Geothermal Influence )
on the Hydrochemistry of Surface L
Streams in Patagonia Neuquina

Esteban Villalba, Lucia Santucci, Guido Borzi, Andrea I. Pasquini,
Gerardo Paez, and Eleonora Carol

Abstract The Domuyo System Natural Protected Area in the Patagonia neuquina
presents a mountainous relief with steep valleys carved by both, glacial and fluvial
processes, where the main water courses are the streams named Manchana Covunco,
Aguas Calientes and Covunco, which are tributaries of the Varvarco River. These
streams run through an area of intense geothermal manifestations composed by
aqueous solutions of high temperature, which determine the chemistry of streams
and springs. The surface water courses and springs located upstream the thermal
springs are neutral to alkaline, of low temperature and electric conductivity, and
Ca-HCO3/Ca-HCO3-SOy types, respectively. Downstream the thermal springs, an
increase in pH, temperature, and electrical conductivity is registered, as well as
changes towards Na-Cl facies, the dominant composition of the thermal springs.
Also, thermal springs increase the As content limiting the water potability. The
contribution from thermal springs to streams varies between 24 and 47%, while in
springs it is close to 10%. In addition to the mixing water, carbonate, plagioclase,
and pyroxene weathering processes are mainly evidenced in both, thermal springs
and springs, while surface water is associated with carbonate and gypsum-anhydrite
dissolution. The dissolved REE contents are 10*~107 times lower than the Upper
Continental Crust and show a decrease downstream the geothermal field. Under-
standing the processes that determine the hydrochemistry is of great relevance in this
type of arid mountainous environments with scarce knowledge.
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1 Introduction

In the central-west and northwestern region of Argentina, there are a large number
of hydrothermal manifestations. Particularly in Patagonia, the main hydrothermal
manifestations, in terms of their magnitude, are found in the Neuquén province (Mas
2010; Burd et al. 2014; Monasterio et al. 2017). These manifestations are represented
by the Copahue-Caviahue volcano-hydrothermal system in the center-west area of
Patagonia and the Domuyo geothermal system in the northwest of the aforementioned
province (e.g. Agusto 2011; Chiodini et al. 2014).

The Domuyo System Natural Protected Area comprises a region dominated by
Cenozoic volcanism represented by pyroclastic rocks, lavas and extrusive domes
of rhyolitic and andesitic compositions (Fig. 1a). This felsic volcanism is found
on a pre-volcanic Mesozoic basement composed of conglomerates, sandstones and
pelitic rocks, which in turn lies on top of granites and granodiorites of Paleozoic
age (Zanettini et al. 2001; Miranda et al. 2006; Pesce 2013; Galetto et al. 2018). The
Domuyo System Natural Protected Area hosts the Domuyo Geothermal Field, which
is located in the western sector of the Chos Malal fold and thrust belt. It has been
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Fig. 1 aRegional geological map based on Zanettini et al. (2001), in the inset the Neuquén province
is highlighted in grey color within the Argentina map and, b Satellite image from Google Earth
Pro of the Domuyo system natural protected areas showing the location of sampling points from
thermal springs (red points), surface water (blue points), and springs (green and light blue points).
Capital letters are Quaternary (Q), Tertiary (T), Cretaceous (K), Jurassic (J), Triassic (TR), Permian
(P) and Paleozoic age (Pz)
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defined as a faulting-controlled geothermal system, where one of the most relevant
tectonic structures is the Manchana Covunco Fault, whose location is close to the foot
of the Domuyo Mount with a NNW-SSE direction (Galetto et al. 2018) and controls
the location of the hydrothermal system. This region presents mountainous relief with
steep valleys carved by both, glacial and fluvial processes (Zanettini et al. 2001). The
main water courses are the streams named Manchana Covunco, Aguas Calientes and
Covunco, which are tributaries of the Varvarco River (Fig. 1b). It is worth noting
that small tributaries that drain through gullies and reach those streams are born in
springs. At the same time, the area is characterized by the presence of geothermal
manifestations composed of aqueous solutions of high temperature (from 40 to
97 °C), which result from ascending convective circulation of groundwater, mainly
of meteoric origin, through fracture systems and permeable layers (Panarello et al.
1992; Chiodini et al. 2014; Tassi et al. 2016).

