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This paper investigates the origin of solutes within the groundwaters of the Monturaqui-Negrillar-Tilopozo
(MNT) aquifer system within the high Andes of the Atacama Desert that discharges into the Salar de Atacama.
Key questions include the relative significance of volcanic hydrothermal processes and evaporitic brine recycling
over solute supply as well as the pathways of solute ingress to the MNT aquifer system. Groundwaters were
analysed for elemental (major, minor and trace) and isotopic (6'%0/6?H; 6'*C-DIC; 6>*S-SQ4; 87Sr/®6Sr) constit-
uents to which various hydrochemical and multivariate statistical methods have been applied. Groundwaters are
all classified as thermal and show increasing temperatures (27-35 °C) and concentrations of HCO3; (4.4-
10.4 mmol L™ ! dissolved inorganic carbon [DIC]) with increasing proximity to Volcano Socompa resulting
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Keywords:
Atacama Desert from an increasing mass flux of steam and magmatic CO, (pCO, = 0.016 to 0.10 atm; 6'3C-CO, = —9.3 to
Hyperarid —3.6%0 (V-PDB)) boiled off a deep hydrothermal reservoir. Superimposed upon this gradational and relatively
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smooth spatial increase in heat and mass flow is a sharp, structurally controlled, increase in TDS (826-
3632 mg 17') and a concomitant change in 634S-504 (+0.79 to 4.9%. (V-CDT)) and %7Sr/%6Sr values
(0.707375-0.706859) associated with the inflow of evaporitic solutes. Evaporitic inputs are chemically and iso-
topically distinct from localised secondary hydrothermally derived solutes with major, minor and trace element
data suggesting an origin within a highly oxidising, alkaline, evaporitic lake receiving dilute inflows enriched in
volcanic/fumarolic sulfur mineralisation probably from volcanoes Socompa, Salin or Pular that delimit the east-
ern topographic extent of the aquifer system. The conceptual model presented in this paper proposes that
basal leakage of evaporitic brines from active salar(s), within the high altiplano/volcanic arc, are actively
entrained by sub-regional groundwater flow and conveyed to the MNT aquifer system where they mix with sol-
utes derived from localised secondary hydrothermal gas—water-rock interaction. This work provides detail on
the origin and processes controlling the solute composition of groundwater inflows to the Salar de Atacama with-
in the volcanically active and hyperarid Atacama Desert and may be of significance to conceptual models of evap-
oritic brine evolution, recycling of evaporitic brines and hydrothermalism in arid regions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Historically, deciphering the origin and processes controlling the
supply of solutes to the meteoric and volcanic-hydrothermal waters of
the hyperarid Atacama Desert has been problematic. The main difficult-
ly arises from the ubiquity of highly soluble evaporitic salts associated
with active salt lakes (Risacher et al., 2003; Boschetti et al., 2007;
Risacher and Fritz, 2008; Risacher et al., 2011) and massive volumes
(~10,000 km?) of anhydrite buried beneath the current day volcanic
arc (Pueyo et al., 2001) both of which may be recycled through the hy-
drological cycle (Risacher et al., 2003; Banks et al., 2004) or via active
volcanism either at the high temperatures of magma emplacement or
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during convective dissolution or entrainment by primary hydrothermal
fluids (Youngman, 1984; Risacher and Alonso, 2001; Tassi et al., 2010).
Further ambiguity arises through having to account for solutes derived
from low temperature meteoric gas—water-rock processes including
leaching of massive sulfide emplacements or volcanic/fumarolic sulfur
mineralisation, and mixing with basinal brines or metamorphic fluids
(Alpers and Whittemore, 1990; Banks et al., 2004; Cameron and
Leybourne, 2005; Leybourne and Cameron, 2006). However, Risacher
et al. (2003), Risacher and Fritz (2008) and Risacher et al. (2011) have
demonstrated that 75-90% of the dissolved solute load within inflow
waters, including thermal springs, supplying evaporitic lakes originate
from the recycling of evaporitic brines.

This study seeks to decipher the origin and processes governing the
solute composition of groundwaters within a high Andean aquifer that
ultimately discharges to the Salar de Atacama. Given the potential for
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multiple solute sources, we have used a multi-element, multi-isotope
and multivariate statistical approach to assess and constrain the source
of solutes within the groundwaters of the MNT aquifer system.

2. Geology and hydrogeology
2.1. Climate

The Atacama Desert is considered the driest place on earth and has
been arid to hyperarid since the early Oligocene (~45 Ma; e.g., Alpers
and Brimhall, 1988; Arancibia et al., 2006; Clarke, 2006), although the
timing of the onset of hyperaridity is debated (Hartley and Chong,
2002; Dunai et al., 2005; Hartley and Rice, 2005; Rech et al., 2006;
Reich et al,, 2009). Mean annual precipitation (MAP) ranges from
<1 mm yr~! within the central desert (Pampa del Tamarugal) to
~150-200 mm yr~ ! along the volcanic front (>4500 m a.s.l. [above
sea level]) (Magaritz et al., 1989, 1990; Drees et al., 2006). In all regions,
potential evaporation rates greatly exceed MAP, varying from
>1500 mm yr~ ! in the central desert to 600-1200 mm yr~ ! along the
volcanic front (Risacher et al., 2003).

For the Monturaqui-Negrillar-Tilopozo area, MAP ranges from
~40 mm yr~ ! at 3100 m a.s.l. to ~100 mm yr— ! at 4000 m a.s.l
(Quade et al., 2007). Therefore, precipitation events of sufficient magni-
tude to overcome evaporative thresholds and result in recharge are typ-
ically restricted to the current day volcanic arc and eastern altiplano.
The majority of this precipitation is derived from intense (>100 mm),
long return storm events (~5 year cyclicity; Drees et al., 2006) associat-
ed with the South American Summer Monsoon (SASM) that traverse
the South Central Andes and bring precipitation to the western altiplano
and volcanic arc (Miller, 1976; Aravena et al., 1999). Impounded behind
the volcanic arc ephemeral streams recharged during SASM storm
events flow into endorheic basins where a number of variably sized
(~20 km? to 1600 km?) saline lakes occur.

2.2. Geology

2.2.1. Evolution of MNT trough and aquifer system

The Monturaqui-Negrillar-Tilopozo (MNT) trough is a 60 km long
N-S oriented depression that formed contemporaneously with the Mio-
cene-Holocene eruption of the present magmatic arc (or Western Cor-
dillera) (Fig. 1; Bock et al, 2000). The stratigraphy and
hydrostratigraphy of the MNT aquifer system is summarised in
Table 1. The eastern extent of the MNT trough is defined by young
(Pleistocene) Andean type stratovolcanoes of the current day volcanic
arc whereas the western extent is controlled by the N-S trending Late
Proterozoic Arequipa-Anotofalla basement anticlines of the Sierra
Almeida, Sierra Agua Colorada and the Cordon de Lila ranges. The trough
is divided into the southern Monturaqui Basin, the central Negrillar and
the northern most Tilopozo zones (Wadge et al., 1995; van Wyk de
Vries et al., 2001), where the Domeyko Range becomes the western
most margin of the Preandean depression.

Emplacement of the current volcanic arc was followed by an ignim-
brite flare-up in the Late Miocene-Pliocene, during which the MNT
trough was filled with 200-300 m of volcanic ash and ignimbrite,
forming the Salin Formation, the principal aquifer of the structural
trough. The Salin Formation extends eastward behind the modern day
volcanic arc where it outcrops at higher elevations across the altiplano,
forming an extensive permeable ignimbrite sheet (Wadge et al., 1995;
van Wyk de Vries et al., 2001; Anderson et al., 2002).

2.2.2. Salin Formation

The Salin Formation aquifer is characterised by a poorly consolidated
mix of volcaniclastic sediments that are predominantly of dacitic com-
position, ranging from fine to medium grained sands, significant ash de-
posits, local discontinuous gravel horizons, ignimbrite sequences, and
conglomerates (van Wyk de Vries et al., 2001; Anderson et al., 2002).
Gravels and conglomerates are supported within a matrix of volcanic
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Fig. 1. Location of Socompa. (a) Location of MNT aquifer system in South America; (b) hydrogeological setting of MNT aquifer system. The extent of the MNT aquifer system is depicted by
the dotted line and includes the Monturaqui Valley, the Negrillar Volcanics, and the Tilopozo sections of the aquifer system. The Tilopozo Wetland constitutes the discharge point for
groundwater from the MNT aquifer into the Salar de Atacama. Stars identify volcanoes Socompa (6051 m), Salin, Pular and Aracar within the current volcanic arc. Salars are impounded
behind and within the volcanic arc and altiplano — small salars not shown. Production wells are shown as coloured circles, with colours denoting water type as per the classification of
Section 4.3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Stratigraphy and hydrostratigraphy of the Monturaqui-Tilopozo-Negrillar aquifer system (Anderson et al., 2002).
Unit (age) Thickness (m) Stratigraphy Hydrostratigraphy
Alluvium, volcanic ash 0-50 Reworked sediments from other formations. Rhyolitic tuff and Unsaturated, except near Tilopozo wetland

and debris (Recent)

lava blocks from eruption of Volcano Socompa
Lava flows overlying significant areas of the Salin, particularly on

Low Permeability vents and dykes

the basin margins and forming the topographic between the

Strongly welded white-grey ignimbrite forming part of a suite of
undifferentiated volcanic rocks. Overlies the Slain Forma on in

Poorly consolidated clastic sediments, ignimbrite and ash deposits
which unconformably overlie the Purilactus Formation and crop out
where not covered by more recent volcanics. In the Monturaqui area,

Possible confining layer in the northern
part of the aquifer where it is not fractured

Primary aquifer with large thickness of medium to
high permeability material. Upper and lower zones
are recognised in Monturaqui.

the Salin sediments generally consist of fine to medium grained sands
with significant ash contents and local discontinuous gravel horizons.
In the Negrillar area a higher fraction of coarse material and stratification

El Negrillar Volcanics 0-100
Monturaqui and Negrillar areas
Tucucaro ignimbrite 0-50
(Pliocene)
the northern part of the basin
Estratos de Quebrada 100-200
Salin (Salin)
(Miocene to Pleistocene)
is evident.
Purilactus Forma on 100-300
(late Cretaceous/early
Tertiary)
Basement.
Palaeozoic rocks Basement

Comprises continental sediments unconformably overlying the Palaeozoic Low permeability
basement, consisting predominantly of silt with as and only occasional
thin sand layers. Crops out in a limited area to the west of the Monturaqui

Metamorphosed marine sediments, volcanics and intrusives subject to all Extremely low permeability

four structural phases. Host to the MNT basin.

ash, large pumice clasts (up to 10 cm) are common, and sand-rich layers
of up to 10 m in thickness and hundreds of metres long are extensive
throughout the Basin (van Wyk de Vries et al., 2001; Anderson et al.,
2002). In the Negrillar area a higher fraction of coarse materials is
evident.

