deriving energy from the oxidation of dissolved or solid phase Fe2+ (with O2)
and by fixing dissolved carbon dioxide (CO2) for biomass. Biotic iron is most active in
moist surficial environments, as oxidation requires CO2 and oxygen (O2). Biotically
11

mediated Fe2+ → Fe3+ oxidation has been shown to be a factor of hundreds to as much as
one million times faster than abiotic mechanisms (e.g. Singer and Stumm, 1970).

Whilst oxygen is not essential to all reactions, it is required to convert ferrous to ferric iron
and so variations in available quantities can affect reaction rates.

Hydrolysis reactions occur as water molecules react with dissolved cations, which then
bond to available hydroxyl groups releasing hydrogen ions and reducing pH (e.g.
precipitation of dissolved Fe3+ as shown in equations 7 & 8 on page 10). These reactions
are induced by partial neutralisation (pH ≥ 3) whereby Fe3+ solubility is reduced resulting
in complexation and precipitation reactions. These reactions generate more H+ and lower
pH and thus promote more Fe3+ to stay in solution. Available Fe3+ can then go on to
further oxidise pyrite and induce additional acidity. The amount of Fe3+ available imparts
control on how much pyrite can be destroyed. As a result, the oxidation of Fe2+ to Fe3+ by
dissolved oxygen (DO) is considered the “rate-limiting step” in the indirect oxidation of
pyrite (Singer and Stumm, 1970).

In natural systems interactions between these reaction pathways are complex, include
feedback systems and are not mutually exclusive. For example, the oxidation of Fe2+ to
Fe3+ is itself dependent on numerous variables including temperature (T), pH and DO and
the presence or absence of Fe2+ oxidising bacteria (Sánchez-España et al., 2007c).
Moreover, if Fe3+ is hydrolysed and precipitated as a solid phase a limit is placed on the
available dissolved Fe3+ and on the rate of pyrite oxidation (Lottermoser, 2007). In effect,
solid iron hydroxides and oxyhydroxides, dissolved sulphate and hydrogen ions are
indefinitely produced unless one of the vital ingredients (Fe3+, oxygen or pyrite/sulphide) is
removed; or the pH of the weathering solution is significantly raised (Lottermoser, 2007).

2.4. The significance of ferric iron (Fe3+)
Most ferrous (Fe2+) to ferric (Fe3+) iron transformations occur in waste piles in solution
films on mineral grains, or within iron sulphate minerals themselves (e.g. Diez-Ercilla et
al., 2009; Jerz, 2002). The products of a combined array of such reactions (e.g. 10 – 14)
combine to comprise the contamination generically termed acid mine drainage (AMD).

FeS2 + 7Fe2(SO4)3 + 8H2O → 15FeSO4 + 8H2SO4

10

FeS2 + Fe2(SO4)3 → 3FeSO4 + 2S

11
12

4FeSO4 + O2 + 2H2SO4 bacteria → 2Fe2(SO4)3 + 2H2O

12

2S + 3O2 + 2H2O bacteria → 2H2SO4

13

4FeS2 + 15O2 + 2 H2O → 2Fe2(SO4)3 + 2H2SO4

14

As such, the ferric iron reaction pathway is particularly significant when considering
weathering within an environment dominated by sulphidic wastes. Available ferrous iron
(Fe2+) can be oxidised biotically (Yu et al., 2001) to produce ferric iron (Fe3+), maintaining
input of Fe3+ to the system (equations 15 & 16: Nordstrom and Alpers, 1999a) with
biologically catalysed reactions found to increase reaction rates several orders of
magnitude (e.g. Nordstrom and Southam, 1997).

4Fe2+ + O2 + 10H2O → 4Fe(OH)3 + 8H+

15

FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO42- + 16H+

16

The rate of sulphide oxidation is affected directly by the pH of a contact solution with
concentrations of Fe3+ acting as the oxidant at low pH (indirect oxidation). Consequently,
in Fe3+ saturated solutions, oxidation rate is pH dependent. The precipitation of insoluble
Fe3+ at lower pH controls Fe3+ concentrations and encourages higher concentrations of
dissolved Fe3+. Concurrently, at pH < 3 sulphide oxidation is markedly faster (Lottermoser,
2007). Conversely (at pH > 3), Fe3+ precipitates removing the oxidising agent from
solution and limits the reaction (Rose and Cravotta, 1998).

2.5. Sulphides other than pyrite
Patently, the significance of Fe to the AMD cycle is such that consideration of the
oxidation of other iron sulphide minerals is important (e.g. marcasite and/or pyrrhotite;
FeS2 and Fe1-xS,0.7<x<1.0 respectively; Jambor, 1994; Lapakko, 2002). Marcasite, (often
called white iron pyrite), is physically and crystallographically distinct from pyrite. Both are
iron sulphides (FeS2) but marcasite has an orthorhombic rather than cubic crystal
structure. Both structures contain the disulphide ion (S22−) with characteristic short
bonding distances between the sulphur atoms but the structures differ in how these dianions are arranged around the Fe2+ cations (e.g. Dódony et al., 1996). The variations
give marcasite a more unstable crystal structure than pyrite.
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Pyrrhotite oxidises much more rapidly than pyrite (Nicholson and Scharer, 1994;
Robertson, 1994) with the relative proportions of acid generation and consumption varying
dependent on the particular composition (i.e. pyrrhotite stoichiometry) and the oxidation
path followed (Hammarstrom and Smith, 2005).

In addition to the complexities of pyrite and latterly, pyrrhotite oxidation, the presence of
additional sulphides (e.g. chalcopyrite, sphalerite and/or galena) may also influence AMD.
The oxidation of additional sulphides via direct or indirect routes with the aid of oxygen,
iron and/or bacteria influences the chemistry of the resulting mine waters (Romano et al.,
2001). Dependent on their relative modal abundance and degree of oxidation, (affected by
liberation characteristics and other textural features), their presence can provide different
trace metal abundances (e.g. Cu, Zn, Pb or As) and alternate ferric iron reaction paths.
Equations 17 – 20 are indicative of the oxidation of chalcopyrite, sphalerite, galena and
arsenopyrite respectively (after Rimstidt et al., 1994).

CuFeS2 + 16Fe3+ + 8H2O → 17Fe2+ + Cu2+ + 2SO42- + 16H+

17

ZnS + 8Fe3+ + 4H2O → Zn2+ + SO42- + 8Fe2+ + 8H+

18

PbS + 8Fe3+ + 4H2O → Pb2+ + SO42- + 8Fe2+ + 8H+

19

FeAsS + 7/2O2 + 3H2O → FeAsO4·2H2O + SO42- + 2H+

20

The particular reaction rates and the factors affecting them, such as trace element
substitution, differ greatly (e.g. Jambor, 1994; Janzen et al., 2000; Nicholson and Scharer,
1994; Rimstidt et al., 1994). Laboratory experiments reported in these publications (and
references therein) confirm that pyrite (FeS2), pyrrhotite (Fe1-xS) and mackinawite
(Fe,Ni)9S8) are the most reactive sulphides. Conversely, covellite (CuS), millerite (NiS)
and galena (PbS) are generally far less reactive due to their greater crystalline stability,
lack of iron and the frequently observed early formation of low solubility minerals across
their surfaces as a shield to further oxidation (e.g. cerussite PbCO3 or anglesite PbSO4
formation on galena). Despite its relatively slow rate of oxidation, under certain
circumstances, arsenopyrite (FeAsS) may release significant amounts of As to mine
waters (Craw et al., 1999; Yunmei et al., 2004) and some sulphides have been found to
persist in oxic environments (e.g. cinnabar (HgS) and molybdenate (MoS2)) indicating a
resistance to weathering and lack of contribution to acidity (Plumlee, 1999).

In addition, Plumlee (1999) showed that oxidation (by oxygen) of monosulphide minerals
such as sphalerite and galena does not release acidity (H+). Conversely, they show that
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disulphide minerals (e.g. pyrite) can release many moles of acid per mole of pyrite
oxidised, depending on the oxidant (i.e. oxygen or ferric iron) and the reaction path. Finegrained FeS2 (pyrite or marcasite), especially the framboidal varieties or finely-milled
pyrite in tailings are especially reactive when subjected to wet-dry cycles and microbial
oxidation with the mixture of air and water leading to elevated acid production (EPA,
1994).

2.5.1. Contact between sulphides: galvanic cells
Direct physical contact (particularly in a damp environment) between at least two different
sulphide minerals results in the movement of electrons via the formation of a galvanic
micro-cell (Figure 2.2A; Wenk and Bulakh, 2004). Where sulphides are in contact with an
acidic aqueous solution, dissociation reactions can occur as follows:

ZnS → Zn2+ + S + 2e-
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FeS2 + 2e- → Fe + 2S-
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Figure 2.2: A schematic representation of a galvanic cell between sphalerite and pyrite
showing the impacts on electrochemical processes of oxidation where sulphides are in
contact with each other (after Wenk and Bulakh, 2004).
These interactions can be particularly significant in spoil and tailings environments as they
can determine preferential weathering rates. Under such conditions relatively static but
aerated waters or even water droplets in spoil pore spaces can constitute a galvanic cell.
Where galvanic interactions are established and weathering occurs, the mineral with the
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highest electrode potential is galvanically protected from oxidation whilst the other mineral
is weathered more strongly, resulting in selective oxidation and ultimately, in
decomposition along grain boundaries (e.g. Abraitis et al., 2004; Evangelou, 1995; Sato,
1992).

Depending on the coupling, oxidation of sulphides can be favourably or adversely
affected. For example, pyrite in direct contact with other sulphides does not react as
vigorously as when in isolation, or oxidation can be delayed as other sulphides are
preferentially affected (see Cruz et al., 2001). Indeed, sulphide minerals (pyrite,
chalcopyrite, galena, pentlandite, sphalerite and pyrrhotite) can be arranged in the form of
a galvanic series in an acid medium with reference to their relative activities as shown in
Table 2.1.

Table 2.1: Galvanic series of selected metal sulphides in acid waters (after Koleini et al.,
2010 and references therein).

Pyrite

Noble

Chalcopyrite
Pentlandite
Galena
Pyrrhotite
Sphalerite

Active

Based on such a galvanic series, the electrochemical behaviour of one sulphide mineral
can accelerate the oxidation (dissolution) of one or more members of an electrochemically
coupled system, while cathodic protection (reduction) would be conferred on other nobler
minerals.

Factors that can influence the rate of galvanic interactions among sulphide minerals in an
acidic medium include:
1. The relative surface areas between anode and cathode (area effect interelectrode distance and/or the distance effect)
2. The nature and duration of contact
3. The conductivity of the mineral and electrolyte
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4. Solution properties such as pH; the presence or absence of oxidising agents;
and/or the presence of other cations and anions
5. And finally, the presence or absence of microorganisms

Redox potentials (EH) are of particular importance. The rest potential of sulphide minerals
and the EH of the leaching medium are both important electrochemical parameters
affecting reactivity. A large difference between the EH of the medium and the rest potential
of the sulphide must exist for efficient mineral dissolution to proceed.

Indeed, whilst the presence of pyrite has been found to increase the dissolution of
chalcopyrite by over five times at EH 650 mV, at 750 mV the dissolution of chalcopyrite
(whilst four times greater) resulted despite there being negligible galvanic interaction
between pyrite and chalcopyrite (Yubiao et al., 2015). In this instance, sulphur (60%)
leached from chalcopyrite was converted to S0 regardless of the presence of pyrite with
the remainder (40%) released into solution as SO42- (Yubiao et al., 2015).

2.6. Sulphur, sulphosalts and sulphates
In combination with iron (Fe), sulphur (S) geochemistry forms the basis of the
geochemical processes underlying acid mine drainage (AMD) formation. Foremost in
promoting reactivity is the tendency under atmospheric conditions for transition of S from
reduced (e.g. S0 and S2-; elemental sulphur, sulphides and sulphosalts) to higher
oxidation/valence states. The oxidation state of S determines how it is incorporated into
mineral phases (Wedepohl, 1995). Intermediate and felsic lithotypes are characterised by
proportionally less S than other igneous rock types (e.g. ranges of 60–3600 mgkg-1 and
45-3900 mgkg-1 respectively) (Krauskopf and Bird, 1995; Wedepohl, 1995) but the most
important occurrence of S associated with igneous rocks is in metal sulphide
mineralisation, exemplified by the Corta Atalaya (CA) massive sulphide deposits in this
study. Many metals exhibit chalcophilic tendencies, leading to the formation of sulphide
and sulphosalt ore minerals (often as intergrowths of base metal sulphides and Pb-Sb-CuAg sulphosalts) including chalcopyrite Cu2S, pyrite FeS2, sphalerite ZnS, galena PbS,
cinnabar HgS, stibnite Sb2S3 and oldhamite CaS bournonite PbCuSbS3 and tetrahedrite
Cu12Sb4S13 (Wedepohl, 1995).

Common rock-forming silicate minerals, including feldspar and mica also contain
significant amounts of sulphur. Concentrations typically range from 20 to 500 mgkg-1 and
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are a result, largely, of ionic substitution. In addition, non-silicates, such as apatite, can
contain up to 1100 mgkg-1 S (Wedepohl, 1995). Dissolution of these components of
gangue mineralogy results in additional mobilisation of sulphur as sulphate (SO42-) into
waters and sediments.

Microorganisms can influence the oxidation state of sulphur by either the oxidation or
reduction of S depending on the microbial species and/or the redox environment.
Sulphates of metals, mainly of Fe (e.g. jarosite), but also of Al (alunites) Ca (gypsum
and/or anhydrite) and Mg (e.g. hexahydrite) occur under oxidising conditions. These
minerals are readily soluble and are therefore critically involved in sediment equilibrium
processes (Bayless and Olyphant, 1993; Kabata-Pendias and Mukherjee 2001; KabataPendias, 2010; Valente et al., 2016a). This has been exploited in bioremediation systems
where elemental sulphur application (at a rate of 300 µmolkg-1) has been applied to
decrease soil pH (by 0.5 unit per application) and increase the phytoavailability of trace
metals (e.g. Çimrin et al., 2007).

In addition to primary sourcing from oxidative dissolution of pyrite in host rocks, sulphate
(SO42-) in AMD systems may be derived from secondary evaporite minerals generally
taking the form of anhydrous or hydrated sulphates (e.g. barite BaSO4, gypsum
CaSO4·2H2O, anhydrite CaSO4 and epsomite MgSO4·7H2O). Moreover, sulphates can
form from the dissolution of fragmented primary and secondary sulphides and dissolution
products present in sediments (e.g. spoil). As sulphur exists predominantly as the free
SO42- anion in stream water, quantities of sulphate- and metal-rich waters can be
mobilised resulting in re-precipitation of subsequent sulphates at distal sites. The
presence of protonated species and the influence of ion-pair interactions impart some
control on the chemical behaviour of S, as do redox conditions. In acid water (pH < 4),
sulphuric acid is not completely dissociated and some HSO4- may be present. In turn,
chlorides have an affinity for forming easily soluble complexes with some metals (e.g. Cd
after Weggler et al., 2004) and can be important at some mine sites.

2.7. Factors affecting sulphide weathering in mine wastes
Sulphide minerals show variable resistance to weathering depending on factors such as
grain size, crystallinity, trace element contents and particular mineral assemblages (e.g.
Kwong, 1993). The type and composition of each mineral undergoing oxidation defines
the oxidation products formed. Although a variety of different metal sulphide minerals
contribute metals and sulphur to the environment upon weathering, it is the weathering of
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the iron sulphide minerals, especially pyrite, that leads to acid mine drainage (AMD)
(Hammarstrom and Smith, 2005).

Reactions

and

reaction

rates

of

AMD

are

specific

to

host

lithologies

and

hydrogeochemical interactions within a given environment. For most rock types and
environmental conditions, metal leaching is significant only if drainage pH decreases to
less than pH 6 or pH 5.5 (Price, 2003). However, neutral pH drainage does not
necessarily negate metal leaching. Both neutral and alkaline AMD systems occur and not
all mine drainage is acidic or rich in dissolved metals (e.g. Ficklin et al., 1992; Mayo et al.,
1992; Plumlee et al., 1992). Properties such as particle size, porosity and surface area;
solid phase factors such as crystallographic defects and trace element substitutions of
sulphides themselves; in addition to external chemical, physical and biological factors;
also affect weathering profiles (e.g. Abraitis et al., 2004; Blowes et al., 1998; Evangelou,
1995; Hutchinson and Ellison, 1992; Plumlee, 1999; Rose and Cravotta, 1998; Singer and
Stumm, 1970; Smith et al., 1992).

2.7.1. Trace element substitutions
Crystalline solids exhibit a periodic crystal structure whereby the positions of atoms or
molecules occur on repeating fixed distances determined by the unit cell parameters.
However, the arrangement of atoms or molecules in most crystalline materials (and
particularly in semi-crystalline and/or amorphous phases common to mine waste
environments) is not perfect. Regular patterns are interrupted by crystallographic defects.
Some minor and trace element substitutions common to sulphides are shown in Table 2.2.

Table 2.2: Examples of the cation substitutions common to six sulphides (after Vaughan
and Craig, 1978) often present as small inclusions in host sulphides (Lottermoser, 2007).
Sulphide name

Formula Cation substitutions

Chalcopyrite
Galena

CuFeS2 Ag, As, Bi, Cd, Co, Cr, In, Mn, Mo, Ni, Pb, Sb, Se, Sn, Ti, V, Zn
PbS
Ag, As, Bi, Cd, Cu, Fe, Hg, Mn, Ni, Sb, Se, Sn, Tl, Zn

Marcasite

FeS2

Ag, Hg, Se, Sn, Ti, Tl, Pb, V

Pyrite

FeS2

Ag, As, Au, Bi, Cd, Co, Ga, Ge, Hg, In, Mo, Ni, Pb, Sb, Se, Sn, Ti, Tl, V

Pyrrhotite

Fe1-x S

Ag, As, Co, Cr, Cu, Mo, Ni, Pb, Se, Sn, V, Zn

Sphalerite

ZnS

Ag, As, Ba, Cu, Cd, Co, Cr, Fe, Ga, Ge, Hg, In, Mn, Mo, Ni, Sb, Se, Sn, Tl, V

The concentration of lattice defects tends to increase reactivity (Lapakko et al., 2006).
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2.7.2. External factors
Some influential external factors to sulphide oxidation include the presence of other
sulphides, microorganisms, oxygen and carbon dioxide concentrations, temperature, pH
and Fe2+/Fe3+ ratios of weathering solutions (Lottermoser, 2007).

Diffusion of oxygen within mine rock limits the overall oxidation rate of sulphides
(Nicholson and Scharer, 1992; Ritchie, 1994a, b, and c). In addition, water flow through
mine tailings affects the exothermic indirect oxidation of pyrite influencing sulphide
oxidation rates and hydrological and geochemical conditions in water rock matrices affect
reaction product transport (Jaynes and Bigham, 1986; Jaynes and Carpenter, 1986;
Nicholson and Scharer, 1992; Schafer, 1991; Schafer and Brendel, 1991).

Availability of iron in sulphide minerals as well as in waters in contact with sulphides is
important to sulphide oxidation as without available Fe3+ iron hydrolysis and acid
generation cannot occur (Boon et al., 1998; Lottermoser, 2007). Mine wastes with high
percentages of iron sulphides (e.g. pyrite, marcasite, pyrrhotite), or sulphides with iron as
a major constituent (e.g. chalcopyrite, Fe-rich sphalerite) generate significantly more
acidity than wastes with low concentrations of Fe-sulphides (e.g. galena, Fe-poor
sphalerite) (Plumlee, 1999).

The metal/sulphur ratio in sulphides influences how much sulphuric acid is liberated by
oxidation. Pyrite and marcasite have a ratio of 1:2 and galena and sphalerite a ratio of 1:1,
meaning that the former produces more acid per mole of mineral than the latter
(Lottermoser, 2007). Minor and trace element inclusions, adsorbed films and/or cation
substitutions in crystal lattices, occur in sulphide minerals that may be liberated and
mobilised during weathering releasing sulphate and trace metals and metalloids.

Combined, these aspects define the overall effects of weathering and are key to the
development of pre-existing rock fabrics that control porosity in mine-waste materials and
in turn, affect metal transport through and from mine-waste piles into watersheds (Diehl et
al., 2006).
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2.7.3. Reactive surface area
Given that oxidation and dissolution of minerals are largely surface mediated reactions,
rates of reactions are strongly dependent on the reactive surface area (e.g. oxidation of
framboidal pyrite is much more rapid than euhedral pyrite due to the higher associated
surface area of the former). Smaller particles (< 0.25 mm) contribute to the vast majority
of sulphide oxidation, silicate and carbonate dissolution (e.g. Strömberg and Banwart,
1999).

Reactive mineral surface area is dependent on the extent to which the mineral is liberated
from the rock matrix, the mineral grain size and the roughness of the mineral surface.
Reactivity, as well as net porosity and permeability are reduced as mineral surfaces are
covered with coatings, such as iron oxyhydroxides. Individual minerals may be entirely
liberated from the rock matrix, occur interstitial to other minerals (partially liberated), or as
inclusions within minerals which may be essentially unavailable if they are within quartz
for example. Indeed, the instability of minerals during chemical weathering is most
pronounced in high Fe-Mg silicates such as olivine and calcic plagioclase and decreases
towards alkali plagioclase varieties, amphibole, biotite and muscovite and is negligible in
quartz (Sherlock et al., 1995).

2.8. Acid mine drainage (AMD) characteristics
It is not only the multitude of influences and variations induced by host rock sulphide
mineralogy that affects the particular acid mine drainage (AMD) output from a site. Further
modifications occur as acidic waters percolate through mine wastes. The types and rates
of these water-rock interactions are specific to the individual routes taken and combined
lead to a net AMD character that is specific to the site morphology, the hydrologic regime
and the specific rock geochemistry and fabrics contacted by percolating acid waters.

Fundamentally, the primary ore mineralogy defines the suite of heavy metals that may be
released into solution (e.g. Noble et al., 2016; Parbhakar-Fox et al., 2015; Seal and
Hammarstrom, 2003) and host rock mineralogies (gangue) supply different products (at
different rates), which combine to account for any neutralising potential. Resulting primary
sources of toxicity in AMD are dissolved trace metals and metalloids derived from the
dissolution of ore and gangue minerals as metal solubilities and the rates of weathering
increase under acidic conditions. Variations in the relative solubility of minerals are also
dependent on pH, which in turn defines differing AMD compositions. For example, the
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solubility of Al, Fe and Cu is greatly reduced at circumneutral pH, whereas Sb, As, Cd,
Mo, Se and Zn retain relative solubility under the same conditions (Price, 2003).

Primary controls on drainage pH and metal contents are thus directly related to the
relative exposure (as well as the composition) of sulphide minerals to weathering. More
specifically, the mineralogical and textural characteristics that define the liberation
characters of spoil lithologies including site sediments and larger scale spoil heap fabrics
affect porosity and permeability and are paramount in regulating derived AMD characters.

These factors control the availability of atmospheric oxygen. Often highly localised
pathways of water percolation transport AMD through spoil and into local waterways. The
availability of non-sulphide minerals to buffer acidity along these routes and the net sum of
chemical weathering products of individual minerals within polymineralic aggregates can
be classified as acid producing (generation of H+ as in degradation of pyrite), acid
buffering (consumption of H+, as in weathering of calcite), or non-acid generating or
consuming (e.g. dissolution of quartz). The balance of these combined chemical reactions
occurring within a particular waste at a given time determines AMD character.

2.8.1. Acid Generation from mine wastes
There are three generic modes of acid release from mine wastes or spoils:

1. Iron sulphide oxidation (inclusive of interactions of precipitated Fe3+ and Al3+
hydroxides)
2. The dissolution of soluble iron sulphate minerals and
3. The dissolution of less soluble sulphate minerals of the alunite/jarosite series

Sulphides are stable and very insoluble in reducing conditions (Olías et al., 2004). Yet
once exposed, atmospheric oxidation (by water, oxygen and/or carbon dioxide) mobilises
heavy metals solubilised by acidic solutions resulting in acid mine drainage (AMD). Local
redox conditions, sulphide mineralogy and AMD chemistry then in turn influence the
minerals formed by secondary precipitation within the spoil environment. Two agents are
involved: (1) Oxygen and (2) electrochemical processes induced by oxidation/reduction
reactions, with a third (e.g. bacteria - Thiobacillus ferrooxidans) affecting some instances.
The oxidation of chalcopyrite to covellite and goethite described by equations 23-26 is an
example:
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Oxidation of chalcopyrite to covellite
CuFeS2 + Cu2+ + SO42- → 2CuS + Fe2+ + SO42-

23

Followed by the oxidation reactions that form secondary goethite
CuFeS2 + 4O2 → Cu2+ + Fe2+ + 2SO42-

24

6Fe2+ + 6SO42- + H2O + 1.5O2 → 2FeOOH + 4Fe3+ + 6SO42-

25

4Fe3+ + 2H2O + 3O2 → 4FeOOH

26

2.8.2. Acid Neutralisation
Along any course, percolating waters can contact a host of rock types. Dissolution of
neutralising minerals comprising any of the waste rocks is one of the few geochemical
processes that may attenuate the severity of acid mine drainage (AMD). Traditionally, acid
neutralisation capacity (ANC) is most effective where carbonates (Mg and Ca) are
present. However, carbonate minerals are typically absent or are a minor component of
the host rocks for most massive sulphide deposit types (see Seal and Hammarstrom,
2003). It is thus other gangue mineralogies (e.g. silicates) that will provide any available
neutralisation/buffering capacity in massive sulphide related spoil.

2.8.2.1.

Gangue mineralogy: Silicates

Reactions of gangue minerals can contribute to, or even dominate the neutralisation
potential of a given system under specific pH conditions (i.e. Ritchie, 1994a). Phases such
as epidote (Ca2(Fe3+,Al)3(SiO4)3(OH)), olivine (e.g. forsterite and fayalite; Mg2(SiO4) or
Fe2+2(SiO4) respectively) and hornblende (Ca2(Mg,Fe)4Al(Si7Al)O22(OH,F)2) as well as
sodic and potassium feldspars and sericite (e.g. albite NaAlSi3O8, orthoclase KAlSi3O8
and KAl2(AlSi3O10)(OH)2) respectively) have been shown to contribute ANC (e.g. Jambor,
2003). The presence of and relative durability of different gangue minerals will determine
their influence on acid mine drainage (AMD). For example, the relative durability of calcite
(CaCO3) in the environment has been estimated at 0.43 years, some orders of magnitude
below anorthite (CaAl2Si2O8) at 112 years, diopside (CaMgSi2O6) at 10100 years and
albite at 575000 years (all as one millimeter crystals at 25 °C and pH 5; after Lasaga and
Berner, 1998).

Despite their relative abundance in massive-sulphide type environments and their
apparent availability for neutralisation, silicates dissolve incompletely and their rates of
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chemical weathering are relatively slow by comparison to concurrent acid production via
pyrite oxidation. As such, they make only small contributions to longer-term buffering
capacities unless acid production is relatively slow and abundant fine-grained fast
weathering silicates are present (e.g. Jambor et al., 2000b). Notwithstanding this it is
aluminosilicates that comprise the majority of rock forming minerals and although they
have a lesser reactivity than other mineral classes, it is their dissolution that will influence
mine site AMD character. Those aluminosilicates considered being of particular relation to
massive sulphide assemblages in felsic volcanic rocks will be concentrated on as they
characterise the geology of the study site.

Chemical weathering of silicate minerals occurs via congruent (the complete dissolution of
the silicate mineral and production of only soluble components) and incongruent
weathering (where a silicate mineral is altered to another phase). Attenuation of acid
waters by the dissolution of aluminosilicate minerals occurs at the lowest range of pH (pH
< 3.0) (Blowes et al., 1998) exemplified by the Tintillo low pH waters (pH 2 - 3) and their
related elevated concentrations of major cations (Si and Al particularly) and by the
accumulations of clay minerals such as illite and chlorite identified in spoil and ferricrete
sediments.

Ferromagnesian silicates (e.g. amphiboles, pyroxenes, olivine and/or biotite) degrade
relatively rapidly in the weathering environment contributing additional primary sources of
iron and magnesium (e.g. Schott et al., 1981). In addition, weathering of iron-free minerals
including enstatite, diopside and/or tremolite contributes further arrays of elements.
Ferruginous and aluminous products can also be derived through dissolutionreprecipitation weathering reactions whereby goethite, gibbsite and/or kaolinite can be
precipitated from solution (e.g. equation 27: after Velbel, 1989).

Na0.5Ca2(Fe1.3Mg2.6Al1.1)(Al1.6Si6.4)O22(OH)2 + 15H+ + H2O
→ 0.5Na+ + 2Ca2+ + 2.6Mg2+ + 1.3Fe2+ + 2.7Al(OH)2+ + 6.4H4SiO4

27

Dissolved Fe, Al and Si have been found to be transported through void spaces and
incongruently reprecipitate onto early-formed box works resulting in leachates in
weathering profiles being typically saturated with respect to 2:1 clay minerals in intensely
leached areas; 1:1 clays and/or oxyhydroxides from well-leached macro-environments;
2:1 clays occurring in poorly drained weathering environments; and natural solutions in
some instances in equilibrium with kaolinite but not with 2:1 clays (e.g. Nahon and Colin,
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1982). Moreover, clay minerals formed during initial weathering can in turn undergo
degradation and consume acidity (H+).

Where present, the dissolution of aluminosilicate minerals determines the major cation
contents of derived AMD solutions, consumes H+ and/or generates bicarbonate ions
(HCO3-). Classifications for AMD are frequently founded on these proportions and can be
interpreted in relation to source rocks (e.g. Piper diagrams in Geochemists Workbench
(GWB); and Ficklin plots after Ficklin et al., 1992; and Ray and Mukhejee, 2008).

The main by-products of aluminosilicate weathering are alkali cations, silicic acid (H4SiO4)
and clay minerals. Examples of gangue mineral dissolution reactions and their clay
mineral products are given in equations 28 – 34 (after Busenberg and Clemency, 1976;
Lapakko, 2002; Lottermoser, 2007; Ritchie, 1994a and c):

Muscovite dissolution producing kaolinite:
+

+

2KAl2[AlSi3O10](OH)2 + 2H + 3H2O → 2K + 3Al2Si2O5(OH)4
Muscovite

28

Kaolinite

Biotite dissolution producing kaolinite:
+

+

2KMg1.5Fe1.5AlSi3O10(OH)2 + 14H + H2O → 2K + 3Mg

2+

2+

+ 3Fe + 4H4SiO4 + Al2Si2O5(OH)4 29

Biotite

Kaolinite

Sodium rich plagioclase feldspar (incongruent albite) dissolution producing pyrophyllite
(equation 30) or kaolinite (equation 31) depending on the amount of leaching:

+

+

2NaAlSi3O8 + 2H + 4H2O → 2Na + 2H4SiO4 + Al2Si4O10(OH)2
albite

pyrophyllite

+

-

2NaAlSi3O8 + 2H2SO4 + 9H2O → 2Na + 2HSO4 + 4H4SiO4 + Al2Si2O5(OH)4
albite

30

31

kaolinite

The dissolution of other feldspars (e.g. calcium rich anorthite, K-rich Orthoclase, sanidine,
adularia and/or microcline) results in similar products with differing dominant cations
(equations 32-34: after Busenberg and Clemency, 1976 and Ollier and Pain, 1997):
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CaAl2Si2O8 + 2H+ + H2O → Ca2+ + Al2Si2O5(OH)4

32

2KAlSi3O8 + 2H+ + 9H2O → 2K+ + 4H4SiO4 + Al2Si2O5(OH)4

33

3KAlSi3O8 + 2H+ + 12H2O → 2K+ + KAl3Si3O10(OH)2 + 6H4SiO4

34

Moreover, the dissolution of some aluminosilicates occurs in multiple steps (e.g.
orthoclase dissolution), the first liberating illite/muscovite, soluble silica and K+ and the
second (dissolution of illite), kaolinite (reactions 34 & 35).

2KAl3Si3O10(OH)2 + 2H+ + 3H2O → 2K+ + 3Al2Si2O5(OH)4

35

And so it is that mineral weathering and its products in real-world weathering
environments are highly complex. Secondary minerals have frequently compound
structures and compositions of which the phases listed here (particularly those for clays)
are simple analogues (e.g. gibbsite (Al(OH)3); kaolinite (Al2Si2O5(OH)4); muscovite
(analogue of illite KAl2Si3AlO10(OH)2) and pyrophyllite (Al2Si4O10(OH)2)). As testament to
the complexity of weathering reactions, the weathering of K-feldspar alone generates
these four minerals.

However, what can be said is that all feldspars weather similarly, ultimately releasing silica
and cations into solution. Products of these reactions are clay minerals (sheet silicates)
(e.g. Albite + H2O + H+ = Sodium Montmorillonite + H4SiO4 + Na+; Anorthite + H2O + H+ =
Calcium Montmorillonite + H4SiO4 + Ca2+). Significantly in terms of major element cycling
in AMD environments (where Fe, Al and/or Mg tend to dominate hydrogeochemistry) Al is
essential

in

all

clay

minerals.

Furthermore,

montmorillonites

((Na,

Ca)(Al,

Mg)2(Si4O10)(OH)2·nH2O)) formed via the weathering of Mg silicates and feldspars are
expanding clays (unlike illite and kaolinite) affecting the textural behaviours of affected
substrates (e.g. Rozalen et al., 2008).

Quartz (SiO2) and other silica minerals (e.g. chalcedony (SiO2) and opal (SiO2·nH2O)) do
not consume H+ when they weather but they do form silicic acid, a weak acid:

SiO2 + 2H2O → H2SiO4

36

Silicic acid does not contribute significant H+ to solution unless the solution has a pH > 9
(Deutsch, 1997; Lottermoser, 2007).
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As a frequent primary component of the mineral assemblages associated with altered
felsic lithotypes of massive sulphide provinces, chlorite (equation 37) has potential to be
particularly significant to any site neutralisation capacity. The mineral displays typically
moderate acid neutralisation capacity and intermediate dissolution rates (Salmon and
Malmström, 2004).
Chlorite (MgFeAl)AlSi3O10(0H)2) dissolution:

2+

3+

+

(Mg4.5Fe0.2 Fe0.2 Al)AlSi3O10(OH)8 + 16H → 4.5Mg

2+

+ 0.2Fe

2+

+ 0.2Fe

3+

+ 2Al

3+

+ 3SiO2 + 12H2O

37

Products of chlorite weathering (as per feldspar weathering) are Na+, K+, Ca2+, silicic acid
(H4SiO4) (potentially precipitated as opaline silica or cryptocrystalline chalcedony (SiO2))
and clay minerals (e.g. kaolinite, illite, pyrophyllite or montmorillonite). New quartz is rarely
formed but where present it usually overgrows pre-existing grains (Lottermoser, 2007).
Once again, derived secondary clay minerals may further weather and their dissolution
consumes H+ (Lottermoser, 2007; Rozalén et al., 2008; Shaw and Hendry, 2009).

The effectiveness of silicate-mineral neutralisation is greatest under conditions where
acid-production is relatively slow, in areas where feldspar minerals comprise a significant
percentage of the overall mineralogy and where the available silicate-mineral surface area
is large (Morin and Hutt, 1994).

The combined effects of neutralisation include the consumption of H+, production of
dissolved cations and silicic acid and promotion of the formation of secondary minerals
(e.g. Purra and Neretnieks, 2000). Significantly, buffering reactions occur under the same
oxidising conditions as cause the weathering of sulphides but are independent of oxygen
concentrations (Lottermoser, 2007). Individual gangue minerals dissolve at defined pH
and the buffering of the solution pH by individual minerals occurs within certain pH regions
(e.g. Salomons, 1995).

2.8.2.2.

Secondary Al and Fe hydroxides

As was referred to in the previous section, secondary products of weathering can be
neutralising. As acidification and weathering proceed dissolved concentrations of Fe3+ and
Al3+ increase. Interactions between Fe and Al laden acid waters with more neutral waters
results in the hydrolysis and consequent deposition of solid phase Al3+ and Fe3+
hydroxides which are then available for mineral buffering (e.g. Iron: ferrihydrite
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Fe5HO·4H2O or Fe(OH)3; goethite α-FeOOH; and aluminium: gibbsite Al(OH)3; as well as
amorphous varieties: equations 38 to 40). The precipitation and dissolution of Fe and Al
hydroxides (e.g. equation 41) is pH sensitive and so iron and aluminium chemistry is
recognised as a buffering mechanism in acidic soils and AMD waters (e.g. Deutsch, 1997;
Sparks, 1995).

Fe3+ + 2H2O → FeOOH + 3H+
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Al2Si2O5(OH)4 + 6H+ → 2Al3+ + 2H4SiO4 + H2O

39

Al3+ + 3H2O → Al(OH)3 + 3H+

40

Iron oxy-hydroxide dissolution
Fe(OH)3 + 3H+ → Fe3+ + 3H2O

41

A stepwise consumption of buffering capacity in hypothetical pore waters/sulphide waste
dumps shows the pH and time dependent buffering controls (phases) by different mineral
classes (Table 2.3). Where present, (and generally confined to early stages of dump
accumulation/exposure) carbonates are significant minerals in the consumption of
buffering capacity. As time goes on and pH declines, or in instances where pH is
persistently acidic, the importance of Fe and Al hydroxides and aluminosilicates to
buffering capacity (pH < 4.3; after Blowes et al., 2003) becomes higher. Weathering of
gangue minerals has the capacity to buffer acid through reaction (e.g. weathering of
primary silicates and/or secondary hydroxides) and consumption of hydrogen ions. These
buffering reactions occur under the same oxidising conditions that cause the weathering
of sulphide minerals but, unlike sulphide oxidation, are independent of the oxygen
concentration of the gas phase or water in which the weathering reactions are taking
place. The principal acid-neutralising mechanisms in inactive mine tailings (excluding
carbonate mineral dissolution) are hydroxide and aluminosilicate mineral dissolution (e.g.
Blowes and Jambor, 1990; Blowes and Ptacek, 1994; Blum and Stillings, 1995).
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Table 2.3: The dominant buffering minerals in pore-waters/waste dumps at differing pH
(after Blowes et al., 1998; Salomons, 1995). Individual gangue minerals dissolve at
different pH values and buffering of the solution pH by individual minerals occurs within
certain pH ranges.
Mineral

pH Range

CaCO3

6.5-7.5

FeCO3

4.8-6.3

Al(OH)3

4.0-4.3

Fe(OH)3

2.5<3.5

aluminosilicates

2.8.2.3.

<3.0

Kaolinite dissolution

The dissolution of weathering products (e.g. kaolinite equation 42) can affect the
availability of H+.

Al2Si2O5(OH)4 + 6H+ + 2Al3+ + 2H4SiO4 + H2O

42

Concurrent reactions (43) however can eliminate any potential neutralisation capacity. For
example if dissolved Al3+ precipitates as gibbsite (Al(OH)3) the neutralising mechanism of
kaolinite weathering is lost as an equal amount of H+ will be released into solution (e.g.
Deutsch, 1997; Lottermoser, 2007):

Al3+ + 3H2O → Al(OH)3 + 3H+

43

Conversely, if gibbsite already exists in waste rocks additional neutralising ability is
provided as it can consume dissolved H+. This is a similar neutralisation mechanism as is
associated with the dissolution of previously precipitated ferric hydrated solids in acidic
waters.

2.8.2.4.

Neutralisation by exchangeable cations

Cations (e.g. Ca2+, Mg2+, Na+ and K+) present in the exchange sites of micas, clays and
organic matter may also act as a source of neutralisation (Deutsch, 1997; Gélinas et al.,
1994). Those dissolved in weathering solutions can compete for position (e.g. oxidation of
sulphide produces dissolved H+ and Fe2+ ions which can compete for cation exchange
sites) resulting in the temporary removal of cations from solution through adsorption onto
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the exchange sites of solid phases (Rose and Cravotta, 1998). In addition, solid
transformations may occur during acid leaching. For example, a K-bearing illite consumes
hydrogen ions (H+) and is transformed to a K-free smectite clay mineral (Gélinas et al.,
1994; Puura et al., 1999).

2.9. The supergene environment
As has been mentioned in previous sections, there are non-sulphide minerals whose
weathering or precipitation can affect acid mine drainage (AMD) character through release
of hydrogen ions (H+) (Plumlee, 1999). In actual fact, a significant fraction of the metals
released by sulphide oxidation are retained in wastes as secondary mineral precipitates
and as salts approaching saturation in associated ground waters, streams and leachates.
Secondary minerals precipitated either as crusts or ‘hard-pans’ formed on dumps (e.g.
Rammlmair and Grissemann, 2000); as ochreous sediments on river beds (e.g. Bigham,
1994); or as efflorescences formed when surface waters evaporate (e.g. Alpers et al.,
1994a; Buckby et al., 2003; Jambor et al., 2000a) play an important role in elemental
storage and release between spoil and other local environments.

Hydrated iron-sulphate minerals precipitate during the evaporation of acidic, iron- and
sulphate-rich waters within mine-waste materials. On formation, temporary acid
consumption is achieved (equation 44: after Lottermoser, 2007). Subsequent exchanges
between the precipitation of Fe3+ and Al3+ hydroxides (generating H+) and the dissolution
of soluble Fe2+, Mn2+, Fe3+ and Al3+ sulphate salts (e.g. jarosite, alunite, halotrichite and
coquimbite releasing H+) imparts seasonal periodicity to AMD character. This indirect
acidity, particularly from the common sulphate salts, is universal to sulphidic waste sites
and particularly acute where hydronium (H3O)-inclusive jarosites occur (e.g. Desborough
et al., 2010).

Cationsn+(aq) + anionsn-(aq) + nH+(aq) + nH2O(l) = secondary solids-nH2O(s)

44

Six main processes result in the precipitation of post-mining secondary minerals (after
Nordstrom and Alpers, 1999b):

1. Oxidation and hydrolysis of dissolved Fe2+
2. Hydrolysis of dissolved cations (e.g. Fe3+, Al3+)
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3. Reaction of AMD with acid buffering minerals or alkaline waters
4. Mixing of AMD with neutral pH waters
5. Oxidation of sulphides in humid air
6. Concentration of mine water due to evaporation

Where these processes are particularly concentrated in the near surface environment,
extensive supergene accumulations can occur (e.g. in hard-pans, gossans and
ferricretes).

2.9.1. Efflorescent salts: sulphates
In certain climates evaporation is an important mechanism in the formation of mineral
salts, concentrating cations and anions in mine waters to saturation and leading to the
generation of crystalline, poorly crystalline and amorphous secondary minerals (e.g.
Alpers et al., 1994a; Bigham and Nordstrom, 2000). The formation of Fe3+ or Al3+
hydroxides generally generates acid, whereas the precipitation of Fe2+, Mn2+, Fe3+ and
Al3+ sulphate salts (e.g. jarosite, alunite, coquimbite, jurbanite, halotrichite, or melanterite)
temporarily consumes acid (Cravotta, 1994). As a consequence, the amounts and types
of secondary salts in a mine environment are key to understanding the systematics of the
site.

The more common hydrated iron-sulphate minerals occur as efflorescent salts on the
surfaces of weathering pyrite. These include melanterite, rozenite, szomolnokite, römerite
and copiapite (FeSO4·7H2O, FeSO4·4H2O, FeSO4·H2O, Fe2+Fe23+(SO4)4·14H2O and
Fe2+Fe43+(SO4)6(OH)2·20H2O, respectively; Alpers et al., 1994b). Understanding the
conditions that lead to secondary mineral precipitation is very important as their formation
influences mine water chemistry and impacts potential water-rock reactions. Indeed,
variations in the geochemical fractionation of hazardous elements in site acid mine
drainage (AMD) are influenced more by secondary mineral proportions than by AMD pH
(Civeira et al., 2016).

Coatings and hardpans resulting from the rapid or prolonged precipitation of secondary
minerals (during sulphide oxidation or gangue mineral dissolution) can coat or
encapsulate acid producing or buffering minerals making them less susceptible to
continued weathering and dissolution. Laterally extensive or discontinuous surface or
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subsurface layers can thus form comprising precipitated hydroxides (e.g. goethite,
ferrihydrite), sulphates (e.g. jarosite, gypsum), or sulphides (e.g. covellite), which fill intergranular pores and cement waste matrices. Such processes can be beneficial in reducing
available sulphidic surface areas. Alternately the precipitation of secondary minerals
(typically of poorly crystalline and amorphous substances), particularly soluble salts (i.e.
efflorescences), can be important sources of toxic elements during runoff or infiltration (i.e.
Cravotta, 1994; Nordstrom, 1982a) through subsequent dissolution. Rapid changes in
local environments due to inundation by flood waters and their immediate effects on
dissolution and hydrolysis reactions can result in potentially dramatic increases in acidity
and/or metal loadings to the receiving environment (e.g. Cánovas et al., 2008; Partridge et
al., 2015; Sarmiento et al., 2009).

Equations 45 – 47 summarise the step-wise dissolution of melanterite as an example of
one such reaction series:

FeSO4·7H2O → Fe2+ + SO42- + 7 H2O

45

4Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O

46

Fe3+ + 3H2O → Fe(OH)3 + 3H+

47

The net result is that two moles of acid are released for each mole of melanterite
dissolved and is summarised in equation 48 (after Lapakko, 2002).

4FeSO4·7H2O + O2 → 4Fe(OH)3 + 4SO42- + 18H2O + 8H+

48

Importantly, variations between sulphate species and/or heterogeneous accumulations
result in the potential availability of differing proportions of acid. For example, a similar
aqueous dissolution series for römerite produces six moles of acid for each mole of
römerite dissolved (e.g. Cravotta, 1994). Simple hydrous metal sulphates are very soluble
in water, whereas Fe and Al hydroxysulphates and some secondary sulphates are
relatively insoluble, immobilising alkali earth elements and Pb on formation and controlling
amounts of sulphate, Ba, Sr and Pb in AMD solutions (e.g. barite BaSO4, anglesite
PbSO4, celestite SrSO4 and cerussite PbCO3; Lottermoser, 2007).

Water-soluble hydrous metal sulphates with divalent cations are the most dominant
secondary mineral types. Depending on the prevailing conditions, these may re-dissolve
and release ions back into solution, dehydrate to less hydrous or anhydrous forms (e.g.
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melanterite to rozenite or szomolnokite), or oxidise to Fe2+- Fe3+ or Fe3+ sulphate salts
(e.g. melanterite to copiapite; Frau, 2000). As such, secondary minerals may exhibit a
paragenesis with the general trend for simple hydrous sulphate salts being Fe2+ then
mixed Fe2+-Fe3+ and then Fe3+ minerals (e.g. Jambor et al., 2000a).

Ultimately, the type of secondary minerals formed in mine wastes is primarily controlled by
the composition of the waste. Buckby et al. (2003) document Fe-sulphate-rich evaporative
mineral precipitates associated with the Rio Tinto including the soluble metal sulphate
salts melanterite, rozenite, rhomboclase, szomolnokite, copiapite, coquimbite, hexahydrite
and halotrichite, together with gypsum. As is typical of metalliferous waste rocks, the area
tends to contain abundant iron, aluminium and heavy metal sulphate salts.

The cumulative storage and incremental release of trace metals and acidity from
secondary minerals has been used to explain the lag time often observed from minewaste placement to AMD-formation, particularly in arid climates (Lapakko, 2002).
Moreover, the formation of hydrated iron sulphates is an important intermediate step
preceding the precipitation of the more common insoluble iron minerals such as goethite
and jarosite (e.g. Nordstrom, 1982a).

The relatively large surface areas of secondary minerals operate as natural attenuation
structures

immobilising

elements

in

AMD

affected

systems

via

adsorption

or

coprecipitation of significant quantities of trace elements including metals and metalloids
(e.g. Berger et al., 2000).

2.9.2. Ochres and jarosite
Prolonged precipitation of secondary minerals occurring at specific depth in relation to
certain geochemical, biogeochemical and/or physicochemical parameters may result in
the formation of laterally extensive or discontinuous surface or subsurface layers (e.g.
Blowes et al., 1991; Moncour et al., 2005). Hydroxides such as goethite, ferrihydrite and
lepidocrocite; sulphates such as jarosite, gypsum or melanterite; or sulphides (e.g.
covellite), can precipitate, cementing waste matrices and/or inter-granular pores typically
at interfaces between oxic and anoxic layers. These interfaces can be identified in the
field by distinct colour changes at depth in wastes (typically from red-brown-yellow upper
oxidation zones to grey reduced zones). Chemically, where drying and cementation
occurs, layers can become hardpans and result in modification of exposure of underlying
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materials to further oxidation and consequent limitation to acid mine drainage (AMD)
generation.

Once again, variability in relative solubilities and stability means that these deposits can
modify contact waters. Jarosite, a common mine site secondary mineral, is slightly soluble
(Alpers et al., 1994b) and can, therefore, contribute acid according to equation 49.

KFe3(SO4)2(OH)6 → K+ + 3FeOOH + 2SO42- + 3H+

49

Despite its relatively lower solubility when compared to other hydrated iron sulphates, the
effects may be locally significant (e.g. Lapakko, 2002), particularly regarding the specific
types of jarosite (e.g. K-, Na- and/or H3O bearing; Gasharova et al. 2005; Sracek et al.,
2004).

Specific ore and host rock mineralogy and textures therefore result in defined AMD
characters. The literature covered thus far illustrates the commonly published pathways
that result in and have potential to exacerbate or neutralise AMD. Features intrinsic to the
study site under observation, including the (geo)chemistry of local source rocks, sediment
surfaces, secondary environments and waters, determine the specific character and
nature of local geochemical processes and so the contemporary and local AMD
characteristics. These are discussed in the following chapter.

34

3. ACID MINE DRAINAGE AND THE IBERIAN PYRITE BELT (IPB)

3.1. Geological setting of the Iberian Pyrite Belt (IPB)
The Iberian Pyrite Belt (IPB) is the largest of three areas that lie within the IberoArmorican orogenic belt on the northern margin of the South Portuguese Zone (SPZ)
thought formerly to represent part of Avalonia (Solomon, 2008). It is located in the
southernmost external domain of the Iberian Variscan Massif and consists of Upper
Palaeozoic sedimentary and magmatic rocks affected by the Variscan orogeny (Sáez et
al., 2008). The Variscan orogeny is a broad, sinuous, east-west trending fold belt that
includes the mountains of Portugal and western Spain, southwest Ireland, Cornwall,
Devon, Pembrokeshire, the Gower Peninsula and the Vale of Glamorgan. General
discussions on the syntheses of the IPB (e.g. Barriga 1990; Carvalho et al., 1999; Leistel
et al. 1998c and Sáez et al., 1996) and those relating to the volcanism (e.g. Mitjavila et al.,
1997; Munha, 1983; Thieblemont et al., 1998), structure and regional metamorphism (e.g.
Munha, 1990; Quesada, 1998; Silva et al., 1990), the hydrothermal alteration (e.g.
Sánchez-España et al., 2000b) and the environment of formation (e.g. Tornos, 2006) are
just a few of the publications that form the foundations of an extensive literature
surrounding the IPB and its massive sulphide deposits.

The dominant feature of the IPB region is the occurrence of poly-metallic sulphide
deposits associated with basic and silicic volcanic rocks interbedded with early
Carboniferous turbiditic siliciclastic deposits. Oblique collision of the region with the
Iberian Massif and Ossa-Morena Zone (OMZ) (also of Gondwana affinity), during the
Variscan Orogeny ensued as a consequence of the closure of the Rheic Ocean (Bristow,
1998; Dias and Ribeiro, 1995; Oliveira and Quesada, 1998; Quesada et al., 1994;
Sánchez-García et al., 2003).

The Variscan orogeny involved at least two major episodes of south-verging thrust and
fold structures and suture-parallel sinistral faulting (Onézime et al., 2002; Quesada, 1998;
Soriano and Casas, 2002) with related metamorphism ranging from prehnite-pumpellyite
to lower greenschist in shear zones (~300-350°C; pressures ≤2 kb) (Munhá, 1990). Synto post-Variscan plutons are widely exposed in the northern part of the SPZ and the
southern part of the OMZ (Soriano and Marti, 1999). Plutonic rocks similar to the dioritictrondjhemitic plutons described by Galley (2003) are typical of syn-volcanic intrusions
underlying volcanic-hosted massive sulphide (VMS) provinces.
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Figure 3.1: (A) Cross section of the South Portuguese Zone (SPZ) (B) Geodynamic
evolution of the South Portuguese Zone (Onézime et al., 2002). Inset to (B) is a map
showing the Variscan lithostratigraphic units of the Iberian Peninsula (after Ribeiro and
Sanderson, 1996) with the SPZ (inclusive of the study site) highlighted.
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Genetic relationships with the volcanic rocks of the IPB are not well established, with both
syn-volcanic and Variscan ages proposed (Oliveira and Quesada, 1998; Quesada, 1998).
Opposing arguments are provided in Sáez et al. (1996) and Leistel et al. (1998b; 1998c;
and 1998d). More recent U/Pb dating of the Campofrio pluton (354 ± 5 Ma; Dunning et al.,
2002; 346 ± 1 Ma) indicates that, at least part of, the plutonism is contemporary with the
Volcano-Sedimentary Complex (VSC) of the IPB (Barrie et al., 2002).

The IPB structural framework consists of southwards verging folds and tectonically
stacked imbricated thrust sheets (Fonseca and Ribeiro, 1993; Onézime et al., 2002;
Quesada et al., 1994; Sánchez-García et al., 2003; Simancas, 2004; Tornos et al., 2002)
producing multiply-repeated sequences that locally obscure the stratigraphic series,
(Figure 3.1; previous page) making the regional correlation of units very difficult, even
over small distances (Sáez et al., 2008).

3.1.1.Geology of the Rio Tinto (RT) district
The Rio Tinto (RT) district covers approximately 40km2 of the Spanish Iberian Pyrite Belt
(IPB). The stratigraphic sequence (e.g. Almodóvar et al., 1997; García Palomero, 1980,
1990, 1992; Williams, 1934) comprises Phyllite-Quartzite (PQ), Volcano Sedimentary
Complex (VS/VSC) and Culm/Flysch units (Figure 3.2). The most prominent structure in
the district is the RT anticline, responsible for the exposure of major ore bodies, including
Corta Atalaya (CA).

The PQ formations are the oldest rocks of the IPB (Devonian: Frasnian to Fammenian
age). They consist of marine grey shale, siltstone and quartz sandstone (Boulter, 1993a;
Carvalho et al., 1999; Moreno et al., 1996). Minor carbonates (i.e. limestone lenses)
appear towards the uppermost horizons, along with increased intensity of tectonic
disturbance and the related development of small horst-and-graben basins. The base is
not exposed, but the formation is assumed to be several hundred metres thick (Solomon,
2008).
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Figure 3.2: Genetic stratigraphic column of the Rio Tinto district (modified after Sáez et al.,
1996 and Sánchez-España et al., 2000a; Sánchez-España et al., 2000b; Tornos, 2006).
The PQ is overlain conformably by the VSC marine assemblage (< 600 m thick) which
comprises coherent, autoclastic and peperitic basic and acid rocks, reworked
volcaniclastic rocks, monomict breccias, pumice-bearing mass flow breccia and ash-rich,
volcanic sandstones and mudstones (Boulter, 1993b; Soriano and Martí, 1999; Tornos,
2006). Regional studies have divided the VSC locally into a lower Basic Complex (400500m thickness), an Acid Complex (50-800m thickness) and an upper Transition Series
(5-50m thickness) (e.g. Boulter, 1993b; Boulter 1993c; García Palomero, 1990). Basaltic
rocks are dominantly tholeiitic with a minor alkaline component, whilst acid and
intermediate rocks are calcalkaline in composition (e.g. Solomon, 2008; Thiéblemont et
al., 1998). Purple shales occur near the top of the VSC over much of the IPB (Oliveira,
1990) and jasperoid or hematitic chert lenses occur just above, or many metres above,
some of the ores and locally pass to non-hematitic chert or Mn carbonate–rhodonite
lenses (Barriga and Fyfe, 1988; Leistel et al., 1998c).

Contemporary lithological analysis of the rocks of the VSC suggests that felsic rocks
dominate (60%), with minor equal proportions (20%) of mafic rocks and shale (after
Tornos, 2006). The felsic rocks were originally interpreted as predominantly dacitic
pyroclastics, with some rare ignimbrites and more recently as voluminous intrusive felsic
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sills (Boulter 1993a, 1993b, 1996; Carvalho et al., 1999; Mitjavila et al., 1997; Thiéblemont
et al., 1998). The sequence is essentially a suite of volcanic rocks, bimodal with respect to
silica composition, with andesitic rocks present but relatively rare and acid compositions
dominating (Mitjavila et al., 1997; Munhá, 1983; Rosa et al., 2006).

The VSC is host to ~90 massive sulphide bodies lying below the purple shales and
traditionally interpreted as volcanic hosted stockworks with irregular and stratiform
morphologies (Tornos, 2006). Stratiform massive sulphide lenses, generally accepted as
exhalative deposits, are located in the Transition Series. Adoption of an exhalative model
for the mineralisation results in the host succession being interpreted as a dominantly
explosively eruptive volcanic pile (e.g. Routhier et al., 1980; Sáez et al., 1996; Sáez et al.,
1999). Whilst it is outside the remit of this thesis, it is noteworthy that modelling of the CA
pit and analysis of textural and geochemical data tends to support Boulter’s sill-sediment
model (Boulter 1993c). Emergence of the sill-sediment-complex model (as opposed to the
volcanic-pile model), in which up to 90% of the host rocks are high-level peperitic
intrusions, postulates a very different palaeo-volcanological setting (e.g. Boulter et al.,
2001; Mitjavila et al., 1997; Soriano and Marti, 1999) and has significant implications for
understanding the ore forming process. In addition, it affects the interpretation of the
chronology of the host rocks, the timing and genesis of alteration, driving force for the orerelated hydrothermal system, the source of metals and syn-mineralisation reconstructions
(Boulter 1996, Boulter et al., 1999; Boulter et al., 2004).

Mineralisation has been regionally correlated with host rocks and dated as Upper
Devonian to Lower Carboniferous (e.g. Nesbitt et al., 1999). Host rocks are volcanosedimentary complex rhyolites and shales with quartz, chlorite and sericite mineralogy.
Most of the ore bodies at RT show a close spatial relationship between stockwork and
stratiform mineralisation (Eastoe et al., 1986; García Palomero, 1980; 1990).

The VSC is conformably overlain by some 3000m of turbiditic flysch facies (Culm Group)
of late Visean to Westphalian age (Oliveira, 1990).

3.1.1.1. The contrasting volcanogenic models for the Volcano-Sedimentary
Complex (VSC) in the Rio Tinto (RT) District
Inclusion of this section is pertinent given the relationship between tectonic fabric
formation, mode of emplacement and alteration processes within the volcanic units of the
Volcano-Sedimentary Complex (VSC) and their influence on present day weathering
profiles (i.e. the quartz feldspar rhyolite units of the Corta Atalaya (CA) stratigraphy). Over
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35 years of publication has lead (in the latter 15 year period) to the evolution of two
distinct contemporary models interpreting the environment of formation and styles of
massive sulphides within the Iberian Pyrite Belt (IPB):

1. The historically accepted volcanic pile model and
2. The contemporised sill-sediment complex (transitional between volcanic-hosted
massive sulphide (VHMS/VMS) and sedimentary-exhalative (SEDEX) models for
ore genesis)

A subtle change from earlier descriptions of the IPB as a volcanic-hosted massive
sulphide deposit, to a province dominated by world class volcanogenic massive sulphides
(e.g. Boulter et al., 2001) embodies a generalised shift in the understanding of
geochemical aspects of the region.

According to the volcanic pile model, the VSC around Rio Tinto (RT) has a simple
tripartite lithostratigraphy that is laterally continuous over tens of kilometres which has
been discussed in the previous section.

During the period 2001 - 2004 however the northern sector deposits of the IPB, (including
the CA pit) have been reassessed and defined as hosted by a sill-sediment complex in
which more than 90% of the sills post-date the sulphide sheets (Boulter et al., 2001).
Within the RT district these are interpreted as predominantly sub concordant sills
comprising more than 80% of the VSC (Figure 3.3). Expression of this sill-sediment
complex at RT is recognised as a predominance of late stage felsic intrusions into the
host succession, resulting in the severe disruption of the post-mineralisation configuration
and masking of the true genetic relationships (e.g. Boulter, 1993a; Boulter 2002; Boulter
et al., 2004).

Significantly, differing rheological characteristics imparted by an earlier alteration phase
associated with sill emplacement has resulted in differential weathering between the sills.
Vertical and lateral lithological variations around Corta Atalaya (CA) have previously been
mapped as different units, hindering recognition of their overall form (Boulter 1993c;
Halsall, 1989; Tornos, 2006). Subsequent consideration of rock textures as a product of
auto-brecciation allows the identification of intrusive hydroclastic units to the CA
stratigraphy (e.g. Boulter 1993c) with two distinct breccia types identified (Boulter et al.,
2004). These units are the quartz feldspar porphyry (QFP) sills of CA, which occur within
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the Acid Complex in sheet-like form and can be readily mapped, despite their extensive
brecciation.

Mapping of CA in this thesis to establish the types and proportions of precursor lithotypes
to the acid mine drainage (AMD) system has resulted in quite obvious difficulty in
rectifying the shape and/or orientation of the CA exposure, with the zoned alteration ‘pipe’
morphology traditionally envisaged in the volcanic pile model. The long-standing view of
the host rocks is that they are a pile of effusive and pyroclastic rocks, but this position is
challenged by the suggestion that high-level peperitic sills predominate. Indeed, the
expected provenance patterns for the volcanic-pile model are not present and the sill–
sediment-complex setting of the sulphide deposits is confirmed (Boulter 2004). The latter
results in definition of the VSC into three main stratigraphic successions from base to top:
(1) a lower mafic–siliciclastic succession containing a number of dark shale horizons and
basaltic rocks, both volcanic and subvolcanic (Boulter 1993a,b, 1996; Boulter et al. 2004;
García-Palomero 1980); (2) a volcanic felsic succession in which volcaniclastic rocks
alternate with rhyolitic flows and sills (Boulter 1993a; Boulter et al. 2004; Valenzuela et al.
2002); and (3) an upper sedimentary succession. The occurrence of rhyolite fragments
within this last unit and the chloritic alteration haloes within the felsic succession indicate
that the volcanic-hosted massive sulphide (VHMS) deposits in the Rio Tinto–Nerva unit
postdate most of the VSC sequence, at least in the Rio Tinto (RT) mining district (GarcíaPalomero 1980).

A

CORTA ATALAYA

B

Figure 3.3: (A) Map of the main lithostratigraphic elements for the Rio Tinto (RT) District
(inset rectangle highlighting the study site within the Rio Tinto anticline) showing the
alternation of igneous sheets and felsic stratified volcaniclastic rocks across the region. (B)
The position of the Rio Tinto (Corta Atalaya (CA)) study site within the South Portuguese
Zone (SPZ) of the Iberian Peninsula (after Boulter 1999 and Boulter et al., 2001).
The meta-rhyolites (or quartz feldspar porphyry (QFP)) of CA thus interpreted, represent
intrusive bodies defined by differing degrees of tectonic fabric formation in relation to an
earlier alteration of the sills pre-intrusion (i.e. magma-wet-sediment alteration).
Subsequent sulphidation is related to the degree of rheological weakening/not associated
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with this earlier alteration, resulting in preferentially cleaved and/or sulphidised masses.
The degree of alteration is related to the syn/post- mineralisation, which is in turn
associated with the particular ‘height’ of incursion of the sill into the original stratigraphy (a
profoundly reducing environment) (Boulter et al., 2001). It is these variations, related to
the nature of the volcanogenic model for the RT area, that define the differential
weathering of the felsic sills of CA and so their relative contributions to acid mine drainage
(AMD) (Figure 3.4).

Figure 3.4: Map of the Rio Tinto (RT) district showing the intrusive felsic (quartz feldspar
porphyry (QFP)) facies (Boulter 1999; Boulter et al., 2001).
Incorporation of the sill-sediment model and acknowledgment of the ability to identify
individual sills as complete units, despite their inherited textural variations derived via
early magma-wet-sediment alteration and peperite formation, leads to a Pyrite Belt
mineralisation style on a massive scale defined by magma interaction with unconsolidated
massive sulphide sheets (Boulter 1999; Boulter et al., 2001). The term ‘peperite’ is most
commonly used to refer to clastic rocks comprising both igneous and sedimentary
components, which were generated by intrusive processes, or along the contacts of lava
flows or hot volcaniclastic deposits with unconsolidated, typically wet, sediments (Skilling
et al., 2002). Because peperite is a by-product of intrusion into wet sediment, it may be
associated with hydrothermal alteration and/or mineralisation. Significantly, the transfer of
heat from such intrusions can affect the temperature, pressure and density of the pore
fluid and initiate or modify fluid circulation for long periods of time (Skilling et al., 2002).
Indeed, hydrological modelling of fluid flow around syn-volcanic intrusions suggests that
significant hydrothermal systems may be generated (McPhie and Orth, 1999). In addition,
there is the possibility of a direct contribution of magmatic fluids to the pore water
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reservoir, affecting its chemistry and mineralising potential (Delaney, 1982). Correct
identification of peperites is thus crucial in locating syn-volcanic intrusions that might
prove to be economically important. Investigations into and characterization of the source
rocks to the acid mine drainage (AMD) system in this thesis necessitated host rock
analysis, which clearly defines composite, though varyingly altered, felsic sills as
comprising the majority of the CA stratigraphy. Peperitic margins to these sills were
characteristic.

3.1.2. Massive sulphide formation
Volcanogenic massive sulphides (VMS) are a distinct type of mineralisation characterised
by formation at or near the seafloor, in spatial relationship with volcanic rocks.

Massive sulphide formations in the Iberian Pyrite Belt (IPB) have been divided, by differing
styles of mineralisation, between northern and southern IPB orebodies, reflecting their
formation in contrasting geological settings (e.g. Tornos, 2006). The majority of northern
massive sulphides are hosted by a felsic volcanic sequence and are interpreted as formed
by the stratabound replacement of porous or reactive volcanic rocks. Conversely,
southern massive sulphides are shale-hosted orebodies interpreted as formed in sub-oxic
to anoxic third order basins where upwelling of deep sulphur-depleted fluids mixed with
modified seawater rich in biogenically reduced sulphur, leading to the precipitation of the
massive sulphides on the seafloor. A conceptual model for IPB ore formation is shown in
Figure 3.5.

Deposit-specific formation processes (e.g. by direct fall-out from hydrothermal plumes: Rio
Tinto (RT) after Badham, 1982 and Boulter, 1993) are also common in the literature given
that the host rocks have a dramatic influence on the style of mineralisation and appear to
control many of the geological and mineralogical features of the orebodies (Tornos, 2006).
Indeed, the RT district includes massive sulphide lenses hosted both by shale and by
coherent volcanic rocks.
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Figure 3.5: Conceptual model of the formation of massive sulphides in the Iberian Pyrite
Belt (IPB) as proposed by Tornos, (2006).

3.2. Acid mine drainage and the Iberian Pyrite Belt (IPB)
Acid mine drainage (AMD) is the main pollution process affecting natural watercourses in
the Iberian Pyrite Belt (IPB) (Nieto et al., 2007). Extensive studies of the Rio Tinto (RT)
and the proximal Odiel River show that water, fluvial and estuarine sediment quality are
seriously affected by the mining activity in the region (Elbaz-Poulichet et al., 1999; ElbazPoulichet and Dupuy, 1999; Elbaz-Poulichet and Leblanc, 1996; Fernandez-Remolar et
al., 2004; Grande et al., 1999; Grande et al., 2003; Hudson-Edwards et al., 1999; Leblanc
et al., 1995; Leblanc et al., 1996; Leblanc et al., 2000; López-Archilla et al., 1993; Nelson
and Lamothe, 1993; Ruiz, 2001; Ruiz et al., 1998; Van Geen et al., 1991; Van Geen et al.,
1997). The natural and ancient origins of the AMD-affected waters and sediments of the
district (Palacios et al., 2008) distinguish the area and so the study site from other AMD
systems.

The majority of AMD contamination in the region is considered to have occurred within the
past 125 years (Strauss et al., 1977) with the Odiel River basin receiving the vast majority
of AMD discharges from the IPB mines (Sánchez-España et al., 2005b). Indeed sediment
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cores from the Spanish continental shelf show that metal inputs to the region increased
significantly with the onset of intensive mining activities in the Tinto-Odiel watershed
during the second half of the 19th century (van Geen et al., 1997). Mine-related
contamination, epitomised by low pH (3.0 ± 0.5) and high metal contents (tens of mgL-1 of
Fe, Al, Mn, Cu and Zn), is estimated in 85% of the Odiel River course (Sánchez-España
et al., 2006). Outside of the almost continuous chronic and pervasive contamination from
mine sites, impacts from one off (acute) events such as the Los Frailes mine spillage on
the 25th April 1998 have resulted in serious and long lasting toxicity of the surrounding
waters and sediments. The latter resulted in a rapid influx of five million cubic meters of
toxic, metal-rich acid waste into local rivers, severely impacting the protected European
ecosystems of the Doñana National Parks (Gallart et al., 1999; González et al., 1990;
Grimalt et al., 1999).

The Junta de Andalusia (Regional Government) and the Geological Survey of Spain
(IGME) have investigated various remediation and restoration schemes, aimed at
reducing the environmental impact of acid mine waters. The IGME is investigating the
geochemistry of the AMD systems and their interactions with fresh water sources in the
Odiel River basin (Sánchez-España et al., 2005b). In addition, the Confederation
Hidrografica de Guadalquivir and Consejeria de Medio Ambiente are Spanish government
agencies currently tasked with the assessment of IPB operations, in order that effective
on-going management and remediation can be achieved.

The IPB is one of the most significant and intensively researched AMD-impacted sites in
the world; a consequence of the presence of type-sites, such as Rio Tinto; the extensive
mineralisation and sheer magnitude of the AMD impact on the region and most recently,
the identification of extremophile communities and their associated hydrogeochemical and
hydrogeomorphological environments as analogues with Martian landscapes and
processes (e.g. Amaral Zettler et al., 2002; Cánovas et al., 2012b; García-Moyano et al.,
2007; Gonzalez-Toril et al., 2011; Lopez-Archilla and Amils, 1999; Madden et al., 2004;
Martinez-Frias et al., 2006; Palacios et al., 2008; Sánchez-España et al., 2007b; Tosca et
al., 2005).

A range of papers have addressed AMD-related pollution effects from the IPB in the
estuarine system of the Ria de Huelva (e.g. Achterberg et al., 2003; Braungardt et al.,
2003; Elbaz-Poulichet and Dupuy, 1999; Lopez-Gonzalez et al., 2006; Nelson and
Lamothe, 1993), in the Rio Tinto (Elbaz-Poulichet et al., 1999; Fernández et al., 1997), the
Rio Odiel, (e.g. Cánovas et al., 2007; Morillo et al., 2002; Nieto et al., 2007; Olías et al.,
2006; Sánchez-España et al., 2007d; Santos Bermejo et al., 2003, Sarmiento et al.,
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2004); and further afield in the Gulf of Cadíz and the Atlantic Ocean (Elbaz-Poulichet et
al., 2001a; Elbaz-Poulichet and Leblanc, 1996; Fernandez et al., 1997; Sarmiento et al.,
2004; Van Geen et al., 1991; Van Geen et al., 1997).

It is well established that maximum metal concentrations are confined to effluents draining
waste piles such as those of Corta Atalaya (CA) (e.g. Sánchez-España et al., 2005a) with
acidic waters becoming progressively neutralised, due to dilution, at increasing distance
from the mine sources. A more contemporary shift in focus away from the Rio Tinto has
exposed the importance of the Odiel catchment to regional AMD. The individual
characterisation of 62 acidic effluent sources from mines in the IPB that drain into the
Odiel River and the analysis of aqueous geochemistry, precipitate mineralogy and metal
fluxes has established the significance of other AMD contributions (e.g. Sánchez-España,
2005a; Sánchez-España et al., 2006). Studies have also established that natural
attenuation of heavy metals through their removal from solution by either co-precipitation
or adsorption to Fe and Al precipitates is prevalent in AMD-impacted streams (e.g.
Ferreira da Silva et al., 2009; Leblanc et al., 1996; Sánchez-España et al., 2005b;
Sánchez-España et al., 2007a). This attenuation system is manifest as the ferric iron-rich
terraces of the study site.

Despite the increasing interest in the area, a focus on the biological communities,
extremophiles, in relation to their role as a Martian analogue, has meant that relatively
less attention has been paid to the physical and chemical macro- and micro- scale
environments that define feeder tributaries, particularly in relation to their specific point
source derivation and localised interactions between waste spoil, drainage effluents,
stream geochemistry and secondary environments.

The study area of this thesis is the headwater portion (approximately one kilometer) of the
Tintillo River, a tributary of the Odiel, which drains directly from the spoil surrounding the
CA mine pit. The river channel receives a series of springs draining from the spoil heaps,
is characteristically red in colour, is bounded by extensive efflorescent crusts on exposed
surfaces and has a channel dominated by Fe-rich hydrogeomorphological terraces. The
genesis of these structures is currently poorly understood.
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3.3. Gaps in knowledge
It is thus a relatively recent shift in focus that has established the significance of acid mine
drainage (AMD) contamination in the Odiel as well as the Tinto River and its profound
effects to the wider environment. Despite the profusion of studies relating to AMD and its
impacts in the Iberian Pyrite Belt (IPB), it has taken decades for the significance of smaller
tributaries, such as the Tintillo River, to be established.

Whilst the significance of the Tintillo River has been noted in some previous publications,
their emphasis has lain elsewhere. Indeed, there has been only a single focused effort on
the Tintillo River that provides a first account of the stromatolite-like terraces (the so called
Tintillo Iron Formations (TIF’s)) of the tract. Such formations are ubiquitous in AMD sites
worldwide, but seldom are as well preserved, or extensive, as in the Tintillo River.

Based on their extent and evident significance to AMD cycling in the Tintillo, this thesis
includes a re-assessment of these terraces, contextualised within a framework that
incorporates point source to outwash geochemical characterisations, secondary
modifications in hinterlands and identification of flood events within the historical terrace
sediment record. Given that previous conclusions state that abiotic rather than biotic
factors are potentially more significant to terrace formation and propagation and that the
genesis of these structures remains poorly understood, this thesis provides a novel insight
into additional aspects of their form and function. Until now, relatively little attention has
been paid to the physical and chemical macro- and micro- scale environments that define
these terraces and establishes their effects on feeder tributaries (i.e. The Tintillo).

It is equally evident from the literature that the host lithotypes, of such significance given
that their specific characters determine the AMD-contributing and/or neutralising
components that impact the regional water quality around the Corta Atalaya (CA), have
been largely overlooked. This thesis therefore provides a detailed assessment of the role
of local lithotypes in determining AMD potential and characteristics in the Tintillo River.
Point sources are identified and specifically related to the contemporary sill-sediment
model and its effects on weathering profiles in felsic members of the lithostratigraphy (and
now CA spoil) that directly determine relative contributions of different facies to Tintillo
AMD type and potential.

Recent scientific literature argues that assessments of AMD contamination and their
impacts must consider the significance of flood events (e.g. Cánovas et al., 2012a; Coynel
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et al., 2007; Sarmiento et al., 2009). The few existing publications concerned with flood
events in the IPB are restricted to existing sampling stations in the lower catchments of
the Odiel and/or the Tinto Rivers, not to headwater tributaries and despite its known
significance, until this thesis, not previously the Tintillo itself. Observation and assessment
of a flood event in this study provides a first insight into the role of transient flooding
events in AMD processes in headwater tributary settings around the IPB.