The climate is cold (annual average temperature close to 11 °C) and arid, with
precipitation (200 mm per year) concentrated during austral winter, which occurs
mainly in the form of snow (Pesce 2013; Cogliati et al. 2018). Therefore, in this
region of arid characteristics, where water availability is scarce, streams and springs
represent systems of high relevance as they constitute one of the main sources of
water supply for the native fauna, livestock, and local inhabitants.

2 Field Methodology and Laboratory Analysis

In advance of carrying out field tasks for this study, antecedent information and satel-
lite images were analyzed to design a monitoring network. Subsequently, samples
of thermal water, springs and water courses were extracted underneath standardized
norms of the American Public Health Association (APHA 2015) and analyzed in
the Centro de Investigaciones Geoldgicas (CIG) laboratory. In the field, pH, elec-
trical conductivity (EC), and temperature (T) of the water samples were measured
with multiparameter equipment. Aliquots for Arsenic (As) and rare earth elements
(REE) determinations (15 ml) were acidified to pH < 2 with ultrapure HNO;
(>99.999%, redistilled) and stored in pre-cleaned polyethylene bottles. As and REE,
from lanthanum (La) to lutetium (Lu), were determined by inductively coupled
plasma-mass spectrometry (ICP-MS). Calibration curves were constructed from
multi-element calibration standards (Perkin Elmer Inc. brand). All standard solu-
tions and reagent blanks were prepared with deionized water and acidified with 1%
HNOs;. The standard readings were repeated after measuring 5 samples. Aliquots
of 1000 ml were stored in polyethylene bottles, without acidifying, at 4 °C for the
determination of major ions.

Determinations of major ions (CO3 -2 HCO;~,Cl~, S0, 2, Ca*?, Mg*z, Na*,K*)
were performed following standard methods outlined by APHA (2015). Carbonate
(CO372), bicarbonate (HCO3 ™), calcium (Ca*?), magnesium (Mg*?), and chloride
(C17), were determined by volumetric methods (titration). The sodium (Na*) and
potassium (K*) ions were determined by flame photometry, while sulfate (SO4~2)
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was precipitated in an acetic acid medium with BaCl, and its concentration was
determined by turbidimetry. Ion balances were typically lower than 15% in all cases.

The chemical data of the waters were processed by into the Diagrammes Software
(Smiler 2009), which was used to determine the different types of facies based on the
major ion content and Piper (1944) diagram. Likewise, this software was used to esti-
mate the saturation indices (SI) concerning different mineral phases using the Phreeqc
Software (Parkhurst and Appelo 1999), which is incorporated into the program as an
interface. In selected samples, the REE values obtained were normalized with respect
to the concentration of the Upper Continental Crust (UCC) according to McLennan
(2001). Finally, end-members mixing analyses were performed using Cl~ concen-
tration in each type of sample because this is considered as a conservative ion and a
useful tool to estimate, in this case, the contribution of thermal springs on the water
courses and springs in the lower basin of the geothermal field.

3 Chemical Characteristics of Streams

The west flank of the Domuyo Mount presents a geothermal area that is crossed by
the watersheds of the Manchana Covunco, Aguas Calientes, and Covunco (Figs. 1
and 2) which register an average low flow of 0.81 m? s~!. Table 1 shows the physico-
chemical parameters, the major composition, As content and relevant saturation
indices of water samples. Springs in the headwater areas that contribute to the streams
(samples 24 and 25; Fig. 1b) are characterized by an average pH, T, and EC of
7.2, 10.1 °C and 32 S cm™! respectively, and Ca-HCOj; facies (Fig. 3). At the
headwater of the Manchana Covunco stream (sample 1; Figs. 1b and 2b), a pH
of 8.1, temperature of 20.5 °C, and an EC of 1386 uS cm~! were recorded, and
the chemical composition is dominated by Ca-HCO;-SO;, facies (Fig. 3). In the
headwater of the Covunco stream (sample 6; Fig. 1b) pH values of 8.0, temperature
of 15 °C and EC of 817 S cm™! were registered, with Ca-HCO3-SO4-Cl facies
(Fig. 3). In the middle watershed of the Manchana Covunco and Covunco streams
and in the Aguas Calientes stream, numerous thermal springs are observed on the
stream banks (Fig. 1b). These thermal springs have predominantly Na-Cl facies
(Fig. 3), relatively high EC (from 1391 to 4394 1S cm™!) and pH values between
7.2 and 9.3.