The upper units of the Salin Formation (ignimbrites and
volcaniclastics) are chemically similar to Socompa lavas suggesting
these units were derived from the volcano (Déruelle, 1978a,b; van
Wyk de Vries et al., 2001). A similar magma source for ignimbrites
and lavas is a common feature of the south central Andes (Déruelle
and Moorbath, 1993).

2.2.3. Volcano Socompa & El Negrillar Volcanics

Numerous volcanic complexes, including Volcano Socompa
(6051 m) and the low altitude (~3200 m) El Negrillar volcanics, active
during the late Pliocene and Pleistocene, intruded into and flowed
over the Salin Formation (van Wyk de Vries et al., 2001; Anderson
et al.,, 2002). The Pleistocene El Negrillar Volcanics overlie large areas
of the Salin Formation, forming a prominent topographic boundary be-
tween the Monturaqui and Negrillar portions of the MINT trough (Fig. 1).
The geochemistry of the Negrillar lavas, andesite and basaltic-andesite,
differs markedly from the dacitic composition of the much more volu-
minous Salin Formation and are notable for elevated Cr, Rb, Sr, Ba, Ni,
Ta, Th and U contents (Déruelle, 1978a,b; Déruelle et al., 1996).

Volcano Socompa is situated at the head of the MNT aquifer system
(Fig. 1) and is the youngest and westernmost member of a NE-SW
trending chain of large (~6000 m a.s.I) Andean type stratovolcanoes
(Wadge et al., 1995; van Wyk de Vries et al., 2001). Eruptive activity
has typically been of stubby dacitic and andesitic lava flows from the cen-
tral cone, with lesser ignimbrites, plinian pumice deposits and dacite
domes (Wadge et al., 1995; van Wyk de Vries et al., 2001). Lavas from
Socompa built up on top of the Salin Formation during the Pleistocene
and blocked what was once a broad valley descending from the east
(Fig. 1) (van Wyk de Vries et al,, 2001). The growing volcanic edifice re-
sulted in extrusion and thinning of the saturated, poorly to unconsolidat-
ed Salin Formation sediments from beneath Socompa, causing sagging,
faulting of the volcanic edifice and eventual collapse ~7200 years B.P.
(Francis et al., 1985; Wadge et al., 1995; van Wyk de Vries et al.,, 2001).

Although unlisted among active south-central Andean volcanoes (de
Silva and Francis, 1991), Socompa exhibits little evidence of glaciation,
with fresh volcanic features and little erosion (van Wyk de Vries et al.,
2001). The last known eruptive activity, the formation of dome com-
plexes within the collapse scar, is dated at ~5250 yr B.P. (Siebert and

Simkin, 2002). Recent work by Costello et al. (2009) identified minor
areas of anomalous CO, and CH4 soil gas anomalies about the summit
of Socompa. Anomalous soil temperatures and steam vents were also
detected, although the concentration of gas measured and the reported
heat flow anomalies were minor compared to active volcanoes or
volcanic-hydrothermal fields globally (Rissmann et al., 2012 and refer-
ences therein). Costello et al. (2009) also reported the odour of H,S
about the areas of diffuse degassing. Socompa therefore shows some ev-
idence of geologically recent activity and current anomalous gas and
heat flow signatures consistent with a deep-seated heat source in
some state of repose.

2.24. Salars

The eastern flanks of the volcanoes Socompa, Salin, Pajonales and
Pular form the eastern boundary of the MNT structural trough behind
which a number of large evaporitic salars are impounded (Fig. 1).
Here within the high Altiplano/arc (>4000 m a.s.l.), evaporitic brines
within the nucleus of the larger salars extend to depths of up to 400 m
or more within the permeable layers of the Salin Formation, well be-
neath the water table (e.g., Kesler et al., 2012).

2.3. Geohydrology

2.3.1. MINT aquifer system

Investigations into the hydrogeology of the MNT aquifer system are
provided by Karim (1998) and Anderson et al. (2002) and the
hydrostratigraphy of the aquifer is summarised in Table 1. The Salin For-
mation varies in thickness from ~200 m within the MNT aquifer system,
to ~150 m below Volcano Socompa and greater than 300 m at higher el-
evations to the east of the volcanic arc. Saturated thickness ranges from
ca. 150 m in Monturaqui to 450 m in Negrillar. The aquifer system is at
its widest within the Monturaqui section (ca. 12 km), narrowing to just
3 km north of Negrillar and widening again to 8 km in the Tilopozo area
(Fig. 1). The MNT aquifer system hosts an estimated 10'® m> of water
(Anderson et al., 2002).

Groundwater flow is from south to north, with hydraulic gradi-
ents ranging from 0.005 in Monturaqui to 0.05 north of Negrillar,
due to the constriction in the aquifer north of Negrillar. Aquifer
through flow is estimated at approximately 400 I s~! in the
Monturaqui area, increasing to approximately 900 1 s~ ! in the
Negrillar and Tilopozo areas. Transmissivity values range between
500 and 2500 m? d~ ! within the Monturaqui-Negrillar section of
the MNT aquifer and increase to 3000-4500 m? d~' down gradient
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of Negrillar. Hydraulic conductivity ranges between 1.6 and
10 m d~ ! throughout the length of the basin (Anderson et al., 2002).

Pump tests indicate medium to high permeability and response
characteristic of a semi-confined (leaky) aquifer (Karim, 1998). Around
Negrillar the intrusion of low permeability vents and dykes through the
Salin Formation produces localised barriers to groundwater flow, which
partially but not wholly, disrupts the continuity of the Salin Formation
aquifer (Anderson et al., 2002). The aquifer gradually wedges out to-
wards the Tilopozo discharge area, as it flows over the denser brines
of the Salar de Atacama (Fig. 1). The Tilopozo wetland is the sole natural
discharge zone of the MNT aquifer system with discharge estimates of
between 400 and 900 1 s~ ! (Anderson et al., 2002). Discharge is affected
by evapotranspiration from vegetation, springs, saline lagoons and bare
ground that cover an area of approximately 38 km?.

The groundwater table varies from —124.7 to —67.9 m below
ground level (b.g.l.) whereas the screened interval for all wells varies
between —136.0 and —208.0 m b.g.I (Anderson et al., 2002; BHP-
Billiton unpublished data on the MNT well field). Water table depth in-
creases towards Volcano Socompa whereas screened intervals are
deepest immediately south of the Negrillar Volcanics. Mean and median
groundwater level are —103.8 and — 105.3 m b.g.l., respectively. Mean
and median screen interval depth is —177.4 and 177.0 m b.gl.,
respectively.

2.3.2. Recharge

The two principal sources of recharge to the MNT aquifer system in-
clude: (i) shallow groundwater inputs via sediment-filled high altitude
valleys associated with the large stratovolcanoes that form the eastern
margin of the MNT, and (ii) subregional groundwater inflow via the
highly permeable Salin Formation that outcrops at high (>4000 m) ele-
vations (altiplano) to the east of the volcanic front (Fig. 1; Karim, 1998;
van Wyk de Vries et al., 2001; Anderson et al., 2002). Groundwater re-
charge from the western ranges of the Sierra Almedia and Sierra Agua
Colorada is considered negligible (Anderson et al., 2002).

A significant component of recharge originates beyond the topo-
graphic extent of the MNT aquifer system with Anderson et al. (2002)
using the recharge component originating in the high Altiplano via the
Salin Formation to explain the discrepancy between recharge estimates
(ca. 250 1s~1), calculated on the basis of the topographic extent of the
MNT aquifer system, and discharge at the Tilopozo wetland (ca. 400-
900 1s~1). The extension of recharge zones beyond the topographic
boundary of a catchment, and sub-regional to regional groundwater
flow paths, is a common phenomenon of the central Andes, where
older aquifers are intruded by later sequences of igneous rocks
(Magaritz et al., 1990; Anderson et al., 2002).

3. Methods
3.1. Field sampling

In order to characterise the geochemistry of Monturaqui groundwa-
ters, field measurements and water samples were collected for labora-
tory analyses from 17 large volume (>100 | s~ 1) production wells
within the Monturaqui-Negrillar areas of the MNT aquifer system
(Fig. 1; Tables 2-4). Samples were taken at each pump site through
bleeder valves. Duplicate samples and field blanks were also included
during sampling. Typically, pumps were run for at least 5 h before sam-
pling. Temperature (°C), pH, Eh, dissolved oxygen (D.0.), and SpC (spe-
cific conductivity) were measured at each well using two meter-and-
electrode combinations to reduce the chance of error during sampling.
Note that the turbulent flow induced by bleed valves compromises
the value of D.O. for assessing groundwater redox state. Filtered cation
(FC) and filtered anion (FA) splits were taken using 0.45 um Millipore
MEF filters. Specific sampling for analysis of stable isotopes of carbon, ox-
ygen, hydrogen and the 87Sr/86Sr isotopes was also undertaken. Aque-
ous sulfate was precipitated as BaSO4 and separated onto non-reactive

filters for sulfur isotope analysis. Cation samples were acidified to 1%
by volume with ultra-pure HNOs. An unfiltered, unacidified split was
taken for additional anion and alkalinity determinations.

3.2. Laboratory analysis

Major and minor cations (S, Si, Fe, Mg, Ca, Na, K, B, Mn, Sr, and Cu)
were analysed by inductively coupled plasma optical emission spec-
trometry (ICP-OES; Perkin Elmer Optima 3300 DV), trace elements (Li,
Co, Cr, Cs, Fe, Mn, Pb, Rb, Sb, U, V, Al, Ba, Cd, Cu, Mo, As, Ni, Se, Zn, Sr,
Re, and Th) by mass spectrometry (ICP-MS; Perkin Elmer-Sciex Elan
6100 DRC), anions (SO4, NOs, Cl, Br, and F) by ion chromatography
(IC; Dionex DX600), and alkalinity by end-point titration with H,SO4
(Orion 950 titrator) at the Geosciences Department, University of
Texas at Dallas. Alkalinity was not measured in the field, but was deter-
mined as soon as the samples were returned to the US. Total alkalinity is
conservative, so that loss of CO, from the sample bottles will not affect
total alkalinity. Most samples had low Fe contents (<1 mg/1) so that pre-
cipitation of Fe(OH)ss) likely had little impact on total alkalinity. Accu-
racy and precision were determined by running certified standard
reference materials (NIST 1640 or NIST 1643). Analyses were quantified
using external calibration (SCP Science certified standards) and ICP-MS
analyses were drift-corrected by running a systematic drift standard
after each five unknowns and adjusted using a modified method of
Cheatham et al. (1993). Precision was assessed by repeated analysis of
NIST 1640/1643 and was generally better than 2% for ICP-ES and MS
analyses. Bromine and [ were also measured by ICP-MS. Electrical bal-
ances are excellent with all waters showing less than 5% difference be-
tween cations and anions.