By defining the mineralogy and textural variations of host rocks of the CA open pit and
their spoil counterparts, characterising AMD and its effects on the hydrogeochemistry of
Tintillo headwaters, examining the impacts of secondary hinterlands on river morphology
and assessing the impact of a flood event on wash out and transport of AMD through the
tract, this body of work combines significant aspects of Tintillo-CA geochemistry and
geomorphology to better understand the mechanisms that generate, control and modify
potential AMD contamination into the wider catchment.
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4. HYDROLOGICAL, HYDROCHEMICAL AND ACID MINE
DRAINAGE (AMD)-RELATED MORPHOLOGICAL FEATURES
OF THE STUDY AREA

This chapter discusses the hydrology, hydrochemistry and acid mine drainage (AMD)related morphological features of the specific study area of the thesis, the Corta Atalaya
(CA) mine and catchment.

As has already been considered, AMD generation and processes are defined by source
rock mineralogy and factors that affect major components of the S, Fe and ultimately AMD
cycles (e.g. temperature, moisture and oxygen availability). As such the review of the
study area begins with a climatic and hydrological perspective.

4.1. Climate and hydrological regime
The hydrological characteristics of the Iberian Pyrite Belt (IPB) are typical of a semi-arid,
Mediterranean-type climate, falling between subtropical and temperate with an Atlantic
influence (INM Instituto Nactional de Meterología http://www.inm.es/ and Ministerio de
Medio Ambiente at http://www.marm.es). Rainfall discharge is typically of the order ten to
70 mmday-1 in winter, approaching zero in summer and evapotranspiration ranges from
less than one millimeter per day to ten millimeters per day, typical of winter to summer
respectively (Sánchez-España et al., 2005a). Pluviosity in the region exceeds potential
evapotranspiration, (> 100 mm in a month in some areas) giving a hydric balance that
favours plentiful underground reservoirs and maintains water levels throughout the river
basin even in the driest years (Fernandez-Remolar et al., 2003).

The existence of at least three ancient iron horizons of lacustrine and fluvial origin
suggests relative historic climatic stability in the IPB (Fernandez-Remolar et al., 2003).
Precipitation events drive local tributary behaviour and influence regional riverine
hydrology, causing temporal variability in acidity and metal loads (e.g. Cánovas et al.,
2012a; Sarmiento et al., 2009).

Low permeability materials underlie the majority of IPB river basins and consequently river
discharges are highly dependent on the rainfall regime with seasonal and inter-annual
variations typical. Pauwels et al. (2002) observed two distinct levels of groundwater
circulation in the mid reaches:
49

1. Relatively localised shallow circulation through the porous, low-permeability
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sedimentary cover sub-parallel to the topographic surface and
2. Deeper circulation dominated by flow through fractures and joints in a generalised
north-south trend over distances of circa 50 km from the Cortegana area (altitude
800 m) south to the sea
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Figure 4.1: (A) Map of the Odiel and Tinto River catchments in relation to those of the
Guadiana River (B) and Guadalquivir River (C) The Corta Atalaya (CA)-Tintillo study area
is highlighted by the dashed red rectangle in A (modified after Sánchez-España et al.,
2005a and from the Agencia Estatal de Meteorología, 2007).
The region as a whole is drained by a series of tributaries that coalesce into two major
river catchments (the Guadianar and the Guadalquivir) that cross the province obliquely.
Associated tributaries drain directly into the historic Rio Tinto (RT) mining district. The
rivers have a combined watershed of 125000 km2 (The Guadiana 68000 km2 and the
Guadalquivir 57000 km2). Mean discharges are 80 m3s-1 and 160 m3s-1 respectively. Flow
rates are characteristically highly correlated with precipitation, given the seasonal nature
of the rainfall and the almost complete absence of aquifers (Sarmiento et al., 2004).
Investigations have shown that heavy metal discharges from the Guadianar and
Guadalquivir catchments (Figure 4.1) are comparable to rivers draining other
industrialised regions and cannot explain elevated toxic element enrichments identified in
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offshore waters (e.g. Arambarri et al., 1984; Arambarri et al., 1996; Cabrera et al., 1984;
González et al., 1990; Rico et al., 1989; Van Geen et al., 1991; Van Geen et al., 1997).

4.1.1. The Tinto River
The Rio Tinto (or Tinto River) is perhaps the most iconic and well-studied acid mine
drainage (AMD) affected river in the world. Average rainfall in the Tinto catchment ranges
from 600 mm in the lower catchment, to 1000 mm in the upper northern hills (Cánovas et
al., 2008). This rainfall distribution displays great inter- and intra- annual variations, with
70% of the annual rainfall occurring between October and February, while rainfall is
almost non-existent during the dry season from June to September. Olías et al. (2006)
show that during the 1995 – 2003 period, the Tinto’s annual average discharge was 50
hm3, with a minimum value of six hectometers cubed and a maximum of 79 hm3. River
discharge was low (less than one meter cubed per second) for 78% of the recorded days,
only exceeding 10 m3s-1 in four percent of the days, coinciding with flood events.

Temperature and pluviosity variations illustrate a climatic gradient based on water
availability and average temperatures resulting in an arrangement of micro-climatic zones
approximately following a north-south distribution (Fernandez-Remolar et al., 2003). It is
suggested here that the proximity of the northern Tinto, Odiel River and the Tintillo River
put them in the same climatic zone: Thermal and pluviosity parameters correspond to a
sub-humid lower meso-Mediterranean to upper thermo-Mediterranean climatic stage with
a thermal index of ~340 and average minimum temperature of 6 ºC and Im humidity index
of 21.8, indicating temperate and semi-humid conditions (Fernandez-Remolar et al.,
2003).

4.1.2. The Odiel River
The Odiel River emerges in the Sierra de Aracena (altitude ~900m) in the southwest
corner of the Iberian Pyrite Belt (IPB) as a clean, circumneutral river and is the largest
drainage basin crossing the Huelva province. Combined with the Rio Tinto, the Odiel
drains the Spanish sector of the IPB (Sánchez-España et al., 2006). The river extends
~140 km, draining an area of ~2300 km2 (Cánovas et al., 2007; Elbaz-Poulichet et al.,
1999; Sarmiento et al., 2009). Mean annual rainfall in the Odiel watershed is 700 mm to
812 mm, with an effective rainfall of close to 150 mm to 225 mm (Pauwels et al., 2002;
Sarmiento et al., 2009), half of which occurs between October and January.
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Ephemeral and annual hydrological variations have major implications for dissolved
sediment load transportation (e.g. Buckby et al., 2003; Walling and Foster, 1975).
Notwithstanding the exceptionally dry year of 2004/5, where flow rates fell to less than one
meter cubed per second, average flow rates for Odiel waters are circa 15 m3s-1 (Morillo et
al., 2002; Sánchez-España et al., 2005b; Santos Bermejo et al., 2003; Usero García et al.,
2000) ranging from nine to 23 m3s-1 over a 25 year plus period (Cánovas et al., 2005;
Olías et al., 2004; Sánchez-España et al., 2005a). Average runoff and discharge values of
100 hm3 per month (Ruiz et al., 1998) and 473 hm3 per year (Cánovas et al., 2007; Nieto
et al., 2013; Sarmiento et al., 2009) have been reported. Significantly, discharge from the
Odiel is three to five times that from the proximal Tinto River. Average water flow at
Gibraleón (near the Odiel River mouth) has been estimated at circa 320 hm3a-1 (10 m3s-1)
(Confederación Hidrográfica del Guadiana In: Sánchez-España et al., 2005a for the
period 1969-1997).

Geological and chemical characteristics can be used to classify the Odiel River catchment
into 4 zones (Amils et al., 2002):

§

Source region (non-populated) located in the mountains where no mine
contamination has yet influenced waters

§

Mining area influenced by the IPB towards its upper mid section (northern series)
with intense historic and contemporary mining activities leading to a series of
pollution sources. Exploitation of sulphide ores for copper, zinc and lead has
resulted in the production of acid drainage in addition to fine red clay wastes
associated

with

‘Gossan’

and

‘Gossam’

and

sulphide-rich

blue-grey

1

sediments/sludges (after Santos Bermejo et al., 2003). Precipitation results in
runoff producing metal drainage catalysed by the actions of microorganisms
(particularly Thiobacillus ferrooxidans) that oxidise sulphides to sulphates. River
water pH in this area ranges between pH 1.9 and pH 2.8
§

Southern salt marshes (Odiel Natural Park): an area of great ecological
significance. Due to influences of tidal perturbations, pH here ranges between pH
2.8 and pH 6.5. The geographical position and hydrodynamic behaviour of the
marshes have lead to them being a major metal sink with potential for metal
mobilisation under differing anthropogenic or environmental factors

§
1

Odiel estuary at Huelva

Importantly, these sludges may refer to those produced in conventional neutralising treatments of AMD-related acids with limestone

potentially sourced locally. Bunce et al., (2001) document a typical formation of 1 tonne of sludge (dry-weight basis) per tonne of limestone
used. Such sludges typically have high water contents (95 – 98%), are difficult to dewater and besides iron (20 – 30%), contain hundreds of
parts per million (ppm) of toxic elements such as As, Cd, Cr, Cu, Mn, Ni and Pb leading to their treatment as toxic waste.
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Each zone is variably affected by an assortment of the 1149 km of streams that make up
the Odiel drainage network. A handful of tributaries have been highlighted as significant in
relation to their negative influence on Odiel water quality (e.g. Sarmiento et al., 2009).

At 20 km from the riverhead and along a seven kilometer long reach, the Odiel receives
discharges of acid mine drainage (AMD) from mines of the Iberian Pyrite Belt (IPB)
(Figure 4.1). Significant amounts of acidity (H+), dissolved metals (specifically Fe, Al, Mn,
Cu, Zn, Cd, Co and Ni) and sulphate (SO42-) are transferred into Odiel waters. SánchezEspaña et al. (2006) found that despite the confluence of tributaries emanating from the
abandoned mine sites of Concepción, San Platón, Esperanza and La Poderosa-El
Soldado (flow rates of 0.2-8.5 Ls-1 and pH 2.3 – 2.8) Odiel waters remained near neutral
(pH 7 – 8, flow rate 220 – 1000 Ls-1) due to their high neutralisation capacity (alkalinity
108-155 mgL-1 CaCO3 eq).

4.2. Transported metal loads of the Odiel and Tinto Rivers
Despite their combined watersheds being some 40 times less than those of the Guadiana
and Guadalquivir and having averaged combined flow rates some 12 times lower, the
Tinto and Odiel River catchments (a total area of 3400 km2) produce a mean discharge of
20 m2s-1 (Van Geen et al., 1997) and generate anomalously high trace metal
concentrations in the western Mediterranean Sea and the Gulf of Cadíz (e.g. Achterberg
et al., 2003; Braungardt et al., 2003; Elbaz-Poulichet et al., 2001b; Van Geen et al., 1991).

Indeed, contaminant concentrations in Odiel or Tinto River waters have been found to be
orders of magnitude greater (>1000-fold) than comparable values recorded in the
Guadiana or the Guadalquivir (e.g. Hudson-Edwards et al., 1999; Van Geen et al., 1997)
irrespective of differences in sampling years and/or run-off conditions (e.g. ElbazPoulichet and Leblanc, 1996; Leblanc et al., 1995; Van Geen et al., 1997).

The Tinto-Odiel confluence at Huelva is the source of a metal-enriched plume that issues
into the western Mediterranean Sea through the Strait of Gibraltar and onwards as a
sulphate, silicate, nitrate and phosphate and dissolved trace elements (Fe, Mn, Al, Cu,
Cd, Zn and U) pollutant corridor into Atlantic waters (e.g. Cánovas et al., 2005; ElbazPoulichet et al., 2001b; Grande et al., 2010; Saínz and Ruiz, 2006; Van Geen et al.,
1997).
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Daily metallic loads transported by Odiel and Tinto waters are enormous. Typically these
are:
•

1200 mgL-1 sulphates,

•

21700 kg of Fe,

•

15800 kg of Al,

•

9500 kg of Zn,

•

4700 kg of Cu and

•

4400 kg of Mn (data after Cánovas et al., 2007 and Cánovas et al., 2008)

In addition, heavy metal concentrations (e.g. Co, As, Ni, Pb and Cd) are elevated at 195,
99, 99, 74 and 30 kgday-1 respectively (after Cánovas et al., 2007; Olías et al., 2004).
Santos Bermejo et al. (2003) record average loadings of suspended solids reaching
38672 tyear-1. Calculated mean contaminant loads transported by the Odiel River to the
Huelva estuary have been recorded at 820.4 tday-1 of sulphate and 45 tday-1 of metals
(combined Fe + Zn + Mn + Cu + Pb + Cd after Braungardt et al., 2003; Saínz et al., 2004;
Sarmiento et al., 2004).

At the Ria de Huelva many of the transported metals precipitate due to the pH increase
caused by seawater-freshwater mixing. As a result, increases in metallic concentrations in
the particulate phase and in estuarine sediments have been recorded (e.g. Borrego et al.,
2002; Lopez-González et al., 2006). The most mobile metals (mainly Cu, Mn and Zn)
reach the Gulf of Cadíz producing very high contamination levels at the coast (Saínz and
Ruiz, 2006).

In spite of the greater toxic metal concentration in waters of the Tinto River, the Odiel
River transports a greater metallic load to the Ría de Huelva due to its greater volume
(Table 4.1).
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Table 4.1: Average dissolved metal loads (kilograms per day: kgday-1) transported by the
Tinto and Odiel Rivers to the estuary at Huelva during the period 1995/96-2002/03 and the
percentage per element of total metal loads (Tinto and Odiel combined) transported by
each (data after Cánovas et al., 2007 and Cánovas et al., 2008).
Tinto
As
Cd
Cu
Fe
Mn
Pb
Zn
Al
Co
Ni

kgday-1
33
11
1285
13904
447
41
2364
3353
25
5

Odiel
%
35
36
27
64
10
56
25
21
12
6

kgday-1
63
19
3430
7800
3978
33
7156
12485
170
93

%
65
64
73
36
90
44
75
79
88
94

Total
kgday-1
96
30
4715
21704
4425
74
9521
15838
195
98

4.3. Seasonal Variation
Significant variations in hydrogeochemistry have been recorded for contaminated and
uncontaminated streams and rivers of the Iberian Pyrite Belt (IPB) (e.g. Sánchez-España
et al., 2005a; Sánchez-España et al., 2005b; Sánchez-España et al., 2006) with solute
concentrations generally at a maximum prior to the first autumn rains (e.g. Sarmiento et
al., 2009).

Spring and summer water compositions are characterised by increased dissolved
concentrations due to strong evaporation and precipitation of soluble efflorescent sulphate
salts (e.g. Cánovas et al., 2007; Olías et al., 2004; Olías et al., 2006). These
efflorescences (e.g. melanterite, rozenite, copiapite, coquimbite) store acidity and toxic
metals (Fe, Al, Cd, Co, Cu, Zn, etc.) during dry seasons and release them during wetter
periods (Alpers and Blowes, 1994; Alpers et al., 1994a; Cravotta, 1994; Hammarstrom et
al., 2005; Kimball et al., 1992; Nordstrom et al., 1999b). It is dissolution of these salts that
is particularly associated with the first autumn rainfalls and subsequent highest
contamination levels.

4.4. The Aznalcóllar mine spill: an anthropogenic flood event
There is an inherent ephemeral periodicity to the Iberian Pyrite Belt (IPB) hydrological
regime. Observation and assessment of events affecting transmission of acid mine
drainage (AMD) is difficult due to the typically unpredictable and brief nature of rainfall
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events. However, mine accidents, such as that of the Aznalcóllar Los Frailes Pb-Zn mine
dam failure, provide insight into the effects that such incidents can have.

On the 25th April 1998, five million cubic meters of AMD affected waters were spilled
directly into the Guadianar River (Solá et al., 2004) affecting several thousand hectares of
farmland and the Doñana National Park (Achterberg et al., 1999; Galán et al., 2002;
Meharg et al., 1999; Simón et al., 2001; Van Geen et al., 1991; Van Geen et al., 1997;
Van Geen and Chase, 1998). Widespread (equating to a volume 500 times the ExxonValdez tanker spill) and irrevocable damage by highly acidic sludge, rich in Zn, Cd, As and
Pb (e.g. ~120000 tons Zn) pollution occurred, sending a pollutant plume into the Gulf of
Cadíz. The example illustrates the serious and far reaching effects that inundation by
pollution from mining can have and is considered as an artificial proxy to natural flood
phenomena in the area.

4.5. The Tintillo River
The Tintillo is one of six acid mine drainage (AMD)-impacted rivers that flow into the upper
- middle Odiel. It drains the Corta Atalaya (CA) spoil heaps, flowing west before
converging with the Odiel 10 km from source and drains an area of 57 km2 (SánchezEspaña et al., 2007a). It is only after confluence with the Tintillo River tract that Odiel
River waters irrevocably deteriorate and maintain their classic AMD signature (e.g.
Cánovas et al., 2007). Derived pollutants are transported to the Tinto-Odiel estuary at
Huelva and ultimately to the Gulf of Cadíz.

Due to its position in the Odiel catchment (Figure 4.2), the geological substrate of the
Tintillo is Palaeozoic greywacke, shales and volcanic materials (e.g. Fernandez-Remolar
et al., 2003). Under natural conditions there are three fundamental pathways of water
transmission into the river system:

1. Surface runoff/overland flow including its transformation into subsurface flow via
swallow holes, pipes and sink holes within the spoil heaps and finally into ‘springs’
draining into the Tintillo
2. Precipitation directly into the river course
3. Leakage through bedrock
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It is considered that the first two dominate and the latter is insignificant, as the underlying
Culm is highly impervious. Indeed, the majority of the Odiel and Tinto River courses flow
over impermeable materials. This results in rapid and sometimes dramatic flow response
to rainfall (e.g. Cánovas et al., 2007), where even minor floods can remobilise significant
proportions of highly contaminated sediment (e.g. Hudson-Edwards et al., 2003: AgrioGuadianar catchment IPB).

The Tintillo waters can be compared with those of the Tinto River (e.g. Hudson-Edwards
et al., 1999; Hudson-Edwards et al., 2003). They are characterised by very low pH circa
pH 1.5 – 3.0 (average pH 2.5-2.8) and flow rates ranging from 48-240 Ls-1 (e.g. SánchezEspaña et al., 2006) and are hence able to carry considerable proportions of metal
phases (particularly Cu and Zn) in the dissolved (aqueous) phase. In the proximal, red
waters of the Tinto River, microbial regulation of the environment with ferric iron acting as
a buffer has been found to retain a constant pH of 2.3 (Fernandez-Remolar et al., 2003).
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Figure 4.2: Map of the Tintillo-Odiel confluence and its relationship to the mine effluent
drainages of the Corta Atalaya (CA) mine site (modified after Sánchez-España et al.,
2005a).
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Distinct hydrochemical features mark the change in water quality of the Odiel at its
confluence with the Tintillo (Cánovas et al., 2007; Sánchez-España et al., 2006). A
dramatic shift is recorded as alkalinity is consumed and pH drops (to pH 3), with ochreous
mineral paragenesis dominated by schwertmannite, which has limited sorption capacity
under such acidic conditions (Sánchez-España et al., 2006). Metal concentrations
increase by several orders of magnitude and the water quality of the Odiel River is
irreversibly degraded as the buffering capacity of the Fe3+ hydrolysis stabilises pH at ~3 ±
0.5 for the remainder of its course to the Huelva Estuary (e.g. Sánchez-España et al.,
2006). The significance of minor tributaries draining major mining areas and the severity
of their impact on the wider catchment are evident. It is the AMD effluents generated and
transported within the Tintillo that impart a characteristic AMD signature to the remainder
of the Odiel River (e.g. Cánovas et al., 2007; Sánchez-España et al., 2006).

4.6. Acid mine drainage (AMD)-derived iron terraces
Acid mine drainage (AMD) settings worldwide are characterised by the presence of
ferruginous terraces of millimeter to meter scale (e.g. Brown et al., 2010). Most striking is
their morphological similarity with ancient and modern travertine-type calcareous terraces
(e.g. Hammer et al., 2008; Pentecost, 1978; Pentecost and Spiro, 1990). However, their
derivation

from

typical

Fe2+/Fe3+-SO42-

AMD

solutions

via

oxidation

and

hydrolysis/precipitation of dissolved iron and composition dominated by hydrous iron
(oxy)hydroxides and/or hydroxysulphates, sets them apart (e.g. Sánchez-España et al.,
2005a; Sánchez-España et al., 2005b; and Sánchez-España et al., 2007a). Similar
terraced iron formations (TIF’s) to those described in the Tintillo River have been
observed in many other AMD systems of the Iberian Pyrite Belt (IPB), including
centimeter-scale terraces made of rozenite (Fe2+-sulphate) in extremely acidic waters (pH
< 1) at the San Telmo mine; similar features composed of schwertmannite-jarosite at the
Lomero mine; and meter-scale terraces of schwertmannite at La Zarza mine (SánchezEspaña et al., 2005a, Sánchez-España et al., 2005b; and Sánchez-España et al., 2007a).
Irrespective of their disparity in genesis (acid versus alkaline environments), terraces
appear to retain commonality of form, as well as the presence and interaction of a
microbiological component in their development (e.g. Fouke et al., 2000; Renaut and
Jones, 2000).

Such terraces (Figure 4.3) have become of increasing interest, due to their potential
significance as modern analogues for ancient banded iron formations (BIFs), or as
contemporary stromatolites (e.g. Birnbaum and Whiteman, 1985; Brake et al., 2001;
Brake et al., 2002; Casiot et al., 2004; Hasiotis et al., 2001; Leblanc et al., 1996) and more
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specifically, for the terraces observed in the Tintillo River, due to their potential
equivalence to iron oxide deposits discovered on Mars (e.g. Amils et al., 2007; Bishop et

B

al., 2005; Fernandez-Remolar et al., 2004; Swayze et al., 2008) .
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Figure 4.3: Terrace patterns formed in fluvial systems (A) Ochreous iron oxide terrace
pools formed in the acidic acid mine drainage (AMD)-affected Tintillo River photographed
during the 2005 and 2007 field surveys (B) Siliceous and travertine terraces at
Yellowstone National Park (USA) and Pamukkale, Turkey. Steps vary in height from a few
millimeters to several meters and in colour (images from Meakin and Jamtveit, 2010) (C)
Schematic cross-section of the Tintillo terraces.
At present, the formation of the vast majority of these macroscopic terraces is not well
understood and much work remains to be done (Church and Zimmermann, 2007; Meakin
and Jamtvett, 2010). Growth of terraces (including silicaceous: Grand Prismatic Spring,
Yellowstone National Park, WY, USA; travertine (carbonate): Mammoth travertine,
Yellowstone and Pamukkale, Turkey; and ochreous iron oxide varieties: Tintillo River, IPB,
Spain) has been attributed typically to sites where there is plentiful flow of water and
where at least part of the flow is turbulent, the latter making accurate simulation of these
patterns extremely complex (Meakin and Jamtvett, 2010). Interestingly, Oron et al., (1997)
determined that under drier conditions, when the supply of water is less plentiful,
dissolved minerals and other substances are transported in thin films under laminar flow
conditions, making the hydrodynamics much simpler. The pool scales analysed in this
thesis may well be examples of this lower flow, intermediary transport system.
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Many terrace formation processes that are dominated by mineral precipitation and/or
dissolution are paralleled by patterning induced by the freezing and/or melting of ice,
given that the transport of solute and heat and the key dimensionless ratios of the
relationship between the transport of solute or heat and the growth rate are described by
the same equations (Meakin and Jamtveit, 2010). This parallel makes modelling of
analogous systems under laboratory conditions less complicated and relatively fast (Lock,
1990). Perhaps more importantly however, the striking similarity of the patterns strongly
suggests that the formation of terraces can be explained without including all of the
inherent biogeochemical and geological complexity (Goldenfield et al., 2006; Hammer et
al., 2007; Meakin and Jamtvett, 2010).

4.6.1. The environmental significance of Tintillo iron formations
Terrace structures are of great environmental significance due to their capacity to
scavenge metals from stream waters. This metal retention has been found to be
particularly significant for Fe (average 60 wt% or 420000 ppm), but also occurs for trace
elements, such as Cu, As, Pb and Zn (Sánchez-España et al., 2007a). These authors
report a 233 times concentration factor and accumulation of Fe in the solid phase along
the Tintillo channel. This equates to an induced loss of Fe loading by precipitation of 14 to
18% and represents a loss of Fe mass flow of up to 32 mgs-1. These values represent
removal of up to 1000 tons of metallic Fe per year (see Table 2, page 144 in SánchezEspaña et al., 2007a).

It has been estimated that the growth rate of Tintillo terraced iron formations (TIFs) is
between one and two centimeters per year and that the structures are around 100 years
old (Sánchez-España et al., 2007a). Accretion rates for similar structures (e.g. Mammoth
Hot Springs, USA) can be much higher (e.g. 30 cmyear-1; Fouke et al., 2000) but
Sánchez-España et al. (2007a) consider the cited stream section length and width,
observed terrace thicknesses and the estimated age of the acid mine drainage (AMD)
processes in the current channel of the Tintillo River as appropriate to their values.

Whilst some of the more soluble metals (e.g. Mn, Cu and Zn) are not markedly
concentrated in TIFs, the sorption capacity for As and Pb is evident (e.g. Sánchez-España
et al., 2007a). The significant scavenging of highly toxic elements by Tintillo terraces
represents a natural remediation system within this highly polluted environment.
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4.6.2. The Tintillo terraces
The Tintillo terraces have formed from the precipitation of dissolved minerals from acid
mine drainage (AMD)-affected waters flowing from the Corta Atalaya (CA) mine spoils.
They can be considered as modern stromatolites (Sánchez-España et al., 2007a) in that
they are accretionary, organosedimentary structures produced by sediment trapping,
binding and/or precipitation as a result of the growth and metabolic activity of mat-forming
microorganisms (Awramik et al., 1976; Walter, 1976).

Despite significant differences in some trace elements (e.g. As, Cd, Co, Cr and U)
Sánchez-España et al. (2007a) do not consider water chemistry as a primary control on
terraced iron formation (TIF) distribution in the Tintillo River as they found that
concentrations of sulphate and major cations retained relative consistency year round.
Instead, the authors consider that the position of the terraces in the Tintillo tract, related
indirectly to differing communities of photosynthetic microbes (e.g. diatoms and
euglenophytes; Palacios et al., 2008; Valente et al., 2016b) and the amount of solar light
penetrating into the water column are principal factors determining terrace formation. They
argue that the presence of large amounts of Fe3+ colloids in lower reaches of the Tintillo
and a related sharp decrease in the transparency of waters, results in a difference
between pre- and syn-terrace biogenic communities and so the position of the terraces
themselves.

Current literature argues that the Tintillo terraces are organosedimentary structures
formed by the successive alternation of biologically derived laminae and inorganically
precipitated Fe3+-rich layers, reflecting hydrological cycles with different rates of bacterial
growth and schwertmannite precipitation (Sánchez-España et al., 2007a). Specifically,
dry/summer periods typified by low-flow conditions and warmer temperatures favour the
development of thick biofilms containing dense bacterial communities capable of forming
thin biolaminates by the oxidation of Fe2+ and the precipitation of Fe3+. Conversely under
conditions of higher flow and cooler temperatures, a portion of the benthic microbial
community is removed, pH is increased and mineral precipitation and the formation of
thick, massive layers composed of aggregated spherulites of schwertmannite is promoted
(e.g.

Fernandez-Martinez

et

al.,

2010).

The

subsequent

recrystallisation

and

transformation to more stable goethite over time and the alternation of wet and dry
episodes is argued to explain the present-day morphology and microtextures of the TIFs
(Sánchez-España et al., 2007a).
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The periodicity of flow variations and ephemeral shifts in hydrogeochemical factors
associated with the local climate are implied to affect terrace formation such that during
high-flow conditions (e.g. rainfall episodes), the rate of mineral precipitation is enhanced
by either: pH increases, enhanced oxidation and precipitation of dissolved iron as
dissolved oxygen levels increase and/or increases to precipitation rates associated with
higher flow velocities (Sánchez-España et al., 2007a). Conversely, dry and low-flow
conditions are thought to favour evaporation, slight decreases of pH, lower stream-flow
velocities and so reduced precipitation rates. If true, internal laminations observed in TIFs
would record hydrological cycles (Sánchez-España et al., 2007a).

However, the exact mechanism of biolaminate formation by the oxidation of Fe2+ and the
precipitation of Fe3+ is not established. Two processes are proposed by Sánchez-España
et al. (2007a) and references therein:

1. The biogenic accumulation of Fe3+ by direct absorption (e.g. by extracellular
assimilation, or by entrapment of Fe3+ colloids in the bacterial mucilage)
2. Or inorganic precipitation preferentially occurring above biofilms which act as
nucleation sites

It can be said that abiotic, rather than biotic influences on stromatolite development, are
considered more significant in the present literature than perhaps they were by
sedimentologists in the 1970s when texts emerged on the origins of stromatolites (e.g.
Awramik et al., 1976; Golubic, 1976; Walter, 1976). Indeed, stromatolitic-type growth
patterns have readily been developed using physical and numerical computer modelling
based upon diffusion-limited aggregation and sedimentation of precipitated minerals (e.g.
Batchelor et al., 2000; Grotzinger and Rothman, 1996; Grotzinger and Knoll, 1999).
Moreover, Sánchez-España et al. (2007a) consider that strong field and geochemical
evidence exists to support an inorganic origin for formation of TIFs in the Tintillo River.
Observations supporting this theory included the presence of:

(1) Young, incipient terraces of ten to 15 meters in length that have formed over a
sedimentary substratum composed of fallen pine leaves and that do not have any
sign of underlying or overlying bacterial mats and

(2) Smaller, half to one meter-long terraces that have formed by coalescing small rims
nucleated around pebbles
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It is suggested that the strong oversaturation of Tintillo River waters with respect to
schwertmannite, jarosite and goethite means that any small, pre-existing obstacle, barrier,
or solid may easily provoke the nucleation and further precipitation of Fe3+ minerals in the
stream water and above the substrate resulting in terrace formation (e.g. SánchezEspaña et al., 2005a; Sánchez- España et al., 2005b; Scroth and Parnell, 2005).

The sedimentary features and internal structure displayed by the TIFs of the Tintillo River
are morphologically similar to those described in many calcareous travertine deposits in
karstic systems (e.g. Pentecost, 1978; Pentecost and Spiro, 1990) and in hydrothermal
hot springs (e.g. Fouke et al., 2000; Jones and Renaut, 2007; Renaut and Jones, 2000;
Renaut et al., 1998; Van Gundy, 2003). Research surrounding these structures has
likewise signified that formation may be independent, not only of microbes, but of
crystalline structure and water chemistry as well (e.g. Fouke et al., 2000; Hammer et al.,
2005a, Hammer et al., 2005b; Van Gundy, 2003). Indeed, Hammer et al. (2005a, 2005b)
have successfully modelled the typical geological pattern displayed by travertine terraces
in a computer simulation that did not include reaction, transport and/or degassing of
chemical species, carbonate precipitation, or surface tension. Rather, the effective model
used a coupling between the precipitation rate and hydrodynamics based on shallow
water flow and a correlation between the flow velocity and precipitation (Sánchez-España
et al., 2007a).

4.6.3. Organic Processes affecting terrace formation
The presence of Fe3+ depends on the metabolic activity of the Fe-oxidizing bacteria, ever
present in most terraced iron formations (TIFs). However, it is unclear whether these
microbes are passive elements in formation of TIFs, or if they contribute to the physical
construction of the structures themselves.

When considering the more massive, highly porous, sponge-like and filamentous
structures of the Tintillo lower tract terraces Sánchez-España et al. (2007a) consider an
organic origin more probable, related to the established role of bacterial mats in the
formation and/or coarsening of iron terraces (e.g. Ehrlich, 2002; Leblanc et al., 1996).
Sponge-like horizons are thus considered as fossil mats of Fe-oxidizing bacteria,
subsequently buried by newly precipitated ferric oxides (Sánchez-España et al., 2007a).

Assuming an organic influence to TIF growth, laminations then represent alternation
between organic and inorganically formed layers. In addition, other direct or indirect
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bacterial influences have been postulated. For example, thin schwertmannite layers
observed floating on the surface of acid mine drainage (AMD) waters have been
interpreted as resulting from the nucleation and mineral growth of Fe-oxidizing bacteria
around neustonic communities which eventually sink and settle on pool floors and
contribute to the solid structure of the terraces (Sánchez-España et al., 2007a; Scroth and
Parnell, 2005). In addition, mound-shaped structures have been tentatively identified as
bacterial colonies that can coalesce and form incipient rims and proto-terraces, which then
grow by further bacterial colonization and/or mineral precipitation.

However, unlike other similar formations studied in comparable AMD systems (e.g. Brake
et al., 2001; Brake et al., 2002; Wellnitz and Sheldon, 1995), the photosynthetic
eukaryotes (e.g. green algae, euglenophytes and diatoms) identified by Sánchez-España
et al. (2007a) were not considered to play a relevant role in the formation of TIFs in the
Tintillo. Notwithstanding this, they were thought to provide important amounts of dissolved
oxygen (through photosynthesis) and carbon (through fixation of CO and decomposition)
for Fe-oxidizing bacteria (e.g. Turnau et al., 2009).

Current evidence (based around the culminated efforts of Sánchez-España et al., 2007a
and references therein) therefore concludes that these spectacular formations are the
result of interactions between highly acidic and Fe2+-enriched waters, atmospheric oxygen
and acidophilic microbes, with no definitive evidence to conclude whether they are purely
organic or inorganic in origin. Despite their observation and inclusion of organic factors in
elucidating Tintillo TIF formation processes, Sánchez-España et al. (2007a) consider that
abiotic processes are more important than the biotic. This thesis concentrates on
geochemical, mineralogical, morphological and sedimentalogical observation and analysis
of the unique TIF systems presently forming in the AMD-affected Tintillo River.
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5. METHODOLOGY

5.1. Introduction
The methodology applied is constructed around the thesis objectives (Section 1.3, page
5). Point source information is established through lithological mapping of host rock
outcrops at Corta Atalaya (CA) and extant spoil heaps surrounding the mine site.
Mineralogical and textural features relating to acid generating potentials are investigated
to provide point source information and potential for reconstruction of pre-mining
stratigraphic positioning using degree and type of alteration. Subsequent characterisation
of the influence of acid mine drainage (AMD) on the chemical composition of local
headwaters and the wider catchment is then carried out. The impacts of AMD, mine waste
inputs and secondary precipitates on river morphology are assessed through
characterisation and modelling of sampled media. Finally, the impacts of flood events on
wash out and transport of AMD and river morphology are considered by examining preand post- flood situations. Derived data are evaluated and compared to characterise
Tintillo River geochemistry, AMD and related secondary interfaces.

5.2. Sampling strategy
A preliminary field survey was completed in September 2005. Sampling of waters,
sediments, spoil and host rocks of the site was carried out. A repeat field survey was
undertaken in September 2007 where features of the study site were repeat-sampled with
additional field parameters measured. For example, hand-held combination meters were
used to record a wider array of water quality parameters (e.g. EH, DO, TDS and EC).
Water samples were taken from spring conduits, seeps, across spoil surfaces and from
within the Tintillo channel. Secondary deposits including evaporites and hard-pan
‘ferricrete’ deposits were also sampled. Variations in colour across sediments and
evaporite series provided an indication of secondary minerals and pH. Likewise, colour
shifts in waters were used to define field groupings. Munsell soil colour charts (Munsell,
1998) were used for describing colour variations. Small steel shovels and augers were
used to determine the thickness of oxidised zones and expose profiles through tailings,
ferricretes and mine waste dumps and to extract samples.

Appropriate samples were selected and subjected to laboratory testing to address
investigation objectives. Sampling of the host rock series from the Corta Atalaya (CA)
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mine pit, spoil heap rock and gravel debris, drainage effluents and channel waters,
sedimentary horizons within the Tintillo and related secondary efflorescences and
hardpan layers was carried out during the 2007 field season. Sample types are listed
below for clarity:

1. Host rock quartz feldspar porphyry (QFP) series: a total of n = 72 samples
collected from varyingly altered QFP from the CA pit. Mapping of units was used to
determine stratigraphic position and alteration characteristics
2. Spoil rock series: chloritic and sericitic QFP were sampled from Corta Atalaya (CA)
waste heaps (n = 23). Spoil sampling also included tailings/gravels extracted from
surficial sites across spoil heaps and amalgamated for analysis. A duricrust
developed across the spoil surface was also sampled and is detailed in relation to
spoil materials
3. Aqueous series: A total of n = 107 water sampling or analysis stations were used
in the 2005 and 2007 field surveys of which n = 32 were analysed in a preliminary
batch for pH and temperature (field) and geochemistry (2005 series) and n = 75
analysed for field parameters including pH, EH, temperature, dissolved oxygen
(DO), electrical conductivity (EC) and total dissolved solids (TDS) (the 2007
series). Of these latter samples, n = 35 sample stations had samples of water
extracted for analysis on return to the UK for major, trace and rare earth element
(REE) anion and cation geochemistry. The geochemical series includes: drainage
and spring effluents (coded S#) comprising a series of surface and basal flows
from Corta Atalaya (CA) spoil and periphery into the channel; channel waters
(coded C#); and a series associated with sedimentary terrace formations (pools
series coded P#) of the tract where relative isolation of waters in pools series has
been addressed through inclusion of isolated, semi-isolated and running waters (I,
SI and R) in the analysis series
4. Sediment series: Tintillo terrace series have been sampled via 3 cores. In addition,
sediment scrapes and peripheral deltaic alluvium accumulations have been
incorporated into the analysis series
5. Secondary mineral series: sampling focused

on sulphate efflorescences

associated with channel peripheries and spoil surfaces and a hard pan ‘ferricrete’
horizon from the upper Tintillo reaches

Bulk samples were collected at random, target and grid locations representing lithotypes
observed across CA spoil heaps and based on pre-mining stratigraphy following
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recommendations after Broughton and Robertson (1991), who state that the first two
stages of an acid mine drainage (AMD) analysis are to review the geology and mineralogy
and to classify the rock and collect relevant samples. In addition to the chloritic and
sericitic QFP samples, composite ‘fines’ samples of spoil material, collated by sampling a
minimum of 30 increments of surficial (upper 15 cm) mine-waste material in a random
manner, were made (e.g. Hageman and Briggs, 2000; Kusuma et al., 2012). Samples
(500g-1000g each) of waste rock material were collected from numerous and repeat
sample points for geochemical characterisation. Post-collection oxidation of samples was
minimised by placing samples in airtight plastic bags. Coarse material (that greater than
approximately fifteen centimeters) was discarded during collection, as it is not considered
a contributor to current AMD status (see Diehl et al., 2006). Complications “due to the
compositional, spatial and size heterogeneity of the waste material” (Smith, 1997) were
minimised by following guidelines regarding the sampling theory of waste rock (e.g.
MEND 1991; Smith, 1997). The nature of the spoil heaps meant that samples represent
the entirety of degraded gravel and sediment material of surficial areas, as larger
fragments were consistently rock to boulder sized and easily discarded.

Solid samples (e.g. ferricrete crusts, sulphate efflorescences, sediment oozes and
sediment cores) were stored in 125 ml-polyethylene bottles, tanks, bags and pipes
respectively. Ochreous colloidal precipitates were sampled using 60 ml syringes and/or by
filtering acid water using a manual suction kit. Water samples were taken in pre-washed
polyethylene bottles. All samples were stored at less than four degrees centigrade, with
the exception of the sediment cores and ferricretes that were frozen for preservation.
Analysis was carried out immediately on return to the UK and at no point later than 2
months after sampling. Figure 5.1 details the methods used to address the aims and
objectives of the thesis.

The dynamics of leaching, transport and accumulation of selected metals and metalloids
were assessed through geochemical analysis of the different sampling media from stream
sediments to waste tip materials, coatings, ferruginous crusts, evaporites and stream
channel and spring waters.
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Figure 5.1: Flow chart of chapters and associated methodologies.
Mineralogical and petrological analysis was used to assess the influence of pre-mining
alteration styles (i.e. extent of cleavage formation in felsic units of the excavated CA spoil)
on weathering characteristics. Hydrogeochemical approaches are combined to discern
geochemical interactions and relationships between source lithotypes and AMD
chemistry. A combination of geostatistical and geochemical analysis techniques were
implemented to extract information about the processes of spoil member degradation;
sources of runoff effluents; interaction of AMD springs with Tintillo River waters; and
retention of sediment-sorbed pollutants within the study area in relation to current
secondary evaporitic accumulations and sediment terrace systems.

Physicochemical field parameters (e.g. pH, temperature, EH, EC, TDS and DO) and
laboratory analysed hydrogeochemical data were collected for site aqueous samples.
Detailed procedures for water sampling, preparation and analysis were used following a
series of guidelines derived from manuals and publications (e.g. Appelo and Postma,
1996). Samples were collected using polyethylene (PTFE) nalgene bottles (previously
washed with HNO3 for 12 hours). A trace metal clean procedure was employed
continuously for all sampling and storage. Immediate filtering at 0.45 µm with cellulose
acetate membrane filters (triplicates filtered at 0.2 µm and 0.1 µm) was carried out prior to
storage. Duplicate samples for anion and silica determinations were stored without
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additives. Those for major cation and trace element determinations were acidified to pH <
2 using ultrapure HNO3 although the low pH of the majority of CA-Tintillo samples aids in
preservation of dissolved metals by default. Samples were stored at ≤ 4°C to minimise
precipitation of salts (at elevated temperatures) and/or dissolution of transitional and solid
species. Analysis was carried out on return to the UK at the Universities of Sussex (UoS),
National Oceanography Centre (Southampton, NOC) and the University of Brighton
(UoB). Total dissolved concentrations of an array of cations and anions (e.g. As, Cl, SO4,
Cd, Co, Cr, Cs, Cu, Mn, Ni, Pb, Sn, W and Zn) were analysed using established
spectrophotometric methods (e.g. ICP-MS, IC and ICP-OES) after filtration (0.45 µm and
0.2 µm pore size) and acidification where necessary (1 ml HNO3 conc. per L sample,
excluding anion analysis).

5.3. Solid phase characterisation
The specifics of sample processing differ depending on the sampled medium. Solid phase
characterisation was carried out via x-ray fluorescence (XRF) analysis on host rock, spoil
rock, sediment cores and secondary sulphate efflorescences. Apart from the
efflorescences, all sample preparation requires a drying stage followed by grinding/milling
and subsequent generation of powder pellets and/or glass beads to execute major and
trace element analysis. Hard rock analysis was carried out at the National Oceanography
Center (NOC) and University of Brighton (UoB).

5.3.1. Sample crushing and preparation
Sawn rock slabs were washed in acetone and distilled water and any vein materials or
weathered rinds cut out and discarded prior to crushing. Spoil samples were treated
differently in that interior ‘clean’ samples were retrieved through cutting away of altered
surface ‘rinds’. Rinds were retained and crushed in the same manner as other samples for
analysis. At the approximately ten millimeters point of crushing any extraneous materials
not already picked out was removed taking care not to selectively remove materials (e.g.
phenocrysts). Samples were then crushed to between five and ten millimeters in a
hydraulic press fitted with tungsten carbide plates wrapped in waste paper. Any escaped
material was discarded. The remaining sample was pulverised to a grain size < 75 µm in a
TEMA® mill with tungsten carbide parts. Variation for spoil sample processing was the use
of a Tungsten carbide ball mill for 2 minutes at 500rpm. Sub-samples for x-ray diffraction
(XRD) analysis were removed after minimal grinding (circa one min) to avoid excessive
heating and preferential alignment of chlorite etc. Other samples were ground for
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standardised times of two minutes following observation that minimal heating and total
grinding were achieved during this time. The mill and components were cleaned using
granite chips and methanol between samples to minimise cross contamination.

Mine-waste composites were air dried and sieved to pass a 2mm stainless steel screen.
The <2mm fraction was retained for leaching and microscopic analysis and material larger
than 2mm was discarded (minimum retained for XRD and XRF analysis). Composite
samples were split and jaw crushed to pebble-size using steel plates, then pulverised to
approximately <200 mesh (70µm) and < 2mm for analysis (Lapakko and Lawrence,
1993). Grinding was excluded or kept to a minimum in preparation processes to diminish
surface exposure and water-mineral reactions on layered chlorite surfaces not commonly
found in natural weathering processes (Yager et al., 2008).

5.4. X-ray fluorescence (XRF) analysis
Bulk geochemical analysis of Corta Atalaya (CA) host rock series and spoil rocks has
been carried out using x-ray fluorescence (XRF) techniques. Analysis is executed through
generation of primary x-rays by the source (tube) directed at the mounted solid samples
surface (passing through filters to modify the x-ray beam where necessary). An x-ray

beam with enough energy to affect the electrons in the inner shells of the atoms in a
sample is created by an x-ray tube inside the analyser. As the beam hits the atoms in
the sample, they react and emit secondary x-rays that are collected and processed by the
detector. Processing in the analyser generates a spectrum showing the x-rays intensity
peaks versus their energy. The energy of the emitted x-ray is characteristic of the
element. The peak energy therefore identifies the element and its peak area (or intensity)
gives an indication of its amount in the sample. The analyser then uses this information to
calculate the sample’s elemental composition.

Two protocols have been used, one specific to the National Oceanography Center (NOC)
and the other to the University of Brighton (UoB). Whilst every effort has been made to
ensure standardisation of elements of each, there are necessary differences relating to
the XRF instrument itself. Inter-laboratory variations were accounted for by analysis of
repeat samples through both protocols showing variations of less than four percent across
analytes. In addition, the UoB calibration is based on secondary standards equivalent to
and analysed at NOC and showing good agreement.
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5.4.1. University of Brighton (UoB) protocol
A semi-quantitative analysis was carried out on pressed powder pellets using a Phillips
MiniPal2 energy dispersive x-ray fluorescence spectrometer (XRF) with a rhodium x-ray
tube for element excitation. The methodology includes pre-analysis processing via
grinding and pellet formation and loss on ignition (LOI) estimations carried out following
published conventional protocols (e.g. Haukka and Thomas, 1977; Jacinta and Webb,
1996 and references therein). Pressed powder pellets were prepared using 10g of
homogenised sample powder combined with PVA (a binding agent: six drops of 1:7 mix
per 10 g sample), mixed manually and subjected to > 200KN of pressure in a hydraulic
press (Hertzog) to make a 40 mm diameter powder pellet. Deconvolution of data was
carried out by analytical software (MINIPAL mate) to correct for x-ray absorption and
enhancement effects using empirical and fundamental parameters approaches (e.g. leastsquares comparisons between standard and observed patterns) to deal with inter-element
effects (e.g. matrix effects). Operating conditions were 30 KeV-accelerating voltage and
major silicates were run in a helium atmosphere. Elemental concentrations of ten major
oxides (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5); and a maximum of
28 ‘trace’ elements (S, Cl, V, Cr, Co, Ni, Cu, Zn, Ga, As, Se, Br, Rb, Sr, Y, Zr, Nb, Mo, Sn,
I, Ba, W, Pb, Bi, La, Ce, Th, U), were determined. Loss on ignition (LOI) data were
determined by igniting a weighed sample (~10 g) at 1050 °C for 12 hours and then
reweighing the residue (calculated using the equation %LOI = (B-C)/(B-A) x 100 where A
is the weight of the empty crucible; B is the weight of the crucible and sample post 105 °C
overnight; and C is the weight of the sample and crucible after 12 hours at 1050°C). Data
are expressed in wt% as per the major oxides and represents a proxy for evolved volatiles
(including H2O, SO2 and CO2). This includes the decomposition of carbonates and
sulphates given that in air (e.g. Fe2(SO4)3) these will decompose at ~800 °C.

5.4.1.1.

Analytical precision and accuracy

Calibration for x-ray fluorescence (XRF) analysis at the University of brighton (UoB) is
based on high quality international geochemical reference samples (e.g. Chinese
geochemical standard reference samples GSS1-GSS8; & GSD9-GSD14). Standards
were incorporated to each sample batch for analysis to monitor particle size and mineral
effects and to evaluate the accuracy and precision of the data. Precision and accuracy
were maintained throughout analysis. The majority of analysed elements fall well above
their detection limits (>10 times DL) with precision typically less than one percent (RSD).
Data accuracy and precision were consistently circa five percent or better (2σ). Arrays of
sensitivity depend on the element in question.
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Precision is reported as the coefficient of variation (CVi), which is equivalent to relative
standard deviation (RSD) expressed as a percentage of the mean:
𝐶𝑉 ! = 100. 𝑠 ! 𝑋 ! %
Where si is the standard deviation of element i in the samples analysed and 𝑋 ! is the
sample mean. Accuracy is a measure of how close analytical data lie to ‘true’ values
evaluated via inclusion of internal standards in analytical runs, international reference
materials and synthetic standards with compositions similar to those of analysed
materials. For each element, accuracy is expressed as a positive or negative percentage
difference relative to true or accepted values of standards:

𝐴! = 100. 𝐶!! − 𝐶!! /𝐶!!
Where 𝐶!! is the true or accepted proportion of element i in the reference material and 𝐶!!
is the apparent or analysed proportion of element i in the reference material. Limit of
detection values are given for data as the lowest concentrations that can confidently be
measured by the given method (in this case XRF) on an average sample. Lower limits of
detection (LLD); limit of determination (LOD); and limit of quantitation (LOQ); are subdivisions to clarify frequently obscure realities associated with detection limits. The LLD
values are given as data representing a signal level of three standard deviations higher
than the mean background.

5.4.2. National Oceanography Center (NOC) protocol
Major element oxide analysis was carried out on the fusion beads and trace elements
analysis on the 40 mm pressed powder pellets. Representative sub-samples of 10g of
sample powder were taken per 40 mm pellet and 0.8g for each fusion bead following
general recommendations for ensuring representative samples (I. Croudace, pers. comm).
Fused beads were obtained following fusion with a pure lithium borate flux in a Pt-Au
vessel at approximately 1100°C. The specific composition of the flux is based on the
composition of the sample i.e. lithium tetraborate (Spectroflux® 100) is particularly suited
to the dissolution of samples rich in basic oxides such as FeO, MnO, MgO and CaO.
Lithium metaborate is effective in dissolving acid oxides such as SiO2 and Al2O3. Due to
the array of alteration mineralogies, despite being predominantly felsic in nature a eutectic
flux (Spectroflux 100B) was used consisting of four parts lithium metaborate to one part
lithium tetraborate. This general-purpose flux dissolves most common rock types and
proved sufficient for purpose. A five to one dilution was chosen to produce each bead.
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The choice of flux and dilution were sufficient to produce successful homogenous solidsolutions and were carried throughout the sample preparation. Pressed powder pellets
were formed using ten grams of sample powder and a diluted PVA glue (1:7 mix) and
pressing in aluminium cups using a Hertzog pellet press system to induce 15 – 20 tonnes
pressure.

Elemental concentrations of ten major (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O,
K2O, P2O5, (Cl & SO3 – restricted samples); and a maximum of 37 trace elements (Cr, V,
Ba, La, Ce, Mn, Ti, Rb, Sr, Y, Zr, Nb, Th, U, Pb, Zn, Ni, Ga, Mo, Sn, Bi, Sb, As, Cu, S, Co,
Sc, Tl, Hf, W, Ag, Se, Cd, Hg, Ge, Br, I) were determined by Wavelength Dispersive XRay Fluorescence analysis (WD-XRF) using a Philips® MAGIX-PRO automatic sequential
wavelength dispersive X-ray Fluorescence spectrometer with a 4kW Rh end-window X-ray
tube for element excitation. Arrays of sensitivity depend on the element in question but
generally lie between ~ 0.5 ppm to 100 wt%. Deconvolution of data was carried out using
the analytical software SuperQ4 (a Panalytical program) to correct for X-ray absorption
and enhancement effects using empirical and fundamental parameters approaches to
deal with inter-element effects.

Reference samples and international standards were incorporated to monitor particle size
effects, mineral effects and general accuracy and precision of the data. Calibration of the
NOC XRFS is based on high quality international Geochemical Reference samples (GRS)
obtained from USGS (USA), CANMET (Canada), NIM (South Africa), CRPG-ANRT
(France) and JGS (Japan) amongst others. An external monitor (a high stability doped
glass) is used to ensure that calibrations remain robust and stable over long periods
(years). Precision and accuracy were monitored throughout analysis by inclusion of repeat
measurements and reference samples to each sample series. The majority of analysed
elements fall well above their detection limits (>10 times DL) with precision typically less
than one percent (RSD). Accuracy of analysis is maintained at Southampton via regular
assessment through contribution to international inter-comparison exercises (International
Geochemical Proficiency Testing Scheme: GeoPT) resulting in accuracy and precision
circa five percent relative or better (2σ).

5.4.3. Loss on Ignition (LOI)
In addition to conventional loss on ignition (LOI) estimations via a single stage ignition
(used for hard rock samples), a more refined method has been applied to sediment
samples following a modified protocol after Heiri et al. (2001) to estimate the weight
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percent of organic matter (OM) and carbonate content (CO32-). Sequential loss on ignition
(LOI) is a common and widely used method to estimate the organic and carbonate content
of sediments (e.g. Bengtsson & Enell, 1986). It is a useful tool for correlating different
sediment cores with a distinct LOI signature (e.g. Virkanen et al., 1997; Walker et al.,
1993;) or, if the analyst is aware of the possible bias of the method, as a proxy of carbon
content of sediments, although small differences in LOI (less than two percent LOI) of
sediments should not be over-interpreted (after Heiri et al., 2001).

Samples were oven-dried to constant weight (for ~24 hrs. at circa 105 °C; Santisteban et
al., 2004) to remove varying free-water contents. Sequential heating of the samples in a
muffle furnace has been carried out (following Bengtsson and Enell, 1986). The detailed
protocol includes weighing of crucibles to four decimal places (dp), followed by addition of
10 g of sample and re-weighing to four decimal places. The crucible is then placed in an
oven and dried to constant weight (~24 hours at circa 105 °C). The sample is then
combusted at 550 °C for two hours before reweighing. Desiccators are used at each step
to ensure that hydration does not occur to affect weight. Differences between dried weight
and reweigh post 550 °C combustion yields approximation of organic content (equation 1).
A final stage ignition at 950 °C for two hours (CO2 evolved from carbonate leaving oxide)
and reweighing yields a difference between organic content and elevated combustion
losses indicative of carbonate content (equation 2).

LOI550 = ((DW105–DW550)/DW105)*100

1

Where LOI550 represents LOI at 550 °C (as a percentage), DW105 represents the dry
weight of the sample before combustion and DW550 the dry weight of the sample after
heating to 550 °C (all in g).

LOI950 = ((DW550–DW950)/DW105)*100

2

Where LOI950 is the LOI at 950 °C (as a percentage), DW550 is the dry weight of the
sample after combustion of organic matter at 550 °C and DW950 represents the dry weight
of the sample after heating to 950 °C. DW105 is again the initial dry weight of the sample
before the organic carbon combustion (all in g). Assuming a weight of 44 gmol–1 for CO2
and 60 g mol–1 for carbonate (CO32–), the weight loss by LOI at 950 °C multiplied by 1.36
theoretically equates to the weight of carbonate in the original sample (Bengtsson and
Enell, 1986). It should be noted that LOI is at best an outline proxy for organic and
carbonate content, as ignition will also liberate other volatile components (e.g. SO2, water
74

bound in clays etc.) that will bias the measured mass loss. In addition, the presence of
sulphate phases may generate higher LOI than carbonate alone producing error.

5.4.4. Sediment core analysis
Sediment cores were collected from terrace walls using sectioned hollow PVC tubes of
110 mm diameter and ~700 mm lengths. Following splitting, one half was run intact
through the Itrax micro XRF at the National Oceanography Center (NOC) for bulk
geochemical analysis (see section 5.4.5). The other half was logged, photographed and
sub-sampled at intervals for further analysis via conventional XRF (following protocols
detailed in section 5.4), inductively coupled plasma optical emission spectrometry (ICPOES) following aqua-regia digestion, x-ray diffraction (XRD) and particle size analysis
(PSA). Samples for XRD and XRF analysis were powdered in an agate mortar prior to
being formed into powder pellets for analysis.

Geochemical and mineralogical characterisation was aided by PSA, microscope
investigations (including resin-impregnated polished thin sections of uppermost terrace
horizons, ferricrete horizons, spoil fractions and evaporite crusts), sequential extraction
and ICP-OES analysis (following digestion: see Li et al., 1995). In terms of wet chemical
techniques and cleaning protocols all reagents used were analytical grade Suprapur
quality (e.g. Perkin Elmer, Alfa Asar). Stock standard solutions were certified standards.
Milli-Q (Millipore) water was used for all experiments unless otherwise stated. Cleaning of
plastic and glassware was carried out by soaking in 14% (v/v) HNO3 for 24 hours then
rinsing with water.

5.4.5. Geochemical analysis: x-ray fluorescence (XRF) using Itrax
Preliminary geochemical analysis of the Tintillo terrace core(s) was carried out using the
non-destructive ITRAX microXRF system at the National Oceanography Center (NOC).
This is an automated multi-function core-scanning instrument uniquely able to gather
optical and microradiographic images and micro-X-ray fluorescence spectrometry (mXRF)
elemental profiles for the same sediment core section and provide useful, high-resolution
geochemical records from a variety of terrestrial and marine sediment and drilled rock
cores (e.g. Thomson et al., 2006). The capability of the ITRAX core scanner has been
evaluated by investigating diverse sediment types including heavy metal-polluted
estuarine sediment and organic-rich lake sediment (see Rothwell, 2006 and references
therein).
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Deliverable data is not expected to be of a quality comparable to that of systems such as
WD-XRFs due to the small excitation volume used, the air path and the effects of
mineralogy, particle size, porosity and water content variations. However ITRAX is
considered an acceptable substitute for traditional analytical methods where conservation
of sample and rapid characterisation is required. The relative homogeneity of Tintillo
terrace sediments in terms of field observations of particle size and ochreous appearance
(e.g. geochemical dominance of Fe), the wish to retain fine structure integrity and the
desire to retain as much sample as possible for other analysis made application of the
technique preferable over more destructive approaches. Initial detailed characterisation of
Tintillo sediment cores by ITRAX provides a record of geochemical and textural variations
where sections of interest could be identified and analysed at higher accuracy (although
generally at poorer spatial resolution) using well-established XRF analysis and (following
digestion) inductively coupled plasma optical emission spectroscopy (ICP-OES).

ITRAX data includes optical, radiographic and elemental variations from the sediment half
cores at a resolution as fine as 200µm. An intense micro-X-ray beam focused through a
flat capillary waveguide is used to irradiate samples enabling both X-radiography and Xray fluorescence (XRF) analysis. Incremental data have been acquired as the core section
was advanced via a programmable stepped motor drive, through a flat, rectangularsection X-ray beam. Construction, characteristics and capabilities of the ITRAX system
and comparison with traditional wavelength-dispersive XRF analysis at lower resolution
are given in Croudace et al. (2006).

The sensitivity of the XRF system has been evaluated using various international
reference samples detailed in Croudace et al. (2006) recorded with a Mo-anode X-ray
tube operating at two different voltages and current, optimised for medium–heavy
elements and lighter elements, respectively. Standards included United States Geological
Survey (USGS) marine sediment MAG-1, USGS manganese nodules NOD-A-1 and NODP-1, USGS Green River Shale SGR-1 and US National Institute of Standards and Testing
(NIST) Borosilicate Glass 1411. Samples from these materials (except the NIST glass)
were prepared as dry, pelletised briquettes and measured on the ITRAX. Detection limits
are defined as the elemental concentration corresponding to a peak area equivalent to
three times the square root of the average background at the peak position. For a given
sample composition, the detection limits vary substantially across the X-ray energy range
according to tube anode, tube voltage, count rate and sample composition, as is well
established in XRF analysis.
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The ITRAX geochemical data are output as counts and can be considered semi
quantitative as standard. Caution is advised in interpretation where errors may arise due
to poor peak discrimination in the X-ray spectra, porosity changes, compaction or grainsize/ shape-related artefacts (recorded for K and Sr) and low count rates. Tintillo terrace
cores showed some cracking to their surface, which was investigated in relation to count
rate, data and image archives pre interpretation to ensure removal of invalid data. Careful
study of variation in the element integral profiles, the Compton scatter integral and the
detector–sediment distance (validity) index within the Itrax-Plot software identified any
such problems. Reasonable measurement accuracy for ITRAX is demonstrated for Al2O3,
SiO2, TiO2, MnO, Fe2O3, Ni, Cu, Zn, Rb and Sr. Poorer K2O data found when quantifying
XRF data for the USGS reference samples may reflect unresolved inter-element or
particle-size effects. The measurement precision of the ITRAX is determined by
calculating the square root of the count integral and is also indicated by the general
smoothness or spikiness of the XRF elemental profiles although some variations reflect
statistical noise or changes caused by compositional boundaries or cracks (Croudace et
al., 2006). Efficient visualization of analytical data and images from the ITRAX is an
important part of the evaluation process carried out by ItraX-Plot software. The software
has been used to manipulate, re-size and optimise image files (optical and radiographic)
and plot XRF elemental profiles. Adjustments to scaling, application of elemental divisors,
inclusion of regions of interest and the addition of horizontal and vertical reference lines
have been carried out to extract high-quality JPG images for interpretation with no
modification to the original data.

Selected horizons (n=5) per core were extracted and analysed using conventional XRF at
NOC to provide an anchor to Itrax interpretations.

5.4.6. Mineralogy: x-ray diffraction (XRD)
X-Ray powder Diffraction (XRD) has been used to characterise mineralogy of Corta
Atalaya (CA) spoil materials, host lithotypes, secondary efflorescences and extracted
mobilised flood sediment and terrace horizons. This method is a rapid analytical technique
primarily used for phase identification of a crystalline material and can provide information
on unit cell dimensions. The analysed material is finely ground, homogenised and average
bulk composition is determined.
X-ray diffractometers consist of three basic elements: an x-ray tube, a sample holder and
an x-ray detector.

X-rays are generated by a cathode ray tube, filtered to produce

monochromatic radiation, collimated to concentrate and directed toward a sample.
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Interaction of the incident rays with the sample produces constructive interference (and a
diffracted ray) when conditions satisfy Bragg’s Law (nλ=2d sin θ), relating the wavelength
of electromagnetic radiation to the diffraction angle and the lattice spacing in a crystalline
sample. Diffracted x-rays are detected, processed and counted. By scanning the sample
through a range of 2θangles (using a goniometer), all possible diffraction directions of the
lattice should be attained due to the random orientation of the powdered material.
Conversion of the diffraction peaks to d-spacings allows identification of the mineral
because each mineral has a set of unique d-spacings. Typically, this is achieved by
comparison of d-spacings with standard reference patterns.

Measurement is based on crystallography and hence phases containing amorphous
material with no crystal structure are not detected. The lower limit of detection for XRD is
approximately three to five percent of mass.

Sample processing for XRD analysis is relatively standardised incorporating a preliminary
grinding of sediment (typically to < 50 µm) followed by an instrument-specific processing
of the sediment to obtain a flattened surface for analysis. Grinding of samples using a
tungsten carbide Tema mill for 90 seconds to two minutes and/or an agate pestle and
mortar was used (dependent on sample type). Grinding duration was kept at a minimum in
all cases to avoid heating of samples, which could potentially induce phase changes
and/or preferred orientation of minerals (particularly clays). Following grinding three grams
of powder (sufficient to load a ~1.5 cm diameter sample holder) was manually
compressed into the supplied sample preparation kit following user guidelines to generate
a flat surface and avoid preferred orientation. Samples were then measured on a standard
program for 20 minutes with data then processed using databases within inbuilt software.
Interpretation involves matching the peak profile (spectra) of the sample to peak profiles
within the database.

All samples were analysed using a PANalytical X’Pert Pro Diffractometer instrument with
Cu-Kα radiation (λ = 1.5406 Å) and a graphite monochromator operating at the conditions:
40 kV, beam current 40 mA (20 mA) in a step-scan of 0.01° 2θ steps with one second per
step. Data were interpreted using the PANalytical X’Pert High Score software version 2.2.
Estimates of relative abundances were made based on comparison of intensities of the
main peaks. Setup parameters for XRD analysis of sediments for improved detection of
Fe3+ oxyhydroxides were adjusted to a range of three to 80 degrees 2θ step scanning with
0.05° 2θ step size and 20 seconds count time per step (as used by Bigham et al., 1990;
Bigham et al., 1994; and Bigham et al., 1996) for detection of schwertmannite and
ferrihydrite. Loss of textural information through grinding is always a concern during
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sample preparation. Given that it is mineralogical rather than textural analysis that is
focused on here, this is not considered an immediate concern. However, the textural
characteristics of site samples could prove insightful. Focus on fine fraction Rietveld
analysis (given their increased surface area and hence reactivity), specifically of clay
minerals, inclusive of their textural features would be considered of most significance to
on-going investigations.

5.4.7. Raman Spectroscopy
Tintillo evaporites (white and yellow) and flood sediments were characterised by Raman
spectroscopy conducted at the University of Brighton (UoB). All analysis was carried out
at 25 °C and at atmospheric pressure using a Perkin Elmer Raman Identicheck fitted with
a 785 nm laser, a CCD detector and a fiber optic probe with 70 mW laser power. The fiber
optic probe has a 100 μm spot size at a working distance of 7.5 mm. The samples were
measured in the spectral range 2000 to 200 cm-1 at a resolution of 2 cm-1. Each spectrum
was collected from eight scans for two seconds duration and repeated six times on
different randomly selected subsamples to assure representative spectral information. The
Raman spectra obtained were averaged and baseline corrected. Data manipulation was
performed using the software Spectrum (Perkin Elmer) and PeakFit (Jandel, Scientific
Software).

Analysis of this kind provides a structural fingerprint to identify molecules. Laser scattering
of light in the visible, near infrared and near ultraviolet ranges interact with molecular
vibrations resulting in the energy of the laser photons shifting up or down. These shifts
provide information on the vibrational modes in the system (e.g. specific molecular
groups/bonds).

5.4.8. Fourier Transform Infrared (FT-IR) analysis
Tintillo pool scales were analysed using Fourier transform-infrared (FT-IR) analysis across
a broad spectral range: 600 cm-1 to 4000 cm-1. Analysis was carried out following baseline
correction using a Nicolet Protégé 460 FT-IR spectrometer attached to a Nic-PlanTM
infrared (IR) microscope. Background salt (NaCl) and Sectrum0-Tech Gold mirrors were
used to gain a ‘best’ protocol for the analysis. Within this system the IR beam is reflected
by a KBr beam-splitter and focused through the sample onto a liquid nitrogen-cooled
mercury-cadmium-telluride (MCT) detector. A typical aperture of 100 µm x 100 µm was
used. To secure information in the 400 to 600 cm-1 regions additional eight millimeter
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diameter KBr pellets are required. This was not possible given the nature of the sample
material.
An FT-IR analysis uses IR light to scan test samples and observe chemical properties.
Molecules in the sample selectively absorb IR radiation at specific wavelengths that can
then be analysed and interpreted.

5.4.9. Laser Granulometry: Particle Size Analysis (PSA)
Analysis has been carried out using laser diffraction to measure particle size distributions
(PSDs). This technique measures the angular variation in intensity of light scattered as a
laser beam passes through a dispersed particulate sample. Simply speaking, large
particles scatter light at small angles relative to the laser beam and small particles scatter
light at large angles. The angular scattering intensity of data is analysed by internal
software to calculate the size of the particles responsible for creating the scattering
pattern, using the Mie theory of light scattering. Particle size is then reported as a volume
equivalent sphere diameter.

Acquisition of representative size distributions for existing waste rock dumps is difficult
due to the inherent size ranges. The effect of particle size on some acid mine drainage
(AMD) ‘static’ procedure measures for rock spoil can be significant. Tailings are generally
less problematic. As per convention, the liberation characteristics for Corta Atalaya (CA)
waste dump material are inferred from examination of the finer dump material (i.e. by
evaluation of the < 2 mm size fraction, considered essential in the evaluation of
weathering effects and the reactive fraction of waste rock after Price and Kwong, (1997).

Particle size (also termed grain size) is an essential factor in the consideration of the
nature and rates of weathering. Determination of PSDs and comparison of fractions
against sample wholes in addition to related geochemical analysis may provide indications
of relative sourcing of material and relations to derived AMD effluents characterising the
Tintillo River and related terrace sediments.

Particle size analysis (PSA) was carried out on Tintillo-CA sediments. Sub-samples of
oven dried (to drive off unbound water without affecting grain size <100 °C),
homogenised, hand ground sediment were weighed pre testing for additional calculations
(e.g. aspect ratio). Samples were dispersed in 0.5% sodium hexametaphosphate (per
1000 ml) as per ASTM D422 - 63(2007) Standard Test Method for Particle-Size Analysis
of soils/sediments. Analysis was carried out using a Malvern Mastersizer 2000 particle
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size analyser equipped with a hydro2000G dispersion unit to generate frequency
distributions. Related derived parameters and calculations were set up within the standard
operating procedure (SOP) and are as such standardised for every sample/sample batch.
Size fractions < 2 µm or 0.002 mm (clay); < 63 µm or 0.063 mm (silt) and < 2000 µm or
2.00 mm (sand) have been applied following standard classifications as major divisors in
addition to finer sub-fractions.

Most sedimentologists, geomorphologists and oceanographers currently use a variant of
the particle size scale and descriptive terminology for size classes proposed by
Wentworth (1922), often combined with ‘textural’ attributes relating to Folk (1954) or
variants there of (Blott and Pye, 2001). There remains no general agreement about the
terminology used to describe the particle size attributes of sediments and soils, or indeed
about what attributes should be measured and described, with current applications
considered inadequate by some (e.g. Blott and Pye, 2001). Following a review of previous
schemes, Blott et al. (2004) concludes that a revised system of size class nomenclature
based on the Udden (1914) and Wentworth (1922) schemes provides the most logical and
consistent framework for use with sediments and a wide range of other particulate
materials.

To provide consistency in reporting of PSDs and summary size parameters across TintilloCA sediments, an approach to classification and description is taken after Blott and Pye,
(2012).

Use of this new scheme has been sought to provide a common method for

classification of the varied particulate samples of to the study site. As a group these
include spoil debris, tailings, terrace sediments and channel sediment scrapes. Raw grainsize data are in the form of weight percentages of sediment across various size classes.
Sand, silt and clay percentages are plotted on equilateral triangular diagrams (Folk and
Ward, 1957 and Folk, 1966) using variations after the TRIPLOT and GRADISTAT Version
4.0 macros in EXCEL to provide graphical representations and standardised
classifications of the data and facilitate rapid comparison and interpretation of sediments.

Graphical outputs from primary PSA analysis including size distributions and cumulative
distributions of the data in metric and phi units are displayed where appropriate, as well as
classification using triangular diagrams. Mean, mode(s), sorting (standard deviation),
skewness, kurtosis, D10, D50, D90, D90/D10, D90-D10, D75/D25 and D75-D25 are calculated
using the method of moments. In addition grain size parameters are calculated
arithmetically and geometrically (in microns, µm) and logarithmically (using the phi (Φ)
scale). Linear interpolation is used to calculate statistical parameters by the Folk and
Ward (1957) graphical method and derive physical descriptions (such as “very coarse
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sand” and “moderately sorted”). A physical description of the textural group, which the
sample belongs to and the sediment name (such as “fine gravelly coarse sand”) is
included after Folk (1954).

The percentage of grains falling into each size fraction,

modified from Udden (1914) and Wentworth (1922) is also calculated.

5.4.10.

Sequential extraction protocol

The sequential extraction sequence applied in this study after Dold (2003b) is detailed
below:

1. Water soluble fraction: one gram of sample into 50 ml deionised H2O shake for
one hour at room temperature
2. Exchangeable fraction: 1M NH4-acetate pH 4.5 shake for two hours at room
temperature
3. Fe3+ oxyhydroxides: 0.2M NH4-oxalate pH 3.0 shake for one hour in darkness at
room temperature
4. Fe3+ oxides: 0.2M NH4-oxalate pH 3.0 heat in water bath 80°C for two hours
5. Organics and secondary Cu-sulphides: 35% H2O2 heat in water bath for one hour
6. Primary sulphides: combination of KClO3 and HCl followed by 4M HNO3 boiling
7. Residual: HNO3, HClO4, HCl digestion (in reality providing a pseudo-total rather
than complete dissolution e.g. Li et al., 1995)

Minerals preferentially dissolved in steps one and two are secondary sulphates (e.g.
pickeringite, chalcanthite, gypsum) and calcite, adsorbed and exchangeable ions and a
mixed-layer vermiculite-type mineral alteration product of biotite typical of low pH oxidation
zones in sulphide mine tailings and one of the principal sources of K for jarosite formation
(e.g. Acker and Bricker, 1992; Malmström and Banwart, 1997). Stage three of the
extraction preferentially dissolves schwertmannite, two-line ferrihydrite, secondary jarosite
and MnO2. Goethite, jarosite, natro-jarosite, hematite, magnetite and higher order
ferrihydrites (e.g. 6-line ferrihydrite) are dissolved in stage four and stage five
concentrates on dissolution of organic material and minerals such as covellite, chalcocite,
chalcopyrite, covellite and digenite. Primary sulphides (e.g. pyrite, chalcopyrite, bornite,
sphalerite, galena, molybdenate, tennantite, tetrahedrite, cinnabar, orpiment and stibnite)
are dissolved in stage six. Residual silicates are dealt with in stage seven, although in this
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study, lack of HF in the final digestion will limit the dissolution of these minerals. Details of
the phases targeted per extraction can be seen in Dold (2003b) and references therein.

The stage one water leach allows discrimination between gypsum as a secondary product
of sulphide oxidation and calcite (dissolved in step two) as primary neutralisation potential,
important as indications of neutralisation reactions in mine tailings. Inclusion of this step is
particularly important when considering samples from arid climates where the selectivity of
the exchangeable fraction (Step two) is ensured by prior release of the water-soluble
fraction. Mn-oxdies are not dealt with in the extraction procedure. Due to the low Mn
concentrations across most of the study site, a hydroxylamine leach (e.g. Step three of a
modified Tessier et al. (1979) and Sondag (1981) procedure) was not applied. The
hydroxylamine leach has also been found to dissolve parts of the ferric hydroxides (Dold,
2003b). Rather, the utilised steps three and four allow discrimination of secondary ferric
phases and primary iron oxides. Supergene and hypogene Cu-sulphides are
discriminated in Steps five and six as primary and secondary Cu enrichments. Step seven
partly dissolves the residual dominantly silicate assemblage.

5.4.11.

Acid-Base Accounting (ABA)-type assessments

Leachable metals are potential sources of toxicity in metal mine waste drainage. It is well
established that the severity of environmental and biological effects are enhanced during
dry periods when flow rates are reduced (e.g. Accornero et al., 2005). Focus of this
investigation on the end of the dry season pre rains aims to assess the potential effects of
flood-related flux to the wider catchment. Accumulations on spoil surfaces, sediment
surfaces and in secondary efflorescences comprise potential sources of metals to acid
mine drainage (AMD) systems during periods of elevated flow through dissolution of
previously isolated sources. As such, analysis of these aspects is essential in correct
assessment of site geochemical interactions and AMD characteristics.

Several tests have been established to assess the presence of leachable metals (e.g. the
synthetic precipitation leaching procedure (SPLP, Method 1312). The SPLP closely
approximates conditions in a waste rock dump (Smith, 1997) and substantial data on
SPLP testing of mine wastes have been generated (Hammarstrom and Smith, 2000). The
test has subsequently been designated as American Society for Testing and Materials
ASTM METHOD d 6234-98, standard test method for shake extraction of mining waste by
the synthetic precipitation leaching procedure (ASTM 2000). An amalgamated approach
has been taken here to provide an overview of site behaviour in terms of relative sources
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of toxicity and AMD from point sources (chloritic and sericitic quartz feldspar porphyry
(QFP)) in Corta Atalaya (CA) spoils. Standard methods including paste pH, field leach test
(FLT) and static testing of net acid generating (NAG) and acid neutralising (ANC)
capacities have been carried out.