Downstream of the thermal springs, surface water of streams shows changes in
the chemical facies, being predominantly Na-Cl (Fig. 3) and registering a strong
increase of EC with respect to the values measured in the headwaters. The surface
water collected from the Manchana Covunco stream (samples 2, 3, and 4; Figs. 1b
and 2a) present average values of pH, temperature, and EC of 8.1, 28.7 °C and 3610
wS cm™! respectively. In the same way, waters from the Covunco stream (samples
7, 8,9, 10 and 11; Figs. 1b and 2c, d) show a mean pH, temperature and EC of
8.4,26.6 °C and 2856 LS cm™! respectively. In these areas of the low basin, several
springs were also recognized, draining towards the streams (samples 26 to 29). These
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Fig. 2 Field photographs of surface water courses: Manchana Covunco stream in (a) and (b),
Covunco stream in (c¢) and (d), Aguas Calientes stream in (e) and (f), springs in (c) to (e), and
thermal springs in (e) and (f). Note headwaters are present in some water courses (white arrows)

waters present mean values of pH, temperature and EC of 7.1, 21.0 °C and 994 1S
cm™! respectively, while their chemical composition is Na-Cl (Table 1, Fig. 3).

The watersheds described above (Manchana Covunco and Covunco) drain
towards the Varvarco River, which registers pH values of 7.94, temperature of
18.1 °C and EC of 320 1S cm™~! upstream the geothermal field (sample 12), while
downstream the geothermal field (sample 13) the same parameters were of 7.80,
14.6 °C and 733 nS cm™!, respectively. The chemical facies in Varvarco River is
Ca-SOy in the upstream stretch and Na-SO4-Cl after receiving the discharges from
the geothermal field watersheds (Table 1, Fig. 3).

The joint analysis of all samples using the Piper (1944) diagram (Fig. 3) clearly
shows the different evolution of chemical facies from the headwaters to the low basin,
between surface water and springs (blue and green arrows, respectively, Fig. 3). In



=

m (panunuoo)

.M S8Y— | 19°T— | SLO— | ¥¥6°0 009 [00SS | TI'L |SSI | LL9 |€0EIl| T66 0| 08t¥ | L6S|89°L |Tewroy] DBN 81

m €Is— |SPT—| €1—|Lb90|0LE |00IS | ¥'S |T6 ¥0S1 | 6519 6'8¥1 0| OF8T | €LS|LI'L | Tewidy] [DeN L1
96— | S6T— | TET—[0960| 0SS |00LY | €8 |S6 6'St | 6866 801 0| S8vI|+T9|STL | TewiayL 10BN 91
9Sy— [ L6T—|1T0 |€6L1|06L |00I8 | 91110 | LT10T|8¥8ST| LT8 6TL| 06vS | +7T6 | ¥S'8 | Tewroy], 1DeN S1
W= | 12— |10 [ 6961|0091 | 00601 | T'IT|[LLL | 868C|9T081| SLL I'LL| 0196 L9| 88 |[ewioy] [DeN 4!
9€'9— | L9T— | +10— |[#P1'0|06 |01l | L81 |91y | ¥I91 |+ vl 866 0| €€L|9¥%1| §L| Ioaryg [D-YOS-eN €l
186— | IST—|110 |6000|6T |It YT 9TS | v19T | #1 $06 0| 0Te|181|v6L| Ioary vOS-eD 4!
8¢S— |[v0T—| SO |¥8S0|0€S [006T | 811|995 | S09 | 6776 9011 0| 0L£T |07 |6T8| weang [DBN 1
PES— | S8T1— 650 |€€L0[099 |00L | TL |08 | L08 |SOIL ! 0| 001¢|teT|ceg| weang RN 01
YTS— |[¥6T—| L0 [8690|0L9 |00SE | SST|IES | 088 |+'L89 1001 | $89| 090¢| 0¢|198| weang RN 6
1€6— |6LT— 190 |6v9°0|0%9 |00T€ | +'€1|86L | ST8 |9¢H9 $06 8CI| OLLT|6'LT|LE'8| weang [DBN 8
LyS— | LT1={9L0 |0S90|019 [00€T | ¥€I|T6L | 6001|0919 €TIT| €ITI| 0867 |S1¢|€p'8| wrang [DeN L
SEL— |8V 1—|990 |6900|SL |06C ¥'TC| 00| +'901 | 0°09 ¥'8€1 0| LI8| SI|¥0'8| weans [D-YOS-fODH-ED 9
LLY— |LST—| 0 |6£60(069 [00ZL | 96 |L9T | 6Sy |S€L0l| L€9I 0| zS61 |t'6g|66°L| weans 1DBN S
LOS— |S9'T—|6v0 |T260[098 |000v | 611|0C6 | 6111|0TE6 €66 | ¥8TI| 008 |SLT|61'8| weang [DeN 14
TS— 1991 |T€0 | S980 | OLL |00EE | 81 |S88 | 00II|EHI8 €T6 | $8'8I| 00CE|€61|€08| weang RN €
96v— | TI—|Th0 [€880 /018 |006S | ¥'€1|T88 | I'LOV|t'LES ¥'811 0| 0€8¢|T6E|118| weang D®N 4
TI9— [860— | 650 |€920| 0¥y |0¥Cl | 9CT|TIII| LSty | 1°SST 90¢1 0| 98¢1 607|608 weans|  *OS-SODH-ED I

