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Abstract: Peña de Hierro, located in southwest Spain, encompasses the springs and headwaters for 
the Rio Tinto River that emerge above normal faults and has been mined for its rich sulfide ore since 
2500 BC. The springs are typically characterized by an orange coloration, typical pH of ~2.33, and 
contain elevated concentrations of heavy metals that are produced by acid rock drainage (ARD). 
ARD is a natural phenomenon that results from chemolithoautotrophs metabolizing the sulfide ore. 
Mining has amplified the magnitude of the acidity and concentrations of heavy metals evidenced 
within sedimentary cores from the Huelva estuary. Acidity, redox state, hydrochemistry and 
isotopic analyses were examined for the purpose of characterizing the subsurface flows and 
determining the interconnectivity of the groundwaters. Previous studies have documented the 
geochemistry of the springs, dating a select few, yet many springs remain uncharacterized. Acidity 
presented spatial variability throughout the field area, caused by extensive sulfide interactions 
which generated and modified the pH. Redox exhibited a large range of values due to oxygen 
diffusivity though the fracture network. The surrounding geology is highly heterogeneous because 
of intensive deformation during the Variscan and Tertiary periods, and this heterogeneity is shown 
in the varied aqueous chemistry. Fractionation patterns observed in δ2H and δ18O values 
predominantly reflected enrichment by intensive evaporation and depletion in δ18O as a result of 
the proposed sulfatic-water model for Rio Tinto’s hydrogeology. The analysis illustrates minimal 
hydrologic interconnectivity, evidenced by the extensive physical and chemical contrasts within 
such a small proximity. 

Keywords: acid mine drainage; Rio Tinto acidic system; spring hydrogeochemistry; non-porous 
rock; fracture aquifer; Iberian Pyrite Belt; SW Spain 
 

1. Introduction 
Acid rock drainage (ARD) is a naturally occurring process involving the microbial 

oxidation of sulfide ores in contact with atmospheric oxygen [1]. Meteoric waters 
percolate through the metalliferous sulfide ore bodies and tailings, leaching acidic waters 
containing elevated concentrations of heavy metals [2,3]. The Rio Tinto environment is 
one of the world’s most acidic fluvial systems. This system originates from the confluence 
springs emerging from the Peña de Hierro area, which flow over 92 km in a south-
westerly direction before discharging at Huelva estuary, in the Gulf of Cadiz [4–6] 
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(Figures 1 and 2). Huelva Estuary has been documented as one of the few estuarine 
environments on Earth with a low pH and high concentration of toxic metals [7]. The Rio 
Odiel contributes to estuary pollution, though the Rio Tinto exhibits larger concentrations 
of dissolved metals on average [8]. The Odiel and Tinto Rivers input 15% and 3% of the 
global riverine flux of zinc and copper, respectively, which is staggering considering that 
their global river flow amounts to only 0.0058% [3]. This places great emphasis on 
characterization of the Rio Tinto’s headwaters to establish which springs are contributing 
the largest quantity of dissolved metals. 

 
Figure 1. Schematic map displaying the geographical location of the study area, highlighting the 
hydrogeology of the Rio Tinto and Rio Odiel, including the outline of the Iberian Pyrite Belt. 
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Figure 2. Peña de Hierro study area showing the sampling locations and the trails of the ERT 
(Electrical Resistivity Tomography) profiles 1 and 2 (see Supplementary Figure S2) that were used 
to unlock the underground structure in the study area. 

Extensive scientific research conducted within the Rio Tinto area includes the 
MARTE project by NASA [9] which assesses Rio Tinto as an analogue for various 
microbial niches expected on Mars, including biohydrometallurgy, extremophile 
biodiversity, tritium water dating and hydrological fluctuations in metal concentrations 
[10–19]. Investigations conducted by Gómez-Ortiz et al. [20] have identified an aquifer at 
depth using geophysical analytical techniques, indicating a site of recharge northwest of 
Peña de Hierro pit lake. In addition, tritium analysis indicated that most spring water is 
approximately 60 years old, with a few exceptions [20]. 
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The Rio Tinto acidic environment is predominantly driven by chemolithoautotrophic 
microorganisms metabolizing sulfide minerals [21,22]. The resulting physiochemical state 
of the water has been found to contain large concentrations of dissolved heavy metals, 
such as Fe, Cu, Zn and As, an Eh of 420–620 mV, and a characteristically low pH (typical 
average of 2.3) [17,19,23,24]. Although ARD is a natural phenomenon, there is evidence 
from cores drilled in that Huelva estuary that indicate that there is a positive correlation 
between mining activities and the dissolved metal concentrations found within the core 
[25]. 

This paper aims to characterize the spring’s geochemical and isotopic signatures to 
assess the interconnectedness, and the heavy metal origin of the Rio Tinto springs. Spatial 
and temporal variations in the spring’s chemical properties, including isotopic 
composition, will be assessed in order to constrain the dominant controls on the observed 
physiochemical properties. 

2. General Settings 
2.1. Geological Situation 

The Rio Tinto is the world’s longest operating mine, with operations commencing 
2500 BC (pre-roman times). Early mining techniques exploited the gold, silver and copper 
resources which were in abundance at the time [26–29]. The most prominent mine in the 
entire Iberian Pyrite belt (IPB) is the Rio Tinto mining district, occupying a surface area of 
20 km2 [30]. A British consortium, namely the Rio Tinto mining company, purchased the 
mine from the Spanish government in 1873, and extensive mining activity has prevailed 
up until 2001 [30]. The most significant period for mining activity was between 1950–1966 
as a result of both open pit and subsurface mining being in operation [10]. The mine shut 
down in 2001, but new foreign investors reopened the mine in 2017 in spite of reluctance 
from the regional government to provide renewed operating permits due to 
environmental concerns. The rise of copper prices, from $1500 to $8100 per ton between 
2001 and 2012, was a key contributing factor in the renewed interest in this mine [31]. 

The Rio Tinto mine sites, as well as the Peña de Hierro area (Figures 1 and 2), are 
located in the IPB which hosts the valuable ore body which is targeted by the Rio Tinto 
mine [32]. The IPB extends from Seville over 230 km northwest and terminating in Lisbon, 
Portugal, and is estimated to have a length and width of 250 km by 60 km respectively 
[20,28,29]. This belt represents the largest accumulation of metal sulfides in the world, 
which is reflected in the mining activity throughout this region that has continued for 
centuries [33]. 

The IPB can be subdivided into three distinctive lithological units, namely, the 
Phylite-Quartzite Group (PQ), Volcanosedimentary Complex (VSC) and the Culm Group. 
The economic ore is concentrated within the VSC unit, which developed during a period 
of extensive hydrothermalism [34] on the sea floor (Figure 3). The PQ underlies the VSC 
and is Frasnian–Late Famennian (358.9–382.7 Ma) with a thickness of over 2000 m 
[20,29,30]. The predominant lithology within the PQ is sandstones and shales, with 
heterogeneous sedimentation at the top, including interbedded lenticular limestones, 
such as conodont fossils [28]. The PQ represents deposition in a high energy environment 
which includes fan deltas, near shore bars and mega debris flows. 
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Figure 3. Geological (a) and stratigraphical (b) context of the Peña de Hierro area inside the Iberian 
Pyrite Belt. 

The VSC is the focal point for many studies as a result of its high metal content and 
industry value. Its age is estimated to be from late the Famennian–Visean (359–330 Ma), 
due to it having a heterogeneous thickness varying from tens to thousands of meters. Its 
lithological constituents are felsic and mafic rocks in association with detrital sedimentary 
succession comprising of black shales and volcanically derived sandstones, containing 
swift lateral and vertical facies changes [28,30]. The felsic rocks are dacites–rhyolites and 
are responsible for three events, unlike the mafic flows which were limited to two. 

The Culm group is the youngest of the successions, dating from late Visean–Upper 
Pennsylvanian (Upper Carboniferous succession), representing a foreland basin infill as a 
consequence of subsidence succeeding the collision of the Variscan orogeny [20,28,30]. 

Deformational stresses concentrated the ore bodies at accessible depths in the form 
of structural imbricates (horses) for economic extraction [20]. Metal sulfides occur as 
massive deposits or stockworks, generated by settling particles around exhalative system-
forming concordant tabular bodies or a series of intruding veins within a felsic complex 
[35]. Massive sulfides are commonly located at the top of the first and second felsic 
formations, either contacting the volcanic rocks or interbedded amongst sedimentary 
successions [28]. Black shales, rich in reduced organic matter, or tuffites are the most 
common host rocks for the metalliferous ore, with the former predominating [28]. Ore 
bodies are typically rich in the principle mineral pyrite (FeS2), with lower concentrations 
of sphalerite (ZnS), galena (PbS), chalcopyrite (CuFeS2), arsenopyrite (FeAsS), tetrahedrite 
(Cu6[Cu4(Fe,Zn)2]Sb4S13), barite (BaSO4) and pyrrhotite (Fe1−xS, x = 0–0.17) [8,36,37]. 

