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Abstract

La Trucha is a small (~ 1.9 km?), mountainous (~ 1300 m a.s.1.) granitic drainage basin, demonstrative of hundreds of second-
order basins in the Achala Batholith of the Sierras Pampeanas of Cérdoba, Argentina. Dominated by physical weathering and
a weathering-limited denudation regime, the coarse- and fine-grained regolith has shown scant geochemical differences with
the country rock. Erosion and sediment transport mainly occurs during torrential rain events (austral summer), whereas sur-
face waters classify as dilute (750 < TE* <375 ueq L™") or very dilute (375 < T=* < 185 neq L™!) water types. The dynamics
of chemical weathering at La Trucha was approached through the use of major dissolved chemical components, comparing
the performance of different methodologies in its assessment: mineral stability diagrams (i.e., chemical equilibria), the RE
chemical weathering index, ternary diagrams, and PHREEQC inverse modeling. The latter approach allowed to probe into
subtleties of the geochemical processes indicating that, besides the morphological dependency on mineral hydrolysis/dis-
solution or precipitation, there is a marked seasonal control that promotes or limits the occurrence of geochemical reactions.

Keywords Mountainous catchments - Low-order stream - Weathering signature - PHREEQC inverse modeling -
Weathering-limited regime

Introduction

Increasing attention is being placed on mountainous rivers
(e.g., Wohl 2010), partly because they are relatively less
impacted by development than their lowland counterparts
and, hence, natural processes can be examined in more
detail, relatively free from human influence. Moreover,
mountainous rivers are the “water towers of the world”
and, therefore, it is particularly important the thorough
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understanding of all the complex aspects of their hydrologi-
cal, geological/geochemical and biological functioning.
Mechanical and biological weathering usually precedes
and facilitates the chemical hydrolysis of silicates in bed-
rocks or in the overlying regolith. The assessment of weath-
ering intensity is achieved by calculating relative material
losses (or gains) in the mineral debris. This is accomplished
by means of a variety of approaches that include the cal-
culation of indices, such as the Chemical Index of Altera-
tion (CIA) (e.g., Nesbitt and Young 1982), the Chemical
Index of Weathering (CIW) (Harnois 1988), the weather-
ing index of Parker (WIP) (Hamdan and Burnham 1996) or,
alternatively by a “benchmark mineral method” (e.g., Bland
and Rolls 1998). In the case of weathering-limited regimes
(Carson and Kirkby 1972)—as it happens in Argentina’s
Sierras de Comechingones, where the weathered material
is removed more rapidly than it is generated—Ilittle regolith
develops, and the debris derived from the source areas is
partly unaffected. Under such circumstances, it is convenient
to approach weathering intensity by revising the resulting
dissolved phases in the water of streams and ground water.
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Hence, through this alternative pathway, seek to approximate
the magnitude of mineral losses.

A year-long geochemical investigation was carried out in
a small (~ 1.9 km?) mountainous granitic watershed (known
as La Trucha) located in the Achala Batholith (Sierra de
Comechingones), in Central Argentina. The first part of the
study included the assessment of the granite-regolith frac-
tionation (Campodonico et al. 2014). A weathering-limited
regime was recognized in the region, where denudation has
been dominated by physical processes that occurred at a
slower rate than erosion, with incipient chemical alteration.
Chemical mass balance calculations performed between
unaltered granite and two varieties of regoliths (i.e., coarse-
and fine-grained), indicated that there were no statistically
significant variations in any of the major, trace or rare earth
elements in the coarser fraction, whereas statistically sig-
nificant deficits of MgO, MnO, and P,05 were recognized in
the fine-grained regolith. These depletions were ascribed to
initial alteration of biotite and apatite; plagioclase hydroly-
sis was clear through microscopic inspection (Campodonico
et al. 2014).

The second part of the study (Martinez et al. 2016)
showed that water chemistry is typical of streams draining
F-rich granites, with high (austral) summer atmospheric
precipitation determining the dilution of most major ions,
with the exception of Cl™ that increases its concentration
during high rainfall events. Rainfall-stimulated mobiliza-
tion of K* is probably hidden by its affinity for adsorption
onto fine-grained particles and that of SiO, by its biological
consumption (e.g., Oliva et al. 2003; Frings et al. 2015).
PHREEQC-calculated free CO, allowed the estimation of a
mean carbon efflux of ~180 mg C m~2 year™! at La Trucha
catchment, inferring that the first- and second-order streams
of the Achala Batholith, which occupy an area of ~62.5 km?,
are significant sources in the Sierra de Comechingones car-
bon cycle.

