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Abstract The Amarillo River (Famatina range, Argentina,
~29° S and ~67° W) is unusual because acid mine drainage
(AMD) is superimposed on the previously existing acid rock
drainage (ARD) scenario, as a Holocene paleolake sedimen-
tary sequence shows. In a markedly oxidizing environment, its
water is currently ferrous and of the sulfate-magnesium type
with high electrical conductivity (>10 mS cm−1 in uppermost
catchments). At the time of sampling, the interaction of the
mineralized zone with the remnants of mining labors deter-
mined an increase in some elements (e.g., Cu ~3 to
~45 mg L−1; As ~0.2 to ~0.5 mg L−1). Dissolved concentra-
tions were controlled by pH, decreasing significantly by

precipitation of neoformed minerals (jarosite and
schwer tmanni te) and subsequent meta l sorpt ion
(~700 mg kg−1 As, 320 mg kg−1 Zn). Dilution also played a
significant role (i.e., by the mixing with circumneutral waters
which reduces the dissolved concentration and also enhances
mineral precipitation). Downstream, most metals exhibited a
significant attenuation (As 100 %, Fe 100 %, Zn 99 %).
PHREEQC-calculated saturation indices (SI) indicated that
Fe-bearing minerals, especially schwertmannite, were super-
saturated throughout the basin. All positive SI increased
through the input of circumneutral water. PHREEQC inverse
geochemical models showed throughout the upper and middle
basin, that about 1.5 mmol L−1 of Fe-bearing minerals were
precipitated. Themodeling exercise of mixing different waters
yielded results with a >99 % of correlation between observed
and modeled data.

Keywords Acid rock drainage . Acidmine drainage . Natural
attenuation . Efflorescent sulfate salts . Fe-bearingminerals .

PHREEQCmodeling

Introduction

Naturally occurring, extremely acid streams, rivers, and lakes
are rare features in nature. Among the mechanisms controlling
acidity, Bacid rock drainage^ (ARD) is conspicuous and refers
to acid (pH <5), metal-rich waters that are derived from the
weathering of sulfide mineral deposits when exposed to air,
water, and microorganisms. There are also natural acid waters
which are associated with volcanism or with organic-rich
streams in the tropics (e.g., Bblack waters^ as in the Negro
River, Amazonia). However, widely known and relatively fre-
quent are the acid waters which an undesirable mining by-
products (i.e., acid mine drainage, AMD). Following the
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growing importance given to water quality and considering
AMD, the most important pollution problem determined by
global mining, many authors have studied the behavior of dis-
solved heavy metals in such complex geochemical systems (e.g.,
Akcil and Koldas 2006; Blowes et al. 2014; Borrego et al. 2005;
Cánovas et al. 2012; Delgado et al. 2012; Grande et al. 2010;
Hubbard et al. 2009; Jönsson et al. 2005; Lei et al. 2010; Lindsay
et al. 2015; Maza 2015; Macías et al. 2012; Nieto et al. 2007;
Nordstrom 2009; Olías et al. 2006, 2005, 2004; Pérez-López
et al. 2011; 2010; Sarmiento et al. 2011; Younger 1997). The
foci of these investigations are generally placed on precipitation
of schwetmannite and jarosite and the linked adsorption process-
es that take place in mining-derived materials, such as tailing
impoundment, waste-rock dumps, open pits, and labors.
Significant importance is also placed on establishing remediation
procedures to ameliorate the negative impact of mining (e.g.,
Campbell et al., 2015; Caraballo et al. 2011, 2009; Johnson
and Hallberg, 2005; Macías et al. 2012).

A pronounced variation in time and space, determined
by several physical, chemical, and biological processes,
rule the geochemical behavior in acid streams and rivers,
whether the processes are natural (ARD) or human-made
(AMD). The formation of acid water will depend on the
balance between the potential acidity of the outcropping
rocks (amount and kind of sulfurs) and the probable neu-
tralization of the surrounding deposit. In this way, there are
a group of geochemical processes which can be summa-
rized as follows: the first stage of weathering is mineral
oxidation by O2 (Eq. 1), where mainly pyrite but also pyr-
rhotite, marcasite, chalcopyrite, sphalerite-galena, and ar-
senopyrite are the minerals that generate most acidity. The
overall redox reaction is

FeS2 þ 7=2 O2 þ H2O→Fe2þ þ 2SO4
2− þ 2Hþ ð1Þ

where ferrous iron (or Fe(II)), sulfate, and acidity are released
to the solution by pyrite. Then, Fe+2 is oxidized to Fe+3 (Eq. 2)
and, later, it is hydrolyzed and precipitated as a solid phase
(i.e., Fe(OH)3 and other chemical species) releasing 3H+

(Eq. 3). The latter reaction is catalyzed by microorganisms
(e.g., acidic bacteria as Thiobacillus ferrooxidans; Kawano
and Tomita, 2001), increasing reaction kinetics by several or-
ders of magnitude:

Fe2þ þ 1=4 O2 þ Hþ→Fe3þ þ 1=2 H2O ð2Þ
Fe3þ þ 3 H2O→Fe OHð Þ3 sð Þ þ 3Hþ ð3Þ

Iron hydrolysis is an exothermic reaction and is the main
source of acidity that generates ideal conditions for the bacte-
rial growth (pH in the range of 1.5–4 and temperature in the
25–45 °C range; Kozubal et al. 2012; Urbieta et al. 2014).
Combining reactions 2, 3, and 4, the following overall reac-
tion is reached:

FeS2 þ 15=4O2 þ 7=2H2O→Fe OHð Þ3 þ 2SO4
2− þ 4Hþð4Þ

Fe+3 is also another important oxidizing agent which gen-
erates more acidity than does O2, as shown in Eq. 5:

FeS2 þ 14 Fe3þ þ 8H2O→15 Fe2þ þ 2SO4
2− þ 16Hþ ð5Þ

These are the main processes that define both mechanisms,
ARD and AMD.