Stable isotopes were measured at the G.G. Hach Stable Isotope Labo-
ratory in the Department of Earth Sciences, University of Ottawa (oxy-
gen, hydrogen, carbon, and sulfur) with additional sulfur isotopes
measured at the Department of Physics and Astronomy at the Universi-
ty of Calgary. For deuterium analyses, 3 pl of sample was trapped by lig-
uid nitrogen under vacuum (<10 mT) in Pyrex breakseals with 100 mg
of zinc. Samples were baked at 500 °C for 30 min before analysis on a
Micromass 602E mass spectrometer. Two standards were run for
every eight unknowns and the data reduced by linear regression to ac-
count for variations in oxidation of zinc and changes in the reference
gas. Oxygen isotopes were analysed on a VG Isogas Sira 12 mass spec-
trometer, using 1 ml sample aliquots. Samples were equilibrated with
CO,, gas for 6 h prior to analysis. However, for samples with salinities
>10% TDS (total dissolved solids) equilibration times were increased
to 36-48 h to allow for the greater hydration sheath of ions in high sa-
linity solutions. During a typical analytical run, 16-17 samples were
run with three or four standards and the data corrected by linear regres-
sion on the standards. Carbon isotopes were analysed on the total dis-
solved inorganic carbon (DIC) component. Stable carbon isotopes
were measured by converting the DIC to CO, with 100% phosphoric
acid (H3PO4) followed by cryogenic separation and analysis by mass
spectrometry on a VG Isogas Sira 12 mass spectrometer. Sulfur isotopes
were measured by mass spectrometry following precipitation of sulfate
as BaS0O,. For hydrogen analyses, reproducibility is typically better than
=+ 2%, for oxygen, better than 4 0.1%., for carbon, 4- 0.2%. and for sulfur,
=+ 0.7%.. For S isotopes at the University of Calgary, reproducibility is
typically better than 4-0.5%, on the basis of replicate analyses of CRMs
NBS 127, IAEA S-1, and IAEA S-2. The $'80 and &°H, 6'C, and §**S values
are expressed in %o, relative to V-SMOW, V-PDB and V-CDT reference
standards, respectively.

Strontium isotopes were determined at UTD. Sr was precipitated as
SrCO; by adding a 1 M NaCOs solution to sample aliquots. The precipi-
tate was dissolved in 1 N HNOs and the strontium separated using a
strontium specific ion exchange resin. The isotope ratios were measured
on a second order, double focusing mass spectrometer with a 60°,
33.0 cm radius of curvature magnetic sector and a 91°, 40.1 cm radius
of curvature electric sector. Masses 85, 86, 87, and 88 were measured
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Table 2

Field, isotopic and modelled parameters for MNT aquifer system.
Sample ID  Lat Long Cluster Distance Socompa T pH Eh SpC DS Steam  CO,(g) pCO, 5'3C-DIC  8'3C-CO, 34$-S04 D-H,0 180-H,0 875r/86Sr

km °C mV pS/cm  mg/kg Fugacity Fugacity (fugacity) %. (VPDB) %. (VPDB) %o (VCDT) %, (VSMOW) %. (VSMOW)

MPW-11 24°12'45.99"S  68°17'30.11"W 1A 203 268 74 —143 850 1215 0.035 0.010 0.016
MPW-8 24°12'23.23"S  68°17'38.29"W 1A 21.0 285 7.7 —75 950 1071 0.038 0.006 0.023 —1.7 —8.7 0.8 —58.8 —74 0.707375
MPW-5 24°11'17.85"S  68°16'44.32"W 1A 22.8 307 79 —126 940 819 0.043 0.005 0.024 —23 —93 —63.9 —82
MPW-21 24°11'51.40"S  68°17'38.29"W 1A 221 280 7.6 —74 950 1216 0.037 0.007 0.026
Median 215 283 76 —101 945 1143 0.038 0.007 0.023 —2.0 —9.0 0.8 —61.3 —78 0.707375
Mean 21.6 285 76 —105 923 1080 0.038 0.007 0.022 —2.0 —-9.0 0.8 —61.3 —78 0.707375
MPW-4 24°11'19.54"S  68°17'48.27"W 1B 229 278 78 —60 1150 954 0.037 0.006 0.027 —14 —85 1.8 —61.2 75
MPW-10 24°12'46.78"S  68°18'4.44"W 1B 20.8 298 7.6 —139 1810 1219 0.041 0.009 0.038 0.7 —6.0 23 —60.1 —7.6
MPW-2 24°10'45.03"S  68°17'53.82"W 1B 24.1 265 76 —125 1590 1219 0.034 0.009 0.038 —0.7 —78 1.9 —59.8 —-75 0.707337
MPW-3 24°10'45.19"S  68°17'3.08"W 1B 238 282 7.7 —60 1130 1486 0.037 0.008 0.046 —0.8 —75 —67.6 —83
MPW-7 24°11'48.00"S  68°17'2.52"W 1B 219 319 75 —60 1730 1299 0.046 0.015 0.049 —1.0 —-73 —624 —8.1 0.707348
MPW-13 24°13'21.50"S  68°17'28.00'W 1B 191 278 7.6 —72 1320 1097 0.037 0.012 0.058 —1.1 —-79 —54.6 —7.7
Median 224 280 7.6 —66 1455 1219 0.037 0.009 0.042 —0.9 —-7.7 1.9 —60.7 —76 0.707343
Mean 221 287 76 —86 1455 1212  0.039 0.010 0.043 —0.7 —-75 2.0 —61.0 —78 0.707343
MPW-14 24°13'34.93"S  68°17'58.54"W  2B-1 189 295 76 —156 1810 1434 0.040 0.013 0.081 0.707198
MPW-15 24°13'55.92"S  68°18'9.26"W 2B-1 18.2 316 73 —170 2150 1784 0.046 0.030 0.105 —0.7 —6.5 —62.0 —-79
Median 18.5 306 74 —163 1980 1609 0.043 0.021 0.093 —0.7 —6.5 —62.0 —-79 0.707198
Mean 18.5 306 74 —163 1980 1609 0.043 0.021 0.093 —0.7 —6.5 —62.0 —-79 0.707198
MPW-9 24°13'33.02"S  68°19'51.74"W  2A 203 301 75 150 6660 3593 0.042 0.012 0.060 —1.1 -73 43 —54.6 —7.7 0.706859
MPW-18 24°15'39.88"S  68°21'36.62"W  2B-2 18.6 346 74 —42 2500 1905 0.054 0.018 0.039 4.8
MPW-17 24°15'40.94"S  68°22'17.03"W  2B-2 193 322 71 —65 1900 1609 0.047 0.024 0.047
MPW-19 24°16'28.82"S  68°22/34.64"W  2B-2 18.8 338 6.8 —41 1880 1533 0.051 0.046 0.059 0.1 —3.6 4.2 —64.6 —8.1 0.706935
MPW-20 24°16'14.96"S  68°21'55.68"W  2B-2 18.1 330 74 —27 2430 1850 0.049 0.016 0.063 —04 —55 4.9 —60.2 —83
Median 18.7 334 72 —42 2165 1730  0.050 0.021 0.053 —0.2 —45 48 —624 —82 0.706935

Mean 18.7 334 7.1 —44 2178 1724  0.050 0.026 0.052 —0.2 —45 4.6 —62.4 —82 0.706935

181-#91 (S10Z) 96€ A50]0a (DoY) / D 32 UUDWISSLY D




C. Rissmann et al. / Chemical Geology 396 (2015) 164-181 169
Table 3
Field parameters and major and minor species for MNT aquifer system.

Sample ID Cluster Distance T pH Eh SpC TDS Li Na K Rb Cs Mg Ca Sr Ba F Cl SO, SiOy (aq) Alk.

Socompa

km °C mV  pS/em mg/kg pg/l mg/l mg/l pg/l pg/l mgA mg/l pg/l pg/l pg/l mg/l mg/l mg/l mg/l
MPW-11 1A 20.3 268 74 —143 850 1215 261 90 83 28 59 330 32 940 86 132 43 266
MPW-8 1A 21.0 285 7.7 =75 950 1071 283 97 9.1 28 76 354 65 850 91 128 43 325
MPW-5 1A 22.8 307 79 —126 940 819 230 83 6.6 33 85 581 45 441 76 98 43 388
MPW-21 1A 22.1 280 76 —74 950 1216 281 93 86 136 11 27 76 346 39 630 87 129 43 313
Median 215 283 7.6 —101 9450 1143.0 271 91 84 136 11 28 76 350 42 740 87 129 43 319
Mean 21.6 285 7.6 —105 923 1080 264 91 81 136 11 29 74 403 45 715 85 122 43 323
MPW-4 1B 229 278 78 —60 1150 954 314 107 9.0 150 05 30 108 424 22 511 105 148 41 406
MPW-10 1B 20.8 298 7.6 —139 1810 1319 532 172 140 236 27 61 153 369 25 539 144 258 46 445
MPW-2 1B 24.1 265 7.6 —125 1590 1219 482 158 139 244 18 46 125 664 25 410 214 198 44 442
MPW-3 1B 23.8 282 7.7 —60 1130 1486 420 133 112 192 21 50 115 614 44 360 154 125 45 454
MPW-7 1B 219 319 75 —60 1730 1299 534 163 142 232 26 59 144 860 15 343 211 187 48 515
MPW-13 1B 19.1 278 76 —72 1320 1097 376 124 120 181 14 39 117 506 24 590 138 165 44 470
Median 224 280 76 —66 1455 1259 451 146 13.0 212 19 48 121 560 24 461 149 176 45 450
Mean 22.1 287 76 —86 1455 1229 443 143 124 206 19 48 127 573 26 459 161 180 45 455
MPW-14  2B-1 18.9 295 7.6 —156 1810 1434 211 183 16.7 56 118 636 63 900 220 299 41 534
MPW-15  2B-1 18.2 316 73 —170 2150 1784 710 217 19.7 89 161 1280 22 1050 305 306 48 637
Median 185 306 74 —163 1980 1609 461 200 182 72 139 958 43 975 263 302 44 586
Mean 185 306 74 —163 1980 1609 461 200 182 72 139 958 43 975 263 302 44 586
MPW-9 2A 20.3 30.1 7.5 150 6660 3593 2870 1040 783 462 31.7 143 291 3170 38 4320 1100 612 53 442
MPW-18  2B-2 18.6 346 74 —42 2500 1905 1065 365 247 502 79 60 120 725 78 1410 385 477 51 442
MPW-17  2B-2 193 322 71 —65 1900 1609 698 216 161 287 80 61 131 670 50 880 205 519 51 339
MPW-19  2B-2 18.8 338 68 —41 1830 1533 702 214 161 276 80 62 134 672 40 720 191 484 51 353
MPW-20  2B-2 18.1 33.0 74 —27 2430 1850 1050 337 251 512 74 63 123 710 25 1290 359 465 52 430
Median 18.7 334 72 —42 2165 1730 876 276 204 395 79 61 127 691 45 1085 282 481 51 392
Mean 18.7 334 71 —44 2178 1724 879 283 205 394 78 61 127 694 48 1075 285 486 51 391

simultaneously in four separate faraday cups. The 87Sr/%Sr values have
been normalised to 35Sr/38Sr = 0.1194. The isotope ratio of the un-
known samples was measured by comparison to a standard (Burke
and Hetherington, 1984). The standard used was NBS 987 for which a
value of 0.710240 has been assumed. More than 100 measurements of
modern seawater yield a weighted mean of 0.709173 + 3. This differ-
ence and values of standards compares well with results from other
workers (see summary of McArthur and Howarth, 2004). All published
results have been normalised to these values.