In this third contribution to the ensuing experimental
study on the characteristics of weathering in a small semiarid
granitic catchment (i.e., La Trucha stream), the emphasis is
placed on presenting additional geochemical characteristics
and approaching weathering intensity through different path-
ways, including the calculation of indices and PHREEQC
inverse modeling.

Study area

The small investigated catchment (~ 1.9 kmz) known as La
Trucha (Spanish for “The Trout”) is located in the Achala
Batholith, in the southern sector of the Sierra de Comech-
ingones, Cérdoba, Argentina (31°54'07"S, 64°45"28"W,
31°53'11"S, 64°44'16"W) (Fig. 1). Bornhardts and relatively
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flat or gently undulating terrain are dominating features
above 1000 m elevation in the Sierra de Comechingones.

Geology

The present-day high sierra uplifted by means of reverse
faulting during the Cenozoic Andean orogeny (e.g., Isacks
1988). The range’s western side has a steep slope (means of
~10%), whereas mean slopes are ~5% on the eastern side
(e.g., Lecomte et al. 2009).

Early Cambrian middle to high-grade metamorphic rocks
and Cambrian and Devonian granites prevail in the region
(e.g., Siegesmund et al. 2010). These basement rocks are
partially covered by unconsolidated Early Cenozoic sedi-
ments (e.g., Bonalumi et al. 1998). The massive intrusive
body has a surface area of ~2500 km? and is discordant to
structural features and to early Paleozoic igneous and meta-
morphic rocks. These Late Devonian granites have been
characterized as aluminous A-type granites by Rapela et al.
(2008) and their SiO, contents range between 60 and 76%.

The dominant facies (Facies B) in the Achala Batholith
was identified as the main petrofacies in the drainage basin.
It is a porphyritic monzogranite with K-feldspar megacrysts,
plagioclase, biotite, and muscovite. Apatite, rutile, zircon,
and opaque minerals were identified as accessory miner-
als, whereas clay minerals, chlorite, sericite, and muscovite
occur as secondary phases (Lira and Kirschbaum 1990). A
more comprehensive geological, morphological, and petro-
logic description has been incorporated by Campodonico
et al. (2014).

Climate

The area of study lies in Argentina’s temperate zone and
the regional climate is continental, with unevenly spread
atmospheric precipitations. Rainfall occurs typically dur-
ing the (southern) summer and early autumn (about 75%
of the total annual precipitation occurs between November
and March), mainly due to humid air masses coming in from
the north. The historical annual rainfall reaches a mean of
~1000 mm. Snowfall is scarce and mostly occurs during the
late fall-early winter. The study area is characterized by an
annual mean isotherm of 16 °C, dropping to about 10 °C at
2000 m elevation (Capitanelli 1979). The statistical analysis
of recent rainfall and runoff data series in Central Argentina
shows a significant positive trend in rainfall since the second
half of the twentieth century. South of 31°S, spectral analy-
sis shows the weak effect of El Nifio-Southern Oscillation
(ENSO) (Pasquini et al. 2006).

During the sampling period (March 2005-February
2006), rainfall was above the historical mean during the
rainy season (austral summer) and was below the mean dur-
ing the dry season (austral winter). Although there was a
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Fig.1 a Location of the study area in (modified from Siegesmund et al.

2010). b Schematic topographical and geological map of La Trucha

drainage basin, showing the location of sampling sites (modified from Campodonico et al. 2014; Martinez et al. 2016)

change in rainfall distribution throughout the year, the total
annual precipitation (1078 mm) was close to the historical
regional mean (1099 mm).

The La Trucha catchment

The small La Trucha catchment represents one of the hun-
dreds of first- and second-order streams (e.g., Horton 1945;
Strahler 1952) that drain the uppermost catchments of the
Achala Batholith, in the Sierras Pampeanas of Argentina.
This second-order catchment has a surface area of 1.9 km?,
a perimeter of 7.4 km, and its drainage network is markedly
controlled by the fracture pattern of the batholith.