The results of the evolution of these chemical systems,
once the neutralizing capacity of the environment has been
exceeded, are waters with large amounts of dissolved sulfate,
Fe, and other metals, such as As, Cd, Co, Cu, Pb, Zn, etc. The
high concentration of total dissolved solids (TDS) is deter-
mined by the increased mineral dissolution rate that is normal-
ly associated with distinctly acid environments (Nordstrom
2011; Nordstrom and Campbell 2014; Nordstrom et al.
2015). The formation of new minerals, with its consequent
coprecipitation and adsorption processes and the mixing with
more diluted water tend to decrease the concentration of dis-
solved elements in the system. As was pointed out by several
authors, high dissolved metal concentrations produced by
AMD could be naturally attenuated by one or more such
mechanisms (e.g., Acero et al. 2006; 2007; Asta et al. 2009;
2010a; 2010b; Bigham et al. 1996; Bowell and Bruce 1995;
Brown and Glynn 2003; Cánovas et al. 2008; Chen and Jiang
2012, Cidu et al. 1997; Fernández-Remolar et al. 2006;
Fukushi et al. 2003; Gandy et al. 2007; Maza 2015; Meck
et al. 2011; Sanchez-España et al. 2005a, 2005b; Sarmiento
et al. 2009).

There are some rivers affected by acid drainage in
Argentina’s Northwest (Famatina range, Province of La
Rioja). An interesting example is the Amarillo River, which
maintains an acid pH all along the water course. Amarillo
River headwaters run through Cu (Mo-Au) porphyry deposits
and high-sulfidation veins of Cu–Au (Ag–As–Sb–Te), along
with the associated alteration zones, which constitute the
Nevado de Famatina Mining District. During the first quarter
of the last century, La Mejicana mine was operative, and min-
eral debris was transported downstream, reaching the town of
Chilecito (La Rioja, Argentina). Minimal mining waste mate-
rial was left at the mine site, although there are a few galleries
still visible. Therefore, the scope of this investigation was to
analyze geochemical processes in an environment with both,
natural and anthropogenic water acidification mechanisms.
Attenuation processes were also identified and modeled fo-
cusing, as well, on the assessment of such attenuation system
in a hyperarid drainage network. These objectives were pur-
sued in the certainty that these studies would be valuable
at the time of starting new mining activities. Exposing
natural geochemical attenuation is as important as de-
scribing geochemical processes that generate high
amounts of dissolved metals.
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Site description

The Amarillo River headwaters are exposed to intensive
weathering through aggressive geochemical processes. In this
region, the critical zone (Brantley et al. 2007, Stumm and
Sulzberger 1992)—where chemical, biological, physical, and
geological processes operate together—is complex and dy-
namic. For example, the oxidation zone can be scarcely su-
perficial or can reach a depth of ~190 m.

This fluvial system in the Famatina Belt drains headwa-
ters through an important halo of high-sulfidation
epithermal deposits (Au–Cu–Ag–As–Sb–Te) (Losada-
Calderon and McPhail 1994; Pudack et al. 2009), which
had been influenced by mining since the nineteenth century
until 1925 (La Mexicana Mine). Underground workings
were developed, especially on vein galleries connected by
shafts and chimneys.

The Famatina Belt is located between 27° and 31° S and is
part of the current broken foreland of the Sierras Pampeanas of
Argentina (Fig. 1). The Amarillo River basin mainly involves
low-grade Cambro-Ordovician fine-grained sedimentary units
from the Negro Peinado and Achavil formations and the min-
eralized porphyry copper area, associated with a
hydrothermal-hypabyssal polymetallic process that began
with the intrusion of the Mogote Formation (5.0 ± 0.3 Ma,
dacitic and rhyodacitic porphyries, Losada-Calderon and
McPhail 1994). It must be highlighted that high-sulfidation
epithermal deposits and disseminated porphyries also outcrop
in the region as several smaller districts. The most important
hypogenic mineral is pyrite, accompanied by molybdenite,
calcopyrite, enargite, and bornite. Within the hydrothermal
alteration, the phyllic alteration consisting of sericite-pyrite-
quartz has the largest areal distribution, affecting all litholo-
gies. In Fig. 1c, there is a profile of the area (A-A’) showing El
Mogote porphyries, quartz-sericite-pyrite veins, and the alter-
ation halo.

The area has a continental, high-mountain (top height
~6000 m a.s.l.) hyperarid climate, with mean annual rain-
fall of about 200 mm. Intense rainfall occur in summer
usually causing torrential floods. The Amarillo River has
a drainage basin of 155 km2, with mean discharges of
~2000 L s−1 during the austral summer and ~700 L s−1 in
the dry season (i.e., wintertime) in the lower basin (Alto
Carrizal, Fig. 1), reaching its minimum discharge during
October and November (Fernández-Turiel et al. 1995).
This high-mountain river is typified by turbulent reddish-
yellowish waters transporting a significant load in solution,
characterized by a dominance of iron and clay-size phases
(Maza 2010, Maza 2015). Achavil and Del Marco rivers
are tributaries of the Amarillo River, and downstream, they
form the ephemeral Famatina River, which discharges its
waters into the alluvial fans of the endorheic system of
Paimán-Velasco.

Less than 20 km downstream from the upper catchments,
there is a paleolake (Figs.1 and 3) which provides the neces-
sary and sufficient evidence to sustain the acidic nature of the
system for the last 3500 years (Maza, et al. 2014; Maza 2015).
The accumulated sediments form a 44-m thick lacustrine
banded sequence, with varve-like silt-clayed ochres, sand-
stones, conglomerates, and breccias, associated with the dam-
ming of the Amarillo River. The significant amount of unusu-
ally well-preserved ochreous sediments (jarosite and goethite,
Maza et al. 2014) in this unit was linked to the contribution of
a paleo acid drainage associated with polymetallic deposits
from the Nevado de Famatina Mining District. The levels
are characterized by high concentrations of Fe2O3, Cu, Zn,
As, Co, and Mo and low concentrations of SiO2, Al2O3,
K2O, MgO, CaO, and Na2O. The evolution of the paleolake
levels was inferred from the analysis of sediments and waters
of the present-day Amarillo River catchment. The formation
of the iron ochre layers is clearly connected with the pH of
river water and with the Fe and SO4

2− concentrations (Maza
et al. 2014).