ATEo
(sso[uorsuauI(y) (—13w) | sM) | (D)
dA3 ordures

ey IS IS| ®IS|  SV| | BN |48 | 48D | ~'0S| _ID| _f0DH|,-f0D| 04| L| Hd| jooadiL uonisodwo) | odweg

I0JeMPRAY = MU ‘UISeq JOMO[ = q[ '] "SI Ul Se aures ay) aJe s1oqunu o[dures “papn[oul os[e I S[eJour
QD P9IO[AS JO (IS) SPITPUT UOTIEINIES SE [[9M SE ‘SUOTIBIUIIUOD PIA[OSSIP JTuasIy “sojdures 1ojem jo uonrsoduwos rofewr pue s1ojourered [eomuoyd-001sAyg T d[qEL



63

Geothermal Influence on the Hydrochemistry of Surface Streams ...

@n
LOL— |LS'€—|88'T—|TSO0|T6 |08 8T [T01 | 9% |T6L 0tS 0 pu| pu 99| Suudg D®N 6T
@
6¥V'S— | SLE— | ¥6'1—|86T0 |69 |00ST | SII|T'E L91 | 9TIS L'68 0| IvL1|9ce|crL| Suudsg 1D-tN 8¢
@n
TI9— | 9C— | #0'T— | €010 | 061 |OSIT | LL |O€l | L'Ly |8¥bC 8'8S 0| ¢€68|t'Ic|ssL| Suudg D-eN LT
(an
TUL— |Ste—| v'1—|2010|SL |08¢ Sy 611 | ¢ |T0L O°LL 0| L¥e| 61|coL| Suudg D®N 9T
(my)
€6°01— | SI'P— | 6L 1— | 1000|C0 |11 80 (68 't |60 LTy 0 S| TI|s6'9| Suudg £0DH-ED ST
(my)
S0'6— | ¥SE—|ST'T—| 10090 |¥'S 8T |96 9v |96 T6S 0 6| T8 |vy'L| Suudg €0DH-®D T
SHy— | 1¥'T— | 970 | ¥SLT|0°S6 | 0016 €| 8VE | TY9 |91€8I| SHOI| O+T| 0LEY | 1°09 | €9'8 | Tewuoy], 1D-tN %4
TTr— | 6SC— | CI'0— | 1LTT| 0061 |OOLIT| 911 |8SI | T80 |SLOST| 00T Tov| 0588|199 |+€°6 | rewoyrL 1D-tN (44
SI'S— | €€~ | e 1—|696T |06 [008¢ | T'IT|LY 6vE | ¥LLL | 9€TT 0| 9981 | Ov|LEL |Teumeyy D®N 1C
86— | 80°€— |90'T—|0160|009 |00LF | 00I|S9 S'6v | 9656 1021 0| T6€T|8°6S| 9L |Teway], D-eN 0T
ILy— | €T—|61'0— | 680|065 |00T8 | 61 |[€¥I | +'TLI|8S90I| TI0I 0| 19S1|T96| €8 |Tewey], 1D-tN 61
ClEo
(sso[uorsuowI(]) (=13w) | s | (D)
dA3 ordwres
YIS IS| BOIS| sV | M| 4BN| 48| 48D | ~Y0OS| _ID|_fODH |.-t0D| Dd| 1| HA| joodiL uonisodwo) | apdureg

(ponunuod) 1 AqeL,



64

. Varvarco river (upstream geothermal field)
M Varvarco river (downstream geothermal field)
B Manchana Covunco stream (headwater)

. Manchana Covunco stream (lower basin)