The Rio Tinto ore body is composed of thin and discontinuous massive deposits 
underlain by cross cutting stockworks which are commonly pervasive disseminations, 
hosted within acidic tuffs [30,37]. Rio Tinto’s orebody has an average length, width and 
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depth of 5 km by 750 m by 40 m, respectively, with extensively developed stockwork 
mineralizations [4]. The stockworks represent the feeder zone for hydrothermal fluids, 
exhibiting heights > 700 m and many square kilometers in lateral extent [28]. The felsic 
host rocks in contact with the hydrothermal conduit display alteration metasomatic 
processes, such as albitization, sericitization, chloritization, silicification and 
adularitization [28,38]. 

The sulfide ore in Peña de Hierro is orientated within an east-west anticline (Figure 
S1) [28]. Pyritic ore is characteristically fine grained, brecciated or fractured, highly 
reactive and associated within a hydrothermally altered matrix of quartz and feldspar 
[39]. A vast majority of pyrite in outcrops has been replaced by gossan, which is 
intensively oxidized, weathered or decomposed rock, leaving a phyllosilicate and quartz 
rich substrate [15], and a varying concentration of ferric oxyhydroxides as oxidation by-
products (Figure 4). Gossan’s existence and dating at more than 6 Ma confirms, along with 
other evidence, that acid rock drainage in the Rio Tinto has persisted for an extensive 
period of time [40,41]. 

 
Figure 4. Main features of the stockwork orebody topped by gossan materials at the Peña de Hierro 
location, which is the source of the acidic springs feeding the Rio Tinto headwaters. (a) 
Carboniferous stockwork orebody showing the structure and lithology of hydrothermal origin. (b) 
Detail of the stockwork rocks composed of quartz and pyrite with clear evidence of weathering and 
oxidation. 
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2.2. Environmental Conditions 
Despite the prevailing extreme conditions observed within Rio Tinto waters, 

microorganisms are widely distributed and capable of countless redox reactions [22]. In 
fact, the extremely hostile conditions are believed to be primarily a result of the activities 
of the chemolithotrophic community, driven by iron biogeochemistry [5]. Pyrite 
dissolution is thermodynamically favorable and occurs through numerous mechanisms, 
with O2 and Fe3+ comprising the dominant oxidants, occurring on many orders of 
magnitude faster with ferric iron [1,3,42,43]. Microorganisms can oxidize pyrite through 
either a direct (attach to pyrite surface) or indirect mechanisms (Figure 5), speeding up 
the kinetics [44], but requiring an oxic environment to do so [30,45]. The oxidation of Fe2+ 
by iron oxidizing bacteria can speed up the rate by around 106 orders of magnitude (Figure 
5); the biotic oxidation half-life lasts 8 min while the abiotic oxidation half-life lasts 15 
years [19]. The rate limiting step is the oxidation of Fe2+ [44], however iron oxidizing 
bacteria need a source of oxygen that is supplied through infiltrating meteoric water [46]. 
The effectiveness of bacterial oxidation depends on their density, which is governed by 
the pH, temperature, and oxygen concentration. The fast oxidation of pyrite by 
microorganisms releases the heavy metals [47]. 

 
Figure 5. Schematic cycle of the pyrite oxidation mechanism with the associated reactions, 
highlighting the importance of bacterial regeneration of Fe3+ to the further oxidize pyrite indirectly. 

Prokaryote and Eukaryotic life forms exist within the aqueous environment, where 
eukaryote comprise 60% of the total biomass, and some species are visible as 
photosynthetic green matts on the base of streams (Figure 6) [22,24]. The main bacteria are 
Leptospirillum ferrooxidans (only oxidizes Fe2+), Acidithiobacillus ferrooxidans (oxidize Fe2+ 
and reduce sulfur species) and A. thiooxidans (sulfur oxidizers) [23]. 
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Figure 6. Evidence of microbial activity at the field sites in different spring locations of the Peña de 
Hierro area. (a) photosynthetic filamentous algae (streamers) established at the emergence of Nuria 
Spring. (b) Gas bubbles contained nano ferric oxides, generate on the Right spring, most likely due 
to biological metabolism. (c) Vivid green photosynthetic algae colonizing the base on the Green 
Spring; (d) Entrance to the Green Spring showing the stream bed characterized by green algae which 
is enlarged (e) in image of green algae on Green spring with Eh probe. (f) The confluence of LHS 
Anabel’s Garden and RHS Anabel’s Garden, highlighting the sudden change in biological 
inhabitancy, potentially reflecting contrasting aqueous chemistries. (g) Purple globular biological 
activity on the Anabel’s Confluence Spring. 

Tritium isotope analysis revealed that all spring waters, with the exception of one, 
discharged waters that fell as precipitation before 1950, and thus the waters are estimated 
to be approximately 60 years old [20]. There was a dispute regarding the age of the spring 
waters by Olías et al. [10], who believed the waters to be younger than 1982. Following 
peer review of the data interpretation methodologies, it was highlighted that Olías had 
used inappropriate techniques for data processing [48]. An in-depth study in the Peña de 
Hierro area confirmed the existence of a subsurface aquifer [20]. Electrical Resistivity 
Tomography (ERT) and Time Domain Electromagnetic sounding (TDEM) geophysical 
techniques were conducted within Peña de Hierro [20]. This highlighted clear lithological 
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contrasts which are interpreted to be a listric fault, juxtaposing the VSC and Culm group 
next to each other and forming a structural imbricate along a major detachment fault 
(Figure S2) [20]. A low resistivity area was identified and interpreted to be an aquifer at 
depths of 500 m, with a recharge area northwest of Peña de Hierro pit late at depths of 
100–400 m (Figure S2). Late tertiary uplift has created a fault network, enabling the 
percolation of meteoric water through strike-slip normal faults acting as conduits [22]. 
This fresh oxic water of neutral pH reaches the microbe-containing ore bodies, creating 
the characteristically acid waters of the area [20]. Invasive techniques involving boreholes 
were implemented by Mars Astrobiology Research and Technology Experiment (MARTE) 
and the Iberian Pyritic Belt Subsurface Life (IPBSL) in order to examine subsurface 
microbial activity and to characterize the subsurface to a greater extent [23]. 

Minas de Rio Tinto is classified as having a Mediterranean climate consisting of rainy 
winters and dry summers [8,21]. The Rio Tinto area is classified as hot-summer 
Mediterranean by Köppen and Geiger (Figure 7), which is interpreted as a hot-summer 
Mediterranean climate, but still not arid or semi-arid, as a result of the winters 
predominantly being wet. The average temperature is 16 °C, with an average annual 
rainfall of 603 mm [49]. The driest and wettest months are July and November, with 3 mm 
and 87 mm of rain on average, respectively. July is the hottest month, with an average 
temperature of 24.7 °C, and January is the coolest, averaging a temperature of 8.2 °C. 
Springs were sampled in June in order to minimize meteoric water input and strengthen 
the groundwater signal, with the lowest discharges for the streams observed in the 
summer months, and June’s average temperature and rainfall is recorded as 21.3 °C and 
18 mm, respectively [21,49]. 

 
Figure 7. Climograph obtained from the meteorological data of the weather station at El Campillo 
(37°41′37″ N, 6°37′45″ W) occurring 7 km SW Pena de Hierro at an altitude of ~430 m. 

Furthermore, the materials that emerge mainly in the basin of the Rio Tinto area are 
mainly igneous and metamorphic rocks, especially shales and quartzites. These materials 
have low permeability, so they do not constitute aquifers of interest. Hence, the Rio Tinto 
has low natural regulation and is closely dependent on the regime precipitation. Only the 
surface alteration zone, with a thickness several meters wide in some places, may contain 
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water, with scarce resources and minimal reserves, but they do not have enough of an 
entity to be considered as aquifers. As a result, there is no previous regional information 
about the hydrogeological regime of the Rio Tinto basin. 

3. Materials and Methods 
3.1. Fieldwork and Sample Collection 

Fieldwork and sample collection was performed ~2 km north of Nerva, where 
different springs upwell around the Peña de Hierro area to form the Rio Tinto headwaters 
(Figures 1, 2 and S1). A barren landscape scars the surrounding environment with mining 
slag sprawled over vast areas, encompassing large variations in vegetated cover. The 
dominant vegetation types are classified as conifers or spiky shrubs, with minimal growth 
evidenced on the bare ground. The topography ranges from 530–320 m, varying 
considerably throughout the area, and is partially natural and partially a consequence of 
the mining works, reworking the area. 

The springs and streams (Figure 2) included within the study were visited in June 
2013. Springs are located throughout the sampling area, with a few within close proximity 
of each other and some minor isolated springs on the outer reach field area (Figure 2). A 
large percentage of springs emanate from the base of tailing piles, with others emerging 
from rock outcrops and fissures in the ground. Waters exhibited a red/orange color, 
highlighting the large concentrations of ferric iron (Fe3+) which are a consequence of the 
low pH values caused by ARD. 

Sampling areas were prioritized according to previous investigations [20,50] and the 
distributions throughout the proposed field site (Figure 2; Table 1). A GPS Garmin was 
used to determine coordinates at each locality, which were later uploaded to GIS and 
Google Earth for spatial analysis. Characteristics, such as flow rate, discharge, colors, 
odors, precipitates, water clarity, surrounding environment, and pH/Eh readings, were 
recorded in order to contextualize the environmental settings for each spring (Table 1). 
Schematic diagrams and maps were created to aid the visual distributions of 
measurements and further interpretation. 

