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Abstract

Despite its location in the “Arid Diagonal” of South America, the Valle de Iglesia contains a number of artesian springs,
the most important of which are the Bafios Pismanta thermal springs, which release water at ~45 °C. Despite the scarcity of
water resources in the Valle de Iglesia, there have been few attempts to study these springs in any detail. In this study, > 50
springs are described, each characterised by small volcano-like mud structures up to 15 m tall. Hydrogeological and hydro-
chemical analyses of the groundwater system in the Valle de Iglesia were performed to improve our understanding of the
subsurface water flow and of the connections between the subsurface water and the associated systems of faults and springs.
Site measurements were made, and the concentrations of the main ions and trace elements were also determined by labora-
tory analysis of water samples. The samples obtained from the spring were rich in Na—-HCO;-SO, and Na-SO,—-HCO;, but
the surface water samples from the Agua Negra River were rich in Ca-SO,~HCO;. The temperature of the springs was in
the range 20—45 °C. Both the temperatures and the ionic ratios are compatible with the presence of a deep hydraulic circula-
tion system. The oxidation of sulphide minerals nearby the magmatic rocks and volcanic edifices causes the mobilisation of
arsenic, which accumulates in the groundwater due to the low annual rainfall. The concentrations of arsenic in the spring
water samples were therefore higher than the current limit set by the World Health Organisation, meaning that the water is
not suitable for human consumption.

Keywords Argentina - Valle de Iglesia - Hydrochemistry - Mud volcano - Groundwater - Arid regions - lonic ratios -
Hydrochemical processes

Introduction

The Valle de Iglesia is located in San Juan Province in
northwestern Argentina (Fig. 1a), in the “Arid Diagonal” of
South America. The Arid Diagonal also contains the Ata-
cama Desert, which is one of the driest regions on Earth. It is
located between regions to the north with humidity supplied
mainly by tropical circulation and regions to the south where
the precipitation is influenced by southwesterlies (Abraham
de Vazquez et al. 2000). Despite its location in the Arid
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Diagonal, a number of freshwater springs supply water to
the Valle de Iglesia all year round, and the water from these
springs is important for irrigation and human consumption.
However, the sources of the water that supplies the springs
have hardly been studied (C.R.A.S. 1982; Pesce and Miranda
2003), and the proper assessment of the spatial flow pat-
tern and quality of the water is important in order to protect
the health of the local population. Many of the springs are
located on the flanks or summits of small conical mounds
that resemble miniature stratovolcanoes. We will refer to
these features as “mud volcanoes” (MVs), which Dimitrov
(2002) found to have been created by clay material ejected
onto the Earth’s surface or the ocean floor. The clay mate-
rial is transported as sludge to the surface due to high pres-
sure and escaping gases, and the sludge is deposited around
the outlet to create a layered conical structure. Kopf (2002)
compiled a detailed catalogue of MVs around the world.
Tinivella and Giustiniani (2012) described M Vs in differ-
ent geological environments, including compression zones,
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Fig.1 Study area. a Location
of the study area. b Geologi-
cal map of the Valle de Iglesia.
Morphotectonic areas: the
Cordillera Frontal (west), where
igneous rocks dominate, the
Valle de Iglesia (center) and the
Precodillera (east), where sedi-
mentary and volcanic deposits
are dominant
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accretionary complexes, fold belts, sedimentary basins,
and active plate boundaries. Mazzini and Etiope (2017)
concluded that MVs are associated with active plate mar-
gins. At first sight, the springs in the Valle de Iglesia fit the
definitions of Dimitrov (2002) and Tinivella and Giustiniani
(2012), even though there is little or no escape of gas in the
Valle de Iglesia (Pesce and Miranda 2003), and the sediment
loads are very low compared with those described in the
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definitions by Dimitrov (2002) and Tinivella and Giustiniani
(2012).