Material and methods

Water samples

In order to assess the hydrogeochemistry characteristics of the
system, one sampling was performed during the dry season.
Figure 2 shows the mean rainfall and the estimated flow rates
at the town of Famatina. Precipitation data (period 1913–
1990) was obtained from Torres et al. (2007), whereas dis-
charges were measured during the years 2010–2015 with a
Pasco flow meter. Although the discharge increase after hu-
mid period is evident, this type of mountainous rivers com-
monly suffer sudden and violent flow increase when
precipitation starts. Such flow peak only lasts a few hours,
significantly modifying the hydrological and hydrochemical
regimes. Cánovas et al. (2012) explained hydrochemical
changes (e.g., releases, remobilization, and mineral precipita-
tion) after a rainfall event in an AMD. Taking into account that
the intense rainfall not only dilutes the system but also alters
the chemical characteristics, the dry season was selected for
sampling because the highest and relatively constant concen-
trations are reached.

Amarillo River surface water samples were collected in
November 2008, from the uppermost catchments downstream
to the town of Famatina and from two lateral tributaries that
supply their discharges to the main channel (Fig. 3). Table 1
shows the location of sampling sites. Sample RA1 was the
uppermost sample, influenced neither by La Mejicana mine
nor by the Mogote dacitic porphyry (i.e., the mineralized zone
in the profile of Fig. 1c). Downstream, water infiltrates and
then outcrops after passing through the mineralized zone,
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generating a swampy area where sample RA2 was collected
(Fig. 3). Downstream of this point, the river becomes clearly
affected by the remnants of ancient mining.

All samples, from RA3 down to RA12 were collected in
the main channel, the last one after joining del Marco and
Achavil rivers. Samples RL5 and RL7 were collected in trib-
utary creeks, and RAC5 was collected a few meters below the
confluence of the Amarillo River (RA5) with a tributary brook
(RL5, Fig. 3).

Water temperature, pH, redox potential, electrical conduc-
tivity, and alkalinity (in tributaries) were measured in situ.
Redox potential (Eh) was corrected with the usual hydrogen
electrode procedure, following Eq. 6 (Nordstrom and Wilde
1998), where T is temperature in °C:

Eh ¼ Ecþ 223:8−1:02 T ð6Þ
Alkalinity was measured as CaCO3, using a 0.1600 N

H2SO4 solution until pH = 4.5. End point titration was reached

Fig. 1 Map of the study area and sketchy geology: a Famatina Range, b mineralized zone, lithology, and Amarillo River; c schematic profile of the
mineralized area modified from Pudack et al. (2009)
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in unfiltered water. For subsequent determinations, samples
were vacuum-filtered in the field with 0.22-μm pore-size cel-
lulose filters (HA-type, Millipore Corp.). Samples were also
acidified (pH <2) with concentrated, redistilled, and ultrapure
HNO3 (Sigma-Aldrich) for the analytical determination of
major, minor, and trace elements by inductively coupled
plasma-mass spectrometry (ICP-MS) in the more diluted wa-
ters, such as RL5 and RL7, or by ICP-OES for the remaining
samples (Activation Laboratories Ltd., Ancaster, Ontario,
Canada). Detection limits were different in both cases and

are reported in the corresponding tables. The results for major,
minor, and trace elements were validated using National
Institute of Standards and Technology (NIST) 1640 and
Riverine Water Reference Materials for Trace Metals certified
by the National Research Council of Canada (SRLS-4).

Sediment samples

From every water sampling point, stream bed sediments were
also collected and, in some cases (where discernible), crusts
and soluble efflorescent sulfate salts. The mineralogical com-
position of sediments and efflorescent salts was determined by
X-ray diffraction (XRD) with a Panalytical X’Pert PRO dif-
fractometer. Conditions were 40 kVand 40 mA, at a speed of
1°/min, between 3° and 60° 2θ, in as much as the main reflec-
tions of iron oxide/hydroxide/sulfate/hydrosulfide are found
within this range. For clay-size mineral identification, the
samples were scanned between 3° and 40° 2θ. Samples were
dried at room temperature, and ~10 g of each total sample was
ground in an agate mortar until reaching adequate fine grain
size (~325 mesh).

Major and trace element concentrations of efflorescent salts
and crusts were determined by X-ray fluorescence in some
samples, using Bruker S4 Explorer equipment. The chemical
composition of bed sediments was determined by ICP (major
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elements by fusion-inductively coupled plasma—FUS-ICP—
while trace elements by total digestion-inductively coupled
plasma—TD-ICP—and Instrumental Neutron Activation
Analysis—INAA). The laboratory sample preparation
consisted in the separation of 15 g of material using a plastic
spatula, and the subsequent comminution was performed with
an agate mortar.

Geochemical modeling

The PHREEQC 2.18 geochemical code (Parkhurst and Apello
1999) was used to estimate the speciation, activities, and sol-
ubility calculation of metals. WATEQ4F (Ball and Nordstrom
1991) was the thermodynamic database used and it was
expanded with data from Acero et al. (2007) to account for
the solubility of some minerals. Schwertmannite has been
proposed as a metastable iron mineral-controlling iron precip-
itation, and concomitantly water chemistry, over a wide range
of acid pH (Bigham et al. 1994; 1996; Bigham and Nordstrom,
2000; Majzlan et al., 2004). Three quite different log Ksp values
for schwertmannite are commonly accepted and used to model
schwertmannite solubility (Kawano and Tomita, 2001; Yu et al.,
1999 and Bigham et al., 1996). However, Caraballo et al. (2013)
suggested that schwertmannite’s logKsp is related to its chemical
composition in the understanding that it is a polyphasic
nanomineral. Thus, they propose using a wide log Ksp range to
model its solubility in nature.