Static tests yield information about a sample’s ability to neutralise or generate acid
(Chotpantarat, 2011). Static testing has been incorporated to make use of its fundamental
purpose: ‘to predict the outcome of weathering’ (Jambor, 2003). Results make no
pretence to simulate weathering, but are a surrogate for it. Composite samples of current
‘active’ (<2 mm) sulphidic slurry that covers the CA spoil are included as an indication of
materials contributing to contemporary AMD (size fraction after recommendations of Diehl
et al., 2006) along with the identified chloritic and sericitic QFP samples for point source
assessment.

The most widely used static test is that of Sobek et al. (1978) or modifications of it and
generally the performance of various static tests are assessed by comparison to the
Sobek results (Adam et al., 1997; Lapakko, 1994, 1996; Lawrence and Wang, 1997;
White et al., 1999). In addition to and complementary to the paste pH and FLT outputs,
assessments of CA spoil samples provides potential to quantify any bias in weathering
between QFP types.

Sobek static acid-base accounting (ABA) analysis are the most common of a series of
generic neutralization potential (NP) tests which involve the comparable assessment of
neutralisation- and acid-potentials (e.g. NP and AP) in order to ascertain a ratio of one to
the other and so account for the acid and base potentials of a given rock. AP has tended
to be measured by sulphate and/or sulphur analysis and/or assays. However, inherent
uncertainties when total sulphur is used as the basis to estimate sulphide content have
meant that researchers have questioned the ability of ABA to accurately predict postmining drainage quality (i.e. diPretoro and Rauch 1988; Erickson and Hedin 1988). More
recently, Skousen et al. (2002) showed that the ABA prediction of post-mining drainage
quality was correct in 90% of assessed cases.

It is acknowledged that accelerated weathering kinetic tests are usually preferred (e.g.
ASTM, 2000; Ferguson and Morin, 1991; Lawrence, 1990) as they provide results that are
close to reality and have the advantage of generating rate data for acid generation.
Aqueous characterisation of Tintillo drainage effluents and mineralogical and geochemical
analysis of sediments and spoil are used here to provide contemporary site
characterisation directly comparable to source spoil. In addition complementary
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geochemical and petrological observations have been carried out to aid linking of static
test information to site behaviour.

5.4.11.1.

Paste pH & electrical conductivity (EC)

Paste pH has long been considered an assessment criterion in acid mine drainage (AMD)
research (e.g. Smith, 1973). A number of test specifics have been established, for
example, the paste pH of Sobek et al. (1978) and the more involved acid concentrations
present on mine-waste particles (Lapakko, 2002). The latter supplies an estimate of
acidity present rather than simply pH. Modifications of these and aspects of the acid-base
accounting (ABA)-testing methods already discussed have been used to characterise
Corta Atalaya (CA) spoil in terms of potentially resultant AMD geochemistry. Derived data
are an assessment of the secondary minerals and rapidly oxidisable reactive sulphide
phases comprising CA spoil. Sample mass and equilibration time of the water-solids
mixtures prior to pH/EC measurement vary among methods (e.g. Hammarstrom and
Smith, 2000; MEND, 1991). Here, measures have been taken on a 1:2.5 (w/v) ratio of fine
waste rock to distilled water. Following mixing and standard equilibration time pH has
been measured using Hanna probes.

5.4.11.2.

Net acid generation (NAG) & acid neutralisation capacity (ANC)

Net acid generation (NAG) and acid neutralisation capacity (ANC) tests have been carried
out using standard methods. Amalgamation of data provides relative classification of
wastes in terms of immediate acid and trace metal dissolution potentials. The specifics of
Corta Atalaya (CA) spoil mineralogy as derived from complementary petrological,
geochemical and mineralogical studies are considered against derived test data. Net acid
production potential (NAPP) has also been calculated by subtracting ANC from the
maximum potential acidity (MPA) using the following equation (Sobek et al., 1978):

NAPP (kgH2SO4/t) = MPA – ANC

Where MPA = pyritic S content (%) x 30.6

5.4.11.3.

Pyritic sulphur (S) contents

In addition to acid-base accounting-type (ABA-type) assessments of Corta Atalaya (CA)
spoil materials, pyritic sulphur (S) contents have been analysed by washing samples with
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1 N HCl and digesting with 6 N HNO3 and 70% HClO4. Following this iron concentrations
were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES)
(see Costigan 1979; Costigan et al., 1981 Shu et al., 2001). Sulphur (S) and sulphate
(SO4) concentrations were measured for aqueous samples and S for solid phase samples
throughout the investigation.

5.5. Field measurements of aqueous characteristics
Hydrogeochemical and physiochemical parameters in water samples were recorded in
situ. Field data collection avoids issues with changes in physico-chemical characteristics
that are common during sample storage (Ficklin and Mosier, 1999). Recommended
procedure, protocol and standard solutions were used to prime all probes and carry out
accurate analysis. All analysis was carried out using Hanna portable instruments (HI98204, HI-991301, HI-9142) supplied by HANNA Instruments Ltd. Probes were calibrated
pre-field study and on site against supplied calibration standards. All calibrations and
storage of meters and probes were undertaken according to the manufacturer’s
recommended guidelines (supplied with the units and also downloadable from
http://www.hanainst.com).

Probe-measured field parameters are pH, EH (ORP), temperature (T), dissolved oxygen
(DO), electrical conductivity (EC) and total dissolved solids (TDS) (taken in plastic
containers to minimise electromagnetic interference). Inclusion of EH analysis is sufficient
to define the redox state of the acid mine drainage (AMD) water and allow simulation of
redox conditions during geochemical modelling (Lottermoser, 2007). Field measured
millivolt (mV) EH readings were corrected for temperature and adjusted to a potential
relative to that of the standard hydrogen electrode. Resolution and accuracy for probe
data is 0.01 pH ± 0.01 pH; 1 mV ± 5 mV for EH; 0.01 mScm-1 ± 0.02 mScm-1 EC; 0.01 ppt
± 0.02 ppt TDS and 0.1 °C ± 1 °C temperature. Data for DO is accurate to 0.2 ppm O2/litre
± 1.5% full scale (all at 20 °C or 68 °F).

5.6. Solution techniques: IC, ICP-AES, ICP-MS and ICP-OES
A suite of inductively coupled plasma techniques (ICP-) and ion chromatography (IC) has
been used to analyse cation and anion species. For IC analysis, analytes are injected into
a carrier fluid (eluent) and passed through a chromatography column containing a
stationary fixed material (adsorbent). Compounds in the analyte-eluent mixture are
partitioned between the adsorbent and the moving mixture. Different dissolved species
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adhere to the adsorbent with different forces resulting in different rates of motion through
the adsorbent as the eluent flows through (e.g. strongly adhered materials move more
slowly). This means that components are separated out of the analyte as the eluent flows
through the column. A detector analyses the output at the end of the column as each
analyte molecule/ion emerges and generates a measurable signal.

Broadly speaking, the other techniques analyse samples as they are introduced into the
plasma as an aerosol mist. For inductively coupled plasma optical emission spectroscopy
(ICP-OES) and inductively coupled plasma atomic emission spectrospcopy (ICP-AES) this
occurs via an arrangement including a pump, nebuliser and spray chamber in a process
that desolvates, ionises and excites them. An optical channel views the plasma
horizontally and light emitted from the plasma is focused through a lens and passed
through an entrance slit into the spectrometer. Constituent elements are then identified by
characteristics emission lines (ICP-OES) and quantified by the intensity of those lines. For
ICP-AES (another emission spectrophotometric technique), excited electrons emit energy
at specific wavelengths, peculiar to their chemical character, as they return to ground
state. Although each element emits energy at multiple wavelengths, in the ICP-AES
technique it is most common to select a single wavelength (or a very few) for a given
element. The intensity of the energy emitted at the chosen wavelength is proportional to
the amount (concentration) of that element in the analysed sample. Thus, by determining
which wavelengths are emitted by a sample and by determining their intensities,
quantification of the elemental composition of the given sample relative to a reference
standard can be made.

In inductively coupled plasma mass spectrometry (ICP-MS) analysis, the plasma dries the
aerosol, dissociates the molecules and then removes an electron from the components,
thereby forming singly charged ions, which are directed into a mass filtering device known
as the mass spectrometer. Upon exiting the mass spectrometer, ions strike the first
dynode of an electron multiplier, which serves as a detector. The impact of the ions
releases a cascade of electrons, which are amplified until they become a measureable
pulse. Internal software compares the intensities of the measured pulses to those from
standards, which make up the calibration curve, to determine the concentration of the
element. For each element measured, it is typically necessary to measure just one
isotope, since the ratio of the isotopes, or natural abundance, is fixed in nature. As lead
does not follow the natural abundance rule accurate measure of the concentration of lead
in a sample necessitates summing of several of the isotopes available.
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Analysis required samples to be in solution (i.e. aqueous samples require dilution and
solid phases must be dissolved employing HF, HNO3 and/ HCl acids, or by a LiBO2 fluxfusion technique similar to that used for XRF preparation).

Combined, these techniques were used to determine an extended trace, rare earth
element (REE) and major cation- and anion- series and were executed in two laboratories:
University of Brighton (UoB) and National Oceanography Center (NOC). IC, ICP-AES and
ICP-MS analysis (exclusively aqueous analysis) were carried out at NOC and ICP-OES
(of sediments, evaporites and spoil debris following digestion) at UoB. In addition, the pre
season 2005 sample series were analysed by ICP-MS at the University of Sussex (UoS).
Samples have been analysed following filtration at 0.20 µm using sterile Whatman syringe
filters (0.45 µm for post digest samples at the UoB). The UoB method was based on the
custom-designed protocol for AMD contaminated waters analysed using ICP-OES after
Ruiz et al. (2003).

At least one triplicate analysis was performed per sample series in order to evaluate
analytical precision, showing differences below five percent in all cases. Detection limits
(3σ of analytical blanks) were below 0.15 mgL-1 for major elements and 8.02 µgL-1 for
trace elements. Specific limits for analytical series are detailed in sections where relevant.
The analytical accuracy has been checked by inclusion of reference materials and/or
synthetic standards as well as inter-laboratory comparisons with UoB, UoS and NOC.

5.6.1. Filtration of solution technique samples
Many studies maintain the operational division of colloidal particles from suspended solids
to be < 0.45 µm. For this study, aqueous samples were filtered at 0.45 µm, 0.2 µm and
0.1 µm for analysis, with the fraction in filtrate that passed through a 0.2 µm filter
considered to be ‘dissolved’ in solution across most cases. The fraction of materials
retained following 0.45 µm and pre 0.1µm are considered the ‘colloidal’ fraction as per
Nelson et al. (2003) and so reference to colloidal as well as dissolved fractions will be
made where appropriate in recognition that smaller colloidal particles probably pass
through such a 0.2 µm filter.

5.6.2. National Oceanography Center (NOC) protocol
Inductively coupled plasma (ICP-) analysis at the National Oceanography Center (NOC)
were carried out for the major anions SO42-, CO3-, HCO3-, Cl-, F- and NO3-; major cations
88

Na, Mg, Al, P, Ca, Mn, Fe, S, Si, Co, Ni, Cu and Zn; and trace elements V, Cr, As, Br, Se,
Sr, Mo, Ag, Cd, Sb, Ba, Hg, Pb and U. The measurement protocol was a modified
wastewater analysis. International standards were used to correct for instrumental drift
and matrix suppression for each sample. Bulk metal concentrations and related cation and
trace element concentrations were determined by conventional Inductively Coupled Mass
Spectrometry (ICP-MS) techniques. As per convention K and Na were analysed using
inductively coupled plasma atomic emission spectroscopy (ICP-AES) and anions F-, Cl-,
NO3- and SO42- by IC. All raw solutions were typically diluted to the range one to 200 ppb
for analysis. Collection, processing, treatment and sample protocol variants were
assessed through inclusion of blanks to analysed series in efforts to control (avoid)
contamination (and/or inaccurate analysis). Submission of triplicates and inter-laboratory
duplicates allowed evaluation of precision (i.e. repeatability).

The analysis sequence was made up of samples, standards and blanks all handled in the
same way: 80 s uptake, four x 40 s analysis (160 in total) and 100s washout. The
reproducibility of four x 40s repeats was routinely better than 1%. Filtered (0.2 µm) and
acidified (HNO3) samples were analysed in all cases to reduce colloidal inputs apart from
anion and silicon (Si) variables, which were analysed using stock solutions devoid of
additives. Firstly, a heavily diluted sample was screened to assess the magnitude of
concentrations. On the basis of this result a small aliquot of the original sample was
diluted 200 fold using sub-boiled 2% HNO3. This acid was pre-spiked with internal
standards In, Re and Rh to a level of 10 ppb. In and Re in particular were chosen due to
their rarity in natural samples and ease of measurement by ICP-MS. The same internal
standard solution was then used to prepare synthetic standards that were used for
calibration. Internal standards serve several purposes: to monitor any instrumental drift;
track and correct for matrix effects and incompatibilities (especially important when
synthetic standards are used to calibrate ‘real’ sample) and by spiking samples, standards
and blanks with the same internal standards any differences can be mathematically
corrected during data processing.

Inter-laboratory repeat sampling was carried out to establish the error between the two
sample series resulting in differences ≤ 2% in all common elements. These steps are
standard procedure for ICP-MS analysis. Other correction measures incorporated to the
protocol were Kr for interference correction of As. Hg analysis were carried out with
incorporated Au SpecPure Au standard solution to alleviate the longevity of memory-effect
problems that Hg has with ICP. Al, Ca, Fe, K, Mg, Mn, Na, P, S and Si data all record
%RSD ≤ 0.5% and were analysed using a ThermoFisher X-series II ICP-MS with samples
introduced via an autosampler using a glass expansion nebuliser and cooled cyclonic
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spray chamber. Calibration per analyte (at 200 fold dilution) was made against two sets of
standards ranging from 0.01 ppb to 100 ppb (all blank subtracted) with nine per curve and
calculated linearity consistently ≥0.998). Equivalent calibration curves were derived from
standards in all aqueous analysis. Differences between samples and standards were
small, probably a function of the high dilution.

5.6.2.1.

Anion analysis: IC & ICP-AES

Anion analysis was carried out using ion chromatography (IC). Filtered samples (0.2 µm)
were diluted 500 fold (40 µL of samples and 20 mL deionised water (dilution factor 501).
All samples were split to give two aliquots for anion analysis: (1) acidified with HCl
(specific to SO42- analysis) and (2) acidified with nitric acid (specific to Cl- analysis) to
address the effects of precipitating salts. The method detection limit was calculated to 10
µgL-1 with the lower detection limit (LDL) and upper detection limits (UDL) at 50 µgL-1 and
80 mgL-1 respectively. Linearity was not lost above the UDL but as with all analysis,
samples with higher than UDL concentrations are not recommended to be passed through
the analytical column.

5.6.2.2.

Rare earth element (REE) analysis

In addition to anion and cation analysis, rare earth element (REE) series were analysed at
the National Oceanography Center (NOC). The following REE isotopes were chosen to
minimise matrix or polyatomic interferences:
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159

175

Tb,

163

Dy,

165

Ho,

167

Er,

169

Tm,

173

Yb and

La,

140

Ce,

141

Pr,

146

Nd,

147

Sm,

151

Eu,

157

Gd,

Lu. Isobaric interferences of Ba and light

REE oxides and hydroxides were corrected during analysis. Method detection limits are
typically < 0.001 mgL-1. A five-point calibration was implemented using internationally
recognised rock standards (SRMs) rather than synthetic standards (hence notation using
ppm/ppb rather than mgL-1 or equivalents). Drift and internal correction, REE interference
correction, blank correction and dilution correction (~203x) have been corrected back to
provide the raw data.

5.6.3. Sussex University (UoS) protocol
Inductively coupled plasma mass spectroscopy (ICP-MS) analysis for major cations (> 1
mgL-1) Mg, Al, Fe, Na, Co, Ni, Cd, Ca, Mn, Cu and Zn; and trace elements (< 1 mgL-1) V,
Cr, As, Se, Ag, Sb, Ba and Pb was carried out using an Agilent 7500ce ICP-MS, fitted with
a MicroMist nebuliser and quartz double-pass spray chamber. Operating parameters for
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the acid mine drainage (AMD) modified waste water protocol were RF Power 1500W;
sample depth 8 mm; Carrier Gas Flow 0.9 Lmin-1; Makeup Gas Flow 0.15 Lmin-1 and
Spray chamber Temperature 2 ºC. Multi-element standard solution (standard SpecPure®
for 6020 CLP-M Alfa Aesar Matrix 2% HNO3/tr.tartanic acid [Johnson Mattley, GmbH] and
various SpecPure solutions for individual elements were used for calibration and to
assess accuracy and precision, as well as synthetic standards for a series of
concentrations (1:5, 1:10 (<1 ppm); 1:100 (>1 ppm); 1:1000 (>100 ppm); 1:10000). All
solutions were spiked with Au to aid this. Stability was good for all data, within 10%
relative to calibration checks and most much better. Data for Ca and Na were queried
regarding the influence of levels in ‘pure’ waters but errors again were found to be within
the 10% range and were at their highest in the lower end of the calibration.

Inter-laboratory variations for comparison of 2005 and 2007 data analysed at the
University of Sussex (UoS) and NOC respectively were quantified through repetition of
standards, protocol and analysis of the same samples in different laboratories for
comparison. Maximum interlab and machine errors of <10% were recorded across
elements of interest. Analytical values of blanks and triplicates and the charge balance of
anions and cations confirmed adequate analytical data in all cases (Appelo and Postma,
1996).

5.6.4. Inductively coupled plasma optical emission spectroscopy (ICPOES) analysis of sediments: University of Brighton (UoB)
Inductively coupled plasma optical emission spectrometry (ICP-OES) has been used for
analysis of elemental concentrations of sediments of the Tintillo-Corta Atalaya (CA)
system including: terrace core series, scrapes from pool and channel beds and spoil heap
fine fractions (including ≤ 2 mm and ≤0.63 µm fractions). All have been analysed following
digestion. Homogenous and ground samples of sediment (~0.1 g) treated with four
millileters of an oxidising mixture (HNO3:HCl = 3:1 aqua regia) placed in Teflon tubes and
into a water bath at ≥ 100 °C for two hours. All samples were kept in the fume cupboard
for the duration of the digestion. Use of HF (additional six millileters) is frequently
suggested in publications but lack of licensing did not allow for this. Utilisation of extended
digestion durations, heating in water bath and microwave sequence is implemented to
optimise available methodology. Microwave oven heating was carried out in the
sequence: 800W for four minutes; 400 W for an additional four minutes; 800 W for another
four minutes; followed by 20 minutes of ventilation. Recovered samples were then treated
with 5.6 g HBO3 to avoid silica evaporation and diluted to 100 ml by deionised water
(procedure after Pagnanelli et al., 2004). Where HBO3 is not added silica values are
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considered a minimum. Metal concentrations in solution were then determined by ICPOES.

Following digestion sample stocks were diluted with deionised water in the 1:1000; 1:100
and 1:10 (+/-1:5 where concentrations dictated inclusion) ranges following initial test
series to establish optimum scaling for analysed elements. Quantification is realised by
direct calibration from standard solutions prepared from certified reference solutions.
Analysis were carried out on at the University of Brighton (UoB) using a PerkinElmer
precisely ICP-OES and WinLab32 for ICP data processing software version 3.3.1.0210.
All stock solutions were then frozen. Digestion of sediments provides pseudo-total
concentrations for rapid characterisation, particularly effective where interest is focused on
metallic trace elements and their mobility/availability.

5.6.4.1.

Precision and accuracy of University of Brighton (UoB) analysis

Calibration curves were established with a minimum of five standards and showed ≥ 0.998
in all cases. Internal standards for calibration include international certified and synthetic
standards (QC-21 100 mgL-1 5% HNO3/Tr.Tart.Acid/Tr.HF As, Be, Ca, Cd, Co, Cr, Cu, Fe,
Li, Mg, Mn, Mo, Ni, Pb, Sb, Se, Sr, Ti, Tl, V, Zn; P40 multi-element CAL test mix 5%
HNO3/Tr.Tart.Acid/Tr.HF 100µgml-1 K, P S and 20 µgL-1 As. La, Li, Mn, Mo, Na, Ni, Sc;
and single standard solutions e.g. Si, Ag, Na, Mg, Zn from NIST MERK and Fisher
Scientific 100-1000 µgml-1). Analysis of a reference standard at dilutions against
established curves showed a less than five percent variation across analysis all told.
Accuracy of ≤ 10% with the majority much better was established. Detection limits are
established at more than one part per billion (≥ 1ppb) with an average of 20 ppb, lying in
the range 1 – 200 ppb across the board for all elements based on assessments of historic
data sets. All detection limits are given in micrograms per litre (µgL-1/ppb) and were
determined using elemental standards in dilute aqueous solution. All detection limits are
based on a 98% confidence level (3 standard deviations).

5.6.5. Geochemical modelling
Geochemical modelling is a fundamental tool for understanding the fate of chemical
components allowing simulation of the active processes controlling their distribution.
Incorporation of geochemical modelling has been used at other sites to (1) simulate the
interaction of meteoric waters with mine wastes and (2) the addition of groundwaters to
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acid mine waters. Marini et al. (2003) show that process (1) plays a dominant role in
controlling the chemistry of mine waters whereas (2) has little importance, if any.

PHREEQC (version 2.0; Parkhurst and Appelo, 1999), WATEQ4F and the Geochemists
Workbench (GWB) software have been used for geochemical modelling and investigation
of aqueous data. Theoretical EH (ρε) and total dissolved solids (TDS) values have been
calculated and compared with measured values. Speciation and complexation processes
have been examined using activity coefficients and stability constants suitable for the ionic
strength of the waters typical of the study site. Saturation indices and ion-activities of
species modelled for analysed waters are used to better define the processes/phases
most prevalent in controlling aqueous and sediment geochemistry in the study area. Data
from additional libraries (e.g. MINTEQA2; WATEQ4F after Ball and Nordstrom, 1991)
have been used where appropriate (e.g. for the solubility of schwertmannite and
ferrihydrite).

5.7. Principal Components Analysis (PCA) & Cluster Analysis
Principal components analysis (PCA) is a multivariate statistical method that takes p
variables and produces p indices consisting of combinations of the original variables
(Manly 1997). The central idea of PCA is to reduce the dimensionality of a data set in
which there are a large number of interrelated variables, while retaining as much as
possible of the variation present in the data set (Jolliffe 2002). Reduction is an effective
tool to aid in operation with large geochemical data sets. The indices are known as the
principal components and it is desirable for a small number of these to represent a large
proportion of the variance of the data set thus reducing the number of variables
considerably. PCA is particularly useful in geochemical investigations where there are
complex relationships between variables that may not be adequately elucidated by more
conventional methods of bivariate correlation. For example, application by Candeias et al.
(2010) to their studies at the Aljustrel mine site, Iberian Pyrite Belt (IPB).

In the context of geochemical investigation, the p variables (loadings) represent recorded
levels of individual elements and the p indices (scores) represent groupings of these
elements according to correlations with one another in a given samples. An example
would be the association of Fe and S in p variables and in given p indices groupings that
point to the presence of pyrite. Indices are ordered according to their decreasing
constituent proportions of the total variance of the data, which ranks the relative
importance of each index.
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In this investigation, given that the data series are frequently not homogenous, the use of
conventional bivariate correlation is of limited ability to illustrate correlations across and
between all samples (e.g. of major Al and/or Fe across sediments, waters and source
rocks). Analysis has been carried out in MINITAB 14. Principal components (PCs) are
described in terms of the loading of a given variable (e.g. element) within the principal
component (PC) and the comparison of various element loadings with one another (e.g.
Bivariate plots of PC1 versus PC2). The loadings quantify the relationships of the
elements with one another within that PC. The absolute magnitude of a given element and
its sign (i.e. positive or negative) describes the quantitative magnitude and polarity of
relationship between said element and others in the array. The PC loadings are reflected
in the PC scores in terms of samples that conform strongly to either ‘end’ of underlying
geochemical and/or mineralogical (in this case) processes.

The significance of a given PC loading or score is beyond the scope of this investigation
to discuss, but has been set to values lower than -0.2 and higher than +0.2 for sample
loadings and lower than -2 and higher than +2 for sample scores with the polarity of a
given samples loading or score of interest in addition to its magnitude. In the case of
describing PC scores, a geological group (e.g. a series of rocks from the same unit in the
CA pit and/or a group of Tintillo waters) is described as having a high positive or negative
overall score only if the majority of samples within its array have high positive or negative
scores.

A multicomponent analysis has been applied to mineralogical data (i.e. XRD data) such
that inter-relationships can be visualised. This not only simplifies a great deal of data for
interpretation but also generates a visual aid to the dominant processes governing
geomorphological expression in the study area. Cluster and PCA analysis of peak and
profile data have been carried out to standardise comparisons and reduce subjectivity to a
mathematically consistent basis. The analysis is a four-step process:

1. Comparison of all scans with each other in a correlation matrix representing the
similarity of any given pair of scans
2. Agglomerative hierarchical cluster analysis (soft clustering) to put the scans in
different classes defined by their similarity (e.g. dendrogram)
3. The number of clusters is estimated by the KGS test or by the largest relative step
on the dissimilarity scale and the most representative scan within each cluster is
determined
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4. Fuzzy clustering of mineralogical peak and profile data using a 75% comparison
threshold, Euclidian distance measure and Wards’s linkage method, minimum
crystallinity of 5% and the KGS cut-off method with a maximum of 20 iterations

A fifth step PCA has been executed to visualise and judge the quality of the clustering
using the correlation matrix of step 1. The PCA output is independent of the cluster
analysis and so provides a validation of derived clusters and relationships between them.

5.7.1. Geological pattern analysis: Box counting
Analysis of binary images collated from aerial photography of Tintillo terraces and thin
section microscope images of mounted sections of the terrace sediments after Spurr resin
impregnation (designed to minimise the disruption of fine textural features in the
sediments; e.g. Boës and Fagel, (2005)) have been made using the suite of tools within
ImageJ and FracLac (see Abramoff et al., 2004; Karperien, 1999-2013; Schneider et al.,
2012).

Box counting determines the relationship between scale and detail to find a scaling rule.
The technique determines how detail (N) changes with scale (ε) by finding the slope of the
logarithmic regression line for N and ε. That is, the DB = the slope of ln N/ ln ε. Fractal
analysis of this kind allows indirect assessment of the DF to infer the value of complexity
from the ratio of changing detail with changing scale (e.g. field to microscopy
magnification and resolution) approximated by some measure and assigned a number. In
FracLac, it is the box counting dimension or DB. The basic equation for finding a fractal
dimension from such data approximating scale and detail is an approximation of the
scaling rule: DF = limε→0[log Nε⁄log ε]. Where the limit is the slope of the regression line
for the data.
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6. FIELD OBSERVATIONS AND SAMPLED SECTIONS

6.1. Introduction to the Tintillo-Corta Atalaya (CA) acid mine drainage
(AMD) system
The Tintillo-Corta Atalaya (CA) study area is located in the northern sector of the Odiel
River watershed. Interactions at water-rock interfaces within weathering spoil heap
exposures and at the sediment-water interfaces of terrace systems, generate a
geochemical signature that significantly alters Odiel bulk chemistry and contaminant
retention ability. As has been discussed in Chapters one to four, it is well established that
mineralogy controls acid mine drainage (AMD) geochemistry and that secondary
efflorescences and Fe-rich terraces moderate the relative mobility of potentially toxic
elements from the CA spoil and within the Tintillo River. The comparative stability of this
system is based around the balance between primary and secondary environments. Any
fluctuations to the primary weathering profile have potential to disturb this balance. In
addition, flood events typical of the regional climate, provide conduits for bypassing the
system altogether. It is with these points in mind that a characterisation of the current
AMD weathering profile is performed (in Chapters seven and eight) and attempts are
made to detail an actual flood event (in Chapter ten). The Tintillo terrace iron formations
(TIFs) and their metal processing capacity within the Tintillo River are also examined
(Chapter nine). This chapter presents field observations from the Tintillo River, in relation
to site hydrology, geomorphology and geological and geochemical characteristics, to
support and contextualise data presented in these later chapters.

6.2. The Tintillo River study section
The source of the Tintillo River lies at the base of the Corta Atalaya (CA) spoil heaps,
topographically the main drainage lying to the north north west of the CA open pit.
Pronounced rivulet trails cutting through the spoil surface and associated efflorescent
accumulations mark this and other water corridors (i.e. springs). The site is characterised
by laterally and vertically active upstream reaches and a highly specific and visually
dramatic depositional regime termed the “…Tintillo River acid front…” by Sánchez-España
et al. (2005a).

Figure 6.1 shows a schematic of sampling stations along the Tintillo tract. Core sample
sites (TC) are highlighted in addition to aqueous sampling positions. Three cores were
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taken in total: CO_1 from the northern bank of the lowermost terrace series, CO_2 from
the uppermost terrace (4) and CO_3 from terraces at the southern bank portion of terrace
two. The site of ferricrete horizon sampling in the upper-mid Tintillo reach is also shown.
Nine springs (inclusive of the source) are illustrated as dashed lines (S). Spoil sampling
was carried out across waste piles towards southeastern peripheries of the Tintillo tract.
Evaporites were sampled from channel peripheries and terrace systems representing the
array present during the sample season as defined by colour and downstream position.

The studied section of the Tintillo comprises the source and upper reaches of an acid
mine drainage (AMD)-affected tributary characterised by ephemeral effluents and springs
draining spoil and clear red waters interrupted by ochreous terraces and hardpan areas
varyingly coated in multi-coloured efflorescent salts (see section 6.2.2, page 103 for
further details). There are four main terrace systems that make up the series within the
studied tract (labelled 1 – 4 on Figure 6.1 on the next page). Field observations and aerial
photographs suggest that there are distinct breaks between these series related to depth
and/or the hydromorphological nature of the channel itself. Under extremely low
conditions (as experienced during the September 2005 field survey), the four systems
were distinguishable by significant (>30 - 50m) lengths of open water between them and
proliferations of exposed surfaces and concentrated pool waters within their boundaries
(Figure 6.2).

Insets 1 & 2 of Figure 6.2 show the main features of the terraces: varied but repeating
scaling and surface stringers across isolated pools potentially indicative of biogeochemical
interactions between surfaces. Exposed upper portions range from a few millimetres to
over 50 cm above the river water level where steeper gradients are found. These systems
occur over a range of scales in the main and in tributary streams. In deeper portions, the
walls can be observed to a maximum of >5m vertical extent. Pools series associated with
total and semi-isolation via terrace walls are characteristic of the metal aggregation sites.

Figure 6.1: Sketch of the Tintillo tract showing the 2005 & 2007 sample stations. Observed
drainage routes for inflowing springs (S) are show as dashed lines. Core and ferricrete
sampling stations are identified with star symbols. The positions of terrace systems (1- 4)
are shown. The prevailing geomorphology is presented in the inset orthophotos where
light areas are spoil and tailings and dark areas are predominantly sparse pine forest. The
prevailing drainage direction (from the Corta Atalaya (CA) spoil into the Tintillo
headwaters: purple bar to orthophotos) is derived from data accessed from the Junta de
Andalucía 1:5000, 1:20000 and 1:10000 mapping series (2002).
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Characteristics of the study site include predominantly ochreous sediments, exposed
surfaces adorned with secondary efflorescences and deep red waters. Examples are
shown in Figure 6.3. Frequent colloform-type banding in colouration is preserved in
secondary efflorescences. Variations in the colour and/or the biological aspects (i.e.
presence/absence of green algae) of the springs draining into the Tintillo were
characteristic of site aqueous facies at the time of study, particularly during the 2007
survey. Other dominant features included a 25m wide deltaic area at the convergence of
emergent springs with Tintillo channel waters and changes to channel morphology
resulted in an area of amassed gravels and other debris and development of a ferricrete
hardpan.
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20cm
20cm

B

5m5m

45cm
45cm

Figure 6.2: Photographs showing the Tintillo terraces. The fourth, uppermost system is
further upstream and out of sight in this view. Expanses of open waters separate each
terrace system. Finer details of the terrace patterns (A) and associated surface films (B)
are presented.
Variations in flow rates induced by terrace structures have resulted in the relative isolation
of portions of Tintillo channel waters into a series of pools. Some examples were found
with surface features of lobate and reniform lenses of scale (of orange, deep red and
yellow colouration) conjoined in mats across pool surfaces (see section 6.2.1 for more
detail). Filamentous attachments (yellow stringers) to downstream terrace surfaces were
noted in association with these and in proximal pools.
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Figure 6.3: Topological and lithological features of the Corta Atalaya (CA)-Tintillo study
site. (A) The spoil heaps of CA (the source region of the Tintillo River; B); (C) & (D)
Filamentous algae in the upper reaches and green/blue algal masses (‘tufa’ type deposits)
surrounding a feeder spring emanating from the base of the CA spoil into the upper Tintillo
waters respectively; (E) Tintillo River terrace 3; (F) Efflorescent coatings to channel
surfaces; (G) Ferricrete hardpan (Ferr B) in a mid-reach delta where a series of springs
converge with the main Tintillo channel waters; and finally (H) Colloform banded
efflorescences covering channel margins.
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6.2.1. Pools: scale-features
Surface features likened to water scale were identified at a number of sites, specifically
within terraces in the mid- to lower-tract. These varied from interlocking lobate scales of
varied colours covering the entirety of certain pool water surfaces, to stringers and/or
irregularly fractured arrangements of yellow and/or dark red scale to portions of pool
surfaces respectively (Figure 6.4).
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F
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10 cm

Figure 6.4: (A) Fine yellow stringers on pooled surface waters within terrace system 2; (B)
Close up of fibrous lobate textures observed where stringers combine as thicker parallel
spirals (yellow-orange); (C & D) Reniform red-purple and lobate fibrous yellow-orange
scales forming a patchwork across two semi-isolated pool water surfaces (terrace 1 &
terrace 3 respectively); (E) Surface scale (uniform dark red colour) on the surface of a
small isolated terrace pool (terrace 4); (F) Example of sampled scale; (G) Well-developed
yellow stringer spirals emanating from the downstream wall of a semi isolated terrace pool
in the mid Tintillo tract (terrace 3).
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6.2.2. Field observations of Tintillo efflorescences
Exposed terrace surfaces, spoil debris and channel peripheries, as well as accumulated
pine needles and/or twigs gathered against downstream faces, were encrusted in
efflorescences (Figure 6.5). Terrace wall surfaces visible above the water surface
appeared to be dominated by crusts of yellow and white efflorescences. Typically the
pattern was of irregular white evaporites above relatively uniform and much more
extensive yellow crusts (Hue 2.5Y 8/8; 1975, 1998) suggestive that the former are
dehydration products of the latter. Variations in water content and ageing have resulted in
‘snowball’-type (Hammarstrom et al., 2005), popcorn textures and finer granular (sugary)
masses (the latter being generally white).

Additional white, yellow and orange (Hue 7.5YR 7/8) crusts were found to be extensive
across channel peripheries. Here, a colloform series was identified laterally and vertically
(from the crusts surface, or at greatest distance from water) as: white → yellow/paleyellow (the latter Hue 2.5Y 8/4) → orange. Colour transitions were found to repeat over
meter and millimeter scales testament to variations in macro- and micro- environments
relating to their relative proximity to water and standard nucleation phenomenon. The
extent of the crusts and persistence of colour variations indicates that flow is slow enough
or stagnant for fractional precipitation of evaporites to occur.

Other colour variations included rare green and blue accumulations typically a few
centimeters across and localised collections of purple-gray (Hue 5B 7/1) and pink salts
(Hue 10R 6/3) interpreted as representing localised dispersion of trace elements (e.g. Mn,
Cu and/or Cr). These variants were characteristically isolated to patches amidst larger
accumulations where seeps from spoil runoff springs contacted the Tintillo River channel.
A particularly large mass of moist green and blue protosalts was observed in association
with a meter scale mound of ochreous sediment and algal mats at the Tintillo source
spring of 2005.

An extensive white deltaic area related to a spring emanating from spoil dominated by (or
capped by) Culm materials was an exception to the generalised trend of colour
transitioning. In this case the crust was made up of brilliant white fine-grained sugary
evaporates. Coring of this crust revealed a sub surface horizon of green crystals
separating the white crust from the underlying alluvial material. Spoil debris up to a meter
from the delta edges and rocks and twigs dispersed in the channel waters proximal to the
delta were all coated in white efflorescences with minor pale yellow (Hue 2.5Y 8/8), yellow
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and orange horizons that appeared to show opposing colour changes to those described
previously. Localised variations (one to ten meters surrounding the delta area and Culm
spoil seep) were characterised by transitions from moist grey-purple to white evaporites at
and near contact with the Tintillo waters followed by a hardened thin (1 – 7 cm) wide
horizon of orange and/or yellow efflorescences forming a crust some ten to 15 centimeters
from the water surface.
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Figure 6.5: Photographs of the Tintillo evaporites (A – H) showing their various
occurrences at the study site.
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White, yellow and orange sulphates dominated source region examples. Efflorescences
draping the Tintillo banks contained accumulated ‘fossilised’ pine needles. Major
variations in colour appeared to be related to relative distance from moisture sources
although differences in the order and/or morphologies between efflorescences from
different portions of the Tintillo tract, (or those associated with some spring courses)
suggests additional controlling factors. The profusion of efflorescences throughout the
study site during both surveys implies the persistence of dry weather. Drainage waters
percolating from Corta Atalaya (CA) wastes (i.e. springs) have resulted in extensive walls
of efflorescences showing all varieties (colour and morphology), seen in other parts of the
tract. The most expansive example of this is shown in Figure 6.5G.

Broad zoning patterns have been established from field observations. Colours vary in
relation to proximity to and type of weathering: primary sulphides in spoil materials and
pyritic-rich soils and sediments; and evaporation defined zoning associated with moisture
sources. Lighter colours (white and pale yellow) tend to occur adjacent to primary
sulphide-rich source rocks on spoil heaps, surfaces of percolating spoil base springs and
as coatings and fine-grained fissile crusts of efflorescences across terrace surfaces and
channel peripheries. These white assemblages are smaller, fibrous and acicular crystals
with silky lustre and fine-grained to powdery encrustations. Massive yellow efflorescences
are characteristic of thin (< 1 cm) bands accumulated on terrace sediments at water
surfaces in pools and are typically harder and more friable than paler examples. This is
also true where they occur across areas peripheral to the channel itself. Potential
contributions of amassed efflorescences to toxicity during flood events are considered as
the most significant reason to analyse these samples. Analysed samples (E1 to E9) were
selected to establish compositional variations specific to their downstream mode of
occurrence and to evaluate the two predominant channel types (nominally white and
yellow) sampled during the 2005 and 2007 surveys.
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7. LITHOLOGICAL CHARACTERISATION: CORTA ATALAYA (CA)

7.1. Introduction
Weathering of spoil leads to a site-specific contribution to acid mine drainage (AMD)
character. In this chapter, using chemostratigraphic fingerprinting as a basis, mass
transfer calculations have been computed for pre-mined quartz feldspar porphyry (QFP)
and their spoil equivalents. Alteration indices and petrological observations are used to
assess textural and mineralogical differences specific to mineral assemblages, alteration
intensity and relative susceptibility to weathering.

Three-dimensional modelling of the Corta Atalaya (CA) pit using ArcView global
information system (GIS) is used to evaluate the relative ratios of sericitic to chlorita type
QFP comprising the CA spoil. These lithotypes are considered the major contributing units
to site AMD character.

7.2. Corta Atalaya (CA) Host rocks
Host rock Corta Atalaya (CA) stratigraphy comprises Culm, an andesitic unit, red mud
rocks, a series of meta-rhyolites (quartz feldspar porphyries, QFP) and massive sulphides
(Figure 7.1). Pyrite is the dominant sulphide present with rare pyrrhotite. The presence of
both sulphides and the fact that felsic rocks do not have significant acid-neutralising
potential (Plumlee et al., 1999) determines a high acid generation potential. Weathering
appears to be exacerbated in some spoil members due to pervasive cleavage developed
in heavily altered (chloritised and/or sericitised) rocks. Whilst alteration can increase the
acid-neutralising capacity of a rock by introducing or liberating neutralising minerals, it can
also decrease potential by transforming feldspars into clays (Seal and Hammarstrom,
2003). The latter may be a significant factor at CA given the profusion of iron staining and
general degradation of the spoil materials in the study site. Variations in alteration style,
intensity and imparted textures of the felsic rocks dominating CA spoil are considered
here in relation to their liberation characteristics and gangue and sulphide alteration
assemblages.
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A.

Andesite

F.

Culm

B.

Chlorita (QFP)

G.

Red mudrocks

C.

Massive sulphide

Hybrid zone QFP

D.

Sericitic QFP

Pebbly mudstone

E.
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Figure 7.1: Reconstruction of the Corta Atalaya (CA) pit stratigraphy from digitised
orthophotos and mine maps. Field mapping sampling points (small white circles) are
plotted along with the geological boundaries of the CA lithotypes. Average bench heights
are 14m (after Boulter, 1996). Notably, the porphyry interfingers with all pre-existing rock
units. Compatible sources from the Junta de Andalucía web map service (WMS) and CDROM (1:5000, 1:20000 and 1:10000) mapping series and slips from field and mine
mapping have been digitised and collated by the author of this thesis to build an interactive
three dimensional model for data representation and analysis using the ArcView GIS
system.
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7.3. Corta Atalaya (CA) spoil rocks
Two felsic lithotypes constitute the majority of Corta Atalaya (CA) waste spoil heaps (by
surface area) and both appear as major members of the excavated CA pit stratigraphy
(Figure 7.2). Most readily understood is the range of rock types in the stockwork feeder to
the massive sulphide deposits, exemplified by the intensely altered chlorita, originally a
rhyolite but now a chlorite + sulphide + quartz assemblage. The second type of felsic rock
occurs as a series of quartz-porphyry sheets intruded as high-level sub-concordant sills
into the mineralised environment (e.g. Boulter, 2002; Boulter et al., 2004). Chlorita units
are massive dark green-grey with glassy conchoidal fracture surfaces. Sulphide contents
are indicated by mottled patchwork alteration and vein networks from millimeter to tens of
centimeter scales with typically rotted appearances, accumulated yellow sulphur surfaces
and (on fresh surfaces) metallic lustre yellow sulphide minerals.

Where sills occur between the massive sulphide and the stockwork, syn-cooling alteration
has led to pervasive sulphidation. Where intrusive sheets of the same generation overlie
the massive sulphides, sulphidic alteration is not present throughout the sheets, being
confined to the lower portions. Alteration in the felsic sheets that post-date the massive
sulphides is characterised by a hydration and concomitant rheological weakening such
that affected volumes have developed a strong Hercynian tectonic fabric (Boulter, 1996).
The heavily sericitic quartz feldspar porphyry (QFP) units are well cleaved. It is possibly a
combination of cleavage and sulphidisation that makes it susceptible to rapid weathering
compared to the more competent chlorita.

These two felsic lithotypes dominate the CA pit spoil heaps and are the point source for
sulphide availability for acid mine drainage (AMD) generation in the CA-Tintillo system. As
such, it is their inherent mineralogical and textural features that define the start point for
the geochemical reaction series that culminates in the acidic river waters and Fedominated sediment accumulations in the Tintillo River. Textural features of the QFP are
defined by the pre-mining alteration prevalent within the lithostratigraphic column.
Differential alteration and related mineral assemblages have resulted in textural
heterogeneity with one type pervasively cleaved exposing prolific sulphidic minerals to the
surface environment on waste heaps and the other massive and glassy.
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Figure 7.2: Photographs of the felsic lithotypes that dominate the Corta Atalaya spoil
heaps. A: Heavily sulphidic and sericitic quartz feldspar porphyry (QFP); B: Chlorita; C:
Comparable degradation of the Chlorita and sericitic QFP in the weathering environment
of the Corta Atalaya (CA) spoil heaps (‘Ser’ is sericitic QFP and ‘Chl’ is Chloritic (Chlorita)
QFP).

7.4. Compositions of host rocks
Host rock x-ray fluorescence (XRF) analysis comprises an extensive geochemical data
series from which selected major oxide, trace element and loss on ignition (LOI) data have
been derived.
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7.4.1. Host rock characterisation: Classification
For clarity, colour coding and notation to identify sample groups is used throughout this section:

i.

LA - (Dark red/black symbols, LA1-7) least altered quartz feldspar porphyry (QFP)

ii.

Q1 – (Orange QFP1 to QFP7) varyingly altered (sulphidised and sericitised) QFP between
sulphide and red beds

iii.

Q2 – (Green QFP8 to QFP17) stockwork and sericitic QFP hybrid zone samples

iv.

Ser – (Yellow SER1 to SER7) QFP between sulphide and chlorita dominantly sulphidic and
sericitic and hence well cleaved

v.

Chl – (Dark green CHL1 to CHL5) stockwork QFP ‘chlorita’

Analyses have been recalculated to 100% on an H2O- and CO2-free basis for chemical rock
classification. Pit survey samples plot as cohesive rhyolite/rhyo-dacite units (Figures 7.3A & B).
Processes of magma generation, crystallisation and fractionation determine immobile element ratios in
magmas. Data from unaltered and variably altered QFP of the CA pit have been plotted. The data points
align in a highly correlated linear trend, which projects through least-altered samples. Based on the
testing of immobility methods of Gifkins et al. (2005) it is established that Ti and Zr are essentially
immobile and that net mass gains and losses of other mobile elements, due to alteration of a single
precursor system (i.e. variably altered samples of an originally compositionally uniform unit) result in the
given linear trend. Graphically this is represented by the highly correlated linear trend (r = 0.98;
exceeding the r = 0.85 lower threshold of Barrett & MacLean, 1994b) and tight clustering of samples in
Figures 7.3A & B.

Relative to the position of least altered QFP; mass gains are indicated for QFP between sulphide and
red beds and the heavily cleaved QFP between the sulphide and chlorita (sulphidic and sericitic) and
bulk mass losses for samples of the hybrid unit and the chlorita.

Figure 7.3: Geochemical classification of Corta Atalaya (CA) quartz feldspar porphyry (QFP) using
discrimination plots showing their highly linear correlation (A) TiO2-Zr immobile element plot (after Barrett
and MacLean, 1994a). (B) Zr/TiO2*0.0001 versus Nb/Y discrimination plot (Le Bas, 1986; Winchester and
Floyd, 1976). Coloured sample points (green, dark green, yellow and orange rhombs) are pit survey
QFP; black circles are spoil survey QFP; least altered QFP of the pit and spoil are depicted as a cross
and red circle respectively. The buff coloured rhomb in pane (A) represents the average least altered
QFP from a peripheral site (Nerva Quarry (NQ)).
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Analysed CA QFP show consistent tholeiitic magmatic affinities (Figure 7.4). It is worth
noting that samples inclusive of pre mining- altered, spoil- altered and least- altered
varieties, plot relatively consistently within the same fields and supplementary analysis
confirm the field premise that they can be considered of common origins.

Figure 7.4: Magmatic affinities of Corta Atalaya (CA) quartz feldspar porphyry (QFP)
samples (after MacLean and Barrett, 1993). Coloured rhomboid sample points are pit
survey QFP and black circular sample points are spoil survey QFP (filled are interior
samples and empty are exterior weathered rinds). Least altered QFP of the pit and spoil
are depicted as a cross and red circle respectively. Data from average least altered QFP
from a peripheral site (Nerva Quarry (NQ)) also surveyed is plotted as a buff coloured
rhomb.
Interestingly, the NQ site samples plot as an overlaid trend (r = 0.94) suggesting
potentially

contemporaneous

origins

of

chemically

indistinct

units

subsequently

differentially altered.
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7.5. Mass transfer as an aid to mineral assemblage assessments

7.5.1. Testing immobility
To establish, rather than assume element mobility and provide a sound basis for mass
transfer calculations, elements appropriate for use as immobile indicators have been
identified.
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Figure 7.5: Bivariate immobile element plots illustrating compositional outliers and
identifying least mobile elements for use as immobile monitors in mass-change
calculations. Colour coding is as per the previous figures.
Primary candidates identified for use as immobile elements are Al2O3 and Zr based on
their high correlation (r = 0.90 – 0.99; exceeding the r > 0.85 limit presented by Barrett
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and McLean, 1994b) and trends that pass through the origin (see Figures 7.5 A – L).
Mass transfer calculations are based on the use of Zr as the immobile element and
assume that values were uniform in the primary rock and least mobile during subsequent
alteration.

7.5.2. Mass transfer calculations
Estimation of mass transfers has been carried out using the single-precursor system of
MacLean and Barrett (1993). Absolute mass changes of major and trace components and
net changes are calculated using a spreadsheet based on the formula:

Δa = [Zo/Za.Ca]-Co

Where Δa is absolute mass change expressed in g/100g; Ca is the wt% proportion of a
given component in an altered rock; Co is the wt% proportion of the component in the
precursor sample; Za is the proportion of the immobile element (Zr in this case) in the
altered rock; and Zo is the proportion of the immobile element in the precursor sample.

Consideration of detection limits across major oxides as between 0.01 and 0.05 wt% and
those for trace elements at 1 ppm, equates to mass change limits of around 0.05 and
0.0001 g/100g respectively.

Least altered quartz feldspar porphyry (QFP) are defined as those samples less altered
than their counterparts in the same environment (after Gifkins et al., 2005). Geochemical
modifications between precursor and altered samples define the primary alteration
characters of Corta Atalaya (CA) QFP which are considered, in turn, to influence the
relative contributions of sericitic versus chloritic QFP to the secondary environment (i.e.
acid mine drainage (AMD)) once exposed to weathering.

7.5.3. Corta Atalaya (CA) sericitic and chloritic quartz feldspar porphyry
(QFP) versus least altered precursor
Net and element specific mass changes have been calculated against precursor data from
n = 7 least altered QFP. Group averages (namely: QFP1-7; QFP8-17; SER1-7 and CHL15 as seen in Table 6.1) are renamed as Q1, Q2, Ser and Chl and are shown in Table 7.1.
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Table 7.1: Mass transfer variations across analysed quartz feldspar porphyry (QFP)
groups.

SiO2
Al2O3
Fe2O3
MnO
MgO
CaO
Na2O
K2O
LOI
S
Net (Δ)

Q1
QFP1-7
-42
-4
1
0
1
1
-7
3
2
0
-46

Q2
QFP8-17
3
-4
13
0
3
-0.1
-9
1
4
1
13

Ser
SER1-7
-18
-4
4
0
1
0.07
-8
2
3
1
-19

Chl
CHL1-5
-2
-4
13
0
6
-0.1
-9
0
5
0
11

!!

Units
g/100g
g/100g
g/100g
g/100g
g/100g
g/100g
g/100g
g/100g
g/100g
g/100g
g/100g

The proximity of samples in the Q1 series to the relatively reactive sulphide and/or red
shale and those of group 2 (comprising the stockwork and a hybrid zone of QFP) could
account for the increased inherent variations within these sample groups. As such, it is
groups Ser and Chl that are used to delineate what are considered the most characteristic
sericitic- and chlorita- type QFP’s respectively (Figure 7.6 A-C).

Silica leaching and losses of Al2O3 and Na2O are suggestive of the actions of
hydrothermal solutions. Additions of Fe2O3, MgO, K2O and CaO may be attributed to
hydrothermal fluid and seawater interactions. Mass changes in major elements
demonstrate that a hydrothermal system had the intensity and perhaps duration, to
mobilise large amounts of SiO2 and other components into the alteration facies, in addition
to generating a capacity to mobilise base and precious metals (Figure 7.6).

116

15

Mass change (g/100g)

10
5
0

TiO2

Al2O3 Fe2O3 MnO

MgO

CaO

Na2O

K2O

P2O5

LOI

Ba

S

-5
-10
0.03

Mass change (g/100g)

A

Major mass transfers

Ser

B

Chl

0.02

0.01

Pb

-0.01
15

Mass change (g/100g)

10

Zn

Trace mass transfers

As

Cu

C
Chl

5
0
-5
-10

Ser

-15
-20
-25

Net (Δ) mass transfers

Figure 7.6: Mass changes in (A) Major oxides (excluding SiO2) in sericitic quartz feldspar
porphyry (QFP) (Ser – yellow bars) and chlorita QFP (chl – dark green bars) associated
with their alteration and (B) Trace element mass changes in the same units. Net mass
changes are plotted in (C). The immobile monitor component in all cases is Zr.
Sericitic QFP samples are characterised by mass losses of SiO2, Al2O3 and Na2O and
reduced gains in Fe2O3 and MgO relative to chlorita QFP. The relative similarity of mass
losses in Al2O3 and Na2O as opposed to the differential behaviour of K2O between
sericitic- and chlorita-type QFP typifies the sericitisation of the former. Mass gains in
sulphur, copper and arsenic in sericitic QFP are over twice those calculated for chlorita
type samples (Figures 7.6 A & B). Converse behaviour is seen for Pb (Figure 7.6B) where
calculations indicate a relative mass loss across analysed series, most profound in
chlorita type QFP. Volatiles (recorded as LOI) and zinc both show distinct and higher
mass gains in chlorita QFP relative to sericitic group samples.
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Mass transfers in major oxides illustrate fundamental alteration trends (Figure 7.7).
Elevated silica leaching and variations in the degree of sericitisation of plagioclase result
in mass losses in SiO2, CaO and Na2O coincident with gains in K2O. In particular,
depletions in Na2O identify the major chemical changes involved in the breakdown of
plagioclase and elevations in K2O occur in relation to the intensity of sericite alteration.
Silicification in chlorita samples combined with mass gains in Fe2O3 and the differential
behaviours of alkali components distinguish chloritic QFP from their sericitic counterparts
and establish their differing contributions to the secondary environment.

It is evident from Figure 7.7 that the remaining QFP units of the CA series can be
considered as hybrid sericitic and chlorita groupings (Q1 & Q2: orange and green
respectively) defined by greater within-group variability.

Figure 7.7: Net transfers (Δ: g/100g) calculated using the single precursor method of
MacLean and Barrett (1993). The mineralogy of the sills differs markedly affecting their
relative acid mine drainage (AMD) potentials with respect to their Fe- and gangue mineral
contributions (e.g. it could be considered that those with higher Fe contents retain higher
AMD potentials). Colour codes are as per previous figures. Circles are equivocal Corta
Atalaya (CA) spoil samples.
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7.5.4. Spoil quartz feldspar porphyry (QFP) versus Corta Atalaya (CA) QFP
In addition to the identification of mass changes associated with primary alteration, those
relating to weathering have also been considered. Average data for source pit chlorita
quartz feldspar porphyry (QFP) (average Chl) and sericitic QFP (average Ser) data are
used as precursors. Variations between source rock geochemistry and spoil samples
(including the exterior rinds of the more massive chlorita) provide an assessment of the
relative geochemistry of weathering of differentially altered QFP in the spoil environment
(Table 7.2). The pervasive natures of the weathering of sericitic spoil samples rendered
effective definition of rind versus interior impossible and so these are considered as
composite samples.

Table 7.2: Mass transfer values (g/100g) for major oxide and trace elements of weathered
spoil surface chlorita- and sericitic- quartz feldspar porphyry (QFP) samples as compared
to their pre-mined Corta Atalaya (CA) equivalents.
!SiO2

Al2O3
Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
LOI
S
Net (Δ)
La
Ce
Rb
Sr
Y
Nb
Th
U
Pb
Zn
Ni
Ga
As
Cu

Chl_I
21
-0.1
5
-0.004
-2
-0.01
4
0.1
1
-5
0.21
24
29
161
11
0
-14
1
-4
-0.2
44
84
12
11
-0.03
52

Chl_W
27
-2
12
0.05
-2
-0.02
4
0.2
1
-5
0.35
36
58
183
22
6
-7
1
-10
-2
50
112
34
11
-3
604

Ser
-47
-0.3
-4
0.14
1
-0.25
0
-2
0.06
-4
-1
-56
6
-37
-67
88
-23
-2
-9
-4
-17
-20
4
3
29
-37

Chlorita-type spoil samples are characterised by mass gains in SiO2 and Fe2O3 relative to
their precursors (not exhumed) in addition to gains in Na2O and P2O5. Mass losses in
MgO and Al2O3 in surficial rinds compared to interior samples are typical. In addition,
orders of magnitude gains in La, Ce, Pb, Zn, Ni and Cu particular to the surface rinds of
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spoil chlorita indicate localised supergene accumulations indicative of the relative
longevity of these QFP in association with the rapidly (relatively) degrading sericitic spoil
QFP. Along with the inherent textural differences between the QFP, this surface
armouring may prolong the persistence of these samples in the weathering environment
and represents a future stockpile of potentially deleterious elements in the surficial
environment.

Sericitic spoil QFP show distinct mass losses in major components SiO2, Fe2O3, K2O and
S. Indeed, mass losses across most elements, including the heavy metals series, are
characteristic. Conversely, arsenic contents are enriched in spoil sericitic QFP relative to
pre-mined equivalents and La and Ce show differential transfer in spoil sericitic QFP
versus pit members with La gained and Ce lost.

7.5.5. Mass transfer calculations between spoil chlorita and sericitic quartz
feldspar porphyry (QFP)
Table 7.3 shows mass transfer variations between the spoil sericitic and chloritic quartz
feldspar porphyry (QFP). It is perceived that use of the opposing spoil QFP type (i.e. spoil
sericitic QFP as a precursor for spoil chlorita-type QFP) illustrates a relative retention of
geochemical and hence, mineralogical components, between the two QFP types. Net
mass changes illustrate the differential behaviours of the QFP in the weathering
environment. Preferential mass losses in environmentally deleterious components from
sericitic QFP (e.g. Fe2O3, S, Pb and Zn amongst others) including sulphides and gangue
minerals is indicative of the severe and pervasive dissolution of the sericitic-type spoil
QFP.

Whilst some variations may be attributed to primary alteration and/or inherent variations in
composition, it is evident that the orders of magnitude differentials in mass losses/gains
between the spoil QFP types, represents components retained as potentially geoavailable
and/or mobilised in the secondary environment.
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Table 7.3: Mass transfer values (g/100g) for major oxide and trace elements of spoil
chlorita- and sericitic- quartz feldspar porphyry (QFP) samples using their opposing spoil
QFP types (e.g. Chlorita QFP (Chl_I & Chl_W) versus spoil sericitic QFP and vice versa).

Sample I.D.
SiO2
TiO2
Al2O3
Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
S
Net (Δ)
La
Ce
Rb
Sr
Y
Nb
Th
U
Pb
Zn
Ni
Ga
As
Cu

Precursor spoil sericitic QFP
Chl_I
Chl_W
199
216
0.1
0.2
0.4
-4
45
64
-0.02
0.1
6
7
-0.05
-0.05
10
10
-2
-2
1
1
1
1
261
295
74
153
535
599
-45
-15
-272
-257
18
38
8
9
10
-5
6
0
133
151
695
771
26
87
20
22
-132
-139
1510
1736

Precursor spoil chlorita QFP
SER
Chl_W
-46
4
-0.03
0.01
-0.1
-1
-10
4
0.004
0.04
-1
0.1
0.01
0
-2
0.1
0.5
0.04
-0.3
0.01
-0.2
0.1
-60
8
-17
18
-124
15
10
7
63
3
-4
5
-2
0.3
-2
-4
-1
-1
-31
4
-160
18
-6
14
-5
0.4
31
-2
-349
52

7.6. Quantitative estimates of alteration: alteration indices
In order that the point sources of Tintillo acid mine drainage (AMD) may be more robustly
characterised and that the acid generating potential of the two dominant quartz feldspar
porphyry (QFP) rock types be refined, mineral assemblages for these altered lithotypes
need to be defined. Alteration indices provide an effective way to determine mineralogy,
particularly in altered rocks and define textural (alteration intensity) and mineralogical
differences (i.e. between the sericitic and chlorita-type QFP of Corta Atalaya (CA)). By
differentiating current (spoil) and pre-exposure (CA) assemblages, relative AMD
contributions have potential to be extrapolated to other type series within the Iberian Pyrite
Belt (IPB).
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A series of ratios have been calculated including simple (e.g. the Ba/Sr and Rb/Sr of
Large et al., 1996), normalised and molar varieties (e.g. Date et al., 1983; Davies et al.,
1990 not shown). Molar proportion indices relate to the stoichiometry of alteration
reactions and hence are considered more easily related to alteration assemblages (Eilu et
al., 1997). The molar proportions A/CNK index of Hodges and Manojlovic, (1993); the
chlorite-carbonate-pyrite index (CCPI) and high sulphidation alteration index (HSAI) of
Large et al. (2001b) and Gifkins et al. (2005) have been considered (Table 7.4).

Distinction of alkali depleted hydrothermal alteration from that related to sedimentary
processes has been made by considering the AI index of Ishikawa et al. (1976) that
relates to the replacement of plagioclase by sericite and chlorite during hydrothermal
alteration. As AI values exceed the AI < 30 typical of regional diagenetic alteration or
metamorphism, it is suggested that at least one phase of hydrothermal alteration has
characterised and/or overprinted the series. Values range from AI = 80 to AI = 98
(average values) for sericitic and chlorita-type QFP respectively with lower values
(average AI = 64), reported for the remaining sericitic samples, suggesting they are more
quartz phyric. Elevated values (average AI = 97) of stockwork samples in the hybrid zone
imply a transition towards increased chlorite alteration indicating an increased intensity of
hydrothermal alteration (e.g. Gemmell and Large, 1992).

The simple S/Na2O ratio of Large et al. (2001a) is readily related to mineralogical changes
and shows high contrast in volcanic hosted massive sulphide (VHMS) alteration systems
with values < 0.1 indicative of least altered rocks (after Eilu et al., 1997; Gifkins et al.,
2005). As such, this ratio has been used to confirm least altered CA protolith samples and
to best illustrate the varyingly altered nature of CA QFP, including highlighting the
difficulties in rectifying the stratigraphic sequencing with the traditional volcanic pile model
(i.e. the inconsistency (several orders of magnitude depletion relative to other units) in
S/Na2O values observed for the QFP (QFP1-7/Q1 in Table 7.4) between the sulphide and
red beds). Figure 7.8 illustrates variations across CA QFP. Least altered CA protolith
samples (not shown) consistently return values well below 0.1.
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Table 7.4: Alteration index and normalised and molar ratio values characteristic of Corta
Atalaya (CA) quartz feldspar porphyry (QFP) samples.
Group & Colour code Sample'I.D.
QFP<1
QFP<2
QFP<3
Q1 Orange
QFP<4
QFP<5
QFP<6
QFP<7
QFP<8
QFP<9
QFP<10
QFP<11
QFP<12
Q2 Green
QFP<13
QFP<14
QFP<15
QFP<16
QFP<17
SER<1
SER<2
SER<3
Ser yellow
SER<4
SER<5
SER<6
SER<7
CHL<1
CHL<2
Chl Dark green
CHL<3
CHL<4
CHL<5
LA Black/dark red LA

AI CCPI HSAI AI'mark'4 A/CNK
64
37
50
21
2
64
35
54
23
2
62
35
50
27
1
67
35
54
22
1
76
43
50
19
2
41
29
52
19
1
71
43
53
20
2
91
94
79
53
8
99
97
65
51
15
95
77
88
45
4
99
99
58
48
41
100 99
61
53
41
100 99
59
55
68
97
80
87
49
5
94
85
84
55
3
99
99
64
61
48
99
96
60
54
12
48
21
66
14
2
93
60
93
37
3
93
87
93
71
3
92
54
94
30
3
48
49
46
23
1
93
49
87
31
3
92
60
95
33
3
94
98
57
49
14
100 99
57
51
33
98
99
57
51
31
99
98
54
50
28
100 99
47
42
66
2
4
47
4
1

Rb/Sr Ba/Sr S/Na2O
3
15
2
9
14
3
6
2
7
3
6
25
1
6
2
9
0.3
286
2
26 391366
3
54
2949
4
597
11103
1
331
0.3
89
3
53 215533
10
374
0
29 973540
2
27
29313
1
13
2720
3
50
91622
3
58
3
46
63624
1
6
88
5
108
3
39
0.08
14
4
688
0.1
34
3
49 110136
0.3
16
0.001
1
0.003

In addition, albite replacement by sericite + chlorite + quartz results in strong sodium
depletion (to <0.1 wt%). Thus variations in S/Na2O are interpreted as relating to
differences in degree of alteration, which in turn relate to modifications in the relative
proportions of pyrite and the extent of albite depletion (e.g. Large et al., 2001b) so
ultimately affecting AMD potential.
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Figure 7.8: S/Na2O ratios plotted for Corta Atalaya (CA) quartz feldspar porphyry (QFP)
host rocks. Colours indicate QFP between sulphide and red beds (orange); stockwork
QFP and sericitic QFP (green); sericitic sulphidic QFP between sulphide and chlorita
(yellow); chlorita QFP in stockwork (dark green). The black bars are spoil rock QFP
samples (interior samples: outer edges coded for chlorita in dark green and sericitic QFP
in yellow) and the empty bar is the equivalent exterior weathered surface of the chlorita
QFP.
Sericitic QFP are characerised by lowest A/CNK values (≤ 3), less than a tenth of those
calculated for chlorita QFP samples; CCPI values less than half those of chlorita-type
samples (at ~ 54); and elevated HSAI values (average 82) relative to chlorita QFP
indicating higher sulphidation. In addition, silicification variations across samples
(characterised by AI mark 4 ratios) indicate that chlorita and stockwork QFP have
characteristically higher values (~ 50) than sericitic QFP, directly relating to their
contemporary occurrence as massive glassy components of the CA spoil. Corresponding
variations in calculated ratios between CA QFP are shown in Figure 7.9.
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quartz feldspar porphyry (QFP) members can be established and compared to spoil
equivalents. Fluid-dominated pervasive hydrothermal alteration tends to produce simple
equilibrium assemblages of only a few phases with intensely altered samples plotting
towards the positions of the dominant alteration minerals (Gifkins et al., 2005). The
alteration assemblage controls the relative direction of movement away from the unaltered
sample box and hence the alteration process (Figures 7.10A & 7.10B).

Samples are characterised by an increase in the intensity of alteration from least altered
precursors towards intensely altered members (LA < Q1 < Ser < Q2 < Chl). This is most
readily interpreted as increasing intensity of footwall chlorite + sericite ± pyrite alteration
(Figure 7.10B). Characterisations using the alteration box plot determine that:

1. Q1 are QFP characterised by weak to moderate intensity sericite (phengite)
alteration ± minor chlorite and pyrite components
2. Q2 as felsic volcanic QFP with alteration assemblages best characterised as
strong to intense chlorite ± pyrite ± (ser) typical of stockwork alteration
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3. Ser group QFP are strongly to intensely altered members with characteristic
sericite + chlorite ± pyrite mineral assemblages and
4. Chl group QFP are intensely altered (ore grade) chlorite ± pyrite with minor sericite
typical of footwall, stockwork chlorite-dominated alteration zones in felsic volcanic
rocks

Formation of chlorite and sericite at the expense of feldspars results in depletions in Na2O
illustrated as an inverse trend in data points from least to most altered QFP (Figure
7.11A). It is apparent that chlorite alteration occurs at the expense of sericite and pyrite
alteration and is most intense in high chlorite QFP (Chl and members of Q2). In addition,
elevated high sulphidation (HSAI) index values can be attributed to intense leaching and
silicification (silica alteration) associated with extremely acidic fluids. Elements used to
calculate AI are removed during these processes and at the extreme limits (i.e. those of
the intensely altered chlorita series) paragonite and potentially alunite form containing
CaO, K2O and Na2O in their structure, which may result in failure of the AI as an effective
index.

Gains in pyrite elucidated for Chl samples from Figure 7.11B, in conjunction with the
retention of chlorite and differentiation of paragonite-alunite versus muscovite contents
segregates Ser from Chl group QFP, with Q2 series samples plotting between the two in
intermediary positions (Figure 7.11B). Retention of K2O in muscovite/illite, concordant with
removal of other alkalis during feldspar destructive alteration, can explain some of the
observed variation.
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Figure 7.10: Alteration boxplots demonstrating the anticipated mineral assemblages of
Corta Atalaya (CA) quartz feldspar porphyry (QFP) based on geochemical analysis (A)
Relative intensity of alteration and (B) Alteration assemblages and processes based on
trends 1 – 10 (after Gifkins et al., 2005 and Large et al., 2001b): ab albite; chl chlorite; ep
epidote; cc calcite; K-feld K-feldspar; par paragonite; ser sericite; py pyrite; and carb
carbonate. Shaded area (LA) represents the boundaries of least altered precursors.
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In summary mineral assemblages characteristic of the varyingly altered CA QFP are as
follows:

1. Q1 (QFP1-7) orange – weak to moderately altered dominantly sericitised to
sericite (phengite) + muscovite + K feldspar +/- albite +/- chlorite +/- pyrite in
addition to mild argillic alteration effects (paragonite-alunite)
2. Q2 (QFP8-17) green – Intensely altered chlorite + sericite +/- pyrite +/- magnetite
+/- siderite
3. Ser (Ser1-7) yellow – strongly to intensely altered sericite + chlorite + muscovite
+/-pyrite +/- magnetite +/- siderite +/- K-feldspar affected by higher intensity argillic
alteration (paragonite-alunite)
4. Chl (Chl1-5) dark green – most intensely altered chlorite +/- (sericite) + pyrite +/magnetite +/- siderite
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Figure 7.11: Alteration boxplots using additional alteration indices to further decipher the
expected mineral assemblages of Corta Atalaya (CA) quartz feldspar porphyry (QFP) (A)
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Gemmell and Large 1992).
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7.7. Petrography of Corta Atalaya (CA) lithotypes
Petrological investigations are made in order that geochemical assessments can be
confirmed and textural relationships, key to weathering potentials, established. A
descriptive approach advocated by Gifkins et al. (2005) and similar to that adopted by
McPhie et al. (1993) for volcanic facies, has been applied to examples of sericitic and
chlorita type Corta Atalaya (CA) quartz feldspar porphyry (QFP) (samples Ser 2 & 4 and
Chl 2 & 5 respectively). Textural and mineralogical descriptions are amalgamated to
characterise the appearance and mineralogical character, comprising the mineral
assemblage and at least one of the following: intensity, distribution and/or texture, of each
sample (after Gifkins et al., 2005).

Intensity relates to the degree of mineralogical, compositional and textural modification
defined as subtle, weak, moderate, strong and intense. Distribution has been discounted
here as it relates heavily to the mapable extent of alteration facies and relationships to
host rocks, which, whilst interesting, is outside the remit of this study. Texture refers to the
superimposed alteration texture described from field, hand and thin sections including
shape, form, grain size and/or fabric information (e.g. pervasive, selective or vein halo)
and alteration mineral assemblages are expressed as abbreviated series in order of
decreasing abundance.

7.7.1. Chlorita quartz feldspar porphyry (QFP)
Photomicrographs of chlorita-type quartz feldspar porphyry (QFP) (Figures 7.12 A-O and
7.13 A-D) show abundant quartz with minor plagioclase including orthoclase. Samples are
characterised by intense pervasive quartz + chlorite + pyrite ± sericite alteration to an
originally massive lithofacies. Textures are typically a mosaic of 100-200 µm volcanic
quartz crystals with interstitial chlorite (ripidolitic/clinochlore) invading as a fine-grained,
often cryptocrystalline, felt-like groundmass showing first order whites and normal
extinction.

Other alteration textures include disseminated five to 25% pyrite occurring as ≤ 100 µm
euhedral crystals often surrounded by secondary quartz selvages and/or chlorite.
Pervasive irregular sericite pseudomorphs after feldspar in < 10 µm microcrystalline
quartz (slightly orientated) and interstitial sericite occurs in the groundmass. Concentric
layers (zones) of mottled and dusty inclusions to relict plagioclase crystals are common.
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Figure 7.12: Photomicrographs showing the mineralogical and textural characteristics of
pre-mined Chlorita QFP (A) – (F) and equivalent Chlorita samples from the Corta Atalaya
(CA) (G) – (O). Spoil samples can be readily defined by their surface alteration (red-brown
areas). Abbreviations are: Qtz quartz, Py pyrite, Chl chlorite, Bt biotite, Plg plagioclase.
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Areas of most intense chloritisation, silicification and sulphidisation have engulfed and
obliterated most primary textures with preservation of quartz (and/or feldspar) phenocrysts
the most widespread relict texture. Biotite, where identified (limited), appears extensively
altered (e.g. D and F) with significant replacement by chlorite. The low first order
interference colours indicate Mg-rich chlorite although false blue colourations to some
crystals may suggest a more Fe-rich composition.

Subautomorphic volcanic quartz crystals surrounded by rims of secondary quartz (in
places of distorted feather quartz) are identified. Some pressure shadows are found to
include or are dominated by other alteration minerals, (e.g. chlorite and some sericite).
Localised increases in intensity of alteration are associated with proximity to sulphidic
veinlets. Accumulations and intersections of veinlets are typically associated with pyrite
(e.g. Figure 7.12 H) and interior micro-veinlets frequently contain tiny apatite crystals.

Spoil chlorita (Figure 7.12 G-O) are typified by surface (up to 0.7 mm from their exterior)
rusty alteration minerals in veinlets and an additional 0.5 mm where networks of veinlets
of the same colour traverse the interior groundmass. Indications are that weathering is
concentrated in the upper 0.7 mm and typically extends to 12 mm into the subsurface.
Textures and alteration assemblages identified in pre-mined chlorita samples are
preserved at depth in those from the Corta Atalaya (CA) spoil.

Chlorita QFP is characterised by a mineral assemblage high in sulphide (pyrite) and low in
minerals of significant buffering capacity. The relatively massive nature of the chlorita QFP
appears to confine the progression of alteration to the surface and to isolated enclaves
and veins. Moreover, petrographic observations indicate that alteration rinds propagate
through rock masses along planes of weakness such that prolonged input to acid mine
drainage (AMD) is predicted as waters are able to percolate deeper into the fragments
and affect previously isolated sulphides and gangue mineralogies.

Oxidation of currently liberated sulphides is evident, particularly those of smaller grain
size. In addition, a great deal of fine-grained chlorite is identified, an additional contributor
to the secondary environment via weathering given its intermediate weathering rates
(Sverdrup, 1990). Notably, chlorite has been associated with a degree of buffering
capacity for AMD (e.g. Paktunc, 1999a) and so could affect some moderation to chlorita
acid generating potential. However, dissolution of any calcite and/or biotite to vermiculitelike minerals under localised acidic conditions (e.g. Dold, 2003 a-c) resulting from sulphide
oxidation will contribute additional Mg, Fe and/or Al to percolating waters.
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7.13: Additional petrological features of the Chlorita QFP. (A) Quartz and

plagioclase phenocrysts, some broken and invaded by later minerals; (B) Microperlitic-type
textures with areas of well-preserved quartz phenocrysts; (C) Association of pyrite
alteration with coarsening of grain sizes and recrystallization (D), generally comprising
sericite-altered plagioclase. The scale bar is 10 µm in each case.

7.7.2. Sericitic quartz feldspar porphyry (QFP)
The Corta Atalaya (CA) sericitic quartz feldspar porphyry (QFP) (using the definition of
sericite as defined by Gifkins et al., 2005) is a massive, pale yellow quartz-phyric (+/-

F

G

plagioclase-phyric enclaves) rock. Mineralogy is typified by pervasive moderate to intense

H

quartz + sericite + pyrite alteration (Figure 7.14). Domanial irregularities are common in
relation to silicification and sulphidation. Pervasive irregular sericite pseudomporphs after
feldspar in <10µm microcrystalline quartz. Where plagioclase is preserved (almost
exclusively in least altered samples) alkali feldspar (albite (NaAlSi3O8), orthoclase
(KAlSi3O8))

and

plagioclase

feldspar

(oligoclase

Ab90An10

to

Ab70An30;

(Na,

Ca)[Al(Si,Al)Si2O8]) have been identified.