The origins of the MVs in the Valle de Iglesia are still
not well-understood, but it has been assumed that they were
produced due to seismic events (Perucca and Bastias 2005;
Perucca and Moreiras 2006). The Valle de Iglesia is in the
Central Andes, which is one of the most seismically active
areas in Argentina, having been affected by at least six
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destructive earthquakes (M > 6) within a radius of <250 km
over the last 150 years (Gregori and Christiansen 2017).
Sand volcanoes and new springs have been found in some
parts of San Juan Province after strong earthquakes (Perucca
and Bastias 2005; Perucca and Moreiras 2006). The aim of
the present study was to characterise hydrogeologically and
hydrogeochemically the groundwater system in the Valle de
Iglesia to identify possible subsurface flow paths within the
aquifers in the valley and the connections of the flow paths
with fault systems, MVs, and springs in the area. To achieve
this, the concentrations of major ions and trace elements in
samples of water from the MVs and the Agua Negra River
were determined using standard methods. The results were
used to assess the circulation pattern and interactions along
the flow paths between the groundwater and among the min-
erals in the rocks and soil. The problem of contamination by
arsenic in northwestern Argentina is well known (Concha
et al. 2010; O’Reilly et al. 2010), therefore the arsenic con-
centrations in the groundwater were determined to assess the
suitability of the water for human consumption.

Location and geological setting

The study area in the Valle de Iglesia was roughly delimited
by the villages of Tudcum and Rodeo to the north and the
village of Iglesia to the south (Fig. 1b). The area has a mean
altitude of 1800 m above sea level. Among several thermal
springs and M Vs within the study area, the best investigated
MVs in this study are the ones around Bafios Pismanta (e.g.,
C.R.A.S 1982). The valley is oriented north—south and can
be considered to be an intramontane tectonic basin (Cloet-
ingh et al. 1997) bordered by the Cordillera Frontal to the
west and the Precordillera to the east (Fig. 1a). The part of
the Cordillera Frontal close to the study area is dominated
by the Agua Negra Formation, which consists of Paleozoic
marine sedimentary rocks such as lutites, sandstones, lime-
stones, and conglomerates (Polanski 1970). The area also
contains igneous rocks such as the Permian Concota and
Agua Negra granites, Permian to Triassic tuffs, agglomer-
ates, and Choiyoi group ignimbrites (Yrigoyen 1972; Lla-
mbias and Sato 1990). The Precordillera mainly consists of
marine deposits and thick Cambrian and Middle Ordovician
carbonate formations (Keller et al. 1998; Keller 1999; Bug-
gisch et al. 2003). Silicoclastic deposits (e.g., conglomerates,
lutites, and sandstones) predominate, but pillow lavas, gab-
bros, and basalts from the late Ordovician are also present
(Rolleri and Baldis 1967; Baldis and Chebli 1969; Baldis
1975).

The basin is filled with Neogene and Paleogene sedimen-
tary rocks (Wetten 1975a, b; Contreras et al. 1990; Gagliardo
et al. 2001). The sedimentary fill is thickest (3000-4000 m)
in the southern part of the basin (Gonzalez et al. 2020). The

oldest basin-filling materials are known as the Iglesia Group,
which contains Miocene pyroclastic rocks of the Lomas del
Campanario Formation overlain by Pliocene clays, silts, and
sandstones, which are interspersed in places with layers of
gypsum of the Las Flores Formation (Perucca and Martos
2012). The youngest rocks are Pleistocene conglomerates
and litharenites in the Iglesia (Cardé and Diaz 1999) and
Tudcum Formations (Furque 1979), which are partly cov-
ered by alluvial and aeolian gravel and sand (Heredia et al.
2002).

Tectonic evolution and development of the area has been
studied extensively (Beer et al. 1990; Jordan et al. 1993; Ré
et al. 2003; Ruskin and Jordan 2007; Gonzalez et al. 2020).
Fault systems developed as a result of continuous oblique
convergence and subduction of the Nazca Plate under the
western margin of the South American Plate, which started
during the Mesozoic (DeMets et al. 1990; Mpodozis and
Ramos 1989). The Nazca Plate is currently subducting sub-
horizontally at a rate of 6.3 cm/year between 28° and 32° S
at a depth of ~ 100 km (Cahill and Isacks 1992; Ramos et al.
1996, 2002). The subduction becomes increasingly oblique
at 30° S, and this allows strike—slip faults to occur at the
regional scale (Perucca and Martos 2012). Gonzalez et al.
(2020) suggested that normal fault development and synex-
tensional deposition of sediment occurred between the latest
part of the Oligocene and the earliest part of the Miocene to
the middle of the Miocene. Horizontal extension activity in
the Valle de Iglesia diminished progressively from the mid-
dle Miocene and changed to horizontal shortening and basin
inversion. Seismic imaging indicates that normal faults with
varying degrees of tectonic inversion are dominant features
of the overall basin, which is internally drained in general.