Table 1. Summary of the spring’s characteristics on a relative scale. Discharge: 1 = not visible; 2 = 
low; 3 = moderate; 4 = large; 5 = very large. Clarity: 1 = very poor; 2 = slightly cloudy; 3 = moderate; 
4 = clear; 5 = excellent clarity. All scales used are on a relative scale (unitless). 

Sample 
Number 

Locality Discharge 
Clarit

y 
Color 

Deposits/Obse
rvations 

Biological 
Activity 

1 Cave 1 2 Colorless None Absent 

2 Right 3 1 Pale Orange 
Ferrihydrite/”fl

uffy” orange 
powder 

Brown 
filamentous 
algae, oily 

biofilm, 
bubbles on 

surface 
2 Right (pool) 1 2 Pale Black None Absent 

3 Left Left 2 5 
Deep 

Red/Orange 
Orange 

precipitate 

Algae covers 
in iron 
oxide 
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5 Green Spring 3 5 Colorless Copiapite 

Light green 
phototrophic 

algae + 
Extracellular 

Polymeric 
Substance 

(EPS) 

7 UMA 2 4 Deep Orange None 
Dark Green 

phototrophic 
algae 

8 Top Ricci 2 5 Light green 
Many 

Evaporites 
Absent 

8 Left Ricci 2 4/5 Orange None Absent 
9 Angels Source 3 5 Red Copiapite Absent 

9 RHS Angeles 2 5 
Yellow/Gree

n 
None Absent 

10 New Spring 2 5 
Pale 

Fluorescent 
Green 

Copiapite, 
Sulphur Odor 

Bright Green 
Phototrophic 

Algae 

11 
New New 

Spring 
2/3 5 

Yellow/Gree
n 

None Absent 

12 
Suspected 

Fox’s Spring 
3 5 Colorless 

Patches of 
Copiapite, 

sulphur odor 

Vivid Green 
phototrophic 

algae 

13 
Gypsum 
Spring 

2 2 
Murky 
Orange 

Gypsum + 
copiapite 

Oily Biofilm 

14 LHS Anabels 3 4 Orange Copiapite Absent 

15 RHS Anabels 2/3 5 Light Green Gypsum 

Bright green 
photrophic 
matts + oily 

biofilm 

16 
Anabel 

Confluence 
Spring 

2/3 5 Light Green Copiapite 
Brown/Purple 

filamentous 
algae 

17 Top VOTC 2 2 Deep Red Copiapite Absent 
18 VOTC 2 5 Orange/Red None Absent 
19 Old Rio Tinto 5 3 Faint Orange None Absent 

n/a Nuria 3 5 Orange Copiapite 

Long 
green/brown 
filamentous 

Algae 

3.2. pH and Eh Measurements 
A pH/Eh/Oxygen multiparametric YSI 556MPS meter (Xylem, New York, NY, USA) 

was used to measure the chemical state of the aqueous solutions (Table 2). Calibration 
fluids were used every day to ensure that the probe did not drift and that it upheld its 
measuring accuracy. Hanna calibration buffer solutions, namely HI70004C 4.01 and 7.01, 
of 20 mL were placed separately into 50 mL sterile containers. During calibration, the 
probe remained in the pot of the buffer solution for several minutes to ensure stabilization 
before recalibrating the settings. The probe failed to display any significant variation 
throughout the field survey. 
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Table 2. pH and Eh (mV) of spring and stream solutions. 

Sample Number Locality pH Eh (mV) 
1 Cave Left 3.38 489.00 
2 Right 6.38 171.00 
2 Right (pool) 5.00 110.00 
3 Left Left 2.19 478.00 
5 Green Spring 2.37 470.00 
6 Nuria Spring 2.57 492.00 
7 UMA 1.35 484.00 
8 Top Ricci 1.85 452.00 
8 Left Ricci 2.07 551.00 
9 Angeles Source 2.22 449.00 
9’ RHS Angeles 2.24 571.00 
10 New Spring 1.55 533.00 
11 New New Spring 1.02 489.00 
12 Fox’s Spring 1.67 459.00 
13 Gypsum Spring 2.81 411.00 
14 LHS Anabel’s Garden 2.72 362.00 
15 RHS Anabel’s Garden 1.99 420.00 
16 Anabel Confluence Spring 2.38 449.00 
17 Top VOTC 1.32 638.00 
18 VOTC 1.76 662.00 
19 Old Rio Tinto 2.27 458.00 

3.3. Water Sampling 
Spring waters were sampled in a way to minimize particulate matter and minimize 

biological activity. A 30 mL syringe was used to withdraw water, with a 20 µm filter tip 
screwed onto the tip. Sample bottles were sterile and had volumes of 125, 250, and 500 mL 
in order to obtain three separate samples, increasing the chances of delivery to the lab. 
The bottles were rinsed three times with filtered water from the spring to be sampled in 
order to remove any unwanted contaminants. Selected springs had a third sample taken 
in a 500 mL container, which remained refrigerated and was stored as a second reserve. 
Filtered water exceeded the capacity of their containers to ensure minimal air bubbles 
within the container, therefore minimizing isotopic exchange with the trapped gas and 
water sample. The samples were stored and transported at a low temperature, thereby 
reducing/slowing any further reactions. 

3.4. Laboratory Analysis 
3.4.1. Isotopic Sample Preparation 

A total of 21 samples were prepared for 2H and 18O ratios to be determined, with one 
sample analyzed twice to assess the precision of the analytical technique (Table 3). Capped 
analysis tubes were used to transfer 2 mL of desired spring water into the vials, ensuring 
that the samples spent a minimal time exposed to atmospheric air during the procedure. 

The isotopic analysis was performed using a Picarro L2130-I isotope analyzer 
(Picarro, Santa Clara, CA, USA) situated at The Scottish Association for Marine Science, 
Oban. Each sample was measured nine times for over 90 min, with the first six results 
discounted as a result of the potential memory effect from the preceding sample. The three 
remaining results were processed and reported as a mean ratio, with an error expressed 
as two times the standard deviation of the three analyses. The data are expressed in delta 
notation relative to V-SMOW2 by using certified reference material IA-RO52, IA-RO53 
and IA-RO54 (Tables 3, S1 and S2) [51]. 
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Table 3. Table summarizing the measured oxygen 18 and deuterium isotopic values on the Picarro 
L2130-I isotope analyzer situated at The Scottish Association for Marine Science. Each of the values 
have two standard error values for each locality. Samples were measured using a Picarro L2130-I 
isotope analyzer (Santa Clara, CA, USA). Each sample was measured 9 times (over 1.5 h) with the 
first six results ignored due to the potential memory effect of the previous sample. The remaining 
three results are reported as a mean ratio and an error expressed as two times the standard deviation 
of the three analysis. Raw isotope ratios were converted delta notation relative to V-SMOW (2) by 
using certified reference material IA-RO52, IA-RO53 and IA-RO54. 

Sample Location 
Number Sample Name δ18O (‰) Error 2 σ (‰) d2H (‰) Error 2 σ (‰) 

1 Cave Left −4.72 0.20 −24.44 0.22 
2 Top of Right (Flow) −4.10 0.04 −31.73 0.09 
3 Left Left Stream −4.22 0.11 −20.16 0.11 
4 Top of Right −5.13 0.10 −27.11 0.20 
5 Green Stream −1.56 0.02 −12.29 0.04 
7 UMA Spring −5.05 0.30 −27.77 0.36 
8 Ricci Left −4.60 0.66 −24.35 0.73 
9 RHS Angeles −3.21 0.10 −18.89 0.10 
9 Angeles Source −5.19 0.24 −28.38 0.22 
10 Top New Spring −4.78 0.15 −26.00 0.31 
11 New New Spring −5.04 0.17 −27.01 0.17 
12 Fox Spring −4.54 0.08 −24.17 0.03 
13 New Gypsum Spring −4.59 0.10 −26.97 0.16 
14 LHS Anabel’s Garden −3.51 0.18 −21.28 0.13 
15 RHS Anabel’s Garden −3.12 0.05 −19.11 0.18 
16 Anabel Interception −3.28 0.04 −18.94 0.09 
18 Flow VOTC −2.74 0.13 −18.77 0.17 
17 Top VOTC 17.43 0.36 46.16 0.60 
19 Old Rio Tinto Confluence −2.29 0.05 −16.48 0.08 
20 Rain Water Stream −4.13 0.03 −26.12 0.14 
n/a Rain Water Folder (1) −3.81 0.08 −23.96 0.11 
n/a Rain Water Folder (2) −3.60 0.01 −23.25 0.18 

3.4.2. ICP-OES Analysis 
The water samples were transferred into ICP-OES compatible test tubes, with 1 mL 

of sample water mixed with 9 mL of 2% nitric acid, to make a 10-fold dilution factor. 
Twenty-two samples were analyzed using a Thermo Scientific iCAP 6300 (Thermo Fisher, 
Waltham, MA, USA), for the following elements, Al, As, Ca, Cd, Co, Cu, Fe, K, Mg, Mn, 
Na, Ni, Si and Zn, and were reported back in mg·L−1 (Table 4). This configuration of 
elements was selected due to these elements occurring in a range of rock forming 
minerals, and because of the potential of distinguishing potential lithological sources from 
some elements. 

Table 4. Element list of cations (mg·L−1) obtained through ICP (Induced Couple Plasma) geochemical analysis. 