H
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Samples show at least two defined cleavages. Selective-pervasive 50 - 100 µm
microcrystalline quartz matrices typify alteration textures with < 1mm lenses wrapped by
anastomising wispy foliated sericite giving an augen texture. Sericite-altered plagioclase
dominates in some portions. Recrystallised overgrowths of microcrystalline sericite and
quartz are common fills to pressure shadows on pyrite, quartz and feldspar. No relict
mafic phenocrysts are identified, although some poorly preserved chlorite may be
secondary to biotite.

Sulphide mineralogy (as per chlorita) is dominated by pyrite (Reflected light microscopy,
Figure 7.14 F). Pyrite is typically euhedral and generally < 10 µm in size. Patchy to
domanial alteration of sulphidic components is observed. Enclaves and/or veins
characterised by accumulations of pyrite show congruent accretions of strained and
recrystallised quartz and plagioclase some of which show disrupted twins (e.g. Figure
7.14 A, D & E). Alteration has resulted in partial to complete replacement of primary
feldspar by feldspar, sericite, quartz and magnetite (± minor carbonate and/or epidote)
with relict mineral outlines visible in some places. Typically, quartz shows recrystallisation
and replacement textures. Embayed phenocrysts (e.g. quartz and plagioclase) are
characterized by eroded edges filled by microcrystalline quartz and/or sericite
respectively. Arrangements of apatite are identified in some plagioclase crystals.

Comparison of pre-mined with spoil heap sericitic QFP (Figure 7.14 A – L versus M - O)
shows the significance of the textural heterogeneity between the two meta-rhyolites. The
pervasive cleavage development is picked out by filamentous sericite accumulations in
pre-mined QFP and by Fe-rich amorphous material and fine-grained clays (dusty
accumulations) in spoil examples. Ochreous blebs surrounding obliterated pyrite crystals
are testament to the rapidity and extent of alteration that these units have undergone in
the secondary environment. Percolating weathering fluids are able to affect much greater
(entire) proportions of spoil sericitic QFP due to the cleavage formation and resultant
increased liberation character of mineralogy (particularly sulphides).

Even isolated quartz phenocrysts (lone remnants of the pre-mined mineralogy) show
extreme etching, corrosion and replacement by Fe-oxides blebs (e.g. goethite/hematite),
typical of accelerated dissolution of silica in the presence of iron (Morris and Fletcher,
1987).
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Figure 7.14: Photomicrographs of sericitic quartz feldspar porphyry (QFP) from the Corta
Atalaya (CA) pit (A – L) and spoil (M – O) respectively. Abbreviations are as in the
previous figures.
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7.8. Volume calculations: ArcView
Field observations indicate a distinct dominance of sericitic (heavily cleaved) and chloritic
quartz feldspar porphyry (QFP) varieties comprising Corta Atalaya (CA) spoil. Both are
easily identifiable as extremely weathered often-piled sheeted material (akin to a stack of
old papers) for the former and massive dark-green and grey blocky debris typical of the
latter. The surface of CA spoil comprises pebble to boulder sized QFP debris sitting atop a
semi- to consolidated gravel with a distinct clay rich horizon within the upper 15 cm. This
horizon is typically grey where chlorita type QFP are dominant, (or at the base of chlorita
boulders) and ochreous where sericitic varieties prevail.

A"
Copper"Dam"

Gossan"Dam"

B"

Copper"dam"

Figure 7.15: (A) The current extent of mining wastes around the Corta Atalaya (CA) mine
(modified after Olías and Nieto, 2015) (B) The dashed box highlights the area
corresponding to the buff coloured zone in Figure 7.16 B (overleaf) of spoil considered in
this study as most problematic for acid mine drainage (AMD) input to the Tintillo River.
Relative proportions of the two QFP types has been made using the ArcView 9.0 Spatial
Analyst to generate a Triangulated Irregular Network (TIN) surface of the CA pit (Figures
7.15 and Figure 7.16 A & B). Necessary estimates of contacts between units extrapolated
from mine bench sampling and assumption that all extracted material (and none from
other areas) has been dumped on these spoil heaps have been made. Results provide a
reasonable idea of the tonnages and relative proportions of sericitic versus chloritic QFP
extracted from the CA pit.
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Modelling reveals that 60% of the pit volume is QFP with a ~3:1 ratio of sericitic to
chlorita-type QFP. This ratio is in keeping with that published by Tornos (2006) for the
percentage of felsic rocks in the volcano-sedimentary complex (VSC) (the remainder
being minor equal proportions (20%) of mafic rocks and shale) basaltic-andesite and Culm
lithotypes comprise 9% and 19% of the total pit volume respectively. The remaining 12%
include red and black shales (~3% and <1% respectively) and pebbly mudstone units
(<1%) in addition to the once prized ore horizon (~8%). Incorporating analysis of the
basaltic andesite and Culm units could enhance future assessments of the site. However,
their relatively low volumes by comparison to QFP units and paucity of evidence to
suggest that they currently control or contribute significantly to current site acid mine
drainage (AMD) are considered as reason enough to exclude them here. It is assumed
that their positioning at the top of the pit and lack of mineralisation (and so intrinsic mining
value) would have lead to their initial removal off site or accumulation within the lower
interior portions of the spoil heaps. Consolidation of a hardpan in the shallow sub-surface,
(presumed to be laterally extensive based on field surveys during this thesis) and the
ability to cross-check water and secondary mineral chemistry against source rock
chemistry are considered as sufficient means of evaluating their assumed non- or lowlevel contributions to current site AMD.

It is evident from extrapolation of the 3D modelling that whilst sampling has been confined
to those lithotypes prevalent to the accessible spoil surfaces, analysed rocks correlate
with those comprising the vast majority of the CA pit stratigraphy. What remains to be
seen is whether the absence of the Culm and/or basaltic-andesite units results in a
geochemical imbalance between the tested AMD and the presumed QFP-only AMD
source. Dominance of spring courses draining across the surface of spoil heaps and into
the Tintillo River, and evidence of a consolidated (ferricrete) layer at depth (~15 – 20 cm)
across surveyed spoil heaps (Figure 7.15B) would suggest that the surficial environment
is the most currently active, although only further investigations specific to these and other
questions could clarify this. For example:
1. Does the heap core ever totally dry out?
2. What is the oxygen (and redox) profile for heap pore waters?
3. What is the extent of weathering and dissolution in the heap core?
Figure 7.16: Modelling of the Corta Atalaya (CA) mine pit, surrounding spoil and the Tintillo
headwaters (A) A triangulated irregular network (TIN) surface of the local topography. Insets 1 & 2
are examples of the reconstructed units used for volume calculations and other 3D analysis (B)
Orthophotos overlaid to the TIN surface showing the sample stations from the open pit (red circles)
and the Tintillo River headwaters (yellow circles). The CA spoil (buff area) and predominant
drainage direction (purple bar) toward the Tintillo River headwaters are evident.
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7.9. Corta Atalaya (CA) spoil sediments
Reactive portions of Corta Atalaya (CA) spoil are represented by two fractions (< 2 mm
and < 63 µm: Figure 7.17I). The remaining 28% of the spoil is characterised from largest
to smallest (percentage content) as follows: 2 mm - 5.6 mm & 5.6 mm - 11.2 mm > 11.2
mm -16 mm > 16 mm - 31.5 mm > over 31.5 mm (8%, 5%, 4% and 3% respectively).
Pebbles represent a small percentage (3%) of total sampled spoil.

7.9.1. Corta Atalaya (CA) spoil sediment fractions: petrography
Unconsolidated Corta Atalaya (CA) spoil sediments have been investigated petrologically
(Figure 7.17 A - E & 7.17 F - H). Resin impregnated polished thin sections allow
observation of the spoil, characteristically, as angular micron-thickness debris (including
rock fragments, crystals and other residual debris) typically covered in ochreous
crusts/rinds of and sett within, very fine grained to amorphous masses expressed as
orange edges and smears between particles from polishing.

Fragments of degrading sericitic quartz feldspar porphyry (QFP) are more common and
characteristically more elongate and lighter in colour and show more extensive alteration
than chlorita QFP. The inset pie chart shows the relative proportions of sized particles
according to partical size analysis (PSA) analysis (discussed in more detail in section
7.9.4, page 153). Sulphides (pyrite) are commonly undergoing varying stages of
dissolution. Indeed, the association of weathering fragments, liberated sulphides and
ochreous minerals is demonstrated at all scales (field, hand samples and thin section),
indicating pervasive, extensive and on-going sulphide oxidation.

Observations are that CA spoil is characterised by abundant disseminated and geoavailable pyrite and that oxidation is ongoing. Phenocrysts of quartz and feldspar (K and
plagioclase) occur in various stages of dissolution with atoll-type textures common.
Proportions of QFP types (i.e. dominance of sericitic QFP fragments) and the absence of
any of the other lithotypes identified from the CA pit mirror the spoil sampling and confirm
assumptions made in relation to their near absence in the surface weathering profile.
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Figure 7.17: Photomicrographs of thin sections of the Corta Atalaya (CA) spoil sediment
fine fractions (< 2mm). Reflected light images in (A – E) illustrate the profusion of
sulphides (pyrite) present in the spoil and evident decomposition of grains. Images (F – H)
show the mass of secondary phases (ochreous masses) and predominance of fine grains
of sericitic quartz feldspar porphyry (QFP) characteristic of CA spoil composition. The inset
pie chart shows the proportions of each fraction of the sampled spoil (excluding larger
rocks and boulders) as defined by standard sieving. Over 70% of the spoil comprises fine,
geo-active fractions.

7.9.2. Mineralogy (XRD) of spoil sediments
Primary sourcing of spoil sediments from degrading quartz feldspar porphyry (QFP) is
further evidenced by the mineralogy of spoil sediments. Visual observation identifies
fragments of both chlorita and sericitic QFP as well as quartz phenocrysts and
accumulated ochreous sediments. Mineralogical analysis of Corta Atalaya (CA) spoil
rocks and sediments (as well as petrographic examinations) confirm pyrite as the most
abundant sulphide mineral (Figure 7.18). In addition, samples are composed of silicates
including

quartz,

feldspar

(albite,

anorthite,

labradorite,

microcline,

orthoclase),
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hornblende (minor), mica (muscovite), chlorite and clay (kaolin, vermiculite and
vermiculite-type mixed layer clay). The latter are particularly pronounced in spoil
sediments. Secondary minerals, identified only in spoil sediments are jarosite, gypsum
and minor halotrichite and hydrotalcite. The mineralogy of the spoil residues suggests that
the primary QFP silicates are relatively resistant. Etching of their surfaces in thin section
and identification of spurious mineralogy (e.g. sepiolite) in XRD analysis are expressions
of the ongoing weathering of CA rocks and their fragments in spoil sediments. Clay
minerals (vermiculite and the vermiculite-type mixed layer clay) and where identified,
hornblende and biotite showed extensive and pervasive alteration in primary QFP. Indeed,
it is varying degrees of alteration to biotite that is thought to have resulted in the software
peak assignment of sepiolite. Alteration of biotite to an interstratified hydrous altered
biotite-vermiculite (hydrobiotite) (e.g. Poppe et al., 2001; Rebertus et al., 1986) is thought
to be a possible explanation.

It was presumed that repeat analysis of rock and spoil samples and stacking of their
diffractograms would enable the identification of changes in mineralogy and/or the
differentiation of secondary phases between primary and secondary/tertiary rocks and
sediments. However, XRD patterns for spoil and pit lithotypes are remarkably similar
when viewed in this way (Figure 7.19). The analysis does however distinguish primary
variations in mineralogy between QFP and Culm samples (Figure 7.19 L & M). It also
illustrates the consistency of primary mineralogy in CA QFP. What are not evident are the
observed variations in secondary mineral formations between QFP types and/or between
external rinds and internal (less altered) material (seen between spoil samples in Figure
7.18). This means that mineralogical similarities between samples renders XRD
ineffective at identifying the more subtle changes in mineralogy associated with the
alteration system (chlorite versus sericite and degree of sulphidation), or during the
precipitation of secondary phases (as would be expected in the spoil examples). This
contradiction between observed changes in mine wastes and (latterly: Chapter 8) watersoluble geochemical information has two explanations:
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Figure 7.18: Mineralogy (XRD) of Corta Atalaya (CA) spoil sediments (SSD 1, 2 & 3 A-C

respectively). Labelled peaks were identified using the XRD analysis software.
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1. That the changes in phases are amorphous. As XRD uses constructive
interference from crystal lattices to produce peaks at certain angles, a noncrystalline material (e.g. an amorphous compound) would return no peaks. It is
probable that the presence of amorphous Fe(OH)3 is responsible for the colour
changes observed in rinds and spoil

2. Or secondly, that the changes in mineralogy are too small to produce a peak. The
water soluble phases proportion of the samples are too small to produce
discernible peaks

What can be deduced is that the distinctions between Culm patterns and those of spoil
samples substantiate previous assertions that the former do not (currently) provide
significant contributions to the secondary acid mine drainage (AMD) environment.

Figure 7.19: Stacked diffractograms of spoil samples including sediments (a. to f.) and
hard rock samples (g. to p. with l. and m. Culm samples). The commonality of mineralogy
between spoil and source rocks and the ‘outlier’ mineralogy of the Culm samples are
interpreted as proving that the latter are a relatively minor constituent of current spoil
mineralogy and hence of lesser importance to contemporary site acid mine drainage
(AMD).
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7.9.3. Sequential extraction
Particle size differences affect the relative reactive and/or available surface areas of
rocks, minerals or sediments, which in turn affects relative resistances to weathering and
so, the geoenvironmental availability of potentially toxic elements (e.g. Nordstrom, 2011).

Assessment of the relative geo-availability of components of the Corta Atalaya (CA)Tintillo spoil sediments (< 63 µm and < 2 mm fractions) to the secondary environment has
been made using a seven step sequential extraction (Table 7.5).

Table 7.5: Stages one to seven of the sequential extraction method used (see Dold,
2003b). Each is defined by the applied solution, pH and target fractions.
Extraction stage Target fraction(s)
1 Water soluble
Exchangeable fraction adsorbed and exchangeable ions
2
and mixed layer alteration products
3 Fe(III) oxyhydroxides
4 Fe(III) oxides
5 Organics and secondary sulphides
6 Primary sulphides
7 Residual silicates

Applied solution(s)
Deionised water
1M NH 4-acetate pH 4.5
0.2 NH 4-oxalate pH 3.0
0.2 NH 4-oxalate pH 3.0 and heat
35% H2O 2 (pH 2.5) and heat
KClO 3 and HCl and 4M HNO3 plus heat
(pH 2)
HNO3, HClO4 and HCl (pH <1.6)

This procedure has been applied to CA-Tintillo site sediments (spoil, terrace, ferricrete
and flood) because:

1. It was developed specifically for geochemical studies of sulphide mine wastes and
more specifically, samples from comparable environments and substrates to those
of the CA study site
2.

Adaptations to the procedure have resulted in a seven-step sequence specific to
secondary and primary mineralogy associated with mine tailings from porphyry
copper and Fe-oxide deposits not dissimilar to those of the current study site

3. It is especially useful in dry climate studies where it is difficult to obtain pore water
geochemistry, as was the case here and
4. It was developed specifically to address criticisms associated with the selectivity of
dissolution (e.g. Hall et al., 1996) across the wide range of possible secondary
phases typical of mine waste systems (Dold, 1999; Dold and Fontboté, 2001,
2002)
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This sequential extraction method ‘best’ differentiates the phases prevalent to the study
area, namely water-soluble fractions, the exchangeable fraction, the Fe3+ oxyhydroxide
fraction, Fe3+ oxides organic matter and supergene Cu-sulphides, primary sulphides and
finally, the residual fraction (in reality providing a pseudo-total rather than complete
dissolution e.g. Li et al., 1995).

The concentrations of analysed elements in each leachate are shown in Figure 7.20.
Progressive reduction in pH from circumneutral to ~ pH 1 across the seven stage series
and a shift from reducing to oxidizing conditions (stage 5) is considered relevant to the
study site given that mine drainage from such sites is frequently characterised within this
physicochemical range.

7.9.3.1.

Stage 1 – The water-soluble fraction

The geochemistry of leach 1 is typical of the products of dissolution of acid-producing
water-soluble secondary sulphates and/or Fe and Al hydroxysulphates, with 70% of the
total analyte comprising Fe and S. Leachate chemistry is defined by the following series
(highest to lowest concentrations): Fe > S > K > Ca > Al > Mg indicating an available
abundance of readily soluble sulphates of Fe, Ca, Al and Mg (e.g. rozenite, halotrichite,
gypsum, jurbanite, pickeringite, alunogen, epsomite or hexahydrite). The distinct K
concentrations could be attributed to other mixed valence sulphates and hydroxysulphates
such as voltaite (e.g. K2Fe8Al(SO4)12·18H2O after Keith et al., 1999), or to the wash out of
the finest fractions of neo-formed jarosites as soluble sulphates are dissolved and release
hydrogen ions (e.g. Cravotta, 1994; Rose and Cravotta, 1998; Oggerin et al., 2013),
resulting in pH sufficiently reduced as to affect less soluble components. In addition,
extensive substitution of iron and aluminium by numerous other metals means that on
dissolution, readily soluble sulphates can yield major and minor metals.

High Zn concentrations (the highest reported from all seven leachates) indicate the
relative ease of cycling of this potentially toxic heavy metal. Moreover, although generally
associated with Fe and Mn oxides in polluted soils, Zn can also form complexes with
organic compounds (Pagnanelli et al., 2004) and its relatively high solubility tends to
reduce the importance of precipitation as an important retention mechanism (McLean and
Bledsoe, 1992) potentially accounting for the presence of elevated Zn concentrations in
this leach.
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Figure 7.20: Relative proportions (stacked columns) and concentrations (in parts per
million (ppm)) of analysed elements per leachate of extraction stages one to seven
(summarised in bold text). The left and right bars of each chart represent data relating to
leachates from the < 63 µm and < 2 mm portions of Corta Atalaya (CA) spoil sediments
respectively.

7.9.3.2.

Stage 2 – The exchangeable fraction

The second extraction is aimed at identifying adsorbed ions, dissolution of calcite and/or
mixed-layer clays (Dold, 2003b). Leachate chemistry retains a distinct, but lower, Fe and
S component relative to the water-soluble fraction whereby concentrations are almost
equal (i.e. Fe=S rather than Fe>S as in stage 1, indicating shifts in Fe:S ratios). Elevated
K concentrations (30 mgL-1) potentially indicate the dissolution of mixed-layer clays,
identifying a primary source of K for jarosite formation (Acker and Bricker, 1992;
Malmström and Banwart, 1997). In turn, dissolution of exposed neo-formed jarosites
proximal to acid-producing water soluble sulphate dissolution may be a factor. Combined
with stage three, extraction two separates trace metal contributions and retentions
between mixed-layer clays and adsorbed and exchangeable ions, from those adsorbed to
ferric minerals. However, whilst both NH4-oxalate and NH4-acetate solutions break down
clay mineral layers, the pH varies from pH 4.5 to pH 3.0, a range that may be exceeded
by localised inflections relative to acid generating water-soluble sulphate dissolution.
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Concentrations of Ca exceed those of Al, with lesser proportions of Si and Na evident.
Almost all remaining Ca not dissolved in stage one is extracted in stage two. However,
leach two has the lowest proportional concentrations of any element across all seven
stages (excluding leach seven, the residual silicates) indicating that the exchangeable
fractions and/or calcite contents of the spoil sediments (plus/minus previously not
dissolved gypsum from armoured pore spaces) are relatively minor (by volume) in terms
of supply of geochemical constituents (e.g. heavy metals) to the wider environment.

Considered as proportions of the total extracted elements across stages one to seven,
five to 10% of the total extracted Zn, Mn and Cu concentrations and lesser proportions
(less than five percent) of As and Pb reside in the exchangeable fraction of Corta Atalaya
(CA) spoil. Halving of Fe concentrations from the water-soluble leachate and S
concentrations a quarter of those extracted in stage one are characteristic. Massively
reduced Mg concentrations (from ~ 90% to less than five percent) and relative increases
in proportional concentrations of Ti and Si define the remaining geochemical character of
the exchangeable fraction.

Elevated concentrations of heavy metals (Cu, Zn, > As and Cr) are typical of adsorbed
species (e.g. Civeira et al., 2016; Fernandez-Rojo et al., 2016). In addition, concentrations
of Cu and Zn may be attributed to the release of incorporated interlayer cations from the
incomplete dissolution of vermiculite-type mixed-layer minerals (some of which have been
identified as the products of biotite alteration) present in spoil at low pH (e.g. Dold, 2003b;
Dold and Fontboté, 2001; Farquhar et al., 1997). It is well established that Ti substitutes
for Mg2+ and Fe2+ in silicate minerals (e.g. mica), that rutile, illmenite and sphene persist in
the environment due to their resistivity and that TiO2 concentrations in sediments are
defined by the abundance of detrital silicates (e.g. chlorite and other clay minerals and
diagenetic phases (e.g. anatase); Correns, 1978). All these factors are affected by
variations in pH (amongst other physicochemical factors). Whilst the adsorption of Ti to
clays restricts its dispersal into solution, under the reduced pH (< pH 4.5) of the leach and
given the presence of organic acids, Ti could be mobilised.

7.9.3.3.

Stage 3 – Fe3+ oxyhydroxides

This stage is tailored to the preferential dissolution of schwertmannite, 2-line ferrihydrite
and secondary jarosite. Schwertmannite and 2-line ferrihydrite dissolve completely and
secondary jarosite and higher order ferrihydrites, partially (Dold, 2003b). Elevations in Fe
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concentrations to ~ 25% of total extracted Fe for the entire series (stages 1-7) are
indicative of the significance of dissolution of these secondary iron phases.

Elevated Fe and S concentrations are indicative of the dissolution at lowered pH of
jarosite- phases, with natro- and K- jarosite suggested given the coincident Na and K
concentrations. Flocculation of colloidal material, adsorption and scavenging of Mn and Fe
oxides, can explain the elevated Ti concentrations apportioned between stages three and
four. Despite Mn-hydroxides also being dissolved by an oxalate leach (Stone, 1987), lack
of Mn in analysed leachates indicates that they are not significant components of Corta
Atalaya (CA) spoil. The association between Fe3+ oxyhydroxides and heavy metals is
clear, with proportions of extracted Cr and Cd at a maximum for this leachate and Zn, Cu,
As and Pb showing significant concentrations.

7.9.3.4.

Stage 4 – Fe3+ oxides

Preferential dissolution of secondary minerals, including higher order ferrihydrite, goethite,
primary and secondary jarosite, natrojarosite and primary hematite, explains the
maintained elevations of Fe in leach four. Indeed, this leach is considered very effective in
the

dissolution

of

these

secondary

hydroxysulphates

(particular

jarosite

and

schwertmannite; Dold, 2003b) and so it is considered that any remaining available
jarosite-type phases would be dissolved.

Certainly then, K concentrations can be related to jarosite dissolution. Total dissolution of
secondary and primary jarosite is complete within 30 minutes of application of this leach
(Dold, 2003b) and the total duration for exposure here was two hours. Changes in colour
of the series residues from yellow to red and then gray, accompanied the dissolution of
jarosite and secondary Fe3+ hydroxides. These variations mirror those observed in the
field (e.g. the distinctly grey areas associated with the decay of larger chlorita-type QFP
on CA spoil) and in thin section studies (particularly those of spoil residues and ferricrete
horizons).

Concentrations of As and Pb are at a maximum in this leach, indicative of the
coprecipitation/adsorption of heavy metals with Fe3+ oxyhydroxides. Reaction of Pb with
clays, phosphates, sulphates, carbonates, hydroxides and organic matter can all affect its
behaviour (e.g. Silva and Holm, 2014). Interactions reduce Pb solubility greatly but the
strong affinity of Pb2+ ions for organic ligands can serve to increase their mobility
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(Pagnanelli et al., 2004). Surface complexes associated with Fe (and Al) hydr(oxides) and
Pb precipitates are dissolved in this stage accounting for their relative concentrations.

7.9.3.5.

Stage 5 – Organics and secondary sulphides

High S concentrations (five percent of total extracted) are interpreted as indicative of the
dissolution of secondary sulphides. Retention of a 1:1 ratio of Fe and S concentrations
indicates a continued pyritic source, confirming petrological evidence. However, less
stable pyrite varieties have previously been found to partly dissolve in this leach (e.g. Dold
and Fontboté, 2001) and attack of gangue silicate minerals along planes of weakness is
considered a source of Al, Si, P and K concentrations (e.g. plagioclase, quartz
and/apatite; see Chao and Sanzalone, 1977).

Elevated P (plus Ti) concentrations occur along with highest Si concentrations in this
leachate. As dissolution of any P associated by sorption to Al and Fe hydr(oxides) should
have been exhausted in stage four, associations of Si and P with diatoms and
extremophiles respectively are a consideration (e.g. Orell et al., 2012; Turnau et al.,
2009). Silicon can co-accumulate with Al and Fe as a major component of diatom cell
walls in an amorphous hydrated state (e.g. Turnau et al., 2009).

Soluble PO43- has the capacity to act as a stabilising agent for heavy metals (e.g. Pb, Zn,
Cu, Cd). Where insoluble metal phosphates precipitate, bioavailability is reduced and
toxicity alleviated (e.g. Silva and Holm, 2014). The low pH in this leach would be sufficient
to induce dissolution of these precipitates, resulting in elevated P and heavy metal
concentrations. Alternately, apatite sourced from hydrothermal veins, (previously identified
in quartz feldspar porphyry (QFP) thin sections), could be a source.

7.9.3.6.

Stage 6 – Primary sulphides

This leachate has the highest proportional concentrations of total extracted Fe, S, K, Na,
Cu and Co of the whole extraction series. A reservoir of primary sulphides is identified, as
over 30% of total extracted S is associated with this leachate. Their potential availability is
confined to environments where pH is ≤ 2 and is heavily affected by liberation
characteristics. Elevated Cu concentrations may confirm the presence (identified in thin
section analysis) of minor chalcopyrite whereas Co, As and Pb are interpreted as products
of the dissolution of impurities in dissolving pyrites. The Cu:Zn ratio for primary sulphides
is 1:1. For the water-soluble fraction (stage 1), the Cu:Zn ratio was 1:5. These ratios serve
151

as useful environmental indicators for point sourcing. Data indicate the potential for
longevity of acid mine drainage (AMD) sourcing from these spoil sediments.

Elevated P concentrations mirror those in stage 5 leachates, alongside diminished Si and
increased Na concentrations. Highest Na concentrations of all stages (at ~38% of the total
extracted), in addition to extreme K concentrations (representing almost the entirety of
extracted K across all stages), suggest the last gasp of silicate mineral dissolution
inclusive of their micro-scale alteration products, where previously armoured phases are
finally dissolved into solution (e.g. any jarosite present dissolved into solution).

7.9.3.7.

Stage 7 – residual silicates

Concentrations of Na, Si and Al signify the dissolution of remaining silicates (e.g.
plagioclase). Dissolution of more resilient sulphides (and/or apatite) can explain S, Fe
and/or P quantities. Low proportional contents across all analysed elements indicate the
effectiveness of the extraction series in the total dissolution of components.

Elevated heavy metal concentrations, (e.g. Pb and Cu at 10% of their total extracted
amounts

and

at

lower

proportions,

Zn,

Cr,

Mn

and

Ni),

are

indicative

of

impurities/substitutions in residual minerals and/or sulphides other than pyrite (e.g.
galena, chalcopyrite). Despite its generally greater extent of adsorption relative to other
metals (with the exception of Pb), the consistency of mobility of Cu across all stages is
due to the high affinity of Cu2+ ions for soluble organic ligands (e.g. McLean and Bledsoe,
1992). Exchange and specific adsorption onto aluminosilicates and by complexation onto
organic compounds (humic and fulvic matter), in addition to retention through precipitation
are important mechanism of sediment loading of heavy metals, particularly Cu, in waste
soil systems (Pagnanelli et al., 2004).

Overall, leachates from CA spoil sediments are characterised by the following
components (ordered from highest to lowest by concentration, with constituent potentially
toxic heavy metals in bold):
1. S > Fe > Ca > Al > K > Mg > Zn > Cu > Mn > Na > Si > Co> Pb
2. Fe > S > K > Ca > Al > Si > Cu > Zn > Na > As > Mg > Mn > Pb > Ti > Co
3. Fe > S > K > Al > Si > Na > Zn > As > P > Cu > Pb > Ca > Cr > Ti > Cd
4. Fe > S > K > Na > Pb > Zn > Si > Al > As > Cu > P > Ca > Mn > Cr > Cd > Ti
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5. Fe > S > P > Si > K > Al > Cu > Na > Ca > Ti > As > Pb > Zn > Mn > Cr
6. K > Fe > S > P > Na > Al > Si > Cu > Ca > Zn > Pb > As > Mn > Ti > Cr > Co
7. Fe > S > K > Na > Al > Si > Cu > Pb > P > As > Ca > Mn > Cr > Zn

Compositions indicate that the extraction series effectively distinguishes soluble sulphates
(stages 1 & 2) from secondary Fe phases (stages 3 & 4) and, latterly residual
aluminosilicate phases and sulphides (stages 5 & 6). It is evident that the geoavailability of
trace elements, including a suite of potential toxic heavy metals are readily available (i.e.
associated with soluble sulphates) from spoil sediments. In the longer term, a
comprehensive series of heavy metals are retained in the Corta Atalaya (CA) spoil
associated with less soluble secondary Fe phases susceptible to dissolution by
percolating acid mine drainage (AMD) waters and within the residual fractions comprising
aluminosilicates and sulphide fines. The small particle sizes of the spoil only serve to
increase their potential weathering capacities.

7.9.4. Particle size analysis (PSA) of Corta Atalaya (CA) spoil sediments
Given the relative reactivity associated with finer fractions, it is pertinent to characterise
their distributions in analysed sediments (Figure 7.21). Sand, silt and clay proportions are
segregated into five sub-series (very fine, fine, medium, coarse and very coarse) relating
to sediment sizes in the following ranges:

1. Clays [<122nm; 122–244nm; 244-488nm; 488–977nm; 0.977–1.95µm]
2. Silts [1.95–3.91µm; 3.91–7.81µm; 7.81–15.63µm; 15.63–31.25µm; 31.25–62.50µm]
and
3. Sands [62.50–125µm; 125–250µm; 250–500µm; 500–1000µm; and 1–2mm]
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Figure 7.22: Particle size distributions (PSD’s) of spoil sediments illustrating the
downstream evolution of terrace sediments in relation to standard sediment transport
mechanisms (i.e. lowermost terraces have the highest clay contents and uppermost
terraces are characterised by generally higher proportions of coarse silts and fine sands).
The abundance of fine-grained fractions (silts and clays) in site sediments determines high
reactive surface area and related capacity for heavy metals interactions at sediment-water
interfaces (particularly in flood sediments). The characteristics of Tintillo terrace sediments
(yellow, orange and reds) and flood sediments (buff) are discussed in detail in chapters 9
and 10 respectively.
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7.9.5. Acid base accounting (ABA)-type assessments of Corta Atalaya (CA)
spoil
The relative capacities of Corta Atalaya (CA) quartz feldspar porphyry (QFP) to affect
acidity to percolating waters have been assessed using acid base accounting (ABA) -type
analysis (Table 7.6: methods after Skousen et al., 2002; Jennings et al., 2000). The
relative behaviours of chlorita and sericitic QFP in terms of acid versus neutralisation
potentials have been quantified with net acid producing potentials (NAPP) ranging from
123 to 654 kg H2SO4/t in CA spoil samples (average 349 kg H2SO4/t). Interestingly, it is
members of the spoil fractions that have the lowest values (~150 kg H2SO4/t) indicating
that inherent neutralising capacities are greater and/or that liberated sulphide contents are
lower.

The immediate pH of sediments and/or rock powders on contact with water (i.e. paste pH)
ranges from 2.1 to 4.4 with concurrent conductivity values (i.e. paste EC) of 3342 to 7218
µScm-1. Negative correlation (r = -0.88; p < 0.01) between paste pH and EC illustrates that
lower pH leads to increased salinity levels in percolating waters via acid release and
accelerated dissolution of the solid matrix of spoil sediments and rocks increasing cation
and anion release into solution (e.g. SO4, Mg, Al, Fe, Zn, Cu, As and Cd). All samples,
excepting sericitic QFP (paste pH 4.4), consistently record paste pH values of less than
pH 4.0 (critical pH cut-off as defined by Pope et al., 2010) and are thus considered as
potentially acid producing.

Table 7.6: Acid base accounting (ABA) figures for Corta Atalaya (CA) spoil sediments
(SSD1-3 fractioned to < 2 mm and < 63 µm*) and sericitic (Ser) and chloritic (Chl) quartz
feldspar porphyry (QFP). Net acid producing potential (NAPP), acid neutralising capacity
(ANC) and net acid generation (NAG) are expressed in kg H2SO4/t of sample as per
convention (e.g. Nugraha et al., 2009; O’shay et al., 1990; Saria et al., 2006; Shu et al.,
2001; Weber et al., 2004).
Sample Paste pH EC (µScm-1 )
Spoil_Av
3.1
3998
Ser
4.4
3879
Chl_I
3.9
3342
Chl_W
2.6
7011
SSD_1
3.0
7014
SSD_2
2.1
6740
SSD_3
2.5
7218
SSD_1*
3.4
4012
SSD_2*
2.6
6993
SSD_3*
2.9
7018
Mean
3.0
5723

Fizz rating Final NAG pH
low
2.7
low-med
1.7
med
1.9
med-high
1.7
low
2.8
med-high
2.6
med-low
2.5
med
2.3
high
1.8
med-high
2.8
2.3

NAG
75
107
92
124
94
88
91
113
155
101
104

ANC NAPP Total S A (%) Pyritic S B (%)
42.1 329
22.8
12.1
12.4 365
19.7
12.3
25.2 654
24.5
22.2
3.2
508
20.2
16.7
38.2 154
19.0
6.3
114.0 342
47.4
14.9
96.7 123
8.6
7.2
30.0 238
11.4
8.8
-3.0 637
48.0
20.7
41.5 137
8.6
5.8
40.0 349
23.0
12.7

MPA A/B (%)
371 53.2
377 62.6
679 90.5
511 82.7
192 33.0
456 31.4
220 83.9
268 77.1
634 43.1
179 67.9
389 63.0
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The net acid producing potential (NAPP) procedure within the acid forming potential (AFP)
method of Hesketh et al., (2010a) and Nugraha et al., (2009) has been carried out so that
limitations in traditional ABA and net acid generation (NAG) testing could be countered. In
this test maximum potential acidity (MPA) and acid neutralising capacity (ANC) are
calculated separately and the net acid producing potential (NAPP) is calculated from
these results by subtracting the ANC from the MPA (see Bester and Vermeulen, 2010).
The NAPP is then compared with criteria values of classification to divide samples into
categories.

Moreover, total sulphide (total S) and pyritic sulphide (pyritic S), interpreted as
representing secondary sulphate and pyrite contents respectively, serve as an indication
of potential future, versus more immediate, sourcing to acid mine drainage (AMD)
respectively. Average values for CA spoil samples are 23% sulphate and 13% pyritic S.
Variations differ for specific rocks. Indications are that sericitic QFP have undergone
extensive liberation of pyrite compared with the more massive chlorita, but that both QFP
retain primary sulphide contents potentially capable of prolonging AMD contributions.
Higher pyritic S contents, combined with mineralogical and textural analysis of chlorita
QFP, suggest that sulphides are retained in the more massive rock type with sericitic
(friable) QFP having released sulphidic components over time as a result of its cleaved
texture.

In addition, the mineralisation of the former will locally affect sulphide contents. Positive
linear correlation (r = 0.59; p < 0.01) between paste pH and total S indicates that most
acidic samples have lower pyritic S contents, that oxidation of pyrite, generation of AMD
and release into solution of previously retained geochemical components is on-going and
that the effects of these processes are partitioned between the two main QFP types.
However, the tests do not make any account of the habit or liberation characteristics of
sulphides and/or gangue mineralogy in CA QFP. Petrological analysis revealed an
abundance of euhedral, triangular and cubical pyrite in chlorita QFP; more so than was
seen in sericitic types or in spoil sediments. These are considered as relatively inert at five
to 10 µm diameter (Pugh et al., 1984) and so the potential of chlorita QFP contributions to
AMD would be further limited by comparison to sericitic QFP.
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7.10. Summary
The study site comprises a series of environments connecting source Corta Atalaya (CA)
pit rocks to the wider catchments of the Iberian Pyrite Belt (IPB). Relative abundance,
liberation characteristics and rates of mineral resistance to weathering and oxidation play
a crucial role in environmental processes of acid mine drainage (AMD) generation and
release of metals into the environment from solid mine wastes.

Characterisations of the rock types comprising the CA mine pit indicate that tholeiitic
affinity meta-rhyolites dominate the stratigraphy and excavated spoil rocks. Altered
metarhyolites comprise some 60% of the CA pit volume with a ratio of ~3:1 sericitic to
chlorita types. Four main units have been identified that combined make up the total
altered felsic rocks of the CA pit; sulphidic and sericitic quartz feldspar porphyry (QFP);
stockwork and sericitic hybrid zone QFP; sericitic and sulphidic heavily cleaved QFP and
massive stockwork chlorita. The last two are the considered end member QFP types.

Sericitic QFP in CA spoil has undergone most significant mass losses from primary
alteration and forms the major contributor to historical AMD. Spoil chlorita phases have
greater longevity in the surficial environment given their more massive nature, but are still
heavily altered, contain abundant sulphides (particularly in vein networks) and generate a
secondary AMD contribution. It is considered that this could affect future site behaviour in
one of two ways:
1. The persistence of low pH AMD waters percolating through wastes could result in
exhaustion of the sericitic QFP such that the weathering of chlorita QFP becomes
a primary contributor. The sulphidic vein areas would be weathered out
preferentially followed by incursion of weathering to interiors. The abundant
sulphides and higher mafic mineral contents to these spoil members would result
in prolonged supply of acid metalliferous waters. Whilst gangue mineral dissolution
would be maintained (or even greater), there is little evidence to suggest that it
would suffice to provide significant neutralising capacity
2. A second consideration is that the continued degradation of serictic QFP results in
an on-going supply of secondary ochres such that the surfaces of the more
massive chlorita become increasingly coated and armoured against weathering.
Given the rapidity of secondary mineral formation at the site and the ready supply
of essential ingredients for AMD generation it is supposed that this scenario would
happen over a quicker period than option 1. Punctuated cycling of major elements
and heavy metals would occur in response to rainfall events, eventually washing
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out all available secondary minerals. With source chlorita effectively removed from
the system (geochemically speaking), diffuse distal sources would become more
important to site AMD generation

Petrological investigations of spoil fractions confirm a dominance of sericitic fragments
with mineralogical (XRD) analysis identifying composites of muscovite, quartz, pyrite,
alunite, jarosite, halotrichite, gypsum and hydrotalcite. Preferential loses in Fe, S, Pb and
Zn from sericitic versus chlorita QFP in the spoil environment confirms their contribution to
contemporary AMD. Feldspar alteration to sericite and/or chlorite results in reduced Na
and other alkalis. Paragonite, muscovite/illite and/or alunite formation during primary
alteration can retain Ca, K and Na in structures, which is later made available as
dissolution occurs in the secondary environment. High pyrite contents and pervasive
cleavage promote the oxidation of sulphides and onset/perpetuation of sulphide and
gangue mineral dissolution by resultant AMD.

Soluble metal contamination loads depend critically on sulphide weathering and heavy
metal mobility, both of which are controlled to a large extent by pH and redox conditions.
Acid base accounting (ABA)-type testing shows that acid conditions (paste pH 4.4) prevail
in CA waste rock, in spite of the presence of acid consuming minerals. Acid conditions
promote the dissolution of gangue minerals, sulphides and secondary minerals of the spoil
plus their incorporated trace element constituents. Low pH (< pH 4.4) suggests that
metals (e.g. Cu and Zn) are essentially mobile in the aqueous phase. The abundance of
silicates in gangue mineralogy represents the largest capacity for acid consumption and
may prove increasingly significant over time as sulphide sources are depleted.

Acid producing potentials, defined as net acid generation (NAG) and acid neutralising
capacity (ANC), of chlorita and sericitic QFP of the CA spoil heap have been assessed
and are used to estimate the net acid-producing potential (NAPP). Significantly, results
indicate a total lack of neutralising capacity confirming that potential neutralising capacity
of any facet of the spoil material is not sufficient (due to slower dissolution kinetics and/or
available quantities) to counter current acid generation.
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8. CHARACTERISATION OF ACID MINE DRAINAGE (AMD)
INFLUENCE TO LOCAL HEADWATERS AND THE WIDER
CATCHMENT

8.1. Introduction
As a high level tributary of the Odiel, the Tintillo River drains the pyritic spoil of the Corta
Atalaya (CA) mine. Its channel is dominated by a series of terraces that coalesce to form
pools of varied degrees of isolation from the main channel waters, interspersed with open
water reaches. It serves as the aqueous conduit of an acid mine drainage (AMD)
impacted site whereby a concentrated mix of deleterious dissolved elements and inherent
acidic and metal-leaching products are transported from and between pyritic spoil,
secondary hinterlands and into the wider catchment.

The water chemistry of facies of the Tintillo River is presented. Data are drawn from two
sample seasons (2005 & 2007) and comprise in-situ field measurements (e.g. pH,
conductivity (EC), EH, dissolved oxygen concentrations (DO), total dissolved solids (TDS)
and temperature (T)) and elemental data from post-survey laboratory analysis (see
Chapter 5 sections 5.5 and 5.6 for details). Field measurements comprise n = 104
samples of which seventy-five include the full array of field parameters and the rest no
less than pH and temperature (T). A total of sixty-five samples were analysed using ICP
methods establishing data sets of thirty samples for 2005 and thirty-five for 2007.

8.2. Hydrogeochemical facies of the Tintillo River
Samples are drawn from three environments:

1. Springs (S) draining into the Tintillo River from proximal spoil
2. Channel waters (C) and
3. Pools associated with the Tintillo River sedimentary terrace systems (P)

In addition, a sub-division of the pools facies is made based on relative degree of isolation
(e.g. totally isolated (no apparent flow from surface features: I), semi-isolated (trickle or
restricted flow from one or more bounding surfaces: SI), or running water (pools where
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bounding surfaces are visible but saturated and covered with a continuous flow of surface
water: R)).

The 2005 survey samples were associated with extremely low water levels relating to the
Europe-wide drought recorded that year (e.g. García-Herrera et al., 2007; Olías and Nieto,
2015; Ruiz-Sinoga et al., 2009; Santos et al., 2007; Spinoni et al., 2015). Periodic
droughts are characteristic of the rivers of the Iberian Pyrite Belt (IPB) and rains tend to be
torrential and irregular, producing devastating floods in autumn and droughts in summer
(e.g. Sabater et al., 2009). Samples of the 2007 survey are considered to represent a
more typical autumnal climatic state and comprise a mixture of environments typical of the
transition from summer to winter with the onset of the rainy season and the advent of
ephemeral drainages into channel waters.

A series of twenty-one analytes, plus pH and location data, are common to both sample
surveys. Sample numbers indicate their relative distance downstream from source (e.g.
S1 is the uppermost reach spring sample). Necessary confinement of sampling to the
accessible portions of the Tintillo River channel, associated tributaries and pools series
has meant that the majority of sampling stations are from proximal sites in both surveys.

8.3. Characterisation of pool water facies

8.3.1. Description of facies
Totally isolated, stratified pools filled with ‘waters’ of an almost gelatinous consistency and
those where terrace walls are persistently breached by trickle flow of water typify end
members of the pools series. Several orders of magnitude variations in the scale of pools
were logged. The true extent of isolation between pools within terrace series was best
illustrated during the 2007 survey where adjacent pools in the Tintillo tract retained
different colours despite being inundated by elevated channel waters during a flood event
(Figure 8.1).
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A

1m

119.8cm

Figure 8.1: Photograph of adjacent pools in the Tintillo tract associated with uppermost
terrace series 4. The pools are similar in dimension and divided by a ~40 cm terrace wall.
The markedly different colours of the two pools relate to their differing hydrogeochemistry.
An example of an isolated member more typical of mid and lower tract terraces is shown
in Figure 8.2 (A). Conspicuously red and markedly stratified waters typify these pools,
visual confirmation that the terrace series are able to impose evapoconcentration to pools
of channel waters and generate localised interactions at sediment-water interfaces.
Indeed, in this example, remaining waters were of a thick, almost gelatinous, nature.
Radial forms observed accumulating in deep red bottom waters of some pools are thought
to be of biological origin.

Semi-isolated pools (e.g. Figure 8.2B) feature trickle flow from one bounding terrace wall
(here the upstream (left) terrace surface. Minor but persistent breaching of the pool edge
issues slow moving waters back into the channel or, more usually, into an adjacent pool.
Yellow surface threads (‘stringers’ e.g. Figure 8.2B) were seen across the surface of a
handful of semi-isolated pools comprising the mid tract terrace (terrace 3). This example
was of particular note given the unique presence of stringers feeding into a complex of
surface film of varying colours (yellow-orange-red-purple; e.g. Figure 8.2C). This
patchwork veneer of adjoining reniform pieces coated the downstream half of the pool
water surface.
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A

B
B
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40cm

43.3cm

C
C

12cm

20cm

Figure
8.2: Photographs of (A) An isolated pool end-member
13.8cm
19.6cm with highly evapococnetrated
brine-like waters; (B) A semi-isolated pool with waters covered in a fragile scale of
varyingly coloured plates and (C) A closer view of the surface scale showing the gradation
in textures and colours from the reactive face of the terrace downstream. A colour
transition follows the series: (newest) yellow to orange-red to red-orange to purple (oldest).
Considering the pool as a system starting at the upstream edge, yellow filamentous-type
coils emanate from the water-sediment interface. At distance from the upper terrace wall
(moving right across Figures 8.2B & 8.2C) a gradation in the colour and morphology from
poorly formed yellow, to orange/red, to well-developed dark red, is present. The lighter
coloured portions comprise a stringy textured surface of parallel linear fibres. The darker
lobate forms are characteristically smooth, more cohesive, with greater persistence of
shape and have the appearance of extremely delicate fine slices of a deep red agate. All
display colloform banded patternation from exterior to interior.

Running water pools (R) are those where continuous flow was observed across multiple (if
not all) walls.

164

8.3.2. Physicochemical characteristics of pool waters
Variations in pH correlate well with the sub-divisions assigned to Tintillo pool waters (e.g. I
– isolated; SI – semi-isolated and R – running) suggesting that the groups relate to
duration of isolation, exposure and evapoconcentration and consequent decreases in pH
(Figure 8.3 A & B). Waters of the totally isolated members have the lowest pH values
whereas samples from semi-isolated and larger scale pools show greatest variations in
pH.

The pH range of pools waters between those sampled in 2005 and those from the 2007
survey differs markedly. Contrasting weather conditions between the two surveys (i.e. the
drier 2005 conditions) appear to affect pH in pool waters. Whilst values range from pH
1.83 to 2.79 in pools of the 2005 survey, those of the 2007 survey ranged from pH 2.31 to
3.2. However median pH values (and/or mean pH) show relatively minor variations
between the two survey series (e.g. pH 2.51 and pH 2.56 respectively) indicating that the
pH range is maintained in the Tintillo River terrace pools despite the climatic differences.

The waters of the SI type pool for the scale (Figure 8.2B & C) had a pH of 2.66. Indeed,
an additional pool with (albeit fainter expressions of) stringers and lobate surface films
also tested waters with pH 2.51. It is suggested then that the geochemical environment
necessary for development of the stringer pools and colloform-type scale across pool
surfaces is coincident with median pH values and may represent a visual expression of
reaction fronts occurring throughout the Tintillo tract. Persistence of these features in
certain localities would tend then to suggest that these macro- environments provide
‘ideal’ conditions for inorganic and/or organic interactions to occur and so propagate the
Tintillo terraces.

Distinct downstream variations in pH were recorded for both survey series pool waters.
Lowest values are associated with uppermost terrace 4 pools. This terrace comprised
characteristically shallower pools than downstream counterparts due to the differing
upstream hydrodynamic regime and channel morphology. The much greater lateral extent
of lower tract terraces allows for more extensive pools systems within larger terraces (e.g.
3, 2 & 1 in a downstream direction) as the channel broadens and deepens at distance
from source. Elevated levels of dilution and mixing and a reduction in the rate and extent
of evapoconcentration in lower tract pools due to these morphological and resulting
sedimentological variations can explain the distinct geochemical characters of Tintillo
pools.
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Notwithstanding other variables, including the fact that sampling was necessarily limited to
channel periphery pools, it is evident that increased evapoconcentration under differing
hydrodynamic regimes can be identified by sample season (e.g. the lower pH of 2005
versus 2007 pools series Figure 8.3A). In addition, it is evident that pools of the 2005
survey, restricted to low flow and totally isolated members due to the reduced channel
water levels, record the lowest of all pH for Tintillo water facies (e.g. pH ~1.8 to 2.9) and
appear to retain greatest variations in pH for isolated pool members. Differentiation
between pools in the 2007 survey is less distinct (e.g. Figure 8.3B).

Pool waters are characteristically saline to briny with salinity ranging from 36.6 to 83.3 gL-1
(average 45.3 gL-1). They are characterised by highest water temperatures and EC/TDS
concentrations and lowest EH values (+566 to +773 mV (average +650 mV)) relative to
other Tintillo facies. Conversely, DO concentrations are significantly lower than spring or
channel waters averaging only 2.87 mgL-1 and as low as 0.24 mgL-1.
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Figure 8.3: Scatter plots of (A) Variations in the pH of pool waters by terrace system and
(B) Variations in the pH of pool waters identified by relative degree of isolation.
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8.3.3. Downstream evolution of pool waters
Geochemical variations in pool waters appear to be related to two main variables, pool
flow rate and their position in the Tintillo channel (Figure 8.4). Terrace series (1-4
lowermost to uppermost) and field facies (I, SI and/or R) are labelled per pane. Both
identified variables (i.e. relative degree of isolation and downstream position) overlap in
their influence on pool geochemistry.

The uppermost reach sample of the 2005 series (shown at the far left of each figure)
represents a pool not associated with a terrace series but formed due to the localised
accumulation of spoil debris in the emerging river channel close to the main spring mouth.
As such this sample is unique in the series. The distinct geochemical variations in pool
waters of the mid to lower tract (i.e. those associated with the terrace series) are
considered as more representative of geochemical effects of relative isolation and/or
position in the river channel.

Downstream evolution of Al and Mg concentrations mirrors that of Fe. Variations across
trace elements (e.g. Cu & Mn) are subtly different from major element profiles best
reflecting those of Zn contents (Figure 8.4). Inter tract variations in concentrations are
distinct from the relative consistency of uppermost and lowermost sample concentrations
(i.e. tract-wide evolution of heavy metal concentrations in Tintillo waters). Variations relate
to the climatic state (i.e. survey year), the specific pool sub-facies (I, SI or R) and/or the
position (by terrace system) of the pool downstream. Relative degree of isolation affecting
factors such as pH and evapoconcentration are important controls to pool geochemistry.

Element concentrations in 2007 pool waters (for most elements analysed) are consistently
lower than those of the 2005 survey. Indeed, it appears that in times of greater channel
flow there is less variability to pool water major element geochemistry. Downstream
profiles for Co and Ni concentrations (not shown) are broadly similar to those for the major
elements already mentioned with the exception that lowermost pool waters have
concentrations in excess of those of their uppermost reach counterparts. In addition,
excluding the extreme metal concentrations recorded for the isolated pool member of
terrace 3 in 2005, Cu, Mn and Zn concentration variations follow those of major elements
(Al, Fe and Mg) and heavy metals (Co and Ni).
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Figure 8.4: Downstream variations in Fe, Zn, As and S concentrations in Tintillo pool
waters from the 2005 (circles) and 2007 (triangles) surveys.
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The pronounced peaks in concentrations of heavy metals (e.g. Mn, Cu, Zn, Pb, Cd, Co
and Ni in addition to V and Se amongst others) and of major elements including Al, Mg, K,
S and Fe, (for the 2005 terrace 3 isolated acid brine end-member) are a consequence of
extreme evapoconcentration. It is suggested that the almost gelatinous nature of the
remaining pool waters and their evidently greater density relative to other pool waters
manifest an example of the types of deep red bottom waters common to other pools.
Simultaneous reductions in concentrations of Na and Ca are reported for waters of this
extreme end-member pool. Excluding this extreme brine-type pool sample, it is notable
that concentrations for heavy metals (e.g. Mn, Cu, Zn, Co and Ni) remain relatively
consistent in pools across both series.

The drier conditions of 2005 and increased concentrations of most elements indicate a
state of reduced dilution coincident with prolonged evaporation relative to the hydrologic
status of the Tintillo during the 2007 survey. However, higher concentrations of S (and
some heavy metals and metalloids, e.g. As) in 2007 pool waters intimates that additional
mechanisms affect control of these elements in Tintillo pool waters.

Element correlations (Appendix section 14.1 sub-section 14.1.1; page 383) highlight
positive correlations for major (Fe, Mg, & Al); minor (Zn, Ca, Mn, & Cu) and trace element
(Si, Na, Co, As, Ni, Cd, Sr, Cr, U & P) concentrations with sulphate (SO4) in Tintillo pool
waters, which indicates that water chemistry in this facies is heavily controlled by sulphate
concentrations

(i.e.

precipitation/dissolution

of

secondary

sulphates).

Negative

correlations between SO4 and ionic ratios of Ca/Mg, Fe/Al, Ca/Al and Ca/SO4 indicate that
additional secondary mineral phases (e.g. Fe and Al oxides, hydroxides and/or
hydroxysulphates) are also precipitating and affecting water chemistry. The presence of
additional mineral phases and related coprecipitation and/or sorption, adsorption reactions
can explain the negative correlations between Ca/Mg and heavy metals and metalloids
(e.g. Mn, Cu, Co, As, Ni, Cd, Cr and U). The significance of the terrace sediments in
acting as sinks for potentially toxic elements is evident.

It is suggested that interactions of pool waters with terrace wall interfaces (e.g. sulphate
group and/or other mineral groups) through sorption/adsorption and dissolution reactions
affects heavy metal concentrations in addition to the effects of dilution and/or evaporation
related solely to the prevailing hydroclimatic regime and/or terrace morphology.
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8.4. Characterisation of Tintillo channel and spring waters
Because local spring waters ultimately converge with Tintillo channel waters, both water
types are discussed together here.

8.4.1. Description of channel waters
A series of samples from the main channel were collected in an attempt to capture
downstream variations, which included inputs from springs. This has necessarily been
over relatively small distances at times as springs were likewise closely spaced. In the
lower tract channel samples were taken at sites of open water where terraces were visibly
detached from each other to minimise overlap with pool water readings.

Tintillo channel waters are characteristically brackish with average salinity concentrations
twice those of spring waters (e.g. 31.5 gL-1). Dissolved oxygen (DO) contents range from
5.2 to 8.1 mgL-1. Whilst average DO contents of both channel and spring water facies are
very similar, channel waters retain persistently higher DO contents and vary over a
reduced range relative to spring waters (which range between DO 1.8 to 6.8 mgL-1).
Dissolved solids and EC concentrations exceed those of spring waters averaging 8.77 gL1

and 17.5 mScm-1 respectively. Water temperatures in the channel are generally lower

than those of spring or pool waters. Finally, EH values were higher and more restricted in
range than spring water samples resulting in a lower average EH of 705 mV.

8.4.2. Description of spring water members
A total of n = 17 springs have been sampled, n = 8 in the 2005 survey and n = 9 in 2007.
Plotting of variables against distance downstream allows the proximity of sample stations
to each other to be illustrated. For example, the upstream extent of the Tintillo River in the
2005 survey was at the base of a large Culm-capped area of spoil located in the upper
south wall of the source region. A meter-scale mound coated in or made from a mass of
blue-green algae, similar morphologically to a tufa deposit, surrounded the spring. The
site and mound were easily recognisable in the 2007 survey indicative of relative longevity
and stability. Repeat sampling of this spring (e.g. As point 1S of the 2005 series and S4 of
the 2007 series) shows a direct comparison between the two years and that GPS data
retained effective precision between the two surveys. Despite the differential hydrological
situations between 2005 and 2007, the spring retained active flow and waters have the
same pH (pH 3.0) in both years.
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The fact that the spring appears as the uppermost input to the Tintillo River during the
2005 survey but is superseded by a number of springs higher up the tract in 2007
suggests that it is a more significant and durable input to the river channel. The elevated
precipitation and resulting higher water table that characterised the 2007 survey initiated
perched springs considered as ephemeral inputs to the system (e.g. S1 – S3). However,
the ability to trace these conduits for some distance up the spoil heaps is interpreted to
suggest that their activity is relatively persistent.

Other spring conduits may also be considered as repeat sample sites (e.g. S5 & S6: 4S).
In addition other analogous sample stations can be identified (e.g. spring 5S of 2005 with
S7 & S8 of 2007) issuing from the back of a large delta. The profile of the Tintillo tract at
this point moved from a steep sided, spoil-bound rocky stream, to a more substantial
meandering channel. The morphological and consequent hydrological changes have
resulted in distinct geomorphology. Slowing of channel waters, changes to channel
morphology and development of an extensive ferricrete horizon (discussed in section 9.4;
page 252) are symptomatic of these shifts and identify an area of mineralisation directly
associated with the Tintillo River channel and its inflow springs pre terrace series.
However, in some instances (e.g. lower tract springs 7S & 8S) springs readily identified
and sampled in 2005 were not seen in 2007. In addition there is clear offset of other
proximal springs between the two surveys interpreted as relating to variations in the level
of the water table, deviations in surface and/or sub-surface flow and/or the reduced
capacity to distinguish springs from channel waters during periods of elevated flow.

Spring water facies were characteristically translucent with colour variations from clear to
green to red-orange. In 2007 upper reach springs S3, S5 and S9 issued colourless, green
and colourless clear waters respectively. Spring 3S of the 2005 survey likewise issued
colourless waters. Ephemeral circuits have been recorded as exhibiting remarkable
variations over time (e.g. pH 3.8 to pH 6.2 and evolution in concentrations of dissolved
metals Al, Fe and Cu) observed in the field as distinct colour changes and associated
precipitates (e.g. Dinelli et al., 2001; Marini et al., 2003).

A further notable feature of the Tintillo springs (samples 5S, 7S & 8S of the 2005 survey)
were coincident localised accumulations of green filamentous algae and for the lower tract
members, bubbles in the water column at their confluence with the Tintillo proper. Indeed
from source, the uppermost portions of the emergent river channel in both sample years
were characterised by accumulations of filamentous green algae albeit that the drier
conditions of 2007 meant that portions lay exposed and dried to a white mat.
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Observations of the sourcing of Tintillo waters, particularly springs in the uppermost
reaches, provides evidence of the relationship between the water table and the Tintillo
tract. The tract is not an ephemeral stream but rather a tributary contiguous to the Odiel
River. Differences observed between the two sample seasons suggest that the channel
exists close to the intersection of the water table and topographic surface as even the
extraordinary drought of 2005 only restricted flow of the Tintillo River. However, upstream
higher altitude discharges identified only during the 2007 survey and differences in some
spring localities between the survey seasons, illustrates that annual sourcing to the Tintillo
River is variable. Interpretations are that inputs are heavily seasonal and include
ephemeral perched circuits active only during periods of elevated precipitation in addition
to more persistent springs of which it is considered that S4 (1S of the 2005 survey) is the
most prolonged and dominant source to the Tintillo River.

The temperature range for analysed spring waters is 21.5 to 24.1°C averaging 22.0°C.
Based on salinity calculations, Tintillo springs may be classified as predominantly
brackish. The dissolved oxygen concentrations of spring waters are relatively high
averaging 6.2 mgL-1. Dissolved solids concentrations are varied (5.93 to 9.81 gL-1) and EC
averages 11.97 mScm-1. Corrected EH varied from +564 to +795 mV averaging +719 mV
indicating a highly reducing media.

8.4.3. Physicochemical characteristics of channel waters
Large variations in pH recorded for channel waters are limited to one sample station (C8)
in 2007 (Figure 8.5). With the exception of this, both series retain typically low pH
indicating that AMD affects to the Tintillo channel are immediate and prolonged through its
course and that modifications to that control are localised and are active within relatively
narrow, defined ranges (e.g. of pH). Proximity of sample C8 to the confluence of four
major springs could explain the jump in pH. Buffering capacity, whilst limited elsewhere,
may have suffered a temporary shift due to the volume and/or nature of these spring
inputs. Notably, the sample station is the last upstream of the delta area described earlier
which may, as well as hydrological changes to the river channel itself, explain the
deposition at this point of the ferricrete horizon. Regardless of inherent variations,
successive samples illustrate that channel waters retain a distinctly acid pH within and
between years.

Irrespective of the fact that pH variations across 2007 waters were some five times
greater than those recorded for 2005, average pH varies by only pH 0.74. Whilst 2005
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samples illustrate a reduction in pH from source, those in 2007 record reduced pH for
uppermost springs and an overall suppression of pH in remaining channel waters to
values slightly lower than those of 2005. A persistence of pH across the majority of the
tract at pH circa 2.4 is reported.
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Figure 8.5: Downstream evolution of the pH of channel waters from the 2005 data
(spheres) and 2007 (triangles) data series.

8.4.4. Physicochemical characteristics of spring waters
There are distinct variations in the pH between Tintillo spring waters across individual
series and between survey years (see Figure 8.6). Variations in 2007 are evidently greater
than those in 2005. However, outside of uppermost reach samples (and S9, 2007) there is
a relative consistency of pH between 2 and 3. Particularly elevated pH values were
recorded for S1, S2 and S9 suggesting alternate sourcing and/or dilution of AMD affected
waters and/or conduits of larger volumes of water where transport speed is higher and
interactions and acidification effectively lowered.

Pauwels et al. (2002) consider pH and EH variations to define two major conduits of
groundwater flow within the IPB: at depth largely reducing versus shallow level. It is noted
here that some samples from their publication record EH and pH correspondent with those
of the CA-Tintillo series. An example is an exploration borehole situated in a major fault
structure between the footwall series (acidic pyroclastics and lava (VA1)) and hangingwall series, proximal to the Culm (Visean) at La Zarza and Masa Valverde, with EH of 600
mV and pH of 3.28. Evolution of Tintillo spring waters from comparable deeper
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groundwater members via local and/or regional structures is possible given the proximity
of the sites and similarities in topographic and lithological and structural relationships.
8
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Figure 8.6: Downstream variations in the pH of spring waters from the 2005 (Spheres
labelled 1S – 8S connected by a dashed line) and 2007 (triangles S1 – S9 connected with
a full line) surveys.

8.4.5. Downstream variations in hydrophysicochemical characteristics

8.4.5.1.

2005 survey samples

For 2005 survey samples pH ranged from 1.83 to 3.23, with a median pH 2.62 (Figure
8.7). The low pH (highly acidic) values were recorded for highly evaporated pools in the
terrace series, whilst higher values were associated with running waters of the channel.
Maximum pH values were recorded for upper reach ‘source’ waters emanating from the
base of Culm-capped spoil and the proximal channel waters.
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Figure 8.7: Downstream evolution of pH in water samples of the 2005 survey (A). The
inset panel, (B), illustrates a more detailed view of the lower reaches of the tract (dashed
red area in ‘A’) showing the distinct variations in the pH of waters over relatively small
distances, particularly those associated with terraces. The blue arrows in both panes
indicate flow direction. The images were generated using ArcView GIS Software.

8.4.5.2.

2007 survey samples

Downstream variations are shown in Figure 8.8. The range in pH across 2007 series
samples is some five times that of 2005 (e.g. pH 1.72 to a circumneutral pH 7.20). Despite
this, median pH is 2.54 and the majority of waters (25th to 75th percentile range) have pH
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between 2.31 and 2.80. Tintillo water redox potential values varied from EH 564 to 805 mV
commonly over relatively small distances. The spatial heterogeneity of EH variations
identifies it as a sensitive factor affected by hydrogeochemical interactions. Additional
correlations between pH and EH (r = -0.46 p ≥ 0.05) indicate the prevailing acidic and
oxidizing hydrogeochemical conditions frequently found in mining-affected waters. This
moderate to highly oxidising environment will affect the relative predomination of specific
dissolved species for example As(V) (e.g. Vink, 1996).

Correlations between electrical conductivity (EC), total dissolved solids (TDS) and SO4
concentrations (r = 0.71) are consistent with and indicative of interactions in a watersediment-waste dominated flow system (after Plumlee et al., 1999). Considering TDS as
sulphate and metals values lie within ranges reported for VMS-type deposits (after
Plumlee et al., 1999). Indeed, Tintillo River waters are characterised by TDS
concentrations some 68 times those for average river waters (e.g. 130 mgL-1 after Garrels
and McKenzie, 1971) indicative of their significant contamination and modification by acid
mine drainage (AMD) as found by Sánchez-España et al. (2005b).

Broad patterns identified from Figure 8.8 include reductions in pH and dissolved oxygen
(DO) from source. Significant variations in pH correspond with contact between
circumneutral spring waters and Tintillo channel waters and throughout the mid to lower
tract in relation to pool water characters. However, the relative maintenance of stability in
pH of the channel waters is apparent. Very similar variations can be seen for DO
concentrations. Significantly though, higher levels are retained in waters at a greater
distance from source than may be said of pH suggesting that processes that result in
increases in DO (e.g. turbulence) are more prolonged than those involved with differing
pH (e.g. buffering capacity).

DO is largely sourced from the atmosphere with flowing waters typically having greater
DO concentrations than isolated pools due to the differences in current and turbulence. In
addition, algae may enhance the delivery of oxygen to water through photosynthesis,
artificially elevating values in proximal waters.

Variations in EH across small scales indicate the dynamic nature of interactions between
Tintillo water facies and their at times highly localised consequences. Combined with the
finer scale variations in other physicochemical parameters the significance of the macroenvironments of the Tintillo terraces and their impact and control to Tintillo AMD can be
visualised.
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Figure 8.8: Downstream (blue arrow) variations in the physicochemistry of the Tintillo
waters (2007 survey). Elevated total dissolved solids (TDS) and electrical conductivity
(EC) concentrations, variable dissolved oxygen (DO) concentrations and localised
variations in redox and temperature are characteristic as well as persistently (but not
exclusively) low pH.
Temperature variations (°C) can be related to the relative depth of water at a sample site,
relative isolation (particularly regarding pool facies samples) and most importantly, relative
exposure to the prevailing weather. Temperatures are generally considered to increase
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throughout the day and peak at mid-day. Cooling can be induced by precipitation and
consequent influx of cooler drainage waters. Tintillo channel waters had an average
temperature of 24.8 °C. Pool waters in the terrace series had water temperatures ≥ 30 °C
interpreted as relating to their increased exposure and reduced dimensions and water
depth as compared to channel waters. The range in temperature of Tintillo waters was 13
ºC (21.4 – 34 ºC).

Effects of temperature are particularly significant in relation to DO concentrations. Diel
cycling affects the physicochemical characters of AMD waters, specifically in relation to
metallic species such as Fe and As (e.g. Sarmiento et al., 2007). Daytime to night-time
cycles record maxima in the former and minimum in the latter. To a lesser extent, these
cycles affect conductivity, redox potential and pH with maximal DO variations in some
AMD systems related to the presence of acidophilic photosynthetic protozoans (e.g. Brake
et al., 2001; Casiot et al., 2005).

8.4.6. Downstream evolution of Tintillo River water geochemistry
The downstream evolution of tract waters is considered. Both channel and coincident
spring waters are considered as two series, that of 2005 and that of 2007 (Figures 8.9 A –
D and Figure 8.10 A – D respectively). In each case, spring and channel samples are
plotted alongside each other as they converge at various junctions downstream.

Profiles show differing behaviours across plotted elements between the two years.
Channel waters of the 2005 series are reported first. Major element concentrations of Mg,
Al and Fe show dominantly positively correlated behaviours along with minor element Mn
Cu and Zn; and trace elements Co, Ni, Cd and Cr. Major element concentrations of S are
more variable and can be said to follow a different trend along with minor element Na, K
and Ca and trace Pb which shows pronounced similarities. Markedly, As concentrations
are much reduced compared with those of 2007 waters at trace or borderline detection
limits.

Channel waters of the 2005 survey show a reduction in the impacts of spring waters to
uppermost reaches. This can be interpreted as a decrease in the buffering capacity of the
river waters, a homogenisation of the hydrogeochemistry of spring and channel waters
and/or reduced flow by rate and/or volume resulting in lesser impact of spring waters to
those of the Tintillo channel.
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Retention of As in primary and/or secondary minerals due to the lower flow rates and
increased evapoconcentration of the 2005 survey season is considered a primary factor in
the reduced mobility of As through the tract and indeed for interpreting variations between
the sampling years across other element concentrations in channel and spring waters. It is
also possible that primary sourcing of some elements to the Tintillo is from specific springs
that may be isolated from channel waters during periods of low flow. In addition, extended
dry periods reduce the volume of flow from springs resulting in attenuation of their impact
to Tintillo channel waters.

The reduction in concentrations recorded at sample station 6C of the 2005 series in all
profiles may be indicative of the distances over which the reactions between spring input
and channel waters can be recorded. They may also represent a situation whereby the
differences in spring versus channel water chemistries were sufficient to result in a more
prolonged reaction that was picked up during sampling. During the 2005 survey springs
7S & 8S were traced back to a railway tunnel running parallel to the Tintillo tract.
Upwelling of the springs into the Tintillo was identifiable by a localised accumulation of
green filamentous algae in an otherwise barren river and bubbles emanating from the
sediment-coated channel base. Whilst these springs were not seen in the 2007 series, P
was an added analyte and concentrations in spring waters showed variable but gradually
higher concentrations in spring samples moving in a downstream direction coincident with
gradual increases in concentrations (albeit at trace levels) to channel waters that, post
equivalent distance downstream retained channel water concentrations at circa 4.5 mgL-1.

The differing hydrological conditions of the 2007 survey (manifestly higher flow) reveals a
shift in major element dominance of channel waters although profiles retain concurrent
downstream variations for major element Mg, Al and S; minor element Zn, Ca, Cu, Mn
and Cu and trace Na, Co, Ni, Si, Cd, Sr and U.

Notably, Fe concentrations differ, decreasing from source to relative consistency in mid to
lower tract channel waters, a pattern mirrored by As (+/- trace Cr) at distinctly higher
concentrations than observed in the low flow 2005 channel waters. Channel waters sitting
in closer association to terraces 1 and 2 in the lower tract retain more conservative (albeit
higher) concentrations.

Overall the 2005 survey appears to record variability of element concentrations in channel
waters and springs throughout the system with confluence points and/or changes in
hydrogeomorphology affecting water chemistry. Evidently, in both series, the processes
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governing terrace formation result in the removal of Fe from channel waters and directly or
indirectly promote the retention (or not) of other components.
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Figure 8.9: Downstream (left to right) evolution of Fe, Zn, As and S concentrations (A – D)
in channel waters (orange circles) and spring waters (blue circles) of the 2005 survey.
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Channel waters (particularly those of 2007) appear to map a dilution response to high
concentration inputs, particularly at source, in addition to impacts on the available
buffering capacity of the system that, over short distances, results in maintenance of
relative concentrations. Despite a series of highly heterogeneous inputs from springs (1S
– 8S and S1 – S9 respectively 2005 & 2007) immediate responses to channel waters are
not consistent and sometimes not immediately evident. This implies that the capacity of
the channel waters to assimilate the varied geochemical inputs and retain relatively
consistent, if deleterious concentrations of these major components, is great. It is also
suggested that differences in the relative flow rates, in addition to bulk hydrochemistry,
would be discrete factors in affecting the relative influences of the spring waters to the
channel waters and distinct reactions associated with sulphur precipitation/dissolution
behaviour will have their affects.

Broadly speaking (for 2007) upper-reach channel waters show gradual decrease in
element concentrations punctuated by spring inputs. These are most pronounced for S
and Fe. Channel waters post confluence with S5 (the green upper reach spring) show a
distinct peak in concentrations that are subsequently acquiesced into channel waters
where concentrations then increase more gradually to peak at C11 which is a sample
station lying beyond all spring confluences and pre the first terrace accumulation (terrace
4). Field differentiation by colour effectively highlights significant geochemical variation of
this inflow to the channel. A traverse of channel waters through and post terrace series
(e.g. C11 & C12) illustrates a reduction in S, Fe, Mg and Al concentrations and the
opposite of what was recorded in 2005. Here it appears that mechanisms of terrace
formation and/or reactivity remove elements from solution and effectively reduce channel
water concentrations.

The spring waters of S9 are the last sampled of the 2007 series. Despite their differing
geochemical character, their influence on channel waters is recorded as a relatively minor
shift in major chemistry, almost imperceptible for Fe concentrations. Relatively consistent
trace concentrations of K are reported with the exception of discrete peaks associated
with the convergence of S9 and C10 spring and channel waters. Channel waters post
terrace formation show maximum concentrations across all major element components,
excluding Fe.
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Figure 8.10: Downstream (left to right) evolution of Fe, Zn, As and S concentrations (A –
D) in channel waters (orange diamonds) and spring waters (blue diamonds) of the 2007
survey.
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Correlation analysis (Appendix section 14.1 sub-section 14.1.2; page 389) indicates that
both downstream position and dissolved oxygen (DO) contents of waters influence Tintillo
River channel water geochemistry. The lack of significant correlation between SO4 and
other factors in channel waters combined with the presence of K (and F) in correlations
illustrates major differences in the governing factors of this facies compared with pool
waters, with dissolution products attributable to gangue minerals (e.g. Si, K, Ca, Na, Mg,
Ti) and secondary jarosite-group and clay minerals in particular becoming more
significant. Geochemical relationships in spring waters are similarly distinct from those of
other facies, reflecting the proximity to source of the spring waters (Appendix section 14.1
sub-section 14.1.3; page 394).

8.4.7. Saturation indices (SI) of Tintillo waters
Calculation of saturation indices (SI) from geochemical data series using PHREEQC
provides insight into the relative likelihood that a particular phase will precipitate from
solution, remain in equilibrium and/or be dissolved (i.e. modelling of the particular water
chemistry determines that the solution is supersaturated, in equilibrium or undersaturated
with respect to the phase in question). Values suggest that gypsum (+/- anhydrite),
ferrihydrite, alunite and silica phases are near equilibrium or very slightly undersaturated
with respect to Tintillo waters. Conversely, waters are saturated with respect to goethite,
jarosite, a series of nontronite clays, schwertmannite and jurbanite (e.g. SI 3-4; 11-12,
13.6 and 15 respectively; Table 8.1).

The Mg-sulphate salts (epsomite, hexahydrite and pentahydrite) are all undersaturated.
Given the prevalence of Mg-sulphates atop terraces and channel peripheries, confirmed
by their identification in Raman analysis of sampled evaporites (Section 9.3.1), the
precariousness of metals attenuation in secondary minerals (particularly evaporites) is
evident. The geochemical modelling appears to agree well with site observations.
Copiapite is undersaturated. Whilst the model does not contain thermodynamic data
specific for magnesiocopiapite, it can be assumed that the collection of Mg-sulphates
shown and the persistence of these mineral crusts well away from the solutions implied to
dissolve them, is logical. Indeed, the extensive precipitation of Mg-sulphates would indeed
lead to a significant undersaturation with respect to copiapite.