D Covunco stream (headwater)

E. Villalba et al.

O Aguas Calientes stream
@ headwater spring

A\ lower basin spring

Yr thermal spring

O Covunco stream (lower basin)

Mg |_®—_. /. @ , SO
100 100
VARR VAN
7
, / \ 20 90};” \\
& 7 \\ : 0
70 / \\31:- \70
60;:’/ \40 ! : ‘2] \00
M,
w0 / \so so?,/ 0O ©

NS R

® % \.\ B S i 3“/’ O\.\\ 0
10 -'f’ D / " b - 3 w0
Vi ?3.5 A A %
80 S0 40 30 W 1w 0 60 70 B0 = 100 oF

1 o 0 10 20 40 50
ca’ Na’ CO,*+ HCO,

Fig. 3 Piper diagram showing the major composition and evolution of the studied waters. The blue
arrow indicates the chemical evolution of stream water and the green arrow that of springs. Note
that the symbol of the Aguas Calientes stream overlaps with thermal springs

both cases, the changing trend of chemical facies (towards Na-Cl compositions) is
strongly controlled by the composition of the thermal springs.

On the other hand, thermal springs are characterized by high concentrations of
As with values between 0.894 and 2.271 mg L~!' (Table 1). At headwaters low
concentrations of As were measured (between 0.069 and 0.263 mg L~!), while in
the low basins, the streams present higher As values, between 0.584 and 0.939 mg
L~! (Table 1).

The analysis of the interaction between water and minerals (found in the rocks that
compose the stream beds), performed by ionic relationships, allows the visualization
of different behaviors (Fig. 4). The graph Na* versus Cl~ (Fig. 4a) shows that set of
analyzed samples are grouped around the 1:1 ratio linear trend, which characterizes
thermal springs, also showing higher concentrations of these ions. It is important to
note that surface waters from Manchana Covunco and Covunco streams retrieved
downstream and also the Aguas Calientes stream show a marked association with the
thermal spring samples with respect to these ions. Besides, waters from the Varvarco
River, although they are adjusted to the 1:1 ratio linear trend, they register low
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Fig. 4 Bivariate plots for each group of samples showing ionic relationships between anions and
cations in mmol L~!. The lines of theoretical dissolution of some minerals are also included

concentrations of these ions. The high Na* contents in the thermal springs determine
that these samples (14-23, Fig. 1b) differ from the streams (with the exception of the
Aguas Calientes sample) and the springs in the Na* versus SO4~2 and Na* versus
CO;72 + HCOs ™~ graphs (Fig. 4b—c).

The relationships Ca*? versus C1~, Ca*? versus SO, 2 and Ca*? versus CO3 2 +
HCO3™ show that thermal springs, springs, and the Aguas Calientes stream registered
increases in its anionic contents associated with low concentrations of Ca*? (Fig. 4d—
f). Particularly, in the Ca*? versus CO3;~2 4+ HCO;~ plot, the waters present ratios
associated with the weathering of carbonates (1:0.5), oligoclase-type plagioclase
(1:0.17), and pyroxenes (1:0.25). A different behavior is evidenced in samples from
the Manchana Covunco and Covunco streams, where high Ca*? concentrations are
registered without observing a clear trend between the increase of this ion and the
major anions. In the Ca*? versus SO, =2 graph, samples from the Varvarco River are
close to the 1:1 ratio associated with the gypsum-anhydrite dissolution (Fig. 4e).
Likewise, Mg*? versus C1~ and Mg*? versus SO, 2 graphs do not show trends in
the different samples (Fig. 4g—h), whereas with respect to Mg*? versus CO3 2 +
HCO;3;~ (Fig. 4i) the increase of these ions occurs in thermal springs, springs, and
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Fig. 5 Spider diagrams for dissolved rare earth elements (REE) normalized to Upper Continental
Crust (UCC, McLennan 2001) for springs, streams, river and thermal spring from the studied system

Aguas Calientes stream with a ratio close to 1:0.25 corresponding to the weathering
of pyroxenes.

The saturation indices (SI) with respect to calcite (Table 1) show subsaturated
values for the springs waters, subsaturated to supersaturated for thermal springs and
close to equilibrium to supersaturated in the streams and Varvaco River waters. The
gypsum SI, although in all cases is negative (subsaturated), show a tendency towards
equilibrium (less negative values) from springs to thermal springs and streams waters
(Table 1). Regarding the halite SI, despite the high Cl~ and Na* concentrations
registered in thermal springs, all samples presented subsaturated values, being more
negative in springs and less negative in thermal springs waters (Table 1).