Locality 
Number Locality Al As Ca Cd Co Cu Fe K Mg Mn Na Ni Si Zn 

1 Cave Left 0.00 0.00 7.20 0.00 0.00 0.00 0.00 8.70 9.30 0.00 12.00 0.00 14.40 0.00 
2 Top of Right—right spring 0.00 0.00 369.90 0.00 0.00 0.00 499.40 9.00 407.00 99.40 30.30 0.70 5.70 5.70 
3 Left Left Stream 3053.10 13.00 18.70 0.50 17.60 15.70 15,428.80 7.20 1728.30 29.00 4.60 3.50 66.80 13.40 
4 Top of Right 0.00 0.00 16.10 0.00 0.00 0.00 0.00 9.60 4.20 2.90 9.40 0.00 1.20 0.00 
5 Green Stream 140.40 2.60 71.50 0.00 0.70 8.20 818.40 8.10 222.10 13.60 11.30 0.40 42.10 29.20 
7 UMA Spring (1) 2044.60 24.50 138.40 0.80 15.10 74.10 15,200.60 8.80 506.70 26.90 29.30 3.20 72.50 111.50 
7 UMA Spring (2) 1914.20 23.40 128.40 0.80 14.30 68.50 14,224.10 8.70 464.50 25.30 27.00 3.00 68.60 105.30 
7 UMA Spring (3) 2062.00 24.90 135.90 0.80 15.30 74.20 14,952.90 8.70 501.70 26.90 29.70 3.20 73.20 112.70 
8 Ricci Left 2494.70 37.70 54.50 1.00 19.00 107.40 21,767.90 9.60 543.50 26.40 24.40 4.00 59.70 82.90 
9 RHS Ángeles 751.70 2.50 81.00 0.00 2.60 9.70 288.20 7.70 354.90 33.50 22.00 1.90 86.90 19.00 

10 Top New Spring 235.50 32.00 26.70 0.00 2.40 31.20 5149.60 7.80 67.70 11.90 9.70 1.30 54.10 7.60 
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11 New New Spring 180.40 40.80 7.60 0.00 2.90 81.40 5991.10 9.80 48.70 7.50 6.40 1.40 60.10 12.30 
12 Fox Spring 179.10 12.50 16.40 0.00 1.90 30.80 3390.50 11.50 53.80 6.90 10.50 1.00 60.60 7.70 
13 New Gypsum Spring 0.00 0.00 562.70 0.00 0.00 0.00 426.60 8.60 297.00 47.80 52.70 0.50 6.50 2.00 
14 LHS Anabel’s Garden 126.10 2.60 436.60 0.00 3.60 19.00 1821.20 7.80 426.90 169.50 38.40 1.50 57.00 126.40 
15 RHS Anabel’s Garden 279.80 4.70 354.90 0.00 4.20 24.90 2690.30 8.80 407.80 144.60 32.50 1.50 43.50 115.10 
16 Anabel Interception 116.20 2.40 150.50 0.00 0.70 11.00 328.90 7.80 149.40 45.80 21.50 0.50 48.40 32.30 
17 Top VOTC 3438.90 21.20 517.60 1.10 20.90 125.80 17,579.20 7.20 1447.30 115.80 69.10 4.50 157.80 177.50 
18 Flow VOTC 994.00 3.90 145.90 0.00 5.40 29.10 4384.60 7.60 407.60 34.50 20.40 1.40 56.50 41.50 
19 Old Rio Tinto Confluence 1682.50 5.50 145.60 1.10 7.30 322.70 1479.40 10.90 1166.60 95.60 17.70 2.10 54.20 231.60 
20 Rainwater Stream 0.00 0.00 5.00 0.00 0.00 0.00 0.00 9.00 0.00 0.00 6.20 0.00 0.00 0.00 
 Rainwater Flow (1) 0.00 0.00 4.00 0.00 0.00 0.00 0.00 10.30 0.00 0.00 5.30 0.00 0.00 0.00 
 Rainwater Flow (2) 0.00 0.00 5.50 0.00 0.00 0.00 0.00 10.40 0.00 0.00 5.60 0.00 0.00 0.50 
 Element total concentration  19,693.2 254.2 3400.6 6.1 133.9 1033.7 126,421.7 203.6 9215 963.8 496 35.6 1089.8 1234.2 

3.4.3. Ion Chromatography Analysis 
Water samples were diluted by a factor of 100 due to elevated concentrations 

observed in sulfate ions, resulting in 0.1 mL of a sample per 9.9 mL of water for analysis. 
A Metrohm 930 Compact Flex IC (Metrohm, Herisau, Switzerland) analyzed 22 samples 
using a 150 mm Metrosep 5 column (Table 5). The eluent used to ensure the system 
removed the previous contaminants was 3.1 mM Na2CO3 and 1.1 mM NaHCO3 at a flow 
rate of 0.7 mL·min−1. Each sample was analyzed in triplicate to attain an average reading 
and to assess for precision. Elevated concentrations of sulfate ions overwhelmed the 
detector in four of the samples and were rerun the next day at higher dilution factors to 
enable the sulfates to be quantified. 

Table 5. Anion water composition (mg·L−1) obtained through ion chromatography of the sample solutions. 

Locality Number Locality F− Cl− NO2− Br− NO3− SO42− PO43− Spring Total 
Concentration 

1 Cave Left 0.35 8.31 0 0 0 176.14 0 184.8 
2 Right Stream (pool) 0 6.75 0 0 0 50.46 0 57.21 
3 Left Left 68.52 2.76 0 0 0 64,547.85 0 64,619.13 
4 Right Stream—Top of Right 1.83 3.76 0 0 0 3088.09 7.8 3101.48 
5 Green Stream 2.82 5.12 0 0 0 2913.09 23.91 2944.94 
7 UMA Spring 27.4 1.66 0 0 0 100,546.59 2.43 100,578.08 
8 Ricci Left 41.02 2.34 0 0 0 91,214.69 3.56 91,261.61 
9 RHS Ángeles 4.53 2.74 0 0 1.79 6584.3 0 6593.36 

10 Top New Spring 1.51 2.38 0 0 0 21,780.05 0 21,783.94 
11 New New Spring 1.23 1.59 0 0 0 19,812.78 0 19,815.6 
12 Fox Spring 1.07 3.69 0 0 0 12,935.9 0 12,940.66 
13 New Gypsum Spring 0.71 6.11 0 0 0 3127.21 0 3134.03 
14 LHS Anabel’s Garden 3.84 7.61 0 0 0 10,204.99 0 10,216.44 
15 RHS Anabel’s Garden 4.18 8.56 0 0 0 6981.06 0 6993.8 
16 Anabel Interception 1.85 10.5 0 0 0 2452.61 0 2464.96 
18 Flow VOTC 12.41 6.31 0 0 2.88 22,003.87 0 22,025.47 
17 Top VOTC 63.77 38.51 0 0 45.02 92,550.55 3.06 92,700.91 
19 Old Rio Tinto Confluence (1) 25.85 18.24 0 0 16.98 26,046.91 0 26,107.98 
19 Old Rio Tinto Confluence (2) 19.31 14.25 0 0 13.31 19,506.98 0 19,553.85 
19 Old Rio Tinto Confluence 18.04 13.75 0 0 13.02 18,224.2 4.66 18,273.67 

 Rain Water Folder 0 4.36 0 0 0 76.73 0 81.09 
 Rain Water Folder 0 3.65 0 0 0 123.68 3.18 130.51 
  Anion total concentration 300.24 172.95 0 0 93 524,948.73 48.6   

3.4.4. Data Interpretation Methods 
GIS was utilized to spatially represent the data on top of a digital elevation model 

(DEM) or satellite image of 1 m resolution. (Figures S3–S5). The geographic reference grid 
which was used in order to best represent the Spanish data was WGS 1984 grid. 
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4. Results 
4.1. Spring Environmental Features 

The springs within the Peña de Hierro area exhibit a large range of varying physical 
characteristics regarding discharge, water clarity/color, biological activity and deposits. 
Such a set of information was collected during the field survey and this provides the first 
source of data for understanding the distinctive chemical conditions of the different 
springs (Table 1). 

4.1.1. Biological Activity 
Samples were taken from streams, such as Right, New, Green, Fox and Nuria springs, 

which contained elevated visible biodiversity in comparison to the other sites (Figure 6). 
Photosynthetic algal biofilms of diverse color [52] were common throughout the different 
sites, forming filamentous or massive structures in the spring waters (Figure 6a,b) or along 
the streams that are formed from them (Figure 6c–e). At the confluence of two streams, it 
was evident that there was a sharp biological contrast in the microbial groups present, 
potentially reflecting the contrasting chemical properties of each spring/stream (Figure 
6f,g). Additionally, filamentous photosynthetic green algae displayed variations in 
morphology, with some being long and brown ~40 cm (Figure 6a), and others being 
shorter and displaying a vivid green to purple coloration (Figure 6c,e,g). 