The presence of a series of aluminosilicate and clay minerals (e.g. sanidine, albite, Kfeldspar, muscovite mica, kaolinite, montmorillonite, beidellite, illite, smectite, mordenite
clinoptilolite and saponite) with progressively more negative SI values (e.g. -4.76 to -24.9)
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illustrates that Tintillo waters are highly mineralised and corrosive to a host of gangue
minerals and alteration products. This has major implications to the mobilisation of heavy
metals and other constituents from and between site sediments on contact with channel,
spring and/or pool waters.

Moreover, the persistence of other sulphates (including alum-K, alunogen, melanterite,
siderotil, rozenite, pickeringite, szomolnokite, romerite, halotrichite, rhomboclase and
coquimbite) at the study site and their consistently undersaturated states in modelling
illustrate the transient and dynamic stores that these minerals are for heavy metals and
other constituents. Dissolution during rainfall, particularly where water levels rise and
channel waters inundate previously exposed surfaces, will be rapid and consequently
detrimental to the wider catchment.

Consideration of floodwaters in isolation suggests a few key differences. Peak flow,
sediment-filled waters (F2) are supersaturated with respect to jarosite (+ alunite). In
addition, whilst K-type nontronites are less saturated than Mg- counterparts in Tintillo
waters (average) and in onset floodwaters (F1), both K- and H- types appear
supersaturated in F2 waters. Waters can be differentiated by variations in their relative
saturation with respect to ferrihydrite, gypsum, pentahydrite, hexahydrite, epsomite and
quartz phases generally (e.g. F1 - ferr, qtz, gyp, pent, hex, ep: 0.04, 0.57, 0.08, -2.12, 1.78, -1.55 and F2 – 0.20, 0.11, -0.61, -2.87, -2,54, -2.30).

Analysed waters have been characterised as:
1. Acidic extremely mineralised Fe(III) buffered waters
2. Highly acidic highly mineralised Fe(III) buffered waters
3. And extremely acidic extremely mineralised no evident buffer waters

Based on available data, analysis and geochemical modelling results, the dominant
buffering mechanisms associated with these waters are considered to be:

1. The Fe(III)/schwertmannite buffer (e.g. Burton et al., 2008; Gramp et al., 2008) and
2. The Al buffer (applicable where local environmental shifts to pH > 4 occur)

The latter is restricted to environments with pH > 4. Whilst these are few within analysed
waters, spoil sediments recorded a pH of 4.4 (Chapter 7) and it is suggested that pore
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water variations within terrace sediments, spoil and elsewhere, induced by localised
geochemical/environmental differences could result in conditions whereby Al-phases
persist (e.g. Jurbanite AlOHSO4; Alunite KAl3(OH)6(SO4)2; and Gibbsite Al(OH)3: SI 15.03;
-0.27 & -3.51 respectively).

Table 8.1: Saturation Indices (SI) calculated using the PHREEQC geochemical modelling
code.
Phase
Jurbanite
Schwertmannite
Nontronite-H
Nontronite-Mg
Nontronite-Ca
Nontronite-K
Nontronite-Na
SchwertmanniteB
Hematite
Jarosite
Goethite
Jarosite-Na
GoethiteB
Quartz and polymorphs (crystalline)
Barite
Ferrihydrite(xline)
Gypsum
SiO 2 (am)
Alunite
Anhydrite
Ferrihydrite(amph)
Bassanite
Fe(OH)3
CaSO4:0.5H2O(beta)
Epsomite
Hexahydrite
Pentahydrite
Gibbsite

Formula
AlOHSO 4
Fe 8 O8 (OH) 4.5(SO4 ) 1.75
H0.33Fe 2 Al0 .33 Si 3.67H 2 O12
Mg 0.165Fe 2 Al 0.33Si 3.67H2 O12
Ca0.165Fe 2 Al 0.33Si 3.67H 2 O12
K 0.33Fe 2 Al 0.33Si 3.67H2 O12
Na0.33Fe 2 Al 0.33Si 3.67H 2 O12
Fe 8 O8 (OH) 5.5(SO4 ) 1.25
Fe 2 O3
KFe 3 (SO4 ) 2 (OH) 6
FeOOH
NaFe 3 (SO4 )2 (OH)6
FeOOH
SiO 2
BaSO 4
Fe(OH) 3
CaSO4 :2H2 O
SiO 2
KAl3 (OH) 6 (SO4 )2
CaSO4
Fe(OH) 3
CaSO4 :0.5H 2 O
Fe(OH) 3
CaSO4 :0.5H 2 O
MgSO 4 :7H2 O
MgSO 4 :6H2 O
MgSO 4 :5H2 O
Al(OH) 3

Saturation Index (SI)
15.03
13.60
12.39
12.08
11.88
11.47
11.14
9.81
9.14
7.66
4.08
3.81
3.24
0.0.2-1.02
0.79
0.13
-0.14
-0.27
-0.27
-0.32
-0.37
-0.97
-1.05
-1.14
-1.75
-1.98
-2.32
-3.51

Indications are that washout of soluble efflorescent salts, precipitation of iron mineral
phases and variations in contributions from different acid mine drainage (AMD) inputs
define the compositions of Tintillo waters. Varying dissolution of less soluble mineral
phases owing to acidity liberated via the dissolution of evaporitic salts and variations in
sorption affinities to Fe mineral phases can explain other variations (see Acero et al.,
2006; Cánovas et al., 2008; Zänker et al., 2002) in addition to the primary sourcing from
the oxidative dissolution of pyrite and gangue mineralogy of the Corta Atalaya (CA) spoil
quartz feldspar porphyry (QFP).
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8.5. Classification of the Tintillo River waters
Water type/hydrochemical facies evaluations provide information about the complex
hydrochemical processes affecting the chemistry of waters, in particular their respective
origins.

Due to the inherent heterogeneity typical of mine water compositions a number of
classification schemes have been proposed using single or multiple parameters including:
major cations and anions (e.g. Appelo and Postma, 1996; Brownlow, 1996; Drever, 1997);
pH (e.g. Morin and Hutt, 1997); pH and Fe2+ and Fe3+ concentration (e.g. Younger, 1995);
pH versus combined metals (e.g. Ficklin et al., 1992; Plumlee et al., 1999); alkalinity
versus acidity (e.g. Kirby and Cravotta, 2005); and alkalinity versus acidity and sulphate
concentration (e.g. Younger, 1995). An approach combing Piper and Ficklin plots has
been applied. Major cations (e.g. Mg+ and K+) and anions (Cl-, SO42-, CO32- and HCO3-)
are important constituents of any mine waters regardless of the commodity extracted or
mineral processing and hydrometallurgical techniques applied (Lottermoser, 2010)
including those unaffected by acid mine drainage (AMD). As such, preliminary
assessment using Piper trilinear diagrams (after Freeze and Cherry, 1979) has been
carried out.

Characterisation was supplemented using Ficklin plots in order to best account for relative
variations in AMD sourcing and/or modifications between the survey years and water
facies. Plotting of samples on a Ficklin plot allows AMD to be defined in relation to pH and
the sum of base metals, Zn, Cu, Pb, Cd, Co and Ni. It is considered that such variations
relate more readily to specific sourcing than the major cations and anions used in Piper
plots and hence will aide differentiation and classification of samples more effectively.

In addition to the plotting of analysed waters in isolation, the availability of catchment-wide
data from compiled contemporary publications has meant that Tintillo waters have been
plotted against those of contaminated and uncontaminated waters of the Odiel catchment.
This provides a robust site-specific context for assessing the relative contamination of the
Tintillo River and potential for identifying sourcing and/or highlighting processes of
modification that have lead to the current Tintillo sample characteristics.
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8.5.1. Ficklin classification of Tintillo River waters
Five linear trends associated with the governing principles of mine waste quality are
depicted as arrows 1 to 5 in Figure 8.11. They represent influences to water quality
relating to:

1. Increased dilution by surface waters
2. Increases in pyrite content
3. Increases in carbonate content
4. Increases in base metal sulphide content
5. Increases in evaporation

These trends show their relative effects on total metal concentrations and pH
characteristics of plotted effluents. The trending of plotted samples from upper left to lower
right has previously been attributed to variations in dilution and/or increasing interaction
with host rocks (e.g. Plumlee et al., 1999). Assessment of data dispersion and
interpretation in this manner provides important information relating to the characteristics
of point sources (i.e. mine waste character).

So classified, Tintillo hydrofacies are predominantly high-acid extreme-metal waters with
lesser (by number) acid extreme-metal waters characteristic of arid climates where acid
metalliferous waters prevail due to high levels of evaporation and greater solid to water
ratios during water-rock interactions. Although climate is a key control on mine water
quality, according to Plumlee et al. (1999) the relative shifts in pH and metal contents for a
given deposit type in different climatic settings are generally of lesser importance than the
changes due to the differences in geological characteristics. Based on this, the clustering
of the majority of Tintillo samples indicates that sourcing is relatively consistent by
composition and is persistently contributing extreme acid mine drainage (AMD) effluents,
which determine the nature of the Tintillo headwaters.

That said it is evident that evaporation (trend 5) is a major governing factor in Tintillo River
water geochemistry, albeit in addition to a very high pyrite and/or base metal sulphide
point source (trends 2 and 4 respectively, Figures 8.11 A-C). Although it is well
established that short-term high loads of contaminants can be associated with seasonally
intense rainfall events (e.g. Plumlee et al., 1999), the profusion of secondary evaporate
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minerals observed across interfaces throughout the Tintillo tract are considered to
preclude the interpretation that elevated values related to such events.

There is no doubt then that the Tintillo waters are indicative of an environment affected by
on-going and maintained AMD pollution where the generic effects of high pyrite contents
and availability in Corta Atalaya (CA) spoil compound a situation where headwaters are of
characteristically reduced water quality. In addition to sourcing of AMD, the presence of
widespread ochres in the survey site indicates that significant proportions of iron
(hydr)oxide have been precipitated. These minerals can act as reactive barriers coating
potentially neutralising minerals and effectively reducing or eliminating their acid-buffering
capacities by physically segregating them. In addition, some acid-buffering minerals may
contain or be associated with metals that release acid as they precipitate as hydroxides.

Catchment waters (those of the Odiel and Tinto Rivers) were plotted alongside Tintillo
River waters. Samples plot in elongate areas traversing acid high-metal, high-acid highmetal, to maximal high-acid extreme-metal fields. Whilst samples from both rivers overlap
considerably, the Odiel ‘zone’ is displaced toward the lower-right corner (Figure 8.11A).
Both arrays trend in negative correlations between pH and heavy metals, a relationship
not so evident for Tintillo water samples, with the possible exception of the pool series.

Figure 8.11: Tintillo water samples (all three facies from the 2005 and 2007 surveys)
plotted as a function of dissolved base metal and sulphate concentrations (A) Tintillo pool
waters (B) Tintillo channel waters and (C) Tintillo spring waters. The shaded areas in pane
A are the field of variation in AMD character from various deposit types worldwide and the
three other fields (red, blue and black outlines) illustrate the pH and summed heavy metal
concentration ranges for generic acid rock/mine drainage; saline and neutral mine waters
respectively (after Plumlee et al., 1992; Plumlee et al., 1999 and references therein). Tinto
and Odiel River water data from Cánovas et al. (2007) are plotted as grey and black
symbols respectively in pane A. Generic trends relating to major processes affecting
heavy metal concentrations in AMD are displayed as arrows 1 – 5. These represent
dilution by surface waters; increasing pyrite content to source rocks; decreasing carbonate
contents to source rocks; increasing base metal contents to source rocks and increasing
evaporation/cryptoconcentration to derived AMD (adapted from Plumlee et al., 1999).
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8.6. Uncontaminated waters of the catchment
Comparison of the geochemistry of Tintillo waters with uncontaminated (background)
waters collated from Sánchez-España et al. (2005b) (sampled between 2003-04) and
Sarmiento et al. (2009) (sampled in 2002-2006) has been made in order that relative acid
mine drainage (AMD) enrichments to the former can be quantified. Six of the background
samples come from streams draining unmineralised rocks of the mineralisation-hosting
lithostratigraphic unit (the volcano-sedimentary complex, VSC) and the rest come from
streams draining undifferentiated sedimentary rocks of the Iberian Pyrite Belt (IPB)
(comprising shales, phyllites, quartzites and greywackes from the phyllite-Quartzite (PQ)
and Culm groups) and the Sierra de Aracena (including sericitic schists, quartzites,
granites, gneisses, marbles and tuffs). Data (Table 8.2) provides a guideline to
background water characters for comparison.

Table 8.2: Hydrogeochemical characteristics of uncontaminated waters of the Odiel
catchment including streams, rivers and creeks. Abbreviations are: n.r. not reported; and
<dl below detection limit. (Data derived from Sánchez-España et al., 2005b and Sarmiento
et al., 2009).

Field parameters/chemical variable
Drained area
Q
pH
Eh
EC
DO
Ca
K
Mg
Na
Al
Fe
Cu
Mn
Zn
SiO2
CO32HCO3FCl NO2NO3SO 42PO 43As
Ba
Be
Cd
Co
Cr
Li
Mo
Ni
Pb
Se
Sn
Sr

Units
km 2
Ls-1
mV
µScm-1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
mgL -1
µgL -1
µgL -1
µgL -1
µgL -1
µgL -1
µgL -1
µgL -1
µgL -1
µgL -1
µgL -1
µgL -1
µgL -1
µgL -1

24 Uncontaminated stream waters of the

12 samples of natural stream waters of

Odiel River Basin (total number of

the Odiel River Basin (Sánchez-España et

samples = 54) (Sarmiento et al., 2009)
Mean
Min
Max
n.r
n.r
n.r
n.r
n.r
n.r
7.22
5.77
9.00
403
330
480
262
115
553
9.1
5.2
12.9
16.60
3.28
38.10
1.50
0.20
4.38
10.60
1.61
20.70
15.60
3.50
43.80
<dl
<dl
0.89
0.20
<dl
0.91
0.04
<dl
0.20
0.07
<dl
0.33
0.14
<dl
0.66
5.62
<dl
20.40
6.86
5.80
7.92
90.60
13.80
212
0.08
<dl
1.05
22.60
7.02
77.80
0.04
<dl
0.42
1.54
<dl
6.96
29.90
8.70
75.90
212
<dl
1059
<dl
<dl
7.85
n.r
n.r
n.r
<dl
<dl
<dl
<dl
<dl
<dl
<dl
<dl
<dl
<dl
<dl
<dl
<dl
<dl
18.10
<dl
<dl
7.01
<dl
<dl
15
<dl
<dl
23.60
<dl
<dl
5.20
<dl
<dl
<dl
71.10
3.22
516

Mean
42
1227
6.90
407
174
9.9
18.46
1.20
8.32
13.53
0.10
0.12
0.002
0.02
0.005
18.61
n.r
69.42
n.r
17.42
n.r
n.r
15.08
0.08
1.46
17.77
n.r
n.r
0.36
1.65
n.r
0.29
n.r
1.07
n.r
n.r
n.r

al., 2005b)
Min
8
100
5.80
245
75
8.3
5.90
1.00
4.90
10
0.02
0.03
0.001
0.01
0.001
9.20
n.r
6
n.r
12
n.r
n.r
6
0.05
0.65
5.20
n.r
n.r
0.20
1.00
n.r
0.20
n.r
0.20
n.r
n.r
n.r

Max
81
3500
7.80
477
306
11.0
32.70
3
13.80
19.40
0.25
0.45
0.01
0.05
0.01
26.00
n.r
113
n.r
26
n.r
n.r
32
0.21
5.70
61.30
n.r
n.r
0.96
5.50
n.r
0.53
n.r
4
n.r
n.r
n.r

191

Background water chemistry is characterised by very low metal concentrations often
below detection limits. Where reported, trace metal concentrations are below drinkingwater standards e.g. 50 mgL-1 for As, Cu, Pb, Mn and Cr; 5 mgL-1 for Cd, 3 mgL-1 for Zn
and 0.3 mgL-1 for Fe (EU Council Directive 75/440/EEC; Sarmiento et al., 2009).
Uncontaminated waters are classified as bicarbonate and/or sulphated waters depending
on the relative influence of lithotypes of the Ossa-Morena Zone and those of the
polymetallic sulphide ores of the South Portuguese Zone (SPZ) (e.g. Sarmiento et al.,
2009). The latter have a dominant Mg-SO4 character (pH consistently ≤ 7.5) that varies as
a function of the level of contamination with acid mine drainage (AMD) effluents, distance
from the contaminant effluent and seasonal variations (e.g. Cánovas et al., 2007; Olías et
al., 2004).

Three sub-groups can be defined established from background water chemistry variations
relating to location in the Odiel Basin (e.g. northern, mid-lower and south-western) and/or
seasonal variations (e.g. Sarmiento et al., 2009; Sarmiento et al., 2011).

Distribution of and correlation between the nature of the lithotypes drained and alkalinity of
emergent waters dictates the acid-neutral capacity of the Odiel basin as a whole.
Lithological variations affect alkalinity characters ranging from 120 to 240 mgL-1 CaCO3
eq. in the upper basin which drains Precambrian to Devonian metamorphic and plutonic
rocks of the Sierra de Aracena and 10 to 115 mgL-1 CaCO3 eq. in the mid- lower- basin
characterised by the volcanic and sedimentary rocks of the IPB (e.g. PQ, VSC and Culm;
Sarmiento et al., 2009). These data are indicative of the limited acid-neutralising capacity
of background waters and the catchment itself. Given the profusion of AMD-sources
identified within its bounds, inclusive of the Tintillo River itself, neutralising capacity is at
best severely depleted. Indeed, Sarmiento et al. (2009) report that the potential acidity of
AMD effluents of the area are two to three orders of magnitude higher than alkalinity
which results in rapid pH decreases of natural watercourses even when merging AMD
volumes are relatively low.

Catchment waters are varyingly Mg(Ca)-HCO3 facies typical of shallow, fresh
groundwaters. When plotted on Piper diagrams (not shown), they form a trend from
dominantly HCO3 towards more SO4-rich (and Mg rich in the case of Fresnera)
distinguishing them from Tintillo waters. Variations in the natural water chemistry of the
basin, including SO42-, metal contents and Cl-, have been related to their relative proximity
to massive sulphide-related lithotypes within the IPB and the presence/absence of
evaporite materials and/or marine aerosols in proximal portions of the Odiel catchment
respectively (Cánovas et al., 2007; Olías et al., 2004; Sarmiento et al., 2009).
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Comparison of averaged Tintillo water anion, cation and field parameter values against
values from background catchment water data indicates orders of magnitude enrichments
in Tintillo samples across all metals (e.g. eight to nine times enrichments in Al, Cu, Fe, Mn
and Zn). In addition, Co concentrations are some five times greater and As, Cr, Mo, SO4
and F some two to three times enriched in Tintillo waters. Outside of the distinguishing
characters of having much lower metal concentrations, natural catchment waters (i.e.
background) are distinguished by elevated pH, dissolved oxygen (DO), carbonate and
alkali (Ca, Na and K) concentrations as well as low redox potential (EH) and conductivity
(EC).

The proximity of the Tintillo River to the Corta Atalaya (CA) massive sulphide mine and its
spoil heaps render samples distinct from background waters by geochemical character
(e.g. AMD). Most pronounced are metal and sulphate concentrations in addition to a host
of other elements derived from the interactions of water conduits with the accumulated
mineralised debris of the mine site. Most significant (by magnitude) of these are the 90
times greater Pb concentrations and enrichments of Mg, K, Ca and Na in Tintillo waters of
~480, 30, 28 and four times respectively.

8.7. Acid mine drainage (AMD) discharges of the Odiel Catchment
In addition to comparison with uncontaminated streams, Tintillo data have been compared
to Odiel catchment acid mine drainage (AMD) waters (after Sánchez-España et al., 2005b
and Sánchez-España et al., 2008). For mineralised waters it is considered that variations
attributable to the dominant lithostratigraphic unit being drained can be defined and
applied to the wider catchment (Sánchez-España et al., 2005b).

Contaminated samples include mine hole, mine adit, anoxic limestone drain (ALD) outflow
and inflow, waste-rock pile leachates, ore dump leachates, water reservoir outflows, pit
lake and ore dump outflows (Sánchez-España et al., 2005b) in addition to streams
affected by acidic leachates from 28 different mines (Sarmiento et al., 2009). Typically
these waters display large variations in pH (2 – 8.6), EC (0.2 – 18.5 mScm-1), DO (1.513.4 mgL-1) and EH (211-813 mV). Sánchez-España et al. (2005b) recognise three main
hydrogeochemical facies for AMD in the Odiel catchment based on seasonal continuity,
water volume, acidity, redox conditions, electric conductivity, dissolved oxygen content,
Fe2+ to Fe3+ ratio and colour:

193

a) Ferrous/anoxic (pH 1.4 - 4.0, EH 400 – 640 mV, DO ~ 0 – 20% sat, Fe2+Fet ~0.5 –
1, green coloured)
b) Ferric/suboxic (pH 2.0 – 3.5, EH 640 – 800 mV, DO 50 – 100 % sat. Fe2+/Fet ~0.1 –
0.5, yellow to reddish coloured)
c) And aluminous/oxic (pH 4.0 – 5.7, EH ≤ 500 mV, DO ~100% sat, Fe3+ ~0 mgL-1,
white coloured

Of these, ferric/suboxic varieties have been considered by far the most common and
volumetrically important acid emissions (Sánchez-España et al., 2005b).

Comparison of Tintillo waters against contaminated waters of the Odiel catchment,
(including samples from the Corta Atalaya (CA) site itself) highlights that they represent an
extreme AMD affected input to the Odiel with sulphate concentrations up to ~58gL-1, some
14 – 22 gL-1 greater than maximum values recorded previously for contaminated Odiel
catchment waters. Metals concentrations are similarly elevated in Tintillo waters by
comparison to catchment AMD samples and whilst Ca variations in catchment samples
show gradation typical of varyingly AMD-affected contaminated waters from Ca-Mg-SO4,
to Mg(Ca)-SO4, to Mg-SO4 waters, Tintillo samples are restricted to the latter.

Climatic and seasonal variations, in addition to contamination levels, influence AMDprocesses in river basins (e.g. The Odiel River after Sarmiento et al., 2009). Whilst
geology defines the available ingredients for AMD, climate (specifically the availability of
water) determines the hydrogeochemical and mineralogical processes of AMD formation
and mobilisation within and/or through a site. Several papers cover the main hydrological,
meteorological and geological characteristics of the Odiel (e.g. Cánovas et al., 2012; Olías
et al., 2004; Saínz et al., 2004; Sánchez-España et al., 2006; and Sarmiento 2008) and
Tinto Rivers (e.g. Cánovas et al., 2008; Cánovas et al., 2010) and their respective basins.
Essentially, the Odiel is a larger catchment comprising three zones:

•

A northern zone typified by non-polluted tributary inputs

•

A central zone where the majority of the tributaries draining the mines of the
Iberian Pyrite Belt (IPB) coalesce with the main Odiel

•

And a lower zone where the now AMD-contaminated river is joined by the Tinto
River just north of their common estuary on the coast at Huelva
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The Tinto River drains a smaller reach that traverses the mid- and lower- zones described
above and the Tintillo River is a tributary of the Odiel in its mid-reaches that drains the CA
mine site. As such, the geology drained by the Tinto and the Tintillo are comparable,
comprising the suite of rocks characteristic of the Iberian Pyrite Belt (IPB). Likewise, the
mid-reaches of the Odiel catchment (affected by lixivates from other IPB mine sites) are
characterised by that same geology. Indeed, the major differences between the rivers,
outwith their relative catchment areas, is the lack of natural water input to the Tinto and
Tintillo as opposed to the Odiel. Put simply, this results in a difference in the response of
their hydrogeochemistry. The Tinto and Tintillo are almost immediately, from source,
profoundly AMD affected, highly acidic effluents, whereas the Odiel River comprises an
uppermost section where the buffering capacity of carbonate-rich, neutral/alkaline waters
is sufficiently high to counter some of the mine-affected inputs to its course. However,
once this buffering capacity is exhausted (post Tintillo confluence) the Odiel likewise
retains an AMD-character for the remainder of its course.

Pollutant fluxes can therefore be significantly different, despite similar discharge (e.g.
Odiel and Tinto River data in Cánovas et al., 2012a and Cánovas et al., 2012b). More
extreme conditions (i.e. the low pH, high sulphate and highly metalliferous waters of the
Tintillo and Tinto Rivers) affect particular hydrogeochemical processes during rain events
that result in site-specific river water responses, particularly in terms of heavy metal
mobilisation. Low pH (pH 2.9 - 4.1 reported in Cánovas et al., 2012a) limits sorption
capacity and co-precipitation processes onto Fe precipitates such that AMD affected
waters are highly mobilising to large quantities of heavy metals during flood. However,
temporal variations in rainfall, particularly the frequency between periods of drought and
flood will govern the nature of the site at the time of ‘flushing’ (e.g. onset of the first rains).
For example, if soil moisture contents are very low after a period of prolonged drought, the
first rains may not result in high discharges. Instead, dissolution of salt minerals and the
leaching of concentrated pore fluids from mine spoil will result in an increase in water
mineralisation. Subsequent rainfalls will wash remaining salts and leaching products out
before elevations in discharge occur and dilution by runoff decreases water mineralisation.

The AMD-affects to all three rivers are thus complex relating to the prevailing climatic
regime and strongly linked to the intense water-rock interactions that take place in the
catchment (specifically those reaches affected by AMD-related secondary mineral phases
whose nature and extent are largely determined by climatic conditions). As the Odiel is the
only one of the three rivers considered that has a significant portion of its catchment
comprising un-polluted waters, it may be that remediation targets could be more easily
met. However, according to a mixing model reported by Cánovas et al. (2012a) the
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contribution of freshwaters to total discharge from the Odiel was ~85% to 98%,
highlighting how little AMD input is required to result in the deterioration of water quality.
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8.7.1.Summary
Elevated major element (S, Mg, Fe and Al) and heavy metal concentrations identify Tintillo
River waters as highly acid mine drainage (AMD)-polluted waters. More specifically
classification using Piper diagrams indicates that waters are of the magnesium-sulphate
(Mg-SO4) type. A Ficklin-based classification identifies the high pyrite and base metal
contents of source materials, degree of evaporation and dilution as influential to Tintillo
water chemistry and so quality variations. Several hydrogeochemical facies can be
distinguished within the river system. Precipitation of Fe and other elements in the
prominent

within-Channel

terraces

significantly

impacts

hydrochemistry

and

hydrogeochemical facies. As a group Tintillo samples are characteristic of arid climates
where acid metalliferous waters prevail due to high levels of evaporation and greater solid
to water ratios during water-rock interactions. Comparison with catchment AMD-affected
waters highlights the Tintillo River samples as extreme AMD affected effluents typified by
high metal concentrations and low pH.

The following element series show the major geochemical constituents of Tintillo waters
from the 2005 and 2007 surveys respectively:

1(a). TINTILLO RIVER (2005)
[SO4>Mg>Al>S>Fe] > [Ca>Zn>Mn>Cu] > [Na>Co>K>Ni>Cd>Pb>Cr>As]
1(b). TINTILLO RIVER (2007)
[SO4>S>Fe>Mg>Al] > [Zn>Ca>Mn>Cu] > [K>Na>Co>As>Ni>Cd>Cr>Pb]

Drier periods appear to promote higher Mg, Al and S followed by Fe and Ca
concentrations. Conversely, during more typical autumn periods (e.g. the 2007 survey),
where channel flow is higher and ephemeral circuits are most extensive, the major
chemistry of Tintillo waters is characterised by maximum concentrations of S followed by
Fe, Mg and lesser Al.

Major and trace ion concentrations observed in the Tintillo River are significantly higher
than those reported for the Odiel and Tinto Rivers. Comparison of Tintillo waters against
contaminated waters of the Odiel catchment (including samples from the Corta Atalaya
(CA) site itself) highlights that they represent an extreme AMD affected input to the Odiel
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with sulphate concentrations 14 – 22 gL-1 greater than maximum values recorded
previously for contaminated Odiel catchment waters.

The Mediterranean climate results in common variations to rainfall frequency and
magnitude that can be considered generally as an annual cycle of prolonged droughts in
the summer and sporadic and intense rainfall events in winter. The characteristic
heterogeneity of this climatic regime affects the entire area (and so both catchments:
Odiel and Tinto) with relative moisture contents of basin soils, amounts of rainfall and
durations of drought periods all influential to the behaviour of a given area in terms of the
cycling of AMD and/or heavy metals.
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9. THE IMPACT OF MINE WASTE INPUTS AND SECONDARY
PRECIPITATES ON RIVER MORPHOLOGY, RIVER
SEDIMENTATION AND IN-CHANNEL ACID MINE DRAINAGE
(AMD)/METALS TRANSPORT AND CYCLING

9.1. Summary of the morphological features being examined
The weathering of Corta Atalaya (CA) spoil leads to a site-specific contribution to acid
mine drainage (AMD) characteristics. AMD in the Tintillo catchment has induced a series
of distinct morphological features within and around the Tintillo catchments, which have
been previously described in Chapter 6 and which have a significant impact on water
chemistry (Chapter 8). These features form the focus of this chapter, which examines the
impact of AMD mine waste inputs and secondary precipitates on river morphology, river
flow, river sedimentation and AMD/metals transport and cycling. Specifically, it examines:

1. Tintillo River channel terraces and associated features
2. Evaporites and
3. Ferricrete hardpan layers

Emphasis is put on the characterisation of the sediments and precipitates forming these
features and their latent potential for storage and/or release of contaminants into receiving
waters of the Tintillo River.

9.2. The Tintillo terraces
Both the established weathering of sulphide rich source materials of the study site (acid
mine drainage (AMD)) and the presence of ochreous terraces in the riverine tract indicate
that considerable proportions of ferrous materials are available for transport. Mobilised as
suspended particles, dissolved constituents and/or colloidal materials these ferrous
species are deposited or precipitated out as stream sediments. These sediments are
crucial to the dispersal of heavy metals from source.

Characterisation of sediments from surface and core samples using particle size,
geochemical and mineralogical analysis has been carried out. Fundamental physical
characteristics have a profound influence on numerous properties including susceptibility
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to entrainment, transport and deposition, porosity, permeability and chemical reactivity
(i.e. rates of mineral oxidation and reactive surface areas).

The morphological expression of the Tintillo terraces effect weir-like structures,
transforming the main river channel into a series of pools systems (Figure 9.1). These
systems are capable of retaining and accumulating metal-polluted sediment, disrupting
the river channel morphology and/or affecting relative flow and aeration of waters. Water
stratification, stagnation and agitation are altered affecting dissolved oxygen levels,
inducing differential redox and other hydrochemical parameters and influencing inorganic
and organic interfaces. It is only during ephemeral precipitation events (particularly
pronounced in the autumn) that floods, like that detailed in Chapter 10 of this thesis, result
in breaching of these terraces and flushing of the system occurs.

Defined by morphology, chemical process and oxygen availability, there are four distinct
environments:

1. A headwater region where AMD waters emanate from the Corta Atalaya (CA)
spoil. This portion of the tract is characterised by a narrow 4.5 cm to approximately
one meter wide shallow (less than five to 10 cm deep) channel where a relatively
steep gradient and abundant centimeter-scale falls owing to the accumulated
rocky debris substrate favour oxygenation of waters and initial oxidation of Fe2+ to
Fe3+ occurs. It is suggested that dissolved iron is predominantly reduced as
morphological characteristics (i.e. lack of colloidal Fe3+ and clear to slightly green
water colour) would suggest. Indeed, there is little evidence of precipitation of Fe3+
and no Fe-rich sediment deposition until reaching the deltaic area just upstream of
the first terrace series. From a biological point of view it appears that the clarity of
these waters and the presence of discharge points of AMD rich waters (i.e. the
springs so characteristic of the upper reaches) are conditions that favour bright
green filamentous algae
2. A deltaic area just upstream of the first terrace system disrupts this upper reach
geomorphology. The presence of two AMD springs, widening of the available
valley floor and the development of a ferricrete horizon determine very different
morphology and yet the main river channel persists as a moderate (~35 cm deep
and a maximum 1.7 m wide), aerated, rocky stream with no marked increase in
Fe-rich sedimentation
3. The widening of the valley post delta and reduction in the gradient affect section
stream geometry resulting in changes in stream water velocity and turbidity. In
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turn, dissolved oxygen (DO) contents and other factors are affected. Here waters
vary between clear and deep orange to red in colour depending on their relative
proximity to terraces, flow rates and/or the depth of the water. Indications are that
micro-environments defined by Fe2+-rich, nearly anoxic to oxygen deficient and
Fe3+-rich, suboxic and oxygen-saturated sections, typify this stretch. Terrace
accumulations are intrinsically associated with Fe3+-rich suboxic waters. Their
formation, based on field and laboratory evidence, appears to be associated with
specific geochemical fronts whereby various factors including: DO content,
Fe2+/Fe3+ ratios of acidic waters, turbidity, oxidation/precipitation rates, average
flow velocities and stream section geometry, stream substrate and any related
biological factors coalesce to provide ideal conditions for nucleation and
precipitation. The uppermost terrace is the first cohesive expression of its
morphology in the tract (i.e. exceeds a few centimeters in extent) and forms the
lower boundary of the transition between dominantly Fe2+ and dominantly Fe3+
waters. Here terrace walls are typically millimeter to centimeter scale and whilst
streambed accumulations of ochreous sediments are evident, the rocky spoil
debris comprising the shallow channel floor is still evident
4. Extensive ochreous terraces and persistently red/orange waters define the
lowermost portions of the Tintillo tract. It is suggested that the morphological
features (persistent and extensive ochreous coatings to the entire channel and
vertically and horizontally extensive terrace walls in large systems) represent a
shift to almost total oxidation of Fe2+ and subsequent hydrolysis/precipitation of
Fe3+ in the water column. Restriction of green biofilms to one area (between
terraces 3 and 2) is indicative of the fact that only one discharge point of anoxic
Fe2+-rich acidic waters occurs in the remaining stretch (associated with the railway
tunnel). Further moderation to the stream slope results in a notably wider (5 –
20m) channel and significant reductions in stream flow

The impressive iron terraces that characterise this section form on the streambed and
exhibit a travertine-like morphology with a succession of gentle slopes and waterfalls.
Terraces here are up to 42 m long and over 70 cm deep, with surfaces made up of an
alternation of meter-scale pools and curved ridges structured transversely to the water
flow.
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Figure 9.1: Sketch of the Tintillo tract showing the positions of terraces from uppermost (4)
to lowermost (1). Stars show the sampling sites of the ferricretes and terrace cores CO_1,
2 & 3. Inset pictures illustrate the geomorphology of the terrace systems.
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To best examine their morphology, impact on flow and potential for impact on the
chemistry of the Tintillo system, cores have been sampled from three terraces.
Complementary analysis examines the mineralogical and geochemical structure of Tintillo
terraces and their influence on AMD and metal transport in the system.

9.2.1. Tintillo terrace sediment cores
Three cores have been analysed:

1. CO_1 sampled from the lowermost, most extensive terrace system (terrace 1)
2. CO_2 sampled from mid-tract terrace system 2 characterised by surficial
evaporites present as an uppermost crust sitting atop a characteristic moist yellow
sponge-like uppermost horizon and
3. CO_3 sampled from the uppermost terrace system 4, the first pronounced terrace
of the Tintillo series

Downcore profiles are characterised by 80-90% ochreous minerals that defined colour
variations ranging from red-orange-brown to grey-green. In addition, frequently lobate
coloured patches appear throughout (particularly in the longest core (CO_1) sampled from
the lowermost terrace). These patches do not necessarily coincide with the generally
horizontal colour and/or textural variations observed (e.g. Figure 9.2) indicating more
complex layering in the sediments. Given the field-scale sinuous nature of the observed
terrace surfaces and their distinctive surface textures it is conceivable that such patterns
are preserved in core sections. Indeed, such localised textural variations may provide
sufficient micro-environmental deviation as to affect periodic oxidising/reducing conditions
related to seasonal flooding and induce the mottled appearance of the core sediments.

It is suggested that the varicoloured appearance of terrace cores in profile could be
related to redoxomorphic features (+/- related microbial actions). Alternate wetting and
drying would result in consumption of oxygen by bacteria causing EH to drop and reducing
conditions to ensue whereby iron reduction to its Fe2+ ferrous (and mobile) form could
result in localised segregation and the development of iron-depleted zones. Influx of
oxygenated air on drying, as water levels drop would subsequently oxidise iron,
perpetuating the cycle. Fundamentally such variations would result in variations in
dominant phases (e.g. Fe) related to localised EH-pH environments. The more frequent
the cycles, the more intensely mottled the sediments become.
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Figure 9.2: Outline sedimentary logs of Tintillo terrace core sections CO_1 & CO_2.
Indeed, colour variations are defined by associated grain size and structural differences
including apparent porosity and textural differences that may indicate biotic as well as
abiotic variations (e.g. radial fibers in lighter, fine-grained crystalline/colloidal layers versus
massive coarse-grained dark layers with abundant colloform and euhedral textures more
typical of crystalline growth). However, these and other features are not consistent across
cores but vary between mottled, horizontal laminae where vertical colour variations are
the major features and more massive horizontal layers with little evidence of finer
laminations.

Fallen pine needles, where present, appear in concentrated layers (persistently <10% of
the core) likely defining inundated previous surfaces. Cements appear to be hydrous Fe
oxides with some detritic silicates (quartz and muscovite <5%) and gypsum as authogenic
mineral filling voids.

Broadly, uppermost horizons are characteristically yellow followed by yellow-orangebrowns and almost exclusively darker browns in lowermost horizons. Standardisation of
these colour variations using the Munsell scheme (Munsell, 1998) is detailed in Figure 9.2.
A sticky, almost gelatinous uppermost yellow layer with a fine sponge-like porosity
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characterises uppermost terrace surfaces (most pronounced in CO_2). This is visually
reduced at >5 cm to 10 cm depth with concurrent reductions in apparent water contents.
Coarsening of sediments, increased porosity and friability appear to correlate down core
with darkening of sediment colour.

9.2.1.1.

Mineralogy of Tintillo terrace sediments

Mineralogical analysis (XRD) indicate that Tintillo terrace sediments are polymineralic,
comprising of mineral phases of varied degrees of crystallisation (particularly goethite and
hematite) dominated by gypsum + goethite + jarosite (hydronium +/- subordinate
natrojarosite) ± Fe3+oxide-hydroxide ± hydrotalcite ± quartz (identified as tridymite,
crisobalite and quartz) ± minor phases (1-3%) including Cu(I)oxide, romerite, galena, zinc
blend (sphalerite), pyrite and/or anglesite (Figure 9.3).
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Figure 9.3: Downcore variations in major mineral phases identified in mineralogical (XRD)
analysis of 1 cm intervals of CO_2.
Jarosite and goethite and an unidentified hydrous iron oxide, comprise varying proportions
of terrace sediment mineralogy. Given the prevailing aqueous geochemistry it is
postulated that the majority, particularly of fresh precipitates, are actually schwertmannite,
which is a hydroxysulfate Fe3+ with very low crystallinity that typically forms in acid mine
drainage settings (Bigham et al., 1996). The very fine aggregated spherulite-shaped
particles that typify schwertmannite were observable both in core sections and in the field.

The terraces are thus composed primarily of a consortium of iron oxides and hydroxides
that form poorly cohesive chemical sediment. Transitions in colour and texture are thought
to relate to the re-dissolution/re-precipitation of schwertmannite and its subsequent
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transition to goethite through exposure during wetting and drying cycles associated with
seasonal fluctuations. The three minerals are readily distinguished by XRD and by texture
and colour, with jarosite a lighter orange to yellow colour than schwertmannite displaying
a more crystalline, euhedral habit and goethite a distinctively dark red to brown colour
forming botryoidal growths. The relative dominance of goethite in sampled cores is in
keeping with this assumption given that sampling was carried out at the end of the
summer when water levels were particularly low and before the first autumn floods.

The coexistence of the three iron minerals as precipitating phases is rare since jarosite is
favoured to precipitate under very acidic conditions (i.e., pH < 2–2.5), whereas goethite is
usually a product of mineral maturation (recrystallisation of schwertmannite and jarosite)
rather than a directly precipitated phase (Bigham et al., 1996; Bigham and Nordstrom,
2000; Sánchez-España et al., 2005a). However, schwertmannite is a metastable phase
that tends to be transformed into goethite upon dehydration and mineralogical maturation
or diagenesis (Bigham et al., 1996). Thus it is suggested that Tintillo terraces are
predominantly composed of schwertmannite which has been mineralogically evolved to
goethite and/or jarosite given the prolonged dehydration of terrace sediments through the
summer, resulting in jarosite (and to an extent goethite) contents that gradually increase
downcore and show localised fluctuations. Given the position of terrace 2 and the fact that
it was sampled from a terrace with a downstream dried out pool this would suggest that
CO_2 represents a portion of terrace recently abandoned due to diversion of the main
river through flood damage and/or extremely low water levels associated with the Europewide drought of 2005. This was one of a series of severe droughts suffered by southern
Europe (particularly the Iberian Peninsula) and has been documented as one of the worst
in some 60 years (Report on Climate Change and the European Water Dimension by the
European Parliament). Indeed, between November 2004 and September 2005 recorded
rainfall was 37% below the average for that period and the lowest since records began in
1947 according to Spain’s National Meterological Office (INM).

Gypsum is thought to be present as an authigenic mineral in voids during periodic drying.
Highest gypsum contents are confined to uppermost horizons of the Tintillo terraces.
Relative proximity to the diminishing water levels would explain the diminishing contents
down core. Quartz-rich layers at 8 cm, 16 cm and 24 cm are interpreted as detrital
silicates potentially indicating horizons associated with higher energy events (e.g. floods)
washing coarser debris into the Tintillo. Hydrotalcite (Mg6Al2CO3(OH)16·4H2O), identified in
horizons between ~2.5 cm and 11 cm and ~15 cm makes up the remainder of terrace
sediment mineralogy.
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9.2.2. Surface scales of the terrace pools
Thin sinuous yellow filaments, observed in the 2007 survey, floating on the surface of
some lower flow terrace pools are described here. The survey was carried out at the end
of the dry (summer) season. Stringers were yellow (rather than the white schwertmannite
filaments reported by Sánchez-España et al., 2007a) and observed as multiple parallel
meandering forms (<1 cm to 13 cm wide and up to ~5 m in length) stemming from
uppermost (yellow gelatinous) terrace surfaces and transitioning into and/or associated
with (i.e. downstream of terrace fall) fibrous lobate concentric forms and varicoloured
(orange, red and purple) interlocking lobate scales floating on pool surfaces within
terraces 2 & 3 (mid to upper mid reaches).

Attenuated total reflectance FTIR (ATR-FTIR) was used to analyse the yellow stringers
and pool scale (Appendix section 14.2; page 398), which were shown to be
schwertmannite-bearing phases at a geochemical front/junction between AMD-affected
terrace sediments and surface pond films whereby transitions to other phases (e.g.
jarosite and goethite) may occur.

Tintillo samples appear to represent a transition series from proto-schwertmannite atop
terraces, through stringers to schwertmannite, jarosite and goethite as colour variations
progress from yellow to dark yellow, orange, red and dark red respectively. The
nanocrystalline ferric oxyhydroxysulphate SO4 content of schwertmannite enhances
absorption of toxic metal cations through the formation of ternary sulphate complexes and
toxic oxyanions via ion and/or ligand exchange that is at a maximum at pH ~2. The
presence of the stringer features in waters around median Tintillo River water pH (2.56) at
pH 2.58 is perhaps no coincidence then and serves as an effective natural attenuation
system. Transitions to other phases though, must affect relative complexing and sorption
behaviours.

9.2.3. Particle size analysis (PSA) of terrace sediments
Terrace sediments have been classified in a trigonal SSC plot in Figure 9.4. Ancillary
sediments (detailed in Chapters 7, 9 & 10) are included for reference as they define
potential contributions from source spoil, degraded ferricrete horizons and/or flood events.

Overall, coarser fractions are most pronounced by proportion in upper and mid reach
Tintillo terraces and show much reduced presence (by volume) as components in the
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lowermost terraces. This may be due to chemical and/or mechanical exclusion relating to
the specifics of the depositional regime.
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Figure 9.4: Trigonal sand-silt-clay (SSC) plot showing flood and spoil sediment fractions
plotted alongside terrace sediment data.
Particle size distributions (PSDs) are a function of the hydrodynamics dominant at the
time of sedimentation (e.g. Adams, 1977; Awasthi, 1969; Baker, 1968; Cadigan, 1961;
Chakrabarti, 1971; Davis, 1992; Folk, 1966; Friedman, 1961; Friedman and Sanders,
1978; Inman, 1952 and authors therein). Tintillo terrace sediment PSD’s are compiled in
Figure 10.6 (pg 292) of Chapter 10 with other site sediment patterns for comparison with
each other and Tintillo flood sediments.
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Terrace sediments trend from left to right across fields defined by variations in sand, silt
and clay contents. Along with flood sediments, ferricrete sediments and sediment scrapes,
terrace core sediments plot in characteristic groupings. Interestingly, the sediment core
series differ in clay content compared to spoil sediments. Precipitation and/or colloidal
flocculation of ochreous sediments could explain these modifications.

Sediment fractions range from very slightly clayey slightly silty sands to slightly sandy
clayey silts with the majority of terrace sediments lying in fields between 0.21µm and
2188µm. Variations can be related directly to terrace position in the Tintillo River with the
uppermost terrace sediments (CO_3) the sandiest. Smaller fractions characterise the
other two cores with the smallest fractions dominating those lower downstream as may be
expected considering the rules governing particle transport processes in rivers. Heaviest,
largest particles are the first deposited from gradually slowing waters and finer fractions
are retained in suspension and so carried further before deposition. Intermediary
variations are interpreted in relation to the localised widening of the channel in mid and
lower reaches and subsequent hydrophysical variations induced by the terraces
themselves.

It is evident that variations in grain size are distinct over small distances (Figure 9.5).
Moreover, amongst several correlative horizons, a major event horizon is identified at ~22
cm. Event ‘b’ is characterised by a distinct peak in the sand fraction concurrent with a
reduction in clay proportions. Inherent relation of particle size variations to prevailing
hydrodynamics would suggest that this represents a high-energy event, a flood, preserved
within the terrace sediment record.

Assuming that the cores represent complete depositional records (i.e. no removal) and
that peaks in coarser material (e.g. event b) represent the annual autumn onset flood,
rates of accretion for the terraces can be crudely estimated at between 3 and 12 cmyear-1
(average 7.5 cmyear-1 assuming three wet seasons (September) between 2005 and
2007). This is higher than the 1-2 cmyear-1 estimates of Sánchez-España et al. (2007a).
However, much higher accretion rates in similar features have been reported (e.g. 30
cmyear-1; Fouke et al., 2000). Furthermore, the complex of horizons identified in core logs
(sponge-like and not), varied thicknesses and known lack of correlation between horizon
thicknesses and accretion rates and durations in analogous terraces (e.g. Brake et al.,
2001) could explain these variations. Radiometric dating of the core samples was
attempted via Pb-210, but was unsuccessful due to the complex nature of Pb-210 and
sediment supply routes in the catchment. Prolonged monitoring over consecutive years
plus/minus application of Fe isotope, rare earth element (REE) analysis and or use of
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other geochemical tracers/markers in this system would provide a better insight into
terrace construction, including accretion rates.
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horizon. As channel water levels fall fine clay particles are deposited on terrace surfaces
(multiple fine fraction horizons of ‘a’). Whatever the specifics, it is clear from PSA profiles
that peaks at intervals of no less than ~5 cm and no more than 20 cm are identifiable
within and between cores.
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Given their inherent capacity for attenuation of certain heavy metals and acidity (both
directly in sediments and indirectly in surficial evaporites) and the reliance of the current
depositional system on relatively specific and climate-affected conditions related to source
geology and fluvial transport (+/- diatom or other microbial community structures), impacts
of global warming may well play a part in the future evolution of the site.

9.2.3.1.

Specific surface area and uniformity

The specific surface area (SSA) of minerals is directly related to mineral-water reaction
rates and thus of importance for chemical processes that involve surface reactions. In
principle, all solid surfaces in soils and waste rock can act as adsorption surfaces but it is
those with a large SSA that have the greatest adsorption capacity. The focus in relation to
weathering processes tends towards finer particles such as clay minerals, organic matter
(%C) and oxides and/or hydroxides as surface area increases exponentially as particle
size decreases and finer particles contribute the most to metal leaching. Regulation of the
relative mobility of heavy metals is connected with specific binding (i.e. sorption) of heavy
metals to charged surfaces of oxides and/or organic matter depending on pH and solution
composition (e.g. Pb and Zn after Appelo and Postma, 1996).

The average SSA of terrace sediments is 1.53m2g-1 (ranging 1.91 m2g-1 from 0.70 to a
maximum of 2.61 m2g-1). The majority of values (i.e. 25th to 75th percentile range) lie
between 1.08 and 1.88 m2g-1 (Figure 9.6) and highest values are recorded for mid-tract
terrace core CO_2.

Both SSA and uniformity vary significantly over small scales. Uniformity is an absolute
measure of the deviation of distributions from the mean (calculated in terms of a p-type
distribution). The majority of terrace sediments are characterised by uniformity values
between 1.92 and 4.07 (25th to 75th percentile range) with persistently higher uniformity
reported from uppermost terrace CO_3 and lowermost portions of lower tract core CO_1.
It is suggested from analysis that uniformity increases can result in decreases in porosity
due to compaction leading to consequent reductions in SSA. Conversely, lower uniformity
(persistent in the uppermost horizons (~10 cm) of the lowermost core) results in higher
SSA, increased porosity due to variations in grain size and packing and consequent
greater saturation of these horizons.
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Figure 9.6: Downcore variations in (A) Specific Surface Area (SSA) and (B) Uniformity.

9.2.3.2.

Aspect ratio and particle thickness

Variations in aspect ratio (AR) have a strong effect on sedimentation-based data because
rod-like particles tend to settle faster than equivalent spheres (e.g. Gantenbein et al.,
2011). Downcore variations in AR and particle thicknesses (PT) for terrace core (CO_2)
are shown in Figure 9.7.
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Figure 9.7: Downcore variations in aspect ratio (AR) and particle thickness (PT) profiles for
sediments of CO_2. The average AR of terraces is 0.44 (median 0.40) ranging from 0.36 –
0.47 (25th to 75th percentiles). Both particle size distributions and AR of particles of
micrometer and sub-micrometer sizes affect the way in which they pack, fluidise,
sediment, break, flow and/or agglomerate which in turn affects the performance of a given
mineral and/or surface.

9.2.4. Geochemical analysis
The most extensive core (CO_1) sampled from the lowermost terrace series was
analysed using ITRAXTM. Figures 9.8 & 9.9 illustrate downcore variations in terrace
sediment geochemical ratios and individual element profiles respectively.
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Figure 9.8: Itrax analysis of CO_1 showing optical and radiographic downcore profiles and
selected geochemical ratio variations (count intensity). The green line indicates a valid
ITRAX measurement while the red dashed and greyed areas are user-defined reference
lines/sections (generated using ItraX-Plot integrated software, NOC).
Variations in selected geochemical ratios define major and minor fluctuations in sediment
composition, packing, porosity, grain size and/or shape variations and redox-related
reactions within the terrace sediments. Uniquely, using Itrax analysis these (and related
sediment geochemistry) variations are presented in continuous (otherwise undisturbed)
downcore sections.

Packing, porosity and grain size/shape variations affect Sr/Ca ratios intimating that peaks
represent distinct horizons in relation to particle sizes. Elevated Ti concentrations (and
their affects to Fe/Ti and/or Cu/Ti ratios) may likewise be related to grain size variations,
generally depicting an increase due to mobilisation and deposition of heavier particles.
Correlation of Br/Cl and S/Cl with one another (particularly in horizons between 4 & 7 cm)
and with the aforementioned ratios suggests similar correlation with particle size
characteristics.
215

Both Fe/Rb (not shown) and Fe/Ti ratios are affected by grain-size related fractionation
effects with Rb associated with detrital clays and so enhanced in clay-rich horizons. This
is also true for K (affecting K/Rb) ratios although variations can also be attributed to
porosity variations given that Cl atoms will absorb potassium X-rays such that apparent
elevations actually reflect increased porosity. Fluctuations in K/Rb show converse
behaviours with respect to the previously mentioned ratios (i.e. Sr/Ca) interpreted to
illustrate downcore shifts between clay rich (elevated K/Rb) horizons and those with
reduced clays and/or mixed provenance layers affecting porosity.

Variations in Fe/Ti and Cu/Ti are highly correlated for maximum peaks (e.g. at ~5, 12, 24,
~27 &~30 cm) and with Fe/Rb profiles (though the latter retains relative consistency as
opposed to the peak profile nature of the other two). Ratio values for Fe/Rb are consistent
and elevated in horizons between 1-5; 7-12; 15-19 & 23-28 cm; absent between 6-7 cm
and less than half of highest values for the remainder of the core. Peaks in Cu/Ti have
previously been related to diagenetic origins (Croudace et al., 2006). As a good indicator
of redox-related diagenesis, Mn/Ti variations may well identify oxic/anoxic regions in the
core.

Downcore variations in a series of elements are reported in Figure 9.9. Coincidence of
these, (with the exceptions of Pb and Al, Si and Ca to a degree), implies that their
presence/absence is controlled by the same factors (i.e. directly by mineralogy and/or
indirectly through interactions with given minerals that make up the terrace sediment
profile). Variations in K/Rb appear to coincide by a large part to elemental variations in
keeping with the notion that they correspond to increases in fine sediment (clay) contents.
The almost converse relationship seen between the same elements plus K/Rb and Mn/Ti
(certainly for major peaks in the latter) suggest that relative concentrations of most
elements are also controlled by redox conditions within the sediments (i.e. high Mn/Ti
correlated with lower elemental concentrations).

Elevated contents of Br and S (e.g. ~15, 17.5 and ~27 cm) can be interpreted to suggest
an increase in organic-rich sediments. If so, terrace sediments between 4 and 7.5 cm are
characterised by particularly organic-rich horizons.

In some instances (e.g. for As), relationships are more complex, with variations
attributable to more than one factor. For example, the coupling of peaks across multiple
elements (including As) at ~29 cm depth with Si may suggest the presence of detrital or
authigenic As. Assuming this and that peaks in Si relate to horizons of higher grain size of
terrigenous origins, correlation of peaks (Si, K, Mn, Zn, Cu, As, Pb and Cr) would suggest
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that these elements define the relict of a high-energy event within the core. Other, smaller
peaks in Si are reported at ~6 cm, 9 cm and 16 cm. Corresponding relationships between
As and Mn/Ti ratios (given previous interpretations of the latter) would suggest that upper
terrace horizons (0-7.5 cm) and lower portions (e.g. below 7.5 cm and at ~12 cm) are
characterised by disparate As concentrations related directly to the occurrence of oxic
versus anoxic sediments (i.e. exposure to oxygenated waters and/or the air at the terrace
surface).

Using highest to lowest count levels (approximately 4000 - 6 variable) as a guide, terrace
sediments are composed of: [Fe > Ca, Ti] > [Mn, Cu, Zn, As] > [Al, S, K, Rb, Th, U, Pb] >
[Br, Cr, Ge, Sr] > [Mg] > [Si, P, V, Ga, Zr] > [Ni]. Assuming that analysis comprise 100% of
the sediment composition sediments are comprised of 51% Fe, Ca and Ti; 26% Mn, Cu,
Zn or As; up to 13% Al, S, K, Rb, Th, U or Pb; a maximum of 5% of Br, Cr, Ge or Sr; 4%
Mg; 1% Si, P, V, Ga, or Zr; and trace (0.01%) Ni variable.

Figure 9.9: Itrax analysis of CO_1 showing optical and radiographic downcore profiles and
selected geochemical variations (count intensity). The green line indicates a valid ITRAX
measurement while the red dashed and greyed areas are user-defined reference
lines/sections (generated using ItraX-Plot integrated software, NOC).
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Both the magnitude and position of elemental variations provides insight into the nature of
terrace sediments and variations of mineralogy with depth. For example, Mg contents
comprise distinct portions of the analysed core including the uppermost 0-3 cm; mid- to
lower- core sediments between 13 and 15 cm and most significantly between 17 and ~22
cm and ~35 and 37 cm.

9.2.4.1.

Complementary standard XRF analysis: verification of ITRAX data

Conventional XRF analysis has been carried out on selected horizons to complement and
provide verification to ITRAXTM data. Five samples were analysed (Figure 9.10): 0.0 - 3.5
cm; 11.0 – 14.5 cm; 22.5 – 26.0 cm; 32.0 – 35.5 cm and 39.0 – 42.5 cm respectively. Data
are typically expressed as metal oxides. As it is evident that the system here is far more
complex, values have been recalculated to element and sulphur as sulphate contents
(Table 9.1).

As is expected, iron contents dominate sediment compositions typically comprising 68 to
93% of total composition. This predominance coupled with colour and textural variations
confirms that the majority of terrace sediment volume comprises a mixture of iron phases.

Maximum S (as SO4), Mg and Ca contents characterise the uppermost horizons
suggestive that secondary efflorescent minerals (e.g. gypsum) form atop terraces and in
voids within the exposed upper horizons during periodic drying. The marked peak in Si
contents (along with alkalis and Ti) in lower horizons is interpreted as indicative of the
event horizon previously highlighted in Itrax profiles where a high energy event has
resulted in the washing in, deposition and cementation of detrital minerals to the then
exposed terrace surface. Variations between the Itrax scan depths for this horizon and
those presented here illustrate the loss of material resulting from sample cutting,
preparation and amalgamation necessary for conventional XRF analysis.

Table 9.1: Conventional XRF and loss on ignition (LOI) data for Tintillo terrace sediment
(n = 5)
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LL1
LL2
LL3
LL4
LL5
SC1
SC2
SC3

Co
216
249
246
177
244
223
218
237

Minor elements continued (ppm)
Cu
Zn
As
Pb
999
1299
487
383
1296
1035
435
267
1290
838
690
394
1204
1166
705
1082
1492
1017
708
533
332
641
358
48
766
950
471
438
1225
1120
801
440

LL1
LL2
LL3
LL4
LL5
SC1
SC2
SC3

K
0.15
0.14
0.20
0.65
0.25
0.01
0.12
0.15

Trace elements (ppm)
Cr
Zr
70
44
59
29
61
37
75
73
65
60
82
17
79
33
62
54

Major elements (wt%: calculated from major oxide data)
Fe
Si
Al
S
SO4
Mg
40.74
0.43
0.82
1.35
4.05
0.62
45.28
0.84
0.72
0.91
2.73
0.42
45.31
1.15
0.85
0.88
2.64
0.35
35.24
7.44
2.36
0.90
2.70
0.53
44.01
1.68
1.02
0.92
2.76
0.46
38.99
0.00
0.53
1.42
4.26
0.25
34.06
0.34
0.73
1.10
3.30
0.31
43.07
0.16
0.65
1.02
3.06
0.52

Ni
30
27
27
30
28
20
26
28

Ti
0.14
0.05
0.11
0.19
0.19
0.04
0.09
0.24

LOI
36
30
29
26
29
41
47
34

P
0.08
0.07
0.07
0.05
0.03
0.12
0.08
0.11

Minor elements (ppm)
Mn
Na
Ca
774
445
1144
542
223
387
371
620
1187
214
542
742
71
387
71
465
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286
620
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Figure 9.10: Confirmation of downcore geochemical variations by complementary analysis
using standard XRF (A-G).
Elements other than Fe comprise 7 to 32% of the total analysis. To better see underlying
major element and heavy metal variations compositions have been re-calculated to 100%
exclusive of Fe for the former (Figure 9.11).
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Figure 9.11: Geochemical compositions (major elements) from five horizons (core CO_1)
analysed by conventional XRF recalculated as percentage distributions of total analysed
major elements. A bar chart of iron contents has been plotted separately to avoid the very
high iron contents of sediments obscuring underlying geochemical variations.
In addition to verification, conventional XRF analysis allows quantification of the relative
compositional abundances within the terrace sediments. In summary form major element
characteristics of terrace sediments include:

•

Si averages of 7% ranging some 20% across analysed samples from 1 – 21%

•

Variations in Al from 2 to 6% (averaging ~3%) making Al the third most abundant
major element after Fe and Si dominated by an almost five-fold increase in
lowermost (~40 cm) horizons relative to the rest of the core
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Contents of Mg (as well as Ca) are consistently ~1% in analysed samples with

•

relative enrichments confined to uppermost horizons (0-3.5 cm) and those at ~32
cm
The remaining major elements occur at proportions ≤ 1% in the sequence: K > Ti >

•

P > Na > Mn
Sharp decreases in Ti at ~ 11cm prior to increasing to maximum levels in the basal

•

portions of the core (≥ 32 cm) are reported
Maximum values per element (plus SO4) are reported as follows: Fe at ~22.5 cm;

•

Si, Al, K and Na, at ~32 cm; SO4, Mg, P and Ca in uppermost horizons and Ti in
basal portions

Terrace sediments contain characteristically high concentrations of heavy metals (e.g. Cu,
Zn, As, Pb and Co averages of 1256, 1071, 605, 532 and 226 ppm respectively; Figures
9.12 & 9.13), indicating that these components are readily sourced, transported and
entrained into terrace sediments. In addition, As concentrations are elevated and variable
(~273 ppm across analysed samples) appearing generally lower in the upper half of the
core than the lower half. Concentrations of Ce are markedly higher than La contents
throughout.
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Figure 9.12: Downcore trace element profiles measured by conventional XRF. All data are
in parts per million (ppm). Connecting lines in pane B highlight the behaviour of Zn, Cu
and Pb.
Variations in trace elements are better seen in Figure 9.13 where data are presented as
proportions of total analysed trace elements. Heavy metals (Cu, Zn, As, Pb and Co)
characterise Tintillo terrace sediment compositions present at some 226 to 1492 ppm.
Considering contents as percentages of total (analysed) trace elements, Cu comprises
26% to 35%; Zn from 21% to 33%; and As a relatively consistent ~13% of total analysed
trace elements. Ranging from 7 to 20%, Pb makes up the next largest proportion of heavy
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metal contents with the remaining <1 to 12% comprising remaining analytes (e.g. Ba, Co,
V, Cr, Ce, Ni, or Sr).
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Figure 9.13: Trace element profiles recalculated as percentage distributions of total
analysed trace elements. Elements occurring at <1% are excluded/not identified. All data
are in parts per million (ppm) and derived from conventional XRF analysis.
By large, geochemical trends here support the Itrax data. Correlative variations downcore
are observed for two main groups: (Si, Al, K, Na +/- Ti) and (Mg, Mn, Ca, +/- S, +/- P). The
apparent distinction of Fe (and to a lesser extent, S) contents from other major elements
in XRF analysis may represent resolution variations and/or processing effects.
Specifically, reductions in Fe contents coincident with the proposed event horizon are not
evident in Itrax analysis. Likewise, some variations in heavy metals apparent in XRF
profiles are less evident in Itrax profiles. Elevated Si and Al contents typifying the event
horizon and lowermost horizons (LL5) are associated with highest Pb contents and
relatively high proportions of heavy metals and Ba (e.g. Cu>Zn>Pb>As>Ba>Co).

A summary of the XRF and associated loss on ignition (LOI) data is given in Table 9.2.
Qualitative estimates of:

•
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gypsum after Santisteban et al. (2004))
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•

LOI550 losses in organic carbon from minerals (e.g. siderite magnesite
rhodocrosite; Heiri et al. 2001) plus metal oxides and from the decomposition of
volatile salts (association with Al, Fe (+/- Na, Mg & P illustrative of clay groupings)

LOI950 losses of inorganic carbon (e.g. calcite content) and dewatering of clays (e.g. Heiri
et al., 2001) are inferred. However, it is noted that the decomposition of numerous
minerals begins at <550°C and exceeds 950°C so these form a coincident range of
dehydration particular to the minerals (e.g. clays) present (e.g. Brindley and LeMaitre,
1987).

Table 9.2: Sequential loss in ignition (LOI) data (at 105°C, 550°C and 950°C) for terrace
sediments.

CO_1
LL1
Lowermost LL2
LL3
LL4
LL5
CO_2
HRZ1-3
Mid-tract
HRZ4-6
HRZ7-9
HRZ10-12
HRZ13-15
HRZ16-18
HRZ19-21
HRZ22-24
HRZ25-27
CO_3
SC1
Uppermost SC2
SC3

LOI 105
7
6
6
5
7
12
12
12
11
10
10
9
9
8
10
7
6

LOI 550
25
19
18
17
18
25
25
25
24
23
23
23
23
22
27
21
18

LOI 950
11
11
11
9
11
42
41
40
44
40
26
30
23
29
14
26
16

LOI T
44
35
35
32
36
79
79
77
79
73
59
62
54
60
51
54
40

Lowest organic matter (OM) contents are recorded in basal horizons of all cores (the
lowermost ~10 cm). Conversely maximum OM contents are persistently recorded in the
uppermost 0-3 cm of the terrace walls perhaps suggestive of a mobile organic fraction (i.e.
microbes), or relict pine needle accumulations. Visual associations between pine needles
and fluorescent green blooms during a flood event (detailed in Chapter 10 of this thesis)
would suggest that these options are not necessarily mutually exclusive.

It is noted that despite the application of sequential LOI techniques to sediments to
distinguish between organic and inorganic carbon, it is rather the associated dewatering of
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organic matter and water-bearing minerals (e.g. clays/gypsum) and pore waters that are
interpreted to affect variations in terrace sediments.

The chemical composition of the terrace sediments is consistent with mineralogical data.
The dominance of particular Fe oxides and hydroxides varies in proportions relating to the
relative ageing and/or hydration of the sediment in question. Average contents of around
60% of Fe and volatile contents (LOI) of ~30% in CO_1 are similar to those measured in
monomineralic schwertmannite (Bigham et al., 1996; Sánchez-España et al., 2005a).
Preservation of Fe contents in CO_2 and CO_3 analysis but variations in LOIT are
interpreted as representing relative transition from schwertmannite to other Fe oxides (e.g.
Goethite and/or jarosite) and may also be affected by relative salt contents, organic matter
and particularly for CO_2, dewatering of clays.

Variable contents of silica (0.3–15.9%) and alumina (1.0%–4.5%) are thought to relate to
the amount of detritic silicates in the samples. Terrace sediments also contain significant
concentrations of metals including Mn (0.05-0.1%); Cu (332-1492); Zn (641-1299); Pb
(48-1082); As (358–801 ppm) and Co (177-249) in addition to trace concentrations of Cr,
Zn and Ni which could have been adsorbed onto the mineral surfaces of the Fe3+ solids
during precipitation.

9.2.5. Sequential extraction
The relative availability of various elements (including heavy metals) from site sediments
has been investigated using the sequential extraction scheme of Dold (2003b) previously
applied to the analysis of spoil sediments (Chapter 7; Section 7.9.2 pg. 138). Particular
significance is assigned to heavy metal fractions given their potential toxicity.

Compositions per extraction leachate (1-7) are shown in Figure 9.14.

Variations

downcore are illustrated (e.g. A1-A27).

9.2.5.1.

Stages 1 & 2: (A & B) Water-soluble and exchangeable fractions

The water-soluble leach is characterised by highest sulphur concentrations (42% of total
extractant concentration), equating to 442ppm, followed by Zn and Mg at 17 and 13%
(161 and 116ppm respectively). Typically, the remainder of the water-soluble leachate is
composed of Al, Ca (also at its maximum extraction across all stages) and Fe (78, 64 and
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27ppm respectively) at 9, 7 and 3% of total extractant concentration. Implications are that
soluble

fractions

are

predominantly

sulphates

containing

readily

available

Zn

concentrations. Indeed, the majority of heavy metals are extracted in the water-soluble
stage (i.e. concentrations of Mn, Ni, Co, Zn and Cd are 77 – 98% of total extracted
concentrations across all stages) indicating that terrace sediments (particularly surfaces)
are a significant and dynamic interface for potentially toxic elements. It is evident then that
the terraces play a principal in the role of recycling of metals and acidity in the surficial
environment. Notable elevations at ~10 cm and ~15 cm indicate that, whilst phase
transitions may occur, major and heavy metal compositions are retained and vary over
small distances in the sediments.

The exchangeable fraction leachate is distinct in that heavy metal proportions are
reduced, a marked reduction/absence of Mg occurs and K and Fe contents are more
pronounced. This would tend to suggest that the most readily available and soluble
minerals are S-Mg related and that, once exhausted through dissolution, the next
interactions occur with variably Fe-S-K mineralogies, adsorbed species and mixed layer
alteration products.

The exchangeable fraction (B) retains high S concentrations at 504 ppm (59%) followed
by Fe at 211ppm (25%) and then Ca (highest of all leachates) and K, Al and Zn from 8%
to ~2% (72 ppm to ~13ppm respectively). At 0.5 to 2% Mn, Cu, Si and Na make up the
rest. Consideration of proportional concentrations (i.e. relative to all elements across all
seven stages) the exchangeable fraction is characterised by highest S and Ca
concentrations at 27 and 51% respectively second only to water-soluble leachates.
Coincidence of these elements is suggested to relate to the presence of gypsum in voids
within sediments as previously mentioned.
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Figure 9.14: Downcore (numbers 1 – 27 x axis) variations in leachate geochemistry per
extraction leachate (A – G x axis). Bars represent 100% contents and colours are coded
per element (see the inset legend for details).

9.2.5.2.

Stage 3: (C) The Fe3+ oxyhydroxide leach

This stage is characterised by elevated Fe concentrations averaging 86% (2708 ppm).
Sulphur concentrations are a quarter of those reported in the previous leachates at ~11%
(349 ppm). Low proportions of Al at 1% (~40 ppm), K and Si at ~0.5%, 0.1% Zn, Ca and
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Cu and 0.03% to 0.01% Mg, Cr, P and Na comprise the remaining leachate chemistry.
This leachate is characterised by highest Si and Cr concentrations followed closely by
those in stage 6, the dissolution of primary sulphides leach.

9.2.5.3.

Stage 4: (D) The Fe3+ oxide leach

This extraction step is likewise dominated by Fe (at 88% or 1750 ppm) and reduced (10%
or 180 ppm) S contents with the remaining extract chemistry comprising 1% (20 ppm) Al
and 0.8% (16 ppm) K and an array of elements at 0.1 to 0.3% including Na, Cu, Zn, Si
and P. At just above detection limits, As and Pb comprise around 0.04% (0.9 and 0.7ppm
respectively) and are the highest percentage contents of As and Pb (51 and 47%
respectively) reported from any stage.

9.2.5.4.

Stage 5: (E) Dissolution of organics and secondary Cu-sulphides

Leachate chemistry from this stage is characterised by elevated Fe concentrations (55%
or 275 ppm), S (36% or 182ppm), Al (4% or 20ppm) and K (3% or 13ppm). The remainder
of leachate E comprises Si, Cu, Na and Ca (all at 1%), Zn (0.5%), P (0.1%), Mg (0.05% or
0.2ppm) and Ti, Mn and Cr at 0.03 to 0.01% respectively. Stage E of the extraction
procedure shows no maximum for any analysed elements. Rather, stages E and F show
predominance in leachates of Ti, Na, Fe, P, Cu and K.

9.2.5.5.

Stage 6: (F) Dissolution of primary sulphides

High Fe contents (66% or 13218ppm) suggest that iron-sulphides are dominant in this
system (e.g. pyrite). The next most abundant element in leach F is K, present at 32%
(6461ppm). Lower concentrations of 1% S (173 ppm), 0.2% Al, 0.1% P, Cu, Zn, Si, 0.02%
Na, 0.02% Ti, Pb, Cr and 0.01% Ca make up the remaining composition.

Proportions of K dominate leachate F to such an extent that other leachates comprise
<1% of total extracted potassium. Step F shows maximum percentage concentrations at
39%, 53%, 60%, 68%, 71% and 98% respectively for Na, Ti, Cu, Fe, P and K followed by
leachate E contents (second largest) of 16%, 18%, 12%, 14%, 20% and 0.7% for the
same series.
Figure 9.15: Downcore (1-27) heavy metal concentration variations per sequential extraction
leachate (A – G) excluding Zn, Cu and Mn which are shown in a separate figure for clarity given
their high proportional contents in terrace sediments.
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Stage 7: (G) Residual silicates

This leachate is composed almost entirely of Fe (98% and 1340ppm) with minor K, S, Al
and P (3, 2, 1 and 0.2% respectively). Concentrations of Cu, Na, Si and As are ~0.1%; Zn
and Pb 0.02% and Ca, Ti and Cr 0.01%. Extractant G has highest As concentrations
(47%). Concentrations of Pb retain a high percentage in leachates G (24%) and A (19%)
followed by reduction to some 8% in B and < 1% in the remaining solutions (C, E and F).
The final leach is dominated by heavy metal contents, As, Al and Mg. Percentage
contents are second to those recorded for leach A and D and are much lower at ~18% for
Al, 24% for Pb and 48% for As and Cd, Mn, Zn and Mg show ~10% percentage contents
and Ni and Co ~1%.

Because of the dominance of Fe in terrace compositions, downcore heavy metal
variations have been plotted separately in Figures 9.15 and 9.16.
300

45

Zn
Mn
Cu

250

200

35
30
25

150

15

0
A 1 A 3 A 6 A 9 A 12 A 15 A 18 A 21 A 24 A 27

Zn
Mn
Cu

16
14
12

20

5

5

0

0
B 1 B 3 B 6 B 9 B 12 B 15 B 18 B 21 B 24 B 27

Zn
Mn
Cu

8
7

6

C1

30
25

6

3

20

4

2

2

1

0

0

6

Zn
Cu

35

4

D9 D12 D15 D18 D21 D24 D27

C9 C12 C15 C18 C21 C24 C27

40

8

D6

C6

45

5

D3

C3

50

10

D1

Zn
Mn
Cu

25

10

10

50

30

15

20

100

Concentration (ppm)

Zn
Mn
Cu

40

15
10

5
0

E1

E3

E6

E9 E12 E15 E18 E21 E24 E27

F1

F3

F6

F9 F12 F15 F18 F21 F24 F27

Zn
Mn
Cu

5
4
3
2

1
0
G1

G3

G6

G9 G12 G15 G18 G21 G24 G27

Figure 9.16: Downcore (1-27) variations in Mn, Cu and Zn concentrations per sequential
extraction leachate (A – G).
Downcore variations in heavy metals can be summarised as defined by soluble Zn, Mn,
Cu and lesser Cd, Ni and Co contents (particularly in uppermost horizons). Exchangeable
fractions appear to be associated with Pb +/- Cr and Co. Trace element associations
between Fe phases (i.e. the method-defined oxyhydroxides and oxides – stages 4 & 5)
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show the former to have higher Cu than Zn contents with Fe-oxdies returning
approximately equivalent Cu and Zn proportions. Remaining stages (at lowest pH < 2.5)
are characterised by leachates comprising concentrations of Zn, Cu, Cr, Pb and As
indicating a pH dependent retention capacity to terrace sediments whereby a suite of
heavy metals are temporarily sequestered.

9.2.6. Geomorphological pattern formation of Tintillo terraces
Whilst the complexities of terrace formation are evident given even a brief assimilation of
observations and analysis made in this thesis, relatively simple physical processes could
readily explain their step-like morphology. Indeed, the superficial similarities between the
Tintillo terraces and other stepped structures in fluvial systems are clear.

Assuming that the geomorphological pattern formation of Tintillo terraces is determined by
a dominant single mechanism (e.g. precipitation); or small number of mechanisms (e.g.
dissolution, and/or temperature or DO variations (+/- biotic mediation)) acting over a
limited range of length scales, growth (as for travertine dams in a streambed) is due to
chemical (precipitation) and/or biologically mediated precipitation and particle capture
(Meakin and Jamtveit, 2010; Pentecost, 2005; Sánchez-España et al., 2007a).