3.3. Chemical, isotopic and statistical modelling

Modelling of mineral solubility under the physiochemical condi-
tions of the groundwaters at each well was undertaken using the
software package The Geochemist's Workbench® (GWB) (Bethke,
2008), release 9.0.8, using the thermodynamic database
“thermo.dat” (Delany and Lundeen, 1989). The theoretical pCO, of
MNT groundwaters was calculated manually using the activity of
HCO3 (derived from titrated alkalinities and speciation modelling

Table 4
Field parameters and trace species for MNT aquifer system.

Sample ID Cluster Eh SpC TDS \% Cr Mn Fe Co Ni Cu Zn Mo Re Al As U Se
mV pS/em  mg/kg  pg/l pg/l pg/l pg/l ug/l g/l g/l pg/l pg/l ug/l g/l pg/l pg/l - pg/l

MPW-11 1A —143 850 848 16 7.9

MPW-8 1A —75 950 892 41 8.1

MPW-5 1A —126 940 906 5 7.0

MPW-21 1A —74 950 872 29 48 306 1230 05 45 4.0 09 88 0.1 1.1 62 0.3 13

Median —101 945 882 29 4.8 30.6 28 0.5 45 4.0 0.9 8.0 0.1 1.1 62 03 13

Mean —105 923 879 29 4.8 30.6 323 0.5 45 4.0 09 79 001 1.1 62 03 13

MPW-4 1B —60 1150 1044 28 5.8 66.0 786 0.2 18 19 1.9 11.8  0.01 2.0 79 05 1.0

MPW-10 1B —139 1810 1292 29 74 220 405 0.5 36 0.9 1.9 12.2 0.02 1.7 47 14 2.1

MPW-2 1B —125 1590 1337 36 14.2 154 8 0.2 19 1.1 14 114 002 14 175 14 23

MPW-3 1B —60 1130 1187 26 74 650 1574 02 16 0.7 1.2 113 0.01 14 68 1.1 1.6

MPW-7 1B —60 1730 1451 28 84 208 6000 05 38 0.8 23 9.7 0.02 2.0 110 13 2.0

MPW-13 1B —-72 1320 1205 38 74 358 1422 06 41 1.1 1.9 10.7  0.01 25 101 0.7 1.8

Median —66 1455 1248 28 74 289 1104 03 27 1.0 1.9 114  0.02 1.9 90 1.2 1.9

Mean —86 1455 1253 31 84 375 1699 04 28 1.1 1.8 11.2 0.02 1.8 97 1.1 1.8

MPW-14 2B-1 —156 1810 2455 33 14.7

MPW-15 2B-1 —170 2150 2036 56 15.1

Median —163 1980 2246 44 149

Mean —163 1980 2246 44 14.9

MPW-9 2A 150.0 6660 4056 119 121 1.1 78 05 41 5.6 7.3 3020 022 16.5 1075 19 7.1

MPW-18 2B-2 —42 2500 2036 62 7.9 0.6 21 0.2 25 24 2.9 51.0 0.02 2.8 424 1.8 29

MPW-17 2B-2 —65 1900 1648 40 5.5 1.5 35 02 18 2.0 7.7 193 0.02 42 260 09 2.0

MPW-19 2B-2 —41 1880 1620 41 59 0.5 18 02 19 1.8 3.4 194  0.02 1.8 252 1.0 1.7

MPW-20 2B-2 —27 2430 1975 66 8.7 13 36 02 23 19 3.6 51.0 0.03 4.0 407 1.7 31

Median —42 2165 1812 52 6.9 1.0 28 0.2 21 19 3.5 35.2 0.02 34 334 14 25

Mean —44 2178 1820 52 7.0 1.0 28 0.2 21 2.0 44 35.2 0.02 3.2 336 14 24
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within GWB), pH and temperature (°C) following the method of
Macpherson, (2009):

log;(pCO,) = l0g;o(HCO; )-pH + C; (1)

where C; = log1o(Ky,r) — log1o(Kp 1), pH is in standard pH units (—log;o
of the activity of H), HCO3 has units of chemical activity, K; r is the
temperature-dependent first association constant of H,CO$" (the sum
of H,C0% and COY) and Kp, ris the temperature dependent Henry's Law
constant expressing the relation between H,CO%" and pCO.. The theo-
retical equilibrium 6'3C-CO, signature of the original CO, source dis-
solved in the shallow meteoric aquifer was determined using the
methodology of Federico et al. (2002) and the CO,-DIC isotopic equilib-
rium equation of Zhang et al. (1995):

H,CO

8C e, = 0" Crine) — ;ng(Hzcoa—coz) @
HCO3 _ cos™ 5

— g §(HCO5 —C0,) — == s(co3 —coz).

Eq. (1) uses the measured isotopic signatures of 813Cpyc for the MNT
aquifer system to determine the theoretical equilibrium 5'3C-CO, sig-
nature of the original CO, source dissolving within the groundwaters
and corrects for any possible temperature and/or pH-dependant isoto-
pic fractionation effect during water-gas interaction (Federico et al.,
2002). 8'3Cpyc values for MNT aquifer groundwaters were combined
with the equilibrium molar ratios of aqueous carbon species and the iso-
tope enrichment factors (¢) for dissolved carbon species and gaseous
CO, at the sampling pH and temperature.

A two component mixing equation (Katz et al., 1998) was used to es-
timate the relative amount of influent saline groundwater in well field
samples. For a two-component mixture, the fraction of saline inflow is
defined as:

Fsaline = (CMPWX_Cmet ) / (Csaline - CMPWx ) (3 )

where: Cypwx = the concentration of the solute of interest in the
groundwater sample (mixed); Ci,e; = the concentration of the solute
of interest in the meteoric end member (sample MPW-5), and; Csgine =
the concentration of the constituent in the saline inflow.

Differing water sources mixing within the MNT aquifer where also
identified from 37Sr/%6Sr values including the measurement of a theo-
retical mixing line predicting the change in the strontium isotopic signa-
ture of MNT groundwaters after Faure (1986):

(st/sr) = [Sir] +b @)

where Eq. (4) describes the variation in the 37Sr/35Sr value to be expect-
ed in a mixture generated by combining various proportions of stron-
tium from two different endmembers with different 87Sr/6Sr values.
The slope of the line is calculated from Eq. (5):

875p/385r), — (87Sr/865r)A]
2= BrhaBre K Sl — (T ®
and the y-intercept from Eq. (6):
87¢.. /86 8751 /%sr)
b= [Sr]A< Sr/*°Sr),—|[St] (m (6)

These equations require input of the 37Sr/%6Sr values and [Sr] of
endmembers “A” and “B.”

Hierarchical cluster analysis (HCA) was performed on log normal-
ised, z-scored data using Unisat 6.0 (UNISTAT, 2011), which supports
six similarity measures and ten linkage rules. Similarity measures and
linkage rules were varied to identify the distance measure and linkage

algorithm that provided the most obvious relationships to geology,
hydrochemistry and production well location. As anticipated, the com-
bination of the square of the Euclidean distance (E?) and Ward's linkage
algorithm provided the best interpretability as is often noted by various
others applying HCA to groundwater hydrochemical analysis
(Daughney et al.,, 2012; Giiler et al., 2002). Field parameters and
analytes included in the HCA models were groundwater temperature
(°C), pH, SpC, pCO,, Eh, HCOs, Cl, SO4, Na, K, Mg, Ca, Si, S, F, Li, Sr, Ba,
Mo and Fe. Removal of Eh and SpC made little difference to the cluster-
ing so these were excluded from the final model runs.

4. Results
4.1. Isotopes

The 6'3C values of DIC (or TDC) in Monturaqui groundwaters vary
from —2.32 to 4 0.70%. (mean = — 0.85%., n = 12) and are significant-
ly more positive (p = <0.01) than the average 6'>Cp,c values reported
for springs (mean = —6.20%., n = 17), rivers (mean = — 5.58%.,
n = 7) and groundwaters (mean = —8.24%., n = 20) throughout
northern Chile (Table 1; Fritz et al., 1981; Magaritz et al., 1989). 6>4S-
S04 values range between — 0.7 and + 4.9%. with approximately half
of the groundwaters having depleted values relative to values reported
for regional ground- and spring waters (Risacher and Alonso, 2001;
Risacher et al., 2003).

Groundwaters exhibit a narrow range for 6'80 (— 8.3 to — 7.4%.) and
52H (—67.6 to —54.6%.), exhibit a minor trend of 80 depletion (net
1%.) with increasing extraction depth yet show no coherent spatial pat-
tern across the well field. Groundwaters lie to the right of, yet parallel
(i.e., s = 8) to the Local Meteoric Water Line (LMWL) defined for mod-
ern precipitation in northern Chile: 6°H = 7.8 - 6'%0 + 9.7 (Aravena
et al., 1999) along a regional Ground and Spring Water Line (LGSWL;
8°H = 7.99 - 6'80 + 0.3, n = 95) (Fig. 2). The LGSWL is characterised
by a deuterium intercept close to 0%. and has a 62H/5'%0 value ap-
proaching 8 (equilibrium fractionation ratio of Craig (1961)), which is
considered an artefact of evaporative enrichment within the snow
pack, prior to melt water infiltration, within high altitude recharge
zones (Fritz et al., 1981; Magaritz et al., 1989; Pefia et al., 1989). Al-
though both 6'80 and &?H values of MNT groundwaters are more nega-
tive than rainfall collected at the altitude of the MNT aquifer system
(Magaritz et al., 1989; Alpers and Whittemore, 1990), it is likely that
strong evaporative enrichment of both §'80 and 6*H under the high hu-
midity of the snow pack results in an under estimation of the true alti-
tude of recharge (Alpers and Whittemore, 1990; Stichler et al., 2001;
Ginot et al,, 2006). Enrichment in 8°H is evident in the brackish ground-
waters from well MPW-9, which contain a measured deuterium excess
(d-excess) of ~7%o, is likely due to hydrogen exchange with lacustrine
clays during basal leakage of evaporitic brines.

Strontium isotope (87Sr/2Sr) values range between 0.706859 and
0.707348 for the 7 samples measured and span the range of values re-
ported for the Negrillar Volcanics andesite, Socompa lavas and coeval ig-
nimbrites (Déruelle and Moorbath, 1993; Mamani et al., 2008).