In order to determine in this work schwertmannite’s solu-
bility product, the x value was calculated for each sampling
point, following Caraballo et al.’s (2013) approach:

Log a2H þ aSO42−
� � ¼ −11:48þ 2:094x ð7Þ

Subsequently, the schwertmannite formula was calculated
as

Fe8O8 OHð Þ8−2x SO4ð Þx ð8Þ

Finally, log Ksp was calculated following Eq. 9:

Log Ksp ¼ 8logaFeþ3 þ xlogaSO42− þ 24−2xð ÞpH ð9Þ

Table 2 lists x and Ksp values for each sampling point.
When pH > 4, x exhibits a negative value, as in samples
RAL5, RAL7, and RA12, whereas in samples with pH < 4,
x varies from 1.22 to 2.23, close to those calculated by
Caraballo et al. (2013) (i.e., from 0.5 to 2). The Ksp obtained
for the Amarillo River agree with the range proposed by those
authors (from 5.8 to 39.5).

However, as the systems’ behavior is highly dynamic, and
each river stretch presents differing Ksp values which not only
change over space but also in time, it was decided to use
Bigham et al.’s (1996) database to run the models in as much
their Ksp (18.0 ± 2.5) was close to the solubility products
calculated for the Amarillo River (Table 2).

This geochemical speciation model is capable of comput-
ing equilibrium ion activities among dissolved and adsorbed
species and the solid phase in equilibrium. The model uses the
interaction of metals with major anions as a function of tem-
perature, pe (calculated from redox potential), pH, and ionic
strength. Geochemical modeling was accomplished by means

Table 1 Location of sampling
points Sampling gage Kind of sample Latitude (S) Longitude (W) Height

(m a.s.l.)
Downstream
distance (km)

RA1 Frozen spring 29° 01′ 00.9″ 67° 46′ 59.3″ 4600 0.00

RA2 Upwelling water 28° 59′ 51.6 ″ 67° 44′ 21.4″ 3869 4.89

RA3 Amarillo River 28° 59′ 48.2″ 67° 43′ 57.6″ 3853 5.54

RA5 Amarillo River 28° 58′ 34.6″ 67° 42′ 54.3″ 3454 8.83

RL5 Lateral stream 28° 58′ 35.0″ 67° 42′ 54.6″ 3453 –

RAC5 Amarillo River 28° 58′ 34.5″ 67° 42′ 54.8″ 3452 8.84

RA7 Amarillo River 28° 56′ 28.9″ 67° 40′ 53.6″ 2972 15.19

RL7 Lateral stream 28° 56′ 28.6″ 67° 40′ 53.8″ 2971 –

RA8 Amarillo River 28° 55′ 36.4″ 67° 40′ 34.1″ 2848 17.09

RA12 Amarillo River 28° 51′ 03.9″ 67° 36′ 51.5″ 1953 34.37

Table 2 Calculated x
and Ksp values for each
sampling point,
following Caraballo et al.
(2013) equations

pH x Log Ksp

RA1 3.26 2.23 16.78

RA2 3 1.61 26.75

RA3 2.93 1.68 25.02

RA5 2.93 1.65 24.23

RL5 6.4 −2.39 –

RAC5 3.4 1.22 32.11

RA7 3.2 1.38 25.99

RL7 7.91 −3.79 –

RA8 3.33 1.22 28.79

RA12 4.45 −0.03 –

Environ Sci Pollut Res

Author's personal copy



of PHREEQC, including inverse modeling and mixing of
waters.

Inverse modeling begins with a known initial solution and
available mineral phases and attempts to quantify the process-
es that lead to the final solution chemistry (e.g., Lecomte et al.,
2005). To do this, the model reconstructs all possible combi-
nations of dissolution and/or precipitation reactions that ex-
plain the chemical changes observed between these two solu-
tions and the mineral phases (Parkhurst and Apello 1999).
Mixing modeling gives the final chemistry by mixing solution
fractions.

The PHREEQC geochemical code is often used in acid
environments mainly to calculate speciation-solubility index-
es (e.g., Acero et al. 2006; Asta et al. 2010a; Bigham et al.
1996; Caraballo et al. 2013, Kawano and Tomita 2001). In this
work, PHREEQC was also used to simulate (a) weathering/
precipitation processes through inverse modeling and (b) the
mixing of the Amarillo River and a tributary creek. In our
case, it was used when a tributary stream reached Amarillo
River main channel, and then the model’s output was com-
pared with the observed chemistry.

Results and discussion

Geochemistry of dissolved phases

Table 3 shows the main physicochemical characteristics and
the concentration of major elements measured in the samples.
The unfiltered water color varied from red (uppermost catch-
ments), orange (middle basin), to yellow (in the lowermost
reaches) due to iron speciation. River water remained acid
all along the main course; pH ranged from 2.93 to 4.43. It is
noticeable that the pH decreased after crossing the abandoned
mine and the mineralized zone. Downstream, the buffering
effect of iron kept pH constant at ~3 almost throughout the
entire drainage basin (the exception is in the lowermost point
RA12, where pH reaches 4.5). On the other hand, tributary
creeks showed a mean pH of ~7. Water temperature in RA1
was ~5 °C and increased up to >15 °C in the lower basin
during the spring afternoon.

During the dry period sampling, the absence of suspended
sediments (particle grain-size >0.22 μm) was conspicuous, at
least down to RA12. However, electrical conductivity varied
from more than 10 mS cm−1 in the uppermost catchments,
decreasing downstream to <1 mS cm−1, with a mean gradient
of ~0.3 mS cm−1 km−1. This process adds to the evidence of
the occurrence of mechanisms that significantly reduced the
concentration of dissolved elements.

According to Piper classification (1944), these acid waters
were of the magnesium sulfate type throughout the basin. The
uppermost catchments represented a Bmagnesium end mem-
ber^ in the Piper diagram, connected with cupper porphyry’s T
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mineralogy and a chlorite-epidote association discernible in
the propylitic alteration zone.

Thus, an acid drainage located upstream of mining that
corresponds to an ARD can be identified in the uppermost
catchments. On the other hand, downstream from La
Mexicana mine, drainage sources present both influences: nat-
ural and from the abandoned galleries (AMD).