4.1.2. Precipitates/Evaporates and Water Color 
In the Rio Tinto fluvial basin system, water color is a good tracer for estimating the 

fluid pH and, therefore, the potential mineral composition of the mineral precipitates [21]. 
As a result of the elevated temperatures and the varying chemical composition of the 
springs, precipitate and evaporate minerals were common throughout the field area 
(Figures 8 and 9; Table 1). The three most common minerals observed were copiapite, 
nanophase oxyhydroxide (e.g., goethite, see Fernandez-Remolar et al. [22]) and gypsum 
(Figure 8a–d), with minor amounts of jarosite and coquimbite in some locations. Particular 
springs, such as Left Richi, displayed large evaporite deposits in a band formation, caused 
by capillary action that was driven by high elevated summer temperatures (Figure 8b). 
The Right spring contained the most impressive precipitates, forming nano particles of 
hydrated ferric iron oxides (Figure 8c), namely ferrihydrite (Fe10O14(OH)9) and 
schwertmannite (Fe16O16(OH)12(SO4)2) [22]. The nano particles covered all of the features 
within the stream, including branches and pine acicles, and was present as a fragile 
powder that had settled out from suspension (Figure 8c). Ferric iron usually buffers the 
stream water to a pH 2.3 by precipitating in order to release protons (acidity) to 
compensate for a rise due to circumneutral waters, according to a hydrolysis reaction 
controlled by Fe3+ [21,22]. 
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Figure 8. Mineral precipitates in the different spring locations. (a) Evaporative precipitates of 
copiapite and jarosite in a banding orientation on a tributary above Cave Spring; (b) Evaporative 
bands of copiapite on Left Richi spring as a result of intense evaporation and capillary action; (c) 
Nanophase ferrihydrite iron oxyhydroxides precipitates in the Right Spring, reflecting a higher pH; 
(d) Expansive Gypsum deposits on the RHS Anabel’s Garden Spring, with the main channel 
containing a large percentage of green algae; (e) Oily film solution within gypsum deposits 
suggesting organic degradation of leaves and release of non-polar immiscible organic compounds 
like large fatty acids and waxes. 

A few springs such as RHS Anabel’s Garden and the Gypsum spring had extensive 
gypsum precipitates (Figure 8d) which were unique to these two springs, potentially 
highlighting contrasting aqueous chemistries. At both localities the gypsum had a black 
staining, thought to be an organic oily film on the surface of settled waters likely coming 
from the release of waxes and lipids from plant leaves (Figure 8e). Evident throughout the 
Peña de Hierro area was the evaporates left behind when a river channel had dried up, 
indicating that the channel is an ephemeral channel [19]. Nanophase ferric oxyhydroxides 
are currently found in the confluence of streams that have extreme pH, like the Left with 
the Right (Figure 9a). In some other cases, like in the VOTC stream, the waters are clearer 
due to a low turbulence (Figures 1 and 9b) as the ferric ionic complexes and mineral 
aggregates are sedimented in the channel bottom to have a higher density [21]. Other 
waters have a low concentration in ferric ion, as observed in the Left Richi spring (Figure 
9c), which eventually can transport clays due to its having a murky aspect (Figure 9d). 
Furthermore, the color of the emanating spring water, given the size of the field area ,was 
highly variable and included shades of green, yellow, red and brown (Table 1). As 
discussed above, the water color is a qualitative approach to estimate the pH of the 
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solutions. In this regard, Fernandez-Remolar et al. [21] suggests that a dark red coloration 
is the result of an oversaturation in Fe3+ and Fe3+-SO42−-bearing polymers that is produced 
when the pH decreases below 2. On the other hand, the orange water color is a result of  
the formation of ferric oxyhydroxide polymers due to the ferric pH buffer [21]. 

 
Figure 9. Water color of streams and springs in some headwater location. (a) The confluence of the Left (clear orange) and 
Right (murky orange) tributaries highlighting the precipitation of nanophase iron oxyhydroxides as a result of the mixing 
of lower and higher pH waters. (b) Deep red waters of the Valley of the Crazies (VOTC). (c) Colorless waters of the Left 
Richi Spring, with the blue boarder denoting the boundary of the pool. (d) Cave waters are evidently a clear but murky 
color. 

4.1.3. Eh and pH Measurements 
Rio Tinto headwaters are relatively oxic and acidic, with pH values of less than 3 and 

Eh values greater than 400 mV [20,21,23,24]. The average pH and Eh is 2.33 and 456.7 mV, 
respectively, and a summary of their relationships from the various springs is 
summarized in the pH-Eh diagram (Figure 10; Table 2). The vast majority of the springs 
have pH values in the range of 1–3, and Eh values in the range of 300–600 mV, with a 
range of 1.02–6.38 and 110–662 mV, respectively (Figure 10). The majority of the springs 
have a pH~2–3, with minor exceptions, including New Spring which has the lowest pH of 
1.02, closely followed by VOTC, UMA and Left-Left Springs (Figure 10). Springs with 
relatively high pH values include the Top of Right spring and the Right spring, with 
values of 6.38 and 5.0, with an overall standard deviation of 1.31. 
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Figure 10. Scatter diagram plotting pH versus Eh (mV) headwater spring values. 

4.1.4. Chemical Analysis 
Several cations were analyzed, including Fe, Al, Mg, Ca, Na, K, Zn, Ni, Mn, Cu, Cd, 

Co, Si and As (Tables 4, S3 and S4). Springs including UMA, Richi and Left-Left represent 
aqueous environments and elevated the total concentrations of cations, with Left-Left, and 
Richi displaying the greatest concentrations. Aqueous chemistry is primarily dominated 
by iron, which contributed an average of 77% to the total elemental concentration. The 
elements found in the solution are Fe > Al > Mg > Ca > Zn > Si > Cu > Mn > Na > Co > Ni > 
Cd, which is slightly different from previous studies which have found Fe > Mg > Al > Ca 
> Na > Zn > Cu > Mn > K [8]. Calcium, Zinc and Manganese appear to be the few elements 
to have larger concentrations in other springs than UMA, Richi, Left-Left, and Top VOTC. 

An array of anions was analyzed including F−, Cl−, Br−, NO2−, NO3−, SO42−, and PO43−, 
which have been summarized in Table 5 and the GIS proportional symbology maps 
(Figure S5). All of the springs have characteristically high sulfate concentrations, with 
each of them being dominated by this specific ion (Table 5). Sulfate ions contribute 99.88% 
of the total anions with an average concentration of 23,861 mg·L−1 and a maximum value 
of 100,542 mg·L−1 for UMA Spring. Fluorine and phosphate generally show low 
concentrations throughout the study area, except for elevated concentrations in Left-Left 
and Green Spring, respectively (Table 5). Bromine and nitrite levels remained undetected 
for all springs and nitrate was only measured in substantial quantities in the VOTC and 
the Old Rio Tinto River. 

4.1.5. Oxygen and Deuterium Analysis 
The isotopic values of 18O and 2H were measured and reported in the delta notation 

that calculates the relative deviation for a measured sample from the standard (Figure 11a 
and Figure S6; Table 3). Figure 11b plots the isotopic values from the springs analyzed in 
addition to rainwater samples, based on data from Global Network on Isotopes in 
Precipitation (GNIP, International Atomic Energy Agency, Vienna, Austria) for the station 
located at Moron de la Frontera Military Base (years 2000 to 2006) 
(https://www.iaea.org/services/networks/gnip, accessed on 30 September 2020). The 
global meteoric water line has been added to the graph in order to compare the values 
from Sevilla (Mediterranean climate) and Rio Tinto samples (Figure 11b). 
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Figure 11. Different scatterplot showing the distribution and regression of δ18O and δ2H in the Rio 
Tinto headwater springs compared to the Global Meteoric Water Line (GMWL) and the Local 
Meteoric Water Line (LMWL), obtained from data collected in the Moron Base and Seville (www-
naweb.iaea.org, accessed on 16 March 2015). (a) δ18O and δ2H regression from Springs throughout 
the Rio Tinto Headwaters Graph plotting values for all of the samples from Rio Tinto, where the 2 
standard deviation error bars were added on to each plot. (b) Rio Tinto Isotopic Results in 
Comparison to the GMWL and LMWL. (c) Plot the local and global meteoric water line in addition 
to the Rio Tinto plots, with the data field being added, highlighting each distribution pattern. Data 
sourced from: SAHRA—Isotopes & Hydrology. Available at: 
http://web.sahra.arizona.edu/programs/isotopes/oxygen.html#1 (accessed on 5 March 2015). 

The rainwater sample from Rio Tinto was collected on the 24 June 2014, reflecting 
average δ2H and δ18O values of −23.6 and −3.7, respectively. Data from GNIP display a 
wide range of values, highlighted by the orange field outline which captures the majority 
of the data points (Figure 11c). The GNIP isotopic values from Sevilla have δ2H and δ18O 
ranges of −62.4 to 5.6 and −9.14 to 4.8, respectively (Figure 11b), which are considerable, 
particularly in terms of deuterium. The average δ2H and δ18O values have been calculated 
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for each year and the period 2000–2006 using a normal average and weighted average 
technique (Table S2). 

The oxygen and deuterium values from Rio Tinto springs reflect a smaller spread of 
data points, highlighted in the blue outline (Figure 11b,c). The water line generated from 
the springs equates to δ2H = 4.072·δ18O − 7.066‰, with a correlation coefficient of R = 0.76. 
A local meteoric water line has been generated using data sourced from GNIP, which has 
a water line equation of, δ2H = 5.937·δ18O − 0.582‰. The gradient for the local meteoric 
water line is 5.94 in comparison to that of the Rio Tinto samples of 4.072, which are both 
less than the Global Meteoric Water Line (GMWL) (Figure 11b,c). 