Some selected samples were analyzed in order to determine the concentration and
variability of dissolved REE in the studied system. Five samples of the Manchana
Covunco watershed, as well as, the two samples of the Varvaco River, were chosen for
this purpose. Springs samples show the lowest total dissolved REE concentrations,
with a XREE varying from 0.56 pg L~! at the headwaters to 0.36 wg L™" at the
low basin. The analyzed thermal spring sample exhibits a YREE of 0.96 pg L1,
whereas the Manchana Covunco stream shows a decreasing total dissolved REE
content downstream the thermal spring, since in this river the XREE varies from 3.9
(upstream) to 2.3 pg L~! (downstream). On the other hand, the Varvarco River REE
concentrations are of an order of magnitude higher than those of the other analyzed
waters, and the river evidences almost no variation in the X REE from the headwaters
to the low basin.

Figure 5 shows the spider diagram of the dissolved REE normalized to the Upper
Continental Crust (UCC, McLennan 2001) for the studied system. The water samples
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present REE concentrations of about 10* to 107 times lower that of the UCC. In
the Manchana Covunco watershed the samples show, in general, similar UCC-
normalized distribution, with relatively flat patterns and without evidence of signif-
icant fractionation between light (LREE, among La-Sm) and heavy (HREE, among
Gd-Lu) rare earths elements (Lan/Yby ~ 1). An exception is given by the thermal
spring that exhibits HREE-enriched UCC-normalized concentrations (Lan/Yby =
0.48). Besides, all samples of the Manchana Covunco basin present a negative Ce
anomaly, and a positive Eu anomaly, the latter is more pronounced in springs. Positive
(Eu/Eu*)y in waters are usually attributed to the preferential weathering of plagio-
clase, because Eu™? may substitute Sr*? or Ca*? in Ca-plagioclase (e.g. McLennan
1989). Meanwhile, negative Ce anomaly is due to the oxidation of Ce*? to Ce** under
alkaline conditions, which decreases its solubility and promotes its precipitation (e.g.
Elderfield et al. 1990). The Varvaco River samples show a different UCC-normalized
pattern, characterized by a barely enrichment in the LREE (mean Lan/Yby = 1.41)
and a slightly negative Eu anomaly (mean Eu/Eu* = 0.93).

4 Hydrogeochemical Processes and Geothermal Influence
on Streams

The chemical characteristics of water along the streams highlight the clear influ-
ence that geothermal discharges have on them. Most of the meltwater infiltrates and
recharges the groundwater which then forms the springs, and another part of this
melting water drains feeding the streams (Tassi et al. 2016; Villalba et al. 2020). At
the headwater area, upstream the geothermal field, the temperature of springs and
streams (samples 1, 6, 24 and 25) are close to 13.9 °C. This value is strongly influ-
enced by the climatic conditions, being similar to the average annual temperature
recorded in the area (Pesce 2013). Streams and springs are characterized by neutral
to slightly alkaline pH conditions, low EC, and Ca-HCO3-SOy facies. The predom-
inance of Ca*™, HCO5;~ and SO, 2 ions would be related mainly to the alteration
of the mudstones and sandstones with a carbonate matrix, and gypsum that domi-
nates headwaters area (Zanettini et al. 2001). In particular, stream waters present the
highest Ca*? concentrations and they are supersaturated with respect to calcite. The
presence of gypsum that accompanies these sedimentary rocks would be an extra
source of Ca*2, and it would also contribute SO, 2 ions, mainly in the Manchana
Covunco stream (Fig. 4e). Although those waters are subsaturated with respect to
gypsum, they show the least negative SI values regarding this mineral (Table 1). It is
relevant to note that in this sector the high SO4~2 contents in some samples could be
also explain by the oxidation processes of H,S at shallow depth (Tassi et al. 2016).
At the springs, calcite and gypsum SI show subsaturation associated with low Ca*?
concentrations, despite this is the dominant cation. In the springs, the ionic relation-
ships also indicate contributions of Ca*?, Mg*?, and HCO;~ from the dissolution of
silicates, such as plagioclase and pyroxenes (Figs. 4f and i). On the other hand, the
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dissolution of albite (Fig. 4¢) contributes Na* and HCO; ™~ ions to both, springs and
stream waters.