The maximum elevation in the catchment is 1374 m a.s.1.
The main channel is ~3500 m long and reaches its outfall
in the del Medio River at an elevation of 1207 m a.s.l. The
overall mean slope is ~5% although the lowermost stretches
are considerably steeper (~25%). The structural control
determines that the western branch of the uppermost stretch
is considerably steeper (~ 15%) than the eastern one (~7%).

A more detailed morphological description of the La Tru-
cha catchment has been included elsewhere (Martinez et al.
2016).

Materials and methods
Field and laboratory determinations

Surface water samples were collected in the studied drain-
age basin at 11 sampling stations (Fig. 1) between March
2005 and February 2006, in order to characterize the tem-
poral and spatial variability of the total exported load. Field
parameters (pH, electrical conductivity, total dissolved
solids, temperature, dissolved oxygen and alkalinity) were
determined using standardized methods (Eaton et al. 1995).
Water samples were filtered through 0.22 pm cellulose
acetate membrane filters (EMD Millipore, Billerica, MA,
USA) and divided into two aliquots. The filtration equipment
was rinsed repeatedly with sample water prior to filtration.
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Aliquots used for the determinations of major cations and
trace elements were acidified to pH < 2 with ultrapure HNO3
(>99.999%, redistilled, Sigma—Aldrich Corp.) and stored
in pre-cleaned polyethylene bottles. The other aliquot, used
for the determination of major anions, was stored at 4 °C
in pre-cleaned polyethylene bottles, without the acidifica-
tion. Major anions (NO;~, F~, Br~, CI™, SO42_, PO43_) were
measured using chemically suppressed ion chromatography
with conductivity detection, whereas major cations and trace
elements were determined by ICP-MS (Perkin Elmer Sciex
Elan 6000—quadrupole mass spectrometer) at Activation
Laboratories Ltd. (ActLabs, Ontario, Canada). Other details
on the sampling strategy, and the analytical methodologies,
have been described in earlier contributions on diverse
aspects of weathering dynamics at the La Trucha watershed
(Campodonico et al. 2014; Martinez et al. 2016).

Geochemical modeling

Chemical data were processed with AQUACHEM (Waterloo
Hydrogeologic, Inc.) and PHREEQC (Parkhurst and Appelo

2013) softwares. These programs were employed to simu-
late silicate dissolution by means of inverse modeling. The
inverse approach allows inferring the chemical reactions that
occur when two or more water samples of known chemical
composition react with a rock whose mineralogy is known.
To do this, the model reconstructs all possible combinations
of dissolution and/or precipitation reactions that explain the
chemical changes observed between the two solutions and
the mineral phases.

To analyze the chemical evolution of waters from La
Trucha drainage basin, the climatic aspects, the differences
in slopes and their relationship with water dynamics were
considered. The four models defined in this study are shown
in Fig. 2. Model 1 represents the transition from rainfall to
the surface waters of the headwaters, model 2 comprises the
upper basin, where slopes are ~ 5%, model 3 corresponds to
the middle stretch of the river (slopes of ~2%), and model 4
comprises the lower basin until its outfall at the del Medio
River (slopes of ~7%). The models were run with samples
collected in June and March, corresponding to the dry and
wet seasons, respectively.

64°45'30" W 64°45'00" W 64°44'30" W
| | |
Del Medio Rive
N
i
\\ »
i _8
\ ga
N AR
. '
' ]
Y ]
v
k4
o [
- ” N)
\ s - - . % ’
\ - ' R 1‘ N‘ ’
) Suhb-basin A - S’ 2
e v ~ o
S = 3 4
. — <
-——-’ / e
- - - - ) <
]
]
[
B 4
]
(]
~_’

Fig.2 Map of La Trucha drainage basin showing the inverse models performed with PHREEQC
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The pH, temperature, major ion concentration and SiO,
content of the solutions were needed to perform the geo-
chemical modeling. PHREEQC also requires the definition
of the uncertainties of each element and of the initial and
final solutions. Different models were run for each stretch
for both seasons (i.e., wet and dry) until the software param-
eters that best fitted the geology of the basin and the water
chemistry were achieved. Table 1 summarizes the number
of models obtained in each simulation, as well as the ones
selected and the corresponding uncertainties which are given
by the software. The criteria adopted to select the best model
of each run was, basically, to choose the one that had the
lowest uncertainty along with the largest number of mineral
phases recognized in the petrological analysis carried out by
Campodonico et al. (2014) in the watershed and included all
the secondary minerals (kaolinite and illite) that were likely
produced by incongruent weathering reactions.