A comparison with the dissolved chemistry of other similar
system (e.g., Tinto River, Cánovas et al., 2007, Tables 3 and 4
show that in the uppermost catchments, there are many com-
ponents which reach higher concentrations in the Amarillo
River (e.g., Al, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, (SO4)

2−,
and Zn). However, the sequence of decreasing relative abun-
dance is similar to Tinto River data. The dissolved concentra-
tions >1mg L−1 in Amarillo River are as follows: (SO4)

2− >Fe
>Al >Mg >Na >Ca >Mn >Zn >Si >Cu >K >P; outstanding
differences are the concentrations of Si and P, which is
<1 mg L−1, in Tinto River.

Comparing Amarillo River’s dissolved concentrations with
the outcropping low-grade metamorphic rocks (i.e., Achavil
Fm, Collo, 2006), it is interesting to point out the high con-
centrations reached by some elements in water. There are
some elements that have higher concentrations in the river
than in the rocks, such as S, Zn, and Cu. High dissolved
elemental concentrations are characteristic of this type of sys-
tem, where very acidic pH promotes the supply of elements to
the solution. This is also evident when compared with lateral
tributaries in the same region and also with a stream in a
similar Andean climate (e.g., hyper-arid, San Juan,
Argentina, Lecomte et al., 2008a). The difference between
them, reaches almost six orders of magnitude in some ele-
ments such as Al, Mn, Cu, Co, and Cd.

Downstream, most elements decrease concentration, in-
cluding sulfate. Sulfate ion is a good indicator of AMD con-
tamination because it is a non-reactive compound which is
found in large concentrations in acidic leachates and in low
concentrations in the AMD-unaffected rivers (e.g., Sarmiento
et al. 2009). In acidic waters, the importance of natural chem-
ical processes in removing sulfates from the water is insignif-
icant when compared to dilution processes.

In the main channel, elements were incorporated into efflo-
rescent salts or in the precipitated minerals not only as part of
mineral structures but also by the affinity of metals for sorp-
tion or coprecipitation with Fe or Al oxi/hydroxy/sulfates. For
example, Acero et al. (2006), Asta et al. (2010a), Nagorski and
Moore (1999), and Sanchez-España et al. (2005a, 2005b)
demonstrated that As and other elements adsorb onto
schwertmannite and jarosite. Nevertheless, the concentration
decrease of elements clearly showed that the effect of
neutralization by dilution with additional water inputs is
another important attenuation process. It is clear that the
geochemical dynamics of an acid drainage is completely
different from a circumneutral hydrological system. Lecomte T
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et al. (2008b) studied several mountainous rivers and conclud-
ed that the chemical signals were fairly similar: the highest
concentrations were reached by incompatible (large ion
lithophile elements) due to the release of relatively more sol-
uble elements, whereas those with depleted normalized con-
centrations were the compatible (high field strength elements)
due to the resistance to weathering of host minerals. However,
major cations (Mg, Ca, Na, and K) showed the Bnormal^
chemical behavior, which is governed by solubility, i.e., al-
though they were more concentrated, every sample followed
the same pattern shown by Lecomte et al. (2008b).

Based upon the dacitic porphyry and high-sulfidation veins
presented in Fig. 1c, the scheme in Fig. 4a shows the inferred
position of mineral alterations in the uppermost catchments.
The scheme of Pudack et al. (2009) was modified by using
field mineralization observations, a conceptual model
(Giggenbach, 1997; Lowell and Guilbert, 1970), and dis-
solved geochemistry. Chemical results showed that there were
two groups of elements that presented high and significant
correlation coefficients (r > 0.85, p < 0.05, not shown) within
each group, which suggest different dissolved load sources. In
one of them, there were elements that resulted from the
weathering of propylitic alteration zone hosted by
metasedimentary rocks (Fm Achavil), associated to porphyry
area of the porphyry copper system. This zone presents quartz,
plagioclase, chlorite, illite/mica, and kaolinite which are local-
ly crosscut by quart-sericite-pyrite veins that contain at most
minor amounts of bornite, idaite, chalcocite, chalcopyrite, co-
vellite, sulfosalts, and sphalerite (Pudack et al., 2009;
Wunderlin et al., 2014). Thewater chemistry showsmaximum
concentrations in the uppermost sampling point and a decreas-
ing trend downstream throughout the entire basin (e.g., Group
1, Zn, Mg, S, Mn, Ce, Y, Se, W, Te, Tl). In the other group,
there were elements which were released by the leaching of
the mineralized central zone of the porphyry copper system
and closely associated high-sulfidation epithermal veins. The
vein material consists of famatinite, enargite, pyrite, and alu-
nite in variable proportions, with minor quartz, kaolinite,
dickite, pyrophyllite, tennantite, tetrahedrite, sphalerite, gold,
tellurides, covellite, and chalcopyrite (Pudack et al., 2009;
Wunderlin et al., 2014), whichwere also influenced bymining
labors (e.g., Group 2, V, Sb, Al, Si, Fe, P, Cr, Ni, Cu, Pb, As,
Mo).

Mineralogy and geochemistry of solid phases

Different types of non-clastic sediments are recognized along
the Amarillo River: efflorescent sulfate salts and ferrous
neoformed minerals which may precipitate on the river bed
or appear as dark crusts on mineral grains. Field observations
showed that efflorescent salts presented bluish-greenish colors
in the uppermost catchments, and a whitish appearance down-
stream, where they became visible less frequently.

Precipitated river bed phases corresponded to ferruginous
greenish-yellowish precipitates, with soft to spongy consisten-
cy and a thickness of ~5 cm. They appeared covering the
riverbed or its margins (i.e., the floodplain), with siliciclastic
detritus in variable proportions, increasing downstream its rel-
ative abundance. Dark crusts corresponded to dark brown gel-
like ferruginous precipitates covering not only bed sediments
but also some air-exposed pebbles. They were foundmainly in
the middle and lower basin.

Table 5 summarizes the minerals identified by XRD in the
different sediment samples, while XRD diffractogram are in-
cluded as supplementary information. The mineralogy of
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efflorescent salts is represented by sulfates, where Mg–Al
phases prevailed over Fe(II). Furthermore, more dehydrated
series predominated downstream. Crusts and minerals precip-
itated on bed sediments were represented by jarosite in the
uppermost catchments, whereas schwertmannite was the main
sulfate in the middle and lower drainage basin. Detrital min-
erals (quartz, plagioclase, and K-feldspar) accompanied
schwertmannite and jarosite in both, crust and bed,
sediments.Maza et al. (2014) interpreted as detrital the jarosite
identified when pH > 3 in the middle catchments.