Seven of the spring samples show deuterium enrichment on varying magnitudes 
with the Green Spring displaying the highest value of δ2H = −12.29‰, in comparison of 
an average of δ2H = −23.05‰ and a precipitation value δ2H = −23.6‰, where the top VOTC 
location has been disregarded, as on review it was an evaporated pool of water. The 
remaining springs are characterized by deuterium depletion with the Right spring having 
the minimum value of δ2H = −31.73‰ (Figure 11b,c). Seven of the springs display 18O 
enrichment, with the maximum value being observed in the Green Spring with a value of 
δ18O = −1.56‰, compared to an average of δ18O = −3.95‰ and an average precipitation 
value of δ18O = 3.705‰. The remaining localities show 18O depletion with the minimum 
value observed at Angeles source δ18O = −5.19‰. 

5. Discussion 
5.1. Control on pH and Eh 

The spatial variability in the activity of H+ ions (pH) is relatively significant 
throughout the study zone given its total area is smaller than 30 km2. All of the springs 
are acidic in nature, as a result of sulfide oxidation, however they show clear contrasts in 
the magnitude of their values. Microbial interactions within the subsurface produce the 
extreme ARD that is observed in the hydrology within Rio Tinto, speeding up oxidation 
reactions by the constant regeneration of Fe3+ which oxidizes pyrite 18–170 times faster 
than oxygen at low pH [38,53]. The regeneration of Fe3+ is the rate-limiting step in the 
oxidation of sulfides (Figure 5), with ecological interactions speeding up the 
transformation by an order of magnitude of 106, from 15 years to 8 min with a pH of 
around 3 [38]. Ferric iron is effective in anoxic conditions; however, bacteria require 
oxygen to regenerate ferric iron, and therefore oxidation is dependent on how fast oxygen 
can advect/diffuse through the aquifer [54]. Data on oxygen saturation indicate that most 
streams are oxic, and literature shows that bacteria occur wherever ferrous iron is present 
[19,22]. As a result, the discrepancy in pH values is not only a result of biological 
interactions but also the geological substrate. 

The hydrochemistry of aqueous solutions in terms of their elemental composition 
and pH is a direct result of the varying lithologies that the water has had chemical 
interactions with [30]. The geology within the Rio Tinto is characteristically heterogeneous 
as a result of intense deformation during the Variscan and Tertiary, juxtaposing 
chemically distinct rock types next to each other which is highlighted in the Electric 
Resistivity Tomography (ERT) (Figures 2 and S2) [20,22,23,28]. Geology dictates the 
chemical pH of the springs depending on the type, quantity and reactivity of sulfides and 
neutralizing agents, the lithology of host rock and the extent of pre-mining oxidation [38]. 

The classification of the sulfide which is reacting with the aqueous solution is 
extremely important, as this controls the amount of acidity generated and the kinetics of 
the species (Table S3). Rio Tinto ore deposits primarily comprise of pyrite, which, when 
oxidized, is effective at producing acidity [11]. The most important acidity producing 
reaction is the deprotonation reactions which occur with the sulfide oxidation products, 
accounting for 75% of total the acid production [11]. The complete oxidation of pyrite (1), 
chalcopyrite (2) and arsenopyrite (3) is shown in the reaction below, using ferric as the 
oxidizing agent: 
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FeS2 + 15/4·O2 + 7/2·H2O → Fe(OH)3 + 2·SO42− + 4·H+ (1) 

2·CuFeS2 + 17/2·O2 + H2O → 2·Cu2+ + 2·Fe(OH)3 + 4·SO42− + 4·H+ (2) 

FeAsS + 7/2·O2 + 6·H2O → Fe(OH)3 + SO42− + H2AsO42− + 3·H+ (3) 

The waters sourced from the extremely acidic springs, including New New, UMA, 
Left-Left, New, and Fox springs, have most likely attained low acidities through the 
exposure to large quantities of pyrite. Springs comprising RHS Ángeles, Green Stream, 
and Anabel Interception have higher pH values and larger Cu/Fe ratios, potentially 
indicating that they have interacted with larger quantities of chalcopyrite as a result of 
this mineral creating less acidity. Chalcopyrite is the most resistant sulfide to oxidization, 
and hence its contribution to the acidity may be minimal [11]. Although the pattern is less 
clear when looking at the As/Fe ratios (<<4 × 10−3), potentially reflecting a low abundances 
of arsenopyrite, the measured concentration of arsenic may be substantially 
underestimated as a result of the intense co-precipitation of arsenic with ferric oxides 
[8,11]. 

However, it is difficult to deduce the types and amounts of sulfides that the waters 
have contacted, as neutralizing agents and secondary mineral precipitation play crucial 
roles in the regulation of acidity [53]. Calcite is highly reactive and highly soluble at a low 
pH, making it the most effective neutralizing agent for counteracting the ARD [11]. 
Carbonates occur within the Rio Tinto stratigraphy in discrete lenses, with occurrences 
noted in BH11 at depths of 20–63 m, 105.9 m and 221.65 m and BH10 of 60–72 m, 414–
415.3, 519 m and 607.6 m [50]. BH11 is directly north of Anabel’s Springs and BH10 is 
north of the green stream (Figures 2 and S1). Recharge to the Peña de Hierro aquifer, 
which lies at depths of 100–400 m, is believed to occur northwest of the Peña de Hierro pit 
lake [23] (Figure S1). As a result, it is possible that these lenses of calcite highlighted during 
the MARTE drilling project may contribute to raising the pH of the aqueous solutions, 
proceeding via reaction [4] if the water pH is less than 6.3 [11]. 

CaCO3 + 2H+ → Ca2+ + H2CO3 (4) 

BH10 is primarily comprised of a VSC unit, yet its pH is circumneutral, measuring at 
5–7, which might highlight the potential role of carbonate in these waters for buffering the 
pH at ~5.5–6.9 [55]. However, as in the recharge area the rock host is depleted in massive 
sulfides, the pH likely results from the meteoric input rather than neutralization through 
the carbonate dissolution. None of the springs, with the exception of the Right spring, 
have pH values this high, emphasizing the importance in the order in which the mineral 
is encountered along its flow pathway [56]. The majority of the water samples display a 
signature indicative of an intermediate composition of that between silicates and 
carbonates, suggesting that waters interact with carbonates, but that these carbonates 
occur in volumes that are insufficient to neutralize spring waters (Figure 12). Tertiary 
diagrams highlight that the Gypsum spring is classified as a calcium type (Figure 13), with 
others having strong calcium signals, including LHS Anabel’s garden, Top of Right (flow) 
and Anabel’s interception. These springs have pH values of 2.81, 2.72, 5, and 2.38 
respectively, slightly higher than the average of 2.33. Geochemical analysis using the 
PHREEQC software package [57] highlighted that these select springs also have gypsum 
saturation indexes (SI) that are close to equilibrium with a solution or at a supersaturated 
level, potentially reflecting high calcium concentrations from dissolved carbonates (Table 
S4). Carbonates and minerals with a high concentration in calcium have also been found 
in the breccia infilling the thrusting surface that accommodates sulfide lenses as a result 
of the hercynian orogenesis [58]. The precipitation and dissolution of ferric oxyhydroxides 
and oxyhydroxide sulfates has important roles in buffering the solution pH. Upon 
precipitation, they release acidity (deprotonation reaction) and when they dissolve, they 
consume acidity, so when it rains they can release protons to compensate for the rise in 
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pH [21]. Common minerals to precipitate out into the solution are ferrihydrite, 
schwertmannite and jarosite (Figure 8), as seen in the Right spring due to its elevated pH 
[54]. PHREEQC analysis (Table S4) showed that the common buffer mineralogy was 
contributing to the acidity to a greater extent in the elevated pH values, namely RHS 
Anabel’s Spring and Top of Right (flow), hence the excellent clarity in the low pH springs 
(Figure 9). Two classifications can be deduced representing high or low SI values, which 
provides information on the contribution of precipitating minerals to the total acidity. 
Ferric precipitates are generally unstable, at pH < 3, hence there is lower SI in the more 
acidic streams, suggesting that a larger proportion of their acidity is generated through 
reaction 1 and not through hydrolysis reactions [11]. 

 
Figure 12. Stratigraphic column obtained from the materials drilled in BH10. 
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Figure 13. Hydrochemical classification of the Rio Tinto headwaters. (a) Tertiary diagram classifying 
waters according to the relative contributions of magnesium, calcium and potassium + sodium. (b) 
Classification of Rio Tinto spring headwaters in regard to carbonates, evaporites and silicates. 

Dissolution of aluminosilicates can consume acidity and raise the pH of the solution. 
However, they dissolve as much slower rates and have a negligible effect in comparison 
to carbonates [38]. Evaporation and infiltration of fluids from tailings can greatly increase 
the acidity of the aqueous solution, but due to minimal evaporation within groundwater, 
this can be ignored. The contribution of the tailings to the groundwater is hard to quantify 
due to them being very heterogeneous, and is beyond the scope of this work. 