Each Tintillo terrace consists of a dam and ridge that impounds a pool of water. In
qualitative terms it appears that the trapping of particles and/or preferential precipitation at
the terrace edges where the water is shallowest and flows most rapidly controls terrace
formation and hence the observed pattern. That is, terrace formation by the amplification
of perturbations due to the decreased fluid depth and increased fluid velocity associated
with them (see Buhmann and Dreybrodt, 1985; Hammer et al., 2008). As in most fluvial
systems, the morphology of the terraces is thus controlled by erosion, sediment transport
and sediment deposition. Considering the system as dominated by mineral precipitation,
the rate of precipitation is greatest under conditions that would lead to erosion in most
sediment-dominated systems.

Flow is highly variable. If morphological dynamics are controlled by physical processes,
(i.e. by sediment erosion, transport and deposition), it is suggested that the evolution of
terrace systems will occur primarily under high-flow conditions (e.g. Burkham, 1972; Eddy
et al., 1999). The significance of flood events to the CA-Tintillo system may well be more
complex than those impacts relating to the mass dissolution and mobilisation of dissolved
solutes associated with the ‘first flush’ phenomenon (e.g. Jamieson et al., 2005;
Nordstrom, 2011).
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Vegetation arcs and litter dams have been considered fundamental to some theories on
pool formation where maximum flow is just enough to move the largest debris and the
step pool pattern evolves to the most stable form in which the flow resistance is highest
(e.g. Abrahams et al., 1995). Pine needle accumulations were ubiquitous across Tintillo
terrace lips in the study site and are considered as part of their evolution. Indeed, terraces
formed from pine needle dams sintered with silicaceous mineral precipitates have been
documented at Yellowstone National Park (Meakin and Jamtveit, 2010).

Whilst further research would be needed to provide compelling evidence of their specific
growth model, what can be concluded is that the Tintillo terraces are formed by the
oxidation of iron in highly acidic waters. Sánchez-España et al. (2007a) consider that
absorption of oxygen from the atmosphere and/or micro-organism photosynthesis results
in a rapid increase in the oxygen content of the water and a combination of organic
(primarily microbial) and inorganic processes oxidise Fe2+ to Fe3+ leading to the
precipitation of a variety of hydrated iron oxyhydroxides and hydroxyl sulphates.
Observations here agree with the growth of Tintillo terraces by precipitation of these Feochres and that shifts in dissolved oxygen are key. Fundamentally, the rate at which
mineral terraces grow is controlled by the rate at which dissolved mineral precursors are
supplied by the source and by the rate at which the aqueous chemistry and/or
temperature changes to bring about supersaturated conditions (Meakin and Jamtveit,
2010). Profound increases in DO reported here during the 2007 flood event perhaps
suggest a more significant role of floods in AMD-affected waters supplying supersaturated
waters and the requisite DO levels necessary for terrace growth.

Ultimately, the coupling between fluid dynamics, solute transport and precipitation results
in unstable growth whereby nascent terrace lips induce flow conditions that cause them to
grow more rapidly than their surroundings. This in turn results in flow conditions that
cause them to grow even faster (e.g. Model in Hammer et al., 2008). In carbonate
systems it has been found that material deposited on the terrace rims is much harder and
more erosion-resistant (Meakin and Jamtveit, 2010). Protrusion of Tintillo terrace rims,
scalloped surface features and a defined uppermost edge are interpreted to relate to the
same.

Similar scalloped features on the walls of phreatic cave passages have been used to
estimate the velocity of the waters they were formed from (e.g. Gale, 1984; Thomas,
1979). The faces of Tintillo terraces are covered with patterns that could be considered as
scallops (Figure 9.17D). Such features have a variety of origins (see for example Figures
9.17A, B and C) formed by dissolution, corrosion, erosion and the deformation of weakly
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cohesive sediments mediated by turbulent flow (in ice caves, on meteorites, re-entry
vehicles, impact ejecta surfaces and on snow and cohesive bed forms in fluvial systems
on Earth and Mars (see Allen 1971; Bintanja, 1999; Bintanja et al., 2001; Duffa et al.,
2005; Ernston, 2004; Lin and Qun, 1986; Meakin and Jamtveit, 2010). Tintillo scallops are
of relatively uniform size, of the order 2 – 5mm width.

A

B

C

D

1cm$

Figure 9.17: Examples of some scalloped geomorphological patterns associated with (A)
The roof of an ice cave in Bavaria (Karsten Peters, National Geographic, 1999; Meakin
and Jamtveit, 2010); (B) The Bacubirtito meteorite (Buchwald, 1975; Meakin and Jamtveit,
2010); (C) A schematic scallop feature common to the three listed geomorphological
features (where the flow field in the scallop can be defined by channel flow from left to
right and numbers 1 to 5 respresent: the flow separation; direction of surface motion;
secondary flow eddy; re-attachment zone and the locus of maximum dissolution
respectively (adapted from Blumberg and Curl, 1974; Meakin and Jamtveit, 2010). Finally,
photograph (D) shows the face of a Tintillo terrace wall with surface scallop features.

The growth of mineral terraces is extremely complex with uncertainty surrounding the role
played by micro-organisms; the complexities of fluid flow and chemistry and the dynamic
responses of terrace morphology over a wide range of scales. Nevertheless, terrace
formation is still considered a robust process where the development of theoretical
(Wooding, 1991) and numerical models for terrace growth (Chan and Goldenfield, 2007;
Goldenfield et al., 2006; Hammer et al., 2007, Hammer et al., 2008; Meakin and Jamtveit,
2010) is considered eminently probable in the near future.
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Ultimately,

Tintillo

terraces

are

a

result

of

precipitation/dissolution

reactions

influenced/controlled by variations in temperature, dissolved oxygen and relative
saturation with respect to elements derived from source region AMD. Physical controls on
deposition and erosion are reported (e.g. flood event horizons and abandoned terrace
sections). It is a combination of these processes (+/- biotic factors not analysed in this
thesis) that act over a large range of time and length scales that result in the terrace
patterns.

In their 2007a publication, Sánchez-España et al. concluded that the internal arrangement
of terrace formations in the district appears to be identical in shape, suggesting that the
deposits are fractal (not scale-dependent) in nature.

Through analysis of aerial and microscope photographs of Tintillo terraces in this thesis
and using FracLac (Karperien, 1999-2013) and ImageJ (Abramoff et al., 2004; Schneider
et al., 2012), the complexity and relative scaling of the terraces has been quantitatively
defined (Figure 9.18). A series of grids of decreasing caliber (boxes) have been laid over
each image (once uploaded and made binary) and data recorded (count: whether a box is
empty or not) per successive caliber resulting in several types of fractal dimension (DF), in
particular box counting dimension (DBs) and a feature known as lacunarity (relative
complexity of form, denoted by λ, in FracLac and pertaining to both gaps and
heterogeneity).
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Figure 9.18: Binary images (A-C) derived from field photographs of the Tintillo terraces
and photomicrographs of thin sections prepared in the laboratory. Micro-, centimeter- and
meter-scale images have been analysed. All image rendering, binary conversion and box
counting was carried out using ImageJ (Abramoff et al., 2004; Schneider et al., 2012) and
related macros within. Inset graphs are example plots of the fractal dimensions (D)
calculated from at least n = 10 pictures per scale.
The fractal dimension (DF) as defined by box counting analysis (DB = DF) ranges from 1.69
to 1.87 and averages 1.78 for Tintillo terraces (n = 31 with at least n = 10 per scale). This
value objectively quantifies the complexity of the analysed digital images and shows that:

1. The terraces are very complex and
2. That they are approximately equivalent in complexity of form over several orders of
magnitude according to the scaling rule for the relationship between count and box
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size and assuming these correspond respectively to detail (or N, the number of
parts) and scale (ε) according to the equation:

DB = limε→0 [log Nε/log ε]

Where the limit is found as the slope of the regression line

Analysis at micro-, centimeter- and meter-scale results in fractal dimensions (DB) that plot
in a linear correlation (r=0.62 p≥0.01) with meter scale terraces returning lowest fractal
dimensions (average 1.74, ranging 1.66 to 1.82), centimeter scale ones mid- (average
1.86, ranging 1.85 to 1.88) and micro scale terraces (average 1.88 ranging 1.87 to 1.91)
highest fractal values. Centimeter and meter scale terraces correlate well, (r=0.71;
p≥0.05), whilst micro-terrace values return lower correlation coefficients with both other
groups. This may indicate the loss of some fine structure despite efforts made during
sample preparation (i.e. Spurr resin impregnation and mounting and polishing for thin
section analysis) or represent multi fractal variations in relation to shifts in controlling
processes (e.g. temperature, dissolved oxygen, microbial actions) at different scales.

9.3. Tintillo evaporites
Sulphate efflorescences and their mode of occurrence in the IPB constitute a low
temperature, over saline, non-marine cyclic evaporation system in an area dominated by
AMD. Similar sulphate efflorescences associated with mine wastes have been noted for
some time (e.g. Alpers et al., 1994a; Alpers et al., 2000a; Anthony and McLean, 1976;
Bishop et al., 2005; Cravotta, 1994; Jambor et al., 2000a; Keith et al., 2001; Martin et al.,
1999; Merwin and Posnjak, 1937; Nordstrom and Alpers, 1999b; Nordstrom et al., 2017).
Geochemistry of these minerals is considered as being directly linked to the chemistry of
the surface waters from which they are precipitated (Spencer, 2000).

A wide range of evaporitic salts and soluble iron salts have been identified at the IPB (e.g.
Buckby et al., 2003; Cánovas et al., 2008; Hudson-Edwards et al., 1999; Lottermoser,
2005; Valente et al., 2016a) and other mining regions (e.g. Jambor et al., 2000a; Keith et
al., 2001; and references therein). Commonly, however, little is known about the
distribution of these minerals around sources of acid solutions or their role in partitioning
of metals from AMD waters (Jamieson et al., 2005; Velasco et al., 2005). The abundance
and coarsely crystalline nature of efflorescences at the CA-Tintillo study site provided the
237

opportunity for sampling of these minerals with coexisting waters such that processes
affecting solution and transport behaviour could be assessed.

Secondary mineral accumulations in the Tintillo-CA system occur as efflorescences
draping CA spoil bases where springs emanate; as cements and authigenic overgrowths
on primary minerals (detrital fragments of ore body, gossan and mine waste and tailings
tips); and as precipitates coating deltaic areas and Tintillo River channel limits and the
surfaces of exposed debris. They represent accumulations, at source, of primary
weathering products indicative of source and varying according to prevailing climatic,
hydrological and/or geochemical conditions.

These minerals store Fe, SO4 and potentially hazardous elements such as As, Cd, Cu
and Zn as well as acidity and Fe3+ (an oxidant) during dry periods (e.g. Accornero et al.,
2005; Alpers and Blowes 1994; Jambor et al., 2000a; Sánchez-España et al., 2008a).
Accumulations comprise sources of potentially deleterious elements that can be released
during periods of elevated flow when washing of previously dry and isolated areas induces
mass dissolution and the ‘first flush’ phenomenon (e.g. Jamieson et al., 2005; Nordstrom,
2011). Analysis of these minerals is essential to fully understand site dynamics,
geochemical interaction and AMD characteristics.

Photomicrographs (Figure 9.19) show the main features of the Tintillo evaporites.
Colourless fine-grained sugar-like aggregates of vitreous lustre have been identified as
coquimbite, magnesiocopiapite and halotrichite (iron, magnesium-iron and iron-aluminium
sulphate

hydrates:

Fe3+(SO4)3·9(H2O);

MgFe3+4(SO4)6(OH)2·20(H2O)

and

Fe2+Al2(SO4)4·22(H2O) respectively).

Proportionally less copiapite (Fe2+Fe3+4(SO4)6(0H)2·20(H2O)) was identified. Crystals of
coquimbite showed short prismatic and hexagonal morphology. Zones of reduced Fe
content

and

minor

shifts

in

morphology

suggest

the

presence

of

alunogen

(Al2(SO4)3·17(H2O)); a common replacement mineral of halotrichite. Halotrichite-group
minerals appeared to be forming as the outermost phase on some copiapite surfaces,
perhaps as a dehydration product. Extensive solid solution is known to occur between
halotrichite

(FeAl2(SO4)3·22H2O),

pickeringite

(MgAl2(SO4)4·22H2O

and

apjohnite

(MnAl2(SO4)4·22H2O) (Jambor et al., 2000a) with halotrichite-pickeringite types prevalent
here given analysis. Rust-coloured granular crystals in hand samples were confirmed as
römerite (Fe2+Fe3+2(SO4)4·14H2O) showing euhedral, triclinic crystals of thick tabular and
short prismatic pinacoid forms associated with coquimbite (see Figures 9.19 A – O for
example images).
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The most common and abundant sulphates occurring at the Tintillo mine site are identified
as magnesiocopiapite. Semi-quantitative EDAX analysis confirmed strong peaks for Fe,
Mg and S with a minor peak for Al. Crystals are characteristically euhedral, flaky/platy and
triclinic generally ~20µm across, but ranging from 10-50µm, frequently intergrown into
rosette or bunch aggregates. Intergrowths of a number of other efflorescences are also
identified (e.g. halotrichite, pickeringite (MgAl2(SO4)4·22(H2O)) coquimbite and epsomite
(Mg(SO4)·7(H2O)). Epsomite crystals were identified by orthorhombic botryoidal habits.
Halotrichite appeared as colourless acicular single crystals in Tintillo evaporite
paragenesis forming assemblages of hair-like white crystals up to a few mm in length
(~125 - 200µm in length). Tufted aggregates were frequent (e.g. Figure 9.19G) identified
as pikeringite. Szomolnokite (Fe2+(SO4)·(H2O)) is also identified as minute monoclinic
crystals with thick tabular habit. Collections of even smaller crystals are thought to be
rhomboclase (HFe3+(SO4)2·4(H2O)) based on analysis. Table 9.3 lists all mineral phases
identified in analysed evaporites using a combination of petrological microscope, XRD and
SEM analysis.
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Figure 9.19: Scanning electron microscope images of Tintillo evaporites (A – O).
Abbreviations are: Hex: hexahydrite; mg-cop: magnesiocopiapite; coq: coquimbite; ep:
epsomite; pick: pickeringite and hal: halotrichite. Elemental identification and quantitative
compositional information from combined SEM-EDX analysis was used to distinguish
phases (yellow writing).
Evidently, Mg and Mg-Fe sulphates dominated evaporites at the time of sampling.
Paragenesis tends towards a colloform series between white, yellow, pale yellow (2.5Y
8/4), yellow (2.5Y 8/8), yellow orange (7.5YR7/8) and orange varieties with highly localised
blue, grey, green and purple variants relating to trace element contents. Transitions are
interpreted to relate to a dehydration series with white farthest from water/moist surfaces
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transitioning both horizontally and vertically. Localised variations and micro and meter
scale inversions of dominant transitions are recognised.
Table 9.3: Mineral phases identified in Tintillo evaporites (amalgamated XRD and SEM
analysis and observation)
Minerals
Alunogen
Barite
Copiapite
Coquimbite
Epsomite
Ferricopiapite
Gypsum
Halotrichite
Hexahydrite
Magnesiocopiapite
Pickeringite
Rhomboclase
Romerite
Rozenite
Szomolnokite

Formula
Al 2 (SO 4 )3·17H 2O
BaSO4
Fe2+Fe 3+4(SO 4) 6(OH)2·20(H2O)
Fe3+2 (SO 4 )3·9(H 2O)
MgSO 4·7H 2 O
Fe3+2/3Fe3+4(SO 4) 6(OH)2·20(H 2O)
CaSO4·2H 2O
Fe2+Al2(SO 4) 4·22(H2O)
MgSO 4·6H 2 O
MgFe3+4(SO 4) 6(OH)2·20(H2O)
MgAl 2(SO 4) 4·22(H2O)
HFe 3+ (SO 4 )2·4(H 2O)
Fe2+Fe 3+2(SO 4) 4·14(H2O)
Fe2+SO 4·4H 2O
Fe2+SO 4·H2O

Relative abundance

X
X
XX
XX
XXX
X
XX
X
XXX
XXX
XX
X
X
X
X

Relative abundance: ‘X’ scarce; ‘XX’ common; ‘XXX’ very common

In addition to those already mentioned, other phases were identified. These included
white, elongate-prismatic growths of alunogen, (Al2(SO4)3·17H20) 10 – 15 µm across
(and/or meta-alunogen, Al4(SO4)6.2·7H20). Rounded, corroded appearances to some areas
under the microscope were observed and are suggested to illustrate partial dissolution.
Textural evolution from smaller crystals radiating into larger spherical aggregates of <
2mm diameter (e.g. magnesian halotrichite) and/or platy prismatic crystals (e.g. alunogen)
coalescing to form a cellular networks were found to be characteristic.

Due to the micro-scale transitioning of evaporites, attempts to match colour variations with
compositional variances have proven difficult. There is a characteristic polymineralic
nature to the Tintillo samples. Coupled with the complexity of transition metal chemistry,
colour does not provide a robust means to identify evaporites and despite visual
segregation, samples retain this heterogeneity. However, some generalisations can be
made:

•

White evaporites were consistently polymineralic containing various mixtures of
rozenite, halotrichite, pickeringite, epsomite and hexahydrite in these samples

•

Yellow evaporites were consistently (relatively speaking) identified as copiapitegroup minerals with paler yellow apparently indicative of magnesiocopiapite
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•

Isolated patches of grey-purple and darker brown/black evaporites were identified
as coquimbite and romerite respectively

•

Additional distinctively coloured evaporites (e.g. purple and/or blue/green)
represented localised accumulations of trace elements in association with different
sulphate phases (e.g. Mn and Cu respectively)

Analysis during SEM imaging profiled vertical geochemical variations in a sampled
colloform crust from the mid reaches of the Tintillo (Figure 9.20) and the pure white deltaic
area also mid reach. Orange and yellow Fe-rich accumulations appear closest to
evaporating water sources followed by generally higher proportions of paler yellow Mgrich evaporates and latterly by white efflorescences (predominantly Mg- and Al-rich).
Arrays of trace elements were variable but were generally as follows per type (Zn, Mn and
Cu are in brackets as they occurred in major element concentrations throughout).
PROXIMAL)

DISTAL)

Dehydra$on/oxida$on'sequence'

Tin$llo'River'
channel'
Mg–sulphates'

Fe3+'&'Al'
sulphates'

Fe2+:Fe3+' Fe2+'

cop'+/:'coq'+'rhom' cop'+'halo' mgcop'+'ep'+'
+'roz'+'szo'
+/:'pick'
hex'+/:'pick'

Figure 9.20: Sketch of the Tintillo River channel periphery showing the precipitation
sequence of evaporites that characterised the system during the sample surveys of
September 2005 and 2007. Variations in water levels resulting from the prevailing climatic
conditions have resulted in a dominance of mixed valence (Fe2+-Fe3+) sulphates, indicative
of periodic localised precipitation/dissolution reactions in response to wetting and drying.
Minor Fe2+-sulphates were identified proximal to water sources. Prolonged evaporation
and extensive precipitation of Fe-sulphates (including jarosite where conditions favour i.e.
in terraces and channel sediments) has resulted in the partitioning of Fe from waters
leaving residual waters oversaturated with respect to Mg. Further evaporation of these
waters over the last of the dry season has resulted in distal accumulations of Mg sulphates
(e.g. magnesiocopiapite or epsomite).
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•

Uppermost or furthest from water are typically white
S-Mg-Al-Fe (Zn-Mn-Cu) Co, Ni, Cd, Cr, Pb, As

•

Mid or upper where white is not present are pale yellow/yellow
S-Fe-Mg-Al (Zn-Mn-Cu) Ni, Co, Cr, Cd, Pb, As

•

Lowermost occurrences contacted with surfaces are orange
S-Fe-Mg-Al (Zn-Mn-Cu) Pb, Co, Ni, As, Cr Cd

Polyphase mixtures rather than monomineralic phases dominate Tintillo efflorescences.
This is indicative of a dynamic system where alternate dissolution and reprecipitation of
end-members results in the mobilisation of major and trace elements through the surficial
environment. Major crystalline phases identified (Table 9.4) include epsomite, hexahydrite
and magnesiocopiapite and variable pickeringite, gypsum, coquimbite and copiapite.
Remaining phases appear as isolated segregations relating to localised physiochemical
conditions.

Channel peripheries and terrace surfaces are dominated by magnesiocopiapite with
epsomite and hexahydrite tending to accumulate in areas surrounding spoil bases and/or
deltaic areas resulting from large scale evaporation away from the main channel.
Considering the most common Tintillo evaporites, two groups can be defined with respect
to their relative solubility and acid-generating capacities:

1. Those proximal to channel waters and peripheries and adorning terrace surfaces,
characteristically copiapite group, soluble and acid producing mixed Fe3+-Fe2+
hydroxysulphates

2. Those distal to the channel peripheries in deltaic areas and the larger
accumulations surrounding springs emanating from the CA spoil. These are
characteristically dominated by epsomite and hexahydrite, soluble magnesium
sulphates that are non-acid producing

The remainder of the identified Tintillo sulphates makes up varying minor proportions of
these crusts or occurs in localised accumulations. Variations within and between sulphate
crusts are thought to occur in relation to localised modifications in water chemistry, degree
of evaporation and/or sourcing. Of the identified additional sulphates the majority are
soluble and acid producing (e.g. copiapite, coquimbite and pickeringite; mixed Fe2+/Fe3+,
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Fe3+ and Al-sulphates respectively). Gypsum is the only additional non acid-bearing
soluble mineral identified.

Primary sulphate accumulations are related to headwater chemistries (Arvidson et al.,
2005). Average major cation contents of Tintillo River water samples are typically
Fe>Mg>Al type (or Mg>Al>Fe for pools; Fe>Mg>Al for channel and Fe>Al>Mg for spring
waters). These variations appear not only between water facies of the 2007 sample
survey but also between sample surveys, with the extremely low flow 2005 data series
typified by consistent Mg>Al>Fe type waters.

It is evident that the Mg-Fe-Al efflorescent SO4 salts of the Tintillo are best related to water
compositions during the low flow, relatively evapoconcentrated waters of the 2005 survey
and the 2007 pools series respectively. Given the timing of the fieldwork (late summer), it
is suggested that the predominance of Mg- and Mg-Al-Fe sulphates observed represents
accumulation specifically associated with the most evapoconcentrated, late summer
periods. The relative proximity of active springs with dominantly mixed and Fe3+ sulphates
and paucity of Fe2+ phases would tend to support this theory.

The
(AFe

most
3+

ubiquitous

4(SO4)6(OH)2·20H2O

phases

identified
2+

2+

are
+

copiapite-group

where A = Mg , Fe , Cu , Al2/3

3+

minerals

3+

or Fe2/3 ). The distinct

dominance of Mg and/or Mg containing sulphates in the Tintillo system relates directly to
the elevated Mg concentrations in source waters and in primary hard rocks analysed from
the CA spoil (see Chapter 7) and to low flow high evapotranspiration conditions.
Variations in major cation concentrations (Mg, Al and Fe) would suggest that low flow and
increased evaporation induce elevated Mg concentrations and higher flow and spring
water chemistry is Fe dominated with Al and Mg alternating in their respective
abundances (Mg > Al in channel waters under higher flow conditions and Al > Mg in
spring waters).

Table 9.4: Mineralogy of Tintillo evaporites (semi-quantitative [%] mineral contents of
evaporites E1 – E9).
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Constituent mineralogy semi-quantitative [%]
Tintillo Evaporite Magnesium sulphate heptahydrate Magnesium sulphate hexahydrate Pickeringite Halotrichite Magnesiocopiapite Romerite Gypsum Quartz
E1
62.4
15.8
18.8
E2
72.4
19.3
6.2
2.1
E3
39.4
46.1
14.5
E4
42.1
43.7
13
E5
81.6
18.4
E6
72.5
27.5
E7
70.7
E8
55.3
21.4
22
E9
15
50.1
21.8
13.1
Respective empirical chemical formulas (left to right): Mg(SO4)·7(H 2O); Mg(SO 4)·6(H 2O); MgAl 2(SO 4) 4·22(H2O); Fe 2+Al 2(SO 4) 4·22(H2O); MgFe3+4(SO 4)6(OH) 2·20(H2O);
Fe2+0.97Fe3+2.02(SO 4)3.98·13.81(H 2O); Ca(SO4)·2(H 2O); & SiO 2

Looking at the first two major features of the geomorphological system so far, Tintillo
sediments are dominated by Fe-hydroxysulphates (e.g. jarosite and schwertmannite) and
oxides and hydroxides (e.g. goethite and ferrihydrite) whilst the coexisting evaporite
system is an arrangement of laterally and vertically varied phases dominated by soluble
Mg-Fe-Al sulphates and hydroxysulphates. Their significance in the system is two fold:

1. As a temporary store of portions of the AMD related toxicity derived from the
weathering of CA spoil materials and
2. As hazardous accumulations of varyingly deleterious elements available to the
wider catchment as and when climatic changes instigate the next flood event

9.3.1. Raman analysis of evaporites
Given their significance in the storage and cycling of major and heavy metals and
generally polyphase characteristics, isolated samples (of white and yellow members
respectively) have been analysed by Raman to better characterise them. Preliminary
analysis showed that the white-yellow transition is common to colloform banded channel
periphery evaporites and those atop the terrace walls.

Spectra confirm that hydrated magnesium sulphate salts dominate. White efflorescences
(Figure 9.21A) show characteristic and distinct variations in vibrational spectra relative to
those of yellow sulphates relating to differences in the nature of complexation of water
molecules and O-H stretching frequencies with magnesium sulphate. Reduced crystallinity
of identified sulphates and an increased response for peaks relating to organic modes
appears to correlate with relative proximity to water (i.e. longevity of crust, effects of
dehydration on biotic and/or abiotic factors).
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A

White

B

Yellow

Figure 9.21: Raman spectra of (A) White (upper) and (B) Yellow (most common)
efflorescences of the Tintillo River tract.
White crusts are characterised by MgSO4·7H2O > MgSO4·5H2O > and MgSO4·xH2O
whereas yellow precipitates return peaks dominated by MgSO4·5H2O > MgSO4·7H2O >
MgSO4·xH2O. Indications are that there is transition between the two from dominantly
magnesium pentahydrate proximal to water sources to magnesium heptahydrate in distal
(white) crusts with concurrent variations in biotic modes. Moreover, it is suggested that
white

crusts

can

be

considered

as

predominantly

epsomite

and

yellow

as

magnesiocopiapite (confirmed by comparisons with data downloaded from the RRUFF
database (Lafuente et al., 2015).
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Yellow precipitates (Figure 9.21B) are characterised by a major peak centered on 979
cm-1 with individual peaks at 1002.61 cm-1 identifiable as magnesium sulphate
pentahydrate

(MgSO4·5H2O).

A

secondary

peak

at

984.06

cm-1

identified

as

(MgSO4·7H2O) and shoulder at 1020.80 cm-1 are characteristic of (CaSO4·1/2H2O) and
(MgSO4·xH2O) and CH modes that, combined with the three peaks to the left of the main
peaks at ~1228.10 and 1156.16 cm-1 are assignments that can be correlated with
magnesiocopiapite (after RRUFF spectral database).

Spectra for white Tintillo efflorescences are consistent with Mg sulphates including
epsomite (peaks identified at 286.23, 420.84 and 608.05 cm-1 plus the CCO stretch; C-C
stretch at ~1000 cm-1 mineral overlap with ν1 internal mode of sulphates including
epsomite group minerals (especially 984 cm-1)). Multiple analysis returned average peak
data for identified epsomite mineralogy (MgSO4·7H2O) as follows:

•

369 cm-1 MgSO4·7H2O

•

v4 612 cm-1 MgSO4·7H2O

•

v1 MgSO4·7H2O 984.11

•

v3 1095, 1134, 1061 cm-1 MgSO4·7H2O

The remainder of peaks in epsomite spectra can be interpreted as vC-H aromatic and/or
vOH of a phenol (3238.45 cm-1), aromatics and a spike at 2880 cm-1 absent in yellow
precipitate spectra. Various C=O stretch, aromatic C=C, C-O, CH2 and δCH modes.
Peaks and shoulders around 1396.04 cm-1 include mineral band assignment for hydrated
FeOH from pyrite. Similar assignments are observed in yellow precipitates. Organic
related peaks for yellow Tintillo sulphates are identified at ~3243.97 cm-1 (νC-H aromatic
and or νOH of a phenol), 1645.94 cm-1 (H2O bending modes) and aromatic C=C and D
band organic carbon C=C modes at ~1500 cm-1 and 1352.11cm-1 respectively.
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9.3.2. Geochemical analysis of the Tintillo evaporites: XRF
Cations needed to form sulphate efflorescences are derived from host rocks. The
particular assemblage reflects the prevailing conditions and ionic activities of the local
microenvironment.

Tintillo evaporites are characterised by relatively consistent and elevated major element
Na, Si, Mg, SO4 and Fe contents (Table 9.5). Minor element components are most
variable in relation to the downstream position of evaporites. Given their variably soluble
nature these trace metal contents represent a potentially serious environmental risk.
Variations in heavy metal and SO4 contents can be considerable (e.g. SO4 ranges 6835
ppm, Zn 1410 and Cu 914 ppm across analysed evaporites). It is evident then that
partitioning of heavy metals into secondary sulphate phases is modified by specific
environmental factors.

Table 9.5: Geochemistry (XRF) of Tintillo River sulphates E1 – E9.
Compound
E1
E2
E3
Major
Na* 81797.15
76277.74
82924.78
Si* 67535.59
67460.80
67535.59
Mg* 48478.06
41712.00
46337.29
SO4* 40062.72
37318.44
39492.99
Fe* 29935.73
16017.02
30914.94
Al* 12680.85
5959.37
11066.64
Minor
Zn
8783.50
8221.00
9327.90
Mn*
8519.03
9216.04
8054.35
P*
5280.69
4857.37
5058.12
Cu
2494.00
3150.00
3229.00
K*
730.53
722.23
738.83
Ti*
179.85
179.85
59.95
As
b.d
10.10
11.10
Ca*
b.d
b.d
b.d
Ni
66.50
47.50
77.60
V
56.30
56.40
32.80
H2O*
53.36
58.79
53.92
Trace
La
50.00
50.10
51.90
Y
39.20
51.10
46.90
Co
30.80
22.20
36.90
Ga
19.30
18.60
20.60
Zr
10.50
13.10
b.d
Sr
7.70
8.00
9.00
Sn
5.60
5.30
5.40
Mo
1.00
0.90
1.20
U
b.d
9.60
b.d
* derived data from major oxides, S and LOI respectively

E4
75387.51
67175.66
38232.48
37421.85
21962.20
4080.53
8338.90
8209.24
5001.38
3333.00
805.24
179.85
456.30
178.68
51.60
52.20
59.11
46.10
103.50
19.10
17.30
11.00
b.d
5.60
1.00
b.d

E5
73977.98
66857.80
40228.53
36662.22
21192.82
6022.88
8056.70
8519.03
5097.40
2679.00
747.13
119.90
b.d
214.41
54.90
27.50
58.81
48.60
49.80
21.40
14.40
11.80
b.d
5.10
1.10
b.d

E6
69029.79
66437.11
32871.49
35535.45
4616.26
4181.08
12689.50
15953.81
4879.19
4184.00
738.83
419.66
6.70
b.d
83.70
38.00
62.88
52.40
37.40
32.10
23.20
13.30
10.30
5.20
1.00
b.d

E7
96715.90
68437.74
60164.90
41312.31
21892.25
17375.31
6790.00
10067.94
5507.63
1047.00
738.83
179.85
b.d
b.d
127.00
178.20
49.11
54.10
70.30
83.70
18.20
10.70
21.00
5.20
1.00
b.d

E8
73740.59
71681.77
33703.68
34477.50
15107.75
0.00
10375.00
0.00
4970.84
4885.00
689.02
3237.34
8.90
b.d
70.70
55.20
61.76
55.40
46.70
23.80
18.50
11.90
12.10
5.00
1.10
b.d

Unit
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
wt%
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

Consideration of major and trace element arrays for upper, mid and lower reach
evaporites illustrates downstream compositional variations (bracketed as major, minor and
trace concentrations):

1. Upper reach evaporites
[Na>Si>Mg>SO4>Fe] > [Zn>Mn>Al>P>Cu>Ti>K] > [Ni>La>Co>As>Sn]
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2. Mid reach evaporites
[Na>Si>Mg>SO4>Fe] > [Mn>Zn>Al>P>Cu>K>As>Ca>Ti] > [Ni>La>Co>Sn]

3. Lower reach evaporites
[Na>Si>Mg>SO4>Fe] > [Al>Zn>Mn>P>Cu>K>Ti] > [Ni>La>Co>As>Sn]

Relative consistency of SO4 contents across all samples implies the continuous input and
regulation of SO4 within the system. Variability in heavy metal concentrations (e.g. Zn and
Cu) relates to differing sources, distance from source and/or local hydrogeochemical
factors induced at sediment and/or water interfaces. The Cu contents of Tintillo
evaporates are found to be consistently less than associated Zn contents. Peaks in
potentially deleterious components are identified (e.g. in E4 where As contents are
456ppm) indicating the latent ability for highly localised storage and release of harmful
components in secondary accumulations of the Tintillo River system.

9.3.3. Products of the evaporation of Tintillo waters
Syringe filter units used when sampling Tintillo waters were reserved in airtight bags. After
allowing them to dry, resulting precipitates were investigated using a scanning electron
microscope (SEM). Positive identification of a series of evaporites including gypsum
rossettes, magnesiocopiapite, and Fe-phases interpreted as jarosite have been made
(Figure 9.22).

Tabular polygonal crystals were identified morphologically and through analysis as Mgsulphates, specifically, magnesiocopiapite. Associations between these and unidentified
Fe-sulphate salts and bundled fibrous crystals of halotrichite were relatively common.
Larger crystals were typically singular and rosette gypsum laths. Filter surfaces and
alteration/desiccation pits to larger minerals (e.g. gypsum) were often filled with
accumulations of very fine grained sulphur- and iron- bearing particles, in places identified
as iron-oxides. Fungal hyphae were ubiquitous to the surfaces of most analysed filters
appearing in association with all phases (perhaps particularly gypsum, although this could
be a function of the relative size and so bias observation of these phases). Members of a
diverse array of diatom-, bacterial- like and other biotic forms were associated with the
precipitates. Euhedral jarosite aggregated as coherent chemical sediments across filter
paper surfaces and at the bases of and surrounding some larger phases. Almost all
phases and unidentified debris showed coatings of neo-formed schwertmannite as
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characteristics spicules reminiscent of sea-urchins and web-like filigree structures (e.g.
Dold, 2003c).
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Figure 9.22: Scanning electron microscope (SEM) images of the predominant features and
sulphate phases precipitating from Tintillo waters (taken using extracted filters from
syringe filters used during field sampling and appropriately preserved for analysis).
It is evident that precipitating phases tally with those modelled from water geochemistry
including direct and extensive precipitation of jarosite (K-) and schwertmannite.
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9.3.3.1.

Clay minerals

The volcano-sedimentary terrain typifying local geology provides a continued source of
clay minerals originating from the weathering of varyingly mineralised igneous and
metamorphic rocks dominated by the QFP of the Corta Atalaya spoil. The clay mineral
assemblage produced by weathering depends on the type of rock being weathered and
the climate.

Despite the relative paucity of basic rocks identified in the CA stratigraphy, the rapid
breakdown of any mafic minerals present (e.g. pyroxene and hornblende) and elevated
humidity would suggest kaolinite as the dominant clay mineral. The presence of
plagioclase in these lithotypes and its predominance in the dominant (by volume) felsic
meta-rhyolites (QFP) likewise point to a kaolinite clay product of weathering. However,
erosion of QFP lithotypes dominated by micas, chlorite, plagioclase and quartz (e.g.
sericitic and chloritic QFP) has potential to provide other types of clay minerals (e.g.
chlorite, smectite and/or illite). Despite the potential for sourcing of an array of clay
minerals, it is expected that kaolinite will dominate, as it is the coarsest of the clay
minerals and will be typically deposited at proximal sites through natural sorting (including
other denser aggregates). Conversely, higher energy events (e.g. floods) will mobilise
finer fraction clays (e.g. illite and smectite) resulting in transportation of these and coarser
kaolinite to distal sites.

Over time it is suggested (Bjorlykke, 2010) that this type of weathering would lead to
accumulations of finely laminated clay sediments interspersed with ochres. That is, where
unmodified, what we see at the study site. Increases in salinity resulting from AMD and
through evapotranspiration of waters results in the flocculation of clay minerals as
negative charges that previously prevented them sticking together in freshwater are
overcome/neutralised by the presence of cations (e.g. Na+, K+, Mg2+, Ca2+). This process
is most effective for K+ as it is not so strongly hydrated as Mg, Na or Ca. It is this factor
that leads to the prevalence for jarosite precipitation in these types of environments.

9.4. The ferricretes
Dissolution of sulphides (e.g. pyrite releasing Fe) and gangue mineralogy (e.g. chlorite,
aluminosilicates releasing Fe, Al ± Mg) of the CA QFP serve as primary sources of Fe, Al
and Mg to AMD. In the oxidising environment of the spoil surface, liberated ferrous iron is
quickly oxidised to the ferric form fixing Fe typically as hematite and/or goethite (both
identified in petrological analysis of spoil and ferricretes). Availability of water results in
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mobilised Fe-rich solutions, which redistribute iron within profiles and result in high Fe
accumulations within the vadose zone (Widdowson, 2007). It is this mobilisation that is
anticipated to have resulted in the formation of the sampled CA-Tintillo ferricrete horizons
(Ferr A & Ferr B: spoil and riverine respectively). However, the specifics of their genesis
vary.

Ferr A is a hardpan layer from the spoil surface affected by Fe-rich waters percolating
during periods of rainfall and/or saturation. In both ferricretes, the receptor substrate
comprises debris from the breakdown of spoil rocks but for Ferr A, relative stability across
the spoil heap surface dictates that substrate is largely in-situ matter from degrading spoil
material where, over time, accumulation of fine grained to amorphous debris has
effectively sealed the surface.

Major features of the CA spoil ferricrete horizon Ferr A are shown in Figure 9.23. Tubiform
and vermiform textures (≤ 1mm) in accumulated Fe-rich secondary minerals form
coherent indurated skeletons (‘fretworks’) in the uppermost 1.2 cm of the crust. Larger
(~0.3 to 0.5 cm) gaps occur at depth particularly between bigger clasts, some of which are
in-filled with skeletal Fe-rich material. Where infill has been evacuated by flushing, these
gaps appear as voids resulting in often-localised and distinct increases in porosity and
permeability. Growth mottles, concretions and nodules occur throughout the horizon (e.g.
Figures 9.23I, L, N -& P) varying in Fe-rich mineralogy intimated by colour shifts from
yellow to orange to dark ochreous orange-red.

Clay-rich layers are identified at greater depth appearing as dusty brown/grey areas of
very fine-grained material and reduced Fe-staining in plane polarised light (PPL) (Figure
9.23I & P). Pisoids are identified (~1mm) typically as well-rounded quartz-rich cores
surrounded by concentric colour-banded layers and recrystallised quartz, which in places
appear to show mobilisation/recrystallisation identified as networks of veinlets within
amorphous Fe oxide patches (e.g. Figure 9.23L).

The precipitation of secondary silica within degrading phenocrysts and as pore and void
fillings

is

extensive.

Additional

micromorphological

observations

illustrate

the

pervasiveness of weathering of complex silicates (e.g. plagioclase) along cleavage
pathways (e.g. Figure 9.23J). Extensive dissolution of quartz is aided by high Fe contents
derived from pyrite degradation resulting in replacement by goethite and hematite in
anastomising bleb networks (e.g. Figure 9.23I - P). Despite this, disaggregated fragments
of quartz prove most durable in both ferricrete horizons outside of large clasts.
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Figure 9.23: Images of ferricrete (Ferr A) hand samples (A-D) and petrological features (E
– P: plane, cross polarised and reflected light images) showing the cemented nature of the
rock and sulphide fragments by alteration products (ochreous and clay-rich precipitates
(orange-red and pale gray/brown areas respectively). The fretwork remains of feldspars
and significant secondary quartz evidence extensive gangue mineral dissolution. Sulphide
dissolution is also ongoing, moderated by relative liberation characteristics.
Accumulations of goethite and hematite attest to mineral transformations from alteration of
primary minerals and intermediary reactions to sheet silicate minerals and clays (e.g.
chlorite, illite, smectite, vermiculite and halloysite) which are broken down, stripped of their
mobile ions and silica and converted to ferric oxyhydroxide residua (Anand, 2005).
Myrmekitic textures relate to fluid flow and replacement of K feldspar with quartz ‘worms’
and plagioclase. Rust spotting to some areas (comprising microcrystalline aggregates of
Al and Fe-oxyhydroxides) suggests localised reductions in porosity where allochthonous
fluids are progressively replacing existing silica cements. Accumulations of polyhedral
fragments typify relict feldspars and secondary mineral growth along cleavages has lead
to typical ‘burst apart’ remnant crystal structures (of plagioclase and/or micas) caused by
bleaching, widening and kaolinitisation (e.g. Figure 9.23J).
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The dominance of smaller clast sizes, their more angular morphology and the profusion of
liberated pyrite and accumulated secondary minerals are suggestive of a more active
weathering profile than was characterised for Ferr B (Figure 9.23). Availability of
feldspars, chlorite and limited biotite provide leached and evacuated Na, Ca, K, Al and Sr.
Pyrite oxidation provides Fe to varying degrees dependent on liberation characteristics
and sulphur as sulphate (SO4). Trace elements, particularly heavy metals and metalloids
are increasingly mobilised at reduced pH induced by sulphide oxidation from trace
contents in primary sulphides, from gangue mineralogy (predominantly aluminosilicates in
this case) and from secondary components via percolation of water/moisture (e.g. Zn, Mn,
Co, Ni and Cu from smectite and K and Ba adsorption on neo-formed clays; Widdowson,
2007). Characteristics of the Ferr A indicate high Fe contents relating directly to source
QFP, primarily to oxidation of pyrite. Induced gangue mineral dissolution (e.g. plagioclase
and chlorite breakdown) adds Mg, Al (bauxitic) and alkali components to Fe and provides
the major elements necessary for development of lateritic weathering residua and
ultimately the point source for AMD generation.

Ferr B (Figures 9.24A – K) is an alluvial fan-type hardpan forming in the Tintillo channel
where mineralised spring waters draining from the CA spoil converge with slower channel
waters and permeate into river channel debris accumulated in a deltaic area at a marked
break in slope. The Ferr B clasts are typically pebble-shaped (variably sized with those
30-50mm typically of elongate and elliptical morphology typical of transported origins: see
Figure 9.24C) as opposed to the dominantly smaller, more angular fragmented clasts that
characterise spoil Ferr A.
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Figure 9.24: Images of ferricrete B (Ferr B) hand samples (A - C) and petrological features
(D – K: plane, cross polarised and reflected light images) showing the cemented nature of
the rock, liberated sulphides and extensive and pervasive secondary mineral alteration
products (ochreous and clay-rich precipitates (orange-red and pale gray/brown areas
respectively).

Clasts

are

more

rounded

than

in

Ferr

A

given

their

different

geomorphological genesis. Additional details are provided in the text.
Silica erosion visible in Figure 9.24E is indicative of alteration by percolating Fe-rich fluids.
An abundance of sericitic QFP clasts in the horizon and persistence of alteration
mineralogy as cements to clasts and along any planes of weakness is evidence of the ongoing reactivity of the horizon. The persistence of pyrite in the ferricrete are indicative of
both the natural retention and relative reduction in liberation characteristics induced by
ferricrete formation, but also represent a potential future source of AMD. Inundation
resulting from elevated and higher energy floodwaters could result in the erosion of
portions of the crust leading to immediate and ongoing liberation to previously armoured
sulphide, gangue and/or secondary minerals.

Micro- and cryptocrystalline hematite/goethite ± kaolinite (to a lesser extent) layers define
the majority of matrix layers with uppermost horizons typically yellow, comprising elevated
sulphate, iron oxyhydroxides, aluminium hydroxides, gypsum and jarosite (Figure 9.24A 256

C). Cements are typified by accumulations of neo-formed oxyhydroxides and sulphate
formation (white and yellow crusts) as crusts and infills to surficial cracks.

9.4.1.1.

Sequential extraction analysis of ferricretes A and B

Assessment of the relative mobilisation of heavy metals and other geochemical
components within and between macro environments of the CA-Tintillo locale
necessitates consideration of additional site sediments (see Table 9.6). Ferricrete
cements and the sediment mobilised during flood events in the Tintillo River have been
analysed using the same sequential extraction series as applied to the spoil sediment
samples. The sourcing and relative retention of elements across sediments of the study
site are explored.

Sediments can be distinguished from each other by their respective geochemistry (Figure
9.25) allowing their characterisation as potential exchangers and/or reservoirs for different
components within the study site.

Taking the ferricrete horizons as typical of longer lived environments on the CA spoil
heaps (Ferr A) and in the Tintillo River channel (Ferr B); the spoil sediments as typical of
the reactive portions of the debris; the flood sediments as direct evidence of the available
and mobile components; and the terrace sediments as the riverine sink for said
constituents, a picture evolves of the way in which the CA-Tintillo system operates.

Percolating rainwaters will routinely mobilise Ca, Mg, Al and S into receiving waters by
dissolution of varyingly soluble sulphates. Flood sediment leachates show analogous
geochemical profiles to those derived from spoil samples indicative of the rapidity of their
sourcing through runoff. Notably the relationship suggests that, despite the necessary
homogenisation of multiple spoil samples, they are representative.

Ferricrete cements retain a sulphate signature in their water-soluble fractions
differentiated between spoil (Ferr A) and riverine (Ferr B) samples and by elevations in S
to the former and heavy metal mobilisation (Mn and Zn) in the latter. Indeed, major S
contents in Ferr B are restricted to latter stage leachates associated with primary and
secondary sulphides and organics. Perpetual hydrodynamic flushing of the riverine
ferricrete horizon and the transported origin of its constituents has liberated S and other
components over time leaving an aged and relatively more stable sink for previously
mobilised, potentially harmful elements.
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Correspondingly, the relative proportions of Fe3+ oxyhydroxides to Fe3+ oxides and their
associated heavy metal components, differs between the two ferricretes. Tintillo River
ferricrete (Ferr B) is characterised by heavy metals (Pb, As, Cd and/or Cr) associated with
Fe3+ oxides whilst spoil ferricrete (Ferr A) has characteristically greater proprtions of and a
greater array of heavy metals (e.g. Cr, Co, Cu, As, Mn, Cd and Zn) associated with the
Fe3+ oxyhydroxide fraction. The differing geomorphology of the two ferricretes results in a
heterogeneous capacitiy for the retention and so relative mobilisation of heavy metals.

Table 9.6: Characteristic proportions of elements in leachates extracted from site
sediments. Ferricrete sediments, spoil sediment fractions, flood sediments and those from
the Tintillo terraces are included. Highest proportional concentrations are listed per stage
including maximum extracted concentrations of a given element (in brackets) across all 7
stages.
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Major elements
Stage Target fraction
Ferr A
Ferr B
Spoil 63
Spoil 2mm
Flood
Average terrace sediments
1 Water soluble
(Ca, S)
Ca (Mg)
Ca, Mg, Al
Ca, Mg, Al (S)
Ca, Mg, S, Al
Mg, Al (Ca, S)
2 Exchangeable
Ca (Mg, Na)
(Ca)
(Ca, Mg, K, Al)
(Ca, Mg, K)
(Ca, Mg, K)
Ca, S (Mg)
3 Fe(III)oxyhydroxides
Mg, Ti, Si, Al (Fe, P)
(Al)
(Fe, S, Na)
S
(S)
Si (Fe, Al)
4 Fe(III)oxides
(Si)
(Fe, Ti, Si, Na)
(Fe, Si, Na)
(Si)
(P, Na)
5 Organics and secondary sulphides
S (Al)
S, Si
Ti, P, Si
Ti, P, Si (Al)
Ti, P, Si (Al)
6 Primary sulphides
Fe, K, P, Na (Ti)
Mg, Fe, Ti, K, P, Na, Al (S) Fe, S, K, Na (Ti, P, Si) Fe, K, Na (Ti, P)
Na (Ti, P, Si)
Fe, Ti, K, P, Na (Si)
7 Residual silicates
K (Na)
(K, Ti)
Heavy metals
Stage Target fraction
Ferr A
Ferr B
Spoil 63
Spoil 2mm
Flood
Average terrace sediments
1 Water soluble
Mn (Zn)
Mn, Zn (Co)
Co, Mn, Zn
Co, Cu, Mn, Zn
Co, Ni, Mn, Cd, Zn
2 Exchangeable
(Pb, Zn)
(Mn)
(Mn)
(Co, Mn)
3 Fe(III)oxyhydroxides
Cr, Co, Cu, As, Mn, Cd, Zn
Zn
Cr, As, Cd
Cr, As, Cd
As, Cd (Cr)
Cr
4 Fe(III)oxides
Pb, As, Cd (Cr)
Pb (Cd, Zn)
Pb (As, Cd, Zn)
Pb, As, (Cu)
5 Organics and secondary sulphides
(Mn)
Co, Cu
(Cu)
(Cu)
6 Primary sulphides
Pb (Cr, Co, Cu, As)
Cr (Pb, Cu, As, Zn)
Co, Cu (Cr, Pb, As, Mn) Cu (Cr, Pb, Mn) Cr, Pb (Cu, As, Cd, Zn)
Cu (Cr, Pb, Zn)
7 Residual silicates
(Pb)
(As, Cd)

Particularly geoavailable (those released in stages 1 – 4 of the extraction) from spoil, flood
and/terrace sediments are Mn, Zn, Co, Cu, Ni, Cr, As, Cd and Pb. Concentrations of Fe
and S in latter stage leachates (5 & 6), accompanied by heavy metals, identify reserves in
secondary and tertiary sediments and association with organic compounds.

Figure 9.25: Plots showing the concentrations of major and trace elements in each of the
seven leachates (1-7 x axis) from the extraction procedure. Profiles for all the site
sediments excluding terrace sediments (which were detailed in Figures 9.15 & 9.16) are
shown. Inset plots show K and Fe concentrations so that underlying variations in
remaining components can be best visulaised.
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9.5. Summary
The Tintillo River geomorphology is dominated by a series of terraces composed
predominantly of ochreous precipitates. Their occurrence is a geomorphological
expression of the dominance of precipitation/dissolution processes occurring within the
tract. Where suitable hydrogeochemical parameters permit, precipitation of iron oxides
and oxyhydroxides occurs, creating new terrace surfaces. The evolution of these terraces
over time has occurred in response to reaction fronts whereby precipitation and deposition
of initially neo-formed, poorly crystalline schwertmannite and/or ferrihydrite from Fe-rich
AMD waters and latterly as drying and ageing occur, increasingly crystalline Fe phases
(e.g. goethite). These terraces moderate water flow, induce relative isolation to Tintillo
channel waters and so affect control on prevailing hydrogeochemistry and ultimately
terrace development over time.

Local redox, temperature, dissolved oxygen and residence times of waters are affected.
Because the terraces sit above the channel waters, particularly through the drier summer
periods, their surfaces are periodically wetted and dried resulting in macro- and microscale hydrogeochemical variations that determine transition between a suite of
precipitating mineral phases, both the ochreous ones making up the terraces themselves
and those precipitating from evaporating waters atop terrace and channel peripheries.

Where hydrological and morphological characters differ (across spoil heaps and higher in
the Tintillo tract where conditions for colloidal Fe precipitation are not yet prevalent),
deposition is expressed differently as ferricrete horizons consolidating spoil and riverine
debris. These features, like the terraces, serve to modify local conditions of flow and
sediment-water interfaces, of particular importance when considering their relative
components and associated capacities for storage and release of heavy metals and/or
dissolution of acid producing phases that can contribute to AMD.

The specific characters of site sediments and soluble sulphates are directly linked to
source geology and their geomorphology is an expression of this modified by the climatic
conditions at the site. On formation these features effectively control the cycling of heavy
metals (and other components of primary AMD) between site hinterlands and ultimately
determine the temporal contributions of the Tintillo River to the Odiel catchment.
Manifestly, under periods of drought, mobility of acidity, sulphate and heavy metals are
inhibited through their precipitation within, or by association with, secondary phases. This
quiescence is periodically disrupted as rains ensue and transport of contaminants occurs
from what are predominantly water-soluble phases. Results here apply particularly to the
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late summer, pre-rains period whereby a prolonged period of evaporation has prevailed
and water levels are at a low for the year. Patterns of periodic ephemeral droughts and
rains determine site-specific variations in the types and particularly the extent of
secondary minerals thus affecting the geomorphology and reactive response of the site to
rainfall events.

The persistence of low pH in the secondary environment as a result of site AMD results in
competition between protons and positive metal cations for negative surface sites. This
results in the maintained mobility of trace metal contaminants. Dissolved constituents are
released through chemical weathering processes and transported through the hydrologic
cycle. The persistence of long-term flow of acidic waters into the Tintillo River and
predicted increasing droughts will result in further deterioration of river-water quality as
there will be a progressive decrease in dilution from meteoric recharge. Combined with
the effects of prolonged drought to the ‘first flush’ phenomenon (i.e. drier periods for
longer periods resulting in more extensive salt precipitation which on dissolution would
yield more concentrated volumes of acid metal-rich fluids into surface waters) spikes in
metal concentrations could exceed any ability for return to a steady state between surface
waters and/or acid seepages; or to support current geomorphologies (e.g. terraces,
ferricretes). Degradation/removal of these would massively affect water flow, relative
evaporation and/or reactive surface areas.

The apparent persistence of metastable minerals, and low water through-flux and episodic
wetting-drying cycles promote the persistence of acidity and sulphate that would otherwise
be leached with acid mine drainage (AMD) at higher hydrologic flux. Heavy metals, acidity
and sulphate concentrations associated with these high surface area phases in addition to
the near-surface accumulation of minerals that would be soluble at higher relative
humidity (i.e. the Mg-sulphates ubiquitous as crusts on top of terrace and channel
surfaces) results in extensive temporary storage of an array of potentially toxic elements
(Figure 9.26).
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Figure 9.26: Summary schematic illustrating the Tintillo terraces in terms of in channel
metals cycling/transport and the impact of mine waste inputs and secondary precipitates
on Tintillo River morphology and river sedimentation. Under high and low flow conditions
variations to surface complexation formation, modification and surface precipitation
reactions (A-C) are affected. Maintenance of water pH at ~ pH 2 (2.56) due to the
continued input from source of highly acidic, sulphate-rich and metal-laden AMD
determines that the absorption capacity of neo-forming Fe-oxyhydroxides is at a
maximum. Because of this the formation of ternary complexes and/or toxic oxyanions via
ion/ligand exchange (e.g. pathways A-C) by toxic metal cations is at a maxima.
Alternations of wetting and drying to terrace surfaces induce phase transitions as
physicochemistry is affected (e.g. pH, EH, temperature, and/or DO). Ageing and
dehydration and/or evapo-concentration of pooled waters are processes detailed in
response to climate that currently control the dominant secondary mineral phases. The
geomorphology of the terraces influences water flow rates, provides nucleation sites and
acts as a natural attenuation system (albeit a temporary one) affecting heavy metal
mobilisation within and through the channel.
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10.

CASE STUDY: TINTILLO FLOOD EVENT; EFFECTS ON
WASH OUT, TRANSPORT AND RIVER MORPHOLOGY

10.1. The flood event
The Tintillo flood event describes an episode monitored during September of 2007 typical
of the first rains (and first “flush”) after the dry season. For convenience of description, the
Tintillo flood event boundaries are defined by equivocal pre- and post- precipitation states.
Distinction is made using the colour of sediments and waters, degree of mobilised
sediment within the tract and the chemistry of water samples. Figures 10.2 & 10.3 show a
photo log of the Tintillo system during the flood event illustrating major observations made
during its course. Counting the event start and stop as the onset of colour change, the
duration was a total of ~6 hours.

Pre-flood images show typical orange sediments and transparent red waters. The onset of
the event was light but persistent precipitation. After some 20 minutes the precipitation
was heavier lasting for just over an hour and a half in total. Flow rates observed during
this time were estimated to increase three fold from ~0.02 to 0.06 m3s-1. The photographic
series centres on the uppermost terrace series (series 4) and as such illustrates induced
changes to the Tintillo tract almost immediate from source. Fine detail of terrace
structures consists of millimetre scale vermiform structures that form surface lobate and
elliptical embayments characteristic of terrace wall surfaces.

Colour changes to sediments and waters began within the first five minutes of
precipitation. A bloom of fluorescent green masses associated with pine needle
accumulations across terrace and channel peripheries occurred as sediment loads and
channel water volumes increased. The needle accumulations were observed widely
during sample seasons and as ‘fossilised’ layers in terraces and evaporites of the Tintillo
and as such are considered integral to the formation of terraces (Figure 10.1). It is
interesting to note that very similar fluorescent green slime was found at a depth of ~28
cm during the extraction of core 1 from terrace series 4.

267

A

B
30cm

1m
Figure 10.1: Photographs of the pine needle dams characteristic of the Tintillo channel
terraces. (A) Pine needles collected along the downstream portions (blue arrows flow
direction) of terrace walls. The inset white box to (B) shows the pattern (roughly crisscrossed network) seen throughout the tract where rock debris, evaporite accumulations
and/or or other detritus (logs/fallen tree) act as barriers to the flow of river waters and to
any fallen pine needles. A blooming of green slime during flood events was noted atop
terrace and channel debris surfaces, most likely of biotic origins (e.g. an extremophile
community excreting a protective mucus in response to their inundation by floodwaters of
differing hydrogeochemistry).
Mobilisation of and/or precipitation of sediment in the water column of a pale beige colour,
following an initially subtle shift in colouration from orange to pink and red to green
respectively in channel terrace sediments and waters, increased with precipitation and
water volume and flow in the channel. Terrace walls remained largely un-breached during
early stages (pre ~25-30 minutes) with a faster flowing ‘main’ channel dominating the
increased flow and volume. Waters within the main channel (green at this time) were
sampled for comparison with those of pre-flood equivalents and showed relative clarity in
terms of turbidity. More extensive colour changes and breaching of previously isolated
terrace walls increased with rising water levels, combined with increases in opacity
associated with volumes and colour of suspended sediment.

Following a period of increased precipitation the lag between onset and overland flow was
surpassed, with floodwaters engulfing the Tintillo channel. At > 46 minutes, the elevation
of mobilised sediment load rendered waters totally opaque and sediments changed colour
from orange to pink in entirety. Waters retained their green appearance where seen and
closer investigation revealed that some (generally) deeper red pools maintained pre-flood
red colouration associated with relative density differences of brine versus rapidly mobile
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flood waters and induced lack of mixing. The flood maximum was identified by a surge in
sediment filled waters breaching terrace walls and washing pale sediment through the
system.

Preservation of pre-flood characteristics in some deeper/hydrogeochemically and/or
hydrologically isolated pools in upper and lower portions of the Tintillo channel was
documented. Stark examples were observed with juxtaposed red and green pools
illustrating the isolative capabilities of the terrace systems at depth. The demise of the
algal bloom was observed as a greying to previously fluorescent green surfaces at about
2 hours into the event. At this point, mobilised sediments were almost entirely settled in
upper reaches of the tract with waters clear and the suggestion of reversion to the
previous colour of sediments. Lower reaches showed a prolonged settling of flood
sediment and gradual shift in sediment and water colour back to pre-flood status over the
final 2 - 3 hours. Accumulated flood sediments maintained a light outline to terrace walls
picking out the downstream edges in most cases up to 4 hours from event onset.
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The remaining photographic series documents the gradual return to the pre-flood status
following the flushing of the system with sediment-loaded floodwaters. Sediment colour
changes reverted to orange and waters to red as the system buffers. Mechanical settling
and/or dissolution of flood sediments affected by physiochemical variations (e.g. redox
and/or related dissolved oxygen shifts) post event results in an increase in the clarity of
waters. Coincident reductions in river water levels reverts terrace pools to their pre-event
isolation status.
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Figure 10.3: Photographic series (16 – 19) illustrating the gradual settling of pale flood
sediments and maintained colouration changes to waters and sediments following the
Tintillo flood surge and ongoing changes associated with post-flood regeneration. Blue
arrows show the downstream direction.
End of day observations showed the Tintillo almost identical to the pre-flood event state.
The only remaining evidence of the event visually was the obliteration of the finer-scale
structures of terrace walls. On returning to the site the following morning (some 17 hours
later) even this showed remarkable recovery.

A sketch of the timeline for the Tintillo flood event and major observations made in the
field during its course is shown in Figure 10.4. The precipitation itself lasted ~1.35 hours
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with a period of very heavy rainfall at ~0.27 hrs bounded by prolonged but lighter rainfall.
The Tintillo sediments and waters took just over 6 hours (6.19 hrs) to return to their preflood state.
Flood waters ‘FL’
opaque with sediment

Onset precipitation

Sediments orange &
waters reddened

Bio-‘Bloom’

Colour recovery

11

Waters green
‘G7’

2

3

4

5

Sediments pink &
waters green

6

7 Time (hours)
8

Hours from start of precipitation

Figure 10.4: A sketched timeline (in hours) describing the Tintillo flood event, September
2007. Major observations and their timing relative to precipitation onset are labelled. The
blue curve and gradient red-green curve represent bulk flow variations and colour changes
respectively. The pale beige shaded area represents the percentage obscurity of the
Tintillo channel waters by sediment load (of the same colour) taking the entire rectangle
(horizontal bottom to top) as 100%.
In order to interpret the hydrogeochemical changes during the storm event it is necessary
to consider the processes and sources that may affect Tintillo water composition:

1. Washout of soluble efflorescent salts

2. Dilution by freshwater runoff

3. Spatial variations of runoff, pools series and bulk Tintillo waters

4. Variation in contribution from different AMD inputs
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10.2. Characterisation of flood waters

10.2.1.

Pollutant flux/loadings

The impact of Tintillo River floodwaters is distinct and rapid. Based on published values
typical of the locality (Sánchez-España et al., 2005b) and field measured flow rates from
this study, assessments of transported concentrations have been made (Table 10.1 &
10.2). Instantaneous pollutant loads (mass of pollutant transported per unit time) as the
product of instantaneous discharge and concentration in waters have been calculated for
Tintillo River waters and corresponding floodwaters of the 2007 event. Comparative data
from previous assessments of the Tintillo River and the receiving Odiel are also detailed in
the tables.

Flow rates are typically temporally variable. This event saw a quadrupling of flow rate from
onset to peak (F2) followed by a subsidence post event to rates some tenth of recorded
maxima. Tintillo water loadings are of the order SO4 54 tday-1; Fe 5000 kgday-1; and Al
and Mg 4000 kgday-1. Comparison with previous data could suggest that these values are
relatively low (Sánchez-España et al., 2005b; Sánchez-España et al., 2006). However,
looking more specifically at uppermost reach sampling (e.g. Sánchez-España et al.,
2005b), it is evident that data from this study are relatively similar and that comparison
with these sample stations specifically is most relevant.

Returning to the Tintillo waters, elevated loadings of Zn (960 kgday-1), Mn and Ca (510
and 590 kgday-1 respectively) and Cu at 320 kgday-1 are reported here. Corresponding
transported loads of trace elements are as follows: 18000 gday-1 Co; 10000 gday-1 Ni;
7000 gday-1 As; 6000 gday-1 P; 4000 gday-1 Cd; 1000 gday-1 Cr, Sr and U and 100 gday-1
V and Pb. Loadings are elevated for As and show reductions for Cd and Co transport
relative to previous upper reach data (e.g. Sánchez-España et al., 2005b). The uppermost
reaches of the Tintillo transport more SO4 and metals than the Odiel River (e.g. Cánovas
et al., 2008; Cánovas et al., 2012a).

Table 10.1: Hydrogeochemical data for flood event waters of the Odiel and Tinto Rivers
alongside data from this study pertaining to the Tintillo River, a headwater tributary to the
Odiel (F1, F2, & TintilloAV, C, S, & P: green onset flood waters, sediment-filled flood waters
and averaged, channel, spring and pool water series respectively). Data collated from
Sánchez-España et al. (2005a)1&7; Sánchez-España et al. (2006)2; Sánchez-España et al.
(2005b)3; Cánovas et al. (2012a)4&5; and Cánovas et al. (2008)6.
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Flow
Ls-1
pH
pH
EC mScm -1
Eh
mV
Major elements (gL-1 )
SO 4
Major elements (mgL-1)
Al
Ca
Cu
Fe
K
Mg
Mn
Na
Si
Zn
Trace elements (µgL-1)
As
Ba
Be
Cd
Co
Cr
Li
Mo
Ni
P
Pb
Sn
Sr
Ti
U
V

Tintillo River 1 Tintillo River 2 Uppermost Tintillo3 Odiel River 4 Odiel River 5 Tinto River 6
F1
48
238
28
630
630
12500
17
2.50
2.80
n.r
3.20
3.20
2.70
2.73
8.9
6.7
n.r
1.2
1.2
3.9
≥20.0
n.r
n.r
n.r
505
505
726
604
12
8
24
1
1
4
32
678
75
1889
36
41
192
2426
370
131
191
38
40
86
452
115
9
168
6
6
55
185
663
430
1740
7
125
489
1557
2
3
0
2
3
3
24
375
760
2670
60
60
184
3017
159
41
263
9
9
25
375
111
50
13
15
16
28
18
n.r
n.r
n.r
7
12
25
68
216
22
504
14
14
55
615
191
110
517
n.r
1681
316
7
b.d
11
n.r
19
71
40
17
b.d
30
n.r
n.r
n.r
10
n.r
511
598
4388
47
46
274
2506
4336
2930
29066
251
251
1618
11600
102
65
439
9
36
60
199
n.r
n.r
n.r
75
71
320
n.r
b.d
n.r
n.r
n.r
n.r
49
4
n.r
n.r
5117
128
132
493
7131
n.r
n.r
n.r
n.r
n.r
550
2553
23
n.r
14
58
188
508
81
n.r
n.r
n.r
7
48
54
n.r
n.r
n.r
n.r
91
95
219
1010
n.r
n.r
n.r
5
177
n.r
n.r
n.r
n.r
n.r
n.r
n.r
n.r
379
14
n.r
710
51
187
n.r
12

Data from this study
F2 Tintillo Av Tintillo C Tintillo S Tintillo P AMD dischargesCA7
61
22
7
1
15
2.72
3.01
2.61
3.90
2.66
2.80
≥20.0
17.0
17.6
13.9
19.4
11.3
604
685
692
667
692
637
10
29
27
20
39
15
599
1986
1732
1349
2962
976
119
313
248
247
466
300
47
167
156
111
238
123
1995
2728
3863
2233
1709
1129
840
17
17
21
14
4
630
2259
1916
1326
3648
1092
57
270
192
179
453
177
2
14
10
10
22
73
23
60
56
49
75
n.r
126
505
392
335
825
311
6251
3657
6279
3146
49
1226
11
22
30
16
16
15
n.r
n.r
n.r
n.r
n.r
n.r
465
1963
1600
1261
3149
1392
2426
9508
7799
5785 15509
9151
124
275
259
279
291
175
n.r
n.r
n.r
n.r
n.r
n.r
6
6
7
5
6
n.r
1115
5466
3539
4028
9473
2176
2272
3216
3109
2030
3
n.r
2
52
83
55
9
71
n.r
n.r
n.r
n.r
n.r
n.r
155
754
484
634
1234
n.r
n.r
n.r
n.r
n.r
n.r
n.r
76
262
212
165
461
211
22
28
51
45
12
47

Tintillo floodwaters appear to transport slightly less SO4 than averaged channel waters at
49 tday-1 perhaps suggesting that modifications within the channel can add to existing
loadings. Indeed, all elements show slightly reduced loadings in floodwaters with respect
to concurrent channel waters with the exceptions of Ca and P (650 kgday-1 and 8 kgday-1
respectively) and Si, which retains a constant level at 110 kgday-1. In addition, floodwaters
have highest Fe contents (6 tday-1), comparable to the outflow levels recorded by
Sánchez-España et al. (2005b) and Sánchez-España et al. (2006) and channel water
loadings in this study.

Table 10.2: Pollutant fluxes in Tintillo and Odiel River waters. Tintillo channel and flood
water data (this study); AMD discharge loadings from Corta Atalaya (CA) and comparable
data from Sánchez España et al. (2005a)1&7; Sánchez-España et al. (2006)2; SánchezEspaña et al. (2005b)3; and Cánovas et al. (2012a)4&5 are shown.

Discharge
SO 4
Al
Ca
Cu
Fe
K
Mg
Mn
Na
Si
Zn
As
Ba
Be
Cd
Co
Cr
Li
Mo
Ni
P
Pb
Sn
Sr
Ti
U
V

3 B1

ms
td B1

kgd B1

Tintillo'River1&2
0.14
101.43
2.18
2.12
0.33
5.80
0.03
8.59
0.76
0.74

Uppermost'Tintillo 3
0.03
57.95
4.57
0.46
0.41
4.21
0.00
6.46
0.64
0.03

0.68
1.53
0.23
0.62
7.21
39.12
0.88

1.22
1.25

0.10

0.06

Odiel4&5
0.63
33.72
2.10
2.12
0.31
3.58
0.13
3.27
0.47
0.84
0.53
0.76
91.50
2.45

10.62
70.32
1.06

2.53
13.66
1.22
3.97

12.38

7.08

0.03

6.70
1.48
5.06
4.96

1.72

6.48

This'study
Tintillo'River
Flood'waters
0.02
0.04
54.40
49.31
3.77
3.36
0.59
0.65
0.32
0.26
5.19
6.40
0.03
2.23
4.29
3.88
0.51
0.43
0.03
0.02
0.11
0.11
0.96
0.78
6.95
16.48
0.04
0.04

CA'discharges 7
0.01
10.45
0.69
0.21
0.08
0.83
0.00
0.77
0.12
0.05
0.00
0.22
0.93
0.01

3.73
18.07
0.52

3.07
14.91
0.47

0.96
6.18
0.13

0.01
10.39
6.11
0.10

0.02
8.18
7.86
0.06

0.00
1.58
0.18
0.05

1.43

1.15

0.05

0.50
0.05

0.48
0.07

0.14
0.03

Indications are that major fluxes of Fe (and some other elements) are established at
source and maintained to outflow into the Odiel. Alternately, loadings are modified directly
by sourcing (floodwaters) and/or through interactions within the tract (channel
comparisons). Both K and As loadings in Tintillo floodwaters are much greater than those
of Tintillo River waters (2 tday-1 and 16kgday-1 respectively) indicating their flushing from
source and/or release from previously passive states within the tract. Flood water trace
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element loads are 15 kgday-1 Co; 8 kgday-1 Ni; 3 kgday-1 Cd; 1000 gday-1 Sr; 480gday-1 U;
70 gday-1 V; 60 gday-1 Pb; 47 gday-1 Cr and 4 gday-1 Ba.

During flood events, leachates from the CA spoil heaps become active. As such, they
have been considered alongside the Tintillo River and flood data. These conduits are
charged with typically high SO4 (10 tday-1) and metal laden waters (e.g. 830 kgday-1 Fe;
770 kgday-1 Mg; 690 kgday-1 Al; 220 kgday-1 Zn; 120 kgday-1 Mn and 80kgday-1 Cu).
Loadings for Ca and Na are also significant (210 kgday-1 and 50 kgday-1 respectively).

Notably, K contents (and to a lesser extent Si) in channel and leachate waters are much
lower than those of floodwaters indicating that fluxes in these elements are event related.
The identification of 10 such inputs to the Tintillo headwaters during sampling illustrates
their significance to pollutant transportation. Simplistic assumption that averaged values
are consistent to each, shows that inputs during a significant event, with all drainages
active, could result in loadings of some 192 tday-1 SO4; 15 tday-1 Fe; 14 tday-1 Mg; 13 tday1

Al; 4 tday-1 Ca and Zn; 2 tday-1 Cu and Mn; and 1 tday-1 Na. In addition, trace element

loadings of 119 kgday-1 Co; 28 kgday-1 Ni; 18 kgday-1 Cd; 16 kgday-1 As; 3 kgday-1 U; 2
kgday-1 Cr; 1 kgday-1 Pb and V and 199 gday-1 Ba.

Consideration of the loadings of combined leachates versus flood and Tintillo outflow
waters illustrates two key points: (1) loadings in leachates are greater than those recorded
for floodwaters and (2) are more comparable with values calculated for outflow waters. It
is accepted that values will be highly variable in relation to localised factors. However, it
remains that modification to these inputs within the Tintillo reaches is a significant factor.

10.2.2.

Hydrogeochemistry of Tintillo flood waters: pre- and post- event

Table 10.3 shows pre- post-, floodwater and average Tintillo water pH, EH, EC, DO, TDS
and temperature data. The Tintillo average consists of sample stations in positions other
than those of the floodwater sampling. Floodwaters are characterised by elevated pH (pH
2.73) and reduced EH (604 mV). As would be expected of floodwaters, temperature is
reduced relative to those of the channel where river waters are heated by the sun. Post
flood, the dilution and mixing of waters results in an overall decline. Perhaps the most
significant feature of the event waters is their elevated DO content to almost double the
pre-event concentrations at 7.0 mgL-1. At almost twice as much DO than pre flood levels,
the event waters (F1 & F2) induce an increase in DO potentially instigating spontaneous
precipitation within the water column and/or mediating the bio-bloom documented in the
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previous section. Notwithstanding that there has been no effective assessment of the
green slime it would perhaps have been more expected to see a substantial reduction in
DO if the green bloom were an algal bloom. Speculatively, it is suggested that the
observed ‘release’ may have been algae (dead/alive?) previously trapped in evaporites, or
perhaps a response from distinct and niche extremophile communities within terrace
sediments and atop channel debris (not necessarily the same types?) such that they
exctreted a mucus (the green slime) in order to survive their temporary exposure to
hydrogeochemically different waters or even to extract nutrients of some sort from the
flood waters. Although there is simultaneous increase in DO and pH and decrease in
temperature directly from the ensuing floodwaters, it is thought that DO changes would
play the most significant role to any biota.

Table 10.3: Physicochemical data for Tintillo flood waters and those for channel waters
(averaged) from equivalent sample stations pre- and post- event.
pH
Eh
EC
DO
TDS
Temperature

Pre flood Tintillo Post flood Tintillo Flood waters Average Tintillo
2.14
2.64
2.73
2.84
mV
706
647
604
687
mScm -1
17.08
14.43
>20.00
17.97
mgL -1
3.8
5.1
7.0
4.6
mgL -1
10.34
>10.00
>10.00
10.83
°C
23.4
21.8
23.2
25.3

The recording of such elevated EC and TDS concentrations in Tintillo flood waters are
marked differences when compared to other Tintillo and flood event data in the region
(e.g. Cánovas et al., 2007; Cánovas et al., 2008; Cánovas et al., 2010; Cánovas et al.,
2012a; Olías et al., 2006; Sarmiento 2008; Sarmiento et al., 2009). It is suggested that the
flood event here was the first of its kind of the year and so represents a maximum flushing
of the headwater system. Large influxes of freshwater during flood events of the IPB have
been found to wash soluble salts into solution increasing pH to ~3.5 (e.g. Cánovas et al.,
2008).

The persistence of elevated EC concentrations and reduced pH in channel, pool and
spring waters of the Tintillo and their relative extremes when compared with published
data illustrate the significance and effectiveness of the headwater reach of the Tintillo
tributary in naturally attenuating portions of potentially deleterious elements. Delay
associated with lag (inversely related to antecedent catchment soil moisture and rainfall
magnitude) with water discharge could mean that further increases in pH and/or
concentrations of dissolved elements were not recorded (e.g. Lee and Bang, 2000). It is
considered though that the flux of sediment-filled floodwaters (F2) represents this
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maximum and so that these data characterise floodwater fluxes through the Tintillo River
at source.