Table 2 details the mineral phases used as possible
sources and sinks of chemical species, which were selected
taking into account the mineralogy of the Achala Batholith
in this region (Lira and Kirschbaum 1990; Campodonico
et al. 2014; Dahlquist et al. 2014). The plagioclase chosen
for modeling purposes was oligoclase (Lira and Kirschbaum
1990; Lecomte et al. 2005). The dissolved F~ of the solu-
tions was considered to be supplied by biotite, which usu-
ally includes fluoride in its octahedral sites (e.g., Li et al.
2003). The empirical formula of this mineral (Table 2) was
obtained based on chemical analysis performed on biotites
of the Achala Batholith, with F~ contents of 1.5% (Dahl-
quist et al. 2014). Therefore, the thermodynamic database
of the software was modified in order to incorporate the
alteration of fluorine-containing biotite. As the obtained
simulations could not explain all the dissolved F~, fluorite, a
mineral described in the Achala Batholith (Lira and Kirsch-
baum 1990), was also involved as an alternative F~ source.
Fluorapatite was not taken into account in the models as the
dissolved concentration of PO,*~ in La Trucha waters did
not justify its addition.

Table2 Theoretical composition of the mineral phases used in the
inverse models

Phases Formula

Biotite KMg;AlSi;0,4(OH), 6F 4
Carbon dioxide CO, (@

Fluorite CaF,

Gypsum CaSO, 2H,0

Illite Ko.sMg25Al, 3813 5019(OH),
Kaolinite Al,Si,05(OH),
K-feldspar KAISi;Oq

K-mica KAI;Si;04(OH),
Oligoclase Na,Ca, 5A1551,0,,
Calcite CaCO;,

Pure water H,0

Halite NaCl

Calcite was considered as a possible reacting phase
because the dissolved calcium is partly supplied by the
dissolution of CaCOj; present in soils and loess-like sedi-
ments (Pasquini et al. 2004). Such sediments in the moun-
tainous area have shown calcite abundances of up to 10%
(Pasquini et al. 2017; Rouzaut and Orgeira 2017). Other
loess samples from the Chaco-Pampean plain in Argentina
exhibited ~3% of CaCO; (Nicolli et al. 2010). Kaolinite
and illite were chosen as precipitation facies, as they are
the most common alteration products identified in these
rocks (Campodonico et al. 2014). CO, was included as
a gaseous phase since it participates in most weathering
reactions, as well as in photosynthesis and respiration pro-
cesses. Pure water was incorporated as an additional phase
to simulate evaporation or dilution.

Table 1 Summary of inverse

. Run Solution Uncertainty Obtained Selected model

models exercises for La Trucha models

drainage basin performed with — - — -

PHREEQC Initial Final Initial Final
1 LL-LR2-K JA4-1 0.150 0.025 2 Model 1j,,
2 JA4-1 JA4-6 0.025 0.035 2 Model 2;,,
3 JA4-8 JA4-10 0.030 0.065 1 Model 3;,,
4 JA4-10 JA4-11 0.070 0.055 1 Model 4;,,
5 LL-LR2-K JA1-1 0.150 0.060 2 Model 1y,
6 JAL-1 JA1-6 0.045 0.060 1 Model 2y,
7 JA1-8 JA1-10 0.045 0.050 3 Model 3y,
8 JA1-10 JAL-11 0.035 0.065 2 Model 4y,
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Results and discussion
Revisiting the main hydrochemical characteristics

The main chemical characteristics of La Trucha’s surface
waters are shown in an earlier contribution (Martinez et al.
2016). However, it is deemed necessary to review the most
outstanding features to facilitate the analysis that follows.

The mean electrical conductivity (+S.D.) in the
system’s stream waters were 49.95+10.21 pS cm™!,
whereas the mean total dissolved solids (£ S.D.) were
24.92 +5.14 mg L™, All water samples were almost
neutral or slightly alkaline with a mean pH (+S.D.) of
7.24 +£0.79. The mean alkalinity (+S.D.) determined in
surface water samples was 349.67 +70.22 peq L™, and it
is mostly accounted for HCO;™ concentrations in as much
pH seldom exceeded 8.23.