According to C.R.A.S. (1982), there are two types of
aquifers in the study area, a free cold aquifer at the Qua-
ternary levels around 120 m deep and a confined cold—hot
aquifer at deeper Neogene levels within the basin. However,
the Quaternary and Neogene deposits partly interlock and
overlap in many places, causing potentially complex flow
paths and the mixing of water from the two aquifers. The
pore aquifers consist mainly of sandy units alternating with
finer clay materials and, to a lesser extent, gravel and con-
glomerates (C.R.A.S. 1982; Zambrano and Torres 1996).
C.R.A.S. (1982) found that system recharge occurs mainly
through infiltration by mountain subsurface streams through
permeable formations in the Cordillera Frontal. The sedi-
ment distribution and the location of the study area in the
foothills of the Andes mean that the valley is mostly char-
acterised by confined and partly artesian groundwater. The
Neogene aquifer has a reservoir temperature of 75 °C (Pesce
and Miranda 2003), meaning that, at a typical geothermal
gradient of 30 °C/km, it is~2500 m deep. We hypothesise
that reactivation and tectonic inversion of faults in the area,
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as also suggested by Gonzalez et al. (2020), favour the rise
of thermal water from the confined Neogene aquifer.

Methods

Georeferenced aerial images of the study area were pro-
cessed and maps were created to distinguish MVs and
springs from other morphological features. Grass-covered
MVs with diameters of 10-50 m were identified from
satellite images and verified in the field. MVs with diam-
eters < 10 m and MVs located close together were impos-
sible to detect from the aerial images.

Characterisation of MVs and water sampling

The soil at each MV was identified on site by taking sam-
ples using a 1 m handheld drill. The diameter and height
of each MV were recorded, together with the presence of
any grass. A total of 26 water samples were collected, and
the concentrations of major ions and trace elements were
determined in water samples from the MV springs and two
samples from the Agua Negra River, which is fed by rain
and meltwater from the Cordillera Frontal. Each sample was
collected into a 500 mL polypropylene beaker, which was
first washed with the spring water before being filled with
the same water. The water was passed through a cellulose
nitrate filter (pore size 0.45 um), and the filtrate was then
used to fill three 50 mL polypropylene centrifuge tubes with
standing rims. Concentrated nitric acid was added to prevent
precipitation of the analytes, and the tubes were then sealed.
Various physicochemical parameters (temperature, pH, and
electrical conductivity) of the filtered water samples were
determined on site using a WTW Multi 3501 multiprobe.

Chemical analysis

The concentrations of major ions in the samples were deter-
mined by ion chromatography using a Dionex ICS-1000 ion
chromatography system, with each sample diluted by a fac-
tor of between five and 10. Calibration curves were prepared
after analysing a series of standards containing the analytes
at concentrations of 0—1, 2, 10, and 20 mg/L. The concen-
trations of trace elements in the water samples were deter-
mined using an Optima 8300 inductively coupled plasma
optical emissions spectroscopy instrument (PerkinElmer),
with each sample diluted by a factor of between five and 10.
Calibration curves were prepared after analysing a series of
standards containing the analytes at concentrations of 0-1, 5,
10, and 40 mg/L. The concentration of hydrogen carbonate
in each sample was calculated from the charge balance error
CBE (in mmol/L) using the equation:
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Y Cations — Y Anions
CBE = : = % 100, )
Y Cations + ) Anions

where Y Cations is the sum of the concentrations of all
the cations and Anions is the sum of the concentrations of
all the anions. The CBE values, hydrogen carbonate con-
centrations, and water sample ‘fingerprints’ were calculated
using AquaChem v.5.1 software.

Results
Characterisation of the MVs

The locations of 55 MVs and 16 wells (C.R.A.S 1982) were
used to analyse their possible spatial relation to the fault sys-
tem of the Valle de Iglesia (Fig. 2). The MV shapes (Fig. 3)
ranged from conical to flat, and some MVs were covered
with vegetation. Their basal diameters were 2—-50 m, with
heights ranging from ~ 1 m for flat MVs to> 10 m for MVs
with pronounced cones. The tops of active MVs are gener-
ally covered with reed grass, and the soil around the bases of
active MVs is usually covered with a whitish—yellow saline
crust. Some MVs are used to supply drinking water and
water for other purposes. There are active water outlets on
the tops or flanks of ~50% of the MVs, and the mud loads
are low. Inactive M Vs are often eroded to some extent.