Reduction in EC concentration post flood and the generally lower values in averaged
waters indicate the rapidity of the system to revert to its pre-flood character. Despite the
mixing of hydrogeochemically different waters, imposed dilution effects and any induced
dissolution/precipitation interactions, mechanisms within the tract act quickly (within 6
hours for redox shift i.e. colour change) to preserve conditions.

It is evident then, that Tintillo flood waters are distinct from each other by colour and
sediment load and from pre- and post channel waters by their DO, temperature and pH.
Relative concentration variations between onset (F1) and sediment-filled (F2) floodwaters
are considered. For the majority of analytes, higher concentrations are present in F1 than
F2 floodwaters. This is true for SO4; major elements Al, Ca, Mg, Na, S and Si; trace
elements Ba, Ce, La, P and Sr; and metals/metalloids Cd, Co, Cr, Cu, Mn, Ni, Pb, U and
Zn. Indeed, Zn, Mn, Cu and Co comprise major components of floodwater geochemistry
at 615, 375, 185 and 12 mgL-1 respectively in F1.

Sulphate concentrations have been recorded in past publications to increase dramatically
following the first flood event post dry season indicative of the dissolution of soluble
evaporitic salts that accumulate during dry periods (e.g. Buckby et al., 2003; Lottermoser,
2005). Peaks have also been attributed to influxes of water richer in sulphate emanating
from other AMD sources (Cánovas et al., 2008). Both are potential conduits to impact
Tintillo waters during flood events.

The recorded flood event is characterised by onset waters (F1) with very high SO4
concentrations, consistent with levels recorded for springs and channel waters pre event.
Sediment-filled floodwaters (F2) have lower SO4 concentrations than any other sampled
waters of this survey. It is considered that F1 waters carry evaporites partially as sediment
load. Given the friable and fine-grained character of sampled efflorescences (see Chapter
9) this seems reasonable. Moreover the marked (four times lower) difference in Fe/SO4
values between onset (green F1) and sediment-filled (F2) floodwaters is testament to this.
The magnitude of variations in concentrations between F1 and F2 waters differs by
element (Table 10.4):
•

2 times greater in F1 than F2 for Ba and Cr

•

3-4 times greater for Al, Ca, Cu, S, Si and SO4
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•

5 and 6 times for Ce, Cd, Co, La, Mg, Ni, U and Zn

•

7 times greater for Mn and Sr

•

9 times greater for Na and over 40 times greater for Pb

Table 10.4: Geochemistry of Tintillo waters pre- and post- flood event. Concentrations are
the result of a maximum of n = 5 repeat samples. Flood water data (F1 and F2) is also
listed.
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mgL -1
SO 4
S
Mg
Al
Fe
Zn
Ca
Mn
Cu
Si
K
Na
Co
µgL -1
Ni
Ce
P
Cd
Sr
La
U
Cr
Hg
Pb
Ba
V
As
Se
Mo
Sb
Ag

9472.7
3250.6
4534.4
3149.4
1233.6
1004.4
461.2
291.5
87.4
8.7
16.2
12.4
48.8
8.7
5.8
0.7
8.7

3539.0
1628.3
3419.5
1600.2
483.5
550.6
212.2
259.1
124.1
83.3
30.2
50.5
6278.7
41.4
7.0
25.3
41.4

4027.6
1901.4
2030.0
1261.3
633.5
672.1
165.4
278.9
105.3
54.7
16.2
44.9
3145.9
24.6
4.9
14.4
24.6

Pre Flood event [25th to 75th percentile ranges]
Pools
Channel
Springs
39063.4
27424.5
19765.6
12392.0
8878.2
6240.1
3647.7
1916.1
1326.2
2962.4
1732.0
1349.4
1709.2
3863.3
2233.2
824.8
391.9
334.9
466.0
248.2
247.4
453.2
192.3
179.0
238.1
155.6
110.9
75.0
56.3
49.4
13.7
16.6
21.4
21.7
9.8
10.3
15.5
7.8
5.8
3088.2
1634.0
2940.1
1112.2
619.8
637.5
229.9
155.1
128.8
539.8
24.1
18.0
4014.0
20.6
4.8
0.7
0.4

6280.0
2489.0
4258.0
2184.0
893.0
778.0
339.4
189.5
145.0
256.8
23.2
17.5
101.9
7.7
4.0
0.8
0.4

Post flood event [25th to 75th percentile ranges]
Pools
Channel
21147.9
28498.1
6918.5
9195.6
1363.0
2702.4
1169.4
2196.0
1785.4
1512.5
289.9
532.7
237.9
415.2
157.2
334.6
91.4
163.6
38.9
59.0
22.6
34.4
9.1
16.8
5.3
10.1
7131.0
2764.0
2553.4
2506.0
1010.0
865.0
378.8
199.2
119.4
80.8
17.5
11.7
6.7
4.1
4.0
0.6
0.5

1115.0
465.0
2271.8
465.2
155.0
151.0
75.8
123.5
156.7
1.9
11.5
22.1
6251.0
41.6
6.3
7.3
0.7

Flood water compositions
F1
F2
31676.6
9883.3
10171.3
3493.1
3016.7
629.6
2426.2
598.8
1557.4
1995.1
614.9
126.0
452.3
118.9
374.6
56.6
184.8
47.1
68.2
23.4
23.8
839.8
17.9
2.0
11.6
2.4
mgL -1
SO 4
S
Mg
Al
Fe
Zn
Ca
Mn
Cu
Si
K
Na
Co
µgL -1
Ni
Ce
P
Cd
Sr
La
U
Cr
Hg
Pb
Ba
V
As
Se
Mo
Sb
Ag

Converse variations are reported for As, Fe and K (as well as Ag, Hg, Mo, Sb, Se and V).
Concentrations of Fe increase 438 mgL-1 from 1557 to 1995 mgL-1 between F1 and F2
waters and those of As and K show pronounced enrichments in F2 waters (900 times and
35 times higher respectively).

Relative rates of dissolution, particularly those for less soluble mineral phases can be
interpreted as responsible for delay and chemical variations in water compositions during
flood events (e.g. Cánovas et al., 2008). Application of this concept to the Tintillo
floodwaters would suggest that readily soluble phases are typically of Na, Mg, Al, Ca,
SO4, S and Si compositions with significant proportions of metals (e.g. Mn Zn, Co and Cu)
sequentially released as dictated by position or by bonding from primary and/or secondary
sources. Sequences based on the magnitude of enrichment between F1 and F2
floodwaters (1 – 3 below) illustrate that events wash a host of major and trace elements
into Tintillo waters:

1. From greatest to smallest enrichment (those recorded at major element
concentrations in analysed floodwaters are in bold)
Pb>Na>Mn>Sr>Ni>Ce>La>Cd>U>Zn>Co≥Mg>Al>Cu>Ca>SO4>S>Si>Cr>Ba
2. Metals
Pb>Mn>Ni>Cd>Zn>Co>Cu>Cr
3. Major elements (excluding metals)
Na>Sr>Ce>La>U>Mg>Al>Ca>SO4>S>Si>Ba

Variations may be attributable to ‘first event’ observations as per Cánovas et al. (2008)
where orders of magnitude variations in concentrations were interpreted as the products
of slow dissolution of less soluble mineral phases owing to the acidity released by
dissolving evaporitic salt minerals. Both Pb and As have an affinity for being adsorbed
onto Fe mineral phases (e.g. Acero et al., 2006; Zänker et al., 2002). The massive
enrichments of both elements in floodwaters, in addition to observations of their almost
total removal from solution once in proximity to sediment terrace series in the mid to lower
tract of the Tintillo are testament to the prevalence of both in the study area. The fact that
higher concentrations of Pb are associated with F1 waters and As with F2 suggests that
the former is more readily mobilised. Indeed, Pb is elevated in F1 and almost totally lost
from the dissolved component of F2.
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10.2.3.

Mass ratio variations

Based on characterisations of media in previous chapters, major components and ratios
have been selected to illustrate inter-relationships from source including Fe/SO4, Mg/SO4,
Fe/Al, Cu/Zn, Zn/SO4, SO4, Mg, Fe and K/Fe a series of which are shown in Figure 10.5.

Ratios are considered in relation to those for other site media such that sourcing and/or
modifications relative to source can be addressed. Cu/Zn and Zn/SO4 ratios for Tintillo
River evaporitic salts (this thesis) average 0.34 and 0.24 respectively. Associated
percentile ranges (25th – 75th) vary from between 0.32 and 0.39 and 0.22 to 0.25. Iron(e.g. copiapite, coquimbite, rozenite ad szomolnokite) and magnesium- (magnesiocopiapite, hexahydrite and/or epsomite) containing salt minerals along with variable
quantities of minerals containing Al (alunogen and halotrichite) and Ca (gypsum) have
been identified.

Ionic ratios of Cu/Zn related to relative evaporation and seasonality in rivers affected by
AMD (e.g. Alpers and Blowes, 1994; Alpers et al., 1994b; Gray, 1998) display these
trends in analysed media of the CA-Tintillo (Figure 10.5D). Lower flow 2005 waters and
sediment scrapes from brine-like pools trend towards evaporites. Preservation of Cu/Zn
ratios and increases in Zn concentrations define this series. It is considered unlikely that
sorption and/or coprecipitation of Cu and/or Zn to Fe oxyhydroxides is a major factor given
the prevailing low pH conditions of the study area (e.g. Cánovas et al., 2008; Lee et al.,
2002; Smith, 1999). However, differential evaporation and sourcing trends appear to
segregate Cu and Zn with evaporites characterised by elevated Zn concentrations and
terrace sediments with Cu relative to source rocks, spoil sediments and Tintillo waters that
appear to retain characteristic source defined Cu/Zn ratios. Whilst preferential removal of
Cu and Zn has been associated with some hydroxysulphates (e.g. Melanterite after Alpers
et al., 1994b), predominance of copiapite group minerals precludes this as a factor.

Both Mg/SO4 and Fe/SO4 plot against SO4 in negative linear trends that segregate CA
hard rock source materials (highest values) > spoil sediments > sediment scrapes >
terraces sediments: evaporites > and Tintillo River waters. Terrace sediments are distinct
from evaporites in their elevated Fe/SO4 rather than Mg/SO4 contents. Tintillo River
waters have an average Fe/SO4 ratio of 0.10 (ranging from 0.05 to 0.16). Related
efflorescences have Fe/SO4 ratios five times this at 0.53 and ranging from 0.44 to 0.63.
This would suggest that dissolution of Tintillo evaporites increases the Fe/SO4 ratio.
However, floodwater values are 0.05 (F1) and 0.2 (F2) indicating that this apparently
simple relationship is somewhat modified in reality. At four times higher, F2 waters do
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show an increase in dissolved sulphates relative to onset waters F1. However, the
tendency for the precipitation of Fe oxyhydroxysulphates as pH increases and washing
out progresses has been found to result in a reduction in the dissolution of salts, which
also diminishes Fe/SO4 ratios (e.g. Cánovas et al., 2008) and can explain the relatively
low ratios reported for both flood waters. Both non-conservative behaviour and/or
modifications relating to sourcing appear to affect ratio variations including mixing of acidic
leachates from source with channel waters.

Figure 10.5: Scatter plots showing some of the main features of mass ratio variations
between spoil rocks, site sediments, waters and evaporites. (A) Fe/Al versus Mg; (B)
Negative correlation between Mg/SO4 versus SO4; (C) Fe/Al versus SO4; (D) Cu/Zn versus
Zn and (E) Zn/SO4 versus SO4. Plots A and D differentiate evaporites (by their higher Mg
and heavy metals (e.g. Zn) contents) from Tintillo terrace sediments (where
characteristically elevated Fe/Al and Cu/Zn concentrations result in them plotting as a
distinct trend). Enrichments in sulphate concentrations in evaporites and Tintillo waters
characterise the remaining plots. Source rocks and sediments are directly related by Mg
concentrations and differentiated by their respective capacities for heavy metals
(particularly Zn in the latter relative to source e.g. plot E). Flood sediments and floodwater
samples consistently plot at the junction between Tintillo waters and source rocks and
sediments (most clearly seen in plots C, D and E) confirming their origins. The linearity of
trends and geochemical differentiations between trends (and so geomorphological
terranes e.g. terraces and evaporites) is illustrative of the processes governing their
genesis (e.g. Fe/Al and SO4 variations) and their interactions (e.g. Cu/Zn and/or Mg/SO4).
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Plots of K/Fe versus Fe and K/Fe versus Mg (not shown) illustrate major segregations
based on Fe concentrations that result in parallel negative linear trends running in the
order: Tintillo waters < F1 < evaporites < F2 < CA source rocks and at highest Fe
contents, Tintillo terrace sediments and fine spoil fractions. Ratios (K/Fe) vary per group
with a consistent trend of increasing K/Fe and high Fe from terrace sediments to spoil
fines. Plotting of Mg against K/Fe rather than Fe results in a positive linear trend running
from Tintillo waters (lowest Mg contents) through terrace sediments, CA spoil rocks, spoil
sediments and evaporites as both Mg and K/Fe increase.

Flood sediments plot consistently proximal to CA spoil rocks and fines for SO4, Fe/Al, Mg,
Cu/Zn, Zn and Zn/SO4 but not for Mg/SO4, which directly relates to an evaporation trend
that characterises the low flow, pre-flood samples in this thesis. With highest Mg contents
reported in CA spoil rocks, sourcing is self-evident.

10.3. Characterisation of Tintillo flood sediments

10.3.1.

Particle size analysis (PSA) of Tintillo flood sediments

Superposition of PSDs of flood sediments with other site sediments allows comparison of
relative characters in relation to common sourcing (Figure 10.6). Additional sediments are
those from:

1. Spoil sediments – SSD 1, 2 and 3 (<2mm and <63µm fractions) of CA spoil heaps
(blue, purple and green PSD’s respectively)
2. And terrace core sediments of lower- mid- and upper- Tintillo terraces (A, B & C
respectively: yellow – red and dark red PSD’s of uppermost surfaces to lower
portions)

Coarse fractions do not appear as significant proportions of Tintillo flood sediments.
Indeed, flood sediments are dominated by material at ~10µm. Commonality of peaks with
spoil sediment PSDs, particularly the finer fractions would suggest common sourcing.
Lowermost terrace sediments of the Tintillo River correlate best with flood sediments
implying relative longevity of flood sediment mobilisation from source during the event and
effective transmittance to the lower channel as would be expected of a higher energy
event.
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Figure 10.6: Flood and spoil sediment particle size distributions (PSDs) superimposed
over terrace PSDs (lower to upper terraces respectively). Flood sediments are
characteristically more homogenous and of predominantly smaller grain size than other
site sediments (a bimodal distribution centered on fine clays and silts respectively).
Of significance is the fact that flood sediment PSDs are offset from major peaks in terrace
and/or spoil sediments indicating that:

(1) Weathering and other processes at spoil source determine availability and
mobilisation of a fixed, relatively narrow proportion of fine materials and/or

(2) Geochemical

modifications

at

water-sediment

interfaces

induces

precipitation/dissolution reactions that result in sediments of differing sources
altogether

Given the relative reactivity associated with finer fractions distributions in flood sediments
have been likewise characterised by their sand, silt and clay portions (Figure 10.7)
segregated into five sub-series (very fine, fine, medium, coarse and very coarse) relating
to sediment sizes in the same ranges as previous analysis of terrace, spoil and scrape
sediments:

1. Clays [<122nm; 122–244nm; 244-488nm; 488–977nm; 0.977–1.95µm]

2. Silts

[1.95–3.91µm;

3.91–7.81µm;

7.81–15.63µm;

15.63–31.25µm;

31.25–

62.50µm]

3. And sands [62.50–125µm; 125–250µm; 250–500µm; 500–1000µm; and 1–2mm]
(after Blott and Pye 2012)

Flood sediments have high AR values (comparable only to those of spoil fine fractions;
<63µm) at 0.71 to 0.80. This is a further distinction of flood sediments from other ancillary
site sediments.
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vCS

•

1322.10 and 1303.92 cm-1 CCO stretch (1325 cm-1) and CH2 wagging vibration
(1302 cm-1)

•

1013.00 cm-1 overlap 1000 cm-1 CCO stretch; C=C stretch and v1 internal mode of
sulphates

•

Remaining peaks at 623.61, 607.61, 581.04 and 223.37 cm-1 are multiple possible
silicate/sulphate band assignments

•

Peaks at 1394.83 and 1103.91 cm-1 are unassigned here

Interpretation of remaining peaks (silicate/sulphate band assignments) has been made by
comparison with spectra for minerals from the similar hydrogeochemical environment of
Iron Mountain (Sobron and Alpers, 2013). Peaks corresponding to ~600-650 cm-1 and
223.37 cm-1 correlate well with isolated minerals including melanterite, copiapite-group
and gypsum and include v1(SO4), v2(SO4), v3(SO4) and v4(S04) (950-1000 cm-1, ~450 cm-1,
~1100 cm-1 and 600-650 cm-1 respectively).

The assertion thus far that flood sediments are predominantly composed of jarosite
derived from CA spoil sediments has been largely based on the extremely high K
concentrations reported from analysis of sediment-filled flood waters and the assumption
that somehow, inundation of flood waters results in the spontaneous precipitation of
jarosite in the water column (buff sediment) perhaps due to the induced supersaturation of
waters with respect to the phase. Corresponding spectra in Figure 10.8 arguably display
some of the peaks expected for jarosite identification. Running with this theory, results of
chemical sequential extractions (leachates 3 & 4) can be used to estimate stoichiometries
for the flood sediments, as jarosite. Using a method after Herbert, (1997), assuming that 2
mols of SO4 are present in the jarosite structure and that the jarosite A-site consists of
only K+, Na+ or H3O+ ions with a total of 1 mol per unit formula, the jarosite compositions
are calculated as follows:

(K0.33Na0.06H3Ox)Fe3-n(SO4)(OH2)3n(OH)6-3n

Where n indicates the level of iron deficiency (e.g. Swayze et al., 2008). Both K and Na
are calculated from extraction data with the remainder of the A-site unit formula presumed
to be

H3O

(e.g. Herbert, 1997). Despite the ‘better fit’ of generic jarosite to XRD spectra,

hydronium jarosite was consistently listed as a phase assignment during analysis. Given
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that hydronium-bearing jarosites, in particular, are thought to contribute to acid generation
in mine wastes because the hydronium ion (H3O+) accelerates jarosite dissolution (e.g.
Gasharova et al. 2005 and references therein). Examples of nonstoichiometric jarosites
are characteristic of young supergene and acid-saline precipitates (e.g. Swayze et al.,
2008). Relatively low K contents (K/Fe molar ratio of 0.16 versus 0.33 in stoichiometric K
jarosite) could suggest that about half of the K+ in the lattice is replaced by H3O+ (e.g.
Oggerin et al., 2013). Based on this assumption and those of Herbert (1997), flood
sediment jarosite composition can be re-written as:

(K0.33Na0.06H3O0.61)Fe3-n(SO4)(OH2)3n(OH)6-3n

Whilst it is often the case that heterogeneity of Fe-phases affects extraction data such that
derived ratios return Fe/S molar ratios of combined jarosite and Fe oxides, the expected
specificity of the method used (after Dold, 2003), the relative homogeneity of the flood
sediments and Fe/S of 0.68 and 1.55 can tentatively be regarded as true to the single
jarosite phase. If so, values place them within the ranges reported for newly formed
jarosites or jarosite-like precipitates (e.g. Herbert 1997).

Alternately, given the presence of undefined silicate band assignments, the weak
correlation of jarosite bands with flood sediments in Figure 10.8, the buff colour of Tintillo
flood sediments and the characteristic clay contents to spoil sediments, another
interpretation is possible. The dissolution of phyllosilicates from remobilised sediments
during flood events could better explain the colour, composition, and deviations noted
above. Moreover, floodwaters are characterised by elevated Ti, Si and Al concentrations
that are likewise pronounced in leachates of the acid digestion step of the sequential
extraction analysis in this thesis. As the ninth most common element in the Earth’s crust Ti
is present in abundance in clays (e.g. kaolinite and/or illite) with an average content of
0.80% wt TiO2 (Dill 2010). The dissolution of quartz, kaolinite and/or illite would better
explain the nature of the Tintillo flood sediment, can readily be related to source rock
characterisations and to the discharge peak water compositions reported here. Higher
sediment loads (dissolved and suspended) are transported inclusive of clay-rich
sediments. Kaolinite is characterised by an intense peak at 685 cm−1 (e.g. Frost et al.,
1993), which is clearly identifiable (albeit within a composite sample) here (Figure 10.8).
Future analysis, specific to clay mineral identification incuding Raman and XRD using
Rietveld refinement would be necessary to confirm this assertion.
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10.4. Summary
This chapter details a flood event in the headwaters of the Tintillo River. At the time of
writing, despite acknowledgment of the significance of such events to acid mine drainage
(AMD) assessments and the significance of the Tintillo River itself to the wider catchment,
it is the only flood event described in situ within this river. As such this work represents a
unique insight into the nature of flood events affecting the Tintillo River tributary.

In total, the event lasted a total of ~6 hours. Flow rates over this time tripled from less than
0.02 m3s-1 to 0.06 m3s-1 and at its peak, buff-coloured sediments were washed through the
system and deposited within the terrace series. Other notable features of the flood were
the obliteration of fine features across terrace surfaces followed by their rapid recovery
and variations in relative isolation of pools within the terrace systems (illustrated by the
preservation of stark contrasts in water colour between adjacent pools, despite breaching
of terrace walls).

Calculated pollutant fluxes for the Tintillo River indicate that floodwaters are characterised
by elevated K, Fe and Ca contents as well as As and P relative to pre event channel
waters. Based on the data gathered in this thesis, Tintillo River contributions to the wider
catchment amount to some ~20000 tyear-1 of SO4, 2000 tyear-1 Fe, 1600 tyear-1 Mg, 1400
tyear-1 Al and from as little as 3 tyear-1 (As), to as mush as 350 tyear-1 (Zn) in addition to
variable quantities of Ni, Co, Cu and Mn (of the order Ni < Co < Cu < Mn).

Mass ratio variations and particle size analysis (PSA) indicate primary sourcing of flood
sediments from Corta Atalaya (CA) spoil, confirmed by Raman analysis. This means that
climate is a driving force in controlling the punctuated input of large quantites of acidic
sulphidic metalliferous waters into the wider catchment, including those re-mobilised from
dissolution of readily soluble sulphates, those from less soluble iron oxides and
oxyhyroxysulphates. Moreover, under peak flow conditions, suspended, as well as
dissolved loads, composed of fine particulate spoil material identified as a suite of clay
minerals including kaolinite plus detritic quartz, sulphide and other aluminosilicate
weathering products is also mobilised. This rapid wash out affects temporary
modifications to distal interfaces (e.g. terrace sediments) and results in the direct transport
of source phases to areas downstream mobilising a suite of heavy metals and effectively
bypasses natural attenuation within the site.
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11.

DISCUSSION AND INTERPRETATION

This thesis has examined acid mine drainage (AMD) generation from the Corta Atalaya
(CA) mine, Iberian Pyrite Belt (IPB), Spain and its impacts on the geomorphology and
hydrogeochemistry of the Tintillo River. A combination of observation and analytical
techniques has resulted in the successful mapping and characterisation of the CA host
rock outcrops and extant spoil heaps. The effects of AMD on local headwater
hydrogeochemistry have been established and the impacts of mine waste inputs on
secondary precipitates and river morphology explored. Spatial relationships between
different media (waste, sediment, water) and related geochemical partitioning give insights
into metal transport and cycling, including during a Tintillo River flood wash out event.

Mining in the IPB has persisted for over 4000 years. Several million tonnes of mine-waste
have been accumulated at the surface surrounding the CA open pit alone. Given the
predominance of sulphidic and related base-metal mineralisation across the region, it is
no wonder that as a consequence, the IPB is world renowned as an AMD locale. In the
case of the Odiel River, the impacts of its confluence with the Tintillo are such that its
waters are rendered extremely rich in metals and highly acidic until reaching the Atlantic
Ocean. As is usual in rivers of Mediterranean climate regions, a significant amount of the
pollutant load transported is delivered during the rainy season. The two field seasons
carried out here can be readily defined by prevailing climatic conditions.

This discussion section examines the key findings of the research and their relationship
with previously published literature, grouped under sub-headings that reflect the key
objectives of the thesis. The implications for understanding and managing AMD in other
systems are then assessed.

11.1. Influence of rock and spoil lithology/mineralogy on acid mine drainage (AMD)
generation
The accumulation of enormous pyrite-bearing mine wastes at Corta Atalaya (CA) took
place, by a large, during the 19th and 20th centuries and was conducted without any kind
of environmental perspective. The spoil heaps and waste piles have no cover or liner
systems, peripheral drainage channels or re-vegetated sites. As was usual for the times,
the wastes are situated at the head of the valleys adjacent to the mine operations, such
that they constitute the source areas of the springs that form the Tintillo River. Thus, the
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waters of this river present extreme physical and chemical conditions from the same
discharge points. Potential acidity is reported at ~150 to 349 kg H2SO4t-1; dissolved FeT
ranges from 2.59 to 2.98 gL-1 and Fe2+ averages 1.24 gL-1, resulting in ratios of Fe2+:FeT of
0.54 and average Fe2+/FeT of 54%. Waters typically carry up to 4.72 gL-1 of dissolved Al;
2.2-6.8 gL-1 Mg; up to 23 gL-1 of dissolved sulphate and elevated concentrations of Zn,
Mn, Cu, Co, Ni, As and Cd, which preclude the presence of most forms of aquatic life.

Fundamentally four conclusions can be established from the hard rock and spoil studies
presented in this thesis (Chapter 7):

1. The CA spoil is and has been for some time acid generating

2. Given the long period of spoil exposure (100 – 125 years, Sánchez-España et al.,
2007; Strauss et al., 1977) and the prevailing acidic pH (pH ≤ 4.4; certainly at the
surface and to ferricrete horizon depths), AMD generation (using equations and
assumptions after Singer and Stumm, 1970) typically results in an additional 16
mol H+ and 1 Fe2+ produced for every 1 mol of pyrite oxidised by Fe3+

3. Secondary media including percolating AMD waters, ochreous sediments and
evaporites, form components of transient storage or mobilisation of elements that
can be related to the specific source rocks of the CA spoil: namely the chlorita and
sericitic QFP

4. The QFP units of the CA open pit have been identified in other IPB mine sites and
so findings here could be extrapolated regionally

Combined with associated ochreous sediments, the spoil sediments retain a significant
fraction of the metals released from pyrite oxidation as secondary mineral precipitates
(e.g. as hydroxides such as goethite, ferrihydrite, K-jarosite) and salts (e.g. gypsum)
approaching saturation in associated waters. As such, the CA spoil ferricrete horizon and
spoil sediments play an important role in the temporary storage of metals, acidity and
sulphate (in addition to other major elements e.g. Fe, Al, Mg, K, Si and Ca) liberated
during pyrite oxidation and related gangue mineral dissolution.

Accumulations of these precipitates cement waste matrices and/or intergranular pores
resulting in distinct colour changes. These can be characterised as a proximal zone of
296

white fringe immediate to oxidising pyrite, followed by a more extensive continuous
yellow- to pale- brown transition to pale- to dark- brown areas of crumbly muds and
ferricrusts located in distal zones away from pyrite sources. Consideration of the CA spoil
surface mineral paragenesis in this manner describes two zones:

1. Fe2+ hydrated-sulphates (including rozenite, szomolnokite and scarce halotrichite),
and

2. K-jarosite (and/or H3O-jarosite persistently identified in XRD analysis) in addition to
goethite and other brown oxides in association with gypsum, calcite, muscovite,
quartz and chlorite

These transitions and mineral associations are similar to those detailed by Velasco et al.
(2005) and Fernández-Remolar et al. (2005) and are considered to represent the
evolution of alteration from a predominance of ferrous salts, to areas where iron oxidation
predominates.

Combined, the transitions between these zones form a colour sequence across CA spoil
depicting areas dominated by precipitation of hydrated iron-sulphate minerals, (e.g. Kjarosite and gypsum) from the evaporation of acidic, iron- and sulphate-rich waters (AMD).
These transitions are well established and can be used as a proxy in remote-sensing
studies to locate areas of high acidity and metal leaching, thereby providing a rapid way to
screen mined areas for potential sources of acidic drainage. This is particularly true for
jarosite minerals (discussed in section 9.1.3 in more detail) given their association with
sulphide minerals, acidic conditions and heavy metals in mine waste (Swayze et al.,
2000). The permanance of these ochres as sinks for metals depends on the pH of the
environment over time, the dissolved SO42- content and the availability of other gangue
elements (e.g. K, Na & Si). Schwertmannite is favoured at low pH and moderate to high
sulphate concentrations; schwertmannite and ferrihydrite at lower dissolved sulphate and
higher pH; and jarosite at pH < 3 and higher dissolved sulphate (e.g. Bigham et al., 1994;
Smith, 1999; Yu et al., 1999). As such, their spatial distributions can be mapped using
remote sensing tools such as imaging spectroscopy (Swayze et al., 2000) and spectral
reflectance (Anderson and Robbins 1998). This could be useful not only for targeting
future research but also targeting remedial, management or exploitation of sites.

It is a cornerstone of AMD characterisation that host rock and ore mineralogies define the
products that may be released (Seal and Hammarstrom, 2003). Whilst there has been a
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profusion of publications relating to AMD in the IPB, few, even in those concerned with the
Tintillo River itself, focus on the characteristics of the CA spoil. In turn, with the exception
of Sánchez-España et al. (2005a), there is limited evidence of chemical signatures
relating background waters or AMD to drainage of specific lithological units of the Odiel
catchment. Acid base-type accounting (ABA) assessments of CA spoil rocks and
sediments provide a broad stroke approach to qualify their AMD potential. Host rock
mineralogies exhibit different products (and rates) of aqueous reactivity, which combined
account for any AMD neutralising potentials. It is established here that the oxidation of
primary pyrite by oxygen and Fe3+ is on-going. As pH reduces, solubility increases. With
pH data from spoil sediments indicating pH ≤ 4, weathering solutions are particularly
corrosive and cation interactions between Fe2+ and those derived from gangue silicate
dissolution are prevalent.

The development of extreme sulphate (SO42-) concentrations in Tintillo waters is directly
related to the mass release of sulphur (S) from pyrite oxidation in CA spoil rocks and
resultant AMD generation. In turn, Fe is derived from the oxidative dissolution of pyrite
whilst Mg, Al, Ca, Si and K and trace elements typically arise from the dissolution of
gangue minerals. Relative proportions and liberation characteristics of mineral
assemblages relating to pre-mining alteration systems, distinguish the rate and nature of
elements made available during weathering of sericitic- and chlorita- meta-rhyolites.
Combined dissolution of these mineral phases contributes the Mg-Al-Fe- rich waters
observed in the Tintillo River. Resulting AMD effluents affect Tintillo River waters,
rendering them consistently acidic and characterised by large variations in chemical
composition spatially (between different springs and/river water facies) and seasonally
(due to marked hydrologic variations).

The exhaustion of liberated sulphides and/or gangue minerals from sericitic QFP is
thought to be a distinct possibility given the degraded state of identified blocks (i.e.
remaining materials are akin to stacks of newspaper). Combined with (a) the considered
relative quiescence of Mediterranean climates; (b) development of extensive armouring to
the most readily and long lived oxidised members (e.g. sericitic QFP) of the spoil; (c)
development of an extensive hardpan/ferricrete layer in surficial spoil sediments; and (d)
the observed evidence of markedly slower and more restricted sulphide oxidation in
chlorita QFP members, it may well be that the potential neutralisation capacity of gangue
minerals may prove more significant in the future. The ratio of acid generating versus acid
consuming reactions would gradually change from net acid generating to a situation
where acid generation of site sediments is equal to or is exceeded by the neutralising
capacity of gangue minerals. Affected by both chemical and physical weathering, this
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transition would ultimately affect pH and redox conditions in waters such that AMD
character would be altered. This would result in changes to the prevailing available and
more importantly, mobile elements from and between secondary environments, as
precipitation/dissolution reaction fronts change and so too the geomorphological
expressions courrently controlling heavy metal mobility.

11.2. Influence of acid mine drainage (AMD) on headwater and river chemistry
The hydrochemistry of the Tintillo River waters is strongly linked to the intense water-rock
interactions taking place. On one hand, intense sulphide oxidation processes release Fe,
SO4 and accessory metals (e.g. Cu, Cd, Co, Zn etc) into the fluvial network. On the other
hand, the dissolution of gangue minerals and hydrolysis reactions of aluminosilicates
leads to the mobilisation of Mg, Al, Si, K and Na. An array of elements is thus dissolved
into waters. Variations among element profiles can be attributed to geochemical controls
subsequently modified by interactions of AMD and/or rainwaters with secondary minerals.

The study site at the time of sampling (September) is taken to represent the status quo
post dry season and pre onset of the rainy season. Evaporation and/or transformation
reactions are considered to be at a peak. Reported aqueous and evaporite average
chemistries reflect signatures typical of prolonged evaporation. Waters are characterised
as Mg-SO4 type and evaporites S-Mg-Al-Fe dominant. Moreover, variations in the
aqueous chemistries of water facies (channel, spring and pool) and between the study
years (hotter and cooler summer periods respectively) from Mg-Al-Fe to Fe-Mg-Al
sulphate waters, in association with their differential flow rates, evaporation and drying,
indicate the system’s innate dynamic response to climatic changes.

Site-wide analysis in this thesis illustrate two dominant pathways whereby major elements
are partitioned from AMD affected waters (primarily Fe, Al and Mg) and heavy metals are
attenuated and/or mobilised:

1. Secondary precipitation of Fe3+ ochres e.g. K-jarosite in spoil sediments,
schwertmannite and/or ferrihydrite/goethite in terrace sediments

2. And secondary precipitation of sulphate crusts formed by:
a. Direct precipitation from the Tintillo waters (e.g. Mg-rich sulphates)
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b. Paragenetic sequences relating to dehydration and/or proximity to source
sulphide oxidation products producing Fe2+ through to mixed valence
sulphates and eventually jarosite

As a result, the source rocks define the environmental signature of the site. Resulting
AMD effluents affect Tintillo River waters rendering them consistently acidic and
characterised by large variations in chemical composition spatially (between different
springs and/river water facies) and seasonally (due to marked hydrologic variations). The
Tintillo acid river represents an exceptional example of the environmental impact of
historically intensive metal mining on the water quality of a hydrological basin. The
conditions at the time of sampling for this thesis characterise leachates at the lower end of
the scale cited by Sánchez-España et al. (2005b) of leachate pH range (pH 2.4-4.0) and
ranging outside this ‘exclusive’ range in a number of cases. Observation and logging of
springs active during the surveying for this thesis confirmed that all emerged from the
base of huge waste-rock piles situated in the surroundings of the Corta Atalaya open pit.
However, it may be that those recording elevated pH levels are affected by, or sourced
from, deeper groundwater via local and/or regional structures (see Pauwels et al., 2002).
If so, these waters are not routinely reported in current literatures on the Tintillo River and
further research into their nature and sourcing would be advisable.

Waters of the study site are generally characterised by low-pH and Fe2+ oxidation.
Resulting river morphology is dominated by terraced iron systems downstream of the
emergent metal-rich Tintillo River and coincident ephemeral springs draining the Corta
Atalaya (CA) spoil. Analysis of the depositional facies defined as pools, terraces, or microterraces, based on centimeter-scale sediment morphology and/or distance downstream
from source, has been made.

After emerging in the CA mining area, the Tintillo River flows downstream and discharges
into the Odiel River. At this confluence, several geochemical and mineralogical processes
typical of acid mine water-circumneutral water interaction take place resulting in the Odiel
River becoming severely polluted with large amounts of acidity and dissolved metals
transferred by the Tintillo River. The pH of the Odiel waters drops sharply from
circumneutral to around pH 3 and the river remains acid until it reaches the Atlantic Ocean
(70 km downstream) off the coast of Huelva. In addition, metal loads transported from the
CA site by the Tintillo River into the Odiel River enter continental shelf sediments and
waters off the Gulf of Cadíz and contribute to the metal contents of the Mediterranean Sea
through the Strait of Gibraltar (Elbaz-Poulichet and Leblanc, 1996; Nelson and Lamothe,
1993).
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Analysis of the Tintillo headwaters, including AMD effluents draining the CA spoil, channel
waters and facies of the terrace systems in the river channel present data on facets of the
source region hydrogeochemistry frequently overlooked in the literature. It is evident that
AMD inputs are severe enough that the Tintillo River itself can be considered as an AMD
tributary. The few fresher water inputs to the source region are assimilated to a profoundly
AMD signature on contact with the main channel. Indeed, despite major variations in
physicochemical characters between water facies and between the survey years, average
pH of the channel waters is retained at ~pH 2.56.

Comparison of Tintillo waters against contaminated waters of the Odiel catchment
(including samples from the CA site itself e.g. Sánchez-España et al. 2005a) highlights
that they represent an extreme AMD affected input to the Odiel with sulphate
concentrations 14 – 22 gL-1 greater than maximum values recorded previously for
contaminated Odiel catchment waters (e.g. Cánovas et al., 2012; Sánchez-España, 2008)
and physico-chemical data (including acidity, redox conditions, electric conductivity and
dissolved oxygen contents) highly variable in nature and with regard to seasonal
continuity (e.g. permanent, seasonal or ephemeral drainages). Whilst most compositions
are within the range reported for AMD from VMS-type deposits (see Plumlee et al., 1999)
extremely high SO42- and ultra-concentrated metal concentrations reported in this thesis
set it apart from other AMD-affected mine sites and confirm the significance of on-going
oxidation and subsequent dissolution of pyrite at the site.

It is speculated that the accentuated behaviour of the site is due to the maintenance of
hydrogeochemical conditions within a relatively restricted acidic pH range such that AMD
composition and water-rock interactions are effectively controlled by the relative
precipitation/dissolution of soluble and less soluble Fe-sulphates. These reactions are
governed by the availability of the right ingredients (so the source geology) and the
prevailing climatic conditions (dry summers and winters punctuated by storm events) that
determine evaporation-dominated versus drying- and ageing- dominated process of
control. Because the site has developed naturally over time, specific geomorphological
systems have developed in response to these reaction fronts such that they (and/or any
biotic communities associated with them) best exploit and exert their own control (i.e. to
flow rates and affecting water-rock ratios) to sequester heavy metals (and other
components from AMD) and effectively concentrate the products of AMD within secondary
phases.

Temporal effects on major cation and trace element pathways have been identified.
Seasonal effects to water quality in AMD affected areas, including those of the IPB are
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well established. Less well-reported are the subtleties of inter annual variations associated
with the terrace systems of the Tintillo River. Induced residence times resulting from the
partitioning of channel waters locally modifies water chemistry as pH, EH, temperature
and/or DO are affected, by and large, by evapotranspiration. Under the prevailing
conditions studied in this thesis, that period following prolonged drying over the summer
and prior to the first rains is characterised by Mg-rich waters. In turn, sulphates
precipitating at channel peripheries are likewise Mg-dominated.

Quite apart from being a transient and/or unusual occurrence of Mg-rich AMD and
evaporites, seasonal variation from SO4-Fe-Mg-Al waters to SO4-Mg-Al-Fe waters
appears to be an example of what is fast becoming a persistently identifiable sequence
associated with the IPB. Over a decade ago, Buckby et al. (2003) reported that waters
from the Pena del Hierro mine site and evaporite samples collected from there were atypical of the Rio Tinto region given their high dissolved Mg (~970 mgL-1) contents and
lower contaminant levels (with regard to Zn and Cu concentrations) compared with the
dominantly Fe-sulphate environments previously associated with the majority of IPB mine
sites. Subsequent investigations have found that the mineralogy of IPB sulphates is
strongly influenced by the geochemistry of associated waters. Specifically, analysed
sulphates from AMD sites in the IPB (including Pena del Hierro; Romero et al., 2006;
Valente et al., 2016a) have been found to be dominated by Mg-types (+/- Al sulphates)
forming a dehydration sequence associated with Mg-rich waters. Moreover, the
occurrence of alpersite, magnesiocopiapite and pickeringite instead of melanterite,
copiapite and halotrichite reflects a predominance of Fe2+-poor waters with locally
abundant low-pH Fe3+-rich waters (precipitating coquimbite and rhomboclase) similar to
the system reported in this thesis.

In fact, whilst Romero et al. (2006) suggested that the Mg-sulphates of Pena del Hierro
represented examples of and unusual Mg-suphate occurrence in the IPB, the most
contemporary publication by Valente et al. (2016a) highlights the significance of the
occurrence of magnesium sulphates associated with rivers of the IPB as a whole. It is
established here that Tintillo River waters are Mg-rich (average 2191 mgL-1), directly
relatable to host rock mineralogy. Previous publications relating to similar Mg-suphates in
the IPB characterise them as having markedly lower heavy metal concentrations than the
‘usual’ Fe-sulphates of the area (e.g. Romero et al., 2006). Notwithstanding the fact that
Tintillo Mg-salts in this study contain some 159 and 485 mgL-1 Cu and Zn respectively, it
may be that the end-point evaporites pre rainy season in the IPB contain relatively less
contamination (by heavy metal content) than their Fe-rich predecessors. Unfortunately,
given the magnitude of heavy metal mobilisation during flood events, such a mechanism
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is relatively minor in relation to overall metal fluxes. Whatever the case, the significance of
source rock Mg-concentrations appears to have a primary role in the behaviour of AMD
and water chemistry in the Tintillo River and at other IPB mine sites.

11.3. Impact of mine waste inputs and secondary precipitates on river morphology,
river sedimentation and in-channel acid mine drainage (AMD) and metals
transport and cycling
Secondary precipitates of the study site represent varyingly effective transient storage
phases for elements mobilised in acid mine drainage (AMD). In this thesis, four distinct
secondary environments have been assessed:

1. The Corta Atalaya (CA) spoil sediments

2. The ferricrete hard pans of the CA spoil (Ferr A) and the Tintillo River (Ferr B)

3. The terrace systems of the Tintillo River, and

4. The secondary sulphate crusts of the study site

The weathering of CA spoil (primary) and secondary phases in site sediments and
ferricretes occurs through a complex set of inter-related reactions. Direct mineralogical,
chemical and modelling analysis illustrate some of the main phases involved. Sequential
extraction and geochemical analysis provide insight into the relative proportions of
elements, including heavy metals, partitioned within a given media (e.g. a size fraction of
spoil). Neither the products nor reactions identified are new to understanding sulphide
oxidation or AMD generation. However, given that data relate to a snapshot of the
weathering profile under the specific prevailing conditions, insights are, by definition, new
to the literature relating to the CA spoil, the Tintillo River and/or related AMD effluents.

Starting at source with the spoil ferricrete (Ferr A), distinct colour changes at depth to the
ferricrete horizon are suggested to identify transition from oxic to anoxic conditions in the
CA spoil sub-surface (typically from red-brown-yellow upper oxidation zones to grey
reduced zones). The drying and cementation of chemically mobilised products of pyrite
oxidation to form this hard-pan results in profound changes in the porosity and
permeability of the spoil at depth. This modifies reactive surface area, pore water
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percolation and so water-rock interactions, between uppermost spoil and ferricrete
horizons. There is a cyclical nature to the processes that determine mineral form and
mobility of trace contaminants in relation to influx of water to contaminated sediments.
Essentially, oxygen and water and their effects on redox potential and drying at different
temporal scales affect these transitions. A simplified conceptual model is shown in Figure
11.1. As a consequence, the presence of this ferricrete horizon is seen as a limitation to
AMD generation.
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Figure 11.1: Scheme showing the main features, processes and mineralogy of the Corta
Atalaya (CA) mine spoil. The generalised stratigraphy comprises a mixture of primary and
secondary mineralogy and alluvial sediments deposited due to erosion and remobilisation
in the tailings surface. Oxidation zones formed after oxidation of sulphide (pyrite) are
intercalated with orange, red, brown and yellow layers typifying the precipitation of
secondary Fe and/or Al phases. Directly below the primary zone, and associated with the
ferricrete horizon, is a dark to pale grey zone interpreted as a transition to sub-oxic
conditions demarcated by an accumulation of clay-rich sediments. The heterogeneity of
the spoil results in repetition of these relationships over various scales. However,
distinction is most significant between the ferricrete and upper spoil due to their profoundly
different porosity and permeability. Abbreviations are alu = alunite; bas = basaluminite; chl
= chlorite; feld = feldspar; gyp = gypsum; ill = illite; jar = jarosite; kao = kaolinite; hal =
halotrichite; hnbl = hornblende; hydro = hydrotalcite; mus(ser) = muscovite(sericite); py =
pyrite; qtz = quartz (Modified after schemes in Murray et al., 2014).
Percolation of AMD waters and temporal variations in weathering result in the continued
degradation of exposed pyrite and altering the liberation characteristics of spoil rocks and
fragments. During the rainy season it is evident that rocks and fragments are transported
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into the fluvial network and have accumulated where channel morphology permits
developing a second (fluvial) ferricrete hardpan (Ferr B).

Hydrous secondary minerals are important to element retention in the surficial
environment of the CA spoil sediments. Jarosite and gypsum, minor halotrichite (a highly
hydrated sulphate of Al and Fe [FeAl2(SO4)4·22H2O]); and hydrotaclite (a layered double
hydroxide

with

high

water

content

and

anion

exchange

capacity

[Mg6Al2CO3(OH)16·4(H2O)]) characterise the sediment mineralogy. Periodic dissolution (in
part affected by variations in additional physicochemical factors e.g. pH) will thus affect
AMD compositions. In addition, precipitation of these and other secondary minerals will
modify the porosity and permeability of affected sediments.

The presence of a mix of sulphide minerals, highly soluble sulphate salts and less-soluble
minerals of varying (but generally) acid producing potential in CA wastes means that
specific contributions to acid generation are difficult to decipher. As a further complication,
jarosite’s compositional variability allows multiple levels of chemical reactivity. Hydroniumbearing jarosite, in particular, is thought to contribute to acid generation in mine wastes
because the hydronium ion (H3O+) accelerates jarosite dissolution (Gasharova et al., 2005
and references therein). However, its tendency to precipitate under differing conditions
(though similar to those reported in a high level spring water of the Tintillo River, this
thesis) means that its significance here requires further investigation.

The precipitation of jarosite and oxidation of pyrite by dissolved ferric iron (Fe3+) controls
Fe in the shallow surface of the spoil heaps. Because precipitation of K-jarosite requires
Fe3+ (Sracek et al., 2004), maximum concentrations of K-jarosite in the solid phase are
found at relatively shallow depths where oxygen is available. However, extremely high
sulphate contents can allow for measurable quantities of K-jarosite at depth whereby
values counterbalance decreasing concentrations of ferric iron (e.g. Sracek et al., 2004).
This may be significant given the depth profile of jarosite, particularly in terrace sediments.
Dehydration, induced by the typically dry summer climate can alter jarosite to less hydrous
ferric sulphates and alter iron hydroxides to goethite/hematite (Madden et al., 2004;
Madden et al., 2006).

Kaolinite, identified by XRD in spoil sediments and those of ferricretes (Chapters 7 & 9), is
derived

from

the

weathering

of

alumino-silicate

minerals.

Nordstrom

(1982b)

demonstrated decomposition of kaolinite in acid sulphate fluids, under appropriate
conditions, to yield alunogen (equation 1: reversible) identified in XRD analysis and
PHREEQC modelling.
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AI2Si2O5(OH)4 + 6H+ +3SO42- +16H2O = Al2(SO4)3·17H2O + 2H4SiO4

1

This process (equation 1) results in formation of alunogen which will itself dissolve to yield
kaolinite as pH varies (e.g. via rainfall dilution) and in the presence of non-crystalline silica
(also present from gangue mineral dissolution: equation 2 after Martin et al., 1999).

Al2(SO4)3·17H2O + 2SiO2 = Al2Si2O5(OH)4 + 6H+ + 3SO42- +12H2O

2

The ubiquitous presence of silica in sediments and waters analysed in this study is
indicative of the significance of aluminosilicate weathering (particularly clays e.g. kaolinite)
products to the wider cycling of heavy metals within and through the site. The presence of
clay minerals in site spoil sediments and primary lithologies provides them with an ion
exchange capacity, which will influence the composition of contacted fluids (i.e. cationic
including heavy metal exchanges). These intercations can be complex due to the
variations in clay minerals between/within sediment profiles.

Silica contributed by aluminosilicate weathering is abundant in Fe oxyhydroxysulphate
precipitates (e.g. Sánchez España et al. 2005a) and as local physicochemical conditions
are impacted by periodic changes (e.g. floods), can become oversaturated in waters and
so mobilised via the dissolution of Fe oxides/oxyhydroxides. Previously entrained heavy
metals are likewise mobilised. Episodic rains influence climatic conditions such that pH,
dilution and/or evapoconcentration are affected resulting in potential for re-precipitation of
phases (e.g. Fe-oxides/oxyhydroxides or alunogen) within proximal and distal sites along
with their associated heavy metals (i.e. those co-precipitated, sorbed, adsorbed or
associated via ion exchange with primary and/or secondary mineral phases). Major, trace
and heavy metal ions derived from CA host rocks and spoil (e.g. from episodic kaolinite;
gypsum and jarosite precipitation-dissolution reactions) are leached via capillary action in
response to prevailing chemical gradients resulting in seasonal control to primary sourcing
as well as secondary geomorphologies. In addition to those efflorescences observed
peripheral to the Tintillo channel, constituents of the CA rock weathering combine at the
surface with sulphate and water to form additional localised efflorescences. Again, the
phases in them depend upon the local physicochemical conditions.

Precipitation of gypsum is not directly dependent on redox or pH conditions but requires
an input of Ca2+, in these cases suggested deriving directly from gangue mineral
weathering (e.g. Ca-rich anorthite or apatite) and/or from gypsum dissolution itself. During
dry periods gypsum formed in earlier stages of AMD generation is dissolved as a
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consequence of lower calcium concentrations in pore waters. Simultaneous flushing of
sulphate out of CA piles occurs and both are transported into river waters. Precipitation of
gypsum rosettes on filter papers used to process Tintillo waters is evidence of this. The
behaviour of calcium is in part then controlled by equilibrium with gypsum whereby
extremely high sulphate concentrations occur in dry periods and result in lower dissolved
calcium. Concomitantly, sulphate concentrations are controlled by the solubility of gypsum
and the increase by the release of sulphate due to weathering processes associated with
sulphide oxidation. The liberation of major cations into solution from silicate weathering
neutralisation reactions allows the formation of sulphate complexes such that higher
concentrations of sulphate can stay in solution than can be explained by the solubility of
gypsum alone. Flucctuations between gypsum precipitation and dissolution thus plays a
part in controlling the relative availability of Fe3+ and/or Al3+ in Tintillo waters. Water
compositions from sulphate rich Mg>Al>Fe to Fe>Mg>Al are reported here depending on
the prevailing conditions (the former representing lower flow drier situations).

Tintillo terrace sediments are composed of similar phases with jarosite and gypsum
identified in XRD analysis. However, it is considered that it is schwertmannite that
predominates, certainly in fresh terraces (and pond film) where there are lower
concentrations of monovalent cations in the aqueous phase (Bigham et al., 1996). Here,
ferric iron in the aqueous phase is hydrolysed to ferric iron hydroxide after which it can
combine with sulphate to produce iron sulphate hydroxide that, in the presence of the
required cations, can be converted to jarosite (e.g. Desborough et al., 2010; Herbert,
1997; Murray et al., 2014). Precipitation of ferric hydroxides (Fe(OH)3) and oxyhydroxides
(FeOOH) and formation of the terraces affects the quantities of ions in the aqueous
phases, particularly limiting to Fe3+, SO42-, K+, PO43- and Mg2+ and hence a major factor
promoting the precipitation of Mg-sulphates from AMD waters (Alpers et al., 1994b). As
such the Tintillo terrace formations represent natural attenuation structures for species
adsorbed and/or co-precipitated with iron hydroxides and for partitioning of major
elements (e.g. Mg as well as Fe, Al and Ca already discussed). Heavy metal enrichments
in analysed terrace cores relative to channel water chemistry are testament to the natural
attenuation capacity of these structures. Indeed, a small number of studies have
established that natural attenuation of heavy metals through their removal from solution by
either co-precipitation or adsorption to Fe and Al precipitates is prevalent in AMD waters
(e.g. Ferreira da Silva et al., 2009; Sánchez-España et al., 2005a; Sánchez-España et al.,
2007a) quantified as a retention of up to 99% of total Fe and As and between 60 – 80% of
total Al, Mn, Cu, Zn, Cd, Pb and SO42- of the total dissolved load released from mine sites
(more than 25 studied mines) prior to their transferrence to the wider catchment (e.g.
Sánchez-España et al., 2005b). Both their inherent mineralogy and their geomorphology
influence geochemical behaviour providing exposed surfaces (nucleation sites), barriers
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affecting channel hydrology and so influencing the relative oxygenation, temperature and
residence times of waters (water-rock interactions) within and through terrace complexes.

These minerals store Fe, SO4 and potentially hazardous elements such as As, Cd, Cu
and Zn as well as acidity and Fe3+ (an oxidant) during dry periods (e.g. Accornero et al.,
2005; Alpers et al., 1994a; Bayless and Olyphant, 1993; Jambor et al., 2000). Under the
conditions prevalent during the field seasons Mg in solution has precipitated as Mgcontaining sulphates (e.g. magnesiocopiapite). The temporary incorporation of Mg into
clays (smectisation) has been observed in SEM analysis of spoil and ferricrete sediments.
This is an example of the sometimes complex and disrupted nature of cycling of a given
element through the study site. In addition, for Mg, the transformation of mica follows the
sequence muscovite-vermiculite-smectite-amorphous silica (Gélinas et al., 1994). Thus
when conditions affect the dissolution of smectite, amorphous silica and Mg are once
again available and mobilised through the system. The infill precipitation of secondary
quartz enclaves in various sediments and the elevated amorphous silica concentrations in
Tintillo waters are testament to this (and other processes). The concomitant release of Mg
back to pore waters results in the relatively conservative behaviour of Mg in the longer
term (e.g. Sracek et al., 2004).

The acidic and oxidising SO4-rich waters of the Tintillo are perfect for the precipitation of
jarosite and schwertmannite (i.e. in SO4-rich waters of pH 2.3 and 3.6 after Bingham et al.,
1996). Schwertmannite is a hydroxysulfate of Fe3+ of typically very low crystallinity that
commonly forms in AMD settings (e.g. Bigham et al., 1996; Sánchez-España 2007a) as
very fine spherulite-shaped particles that aggregate together forming poorly cohesive
chemical sediments; interpreted here to include the yellow stringer systems analysed
using FT-IR. Analysis in this thesis are interpreted as a series whereby schwertmannite is
the dominant and first formed terrace-propagating mineral (identified in stringers) followed
by ferrihydrite/jarosite and by proxy, goethite (e.g. Acero et al., 2006; Scroth and Parnell,
2005). The combination of anions with hydroxyl (OH-) in the high iron and sulphate
enriched solutions of the study site results in the formation of metastable schwertmannite,
exemplified in the study site as yellow filaments and proto-minerals emanating from
terrace surfaces. Conversion and recrystallisation of ferrihydrite and goethite polymorphs
and the meta-stability of schwertmannite serve as a paragenetic sequencing tool for iron
minerals (Jerz and Rimstidt, 2003; Murad et al., 1994; Rose and Cravotta, 1998) in Tintillo
sediments.
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Figure 11.2: Scheme showing the main features, processes and mineralogy of the Tintillo
terrace

sediments.
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schw = swertmannite.
Application of this sequencing to Tintillo sediments would tend to suggest, given the
relative paucity of hematite outside of ferricretes and some spoil samples, that most
sediments are immature. Profiles from upper to lower portions of terrace cores are
dominated by decreases in schwertmannite, variable jarosite and relatively less (by
volume) basal goethite (Figure 11.2). Variations are thought to relate to more localised
(potentially biotic) factors affecting secondary precipitation of iron minerals. The presence
of these iron oxides in Tintillo sediments (terraces particularly) results in a series
identifiable by their morphology (including relative crystallinity to some degree), colour and
possibly their relative hydration. Jarosite is distinguished from schwertmannite (yellow) by
its light orange to dark yellow colour and more crystalline, euhedral habit; and goethite
from both as it is dark red to brown in colour and forms botryoidal growths. Goethite
dominates in basal portions of the terrace cores and schwertmannite and (to a lesser
degree jarosite) in uppermost horizons and in more active/saturated regions. Brown et al.
(2010) found that Fe2+ oxidation was strongly dependent on the overlying water height
(0.6, 2, or 3 cm), in which greater Fe2+ oxidation occurred in shallower water. Therefore, in
addition to the hydraulic residence time, the hydrodynamic conditions (e.g. sheet flow and
turbulence) impact Fe2+ oxidation rates (+/- the microbial community) and could control
relative precipitation and/or maturation of schwertmannite, jarosite and goethite in Tintillo
terraces. All three phases (in addition to ferrihydrite) are supersaturated with respect to
Tintillo River waters of the order schwertmannite > jarosite > goethite (SI 13.6, 7. 66 and
4.08 respectively). It is considered that their coexistence with waters occurs in response to
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spatial, temporal and kinetic effects that are constantly pertubing the environment.
Resulting effective segregations of phases occurs as these factors (specifically pH e.g.
stability diagram for ferrihydrite, H-jarosite, schwertmannite and FeOHSO4 at 298K and
1atm

after

Lee

and

Chon

2006)

affect

sediment-water

interfaces

and

the

precipitation/dissolution/re-precipitation of an individual phase is temporarily ‘favoured’.
Thermodynamic equilibrium is probably rarely achieved. Consequently these Fe
oxyhydroxysulfates and and/or hydroxides play a fundamental role in controlling the
mobility of metals.

These minerals are critical in trace metal transport as they are acid producing and can
adsorb metals at the solid-water interface effectively removing them from waters. Where
these ochres cement entrained debris (i.e. ferricretes) they have incorporated signifcaint
alkali elements, rock fragments and grains of ore minerals that can be re-mobilised as pH
conditions change and dissolution occurs. In terraces, the dominance of precipitation of
ochre minerals imparts a self-mitigating capacity to mine waters (i.e. the ability to remove
dissolved metals from solution by metal sorption onto freshly precipitated hydrous ferric
oxides) as a function of the amount of dissolved iron and metals, the nature of the metals
and the ratio of available sites for binding to dissolved metals at a particular pH.

Terrace geomprohology goes some way to controlling these factors. The prevailing semiarid climate results in acidity and total metals concentrations in mine drainage orders of
magnitude higher than wetter climes due to the concentrating effects of mine effluent
evaporation (again promoted by terrace morphology: pools formation) resulting ultimately
in the storage of metals and acidity in highly soluble metal sulphate minerals (e.g.
magnesiocopiapite). Drier conditions inhibit the generation of significant volumes of highly
acidic metal-enriched drainage but concentrate release of stored contaminants into local
watersheds in response to thunderstorms following a dry spell. When precipitation
exceedes evaporation metals and acidity recycling through secondary minerals occurs on
a regular basis leading to the puntuated behaviour of heavy metals cycling within and
through the site as soluble secondary minerals form in locally sheltered areas.

It remains rare in natural systems for these three minerals to coexist as precipitating
phases. Their commonality in analysed sediments is based on the favouring of jarosite
precipitation under the very acidic conditions (i.e., pH < 2–2.5) of the Tintillo and the
dehydration/maturation to goethite over time rather than as a directly precipitated phase
(e.g. Bigham et al., 1996; Bigham and Nordstrom, 2000; Sánchez-España et al., 2005a
2007a). Goethite precipitation can thus be attributed to changes in fluvial dynamics
whereby abandonment of terrace sections and subsequent drying and dehydration to
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basal portions of terraces has occurred due to prolonged isolation from channel waters.
Prevailing hydrodynamic conditions, particularly flood events could destroy portions of
existing terraces and re-route major channels. Exposure of sediments previously
encapsulated and/or re-mobilisation of sediments will promote localised dissolution of
heavy metals and/or Fe- dependent on prevailing physicochemical conditions.

Terrace sediment compositions are found to comprise an average of 73% FeO and 26
wt% LOI in addition to very variable contents of silica (0.1%– 21.4% here 2-20%) and
alumina (1.1%–5.6% here 1.8 to 5.9) depending on the amount of detritic silicates in the
samples. Compositions are considered to be coherent with reported mineral compositions
being similar to those measured in monomineralic schwertmannite (e.g. ~60% FeO and
volatiles (LOI) at ~32%; after Bigham et al., 1996; Sánchez-España et al., 2005a; and
Sánchez-España et al., 2007a). Sediments also contain significant concentrations of As
(600-750 ppm) and trace metals like Mn (0.06-0.10 wt%), Cu (1005-1500 ppm), Pb (3001080 ppm) and Zn (825-1335 ppm), adsorbed onto the mineral surfaces of the Fe3+ solids
during precipitation. Comparison with heavy metal contents reported by Sánchez-España
et al. (2007a) indicates inherent variations with values in this thesis reporting As contents
reduced relative to their earlier reported values and Cu, Pb and Zn greater by up to four
times, indicating the dynamic and heterogeneous behaviours of the terraces. The high
reactive surface areas of secondary Fe3+ hydroxides means that their capacity for surface
complexation, surface precipitation and associated adsorption is great, making them
important in the cycling of mobilised elements at the solid-water interface (via sorption, coprecipitation and solid solution e.g. Cornell and Schwertmann, (2003) and Dzombak and
Morel, (1990)) and influential to channel morphology and hydrodynamics.

On balance, the Tintillo terraces can be classified as Fe-stromatolites. That is, they
comply with the criteria established by Awramik et al. (1976) as being accretionary,
laminated, organo-sedimentary structures produced by trapping and binding or
precipitation of minerals. However, the role of microorganisms is open to some debate
(Sánchez-España, 2007a) and remains to be proven. It is established in this thesis that
physical variations in grain size and down core element profiles clearly record a historical
sediment history in the Tintillo terraces focused on abiotic processes. The influence of any
biotic factors would require further research.

Moreover, these sediments represent an as yet untapped potential resource. Metals are
crucial to society and enable our modern standard of living. For example, a typical petrolpowered car contains over a tonne of Fe, 109 kg of Al, 19 kg of Cu and Si, 10 kg of Zn
and more than 30 other mineral commodities (Zepf et al., 2014). We are living in a time
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when metallurgical technologies are improving and the mining sector is increasingly
exploring less conventional deposits, particularly for extraction of critical metals.

Consideration of the study site within this context and shifting our appetite for commodities
in favour of critical or strategic metal mining (i.e. treating the wastes characterised here as
a potential resource), their metal contents can be viewed in a far more positive light.
Characterisation of the terrace sediments, spoil and evaporites with this in mind provides
a basis to allow for the development of a tailor-made, environmentally conscious
management strategy, replacing or complementary to mine site rehabilitation. Recovery of
lower-grade materials could minimise (certainly offset) the burden of clean up, particularly
in older mines (like Corta Atalaya (CA)) where it is likely that greater amounts of metals
remain in spoils due to their originally poor recovery rates. Indeed, over 95% of
contemporary processing every year by the mining industry is in the form of waste rocks
and mine tailings (e.g. Falagán et al., 2017).

No mining project has been established to recover these metals at the study site. This is
surely a missed opportunity given that Cu alone is worth well over £5254 per tonne, Zn
£2503 per tonne, and Pb £1894 per tonne. Notwithstanding the potential of these as
commodities, Co, Ni and Mn (likewise prevalent in site wastes) could net an additional
£46053 per tonne, £9763 per tonne and/or £1.57 per kg respectively (London Metal
Exchange (LME), 2017; Infomine, 2017). Indeed, the ability to mine for Co could be
particularly appealing as demand to support a rapidly diversifying electronics industry
grows (e.g. Carmakers’ electric dreams depend on supplies of rare minerals: The
Guardian, 2017). Moreover, Co can be re-processed readily by bioleaching decades after
the cessation of mining at a site both for extraction and to remove the environmental
threat posed by spoil and/or tailings deposits (e.g. Morin and D’Hugues, 2007).

Retrieval of these metals could be made using bacterial oxidation. The harnessing abilities
of some species of prokaryotic microorganisms to catalyse the oxidative dissolution of
sulphide minerals and thereby to facilitate the extraction of metals is a global
biotechnology, used mostly to recover copper, nickel, cobalt and zinc, and precious
metals such as gold (e.g. Falagán et al., 2017). Alternately, or perhaps in tandem where
appropriate, electrochemical processes offer elegant, environmentally benign, energyefficient engineering solutions for metal recovery from industrial effluents and wastes (e.g.
Cu cementation, electrokinetic methods, electrowinning and/or electroplating of wastes:
Nordstrom et al., 2017; Wendt et al., 2012). With the technical challenges of rehabilitation
schemes (essentially the flooding or covering of tailings) typically considerable (e.g.
Lottermoser, 2011), greener processing techniques (e.g. bacterial oxidation) and the
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opportunity to offset costs through economic extraction of metals from waste materials
that are already part-processed (by comminution, to produce fine-grain particles) is surely
a more attractive and lucrative option. Indeed, the geochemical processes and the
microorganisms involved in biomining have been widely researched and are well
understood (e.g. Falagán et al., 2017; Johnson, 2014; Vera et al., 2013).

11.4. Impact of extreme events on acid mine drainage (AMD), site hydrology and
river morphology
Mining impacted catchments are known to play a critical role in the distribution of metal
contaminants through river systems. Traditional approaches to management and
remediation of mine water pollution have tended to focus on point sources. However, it is
evident that greater emphasis must be made of the diffuse (non-point) sources of mining
pollution, as they can contribute significantly to total contaminant metal flux arising from
runoff from spoil heaps, inputs of contaiminated sub-surface waters via the hyporheic
zone (Gandy et al., 2007) and from remobilisation of previously deposited contaminated
sediment (Byrne et al., 2009; Gozzard, et al., 2011; Hudson-Edwards et al., 2005; Lynch
et al., 2014). All of these are massively impacted by flood events. Greater emphasis on
dealing with contamination in relation to mining pollution at a catchment scale is driven by
the

establishment

of

the

European

Water

Framework

Directive

2000/60/EC,

a framework for Community action in the field of water policy (DEFRA, 2013; Lynch et al.,
2014; Mayes et al., 2008).

The strong dependency of metal fluxes on climatic and hydrological variations in acid
mine drainage (AMD) environments makes inter-annual studies important. The current
study addresses this whilst also providing insight into a period of time often missing in the
current literature: that immediate to the onset of rains post-dry season. Observation and
sampling of a Tintillo flood event in this thesis provides insight into the peak of
supersaturation of Tintillo waters with respect to mineral phases prior to the first rains (the
‘first flush’ phenomenon). Capture of the aftermath of the flood event provides information
pertaining to the portion of geochemical flux attributable to the rapid dissolution of soluble
salts. The 2005 survey took place after a very dry season with scarce rainfall, which
generated low discharges. Indeed, that hydrological year saw Odiel basin averages of
less than 200mm of rainfall (Cánovas et al., 2012a), less than a third of published
averages of annual precipitation (~630 mmyr-1). Furthermore, despite almost 230mm of
precipitation being recorded in the autumn of 2005, discharges remained low as a
consequence of the low moisture content in the basin soils (Cánovas et al., 2012a).
Conversely, the 2007 survey (inclusive of the Tintillo flood; this thesis) represents an
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event following a more typical hydrological year where monthly precipitation ranged from 3
to 121 mm concentrated in the wet season (October to May: Instituo Nacional de
Meterología). It is supposed therefore, that the impact of accumulated sulphates would
have been somewhat greater in 2005.

The high solubility of many of the efflorescent sulphate minerals identified in this thesis
means that climate is an important control on mineral formation and mobilisation of metals
in the study site. Being a typically Mediterranean-type climate the requisite dry periods for
re-precipitation interspersed with characteristic flooding, erosion and mass dissolution of
sulphates during rainy seasons leads to short-term, catastrophic metal loadings on the
aquatic ecosystem. Given the significance of climatic factors to wider pollution potentials,
global warming will be a potentially significant future factor affecting metal discharges.

This is because the rate of pyrite oxidation in mining waste and tailings is mainly
controlled by the availability of oxygen and water at the mineral grain surface (Gerke et
al., 1998). Due to global climatic and environmental changes, the frequency and intensity
of extreme climatic events are increasing (Anawar, 2013). Recent assessments of drought
events and climate change in Europe show that the highest drought frequency and
severity are in Southern European and Mediterranean regions, inclusive of the Iberian
peninsula, where a small but continuous increase in areas prone to drought has been
identified from the early 1980s onwards (e.g. Spinoni et al., 2015; Vicente-Serrano et al.,
2014). Changes have resulted in longer periods of drought followed by sporadic and
severe rainfall leading to an increased frequency of flooding.

If models of climate change are accepted the result for the study site will be an increase in
sparse, sporadic and intense rainfall events typified by transient water flow and episodic
influx of reactants. These conditions favour evaporative conditions, O2 access into spoil
surfaces, faster sulphide dissolution rates and enhanced solute transport and precipitation
of secondary phases (e.g. Hawkins, 1998). This will lead to acidity and total-metal
concentrations in mine drainage several orders of magnitude greater than in more
temperate climates because of the concentrating effects of mine effluent evaporation and
the resulting ‘storage’ of metals and acidity in highly soluble metal-sulphate minerals.

The key processes that can lead to changes in mineral activity as a result of flooding and
drought cycles and their impact on contaminant trace metal mobility over varying temporal
scales are shown in Figure 11.3.
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Figure 11.3: Simplified conceptual model showing how climate change can affect iron and sulphur species and
the consequent effects on contaminant trace metal release in response to changes in redox potential and
drying at different temporal scales. Grey rhombs indicate two processes limited by the availability of easily
reducible iron (Modified after Figure 1, (page 13) in Lynch et al., 2014). The effects of prolonged inundation of
sediments from flooding are included (far right) as they complete the model but climate change models for the
study site determine that, by a large, it is prolonged drying and ageing accompanied by increasingly sporadic
flooding that will characterise site hydrodynamics. As such, climate change will affect complex and dynamic
shifts associated with processes 1-10 that will ultimately control heavy metal mobility within and through the
site.
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A brief description of process 1-10 (Figure 11.3) is given below:
1. In spoil, liberated sulphide is oxidised and trace metals released as waters exfiltrate
leading to highly acidic conditions promoting trace metal mobility and gangue mineral
dissolution. During periods of prolonged drought mobilisation of products is restricted. The
longer the period of drought, the greater the opportunity for evaporation, precipitation and
ageing of sediment profiles
2. Where/when water is available precipitation of Fe

3+

phases (plus sorption fo trace metals)

occurs due to the supersaturation of Fe in acid waters
3. On oxidation (in terraces, spoil or where previously mobilised and precipitated in distal
sites/ferricretes) the precipitation of poorly crystalline ferric iron attenuates high
concentrations of trace metals. The extent of sorption depends critically on the
concentration of easily reducible iron, trace metal behaviour, pH and mineral surface
characteristics all of which are defined by current geomorphologies at the study site and
would be modified should they change. Where conditions remain stable over time (i.e.
lowermost terrace portions, exposed channel sediments and ferricrete horizons) iron
phases can age, crystallised and become less reactive
4. Sorption of organic/ionrganic substances can retard the ageing process and easily
reducible iron can persist in sediments
5. Cycles of wetting and drying imposed by climatic conditions affect these processes such
that there is a continued temporal evolution of trace metal mobility between readily and
less readily mobilised forms, the latter incorporated or desorbed from the crystal structures
of increasingly crystalline Fe phases which are more resistant to reductive dissolution
6. These wetting and drying cycles and variations in the relative inundation of sediments
impose areas where conditions (i.e. DO contents) favour Fe
Fe

2+

3+

reduction to the more mobile

ferrous form. Consequent localised trace element release occurs in oxygen-depleted

zones (e.g. by microbial respiration) that may latterly be taken in by other precipitating
phases, scavenged or washed out of sediments as water becomes available once more
7 & 8. Drought periods, (established to become a prevalent factor due to climate change) induce
evaporation from sediments such that iron sulphate salts precipitate. These phases store
metals and acidity and are highly soluble. Where prolonged evaporation is coincident with
Fe-rich waters precipitating Fe-phases, partitioning occurs whereby last gasp waters are
Mg-rich and precipitate Mg-sulphates (e.g. magnesiocopiapite)
9. Periodic floods dissolve water-soluble salts en masse releasing trace element
contaminants and acidity and affecting further dissolution and modifications to exchange
sites on clays and/or less soluble Fe oxides
10. Where buffering occurs pH conditons result in the precipitation of more easily reducible iron
sorbing high concentrations of contamintant trace metals. The buffering capacity of Fe

3+
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hydrolysis is exemplified by the formation of the Tintillo terraces and their capacity to help
stabilise the pH within an acidic (pH < 3) range

The site-specific impacts of inundation of water to terrace, spoil and/or ferricrete
sediments vary in their potential effects dependent on the relative permeability and/or
porosity or the substrates. Quite obviously, flushing of oxidation products (particularly
those water soluble phases) will be at a peak in the first flood of the season. However, the
effects of further downpours will be more complex as underlying surfaces will be exposed
for reaction and evaporation processes suppressed for differential periods of time
resulting in variable and punctuated reactions. The duration, frequency and magnitude of
flood events will all affect shifts in the dominant processes occurring influencing physical,
chemical and biological processes in site AMD. Prolonged drought conditions will result in
elevated temperatures and evaporation; reduced precipitation and decreased freshwater
inflows, especially in summer and autumn months. Detereoration of the quality of surface
waters (and groundwaters) in the region will be particularly acute as semi-arid/arid climatic
regions are significantly affected by reduced in-stream flows, diel pH variability and sitespecific mobilisation of ionisable contaminants in AMD (e.g. Barnett et al., 2008; Brooks et
al., 2011; Marce et al., 2010).

Moreover, increases in the number of floods (particularly higher magnitude ones) could
result in more intrinsic physical ‘damage’. Considering this in terrace sediments, the
recovery observed in this study, whilst rapid from a first flush event, may struggle with
multiple more severe floods. This could result in damage or complete removal of some or
part of the terrace system. The precipitation of iron phases and their sorption capacities
under dynamic redox potential conditions are key processes cotrolling the mobility of
contaminant trace metals. Removal of these features or their more permanent wetting by
increased flood frequency/magnitude would alter mineral reactivity (i.e. sorption capacity
and susceptibility to dissolution when redox potential conditions change). Rather than the
rapid formation of simple iron hydrolysis species (i.e. a dominance of poorly crystalline
hydrous ferric oxide or ferrihydrite phases, a transition to a more aged sequence would
occur whereby slower re-crystallisation is prevalent (e.g. ferrihydrite conversion to
hematite or re-precipitation to goethite). However, freshly precipitated iron hydroxides
have an adsorption capacity ten times that of aged oxides which has been found to
correspond to a ten fold difference in cation exchange capacity (CEC) (Lynch et al., 2014)
and so very little freshly precipitated iron is needed to sorb high concentrations of trace
metals such as Cu Cd and Pb Zn (Evans, 1991; Lynch et al., 2014). A persistence of
acidic conditions would also retard such crystallisation (e.g. Galan et al., 2003) but if
increased flood magnitude and/or frequency resulted in mass dilution and/or sourcing
changes sufficient to increase pH this could be significant. The impact of any significant
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physicochemical changes on the existing extremophile communities would also be a
factor. Their role in terrace formation is unclear but it is well established that they are
intrinsic to their occurrence. Whilst they thrive under current conditions, it may be that they
struggle or are temporarily eradicated.