4.2. Chemical modelling

Modelled pCO, values (Eq. (2)) are anomalously high, 0.016 to
0.10 atm or ~50-316 times atmospheric values (Fetter, 1994; Clark
and Fritz, 1997). Saturation indices indicate that all but one of the
groundwaters, well MPW-19, are theoretically saturated to over satu-
rated with respect to carbonate minerals (calcite and aragonite)
(Table 5). Anhydrite and gypsum are both theoretically under saturated
in all groundwater samples although the saturation index approaches a
value of — 1.0 and — 0.9, respectively in the duplicate samples from well
MPW-9. All samples are close to equilibrium (4 0.5) with respect to
cristobalite (volcanic glass) and other cryptocrystalline amorphous
forms of silica (chalcedony) but strongly under saturated with respect
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Fig. 2. Plot of 5'%0 vs 6°H for MNT groundwaters. Also shown: the Local Meteoric Water
Line (LMWL) for the South Central Andes from Aravena et al. (1999); the Local Ground-
and Spring-Water Line (LGSWL) for the South Central Andes based on data (n = 95)
from Fritz et al. (1981), Magaritz et al. (1989), Aravena and Suzuki (1990) and Alpers
and Whittemore (1990).

to halite and other highly soluble salts (e.g., antarcticite; CaCl,-6H,0).
Approximately half of the groundwaters sampled are close to saturation
with respect to barite, four are slightly over saturated and six slightly
under saturated. All samples are under saturated with respect to celes-
tite (SrSO4) but over saturated, with the exception of groundwaters
from well MPW-19, with respect to strontianite.

4.3, Hierarchal cluster analysis

At the scale of lowest resolution the dendrogram of MINT groundwa-
ters identifies two clusters of groundwaters that are significantly differ-
ent (Fig. 3; Tables 2-4). Type 1 groundwaters account for 58% of the
wells sampled and all intersect, or are partially screened, within the
Negrillar Volcanics, distal from Volcano Socompa. Type 2 groundwaters
represent the remaining 42% of wells sampled and represent ground-
waters south of the Negrillar Volcanics and proximal to Volcano
Socompa. Type 1 groundwaters have lower TDS concentrations (incl.
Na, Cl, Ca and SO,), lower and more reducing Eh values, lower temper-
atures and pCO, but slightly higher pH and significantly higher dis-
solved Fe and Mn concentrations compared to Type 2 groundwaters.
At the major ion level, Type 1 groundwaters are Na—(Ca)-HCO3 waters

Table 5
Theoretical mineral saturation indices (log Q/K) modelled for MNT groundwaters.

whereas for Type 2 waters, Na is the dominant cation and major anion
dominance varies between Cl, HCO3; and SO,.

At the 100-phenon line Type 2 groundwaters are resolved into two
further subclusters, 2A and 2B. Type 2B groundwaters constitute 35%
of the groundwaters sampled and represent the subset of wells occur-
ring closest to Volcano Socompa. Type 2A groundwaters, although ge-
netically related at the major level to Type 2 water, are chemically
distinct at the 100-phenon line from all other waters and are restricted
to the duplicate samples drawn from well MPW-9. Type 2A groundwa-
ters contain approximately twice the TDS of all other groundwaters
sampled, are the only waters with Na-(Ca)-Cl-(SO,4) facies and the
most oxidising (Eh = + 150 mV) groundwaters sampled within the
MNT system (Fig. 1).

At the highest resolution, the 50 phenon line, 5 distinct subclusters
of MNT groundwaters are identified (Fig. 3). Types 1A and 1B constitute
23 and 35% of the groundwaters sampled, respectively whereas sub-
clusters 2B-1 and 2B-2 constitute between 12 and 24%, respectively.
Types 1A and 1B are broadly similar and both are associated with the
Negrillar Volcanics. However, Type 1A groundwaters contain the lowest
TDS of waters sampled within the MNT aquifer system and are differen-
tiated from Type 1B groundwaters by lower major ion and dissolved Fe
concentrations.

Groundwater Types 2B-1 and 2B-2 both occur within the southern
Monturaqui portion of the aquifer system. Type 2B-1 groundwaters
(wells MPW-14 and MPW15) occur directly south of the Negrillar Vol-
canics and are screened at slightly greater depths (ca. 20-40 m deeper)
than the rest of the wells sampled. Deeper Type 2B-1 groundwaters are
strongly reduced (lowest Eh), Na-HCO3 groundwaters, of elevated pCO,
and the highest concentration of non-SO, sulfur as well as being some of
the few groundwaters over saturated with respect to barite. Type 2B-2
groundwaters associated with the southernmost cluster of wells
(MPW-17 to MPW-20) are screened at relatively shallow depths similar
to that of well MPW-9 (Type 2A waters) and are genetically most simi-
lar to Type 2A waters.

4.4. Physiochemical parameters

Groundwater temperatures range from 27 °C to 37 °C and TDS from
826 to 3632 mg 1~ ! (Tables 2 - 4). The majority of groundwaters are
neutral to alkaline (pH = 6.8-7.9) and, with the exception of well
MPW-9 (Eh = 4150 mV), are reducing (Eh = —27 to —170 mV). Bi-
carbonate is the most common anion followed by Cl and SO, and Na is
the most abundant cation followed by Ca. Relative to regional norms,
groundwater DIC and SiO, concentrations are elevated (Fritz et al.,
1981; Magaritz et al., 1989). The odour of H,S was evident in a number
of northern wells within the Negrillar Volcanics.

Well Cluster Antarcticite Halite Anhydrite Calcite Aragonite Chalcedony Cristobalite Dolomite Gypsum Barite Siderite Celestite Strontianite Witherite
MPW-11 1A —125 —-67 —19 0.1 0.0 0.6 03 1.1 —1.8 —-01 —16 —24 03 1.0
MPW-21 1A —124 —67 —1.8 0.6 0.4 0.5 03 19 —-1.7 —0.1 0.6 —24 0.7 14
MPW-5 1A —125 —-68 —19 1.0 0.9 0.5 0.2 2.8 —-1.8 —02 —-14 —-23 13 1.8
MPW-8 1A —124 —-67 —18 0.7 0.5 0.5 03 2.1 —-1.7 01 —-038 —24 0.8 1.7
MPW-10 1B —12.8 —68 —14 1.0 0.8 0.5 0.3 2.8 —-13 —0.2 0.2 —22 0.8 1.2
MPW-13 1B —-11.9 —64 —16 0.8 0.7 0.5 0.3 23 —-15 —-03 0.7 —22 0.9 1.2
MPW-2 1B —11.5 —-61 —16 0.9 0.7 0.6 03 25 —14 —-02 —15 —-2.0 1.1 13
MPW-3 1B —-11.8 —-63 —1.8 1.0 0.8 0.6 03 2.8 —1.6 —0.1 0.9 —-23 1.1 1.7
MPW-4 1B —122 —66 —17 1.0 0.8 0.5 0.2 2.5 —15 —03 0.6 —-23 1.0 14
MPW-7 1B —11.5 —6.1 —15 09 0.8 0.5 0.3 2.7 —14 —0.5 14 —20 1.1 1.0
MPW-9 2A —10.0 —47 —1.0 0.9 0.8 0.6 0.3 2.8 —09 00 —-1.1 —-12 14 1.1
MPW-14 2B-1 —-11.6 —-6.1 —14 0.9 0.7 0.5 0.2 2.6 -13 03 —-09 -19 1.0 1.6
MPW-15 2B-1 —11.2 —-59 —14 0.8 0.6 0.5 0.3 25 —-12 —-03 —-09 —-1.7 1.0 0.9
MPW-17 2B-2 —116 —-60 —1.2 0.2 0.0 0.6 0.3 13 —1.1 03 —15 —-1.7 0.3 0.7
MPW-18 2B-2 —-11.2 —-55 —13 0.6 0.4 0.5 0.2 21 —-12 04 —-13 —-1.7 0.7 13
MPW-19 2B-2 —-11.7 —-61 —1.2 -01 —-03 0.5 0.3 0.7 —1.1 01 -—-21 —-1.7 —0.1 0.2
MPW-20 2B-2 —11.2 —-56 —13 0.6 0.4 0.5 03 2.1 —1.2 —-01 —1.1 —1.8 0.7 0.8

Mineral saturation indices (log Q/K) modelled for MNT groundwaters. Where (—) negative values reflect undersaturation, positive values oversaturation, and 0 indicates equilibrium.
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Fig. 3. Dendrogram for MNT groundwater wells using (°C), pH, pCO,, HCO3, Cl, SO4, Na, K, Mg, Ca, Si, S, F, Li, Sr, Ba, Mo and Fe and Ward's linkage rule with the square of the Euclidean
distance (E?) as the similarity measure. Water type expressions provided for each groundwater are based on milliequivalent percentage values and is formed by listing the ions with con-

centrations greater than 10% in decreasing order (cations are listed first).

Following the criteria of Drever (1997), MNT groundwaters fall close
to the threshold between fresh (<1000 mg 1~ !) and brackish (1000-
20,000 mg 1= 1) groundwaters (Tables 2-4). Of the 17 groundwaters
sampled, seven exceed a TDS of 1500 mg 1~ ! with only well MPW-9 ex-
ceeding 2000 mg 1~ . The median TDS load of Type 2B groundwaters is
30% higher than the median of Type 1 (Negrillar) groundwaters. The
brackish groundwater from well MPW-9 (Type 2A) contains approxi-
mately 2-4 times the salt load of all other groundwaters. Of the waters
sampled, well MPW-5 has the lowest TDS concentration, 826 mg 17!,
and is the only groundwater for which SO, is not a major ion (<10%
on a milliequivalent basis). The TDS concentration for well MPW-5 is
closest to the theoretical TDS load (600 mg 1~ !) modelled for purely
meteoric dissolution of average volcanic rock compositions for the
South Central Andes (Risacher and Fritz, 2008; Risacher et al., 2011).
From the work of Risacher et al. (2003, 2011), all MNT groundwaters
fall well below the 5000 mg 1~ ! threshold designated for dilute inflow
waters across the region.

5. Discussion

All groundwaters sampled from the MNT aquifer system are classi-
fied as thermal waters based on a minimum temperature difference of
~20.4 °C between the coolest groundwater (26.5 °C) sampled and the
mean annual air temperature of the MNT trough (~6.1 °C). A maximum
difference of 28.5 °C was recorded for the groundwaters extracted from
well MPW-18 proximal to Volcano Socompa.

5.1. Spatial patterns and solute sources

Plots of temperature (°C) and pCO, display a relatively uniform in-
crease with increasing proximity to the summit of Volcano Socompa, in-
dicative of an increasing vapour phase flux of steam and CO, boiled off
an underlying volcanic-hydrothermal reservoir (Fig. 4). Although
wells MPW-5 and 7 depart from the general trend, probably due to shel-
tering by low permeability vents and dykes of the El Negrillar Volcanics,
groundwater temperature and pCO, increases from 26.5 °C to 34.5 °C
and 0.02-0.1 atm, respectively. The theoretical equilibrium &'3C-CO,
signature of the original CO, source dissolving within MNT groundwa-
ters, computed using Eq. (2), ranges from — 9.25%. to —3.55%. falling
within the range typically reported for subduction zone CO, (i.e.,
—10.0 to —3.5% 86'3C) (Fischer et al., 1998; Lewicki et al., 2000).
Modelled values are also similar to the range of 6'3C-CO, (— 0.60%. to
—9.00%.) reported for thermal springs and CO, sources from the
Central Andean Volcanic Arc (Spiro et al., 1997) and volcanic hydrother-
mal systems of northern Chile (Capaccioni et al., 2011). The fraction
of isotopically enriched §'32C-CO, increases in conjunction with the
pCO, (mass flux) as the wells get closer to Volcano Socompa,
approaching values typical of the mantle (6'3C = —4.0 £ 2.5%;
Fig. 5; Hards, 2005).