The chemical composition of precipitated phases is shown
in Table 6. Efflorescent salts were mainly made up by S, Al,
Mg, Mn, and Fe as major elements standing out the amount of
Zn, Cu, Co, and Ni, which normally integrate the structure of
these sulfates series. Moreover, Ca, Na, and K, as well as Ti
and P, appeared as minor components. The geochemical com-
position of crusts and precipitated minerals showed abundant
Fe2O3 and S all along the river channel. Iron presented the
highest concentration in the upper-middle basin, whereas S
showed a relative decrease toward the mouth. Some elements
in bed sediments (e.g., As, Cu, Mo, V, Zn, and Cr) reached
high concentrations; most of them were associated with S,
decreasing their concentrations toward the system’s outfall.
It is also worthy of mention that lithophile elements (e.g.,
Ca, Na, Si, Al, Sr) increased their concentrations in the last
sample (RA12, lower basin), as it also occurredwith Ti, U, Ba,
Sc, and Zr, which are common in bed sediments of non-acidic
rivers and streams. Downstream, lower concentrations of dis-
solved elements were coherent with lower metal concentra-
tions in precipitated phases.

Saturation indices

Figure 5a shows some of the SI calculated for the Amarillo
River water, by means of a diagram with the precipitation
sequence. The mineral phases likely to precipitate were Al-
bearing minerals, such as alunite (KAl3(SO4)2(OH)6),
basaluminite (Al4(OH)10SO4), boehmite (AlOOH), diaspore
(AlOOH), gibbsite (Al(OH)3), jurbanite (AlOHSO4), and py-
rophyllite (Al2Si4O10(OH)2); clay minerals, such as beidellite
((NaKMg0.5)0.11Al2.33Si3.67O10(OH)2), kaolinite (Al2Si2O5

(OH)4), K-mica (KAl3Si3O10(OH)2), montmorillonite-Belle
Fourche ((HNaK)0.09Mg0.29Fe0.24Al1.57Si3.93O10(OH)2), and
montmorillonite-Ca (Ca0.165Al2.33Si3.67O10(OH)2); and Fe-
bearing minerals as Fe(OH)3, goethite (FeOOH), hematite
(Fe2O3), maghemite (Fe2O3), magnetite (Fe3O4), strengite
(FePO4:2H2O); jarosite (Fe3(SO4)2(OH)6) group (jarosite(ss),
–K, –Na, and –H); and schwertmannite (Fe8O8(OH)5.5(SO4)1.25).
Only some representative minerals are included in the figure.

Water in acid drainage systems is commonly supersaturat-
ed with respect to a number of iron minerals such as goethite,
jarosite, and schwertmannite (e.g., Acero et al., 2006; Asta
et al., 2010a; Nordstrom and Alpers, 1999; Sanchez-EspañaT
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et al., 2005a, 2005b). Figure 5a shows representativeminerals.
Many Fe-bearing minerals presented positive SI throughout
the drainage basin. In the sample collected downstream the
meeting of Amarillo River and a lateral creek (RAC5, middle
catchments, Fig. 5b), there were increases in positive SI (e.g.,
jarosite(Na) from 2.08 to 2.50; schwertmannite from 9.5 to
14). The physicochemical characteristics were re-established
a few meters downstream, as evidenced by pH and SI, and
field observations (e.g., the noticeable decrease in the amount
of iron precipitates).

In the last sample (RA12, downstream the joining of del
Marco and Achavil rivers), SI of iron minerals decreased,
whereas other minerals exhibited positive SI: alunite (e.g.,
Fig. 5c) and clay minerals. Al-bearing minerals showed the
instability of dissolved Al; when pH reached ~4.5, free Al
was no longer stable as a dissolved species and precipitated
(Nordstrom, 1982; Bigham and Nordstrom, 2000). The
positive SI of montmorillonite does not mean that clays
precipitated due to oversaturation, rather they were the
product of incongruent dissolution of country rock sili-
cates, mobilized by incoming tributaries. In general, SI
values were consistent with the mineralogy identified in
the sediment.

Attenuation of dissolved elements

Natural attenuation processes are connected with dissolved
concentrations and also with the rate and quantity of
neoformed precipitated minerals. The following equation
was employed in order to quantify Battenuation^ (i.e., geo-
chemical reaction and dilution process which reduce dissolved
concentration):

A ¼ 100−
Ci

Cimax
100

� �

A is the relative attenuation, Ci is the concentration of ele-
ment i, and Ci max is the maximum concentration of element i.
Table 7 shows the relative results for each dissolved element
along the basin. Throughout the ~35-km stretch, most metals
were almost completely attenuated. There were three sets of
elements with dissimilar behavior:

1. Elements which diminished their concentrations >90 % in
the first ~9-km stretch (down to RAC5), whose decrease
was mainly explained by the formation of jarosite and also
of efflorescent salts, which acted as temporary sinks (e.g.,

-20 -10 0 10

RA1

RA2

RA3

RA5

RAC5

RA7

RA8

RA12

Alunite

Montmorillonite

Goethite

Jarosite group

Schwertmannite

c)

SIa)

b)

Dissolved phases Precipitated phases
Flow

 direction       

Headwaters

Mouth

Inflow
RL5

Halo
0 1 m

20

Fig. 5 a Mineral SI calculated
with PHREEQC for Amarillo
River water; b halo of Fe-bearing
precipitated minerals; c Al-
bearing precipitated minerals

Environ Sci Pollut Res

Author's personal copy



T
ab

le
7

Pe
rc
en
ta
tte
nu
at
io
n
of

ea
ch

di
ss
ol
ve
d
el
em

en
t

D
ow

ns
tr
ea
m

di
st
an
ce

(k
m
)