The MVs are composed of silt and small amounts of clay
and sand, and there is generally a layer of peat on top. MVs
contain layers of silt interspersed with sand. A lack of water
surrounding an MV-like structure indicates that evaporation
is more intense than resupply, or that no water is supplied.
As shown in the schematic cross-section in Fig. 3e, MVs
are fed with a sludge suspension through a central feeder
channel. There is a central outlet on top of the mud cone, but
there may also be water outlets on the flanks that can cause
the flanks to collapse.

Hydrochemical characteristics of the waters

Piper trilinear diagrams were used to determine the typology
of the groundwater samples (Fig. 4). Values of the investi-
gated parameters for all the samples are available as sup-
plementary data. The spring water samples were in the pH
range of 6.8—10.3, and the mean was pH 9.1. The electrical
conductivities ranged from 442—-1107 uS/cm, and the mean
was 659 uS/cm. The temperatures were mostly between 14
and 27 °C but reached 43 °C around the Bafios de Pismanta.
The Agua Negra River surface water samples were slightly
acidic to neutral (pH 6.2-7.3). The mean electrical conduc-
tivity of the Agua Negra River surface water samples was
466 uS/cm, and the temperatures were 7.5-10.5 °C.
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Hydrogen carbonate, sodium, and sulphate were the
dominant ions in the spring water samples. The mean
HCO;™, Nat, and SO42_ concentrations were 204, 149, and
117 mg/L, respectively. In the Piper diagram (Fig. 4), the
spring water sample data were on a line between hydrogen
carbonate and sulphate, therefore the water samples were
classed as Na-HCO;-SO, and Na—SO,~HCO; types. In con-
trast, the surface water samples were dominated by sulphate,
hydrogen carbonate, and calcium. The mean SO, HCO;™,
and Ca®* concentrations were 158, 153, and 83.3 mg/L,
respectively. The surface water samples were therefore
classed as Ca—SO,~HCO; types. The arsenic concentra-
tions in all the water samples from the MVs (Fig. 5) were
markedly higher than the maximum allowed concentration
of 10 ug/L set by the World Health Organisation (WHO
2011). The mean arsenic concentration was ~ 250 ug/L, and

the maximum was 1000 pg/L.

lonic ratios, Gibbs plot and possible processes
of spring waters and surface waters

The ionic ratio can be used to indicate the occurrence of cer-
tain processes relevant to water quality and can help identify

the source of water (Jebreen et al. 2018). The Na:Cl ratio is
usually used to identify halite dissolution or saline intru-
sion (Srinivasamoorthy et al. 2011). Some ionic ratios for
the samples are shown in Fig. 6. The sodium and chloride
concentrations were linearly related (Fig. 6a). Sodium and
hydrogen carbonate were generally dominant, which is a
characteristic of water affected by water—rock interactions.
The hydrogen carbonate concentrations were higher than
the sodium concentrations (Fig. 6b), suggesting that sili-
cate weathering was one of the dominant reactions affect-
ing the spring water. The plots of the Na* +K* concentra-
tions against the SO42_ concentrations (Fig. 6¢) and the
Ca®* +Mg”* concentrations against the SO42_ concentra-
tions (Fig. 6d) indicate that Ca?* was more enriched in the
surface water than in the spring water, and that water—rock
interactions may thus have occurred while the water was
flowing. The line fitted to a plot of the Ca’* +Mg>* con-
centrations against the Na* + K™ concentrations (Fig. 6e)
was almost horizontal, suggesting that Ca>* and Mg>*
had different sources from Na' and K*. Ion exchange
reactions could have occurred in the system, therefore
the relationship between the Nat — Cl~ concentration and
Ca**+Mg** —S0,*” —HCO,~ concentration was assessed

@ Springer
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Fig.3 Selected mud volcano types in the study area. a Conical mud
volcano covered with grass. b Active mud volcano. ¢ Active mud vol-
cano with eroded flanks. d Mud-flow ejection from a mud volcano

(Fig. 6f). The Na* —CI~ concentration was defined as the
concentration of Na* not related to halite dissolution or pre-
cipitation. The Ca’* + Mg?* —S0,> — HCO;™ concentration
was defined as the Ca®* + Mg?* concentration not related
to gypsum, calcite, or dolomite dissolution or precipita-
tion. The relationship was linear, indicating that all of the
major cations participated in ion exchange reactions. Gibbs
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after an earthquake. e Hypothetical cross section of a typical mud
volcano in the study area (with layers eroded from the mud volcano)

(1970) plots (Fig. 7) were also prepared in order to allow
possible hydrochemical processes affecting the water (e.g.,
water—rock interactions, precipitation, and evaporation) to be
assessed separately. The compositions of the water samples
from the study area were mostly in the water—rock interac-
tion domain, supporting the above findings on the dominant
chemical processes affecting the water.