Despite being similar to atmospheric values, the isotopically lighter
813C-CO, signatures occurring in Type 1A groundwaters within the
Negrillar Volcanics have modelled pCO, and DIC concentrations (>5
mmol/1) that are much too high to be explained by open system ex-
change with atmospheric or desert zone soil CO, (Drever, 1997; Rech
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Fig. 4. Pattern of increasing (A) CO, fugacity and (B) groundwater temperature with prox-
imity to the summit of Volcano Socompa. Note the generally smooth exponential increase
in pCO, and temperature with proximity to the summit as is consistent with the:
(i) greater mobility of vapour phase constituents; (ii) the adsorption of steam and CO,,
boiled off a deep hydrothermal reservoir, within the cool meteoric groundwaters of the
MNT aquifer, and; (iii) an increase in mass and heat flow with proximity to the major
upflow zone of a deep hydrothermal reservoir associated with Volcano Socompa. Dashed
oval encompasses wells MPW-5 and 7 that depart from the general trend, probably due to
sheltering by low permeability vents and dykes of the El Negrillar Volcanics, which ex-
clude cooler recharge waters from the east.

et al., 2003; Leybourne et al., 2013). Pedogenic carbonates from a tran-
sect through a portion of the MNT aquifer system and the flanks of Vol-
cano Socompa all have §'3C-CO, values suggestive of partial
equilibrium with atmospheric CO, and are much too enriched to have
originated from respiration of isotopically depleted (C3-cycle, ca.
— 23%.) organic matter (Quade et al., 2007). This observation is consis-
tent with the hyperarid setting of the Atacama desert and indicates that
soil zone partial pressures seldom exceed atmospheric values and that
unlike more humid environments soil organic carbon likely plays a min-
imal role in alkalinity generation during recharge. Furthermore, because
isotopically enriched marine carbonates are largely absent from the An-
dean arc (Spiro et al., 1997), the §'>C-CO, values and anomalous DIC
concentrations of MNT groundwaters are best explained by the typical
513C-C0, range of subduction zone settings, albeit trending towards
more mantle-like values with increasing proximity to Volcano
Socompa.

Whereas groundwater temperature, pCO, and '2C-CO, display a
relatively uniform increase with proximity to the summit of Volcano

A >
® Type 1A
@ Type 1B
° A Type 2A
4 — © Type 2B-1
EE ® Type 2B-2
(=)
&
>
[
§
N
(]
O
o
)
| |
-10 I I \ I ] I

18 19 20 21 22 23 24 25
Distance from Socompa (km)

B o
[ ] L
0.04 —|
s .
S 003 o o Res0se
(2] e
=3 ,
£ -
B
g\, 0.02 —| p
(§] |]// °
0.01 oA
: s a
s X
0.00 - I I |
-10 -8 6 -4 2

313CO, (% V-PDB)

Fig. 5. (A) '3C-CO, displays an increasingly magmatic signature with proximity to the
summit of Volcano Socompa. (B) Moderate/strong correlation between &'3C-C0O, and
CO, mass flow (pCO, fugacity). Both relationships highlight the increasing heat and
mass flow with proximity to major upflow zone of a deep hydrothermal reservoir associ-
ated with Volcano Socompa.

Socompa the majority of ions do not. Chloride, SO4, Na, K, Mg, Sr, Li, F,
Cu, Mo, As, Zn, V and Cs all show a sharp structurally controlled increase
south of Negrillar and are most elevated within Type 2A (MPW-9)
groundwaters (Fig. 6). This distinct structural partitioning is interpreted
as a transition from predominately vapour phase-derived solute supply
within the Negrillar Volcanics (Type 1 waters) to a combination of sec-
ondary hydrothermal vapour phase and liquid phase solute supply
within the Monturaqui portion (Type 2 waters) of the system (Fig. 7).
In this instance, sheltering by low permeability dykes and vents within
the Negrillar Volcanics, appears to restrict the mixing of the liquid phase
solute outflow. Transition metal concentrations, especially Fe and Mn,
appear to be spatially controlled by redox state (Fig. 8).

Strontium isotope values also support a shift in solute sources and
source mechanisms inside and outside of the Negrillar Volcanics
(Fig. 9). The 87Sr/%Sr values for Type 1 groundwaters within the
Negrillar Volcanics, 0.707198-0.707375, fall within the andesite range
(0.707-0.708) reported for these rocks (Déruelle and Moorbath, 1993)
and, in conjunction with the hydrochemical facies (Na-(Ca)-HCO3),
supports the concept of dominantly localised gas-water-rock interac-
tion between the Negrillar Volcanics and a hydrothermal vapour phase.
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Fig. 6. (A-F) Evidence of structural control over solute sources. Note the abrupt increase in solutes outside of the Negrillar Volcanics that reflects the role of localised dykes and sills in
blocking liquid phase lateral inflows containing elevated solute concentrations originating from the east. Dashed box encompasses all wells that transect the lavas of the Negrillar

Volcanics.

Type 2A groundwater from well MPW-9 has ca. 7 times the Sr con-
centration of other groundwaters within the MNT aquifer system and
the least radiogenic 8”Sr/25Sr value, 0.70685, of the data set. This value
is close to the median 87Sr/%Sr value reported for Socompa lavas
(0.70681) by Mamani et al. (2008) and is within the range of values re-
ported for andesite and dacite lava from young Andean stratovolcanoes
and ignimbrites of the South Central Andes, including the Salin

Formation (e.g., 0.705-0.707; Déruelle and Moorbath, 1993; Kraemer
et al., 1996).

Despite the overlap of 87Sr/%6Sr with local Salin Formation ignim-
brites it is difficult to attribute the abrupt increase in the non-volatile
solute load of Type 2 groundwaters to secondary gas-water-rock inter-
action between the Salin Formation and a hydrothermal vapour phase.
Rather, a solute source with high Sr concentrations and 87Sr/%6sr
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Fig. 7. Vapour phase versus liquid phase solute supply within the MNT aquifer system.
(A) Sulfate mixing dynamics. Note mixing between low sulfate, secondary hydrothermal
groundwaters and high SO, groundwaters associated with evaporitic inputs.
(B) Relationship of pCO, and TDS reflecting the departure from predominantly second-
ary-hydrothermal solute supply to dominantly evaporitic and mixed evaporitic-hydro-
thermal. It is difficult to account for the strong increase in non-volatile species by purely
hydrothermal gas-water-rock interaction with low Cl host rocks suggesting a second sol-
ute source associated with lateral inflows from the east.

signatures similar to those of Socompa lavas is indicated. Type 2B
groundwaters demonstrate intermediate 87Sr/%5Sr values dominated
by lesser radiogenic signatures similar to brackish Type 2A waters of
well MPW-9, suggesting varying degrees of mixing between Sr derived
from localised gas-water-rock interaction and Sr derived from mixing
with Type 2A brackish waters (Fig. 10).

Sulfur isotopes (6>*S-50,) also suggest a structurally controlled shift
in solute sources and source mechanisms inside and outside of the
Negrillar Volcanics (Fig. 9). The §>4S-S0, signature of Type 1 groundwa-
ters within the Negrillar Volcanics is significantly lower than §>*S-S0,
signatures for continental gypsum (4 3 to + 11%.; Spiro and Chong,
1996; Risacher and Alonso, 2001) and surface waters (+3.4 to
+7.4%,) reported for the South Central Andes (Fig. 9). Rather, the §34S
values determined for SO, in Type 1 Negrillar groundwaters (+ 0.8 to
+2.3; median = 1.8%.), are similar to values reported for dissolved
SO, from H,S-rich, steam heated thermal waters from around the
world (i.e.,, —1.7 to 4+ 1.4%.; Schoen and Rye, 1970).
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Fig. 8. (A-B) Structural controls over dominant fluid compositions and resultant trends in
redox sensitive transition elements Fe and Mn. Fe'' and Mn" concentrations are elevated in
Type 1 groundwaters within the Negrillar Volcanics where inputs of reduced hydrother-
mal gases dominate. Conversely, groundwaters outside of the sheltered Negrillar Volca-
nics contain minimal reduced Fe" and Mn" reflecting a shift in redox state due to mixing
with a strongly oxidising evaporitic brine. During brine evolution in shallow oxidised
salars Fe and Mn precipitate as oxides and do not infiltrate to depth (Herrera et al.,
2009) (C). Redox shift caused by mixing of reduced secondary hydrothermal groundwa-
ters with oxidising evaporitic waters. As well depth increases the relative proportion of re-
duced hydrothermal fluids increases as seen in wells MPW-14 and MPW-15.

In shallow meteoric groundwaters subject to vapour phase inputs of
steam and hydrothermal gases (CO, and H,S), SO, is typically derived
from meteoric oxidation of hydrothermal H,S (Marini et al., 2000;



176 C. Rissmann et al. / Chemical Geology 396 (2015) 164-181

A 0.7074
| m
m
Negrillar Volcanics
0.7072 O
S
(72
©o
©
=
(7]
~
©
0.7070 —
°
Socompa Lavas
0.7068 I = — I I
m Type 1A
@ Type 1B
A Type 2A
.| © Type 2B-1
*.| ® Type 2B-2
g
&:r m
2
? n
(2] . .
3 Negrillar Volcanics
w0
1
n
©
0 Hydrothermal SO,
- \ \ \ \ \

18 19 20 21 22 23 24 25
Distance from Socompa (km)

Fig. 9. Structural partitioning and evidence for two distinct solute sources as defined by
875r/86Sr values and §°#S-SO,4 for the groundwaters of the MNT aquifer system.
(A) Groundwaters within the Negrillar Volcanics show a localised Sr source signature sup-
portive of gas—water-rock interaction between Negrillar rocks and secondary hydrother-
mal fluids boiled of a deep hydrothermal reservoir. Groundwaters (Type 2) within the
Monturaqui portion of the aquifer system contain up to ca. 7 times the Sr concentration
of groundwaters within the MNT aquifer system and have 87Sr/%Sr values that are similar
to Socompa lavas and the ignimbrites and lavas of the Andean volcanic arc. (B) 6>S-S0,4
values transition from dominantly hydrothermal 5*S-SO, signatures within Type 1
(Negrillar) groundwaters to continental gypsum signatures within Type 2 (Monturaqui)
groundwaters raising the possibility of an evaporitic origin for the excess salts within
the latter.

Marini and Gambardella, 2005). Volcanic-hydrothermal H,S typically
has a value close to 0%. relative to V-CDT, consistent with a primary
mantle sulfur source (Krouse, 1976; Clark and Fritz, 1997). Oxidation
of hydrothermal H,S to SO, is typically a non-equilibrium, low-
temperature process that involves a small (~1%.) enrichment in the
SO, phase producing isotopic signatures that range from — 1 to + 1%.
(£ 2%.) (Krouse, 1974; Kiyosu and Kurahashi, 1983; Clark and Fritz,
1997).