W
Y

Z
n

M
g

M
n

U
T
l

A
s

M
o

C
e

S
F
e

A
l

C
d

N
i

%

R
A
1

0
0

0
0

0
0

33
.3

0
68
.6

85
.3

0
0

87
.5

70
.8

3.
3

52
.4

R
A
2

4.
89

89
.6

93
.2

87
.9

94
.0

88
.8

~1
00

85
.7

0
0

85
.4

47
.0

0
4.
6

0.
0

7.
1

R
A
3

5.
54

90
.1

91
.5

89
.6

94
.2

90
.9

0
87
.3

41
.2

42
.3

85
.4

46
.4

9.
0

0
22
.1

0.
0

R
A
5

8.
83

93
.2

93
.2

92
.4

95
.3

92
.7

44
.4

89
.7

76
.5

84
.0

87
.8

59
.4

37
.6

26
.2

43
.7

25
.6

R
A
C
5

8.
84

94
.7

94
.9

93
.8

95
.8

94
.0

~1
00

92
.1

94
.1

92
.6

90
.2

67
.0

55
.0

43
.1

57
.8

41
.8

R
A
7

15
.1
9

95
.5

94
.9

94
.9

96
.2

95
.0

~1
00

93
.7

88
.2

~1
00

90
.2

72
.7

75
.7

52
.8

64
.6

50
.2

R
A
8

17
.0
9

96
.9

96
.6

96
.6

97
.2

96
.6

~1
00

95
.2

90
.2

~1
00

~1
00

81
.3

83
.9

67
.4

76
.0

65
.9

R
A
12

34
.3
7

99
.4

96
.6

99
.3

97
.9

99
.4

~1
00

99
.2

~1
00

~1
00

~1
00

95
.0

10
0

94
.6

95
.8

92
.9

B
e

K
C
u

P
P
b

C
r

V
S
b

Te
C
o

S
e

Si
Sr

N
a

C
a

%

R
A
1

0.
0

99
.0

93
.3

85
.2

71
.6

46
.4

~1
00

~1
00

0
0

0
61
.3

0
0

0

R
A
2

62
.5

0.
0

13
.6

0
10
.4

7.
1

4.
2

0
25
.0

15
.8

63
.3

11
.8

78
.1

42
.5

85
.7

R
A
3

62
.5

33
.0

0
4.
5

0
0

0
0

25
.0

11
.8

66
.7

0.
0

82
.8

50
.4

84
.0

R
A
5

68
.8

72
.8

29
.7

37
.7

25
.4

28
.6

45
.8

53
.8

50
.0

36
.4

76
.7

18
.4

89
.1

61
.5

86
.8

R
A
C
5

78
.1

77
.0

46
.3

51
.5

43
.3

42
.9

75
.0

69
.2

66
.7

52
.7

83
.3

34
.7

89
.1

74
.4

87
.3

R
A
7

78
.1

80
.8

55
.4

68
.1

49
.3

53
.6

~1
00

~1
00

75
.0

59
.2

86
.7

37
.6

87
.5

78
.3

86
.7

R
A
8

87
.5

86
.2

70
.6

78
.3

65
.7

67
.9

~1
00

~1
00

83
.3

72
.1

93
.3

52
.9

89
.1

87
.9

88
.6

R
A
12

~1
00

87
.0

94
.5

95
.5

92
.5

~1
00

~1
00

~1
00

83
.3

94
.6

~1
00

74
.7

67
.2

61
.6

79
.7

B0
^
m
ea
ns

m
ax
im

um
co
nc
en
tr
at
io
n,
B~
10
0^

m
ea
ns

m
ax
im

um
at
te
nu
at
io
n
(≈
de
te
ct
io
n
lim

it)

Environ Sci Pollut Res

Author's personal copy



Y, Zn, Mg, Mn, As, and Mo, Table 7). These elements
may be released to surface runoff or groundwater during
rainfall events (e.g., Hammarstrom, et al. 2005, Romero
et al. 2006);

2. Elements which were attenuated all along the basin, main-
ly related with dilution by groundwater incoming and
tributaries, and with neoformed Fe-bearing minerals, such
as jarosite or schwertmannite (e.g., S, Cu, Fe, Al, Cd, Ni,
Pb, P, Cr, Co). These new phases exhibited small particle
size and high surface areas which most likely favored
sorption or coprecipitation of significant amounts of trace
elements. These processes were particularly noticeable in
the lower stretch after joining the tributaries, producing a
significant change in the relative attenuation (e.g., Cr from
~68 to ~100 %, Pb from ~66 to ~92 %, Table 7)

3. The last set of elements was probably involved in silicate
weathering, which presented a lesser attenuation along the
upper and middle basin, and exhibited a variable behavior
in the lower reach (e.g., Si, Sr, Na, Ca). This is evidenced
of incoming water (i.e., dilution) and the release of cations
by silicate weathering. Neither major nor minor or trace
elements remained with constant concentration in the
solution.

The overall inspection of attenuation dynamics shows that
the system modified its physicochemical characteristics as
follows: pH increased about 0.05 pH unit per km, while the
decrease of electrical conductivity reached about
0.3 mS cm−1 km−1. The decrease of dissolved Fe and S was
approximately 35 and 90 mg L−1 km−1, respectively.
However, the attenuation was not proportional to distances
between sampling points but varied significantly among them.
For example, Fe had a mean decreasing rate of 3500 % km−1

between RA5 and RAC5 whereas it reached 3.2 % km−1 be-
tween RAC5 and RA7. This behavior is due to the influence
of tributaries, which not only dilute the Amarillo’s main stem
but also enhance mineral precipitation. This feature is verifi-
able for most of the remaining chemical elements.

Geochemical modeling

Modeling results are mere approximations to the system’s real
behavior, seeking an estimation to the amount of moles trans-
ferred between the dissolved and solid phases. The inverse
modeling exercise used a known initial solution in order to
quantify processes that might have led to the final known
solution. To analyze the physicochemical control in the pre-
cipitation of newly formed minerals, we compared the inverse
modeling simulation in the upper catchments (i.e., from RA3
to RA5) with that corresponding to the Amarillo’s middle
stretch (i.e., from RA5 to RA8).