This hydrochemical signature of stream waters and springs in the headwaters
sector strongly contrasts with that of the thermal springs. All thermal springs are char-
acterized by high temperature (greater than 40.0 °C), relatively high EC (up to 1866.0
nS cm™!) and by the dominance of Na-Cl facies. High concentrations of Na* and
CI™ are consistent with mature waters of geothermal systems at high temperatures.
The concentrations of Na* and C1~ were stoichiometrically equivalent as expected
for typical geothermal brines (Giggenbach 1997; Vengosh et al. 2002). Gases such
as SO, and HCI from the magmatic source dissolve within the hydrothermal ground-
water to produce SO, 2 and Cl1~ (Tassi et al. 2016). As mentioned before, this SO 2
contribution would also explain the deviation of thermal spring waters in the graph
of Ca*? versus SO4~2 (Fig. 4e). Likewise, it is expected that the contributions of
Ca*?, Mg*? and HCO;~ derive from the underlying igneous rocks (Zanettini et al.
2001). Given that aqueous emissions are the product of deep convective circulation of
meteoric water (Panarello et al. 1992), most geochemical features of thermal springs
would be acquired in depth. Extra contributions of HCO3;~ can also come from the
dissolution of CO,(g since this gas is one of the main components of the fumaroles
(Tassi et al. 2016). However, saturated values in calcite are recorded, which would
be the responsible of the precipitation of carbonatic terraces located in the vicinity
of the thermal springs (Polk 1994; Villalba et al. 2020).

The low flow rates of streams (mean of 0.81 m? s~!) determine that the contribu-
tions from thermal springs strongly modified the chemical characteristics of stream
waters. Downstream thermal springs, stream waters increase their EC and show the
dominance of Na-Cl facies (Figs. 3 and 4). The contribution from thermal springs is
registered not only in the facies change, but also in the Na* versus Cl~ ratio. With
the purpose of estimating the contribution of thermal springs onto stream waters
and springs downstream the geothermal field, an end-member mixing analysis was
performed using chloride concentration as the dominant conservative ion of thermal
springs. In the case of surface water streams, C1~ concentration in the headwaters
of the watershed and the average CI~ concentration in thermal springs were consid-
ered as end members. As for springs, CI~ concentration of the headwaters of the
watershed and the average C1~ concentration in thermal springs were considered.

The theoretical mixing model using CI~ concentrations, allowed the estimation
of the influence of thermal springs in the chemistry of stream and spring waters. The
obtained results are schematically summarized in Fig. 6. For the Manchana Covunco
watershed, the selected end-members were the sample from headwaters (sample 1)
and the average concentration of Cl~ of the thermal springs (samples 14 and 15). It
was estimated that downstream (sample 4), the contribution from thermal springs is
of 47%. For the Covunco watershed case, the chosen end-members were a surface
water sample located at the headwaters (sample 6) and the average concentration of
CI™ of thermal springs of the same water course (samples 22 and 23), estimating
that downstream (sample 11), the water shows a 24% of geothermal contribution.
At Aguas Calientes stream, no mixtures were calculated since, as it was observed
in the chemical facies and ionic relationships, it has a chemical signature dominated
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Fig. 6 Schematic diagram showing the estimated contributions of the thermal springs on the stream
and spring waters in the downstream watershed of the Domuyo geothermal field

by thermal springs. In the case of springs, a mixture was computed between the
CI~ concentration of samples 24 and 25 (springs from headwaters) with the average
concentration of C1~ of thermal springs (samples 14 and 15, Manchana Covunco
watershed) for the first case, and samples 22 and 23 (Covunco watershed) for the
second one, estimating that downstream the springs, the geothermal contribution is
between 10 and 13%.

The contribution from thermal springs with low Ca*? concentrations produces an
overall decrease in the Ca*? contents from the headwaters to the lower basin due to
the effect of dilution (Fig. 4d—f). In Manchana Covunco and Covunco streams there
is an excess of Ca*> which could be attributed to cation exchange processes, where
the dominance of Na* would displace Ca*? from the adsorption surface, constituting
an extra contribution of this ion to the waters. The presence of adsorbent minerals
such as clays and zeolites, associated with the adjacent areas to the geothermal field
(Mas et al. 2000), would support the occurrence of this process.