Although a volcanic-hydrothermal origin is apparent for the bulk of
the SO4 occurring within Type 1 (Negrillar Volcanics) groundwaters,
meteoric oxidation of hydrothermal H,S cannot however, produce the
heavier 6>5-S0y (i.e., +4.2 to 4 4.9%.) values of dissolved SO, found
in Type 2 groundwaters. These heavier 5>*S-S0, values overlap with
gypsum/anhydrite signatures found in actively forming evaporitic
lakes (+4.0 to +9.0%.) (Risacher and Fritz, 1991; Pueyo et al., 2001;
Risacher and Alonso, 2001) and those for SO, derived from the dispro-
portionation of magmatic SO, under moderate to high temperatures

(=200 °C) within the volcanic plumbing system of Andean volcanoes
(Kusakabe et al., 2000).

Based on all of the above, the question arises as to whether the saline
liquid phase input best characterised by Type 2A groundwaters (well
MPW-9) is derived from an alkali-Cl outflow associated with a
convecting hydrothermal system beneath Volcano Socompa or the in-
flow of basinal evaporitic brines. Both are feasible, however, on the
basis of chemistry alone the liquid phase solute profile evident within
the Monturaqui section of the aquifer system (MPW-9 especially) ap-
pears remarkably similar to that of the sulfate neutral evaporitic brines
(Na-S04-Cl) typical of the Andean volcanic arc and high altiplano (see
Risacher et al., 2003; Risacher and Fritz, 2008).

5.2. Mixing proportions

Using Eq. (3), the waters from well MPW-5 as the meteoric end
member and MPW-9 as the saline endmember the proportions of Cl
(median) derived from the evaporitic component in well MPW-9 are es-
timated at 1% (within error) for Type 1A waters, 11% for Type 1B, in-
creasing to 23 and 27% for Types 2B-1 and 2B-2, respectively (Fig. 10).
Wells MPW-18 and MPW-20 (Type 2B-2) show the greatest compo-
nent, up to ~40%, of the evaporitic component from well MPW-9
(Type 2A). Application of Eq. (3) to Na, K and Li also indicate similar
mixing proportions to those obtained using Cl. The mixing proportions
obtained from simple two component mixing equations approximate
those inferred from multivariate statistics, using the Euclidean distance
as a measure of similarity, and 87Sr/26Sr isotope values and Sr concentra-
tion (Egs. (3)-(6); Fig. 10).

5.3. Physical and chemical composition of evaporitic component

A more complete, albeit approximate, picture of the chemical com-
position of the evaporitic brine evident in Type 2A (MPW-9) groundwa-
ters is produced by subtracting the secondary hydrothermal component
most evident in Type 1A waters from mixed Type 2A waters that contain
the greatest evaporitic component. Subtraction removes almost all of
the alkalinity and Si suggesting that these species are derived from
localised gas-water-rock interaction and that little if any alkalinity or
Si is associated with the evaporitic component (see Section 5.2).

The depletion in alkalinity and Si may be explained in terms of evap-
oritic brine evolution. Specifically, depletion in alkalinity reflects remov-
al during calcite precipitation from low alkalinity inflows typical of the
Andean arc, reducing significantly the proportion of CO3 within the re-
sidual liquid (Risacher and Fritz, 2008). Similarly, the biogenic precipita-
tion of amorphous silica within evaporitic lakes is a common and highly
effective mechanism removing Si from solution (DeMaster, 2004;
Deocampo, 2005).

Because the majority of silica is associated with local gas-water-
rock interaction and silica behaves in a relatively conservative manner
at the low temperatures and pH values (<8.0) of the MNT aquifer
(i.e., dissolved Si does not behave like a charged ion or colloid; Hem,
1985), the enrichment of various species within the evaporitic compo-
nent can be approximated by:

EF= (X(ZA)/Si(ZA))/(X(lA)/Si(lA)> .

where EF is the enrichment factor for the chemical species of interest, X
is the concentration of the given species, Si is the concentration of silica,
and subscripts 2A and 1A denote the concentration of chemical species
in Type 2A evaporitic waters and the median value of Type 1A second-
ary hydrothermal waters, respectively. From Eq. (7) the general enrich-
ment pattern for major ions follows the pattern Cl (~10), Na (~9), K
(~8),S04 and Mg (~4), and Ca (~3); minor alkali and alkali earth metals
Cs (~20), Li (~10), Sr (~7) and Rb (~3), and; trace components Mo
(~31),Re (~18), As (~14), Al (~13),V (~7),Zn (~6), F (~5), Se (~4)
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Well Name Cluster Fsgjine(Cl) Fsaiine(Na) Fsaiine(K) Fsaiine(Li) 0.70750
MPW-5 1A 0 0 0 0
MPW-11 (Type 1A)
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MPW-11 1A 1.00 12 4
MPW-21 1A 1.00 15 4
MPW-8 1A 1.00 20 4
MPW-4 1B 1.00 38 4
MPW-13 1B 0.99 75 4
MPW-3 1B 0.99 93 4
MPW-7 1B 0.97 157 4
MPW-2 1B 0.96 157 4
MPW-14 2B-1 0.98 175 4
MPW-15 2B-1 0.95 266 4
MPW-17 2B-2 1.00 186 4
MPW-19(b) 2B-2 1.00 175 4
MPW-20 2B-2 0.99 380 4
MPW-18 2B-2 0.99 419 4
MPW-9 2A 0.99 1403 4

Used Parameters Na,Cl,K,Li
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Fig. 10. Secondary hydrothermal and evaporitic mixing relationships for MNT groundwaters. (A) Two component mixing where the fraction of saline evaporitic input (Fygine) is calculated
for individual samples according to major ions (dominantly conservative species), expressed as a %. (B) Euclidian measure of similarity based on the same major ions that show a similar
pattern to that expressed by two component mixing. Groundwaters most dissimilar from the MPW-5 (Type 1A endmember) coincide with those that contain the greatest evaporitic com-
ponent and all lie outside the Negrillar Volcanics. (C) Strontium chemistry of MNT groundwaters formulas after Faure (1986). This model demonstrates mixing between various propor-
tions of Sr from Sr poor groundwaters (Type 1A) within the Negrillar Volcanics (endmember B) and Sr rich groundwaters within the evaporite containing groundwaters of well MPW-9
(endmember A). The weight fraction of endmember A in the two-component mixture is indicated along the mixing line. The selection of each respective endmember is based on evidence
for two distinct Sr sources mixing within the MNT aquifer system: (i) Sr derived from localised secondary hydrothermal water rock interaction (Type 1A; MPW-5 endmember ), and; (ii) Sr
imported within the evaporitic component most evident in well MPW-9 (endmember A). For the most part, samples fall along or close to the theoretical mixing line between both
endmembers supporting the two component mixing model proposed within the text, although a clear deviation of Type 2B-2 groundwaters from the mixing line is apparent (dashed
arrow). Deviation from the mixing line for well MPW-19 reflects dilution of the Sr concentration by a significant secondary hydrothermal component within this groundwater as is evident
in Figs. 4,5 and 7.

and Cr (~2). Manganese, Fe, Co, Ni and Cu are not enriched in the evap-
oritic phase relative to Type 1A waters.

Enrichment of Mo, Re, As, V and Se suggests a source environment
characterised by oxidising alkaline conditions, which favours the forma-
tion of highly soluble oxyanions (Garrels and Christ, 1965; Hem, 1985;
Masscheleyn et al., 1991; Banks et al., 2004; Oremland et al., 2004;
Leybourne and Cameron, 2008; Hamamura et al., 2012). Whereas Mo
(probably as MoO3 ™), Re (ReOy ), As (HAsO3 ™), V (H,VOz or HVO3 ™~
), Se (Se03~ or Se0Z~) and Cr (Cr03 ™) all form soluble oxyanions
under oxidising alkaline conditions, Mn, Fe, Co, Ni and Cu form insoluble

precipitates or co-precipitate with iron and manganese oxides and are
removed from solution (Hem, 1985; Banks et al., 2004; Morford et al.,
2005; Leybourne and Cameron, 2008).

Enrichment of Fe, Mn, Co, Ni and Cu within solid phase carbonates
and relatively depleted concentrations of the more soluble oxyanion
species is reflected in sediments from evaporitic lakes within the altipla-
no and significantly is the inverse of the enrichment pattern evident in
Type 2A waters (Fig. 11; Herrera et al.,, 2009). (Although As is also
enriched in the sediments of high altitude salars (Herrera et al., 2009),
high concentrations (up to 32 mg 1~ ' As) are reported for the liquid
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Fig. 11. Schoeller diagrams demonstrating the different solute profiles of evaporite con-
taining MPW-9 (Type 2A) groundwaters, theoretical brine composition, high temperature
hydrothermal fluids (El Tatio; Cortecci et al,, 2005) and lagoon sediments of the Huasco
and Coposa salars (Herrera et al., 2009). (A) Pronounced differences between the chemical
composition of Type 2A, theoretical evaporitic brine composition (see Section 5.4.) and
high temperature hydrothermal fluids from El Tatio reflect the contrasting physiochemical
settings — brine evolution within an oxidising, alkaline evaporitic lake versus high tem-
perature hydrothermal reservoir. Here differences reflect the dominant controls of tem-
perature and redox state over mineral solubility, in particular Ba, Co, Mn and Ni.
(B) Relative abundance of Fe, Mn, Zn, Cu, Cr, As and Se for oxidising salar sediments rela-
tive to evaporite containing MPW-9 groundwaters (Type 2A) and theoretical evaporitic
brine (see Section 5.4). In oxidised salar sediments Fe(Ill) and Mn(IV) predominate
whereas in reduced hydrothermal waters Fe(Il) and Mn(Il) predominate. Conservative
oxyanions of As and Se show a similar profile for salar sediments and MPW-9 waters
and that of the theoretical brine composition. The difference between ion speciation and
abundance is again a factor of the dominant controls of temperature, ionic strength and
redox state over mineral solubility.

phase within salars of the hyperarid Central Andes (Farias et al., 2011)).
Additionally, the trace element enrichment patterns within alkali-Cl
waters of the El Tatio geothermal field are distinctly different to those
of the evaporitic component most evident in Type 2A groundwaters
reflecting the lower pH (~5.8) and reducing conditions (mean
Eh = —254 mV based on redox pairs S(~2)/S(76)) (Cortecci et al.,
2005), of these high temperature fluids (Fig. 11).