International Journal of Earth Sciences (2021) 110:2559-2571

2565

AVv
® Agua Negra

o

A

60 40 20 Na+K HCO0,20

Ca 80 40 60 80 g

Fig.4 Piper plot for the spring water samples from the mud volca-
noes and surface water samples from the Agua Negra River

Discussion

The spatial correlation between the MVs and faults in the
study area (Fig. 2) suggest a possible fault-MV relationship.
Perucca and Martos (2012) found clear geomorphological
evidence (offset rivers and alluvial fans, sag ponds, escarp-
ments, and aligned springs) of Quaternary faulting for tens
of kilometres in the Valle de Iglesia. Local residents have
observed spring water turning cloudy for a period of time
and previously inactive MVs producing flowing mud after an
earthquake has been felt, indicating soil softening caused by
seismic events (Fig. 3d). Therefore, increased MV activity
after an earthquake in the Valle de Iglesia would be associ-
ated with a loss of rock cohesion and injection of liquefied
material caused by a pressure gradient. This phenomenon
has been described fully in previous publications (Kopf
2008; Manga et al. 2009; Rudolph and Manga 2012).

The internal structures of the MVs (alternating layers
of silt and sand) indicate that the water flow rates or water
levels in the MVs fluctuate and the amounts of sediment
ejected associated with such fluctuations also fluctuate. This
led us to develop the following hypotheses. During warm
seasons, meltwater from the Frontal Cordillera infiltrates the
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aquifer, increasing the water flow rate. During and after an
earthquake, coarse sediment (e.g., sand) is released from
faults and the bedrock and deposited on the surface. This
episodic injection of mud and sand is reflected in the growth
of grass on the MVs. A low flow rate and lack of (or low
level of) mud deposition allows vegetation to grow without

@ Springer

being covered by sediment between strong earthquakes. Sat-
ellite images (Fig. 8) indicate that the MVs remain covered
with vegetation in all seasons, pointing to a continuous sup-
ply of water. A lack of gas emissions from the MVs can
be explained by the semi-arid environment and seasonal
precipitation that occurred when the Valle de Iglesia strata
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Fig.7 Gibbs plots for the spring water samples (MV) and surface water samples (from the Agua Negra River), indicating that water—rock inter-

actions were important processes affecting the water in the study area

accumulated (Ruskin and Jordan 2007), preventing organic
matter accumulating in the area.

The chemical compositions of the water samples obtained
from the MVs were very different from the chemical com-
positions of the water samples from the wells investigated
by C.R.A.S. (1982) and from the chemical compositions of
the samples from the Agua Negra River (see the supple-
mentary table). In particular, there were marked differences
between the pH and Ca>*, Mg?*, and SO,*>~ concentrations.
The Ca®* and Mg>* concentrations were much higher in
the surface water and well water samples than in the spring
water samples. The low Ca** and Mg?* concentrations in
the spring water samples were characteristic of non-mag-
matic geothermal fluids. Non-thermal water usually contains
Ca”" at a relatively high concentration (Moeck 2014). We,
therefore, conclude that non-thermal well and surface water
is supplied by the Quaternary aquifer, and thermal spring
water is supplied by the Neogene aquifer. Pesce and Miranda
(2003) found that high water temperatures of certain springs
were caused by a heat reservoir with a mean temperature
of ~75 °C (determined using a Na—K—Ca/quartz geother-
mometer). The differences in the temperatures of the spring
water samples are probably caused by different ascent rates
and by mixing with water supplied by the Quaternary aqui-
fer. Water released through the artificially created hot water
springs in the Bafios de Pismanta reaches the surface quickly
through boreholes and hardly cools at all. At the other MVs,
the water probably flows along faults to the surface much

more slowly and loses heat along the way. The differences
in temperature may also be caused by differences in the dis-
tances between the MVs and the heat reservoir, in that out-
lets with higher temperatures are closer to the reservoir than
those with lower temperatures. This needs to be confirmed
by further investigations involving drilling or numerical
modelling.