Regarding trace elements concentrations that can limit the water quality for human
consumption, it was observed that thermal springs also influence the concentrations
of these elements. The elevated concentration of As recorded in thermal spring waters
evidences how the interaction between rocks and waters at high temperature mobi-
lizes As (Ellis and Mahon 1964, 1967). Considering the water quality standards
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(WHO 2008), the geothermal contribution of As determines the potability of springs
and stream waters located in the lower basin. Comparing the concentration of this
trace element determined for headwaters and lower basin areas, it is evident that
thermal springs deteriorate water quality for human supply. Thermal springs increase
the As content to ~ 0.139 mg L~! in the lower basin samples (Villalba et al. 2020).

The influence of thermal springs on the Manchana Covunco stream is also
evidenced in the geochemistry of dissolved REE. Thermal spring waters have lower
REE concentrations than stream surface waters at the headwaters, which are reflected
in the decrease in total REE contents downstream. Moreover, the LREE/HREE frac-
tionation as well as the positive Eu anomaly and negative Ce anomaly also show
the influence of thermal springs on streams. On the other hand, the Aguas Calientes
stream, which is mainly fed by thermal springs, has a major composition remark-
ably similar to that of thermal springs (Figs. 3 and 4). Note that the contribution
from thermal springs is also recorded in springs, with an average percentage of 10%
(Fig. 6). The influence of thermal springs on springs and water streams of the Domuyo
System Natural Protected Area is outlined in Fig. 7. The aforementioned figure is
a summarized diagram of the hydrothermal system behavior based on the models
postulated by numerous works carried out in the area from geological, geochemical,
geophysical, and satellite data (e.g. Panarello et al. 1992; JICA 1983-1984; Galetto
et al. 2018; Tassi et al. 2016; Astort et al. 2019; Villalba et al. 2020).

The streams described above drain towards the Varvarco River, which has a higher
flow, with discharges close to 94 m? s~! (FAO 2015). This large difference in flow

Fig. 7 Conceptual model summarizing the hydrochemical variations observed due to the interaction
between the geothermal system studied and the different water streams and springs at the western
slopes of the Domuyo Mount
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rates, almost two orders of magnitude greater than the studied streams, may suggest
that no significant variations in the chemical signature may be expected. However,
a slight contribution of Na* and Cl~ ions can be detected in the Varvarco River
downstream the geothermal field, which can be explained by the chemical facies
observed in thermal springs (Figs. 3 and 4a). Upstream the geothermal field, the
Varvarco River waters present Ca-SO, facies saturated in calcite and subsaturated
in gypsum, whose composition would be mainly associated with the contribution of
evaporitic rocks, like carbonates and gypsum, rocks outcropping in the upper basin
(Zanettini et al. 2001). Downstream the geothermal field, the Varvarco River waters
are of the Na-SOy-Cl type, subsatured in calcite and gypsum and with a tendency
to increase in Na* and Cl~ concentrations, similar to that of thermal springs, which
may indicate its influence in the river chemistry. However, and possibly due to its low
dissolved concentrations, both, the Na* and C1~ contents and the distribution patterns
of REE, do not show significant modifications in the Varvarco River downstream the
geothermal field.

Despite the fact that there are no large populations in the study area, there are
small family settlements and also nomadic people who raise livestock, as well as a
small village that receives tourists (Aguas Calientes Village, Fig. 1). Thus, chem-
istry variations resulting from geothermal contribution acquire relevance in the area
because stream waters and springs are the only source of water supply for local inhab-
itants. Although in this system changes associated with major ions and REE have
been particularly analyzed, as it was stated above, thermal springs also provide trace
elements such as As, which concentrations may cause geogenic contamination of
water supply (Villalba et al. 2020), a characteristic that also affects other arid regions
around the world (e.g. Ballantyne and Moore 1988; Smedley and Kinniburgh 2002;
Lépez et al. 2012).

5 Perspectives and Future Work

Streams and springs of the Domuyo geothermal field are the main sources of water
supply for the local inhabitants (small family settlements and Aguas Calientes
Village, Fig. 1) in this arid zone of northern Patagonia. In addition, these water courses
are tributaries of the Varvarco River, from which small towns, such as Varvarco
(60 km to the south) use water as a downstream supply. Therefore, a key aspect to
analyze moving forward is the monitoring of changes in water quality over time due
to changes in the dynamics of the Domuyo geothermal system and the variations of
the recharge rate as a result of seasonal and long term climate changes. Additionally,
further work is needed to articulate the research efforts with the local authorities in
order to implement efficient water management policies in this remote area.
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