Model input files consisted of measured pH, redox poten-
tial, temperature, and concentrations of dissolved major ions,
metals, and SiO2 (see Online Resource for additional
information). Since surface waters were involved, the equilib-
rium phase with oxygen was included. The mineral phases
chosen for the models were those determined with XRD in
sediment samples and some selected minerals which showed
positive SI in PHREEQC calculations. Pyrite was included
due to the oxidation that occurred in the drainage basin.
Some silicates were also included, like those in metamorphic
rocks or those which are prone to weathering and produced
incongruent products (i.e., clay minerals). Pure water was in-
cluded in the model to account for evaporation or for the
addition of water.

Results (including specific mineral phases) are shown in
Table 8. All along the Amarillo River upper stretch, oxidation
and hydrolysis released solutes into river water. The precipi-
tation of newly formed minerals was indicated by Fe-bearing
sulfates (jarosite) and efflorescent salts (e.g., halotrichite,
melanterite).

Models indicate that in the middle drainage basin—besides
the dissolution/precipitation of iron sulfates—silicate
weathering occurred, with the corresponding clay mineral
formation.

From RA3 to RA8, models show that the total sum of
dissolved species, which according to the models took part
in weathering processes, was of the order of 7 mmol L−1.
Dissolved phases were dominated by the weathering of gyp-
sum and of silicates such as K-mica (~2 mmol L−1), favoring
the formation of clay minerals (~2 mmol L−1). This stretch

Table 8 Selected PHREEQC inverse models: transferred dissolved and
precipitated phases

Model Phases transferred Dissolved Precipitated % Total
mmol/Kg H2O

Model 3–5 Pyrite 0.01 1.2

Jarosite-K 0.28 32.4

Halotrichite 0.20 22.9

Melanterite 0.35 41.7

MnHPO4 0.01 1.7

H2O 11,270 –

Model 5–8

Halotrichite 0.71 11.6

Gypsum 0.30 4.9

Kmica 2.03 33.1

Jarosite-K 0.97 15.8

Jarosite-Na 0.41 6.7

Illite 1.71 27.9

H2O 24,960 –

%Total relative amount transferred for each phase, Dissolved pure water
water added to the system
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presents ~3 mmol L−1 of newly formed and precipitated min-
eral phases (efflorescent salts and jarosite). On the other hand,
precipitation of Fe-bearing minerals represents ~25 % of the
total transferred phases. In contrast, the formation of efflores-
cent salts reached ~18 % (~1 mmol L−1).

Finally, in a water-mixing exercise performed with
PHREEQC, a sample of Amarillo River’s middle stretch
(RA5) was mixed with an inflowing lateral creek (RL5). The
results of this mixing modeling were compared with the actual
chemistry of RAC5, which was collected few meters down-
stream. Input data was 65 % of RA5 and 35 % of RL5.
Figure 6 shows the correlation between the modeled sample
and RAC5. It shows a significant correlation between both
chemical datasets, confirming that modeling the mixing of dif-
ferent waters is a useful tool to predict possible scenarios (e.g.,
what would happen with the river chemistry when there is an
exceptional rainfall or an accidental spillage of polluted water).

Concluding comments

ARD and AMD involve similar geochemical processes. The
difference stems from anthropogenic actions which, when oc-
curring, promote and accelerate chemical reactions that char-
acterize AMD. Recent geological history shows that the
Amarillo River drainage basin was a typical ARD system, as
the sediments accumulated in the paleolake for at least
3500 years (Maza et al. 2014) clearly demonstrates. Mining
began in ~1875 and continued until 1925, thus superimposing
an AMD scenario on the natural acidic dynamics. A relict of
the original ARD is discernible in the uppermost catchments.

Sometimes in these exceptionally acid streams, their ex-
treme acidity is relatively short-lived in the sense that different
processes jointly actuate to amend such aggressive character-
istic and in relatively short distances, acid attenuation

becomes discernible. This is not, however, the case of the
Amarillo River, whose pH stays constant throughout a stretch
of about 25 km, without the input of an additional acid drain-
age. This buffering effect is linked to the precipitation of oxy/
hydroxy/sulfates and hydroxy/sulfates, which releases protons
to the aquatic environment.

Precipitation of solid phases is a direct consequence of the
extreme chemistry exhibited by the Amarillo River. In the
upper drainage basin (where the mineralized and alteration
zones outcrop), the precipitation of jarosite and sulfate-
bearing efflorescent salts was evident to the naked eye.
PHREEQC modeling showed that in the upper catchments,
0.01 mmol L−1 of pyrite reacted through a redox pathway and
was transferred to the dissolved phases. In contrast, Fe sulfates
would precipitate 0.8 mmol L−1 in the upper basin. In the
middle stretch, modeling suggested that the supply of solutes
was shared by gypsum and k-mica dissolution (~2 mmol L−1

for each geochemical process).
The overall result of the processes interacting at the

Amarillo River scenario is a significant concentration de-
crease that follows the flow direction. There are three different
mechanisms that appear to control the metal attenuation pro-
cess. One factor is the precipitation of neoformed minerals. A
group of elements (e.g., S, Al, Mg, Fe, K, Mn, Zn, Al, Cd, Ni)
contribute to the chemical composition of efflorescent salts,
jarosite, and schwertmannite. Furthermore, some heavy
metals (e.g., Co, Cu, Cr) coprecipitate by sharing in the crystal
structures, whereas As, V, and Mo probably play a relevant
role in surface complexation.

Another triggering factor is dilution. It is connected with
relatively diluted tributary creeks, groundwater, and atmo-
spheric precipitation, where normally increase pH and lower
TDS concentrations. Additionally, the supply of fresh water
by tributary creeks favors precipitation due to the ensuing pH
increase.

The third intervening factor is lithological: the chemical
weathering of country rocks, as the silicate hydrolysis contrib-
utes to neutralize acid drainage. In the lowermost basin,
weathering appears to reach maximum significance, and ma-
jor cations (Si, Ca, Sr, and Na) increase their concentrations.

It is clear that investigation of such case studies, particular-
ly through the use of modeling, is a significant aid in finding
ways and means to ameliorate environmental problems in
mining areas.
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