The strongly oxidising environment for the evaporitic brine, inferred
from trace element enrichment patterns, is supported by measured
redox potentials of +150 mV (O,-reducing) for Type 2A waters
(MPW-9). Depending on the contribution of the evaporitic component
to reduced MNT groundwaters the redox state is variably shifted from
Fe(IIl)/SO4 reducing conditions (Type 1A) towards O,-reducing condi-
tions (Fig. 8). Type 1 waters that contain only a minor evaporitic compo-
nent have a mean Eh of — 100 mV, fall within the Fe(IIl)/SO4 reducing
field, contain median Mn and Fe concentrations that are approximately
30 and 7 times higher, respectively, than oxidised Type 2A waters. Type
2B-2 waters, which contain up to 30% evaporitic component have an in-
termediate Eh (median —41 mV) value reflecting a shift from Fe(III)/
SO, reducing conditions towards Mn(IV) reducing conditions as is
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reflected in the lower Fe concentration of these waters (Tables 2-4).
The highly oxidising nature of the evaporitic component mixing with
MNT groundwaters probably reflects limitations over the electrochem-
ical evolution of redox state within high altitude salars due to salinity ef-
fects on microbial reduction rates (Kulp et al., 2007) and perhaps a
critical shortage of oxidisable organic carbon, the principal electron
donor of low temperature systems.

Whereas the enrichment pattern of trace elements within the evap-
oritic component are a reflection of the high pH and strongly oxidising
conditions within the evaporitic salar, the mass abundances and enrich-
ment patterns of Cl, Na, SOy, F and to a lesser degree Li, Rb, Cs and Sr are
typical of conservative evaporative enrichment trajectories for evaporit-
ic lakes (Hardie and Eugster, 1970; Eugster and Jones, 1979), and are
similar to those for the highly concentrated brines reported for the re-
gion (Risacher et al., 2003).

As noted earlier, the 37Sr/%%Sr value for Type 2A waters that contain
the greatest evaporitic component is similar to the mean 87Sr/25Sr value
for Socompa lavas and in conjunction with the enrichment in elements
typical of volcanic/fumarolic sulfur mineralisation and thermal springs
(Risacher et al., 2003; Banks et al., 2004) supports the origin of inflows
from within the volcanic arc from one or more of the volcanoes
Socompa, Salin or Pular.

Summarising, the chemical composition of the evaporitic component
most evident in Type 2A groundwaters of the MNT aquifer suggest evolu-
tion within an oxidising high pH evaporitic lake receiving inflows enriched
in volcanically derived species, probably from one or more of the volca-
noes Socompa, Salin or Pular. Species that are unstable under these condi-
tions are removed from solution by precipitation or co-precipitation
within the shallow lake environment, whereas highly mobile oxyanions
and conservative species are concentrated within the liquid phase and
leak to regional groundwaters as highly oxidised evaporitic brines.

5.4. Evaporitic flow path?

Identification of the exact physical flow path for evaporitic salts
mixing within the Monturaqui portion of the aquifer system is equivo-
cal. However, on the basis of existing hydrochemical, isotopic and
hydrogeological information we propose that: (i) the evaporitic compo-
nent originates on the eastern side of the volcanic front within
salar(s) that receive mineralised inflows from the volcanic arc (volca-
noes Socompa, Salin and Pular), and; (ii) evaporitic brines from basal
leakage are entrained by sub-regional groundwater flow originating
within the high altiplano that subsequently flow beneath the volcanic
arc, via the Salin Formation, into the Monturaqui portion of the aquifer
system (Fig. 12).

Anderson et al. (2002) used a variety of techniques to estimate both
recharge rate and recharge distribution to the MNT aquifer and associat-
ed the bulk of recharge with high altitude precipitation events
(>4000 m) along the volcanic front and within the high altiplano with
little if any effective recharge at the lower altitudes of the MNT trough.
van Wyk de Vries et al. (2001) reasoned for the existence of a natural
groundwater flow path originating within the high altiplano that
flows beneath Volcano Socompa on the basis of topographic relief and
a broad paleo-valley descending from the east. Groundwater within
the Salin Formation beneath Volcano Socompa was implicated in the
sagging, faulting and eventual sector collapse of the volcano (van Wyk
de Vries et al., 2001). Continuous groundwater inflows along the SE
margin of the Monturaqui Valley and between the low saddle separat-
ing Volcano Socompa and Volcano Pular were identified by Anderson
et al. (2002). The saddle constitutes a relative broad inflow boundary
~8-10 km wide that encompasses the physical spread of the well field
(Fig. 12).

Wells MPW-9-15 and 21 are directly oriented to the inferred inflow
but only wells MPW-9, 14 and 15, all Type 2 waters, contain a significant
evaporitic component (Fig. 10). The latter three wells all occur outside
the sheltering influence of the Negrillar Volcanics. As noted in previous
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Low

Hydrothermal
Mass Flux

Fig. 12. Conceptual model of the origin and mixing of solute sources with the MNT aquifer system. Mass flux gradient for secondary, hydrothermal vapour phase efflux associated with
Volcano Socompa is shaded in red with decreasing mass flux to the shallow meteoric aquifer with distance from the volcanic edifice. The approximate flow path of a shallow saline re-
charge from outside the topographic extent of the aquifer system is shaded in blue. Evaporitic salts mix with shallow meteoric groundwaters that are strongly influenced by low level
vapour phase flux of hydrothermal fluids from a deep hydrothermal system associated with Volcano Socompa (Type 2 waters). The low permeability of the Negrillar Volcanics restricts
mixing of liquid phase evaporitic recharge and these Type 1 waters groundwaters exhibit a dominantly peripheral bicarbonate signature. Dashed outline depicts the extent of the MNT
system. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sections, the minor evaporitic content of groundwaters sampled from
within the Negrillar Volcanics (Type 1 waters) is consistent with the
presence of low permeability vents and dykes of Negrillar Volcanics act-
ing as localised barriers to evaporitic containing inflows from the east.
Southernmost production wells, MPW-17-20, that are distal from the
Negrillar Volcanics also contain elevated evaporitic salt contents sug-
gesting that the inflow(s) containing dissolved evaporitic salts are po-
tentially laterally extensive in nature. However, well construction logs
indicate that the evaporitic load of Type 2 waters is a factor of screen
depth with the shallower intakes within the Salin Formation containing
a greater evaporitic load. The latter suggests the restriction of the evap-
oritic component to specific horizon permeable layers within the upper
layers of the Salin Formation with the exception of the Negrillar Volca-
nics where the intrusion of volcanic dykes and vents partially or wholly
block the ingress of evaporitic solutes.

The absence of current evaporitic salars within the topographic
bounds of the MNT aquifer system exerts a fundamental constraint
over the origin of the evaporitic component mixing within the MNT
aquifer system. Furthermore, the persistence of buried evaporites
along aquifer flow paths as the source of evaporitic salts to the MNT
aquifer was thought unlikely given the age of the aquifer system (Mio-
cene-Pleistocene) and current high aquifer throughput (higher during
pluvial periods) with both factors suggesting any buried brines would
have been exhausted long before sampling. Where the water table
lies, ca. 100 m b.g.l., the units of the Salin Formation aquifer pre-date
sector collapse of Volcano Socompa and probably the volcano itself
meaning more than sufficient time and fresh throughput to have oc-
curred for the exhaustion of any buried brines. A similar argument for
rapid exhaustion of buried evaporitic brines was proposed by Risacher
et al. (2003) who calculated between 100 years to 1.7 million years
for the saline brines of a buried salar to be exhausted by fresh inflows
for small (10 km?) and large (150 km?) salars of the region, respectively.
Rapid depletion of buried evaporitic brines along aquifer flow paths is
not surprising given both the high solubility of these salts and high aqui-
fer throughput.

In summary, hydrogeological, chemical and isotopic data support
the existence of a broad inflow of shallow groundwater originating
from the east. A portion of this inflow originates from beyond the topo-
graphic boundary of the MNT aquifer and carries with it a significant
evaporitic load that mixes with dilute meteoric groundwaters influ-
enced by localised hydrothermal activity associated with Volcano
Socompa.

6. Conclusions

Based on our work and the hydrogeological setting of the MNT aqui-
fer system we propose a conceptual model for the solute sources and
hydrochemical evolution of MNT groundwaters (Fig. 12). Specifically,
local and regional scale evidence supports our hypothesis of mixing be-
tween: (i) meteoric groundwaters influenced by relatively low level dif-
fuse degassing of vapour phase constituents associated with an
underlying volcanic-hydrothermal system (Volcano Socompa), and:
(ii) an alkaline, oxidising, evaporitic brine probably originating within
the volcanic arc/high altiplano.

If the contribution from saline evaporitic inflows are excluded, the
composition of MNT groundwaters are typical of what would be expect-
ed at the extreme distal margins of a convecting hydrothermal system
where the transition between secondary hydrothermal and meteoric al-
teration is driven by steep gradients in heat and mass flow (Giggenbach,
1981, 1984, 1988). The existence of a heat source driving a convecting
hydrothermal system beneath Volcano Socompa is consistent with the
relatively recent formation of dome complexes within the collapse
scar, at ~5250 yr B.P., and the available information on thermal gradi-
ents and fluxes around magmatic intrusions that suggest cooling times
on the order of 10° years (Ingebritsen et al., 2001; Deckart et al.,
2005). Within this setting, the dominant Na-HCO5 hydrochemical facies
of MNT groundwaters are designated as dilute peripheral bicarbonate
waters which reflect the separation of a CO, rich vapour phase boiled
off an underlying hydrothermal reservoir and its absorption in the shal-
low meteoric groundwaters of the MNT aquifer system (Giggenbach,
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1981, 1988). The absence of oxygen within these waters limits the oxi-
dation of H,S with the bulk of acidity due to dissociation of H,COs.

Adsorption of CO, generates an environment of minor acid alter-
ation and furnishes MNT groundwaters with cations derived from
local host rocks, producing low Cl waters relatively high in bicarbonate
and low in SO, as is exemplified by Type 1A waters (MPW-5). With dis-
tance from Socompa, hydrothermal mass and heat flux wane along with
the signature of secondary hydrothermal alteration with meteoric inter-
action becoming proportionately more important within Type 1A
groundwaters occurring within the sheltered Negrillar Volcanics.

Solutes derived from localised secondary gas-water-rock interac-
tion then mix with increasing proportions of oxidising evaporitic solutes
rich in SO4 with the relative contribution of evaporitic solutes increasing
along the continuum of groundwater types: 1B > 2B-1 > 2B-2 > 2A
(Fig. 10). The introduction of evaporitic SO, and Cl shifts the
hydrochemical facies of MNT groundwaters towards the dilute SO4—Cl
end member as well as producing a proportionate shift in redox poten-
tial towards more oxidising conditions (Fig. 8).

Hydrogeological and chemical data indicate the existence of an
extra-basinal flow path containing elevated concentrations of evaporitic
salts originating within the high altiplano (Fig. 12). Spatially, the inflows
containing the evaporitic component appear to be laterally diffuse but
vertically restricted to horizon permeable layers within the upper layers
of the Salin Formation. The low permeability vents and dykes of the
Negrillar Volcanics form a localised barrier to evaporite-enriched
groundwaters originating from the east and host relatively dilute
groundwaters (Type 1) consistent with low grade hydrogen metasoma-
tism of volcanic rock. Ultimately, solutes derived from meteoric, hydro-
thermal and evaporitic sources mix within the MNT aquifer system and
discharge to the Salar de Atacama.
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