The waters of Rio Tinto are considered to be relatively oxic, allowing iron oxidizing 
bacteria to metabolize the sulfides aerobically, by regenerating the ferric iron necessary to 
newly oxidize the sulfides at accelerated rates [5,22]. Gonzalez-Toril [17] carried out a two 
year study and found that, on average, the redox state of the water was 420–608 mV, 
though measurement can show seasonal variations [47]. Groundwater usually decreases 
in Eh as a result of microbes depleting the waters of their oxygen content as a result of 
respiration [19]. Rio Tinto has extensive biological activity and one would expect to 
observe much lower Eh values than what was recorded. Acid rock drainage is typically 
oxic in nature. The Top of Right springs are the exceptions, with Eh values of 171 mV and 
110 mV (flow) with relatively reducing conditions, reflected in the high SI for iron 
precipitates (Table S4) [19]. This may indicate that the water has passed through a material 
high in reducing agents in comparison to the other springs [19]. 

The pH and Eh values from the springs show minor discrepancies, however in 
conjunction with the geochemical and SI data, it is indicated their acidity has various 
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sources and relative contributions. The hydrogeologic framework, though it contains 
extensive fractures and faults, may not act as an efficient a conduit as once thought, 
limiting subsurface interconnectivity (Figures 2 and S1) [20,23,42]. This idea is supported 
by the large spatial variation in pH values and lack of homogeneity. LHS and RHS 
Anabel’s Garden spring are a great example, with pH values of 2.72 and 1.99, respectively, 
yet they are around 10 m apart (Figure 6f,g). Variations in lithology and texture, in 
addition to the depth of burial, dictates permeability and tortuosity, and hence 
interconnectivity and flow rate, which need to be taken into consideration [19,59]. 

5.2. Lithological Control on the Aqueous Chemistry 
The geology within the field area is highly variable as a result of extensive faulting 

throughout the Variscan and Tertiary, juxtaposing contrasting lithological units next to 
each other (Figures S1 and S2). Electric resistivity tomography (ERT) and time-domain 
electromagnetic data (TDEM) field studies have identified a major thrust at depth in 
association with minor sub-vertical brittle strike slip normal faults, corresponding the Late 
Variscan deformation (Figure S2) [20]. The basement lithology is highly fractured, 
enabling subsurface waters to be conducted along various stratigraphic units at different 
depths, remerging through strike slip and normal faults [20,23]. It is frequently noted in 
the literature that the geochemical signatures of the groundwater reflects rock-water 
interactions of a specific lithology [15,60]. The geology of the study area is highly 
heterogeneous, with rapid lateral and vertical facies changes, resulting in highly varied 
geochemistry [28]. 

The lithological composition and hydrogeologic properties of the subsurface exert 
the greatest influence on the waters’ chemistries, as they dictate flow pathways and the 
availability of certain elements [19]. Secondary permeability and porosity, in the sense of 
fractures and solution joints, are influential [56]. The presence of highly reactive minerals 
in small amounts can determine the resulting hydrochemistry (Figure 14) [11,60]. 

 
Figure 14. Correlation between different elements and anions showing a lithological control in some 
springs as the concentration of and between the sum of copper, iron and zinc against the total sulfate 
(a), cobalt against nickel (b), the sum of cobalt and nickel concentrations against the concentration 
of sulfate (c), and aluminum against fluorine (d). Element and anion concentrations are expressed 
in mg·L−1. See Tables 4 and 5 to identify the different springs in the correlation plots. 

Rio Tinto waters are characterized as being high in acid and high in metal, according 
to the Ficklin diagram (Figure 15) [61]. Sulfate is found in extremely high concentrations 
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in specific springs, such as Richi Left, UMA Spring and Left-Left (Figure S5). This suggests 
that these waters have had extensive interactions with sulfide ore within the subsurface. 
Mass balance calculations on Rio Tinto conclude that pyrite oxidation accounts for >93% 
of dissolved sulfate from sulfide oxidation [37]. There may be other sources of sulfate but 
low Ca:SO42− ratios on all springs indicate that gypsum or anhydrite did not contribute to 
the sulfate load [36]. Iron, copper and zinc comprise 99.6 ± 0.2% of the molar total of sulfide 
derived metals with a relationship with sulfate of R = 0.93 (Figure 14a). The Richi Left, 
UMA Spring and Left-Left springs have the highest values for the total concentrations of 
Fe + Cu + Zn. Lastly, the correlation between cobalt and nickel (Figure 14b) is strong (R = 
0.93), reflecting that they most likely have a common source. Sulfate concentrations are 
positively correlated with that of the total cobalt and zinc concentrations (Figure 14c) with 
R = 0.90, as a result of these trace metals being sourced from sulfide deposits. Together 
with high sulfate, iron, copper and zinc concentrations we conclude that Richi Left, UMA 
Spring and Left-Left have had significant interactions with sulfide ores. 

 
Figure 15. Characterization of the Rio Tinto waters as high acid and high metal, according to the Ficklin diagram. 

The concentration of aluminum and fluorine display a strong positive correlation of 
R = 0.94, with maximum values observed in Left-Left, Richi Left, UMA and top VOTC 
(Figure 14d). Rhyolites (felsic) and black shales contain high concentrations of Al and F, 
with the former having twice the amount as mafic rocks [62]. Additionally, these springs 
contain the highest sulfate concentrations, indicating extensive interactions with black 
shale and tuffites hosted sulfides deposits of the VSC [8,20,26,28,30]. 

Sodium is commonly sourced from sandstone and shales or where hydrothermal or 
volcanic influence is present [60]. Sodium can be released from the hydrolysis of Na-
plagioclase rich rhyolites, in which high fluorine levels would be expected. LHS and RHS 
Anabel’s Garden, Green Spring, Anabel’s Interception show high Na+/SO42− ratios 
associated with low aluminum concentrations, suggesting an interaction with sandstones 
and shales (Figures 16 and 17) that occur in the Culm host rock [12]. RHS Anabel’s has an 
unexpectedly low pH and larger concentration of Al, suggesting interaction with sulfides 
and silicates. However, the low sulfate and total metals present suggests another origin, 
which is explained by removing iron and sulfate through the massive precipitation of 
gypsum in the spring location. This is supported by high SI values for gypsum and 
anhydrite (−0.23 and 0.53) (Table S4) [55]. 
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Figure 16. Classifications of springs and streams based on their Al concentration and Na/SO42− ratio. Not all sample 
locations and high pH suggesting potential mixing with meteoric waters. New Gypsum spring was the exception, with a 
high Na/SO42− ratio and very high calcium concentration. 

 
Figure 17. Occurrence of gypsum blankets in different springs like around the entrance of RHS 
Anabel’s garden (a), and in the New Gypsum spring (b) rising from a shale bed (Culm materials) 
showing extensive gypsum deposits with copiapite. 

New New, New and Fox springs have low pH values, Na+/SO42− ratio and total Fe, 
Cu and Zn concentrations, suggesting minor interaction with sulfides but lacking 
neutralizing agents, potentially reflected in the very low Ca concentrations present (Table 
3). The remaining springs have low pH, high aluminum concentrations and low Na+/SO42− 
ratios, indicating interactions with igneous and sulfide minerals (VSC). 

Top of Right spring, and Cave Left had no aluminum and low metal concentrations 
and had pH values of 5, 6.38 and 3.38, respectively. Gypsum spring is peculiar as a result 
of the presence of elevated calcium and the second highest sodium concentrations, 
associated with a pH = 2.81 (Figure 16). These waters may have initially passed through 
sulfides, later interacting with limestone lenses of different origins located in the VSC 
deposits. This is the case for the different carbonate lenses found in the BH10 cores [50] 
which could become the source for Ca. The spring is supersaturated in gypsum and is 
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nearly at equilibrium in terms of anhydrite (Table S4), potentially explaining the low 
concentrations of metals. 

5.3. δ18O and δ2H 
Analysis of 18O and 2H was undertaken for the springs throughout the study area, in 

addition to a rainwater sample collected on the 24 June 2014 (Table 3). Isotope data was 
attained for Moron Base Seville which had precipitation volumes and isotope data 
spanning 2000–2006 (Table S2). The differences in the averages and weighted averages for 
Seville rainwater data are shown in Table S2, highlighting that winter precipitation 
contributes a larger volume of spring waters, with increased depletion in the heavy 
isotopes [63]. The rainfall sample taken during the field work had δ18O and δ2H values of 
−3.70‰ and −23.61‰ in comparison to the weighted rainwater average values of −4.78 
and −28.57, respectively (Table S2). This reflects a higher mean seasonal temperature, 
resulting in a larger percent of the heavier isotopes reaching further inland as a reduced 
rainout effect [64]. 

The isotopic fractionation patterns reflected in the Rio Tinto springs can be accounted 
for by physical and chemical processes, and reflect reactions occurring within the 
subsurface. The use of isotopic signatures aids in identifying the interconnectivity of the 
springs, specifically deuterium, with minimal mineral-water exchange in non-geothermal 
conditions (<90 °C) [64,65]. 