No marked differences in the chemistry of the spring
water samples were found. The spring water samples were
all either Na—~HCO,;-SO, or Na-HCO;-SO, types. The
surface water and well water samples were Ca—SO,—HCO;
types, suggesting that the springs are all fed by the same
system or reservoir in which the ion exchange reactions
occur, and that this controls the ion distribution. Silicate
weathering appears to be a dominant reaction for the flow
paths for both the surface water and spring water, and acids
may therefore have formed through sulphide (supplied, for
example, by ignimbrites in the Agua Negra mountain range)
oxidation and CO, (in the atmosphere or soil) dissolution
through the reactions shown below (Meybeck 1987; Drever
1996):

4FeS, + 150, + 8H,0 — 2Fe,0; + 8H,S0,, )

which accelerates the weathering of minerals like feld-
spars and calcite:
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Fig.8 Satellite images showing continuous vegetation on the top of MV15 (Image © CNES/Airbus)

2CO, + 11H,0 + 2NaAlSi;Og — Al,Si,05(OH), + 2Na* + 2HCO; + 4H,SiO,, (€]
_ - at lower temperatures. Mixing and ion exchange reactions
H,CO; +CaCO; — ZHCO; + Ca™. (3)  can take place in the subsurface. Different reactions in the

In summary, sulphide oxidation and CO, dissolution
caused acid to form, which in turn caused mineral weath-
ering and enriched Ca®* and Na* in the surface water.
Gonzalez et al. (2020) suggested that faults and seismic
activity in the area cause interlocking and mixing of the
sediments in the area. This could cause various weathering
and water—rock interactions with the groundwater and sedi-
ment within the flow path. The different water temperatures
in different locations also affect the reactions that occur. The
solubility product is higher at higher temperatures and lower

@ Springer

flow path can cause similar ionic ratios but different total
concentrations.

The results of trace element analysis indicate that the
arsenic concentrations in the spring water samples were
high, which matched the results of previous studies per-
formed around San Juan (O’Reilly et al. 2010) and Salta
Province in northwestern Argentina (Concha et al. 2010).
All the spring water samples contained arsenic concentra-
tions higher than the limit set by the World Health Organi-
sation. The high arsenic concentrations in the spring water
in San Juan and the Valle de Iglesia are probably geogenic.



International Journal of Earth Sciences (2021) 110:2559-2571 2569
Fig.9 Hydrogeological model Gravel
for the Valle de Iglesia basin Glay, sand, il
Tuff
Agua Negra Ignimbrite
Andesite, rhyolite,
Pass e - limestone

22 S Sandstone > S

sewlon V= (@ w Q\\ Nae 3 Granite Hyarotherma

5000 < I - d \ ¢ GIaCier Fault

B W ety ) O’D Spring
4000 & Rock glamerm o

3000
2000447

10004

0 10

Volcanic activity in the study area has increased the mixing
of Quaternary loess deposits with rhyolitic and dacitic ash
that contains sulphide minerals and arsenic. These minerals
are sensitive to oxidation. Silicate and carbonate weathering
occurs under arid conditions. This may increase the pH of
the water (Smedley and Kinniburgh 2002). The elevated pH
makes arsenic more soluble in water and therefore causes
arsenic to be leached from the sediment. However, ground-
water flow is relatively low in the arid study area, meaning
that arsenic accumulates in the circulation system. A sche-
matic of the proposed hydrogeological model for the area is
shown in Fig. 9.

Conclusions

A close relationship was found between MVs and thermal
water in the Valle the Iglesia in the Central Andes of Argen-
tina. Hydrochemical characterisation of water samples indi-
cates that the properties of the thermal water released at the
MVs are different from the properties of water in the rivers
and wells in the study area. The study area has a complex
geothermal and deep circulation system comprising a vari-
ety of water—rock interactions. There are two aquifers near
Pismanta, a free cold aquifer limited to Quaternary strata and
a confined hot aquifer limited to the lower Neogene strata.
Water in the area is supplied by the Cordillera Frontal, from
which rain and meltwater flow via side streams into the Agua
Negra River. At the edge of the Cordillera Frontal, water
infiltrates at least one relatively permeable aquifer in the
Valle de Iglesia. The flowing water transports sediment par-
ticles from the subsurface to the surface, increasing the mud

50 km

20 30 40

and sand load after strong seismic events. The sediment is
deposited on the surface, mostly as MVs. All the water sam-
ples were similar, indicating that there is one large coherent
system in which different reactions take place. The chemical
processes controlling the water are mostly ion exchange and
water—rock interactions. The high arsenic concentrations in
the water could be a hazard if the water is consumed by
humans or put to industrial use.
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