The prolonged dry periods predicted by climate change models would exacerbate
conditions observed during the summer months. Evaporation of pore water and chemical
saturation of solutes would promote the formation of soluble iron sulphates salts derived
from pyrite oxidation. These salts are highly soluble and a temporary store of heavy
metals as contaminants substitute for ferric and ferrous iron in these minerals. Indeed,
Buckby et al. (2003) found that hydrated iron sulphate minerals were able to store on
average 10% and 22% Zn and Cu respectively of the total discharge of the Tinto River
over the summer period. Partitioning of Fe phases to terrace building at the study site
leads to the isolation of Mg-rich waters and a resultant dominance of Mg-sulphates.
Episodic flushing of these salts during the onset rains presents a serious risk to the wider
catchment as they too retain elevated heavy metal contents.

The differential dissolution of more and less soluble sulphates is directly evidenced from
floodwater data as a marked chemical differentiation between onset and peak event
waters. Initial increases in Mg, Al Ca in floodwaters were followed by dramatic increases
in K concentrations. It is possible to interpret this as evidence of the differential dissolution
of sulphates from channel peripheries and atop terraces from that of K-jarosites
accumulated in CA spoil. However, the channel wide mobilisation of pale buff coloured
sediments coincident with the peak in K concentrations cannot adequately be attributed to
dissolution of jarosites alone. The mobilisation of sediment within the water column
represents a hydrodynamic maxima where wash out from spoil heaps and spring flows
(including the re-suspension of fines) accounts for a marked increase in water
mineralisation (e.g. Cánovas et al., 2010; Cánovas et al., 2012a). Based on analysis in
this thesis, the peak flow of a high-energy first flood of the season washes AMD impacted
waters and suspended detrital quartz, sulphides and other spoil-related mineral fractions
(identified in terrace sediments as event horizons) into the Tintillo River. It is accepted that
SO42-, Fe3+ and K generated from aluminosilicate dissolution in spoil is readily consumed
by gypsum (CaSO4·2H2O), K-jarosite 9KFe(SO4)2(OH)6 and goethite (FeOOH) in the
Corta Atalaya (CA) spoil and remobilised during precipitation. Less well reported, but of
significance at the study site is the modification of major cation realtionships (e.g. Ca2+,
Mg2+, Cu2+, Na2+ and K+) through cation exchange mechanisms on clay mineral surfaces
in the mining wastes (e.g. Bea et al., 2010) that are subsequently washed into floodwaters (e.g. kaolinite, chlorite and/or illite). It is believed that elevated Si, Al and Ti
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concentrations in Tintillo flood waters (and in the acid-digestion step of the applied
seqential extraction to flood sediments in this thesis) are contributed by the dissolution of
clays from remobilised spoil sediments carried during the discharge peak of the flood
events. Cánovas et al. hypothesised this in their (2012) publication on pollution transport
during Odiel River rain events. The fact that they report this phenomenon in Odiel
floodwaters suggests that it is a wider catchment occurrence and/or that mobilisation
within high-level tributaries (e.g. the Tintillo) is sufficiently dynamic to affect the main Odiel
River during such events.

As physicochemistry varies (e.g. affected by dilution, inundation of terrace or channel
sediments and/or by the mixing of hydrogeochemically diverse waters) previously
sequestered elements (e.g. Mg, Al and SO4 as well as a host of heavy metals)
accumulated during drier, quiescent periods are mobilised. Interestingly, as with other
aspects of the system, natural attenuation processes impact the cycling of these
elements. The simultaneous dissolution of large quantities of magnesiocopiapite during
the Tintillo flood event results in short-term increases in Mg and sulphate concentrations
in river waters along with their associated heavy metals. Concurrent decreases in Fe
concentrations in Tintillo waters are indicative of the associated precipitation of Fe3+ as
supersaturation of waters with Fe is induced. In turn, coprecipitation and scavenging of
heavy metals by neo-forming Fe-phases (predominantly schwertmannite and ferrihydrite)
serves to further retain remobilised heavy metals.

However, in sediment transport there is a widely used statement that “90% of sediment
transport takes place in 10% of the time”, indicating that storm events are the key
transport agents. Comparison of the amount (grams per day (gday-1)) of elements
transported by the Tintillo flood event as compared with those of channel waters indicates
that this is certainly the case with over 90% of total Fe, Ca, SO4, Al and Mg mobilised
during this single event in addition to similar proportions of As, Cu, Zn, Mn, Cd, Cr and Co.
The Tintillo flood event reported here represents the first flush of a previously dry site and
was of sufficiently high energy that detritic spoil components were mobilised. The
magnitude of reported element concentrations clearly indicates that dissolved as well as
suspended loads were mobilised.

Previous studies of flooding in the Odiel catchment reported typical dissolved pollutant
loads of 226 t SO4; 13 t Al; 5.3 t Zn; 3.2 t Mn; ~1.9 t Cu; 1.7 t Fe; 92 kg Co; 47 kg Ni; 24
kg Pb; and 17 kg Cd (Cánovas et al., 2012a). Dissolved loads from Tintillo flood waters
(this thesis) are characterised by SO4 contents twice those reported by Cánovas et al.
(2012a) along with Al contents almost three times and some 40 tonnes of Fe; 8 tonnes of
320

Zn, 4 tonnes of Mn; 3 tonnes of Cu; 144 kg of Co; 80 kg of Ni and 32 kg of Cd. So, whilst it
is true that attenuation within the site is persistent and active, the sheer volume of
pollutant load being distributed via AMD runoff into the Tintillo waters, particularly during
flood events where the terrace systems are breached and previously exposed sulphates
are inundated and dissolved, temporarily overwhelms this local natural attenuation
capacity.

Flood events affect terrace formation through the elevation of pH and consequent
lowering of iron solubility. Analysis in this study illustrate a decrease in Fe3+
concentrations in response to flood waters from a channel average of 52% Fe3+ to 48% in
onset floodwaters and 41% in sediment filled peak floodwaters. This would tend to
suggest that flood events induce precipitation of ochres and growth of terraces affecting
the Fe2+: Fe3+ couple. Combined with recorded fluctuations in pH and EH (increases and
decrease respectively) and orders of magnitude increases in EC and TDS, it is concluded
that flood events are a major factor in promoting the precipitation of terrace sediments in
the water column in response to pH increases and/or supersaturation with respect to Fe.

Salt minerals serve as transient solid storage of trace elements that are subsequently
released with the onset of rainfall (Cravotta, 1994; Keith et al., 2001). From field
observations, salt minerals occupying an area of ~1.65 m wide (range 1.2–2.1 m) on
either side of the Tintillo River for ~1 km downstream, form during the summer months
equating to a total salt mineral coverage of 960 m2 associated with the Tintillo
headwaters. In addition, estimates of salt accumulations atop terrace walls have been
made using aerial photographs digitised and analysed using GIS ArcView. These amass
an additional ~50% of the total evaporite coverage (considered as channel and terrace
tops) at 578 m2 giving a total of 1538 m2 of predominantly Mg-salts.

These accumulations have been constrained to accumulations of 0.5 - 2.3 cm and 1.5 - 5
cm depths for terrace and channel crusts respectively. If it is assumed that the minerals
have 25% porosity and an approximate average density of 2.65 gcm-1 (the value is taken
from Buckby et al., 2003 and represents the density of magnesiocopiapite) this equates to
the formation of 97785 kg (28620 - 166950 kg) and 17222 kg (11404 - 23039 kg) of
precipitates on the floodplains of the Tintillo River and atop terraces respectively during
the summer.

Using average heavy metal compositions of sampled evaporites: Zn 9178 mgkg-1; Cu
3096 mgkg-1; Ni 75 mgkg-1; Co 36 mgkg-1 and As 6 mgkg-1 (Table 9.4, page 245) it can be
calculated that 26267 - 153220 kg Zn; 8859 - 51680 kg Cu; 216 - 1259 kg Ni; 103 - 598 kg
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Co and 19 - 107 kg As are potentially being stored in the salt minerals in a dry season.
These evaporites are then available for dissolution with the onset of rainfall in the winter.
Combined with the terrace potentials (10466 - 21144 kg Zn; 3530 - 7132 kg Cu; 86 - 174
kg Ni; 41 - 83 kg Co and 7 - 15 kg As), contributions on dissolution are potentially
significant. The recovery of these metals, much like those from the site sediments, would
make a great deal of sense. Indeed, using the metal prices quoted earlier (LME, 2017),
recovery from the salts and sediments of the study site would yield some £790,751 (based
on 100% recovery that is £436,408 from Zn; £308,990 from Cu; £31,363 from Co and
£13,990 from Ni). Most significant is that 88% of this (some £695,861) relates to the
recovery of metals from water-soluble salts.

11.5. Key system processes and importance of site-specific characterisation of acid
mine drainage (AMD)
A multicomponent analysis has been applied to combined data in order to visualise and
summarise key reactions and processes of acid mine drainage (AMD)/elemental cycling in
the study area (Figures 11.4 & 11.5).

Sediments are effectively grouped and sit within fields defined by PC’s 1, 2 & 3. Linear
trends can be traced from source sericitic members of the Corta Atalaya (CA) spoil
towards terrace sediments (A) and between spoil and/or terrace sediments and evaporites
(B and C). Interim phases are associated with sericitic quartz feldspar porphyry (QFP)
samples, ferricrete cements; spoil sediments and those transported in floodwaters.
Observations made by plotting the data in 3-dimensions allowed relationships to PC3 to
be visualised (not shown for clarity) whereby transitions and groupings were retained, but
with more distinction between source CA rocks separating altered QFP (sericitic and
chlorita) from other lithotypes (e.g. Culm and basaltic-andesite).

In all, three groups are distinguished:

Group 1: Precursors [sub-groups a. non-QFP spoil rocks (e.g. Culm, basaltic-andesite);
b. sericitic & chlorita QFP and c. assorted sediments including flood, ferricrete, sediment
scrape and sericitic QFP]

Group 2: Terrace sediments
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Group 3: Evaporites

These groups represent mineralogical and geomorphological expressions of major
processes of AMD generation.

The lithology of the rock substrate, with abundance of massive sulphide (especially pyrite)
and aluminosilicates and scarcity of carbonates, is undoubtedly determining the prevailing
water chemistry. The high contents of Fe and SO4 dissolved in the waters result from the
oxidative dissolution of pyrite, whereas the rest of metals are thought to be the result of
the subsequent dissolution of gangue aluminosilicates like feldspars (Al, K, Na, Ca),
chlorite (Al, Fe, Mg, Co, Ni) and sericite-muscovite (Al, Na, K). Contributions from other
sulphides (e.g. sphalerite (Zn and minor Cd), chalcopyrite (Cu and Fe), galena (Pb),
arsenopyrite (As, Fe), tetrahedrite-tenantite (Fe, Cu, Zn, As, Sb) and/or rhodocrosite (Ca,
Mn)) have been reported elsewhere (e.g. Diez-Ercilla et al., 2009; Sánchez-España et al.,
2007b; Sánchez-España et al,. 2008) but are not considered significant here. In addition
to these primary sources, the dissolution of secondary sulphate salts is another control to
Tintillo water chemistry, particularly during flood events.

Source rock mineralogy determines that iron, aluminium, magnesium and calcium are, by
far, the most abundant metals dissolved in Tintillo AMD (typically SO4 > Mg > Al > Fe > Ca
> Zn > Cu > Mn). This determines that minerals commonly formed in this AMD
environment are chiefly Fe2+, Fe3+, Al, Mg and Ca sulphates and (oxy)hydroxysulphates.
Highly crystalline sulphate salts (e.g. copiapite, halotrichite and rozenite) formed by
evaporative processes from very acidic brines in pools or at the margins of AMD-impacted
streams in addition to nearly amorphous compounds of Fe3+ (e.g. schwertmannite) and Al
(hydrobasaluminite, basaluminite, gibbsite).

Figure 11.4: Bivariate plot of principal components PC1 and PC2 scores and loadings
using peak and profile XRD data of site rocks, sediments and evaporites. Inset text and
equations highlight the dominant reactions and mineral phases per group. Element groups
define the samples plotted within a given quadrant. Heavy metal associations are
particularly significant in terms of the impacts of AMD now and in the future to the wider
catchment. The majority define phases readily soluble in water.
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At pH ~1.5 to 3; [SO4] > 3,000 µgmL-1; K+ from silicates:

Process: Hydrolysis of Fe3+ and ochre precipitation
Primary source/reaction surface: Pronounced expression in Tintillo terraces
dependent on prevailing hydrogeochemical and hydrodynamic conditions
Fundamental reaction(s):

PC1 3Fe3+ + 2SO42- + K+ + 6H2O ! KFe33+(SO4)2(OH)6 + 6H+
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No oxidation
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Changes in temperature, relative humidity:

Paragenesis of salt precipitation to ferric and/or mixed valence:
Mg2+ + 4Fe3+ + 6SO42- + 22H2O ! MgFe43+(SO4)6(OH)2 "20H2O + 2H+
Specific to gangue mineral dissolution products (e.g. Al):
Fe2+ + 4SO42- + 2Al3+ + 22H2O ! FeAl2(SO4)4"22H2O

Process: Salt precipitation (ferric or mixed valence) +/- additional gangue dissolution products
Primary source/reaction surface: Expansive efflorescent crusts to channel peripheries
Examples of fundamental reaction(s):

Buffers Al and Fe hydroxide dissolution & aluminosilicate dissolution

(goethite)

Fe3+ + 2H2O ! FeOOH + 3H+

C

(ferrihydrite)

Fe(OH)3 + 3 H+ ! Fe3+ + 3H2O

8.

Process: Oxidation of primary Fe-sulphide minerals by oxygen; oxidation of ferrous iron to ferric iron and water and the dominant well established propagation
cycle whereby oxidation of pyrite by ferric iron persists yielding additional ferrous iron, sulphate and acidity.
Primary source/reaction surface: CA spoil rocks, [especially those heavily cleaved sericitic and chloritic QFP +/- sulphidic veins and veinlets in chlorita QFP];
spoil and ferricrete sediment fractions. Moist surficial environment promotes oxidation of Fe2+ to Fe3+ (+/- biotic reaction whereby oxidation ~106 faster)
Fundamental reaction(s): Pyrite oxidation
Cation sourcing from gangue mineralogy dissolution including:
FeS2 + 3.5O2 + H2O ! Fe2+ + 2SO42- + 2H+
Sericite (phengite) +/- other micas (e.g. muscovite & minor Mg-rich biotite)
2+
+
3+
Fe + 0.25O2 + H ! Fe + 0.5H2O
Chlorite dissolution
3+
2+
2+
FeS2 + 62Fe + 32H2O ! 69Fe + 8SO4 + 64H
Dissolution of additional aluminosilicates (e.g. K, Na, Ca feldspars)
Dissolution of quartz producing silicic acid
Group 1:
Dissolution of apatite
Precursors
Dissolution of alteration products (e.g. paragonite, alunite, Fe amorphous clays, Fe oxide
(e.g. goethite, hematite, ferrihydrite, jarosite, ferrihydrite, kaolinite)
Spoil rocks
(sericitic & chlorita
QFP)
6
Spoil rocks

Reaction of gangue mineral and sulphide waste residues plus/minus
intermediary buffering reactions/dissolution-precipitation of secondary
alteration products:
Fe and/or Al oxides/oxy-hydroxides dissolution [e.g. ferrihydrite/kaolinite:
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The#deposi@onal#regime#in#the#mid)#to#lower)#Tin@llo#River#channel#is#characterised#by#
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the#only#non)acid#bearing#soluble#sulphate#iden@ﬁed#
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Figure 11.5: A schematic showing the main features, processes and mineralogy of the
study site. Emphasis is put on the sourcing and dynamic mobilisation of heavy metals
within and between the Corta Atalaya (CA) spoil heaps and the associated fluvial and
geomorphological systems of the Tintillo River. The cycling of sulphide oxidation, sulphate
formation and metal mobility at the site and possible pathways of metals from the CA spoil
to the fluvial and geomorphological systems and wider catchments are shown.
Abbreviations are alu = alunite; bas = basaluminite; bt-ver = biotite-vermiculite
(hydrobiotite); chl = chlorite; cop = copiapite; coq = coquimbite; feld = feldspar; ferr =
ferrihydrite; gt = goethite; gyp =gypsum; hal = halotrichite; hy = hydrotalcite; ill = illite; jar =
jarosite; kaol = kaolinite; mix lay verm = mixed layer vermiculite; mus = muscovite (e.g.
sericite); pick = pickeringite; py = pyrite; rom = romerite; schw = schwertmannite; szo =
szomolnokite; verm = vermiculite; and qtz = quartz.
1. Oxidation of sulphides (by oxygen, ferric iron and microbial activity) and dissolution
of silicates in the oxidation front yielding a complex mixture of primary and
secondary mineralogy and alluvial sediments. The development of a hardpan
consolidating the products of erosion and remobilised phases in the spoil sub
surface results in a pronounced decrease in relative porosity and permeability at
depth affecting a semi/varyingly permeable barrier between the ‘active’ oxidationand primary- zones. Percolation of water results in the release of sulphate, acidity,
iron, metals and/or alkalis leading to their mobilisation and/or reprecipitation as
secondray minerals within the spoil stratigraphy
2. Precipitation of secondary minerals
a. In the primary and oxidation zones of Corta Atalaya (CA) a host of heavy
metals (Zn Mn, Co & Pb) and major elements are retained within soluble
sulphates (e.g. gypsum retaining Pb, Ca and Al)
b. Formation of less soluble suphates (e.g. jarosite and Fe3+ oxyhydroxysulphates
like schwertmannite) sequestering mainly As, K and Na
c. Accumulations of detritic alteration residues (clay-rich: illite, chlorite, &
kaolinite/vermiculite products e.g. Si, Ti, Fe, Al, K), minor quartz and feldspars
and co-precipitated (often colloidal) inorganic amorphous Fe- Si- Al- rich
phases (Fe oxides and hydroxides) add to the proportion of spoil readily
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mobilised (water soluble (redox affected) & exchangeable). The characteristic
high surface areas of these phases determines a host of mechanisms for
temporary sequestering and ready release of a suite of heavy metals (including
Cu, Zn, Mn, As, Pb, Co, Cd and Cr)
d. The oxidation of sulphide and dissolution of silicates in spoil debris results in
sulphate-rich

pore

waters.

As

temperatures

increase

due

to

the

decrease/cessation of rainfall, these waters evaporate allowing the formation
of soluble iron sulphates in the walls of erosion channels or across spoil
surfaces by the capillary ascent of pore waters. The spoil surface was typified
by sparse or absent surface sulphates during sampling with minor but
mineralogically

varied

suphates

identified

(e.g.

copiapite,

halotrichite, rhomboclase retaining predominantly Fe

3+

coquimbite,

plus heavy metals,

sulphate and acidity and/or alunogen, romerite, gypsum and szomolnokite
retaining Fe3+, Fe2+, Ca and Al plus heavy metals). However, the Tintillo River
terraces and channel periphery sediments retained extensive evaporite crusts.
Prolonged drought during the dry season results in the reduction of waters,
their supersaturation with Fe which promotes the precipitation of Fe-phases
and ultimately the partitioning of Mg-rich waters which (on evaporation)
precipitate Mg-rich sulphates (predominantly magnesiocopiapite, epsomite and
hexahydrite)
3. Ferrous iron, sulphate and metal-rich acid mine drainage (AMD) is mobilised
through the primary tailings to seep as springs where gravity and relative
permeability dictate during the dry season enabling precipitation of soluble
sulphate salts (e.g. alunogen, romerite, and rozenite in the evaporite wall
surrounding basal seep) and sequestering Fe2+, Zn, and Al amongst other
elements/heavy metals
4. Dissolution of soluble salts during the wet season, especially during the first rain
events where accumulated evaporites from pore spaces, spoil surfaces and
proximal sites are washed into the fluvial system. Acid mine drainage (AMD) is
formed and SO42-, Fe2+, Zn2+, Al3+, Ca2+, Mg2+, Cu2+, and Cd2+ released and
mobilised in waters
5. Dissolution of less soluble phases (e.g. jarosite) at pH ~2 as AMD waters
percolate/mobilise through the system plus the transportation of fine sediments
and the mobilisation of ions previously sequestered by these phases occurs
6. Partitioning of Fe from Fe-oversaturated Tintillo waters during the dry season as
precipitation of amorphous/poorly crystalline fine-grained Fe oyhydroxysulphates
and oxides occurs (e.g. schwertmannite and jarosite) and terraces are actively
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growing. Under periods of prolonged dry weather this process results in Mg-rich
waters, which then evaporate under pooling conditions within the channel to form
Mg-sulphate salts (e.g. magnesio copiapite, epsomite and hexahydrite)
7. Flood waters, particularly those first flush events of the season, result in dramatic
mobilisation of AMD ffected waters along with a complex suspended load of fine
fraction phases includinf clay minerals (e.g. illite, kaolinite and chlorite), poorly
crystalline and amorphous phases (e.g. Fe colloids) and coarse fractions
comprising detritic quartz, feldspars and sulphide wastes which are identified in
this thesis within the Tintillo terrace sediment record. Mobilised heavy metals
under flood conditions are an amalgamation of water soluble and exchangeable
fractions from all available surfaces. These enormous dissolved (and suspended)
loads of deleterious elements breach terraces and are washed into the wider
catchment with none of the modifications induced by the natural attenuation
systems of the terraces or evaporites that serve as significant sinks during the dry
season

Both figures (Figure 11.4 & 11.5), show the partitioning of processes from source that
determine the expression of the two prevailing geomorphological terrains:

(1) Ochreous terraces composed of alternating pH-dependent Fe-precipitates (e.g.
schwertmannite or ferrihydrite) and over time, aged more crystalline Fe phases and
(2) Water soluble salts formed from the evaporation of AMD affected waters in the
margins of streams or in pools (including magnesiocopiapite, epsomite and hexahydrite)

Elevated trace element contents in bulk and extraction data for terrace sediments
illustrates their sorption capacities of their predominantly iron precipitates and qualifies
their natural attenuation capacity. Based on rates of Fe2+ oxidation measured (at pseudosteady state) in laboratory reactors Brown et al. (2010) found that AMD related Fe-rich
terrace sediments could be quite effective for AMD treatment with surface areanormalised rates (commonly used in the design of AMD treatment systems used for sizing
ponds and wetlands) of 3.4 to 6.3 g Fe day-1m-2 reported for all sediments tested. Putting
this in context, design guidelines for iron removal from net acid coal mine drainage using
aerobic wetlands range from 2.0 to 5.0 g Fe day-1m-2 (e.g. Hedin & Nairn 1992).

Because of the nature of their co-evolution, the systems are a composite of reactions and
reaction surfaces that impact each other heavily. Their characterisation in this thesis
illustrates that not only point source but also multiple extrinsic sources/interactions are key
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to current Tintillo hydrogeochemistry. Effective targeting of remedial, management or
strategic re-mining of the site requires this insight. Indeed, AMD is recognised as one of
the most serious environmental problems in the mining industry. Because of this, its
causes, prediction and treatment are the focus of numerous research initiatives
commissioned by governments, the mining industry, research establishments and
environmental groups. Site-specific characterisation of AMD and its specific sourcing,
such as that carried out here is paramount to effective mitigation of any AMD pollution
whether by primary prevention of acid-generating process, acid drainage migration
prevention measures or through tertiary control (i.e. collection and treatment of effluent). A
potential remediation and management strategy for the study site is illustrated in Figure
11. 6.

Water is a valuable natural resource and its protection from the multiple threats of
contamination from acid mine drainage (AMD) is very important for the sustainable
existence of nature, economic growth, and ultimately, for the well being of populations.
Global climatic and environmental changes will cause an increase in erratic rainfall, water
scarcity, and increased incidence of flood and droughts at the study site. Sustainable and
long-lasting remediation and mitigation strategies are needed to confront the impacts of
climate change and to protect valuable water resources, particularly in mining affected
semi-arid regions. It is essential that any governing body charged with the design and
implementation of active mining, mine closure, mine maintenance and/or clean up or other
management of the CA-Tintillo site ensure that implemented designs are environmentally
protective (i.e. that the effects of climate change are addressed and incorporated to those
strategies). Despite its fundamental importance, the impacts of climate change on AMD in
mining regions, particularly semi-arid regions are sparsely reported on in the literature
(Anawar, 2013; Nordstrom, 2009). A large number of mines worldwide are located in arid
and semi-arid areas. Effective remediation of contaminated mine wastes in these
environments requires serious attention.

That flood events are a critical factor in mine-site behaviour is evident. As such it would be
remiss to not consider the scope of future research at the study site. Essentially a
methodology would be built around the in-situ monitoring of the Tintillo River over the
period of the onset of rains (early September) and sufficiently long to collect data
pertaining to onset floods and those events that follow. Sample stations would be situated
at upper-, mid- and lower reaches in the Tintillo River channel; at points associated with
inflow and outflow of each terrace system; (where possible) at the inflow of springs
draining into the channel from the surrounding spoil heaps and monitoring stations at the

329

Tintillo-Odiel confluence. Each would be capable of reporting pH, EH, temperature, DO,
EC/TDS, and flow rate information.

Three-dimensional imaging (using drones, laser mapping technologies and image
rendering within GIS software) of terrace systems, the channel itself and surfaces in
relation to temporal accumulations of secondary minerals would be accrued over a period
of no less than three years. Discrete sampling and analysis of spoil test pits, terrace
sediments and efflorescences as part of an annual strategic sampling survey and on a
reactive basis (e.g. after major rain events), would also be a consideration. The aims
would be:
1. To characterise onset flood events at the site
2. To see how/if they differ and in what way from year to year
3. To detail the follow up flood events post ‘first flush’
4. To model these changes alongside data gathered from spoil, terrace and
efflorescences
5. To relate high level flood events with outpour events from the Tintillo
headwaters into the Odiel River

This methodology would provide sufficient temporal data to generate a detailed insight
into the current characteristics of flooding from the Tintillo River, to establish how point
and diffuse sources are behaving, to assess the effects of these events within the
headwater region (specifically terrace and/or efflorescence development/modifications)
and ultimately to shed light on the effects of climate change to such a region and so
enable the development of more effective remedial practices for the future.

Figure 11.6: Theoretical and practical design for site remediation and management to best
exploit the innate resources still ‘available’ within secondary mine wastes including
sediments, evaporites and acid mine drainage (AMD)-affected waters. The strategy is to
focus resources on intensifying the natural processes occurring; to target the extraction of
heavy metals (primarily Cu, Zn and Co based on current metal values); to offset site set
up costs and develop a model that permits continued extraction and recovery through the
control of water interactions until such a time that toxicity is sufficiently reduced to permit
effective closure, re-vegetation and cessation of interference. Stars highlight those
aspects available on site. Techniques in bold are those proposed based on current site
knowledge.
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12.

CONCLUSIONS

This thesis has examined the processes of acid mine drainage (AMD) generation in the
Corta Atalaya (CA) spoil heaps (Iberian Pyrite Belt (IPB)) and the impacts of derived acid
mine drainage (AMD) on Tintillo River water chemistry and river morphology. Host rock
outcrops and extant spoil heaps have been mapped and their acid generating potentials
based on mineral compositions, established. Effects of AMD on the local headwaters of
the Tintillo River have been characterised and relative enrichment factors to waters of the
wider catchment calculated. Flood event impacts on river morphology and sedimentation
have been established and related wash out and transport of mine waste inputs and
secondary precipitates have been examined in terms of in-channel AMD and metals
transport and cycling.

Key findings are:

(1) The prevailing spoil and water conditions are profoundly acidic (spoil pH 4.4;
waters pH 2.56) and major and minor elements are essentially mobile in the
aqueous phase. The abundance of disseminated pyrite and gangue minerals in
spoil fractions combined with extensive alteration (e.g. clay minerals, Fe-oxides
and other secondary phases) are indicative of the historic and future capacity of
these wastes for AMD generation. Assemblages are typically: quartz + muscovite
+ pyrite + jarosite +/- gypsum +/- alunite +/- halotrichite +/- hydrotalcite. Intense
sulphide oxidation at all scales releases Fe and SO4 and accessory metals (e.g.
Cu, Zn, Cd, As and Co) into the fluvial network with concomitant dissolution of
gangue minerals and hydrolysis reactions leading to mobilisation of Mg, Al, Si, K
and Na. Field occurrences are considered to be in near agreement with predicted
mineralogy. Calculations using the PHREEQC program suggest that Tintillo
effluents are profoundly undersaturated with respect to these phases. The
thermodynamic instability of primary and most secondary mineral phases is
evidenced by their dissolution. Conversely, both gypsum and jarosite (as well as a
series of nontronite clay minerals, quartz and jurbanite) are supersaturated with
respect to Tintillo waters. Mobilisation of these phases in site waters thus controls
sulphate, iron, aluminium, calcium and associated heavy metal activities

(2) Soluble metal contamination loads depend critically on sulphide weathering and
heavy metal mobility, both of which are controlled to a large extent by the amount
of available water (i.e. climate). In turn, pH and redox conditions are governed by
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the dissolution of minerals. Changes to future loadings could be significant given
the differential rates of weathering and products of weathering between sericitic
(contemporary) and chlorita type (potential future dominant source) quartz feldspar
porphyry. Changes in source geochemistry would necessarily impact on all
subsequent parts of the system: namely, the current balance and control between
fluvial, sediment and evaporite groups, profoundly affecting the partitioning of
major elements (S, Fe, Mg, K, Al) and trace elements (e.g. metals) currently coprecipitated, adsorbed and or otherwise scavenged by current secondary mineral
accumulations.
The low pH prevalent in CA spoil means that dissolution rates of most silicate
minerals are relatively high due to the effect of H+ and OH- in forming surfaceactive complexes with cations at the mineral surface. These complexes destabilise
internal cation bonds and result in the release of the cation. Weathering is initiated
through physical processes whereby particle size is reduced. The differential
mineralogical and textural characters of spoil rocks determine that both this and
subsequent

chemical

weathering

processes

(i.e.

ion

exchange,

sorption/desorption, and organic matter mineralisation) vary between the two
primary QFP in relation to greater surface area for reaction in sericitic varieties

(3) Chemical weathering of CA spoil has resulted in the formation of secondary
minerals (i.e. jarosite and clay minerals) that impart specific characteristics to the
spoil profile in relation to ion exchange and sorption capacities. These reactions
are regulated primarily by mineral surface area, temperature, and availability of
water (in addition to mineral composition, proton flux, solution pH, and chelate
concentrations) and so profiles have developed in response to the prevailing
climatic conditions. Extrinisic rate-controlling factors, determined external to the
immediate weathering environments include permeability, temperature, and
hydrodynamic factors and infiltrating concentrations of rate-determining solutes
(e.g. pH). Concomitant intrinsic factors affecting differential weathering rates (and
products) are determined by the weathering minerals themselves and include
temperature, reactive surface area, and the presence or absence of bacterial
catalysts. Combined, these factors serve to differentiate the weathering behaviours
of the primary spoil rocks and the water-rock interactions of secondary profiles
(e.g. spoil and terrace sediments) in response to climatic variations

(4) Two major geomorphological features are the result of the current natural balance
achieved at the study site, both of which are related directly to source rock
mineralogy, climatic and weathering characteristics:
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a) Terrace formation
b) Evaporite accumulation
Secondary alteration of spoil materials affects the dissolution of gangue minerals,
secondary phases and/or other sulphides to generate acidic percolating waters
(the characterised Tintillo AMD). The severity of the acidity, sulphate and heavy
metals contents of derived effluents is such that the local fluvial network (The
Tintillo River) can be considered as a headwater AMD tributary itself. Buffering
capacity is insufficient to neutralise the coalesced mine drainages. Changes in
channel morphology, accumulations of debris and induced variations in dissolved
oxygen, EH/pH and temperature (+/- biotic influences) and the availability of waters
supersaturated with respect to Fe-phases results in sedimentation of Fe-rich
terraces (e.g. schwertmannite, jarosite +/- goethite: partitioning of Fe). Ongoing
effects induced by historic accumulations of these terraces induces pool systems
and raised surfaces where evapoconcentration of waters leads to paragenetic
precipitation of sulphates which, under prolonged dry conditions (post summer)
culminate in the direct precipitation of Mg-rich sulphate salts as Fe precipitation is
cyclically exhausted, (e.g. magnesium copiapite, epsomite, hexahydrite: Mg
partitioning).
Concentrated release of stored contaminants into local watersheds is initiated by
precipitation from thunderstorms following dry spells. When precipitation exceeds
evaporation, metals and acidity are recycled through secondary minerals on a
regular basis and soluble secondary minerals form locally in sheltered areas.
Changes to climate will influence the extent of oxidation and leaching at all scales
as well as the extent of formation and periodicity of dissolution of soluble
secondary phases. A large proportion of weathering takes place in the unsaturated
zone where water-rock ratios, fluid flux rates and element concentrations are
important. As such climate is the primary determinant of weathering rates

(5) Site sediments are major sinks for heavy metals characterised by:
a. Water-soluble sulphates of Ca, Al and (in riverine ferricrete horizons and
terrace sediments), Mg sulphates with associated heavy metals Mn, Zn +/Co are readily available into solution during precipitation events from all
site sediments
b. Both flood and terrace sediments retain the most extensive and readily
available (generally water soluble) suite of toxic metals (e.g. Co, Cu, Mn,
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Zn, Ni and Cd) indicative of the capacity for coprecipitation, adsorption
and/or scavenging of heavy metals by Fe-phases
c. Spoil sediments are rich in clays and secondary jarosites (which appear to
be of K- H3O- type +/- minor Na). Mass dissolution and mobilisation of
clays (+/- detritic fractions in highest energy events) during flood events
results in the wash out of highly concentrated waters into the Tintillo such
that the water column is filled with pale flood sediment at peak flow. The
high affinity of jarosites and clays for heavy metals means that this is a
major and dynamic conduit to metals transport within and through the
system. Moreover, the mixing of meteoric and AMD waters from multiple
sources affects physicochemical parameters (particularly pH) affecting
dissolution/precipitation reactions, buffering capacities and a host of other
contaminant trace metal release/capture responses in hinterlands in
response to changes in redox potential and drying over different temporal
scales
d. Fe-oxides of site sediments are associated with a different suite of heavy
metals (e.g. Pb, As, Cd and Cr) to Fe-oxyhydroxides in the same samples
(e.g. Cr, Co, Cu, As, Mn, Cd, Zn). Indeed, it is not only the relative
capacities of secondary Fe phases that determine how temporary a sink for
potentially toxic elements they are. The inherent porosity and permeability
differences between ferricretes and terraces drive differences in availability
within the study site of secondary phases and their associated heavy
metals
e. Ferricrete, spoil, flood and terrace sediments retain major and heavy metal
contents common to source mineralogies indicating that they are capable
and dynamic in contributing to ongoing AMD

(6) Tintillo River waters are extreme examples of AMD-affected Mg-SO4 type waters
characterised by high S, Mg, Fe and Al concentrations and low pH (~2.56).
Discrimination of three water facies (pools, channel and springs) effectively
describes the relative processes that control water-sediment reactions (i.e. EH/pH,
temperature and DO variations and induced evapoconcentration) exemplified by
terrace and evaporite formation

(7) Comparison with waters of the wider catchment highlights the significance of
Tintillo AMD to the Odiel catchment, particularly during flood events when neoformed jarosites from spoil debris and Mg-sulphates atop terraces and channel
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peripheries are dissolved and washed into and through the system along with their
sorbed heavy metals. The fact that the majority of heavy metals are sequestered in
such chemically fragile environments results in their almost immediate outwash
into the wider catchment, which is of major concern
(8) The major processes governing AMD generation and element transport within the
study site can be effectively represented using a multicomponent analysis of
combined geochemical, physicochemical and mineralogical data such that current
primary sourcing from QFP is confirmed and mechanisms of terrace and evaporite
genesis are differentiated, effectively partitioning major elements between
dominantly Mg-S (evaporites) and Fe-S (terrace sediments) with an amalgamation
of Fe-K-Al-S phases characterising spoil and other secondary media

Any investigations centered in the IPB supplement an already extensive literature. Despite
the profusion of studies relating to AMD in the region and to a lesser number, the Tintillo
River itself, this thesis presents discrete data that relates a potentially regionallyapplicable alteration style to current AMD genesis; describes a flood event in the
headwaters of this key tributary to the Odiel catchment and effectively correlates it with
source spoil and as an event horizon in accumulating river terraces. The dominance and
apparently characteristic presence of Mg-sulphates are highlighted and site-wide
assessments of storage/release of heavy metals and partitioning of major element
phases, are made. Despite extreme hydrological and climatic variability, the overall
system and its processes are relatively resilient to change (exemplified by the persistence
of Tintillo water pH and the remarkable recovery of terrace structures post a severe flood
event). Given the differential weathering of CA spoil, potential future shifts however could
well affect changes to source phases such that fundamental conditions and element
pathways are altered and/or removed.

This thesis has shown the importance of site-specific studies of AMD generation and has
raised the following areas for further research:

A. Investigations into the specific mineralogy of the nonstoichiometric young
supergene, acid-saline associated jarosites of the study area. Jarosite’s function
as a potential source of acid in mine waste is not completely understood (Swayze
et al., 2008). The traditional view is that acid can be generated in mine waste due
to the oxidation of sulphide minerals, the dissolution of highly soluble sulphate
salts and the dissolution of less-soluble sulphate minerals, such as jarosite. In
waste where all of these materials are mixed together, it is difficult to decipher
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which ones contribute the most to acid generation. As a further complication,
jarosite’s compositional variability allows multiple levels of chemical reactivity.
Hydronium-bearing jarosite, in particular, is thought to contribute to acid generation
in mine wastes because the hydronium ion (H3O+) accelerates jarosite dissolution
(Gasharova

and

others,

2005

and

references

therein).

Further

specific

investigation to discern the exact nature of (a) flood sediments (b) neo-formed
jarosites in spoil and (c) the relationship (if any) between these phases and
mobilised clays and neo-formed amorphous Fe-oxyhydroxysulphates (e.g.
schwertmannite) in terrace formation would be of great interest. Hydronium (H3Obearing) jarosite has been associated currently with relatively young natural
samples, suggesting that terrestrial H3O-bearing jarosites are unstable over
geologic timescales. Whilst the presence of H3On jarosite is very difficult to
measure directly with traditional analytical methods, a method developed by
Swayze et al. (2008) heating H3O-bearing samples at high temperatures (>200 to
300°C) produces an Fe(OH)SO4 compound (easily detected by X-ray diffraction
and reflectance spectroscopy) and hence usable as a “post-mortem” indicator of
the presence of H3O in jarosite

B. Identification and tracking of metal sources and attenuation mechanisms using
stable isotopes Fe, Zn or Cu isotopes. Metal isotope measurements have been
applied to recent acid mine drainage (AMD) studies (e.g. Aranda et al., 2012;
Bergquist and Boyle, 2006). The mechanisms involved in mineral dissolution and
precipitation at low temperatures, in microbial metabolism of metals, in redox
reactions and in sorption of aqueous metals onto mineral surfaces may be
revealed by taking an inventory of the isotopic fractionation between metal
reservoirs. This is because streams are integrators for geochemical processes and
so variations in isotopes in stream waters can provide key insights into the relative
contributions of different metal sources and may even be used as direct probes of
the mechanisms controlling metal cycling to pinpoint anthropogenic and natural
metal sources and to unravel the mechanisms responsible for metal attenuation in
a given environment

C. Modelling of collated data from any/all of these additional avenues with
complementary standard geochemical data (field and laboratory) would enhance
any current understanding of site AMD generation and transport and could be
used to generate interactive models similar to that created in this thesis for
investigating the distributions of alteration assemblages in CA pit lithologies (e.g.
ArcView TIN model). Applications to terrace morphology and genesis would be
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considered a primary candidate. Use of laser scanning technologies and drones
would provide the high quality orthophotos and topographical information
necessary to develop a robust model prior to the incorporation of data matrices
dealing with accretion rates; changes in the position of terraces over time;
geochemical data; biotic community identification and fluvial parameters (including
monitoring of floods and/or distributions and extent of evaporite accumulations
over time as previously discussed)

D. Notwithstanding the use of isotopes in differentiating primary sources of AMD
and/or secondary minerals at the study site, rare earth element (REE)
geochemistry could also prove a powerful tool. Because of their unique, coherent
chemical behaviour REEs can be used as effective geochemical tracers. Notably,
the behaviour of Ce and Eu relative to the other REEs can potentially be used as a
probe of redox conditions of an environmental system. Indeed, preliminary ICP-MS
analysis of REE in this study (not included in the thesis) showed great promise in
distinguishing the Tintillo water facies and in relating AMD to source rock REE
profiles. In essence, normalisation of REE concentrations removes the
characteristic zigzag pattern and allows the recognition of subtle variations in REE
patterns that can be related to water-rock interactions. In acidic weathering
environments and mining areas these variations are effected by pH variations,
dissolution and precipitation of minerals, oxidation and reduction reactions and
adsorption and desorption reactions with secondary minerals or colloidal particles.
Interpretations focus on whether these features are source-related or processrelated and would require additional detailed mineralogical data including mineral
occurrences, compositions and morphology to unravel these aspects of the CATintillo acidic weathering environments
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14.

APPENDIX

14.1. Pearsons correlation matrix – Tintillo water facies
Correlation matrices have been generated for each facies using the most extensive data
gathered for the Tintillo waters, that of the 2007 survey. These data include cation and
anion analyte concentrations, ionic ratios, GPS data and physicochemical field
measurements per sample station. Variables included in the matrices are those showing
statistically significant correlations (defined as: statistically significant (p ≥ 0.001). Two
matrices are used per facies to illustrate major hydrogeochemical characteristics: (1) One
specific to physicochemical variables and (2) One specific to other geochemical data. The
tables overlap but provide a clearer visualisation of major correlations given the large
number of variables.

14.1.1.

Tintillo pools

For pool water data are shown in Tables 14.1 and 14.2. Correlations between pH and
temperature (T) indicate that both factors play significant roles in defining/controlling pool
water

chemistry.

This

is

not

surprising

given

the

effects

of

isolation

and

evapoconcentration already discussed. Increases in T correlate positively with SO4 and a
host of heavy metals including Cu, Co, Ni, Cd and Pb. Negative correlation with Cu/Zn is
in keeping with spatial data correlations that indicate that evapoconcentration is greater in
lower tract pools and the prolonged extent of Cu and Zn differentiation across downstream
terraces. Concentration of metals and SO4 in isolated lower tract pools also results in
lower pH than was recorded in mid tract terraces. Shallower and slower flowing waters of
the lower tract are exemplified by the negative (r = -0.82) correlation of T and Alt.

Positive correlations between major (Fe, Mg, & Al); minor (Zn, Ca, Mn, & Cu) and trace
element (Si, Na, Co, As, Ni, Cd, Sr, Cr, U & P) concentrations and sulphate (SO4)
concentrations in Tintillo pool waters indicates that water chemistry in this facies is heavily
controlled by sulphate concentrations (i.e. precipitation/dissolution of secondary
sulphates).

Concurrent negative correlations (Table 14.2) between SO4 and ionic ratios Ca/Mg, Fe/Al,
Ca/Al and Ca/SO4 indicate that additional secondary mineral phases (e.g. Fe and Al
oxides, hydroxides and/or hydroxysulphates) are also affecting water chemistry in Tintillo
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pools. The presence of additional mineral phases and related coprecipitation and/or
sorption, adsorption reactions can explain the negative correlations between Ca/Mg and
heavy metals and metalloids (e.g. Mn, Cu, Co, As, Ni, Cd, Cr and U). The significance of
the terrace sediments in acting as sinks for potentially toxic elements is evident.
Properties of surface adsorption, porous filtration, defects in crystal structure, high ionic
exchange capacity, dissolution, hydration and mineralogical-biological interactions make
some minerals particularly important in remediation literatures (e.g. Reichert and Binner,
1996; Vaughan and Wogelius, 2000). Positive correlations between Ca/Mg, Fe/Al,
Fe/SO4, Ca/Al and Ca/SO4 identify these ratios as effective proxies for various Mg-, Al-,
Fe- and Ca- secondary phases and the control that mineral phase transitions impart on
pool water chemistry.

The singular correlation observed between K/Fe and K/Na ratios (intended as
components to assess jarosite-group mineral precipitation effects) suggest that their
effects are somehow partitioned from pool solution chemistry.
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Table 14.1: Pearson’s correlation matrix showing the significant (p ≥ 0.001) relationships
between analysed physicochemical parameters, positional data and water geochemistry
for 2007 pool waters.
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Lat
Long
Alt
pH
T
SO 4
Cu
Co
Ni
Cd
Sr
Cu/Zr
Pb
Br
Mo
F

-0.877
0.990
0.925
-0.853

Lat

0.928

-0.830

Long

-0.854

-0.852
-0.801

-0.804

pH

0.942
-0.818

Alt

0.819
0.822

0.802
0.802
0.808
0.806
0.811
0.848
-0.827
0.929

T

0.981
0.990

0.898

0.998
0.998
0.998
0.998
0.976

SO 4

0.988
0.991

0.902

0.999
0.999
0.999
0.986

Cu

0.988
0.992

0.903

0.999
0.999
0.986

Co

0.988
0.992

0.901

0.999
0.984

Ni

Sr

Cu/Zn
Cu/Zr

Pb

Br

0.986
0.993

0.904

0.985

0.991
0.977

-0.805
0.926
-0.956
0.896
0.891
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Cd

0.987

Mo

F

Relatively high concentrations of P in Tintillo waters and common negative correlations
with ionic ratios in pool water samples imply the presence of additional minerals aiding
attenuation by terrace sediments. Calcium-phosphate minerals are one such group
(frequently referred to as apatite; Ghirişan et al., 2007). Sourcing from organic (e.g.
produced and used by biological micro-environmental systems in the pine needles or in
the waters), or inorganic (impure tri-calcium phosphate apatite in source rocks) is
possible. Positive correlation with Mg/SO4 may indicate sourcing with other secondary
minerals from Mg rich altered QFP as more significant than the biological route. Additional
correlations with Si, Sr and Na support this notion with detrital source minerals caught up
in minerals precipitating from isolated waters. Phosphates are known as effective
permeable reactive barrier substrates and are recognised as good adsorbents for a
variety of metal ions including those of Al, Cd, Mn, Mg, Ni, Zn, Cu, Fe and/or Pb.

Table 14.2: Pearson’s correlation matrix for pool waters. Published relationships are
statistically significant (i.e. p ≥ 0.001).
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Major SO 4
Fe
Mg
Al
Minor Zn
Ca
Mn
Cu
Trace Si
Na
Co
As
Ni
Cd
Sr
Cr
U
P
Ionic ratios Ca/Mg
Cu/Zn
Fe/Al
Fe/SO4
Cu/Mg
Zn/SO4
Ca/Al
Mg/SO4
Ca/SO 4
K/Fe
K/Na

0.990
0.858
0.999
0.995
0.972
0.975
0.995
0.944
0.995
0.995
0.965
0.995
0.999
0.974
-0.993

Al

0.825
0.990
0.999
0.951
0.962
0.999
0.949
0.999
0.999
0.991
0.997
0.987
0.956
-0.987

Zn

0.962
0.971
0.999
0.954
0.999
0.999
0.986
0.999
0.993
0.964
-0.992

Cu

0.979
0.959
0.947
0.960
0.961
0.933
0.967
0.977
0.948
-0.975

Si

0.968
0.969
0.968
0.968
0.949
0.977
0.976
0.962
-0.987

Na

0.951
0.999
0.999
0.986
0.999
0.993
0.963
-0.991

Co

0.950
0.950
0.956
0.964
0.944
0.911
-0.961

As

0.999
0.984
0.999
0.994
0.966
-0.991

Ni

0.985
0.998
0.994
0.965
-0.991

Cd

Sr

0.984
0.963
0.926
-0.970
-0.805
-0.836 -0.855 -0.866 -0.897 -0.851 -0.871 -0.845 -0.850 -0.879
-0.799 -0.815 -0.846
-0.823
-0.835

0.995
0.971
0.975
0.995
0.944
0.995
0.995
0.965
0.995
0.999
0.975
-0.994

Mn

U

P

-0.941

0.994

0.835

0.839

0.909
0.999
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0.906

Ca/Mg Cu/Zn Fe/Al Fe/SO4 Cu/Mg Zn/SO4 Ca/Al Mg/SO4 Ca/SO 4 K/Fe

-0.856 -0.839 -0.792 0.887
-0.800
0.835

0.994
0.964 0.975
-0.994 -0.993 -0.959

Cr

0.887

0.843
0.860
0.891
-0.819

0.855
0.836
0.888
0.840
0.833
0.815
0.839
0.836

Ca

-0.993 -0.834 -0.993 -0.993 -0.988 -0.818 -0.994 -0.993 -0.975 -0.985 -0.992 -0.961 -0.992 -0.993 -0.973 -0.995 -0.993 -0.957 0.999

-0.831 -0.834 -0.853
-0.799

0.999
0.989
0.860
0.999
0.995
0.972
0.974
0.994
0.942
0.995
0.995
0.964
0.995
0.999
0.974
-0.993

Mg

0.891

0.873
0.867
0.799
0.864
0.880
0.885
-0.833

0.890
0.887
0.858
0.861
0.886
0.864
0.809
0.800
0.866

Fe

-0.991 -0.829 -0.992 -0.992 -0.986 -0.818 -0.993 -0.992 -0.976 -0.988 -0.991 -0.963 -0.990 -0.991 -0.971 -0.994 -0.992 -0.958 0.999

-0.842

0.878
0.997
0.998
0.995
0.857
0.998
0.998
0.969
0.975
0.998
0.951
0.998
0.998
0.976
0.998
0.998
0.977
-0.992

SO 4

K/Na

Apatite can react with many heavy metals, metalloids and radionuclides to form secondary
phosphate precipitates with extremely low solubility as shown by many researchers (Chen
et al., 1997a; Chen et al., 1997b; Gomez del Rio et al., 2004; Jeanjean et al., 1995; Wright
et al., 2005). Apatite dissolution followed by precipitation can stabilise metal
concentrations (e.g. Wright et al., 2005; Wright and Conca, 1995) via the solubility of the
apatite and/or the contaminant concentration as the system approaches equilibrium. In
addition metal may be adsorbed to apatite and subsequent precipitation of the metal
phosphate may occur. Finally, cation exchange of the metal for calcium in apatite may
also occur. The presence of apatite is something to consider via modelling as in addition
to the controls imparted to metal concentrations it can also act as an excellent buffer
(buffers to pH 5.5 to 6.5) buffering to neutral pH alone and precipitating many metal
phases as shown by Wright et al. (2005).

Finally, positive correlations are consistent between all major geochemical components of
the Tintillo pool waters: (Fe, Mg and Al) (Ca, Si, Na and Sr), (Mn, Cu, Co, As, Ni, Cd, Cr
and U) and (P). Brackets delineate simple groupings interpretable as major components
of AMD, source related silicate elements, heavy metals and metalloids and phosphates
respectively.

14.1.2.

Channel water facies

Channel waters are characterised by different physicochemical associations (Table 14.3)
indicative of different primary control/regulation mechanisms to water geochemical
interactions. Dissolved oxygen (DO) concentrations are positively correlated with Cu/Zn
and negatively correlated with Ca, Sr and P as well as heavy metals Zn, Mn, Co, Ni and
Cd. Positive correlations between TDS, EC and SO4 indicates the significance of the
sulphate component of the dissolved load of channel waters which in turn affects
increases in salinity.

It is evident that both downstream position and dissolved oxygen (DO) contents of waters
influence Tintillo River channel water geochemistry (Table 14.3). Latitude correlates
negatively with longitude, Sr and Ca/SO4 and positively with Cu/Zn suggestive of primary
sourcing. Opposing relationships between longitude and the same array of variables is
considered indicative of the influence of dilution to channel water geochemistry. Negative
correlations between DO and a range of heavy metals (e.g. Zn, Mn, Co, Ni, Cd), Ca, Sr
and P are reported. Prolonged contact between shallower lower flow waters and riverbed
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materials as well as reductions in pH can affect Ca concentrations through increased
dissolution of available aluminosilicates and/or gypsum.

The lack of significant correlation between SO4 and other factors in channel waters
combined with the presence of K (and F) in correlations illustrates major differences in the
governing factors of this facies compared with pool waters. Singular, positive correlation of
K with K/Fe, combined with the divergent correlations between Fe with K/Na (positive) and
K/Fe (negative) are thought to illustrate dissolution and transport of poorly crystalline
jarosite-group minerals from source and/or differential characteristics of these minerals
between source and terrace areas of the tract.

Fe correlates positively with As and a series of ionic ratios (Cu/Zn, Fe/Al and Fe/SO4)
distinguishing the behaviour of Fe in channel waters from other major, minor and trace
elements. Indeed, generally speaking, correlations for Fe are reversed compared with
other elements with a series of analytes exhibiting negative (rather than positive
correlations) e.g. Mn, Ni, Cd, Ca, Na, Sr and P. In addition, ionic ratios Ca/Mg, Zn/SO4,
Ca/Al, Mg/SO4 and Ca/SO4 are all negatively correlated with Fe concentrations.

Table 14.3: Pearson’s correlation matrix showing the statistically significant (p ≥ 0.001)
relationships between analysed physicochemical parameters, positional data and water
geochemistry for channel waters.
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391

Long
Alt
DO
Zn
Ca
Mn
Co
Ni
Cd
Sr
P
Cu/Zn
Ca/SO 4
TDS
EC
Sal
Chl
SO 4
S
P

-0.755
0.727

0.739

0.678

-0.745

Long

Alt

Zn

0.997
0.890
0.997
0.963
0.984
0.752
-0.931
0.916

Ca

0.862
0.995
0.978
0.978
0.781
-0.928
0.922

Mn

-0.79 0.746 0.752 0.781

0.976
0.973
0.937
0.976
0.968
0.948
-0.790 0.746
0.798 -0.892
0.831

-0.794
-0.748
-0.748
-0.729
-0.759
-0.744

DO

Ni

Cd

P

Cu/Zn Ca/SO 4 TDS

EC

0.789 0.807 0.747 0.999

-0.88

0.808

0.84
0.79

0.990

Sal

Chl

SO 4

0.999
0.81 0.786 0.786
0.76 0.747 0.747 0.983
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Sr

0.878
0.826 0.963
0.857 0.989 0.929
0.789 0.807 0.747
-0.771 -0.947 -0.878 -0.933 -0.877
0.928 0.873 0.938 0.808 -0.935

Co

S

P

For channel waters, ionic ratios can be divided (with few minor exceptions) into two sets
that show differing relations to other elements (Table 14.4):

1. [Cu/Zn, Fe/Al, Fe/SO4, Cu/Mg +/- K/Na] negative with Mg, Zn, Co, F (plus K/Na)
Ca, Mn, Na, Ni, Cd, Sr, positive with Fe and As (excl Cu/Zn and Cu/Mg) and
2. [Ca/Mg, Zn/SO4, Ca/Al, Mg/SO4, Ca/SO4 +/-K/Fe] negative with As and Fe and
positive with Mg (excluding Ca/Mg) - (plus K/Fe) Zn, Ca, Mn, Na, Ni, Cd and Sr

The first can be considered as source related and the second relating more to within
channel transitions and secondary mineral interactions. For example, Cu/Zn values
decrease downstream. Elevations in Cu/Zn have previously been linked with temporal
factors where autumn/summer periods are typified by greater Cu coprecipitation/sorption
processes (e.g. Alpers et al., 1994b; Gray, 1998).

Table 14.4: Pearson’s correlation matrix of data relating to Tintillo River channel water
chemistry. All included variables return statistically significant (p ≥ 0.001) correlation
coefficients.
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Ionic ratios

Trace

Minor

Major

Lat
Long
DO
Fe
Mg
Zn
Ca
Mn
K
Na
Co
As
Ni
Cd
Sr
Cr
P
Ca/Mg
Cu/Zn
Fe/Al
Fe/SO4
Cu/Mg
Zn/SO4
Ca/Al
Mg/SO4
Ca/SO 4
K/Fe
K/Na

Long

Fe

Mg

Zn

Ca

Mn

K

Co

As

0.740

0.738 -0.807
-0.765

0.918
-0.712 0.854
-0.834
-0.726

-0.771

0.726
-0.749
0.931 0.878
0.911 0.826
0.955 0.857

Na

0.781
0.709
0.803
0.817
-0.928
-0.852
-0.880
-0.925
-0.927
-0.946
-0.712
0.922
0.919
0.868
0.865
0.953
0.961
0.922
0.930
0.768 0.797 0.774
-0.752
-0.868

0.976 0.997 0.995
0.968 0.963 0.978
0.948 0.984 0.978

0.871 0.934 0.945
0.937 0.890 0.862

-0.790 -0.734
0.746 0.752
-0.940
0.775
0.752 -0.755 0.798 0.774 -0.788 -0.892 -0.931
0.944 -0.726 -0.782 -0.878
0.931 -0.781 -0.845 -0.927
-0.837 -0.718 -0.764
-0.944
0.849 0.906
-0.937
0.764 0.850
-0.921 0.806 0.876 0.952
-0.726 0.727
-0.939 0.724 0.831 0.916
-0.751
0.748 0.777
0.958
-0.712

-0.729

-0.794
0.950
-0.748 -0.788 0.931 0.976
-0.748 -0.815 0.910 0.973 0.997

DO

-0.888 0.811
0.984
0.843
-0.759 -0.800 0.912
-0.744 -0.797 0.870
-0.730 0.739
-0.818 0.898

-0.998

Lat

Cd

0.789
0.799
-0.947
-0.877
-0.930
-0.746
0.926
0.870
0.954
0.928
0.805
-0.720
0.908
0.840
0.905
0.873
0.744
-0.753

0.807
0.791
-0.878
-0.829
-0.874

0.963
0.989 0.929

Ni

Cr

P

0.972
0.965
0.981
0.852
-0.881

0.931
0.975 0.986
0.786 0.825
-0.886 -0.845
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0.835
-0.867

Ca/Mg Cu/Zn Fe/Al Fe/SO4 Cu/Mg Zn/SO4 Ca/Al Mg/SO4 Ca/SO 4 K/Fe K/Na

0.747
0.790
0.888
-0.933
-0.877 -0.862
-0.903
-0.844 0.810
-0.950
-0.864 0.881 0.989
-0.770 0.782
0.729
0.926
0.864 0.948 -0.919 -0.926 -0.954
0.862
0.884 0.989 -0.920 -0.886 -0.914
0.967
0.744 0.879 -0.913 -0.974 -0.993
0.938
0.808 0.938 -0.935 -0.953 -0.977
0.834
0.751 -0.787 -0.794 -0.821
-0.740
-0.722 -0.906
0.857 0.846

Sr

14.1.3.

Spring water facies

Tintillo spring waters (Table 14.5) are characterised by significant variations and
correlations between geochemistry and spatial, pH, total dissolved solids and electrical
conductivity (TDS & EC), temperature (T), salinity (Sal) and chlorinity (Chl). Dissolved
solid concentrations are positively correlated with EC, Mg, SO4, Al, and Cu and Co (in
addition to F) indicating that the former elements make up major proportions of the
dissolved loadings in Tintillo spring waters. It is hence logical to assume that sources
(primary and secondary) are composed of or have characteristically geo-available
proportions of these same elements. Negative correlations are reported between TDS/EC
and positional data (longitude (Long)), Ca/Mg, Ca/Al, Ca/SO4 and K/Fe.

These relationships are distinct from those of other facies, reflecting the proximity to
source of the spring waters. Typically high solute loadings followed by precipitation or
sorption of distinct phases could explain observed relationships.

Spring waters are characterised by fewer major element or heavy metal correlations
(Table 14.6). Rather, significant relationships appear to identify high solute loadings (e.g.
TDS and EC), the significance of the particular source (i.e. longitude) and Fe and/or Mg
concentrations, alongside a restricted array of elements. Dilution and/or precipitation and
subsequent losses in dissolved component loads from source are indicated by the
negative correlations of TDS and EC with longitude.

Positive correlation between Mg and total dissolved solids (TDS) suggests that primary
transported solutes in spring waters contain high concentrations of Mg (in addition to Zn
and U). This is turn would suggest that primary and/or secondary deposits are
characterised by the same. Both EC and TDS are negatively correlated with the same
suite of ionic ratios (e.g. Ca/Mg, Ca/Al and Ca/SO4 plus K/Fe for EC). Conversely, this
same array is positively correlated with longitude, K, Ba, Ca/Al, Ca/SO4 and K/Fe.

Table 14.5: Pearson’s correlation matrix showing the significant (p ≥ 0.001) relationships
between analysed physicochemical parameters, positional data and water geochemistry
for Tintillo spring waters.
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Long
TDS
EC
Mg
Ca/Mg
Ca/Al
Ca/SO 4
K/Fe
SO 4
S
Sal
Chl
T
Lat
Al
Cu
Co
F

TDS

-0.950

Mg

0.998

Ca/Mg Ca/Al Ca/SO 4

-0.829
-0.811
0.999
-0.823
0.999 0.999
-0.801
0.998 0.999
0.832
0.834 0.828

EC

0.810
0.943
0.926
0.907 0.844 0.896
0.905
0.976
0.932 0.828 0.984

-0.821
-0.887 0.934
0.892
0.839 -0.813
0.819 -0.798
0.834 -0.806
0.806
0.918
0.946

Long

K/Fe

Sal

Chl

T

Lat

Al

0.869 0.923
0.815
0.837
0.834 0.886

Cu

Co

0.887
0.962 0.864
0.959 0.889 0.981
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S

0.991
0.882 0.849
0.882 0.849 0.999
0.802

SO 4

F

Positive association of Fe concentrations with As, trace elements Ba, Se, Ag, Sb and Mo
and Fe/Al and Fe/SO4 indicates the nature of dominant Fe associations in spring waters.
Thus interpreted, these associations are indicative of pyrite dissolution and related
gangue and secondary Fe mineral products of weathering.

Correlations associated with ionic ratios appear to indicate differential partitioning of heavy
metals, Fe and other elements between secondary phases indicating variations
associated with specific source routes for the given spring. For example Cu/Zn ratios are
negatively correlated with Zn, Ni, Ca, Sr and Zn/SO4. Temporal factors, primary sulphide
ratios and modifications thereof through secondary processing, are potential factors in
explain these variations. Other sulphate related ratios suggest that trace element
associations are highly specific to source and/or particular secondary minerals (e.g.
Zn/SO4 positive with Ca, Ni, Sr, Cr and P; and Mg/SO4 positive with U).

Positive correlations between Fe/Al are identical to those for Fe, As and Fe/SO4 indicating
that processing and control of these elements in spring waters are similarly controlled.
The positive relationship reported between K/Na with Ba and its negative correlation with
Zn/SO4 could be interpreted as relating to a divergence between source aluminosilicate
weathering products and secondary Zn sulphates in spring water chemistry. The greater
the former, the further from source (i.e. more evolved) the spring water. Differential
associations and the fact that Cr concentrations show correlation only with Zn/SO4
suggest variations in relation to the classic sorption series (Dzombak and Morel, 1990:
Cr3+ > Pb2+ > Cu2+ > Cd2+ > Zn2+ > Ni2+).

Table 14.6: Pearson’s correlation matrix for data relating to Tintillo spring water chemistry.
Included variables returned statistically significant (p ≥ 0.001) correlation coefficients.
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Ionic ratios

Trace

Minor

Major

Long
TDS
EC
Fe
Mg
Zn
Ca
K
As
Ni
Sr
Cr
Ba
Se
Ag
Sb
Mo
U
P
Ca/Mg
Cu/Zn
Fe/Al
Fe/SO4
Zn/SO4
Ca/Al
Mg/SO4
Ca/SO 4
K/Fe
K/Na

TDS

EC

Ca

0.855 0.881
0.928

0.877

Zn

0.902
0.89

0.893

0.829

K

0.834 -0.806 -0.823
0.806
-0.801

0.813

-0.846 -0.835

0.897 0.925 0.819
0.845 0.820

0.809

Mg

0.896

0.897
0.823

0.952
0.952
0.974
0.949

0.975

Fe

-0.811

0.819 -0.798

0.839 -0.813 -0.829

0.892

-0.821
-0.887 0.934

Long

0.922
0.855

0.985
0.985
0.989
0.931

As

Sr

Cr

0.923 0.888 0.805

-0.978 -0.847

0.895

Ni

0.821
0.821
0.813

0.819

0.817

Ba

Ag

Sb

Mo

0.948 0.948 0.861 0.873
0.909 0.909
0.866

0.999
0.963 0.963
0.943 0.943 0.930

Se

0.844

0.830

U

0.826

P

0.999
0.998

0.999

-0.942

0.962

-0.827

0.999
0.999

0.998

Fe/Al Fe/SO4 Zn/SO4 Ca/Al Mg/SO4 Ca/SO 4
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Ca/Mg Cu/Zn

K/Fe

K/Na

14.2. FT-IR analysis of yellow filaments and pool surface scale
Attenuated total reflectance Fourier Transform Infrared (ATR-FTIR) was used to analyse
the yellow stringers and pool scale. The extremely delicate nature of the thin scale
determined need for rapid collection of high resolution and sensitive data from a wet
system with potentially adsorbing species with no sample preparation, issues catered for
perfectly by FTIR (see Yubero et al., 2000). Absorption bands for the FeOOH polymorphs
arise from Fe-OH and Fe-O vibrations, of which there are 36 possible Fe-O and 12
hydroxyl vibrations. Of these, 12 Fe-O and 5 hydroxyl vibrations (all B type) are infrared
active.

Infrared spectra resulting from the interactions of species (e.g. iron oxides) with
electromagnetic radiation (photons) in the wavelength range 1 – 300 µm (i.e. wave
numbers of 10000 – 33 cm-1) are reported. Information about crystal morphology, degree
of crystallinity and the extent of metal substitution (especially Al) can be derived from
characteristic shifts in IR bands. Spectra can also provide information of the vibrational
states of adsorbed molecules (particularly anions - hence the nature of surface
complexes), the nature of surface hydroxyl groups and adsorbed water.

Spectra are interpreted as an expression of schwertmannite-bearing phases at a
geochemical front/junction between AMD-affected terrace sediments and surface pond
films whereby transitions to other phases (e.g. jarosite and goethite) may occur. Defined
variations in sulphate species in synthetic schwertmannite (Fe8O8(OH)6-x(SO4)x·nH2O)
relative to environmental factors (grouped into components I, II and III as defined in Boily
et al., (2010)) have been used as a framework to compare and attempt characterisation of
the yellow stringers and upper terrace material and pool scales.

Schwertmannite can play an important role in the geochemistry of acidic iron- and
sulphate-rich environments (e.g. Bigham et al., 1990; Bigham et al., 1994; Burton et al.,
2008; Jönsson et al., 2005; Kawano and Tomita, 2001; Peretyazhko et al., 2009;
Regenspurg et al., 2004). It is mostly stable between pH 2.5-4.0 where it occurs as poorly
crystalline nanosized particles potentially converting to goethite (α-FeOOH) at higher pH
(Bigham et al., 1996; Boily et al., 2010; Cornell and Schwertmann, 2003; Knorr and
Blodau, 2007; Peretyazhko et al., 2009). Both minerals consist of double chains of edgesharing iron octahedra interconnected in different ways (see Bigham et al., 1990 and Boily
et al., 2010 for more detail). Sulfate speciation plays a determining role on the stability and
reactivity of schwertmannite in the environment.
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Emphasis here is on the environmental influences to sulphate speciation in
schwertmannite-bearing sediments in the natural environment (e.g. effects of temperature,
water content and/or variations in acidity levels. Not only do Boily et al. (2010) conclude
that their works may be used to better characterise natural samples, but they specifically
evaluated the effects of pH and/or dehydration on sulphate speciation in schwertmannite:
two environmental factors considered to play significant roles in the CA-Tintillo system.

The three sulphate species presented by Boily et al. (2010) are defined (based on the
infrared spectra) as:

(I)

Sulphate ions that are hydrogen- and iron- bonded to schwertmannite
Dominating (>50%) at low pH this group consists of bands at 1120, 1070, 1033
and 990 cm-1 and is similar to patterns relating to sulphate complexes
adsorbed to hematite (Eggleston et al., 1998; Hug, 1997), goethite (Peak et al.,
1999) and schwertmannite (Jönsson et al., 2005) in the presence of water.
Sulphate ions are bound as monodentate, bidentate mononuclear and
bidendate binuclear complexes to Fe3+ clusters (exhibiting bands at 1137 1143, 1043 - 1070 and 1006 - 1032 cm-1) arising from sulphate ions of lowered
symmetry (i.e. spectra of Fe3+-bound sulphate ions).

(II)

Protonated sulphate species comprising an as yet unresolved and
complex speciation scheme of coexisting species of similar geometry
but of different S-O bonding strength
Bands at 1210, 1180, 1130, 1033, 972 and 966 cm-1 define this second
spectral group, again comparable to the spectra of sulphate on hematite (Hug,
1997; Eggleston et al., 1998) but distinguished by a greater degree of ν3
splitting and a notable shift of a band above 1200 cm-1 (Paul et al., 2005).
These species occur in considerably lower proportions under acidic conditions
(Paul et al., 2005). Where present, spectral bands at 1222 - 1227, 1143 - 1174,
1105 - 1119 and 1011 - 1014 cm-1 are considered to relate to the protonation
of oxyanions on mineral surfaces, particularly as a result of drying (Boily et al.,
2010; Parfitt and Smart, 1977; Persson and Lövgren, 1996).

(III)

Sulphate ions that are hydrogen-bonded to schwertmannite
Defined by spectral bands at 1108 and 972 cm-1 comparable to wet
schwertmannite and to sulphate on goethite (Jönsson et al., 2005; Peak et al.,
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1999). This component is interpreted as that for the tetrahedral aqueous SO42ion suggesting that it corresponds to relatively un-distorted hydrogen-bonded
complexes (Boily et al., 2010; Jönsson et al., 2005; Zhou et al., 2006 and
references therein).

Under acidic conditions Boily et al. (2010) found that dry schwertmannite consisted of a
mixture of components I (50%) II (~25%) and III (~25%). Application of these groupings to
current analysis are used to make general statements on the salient features of the Tintillo
pool scale and related uppermost yellow stringer material of terrace sediments (Figure
14.1).

Spectra for the yellow film coating the uppermost terrace surfaces (linked to stringers)
include three distinct bands at 739 cm-1, 836 cm-1 and 940 cm-1 (Figure 14.1 A & B). A
broad band sits between 1646 cm-1 and 1295 cm-1 between a distinct notch reported in all
spectra (at 1646 cm-1) and peak that appears most pronounced in the terrace sample
(1295 cm-1). This broad feature contains shoulders at 1406 cm-1 and 1494 cm-1. The
spectra is defined by a broad and diminishing (right to left) profile from the main peak to
~3000 cm-1 with further characteristic peaks at 2345 and 2382 cm-1 as well as weaker
ones at 2682 and 2867 cm-1.

Yellow flakes sampled from the pool surface appear to have very low crystallinity. As
such, a notch (at 1646 cm-1); a broader indistinct peak centered around 1511 cm-1 and a
peak and distinct notch/peak at 2371 - 2372 cm-1 and 2354 cm-1 respectively are the only
readily observable features. However, repeat analysis of yellow to yellow-orange flakes
(Figure 14.1 A - E) indicates transition to samples of increased crystallinity with distance
from the upstream terrace wall (and coincident with darkening of colour). Distinct and
variable peaks appear to relate to changes in colour. The largest and most pronounced
peak sits at ~1120 cm-1 ranging from 1104 to 1113 to 1120 cm-1. Coincident to the
variations is a reduction in magnitude of the peak to the lowest (and most orange flake)
where there remains a small broad profile with two weak peaks at 1087 and 1117 cm-1.

There is a distinct double feature almost central to each spectral profile. Variations
between peak and notch and subtly in position are noted. The peak at ~2380 cm-1 is
retained in A, C, D and E. Concurrently, the other peak (where present) appears at 2345
cm-1 (terrace), 2354 cm-1 (yellow), 2339 - 2353 cm-1 (yellow-orange) and 2358 cm-1 (red)
and is lost in dark red samples completely.
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Figure 14.1: Fourier transfer infrared (FTIR) spectra of (A) Yellow stringers from the
uppermost Tintillo terrace and pool scale samples (B – E), representing the main colour
shifts: yellow, orange, red and dark red, respectively.
The effects of pH variations between samples and relative dehydration are characterised
by OH deformations (δOH at 860 cm-1) and stretches (νOH at 3300 cm-1) and water bending
modes from water molecules resilient to drying. Moreover, conversion or partial
conversion to goethite can be identified by δOH at ~790 cm-1 and ~895 cm-1 and νOH at
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3150 cm-1. Not only does this conversion result in much less water it may also release up
to 0.71 mmolg-1 of sulphate (Boily et al., 2010). Variations in the S-O stretching (νSO)
vibrations are induced as pH varies (e.g. Boily et al., 2010; Knorr & Blodau, 2007; Kawano
& Tomita, 2001; Petetyazhko et al., 2009) consisting of:

1. a broad triply degenerate ν3 band at ~1120 cm-1 with shoulders at ~1030 and
~1190 cm-1
2. a ν1 fundamental of the symmetric SO42- stretch at ~985 cm-1
3. a ν4 bending band at 610 cm-1

In summary for the Tintillo scale and filament analysis, changes in band positions are
clear indications of changes in speciation. Moreover, decreases in the ν3 band split can be
interpreted as indicative of changes (increases) in pH and variations in some band
intensities can be attributed to the release of sulphate from the solid phase (see Boily et
al., 2010). Transitions (pH dependent) between Fe-phases (Schwertmannite-jarosite and
goethite) could account for the observed band shifts Figure 14.1 A - E).

Temperature effects due to the ageing of scales away from terrace surfaces are also
considered. Boily et al. (2010) concluded that the effects of temperature resulted in the
removal of water (i.e. water bending and vOH region variations) but no alteration of
structure. They also detail concomitant loss of hydrogen bonds as a blue shift in vOH and
decreased intensities in δOH accompanied by two notable features in the v3 region
whereby increases in temperature resulted in:

1. A shift of the 1180 cm-1 band to 1210 cm-1 with all other vSO bands remaining
unmoved due to the gradual strengthening of the strongest S-O bond (i.e.
uncomplexed oxo group; Loring et al., 2009).
2. And increase in the intensity of a minor band at 1330 cm-1 readily affected by
deuteration and interpreted by Boily et al. (2010) to arise from a protonated moiety.

Conclusive evidence for the dehydration behaviour (including water bending and δOH and
vOH modes) of Tintillo schwertmannite filaments and scale would require specific analysis
at the lower end of the scale. Dehydration induced protonation reactions are indicated by
variations to the temperature dependence of the 712 cm-1 band as in the analogous 707
cm-1 band of akaganéite involving chloride (Boily et al., 2010; Weckler and Lutz, 1998). Its
disappearance can be explained from the rupture of these bonds. Variations in this and
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the instability of the doubly charged SO42- ion in dehydrated environments, strongly
manifested in the bands of component II, could provide more insight into the dehydration
behaviours of these precipitates (e.g. Boily et al., 2010; Boldyrev and Simons, 1994).

Interestingly, the pH dependence of the spectral components of schwertmannite as
resolved in Boily et al’s. (2010) study are characteristically dominated by components I
and III at low pH (pH < 4). They find that variations move away from a classic surface
speciation scheme arising from the pH dependence of metal bonded (I, II) and hydrogen
bonded (III) complexes. Considerably smaller concentrations of component II under these
conditions, (as is seen for Tintillo samples) compared to when goethite is present, are
considered to indicate that schwertmannite hinders protonation reactions induced by
drying or could arise from the protonation of sulphate ions associated to the
schwertmannite surface (e.g. Boily et al., 2010).
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