Groundwaters are usually recharged during heavy rainfall events as a result of soil 
water residing in the unsaturated zone for an average of three months before being 
displaced by new infiltrating waters (Piston flow model) [56,63]. Whilst water resides in 
the soil it evaporates through the evaporation front as a result of capillary action, leading 
to isotope enrichment (fractionation) in the residual waters [19,64,66]. Rio Tinto has very 
little rainfall between June–September (Figure 7), coinciding with the hottest months, 
suggesting that the heavier rains have little influence on recharging the aquifer [30]. 
However, the meteoric water line for the spring waters has a gradient of 4.07, reflecting 
high evaporation rates and waters sourced from an arid area [67]. Most of the springs have 
an enriched isotopic signature compared to that of the weighted average for Seville, 
suggesting that water has been influenced by evaporation before percolating in the 
groundwater [63]. It key to note that some meteoric water may infiltrate through fractures 
(interconnected macropore systems) or retarded by a low permeable substrate, decreasing 
and increasing evaporation potential, respectively [56]. Soil and rock types display large 
heterogeneities throughout the field area and evaporation from such substrates is hard to 
quantify [56]. 

The fractionation patterns of the Rio Tinto spring waters are highly variable, with 
most of the hydrogen isotopes displaying enrichments compared to the weighted average 
(Table S2). Furthermore, a group of springs displays δ18O values lower than the average 
(Table S2), suggesting a process causing depletion relative to the reference line. Processes 
causing the fractionation of the deuterium isotope are relatively small in Rio Tinto, mainly 
comprising evaporation and minor effects from the bonding of the hydration spheres of 
cations [68,69]. The Right (flow) spring has been enriched in 18O relative to 2H, potentially 
as a result of interactions with calcite, causing recrystallization, enriching the water with 
18O (Figure 18) [69]. Other possibilities include sourcing heavier oxygen from other 
substrates, with data unavailable to make clear conclusions [70]. The remaining springs’ 
enriched deuterium can be explained by varying evaporation magnitudes [66]. A large 
magnitude of enrichments observed for the Green stream, which can be explained by 
intense evaporation in the mine shaft, resulting from tritium analyses revealing a small 
proportion of its discharge resulting from groundwater’s contribution [20]. 
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Figure 18. Scatterplot of pH and δ18O values from the spring solutions, resulting no correlation between them. 

The excessive volumes of sulfides within the Rio Tinto subsurface which interact 
with the groundwater have been observed to modify the 18O signature [37]. High sulfate 
levels are reported to have minimal influence on the isotopic signatures as a result of 
minimal isotopic exchange occurring due to the rate of reaction (~350 years) [43,70,71]. 
Previous research has interpreted Rio Tinto to be consistent with a sulfite-water system 
[37]. Sulfite (SO32−) is considered to be the most important final sulfoxy intermediate in the 
complete oxidation of reduced sulfur compound to sulfate [72]. Sulfite readily exchanges 
oxygen isotopes with water or oxygen, occurring most rapidly at a low pH of 0.88–1.4 and 
where high concentrations of iron are present. It has been a heated debate as to whether 
the oxygen has been sourced from dissolved oxygen or H2O (Reactions 5, and 6). Most 
literature concludes that, with Fe3+ as the main oxidizer under acidic conditions, H2O is 
the primary source of oxygen for the final product: sulfate [37,45,47,70,71,73,74]. 

SO32− + 1/2 O2(aq) → SO42− (5) 

SO32− + 2Fe3+ + H2O → SO42− + 2Fe2+ + 2H+ (6) 

Springs, including Ángeles, UMA, Top of Right, New New and the top of New 
spring, show depletion in their δ18O values relative to the weighted average for Seville 
(Figure S6a). Other springs, such as Left-Left, Cave, Richi Left and Fox Spring, have a 
depletion in δ18O relative to the enrichment of the δ2H (Figure S6a). The mechanism of the 
oxidation of reduced sulfur compounds is not fully understood and the model for Rio 
Tinto still contains problems in multiple explanations [37,72]. The range of δ18O and δ2H 
values for the springs sampled suggest that is unlikely that they are all interconnected, 
however the observed fractionation patterns could be a result of numerous factors, such 
as pH, temperature and availability of oxidants [74]. In addition, the pathway taken and 
time spent in the subsurface may alter the magnitude of fractionation [63,69]. Tritium data 
suggest that most springs sourced their water as precipitation that fell before 1950, 
however the data do not cover all springs sampled [20]. 
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6. Conclusions 
The research conducted within the Rio Tinto area has confirmed that the 

heterogeneity in terms of physical and chemical parameters is a result of complex 
biological and chemical interactions with the rich sulfide deposits. Assessment of the 
spatial variability in pH values in conjunction with geochemical data and PHREEQC 
analysis has highlighted that aqueous interactions with sulfides is not the sole influence. 
Several springs have displayed similarities according not only to their pH values but also 
how these pH values are controlled through various neutralizing agents. Eh values have 
displayed less variability and agree with current literature, indicating that most springs 
are oxic, providing oxygen for the microbial-driven system. 

Geochemical analysis helped to explain to observed pH and Eh values in addition to 
confining the geology to be most likely influencing the observed characteristics. This 
research has contributed to addressing the variations in the spring pH, which likely 
depends on the contribution of a heterogeneous lithology and structure (Figure 19). It 
highlights that the pH does not correlate directly with the type and quantity of sulfides 
that have interacted with the groundwater, but also result from other factors. Such factors, 
including the order in which minerals are encountered, specific minerals saturation 
indices, and the type and quantity of neutralizing mineralogy interacting with the 
solution, can exert large influences (Figure 19). A current uncertainty is the contribution 
that tailings have to the observed characteristics as some springs, such as Left-Left, 
simultaneously show isotopic enrichment and depletion regarding δ2H and δ18O, 
respectively. This is potentially explained by intensive evaporation producing higher δ2H 
values and the intense sulfite-water interactions depleting water in δ18O (Figure 19). 

 
Figure 19. A model for the subsurface flows supplying the various spring around Peña de Hierro in 
the Rio Tinto headwaters. 

As a main result, it can be recognized six groups of springs based on their 
hydrochemical characteristics as shown in Figure 19: 
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1. Springs and streams with higher pH (>3) and low metal content from a low contact 
with sulfides: Top Right (flow), Cave, and Top of Right. 

2. Highest deuterium and 18O enrichment, and elevated fluorine and phosphate 
concentration springs, resulting from solutions experiencing high evaporative 
processes and resulting from an interaction with shales and sandstones: Green 
spring. 

3. Springs with a strong calcium signal produced by interaction with carbonate levels 
or fault breccia: Anabel interception, and LHS Anabel’s Garden featured. 

4. Springs with pH < 2 and extensive gypsum precipitates: RHS Anabel’s Garden, New 
Gypsum. 

5. Solutions attaining low pH, Na+/SO42− ratio and total Fe, Cu and Zn concentrations 
through the exposure to minor interaction with sulfides but lacking neutralizing 
agents, reflected in low Ca concentrations: New New, New, Fox’s, and Top VOCT. 

6. Springs having a low pH (<1.75) with the highest ion concentration, suggesting a high 
interaction with sulfides and some input from tailings: Left Left, Richi Left, and 
UMA. 
Oxygen and hydrogen isotopic analysis investigated the interrelationships between 

the springs to assess if they represented a meteoric signature and what influential forcing 
dictated their signal. The springs showed considerable variation, most reflecting 
enrichment as a result of evaporation, whilst others represented depletion due to the 
sulfite-water interaction, agreeing partially with the current Rio Tinto Model [37]. Further 
research into the sulfite-water reaction mechanism and the degree to which it influences 
specific springs needs to be analyzed. The research of the spring and stream 
hydrochemistry suggests that the underground flow is compartmentalized and shows a 
heterogeneous connectivity between them (Figure 19). 

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4441/13/20/2861/s1, Figure S1: Simplified geological map of the study area showing the different 
lithologies, structures and sampling locations.; Figure S2: ERT (Electric Resistivity Tomography) 
sounding results for profiles 1 and 2 showing the underground lithological and tectonic structure; 
Figure S3: A GIS diagram displaying proportional symbols which represent the total cations from 
each of the springs; Figure S4: GIS diagram of the study area, with proportional symbols 
representing concentrations of specific elements in mg/L as aluminum (a), cobalt (b), calcium (c), 
manganese (d), zinc (e), and iron (f); Figure S5: Different GIS maps which representing the total 
anion composition (a), Sulfate (b), phosphate (c), and fluorine (d) for each locality in a proportional 
symbology format; Figure S6: Rainwater and spring δ18O and δ2H in the study area. (a) δ18O values 
for the Rio Tinto springs, with the average δ18O value for the rainwater on the 24 June 2014 and data 
from GNIP spanning 2000–2006; (b) δ2H values for the Rio Tinto springs with an average δ2H value 
for the rain collected on the 24 June 2014 and an average of GNIP data from 2000–2006; Table S1: 
Tables summarizing the accuracy of the isotopic analysis in relation to the standards, IA-RO52, IA-
RO53 and IA-RO54, and the standards used in the isotopic analysis; Table S2: Rainwater average 
isotope data 2000–2006 for Seville. Weighted values are used to correct biases in the 2H 
concentration by re-evaporation processes; Table S3: Table summarizing the acid producing 
minerals within the VSC deposit of Rio Tinto and the acidity of each, complemented by their 
reaction rates through Fe3+; Table S4: Summarizing the PHREEQC results, with N/A assuming the 
mineral does not form under those conditions or that the elements are in large enough 
concentrations to form sufficient mineral. Standard state conditions were used within the input file. 
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