Atmospheric precipitations played a major role in the
control of specific electrical conductivity (and total dis-
solved solids), and alkalinity because, due to dilution, the
lowest values were measured during the wet season. Sum-
mer rainfall determined neutral or faintly acid pH, whereas
alkalinity increased during the dry season. Na* and Ca’",
and HCO;™ and F~ dominated about 89% of the total con-
centration of major cations and 90% of the total concentra-
tion of major anions. All the analyzed waters were of the
HCO,™ -type and fluctuated between the Na*— K*-type,
and the Na* — K — Ca®*-type.

According to the total sum of cations (TZ*=Na*+
K* 42 Mg?* +2Ca*"), surface waters of La Trucha clas-
sify as dilute (750 < TE* <375 pueq L") or very dilute
(375 < TEX* < 185 peq L") water types in Meybeck’s
(2005) idealized model of fresh water chemistry.

The analysis on the likely sources of major dissolved
components has been dealt with in an earlier contribution
and the interested reader should refer to the relevant article
(Martinez et al. 2016).

Chemical equilibria

The mineral stability diagrams are based on the incongruent
solution of certain aluminosilicate minerals of igneous and
metamorphic rocks. These reactions contribute to chemical
weathering and result in the formation of oxides, hydrox-
ides, clay minerals, or zeolites depending on the geochemi-
cal environment. The reactions that occur not only affect
the solids but also the chemical composition of surface and
ground water. The theoretical basis for these diagrams is
provided by the Law of Mass Action and by the relation-
ship between the standard free energy change of a chemical
reaction and its equilibrium constant at 25 °C (Faure 1998).
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The hydrolysis of feldspars, which are rapidly altered
during the initial stages of weathering, produces kaolin-
ite, whereas illite and smectite are intermediate products.
The reactions involved in these transformations are used
to construct the mineral stability diagrams, which also
include other crystalline or amorphous minerals that can
occur in the system.

The stability diagrams using the major cations Na*t, K™,
Ca** and Mg?* of surface waters in La Trucha catchment
were developed using AQUACHEM. In all cases, the distri-
bution of samples in the stability diagrams is in concordance
with the saturation indices given by geochemical modeling.
The stability diagram for the system K,0-Al,0,-Si0,-H,0
(Fig. 3a, b) shows that samples cluster along a vertical line,
within the field of kaolinite, with a trend toward the stability
field of illite, mainly during the wet season (Fig. 3a). The
samples that fall within the illite stability field correspond
to the main channel (sub-basin U), downstream the conflu-
ence of the first-order tributaries A and B (Fig. 3b). Besides,
most samples are close to the stability limit with montmoril-
lonite (Fig. 3a, b). The vertical trend displayed by the sam-
ples, without important changes in the silicic acid, is better
explained by the conversion of muscovite to kaolinite rather
than by the hydrolysis of K-feldspar. Thus, the main source
of K* is probably muscovite, which liberates K*, consumes
H*, and does not incorporate H,SiO, to the solution during
its conversion to kaolinite.

In the case of the system Na,0-Al,0,-Si0,—H,0
(Fig. 3c, d), samples also plot in the kaolinite stability field,
and a greater heterogeneity is observed during the wet sea-
son when the concentration of Na* increases (Fig. 3¢). Sam-
ples of the main channel (sub-basin U) downstream the con-
fluence of tributaries A and B are close to the Na-beidellite
field (Fig. 3d). The chemical signature of waters after the
confluence resembles that of the sub-basin B, which exhibits
higher contents of H,SiO, and Na* when compared to the
rest of the samples.

The stability diagrams for the system
Ca0O-Al,05;-S10,-H,0 (Fig. 3e, f) show that kaolinite and,
to a lesser extent Ca-beidellite, are stable with the dissolved
phase, being the Ca-beidellite more stable during the wet
season. Besides, waters of the B branch and of the main
channel after the confluence of both tributaries plot mainly
in the Ca-beidellite stability field (Fig. 3f), reflecting the
chemical signature of sub-basin B.

Finally, the system MgO-Al,0,-Si0,-H,0O (Fig. 3g, h)
shows that all samples have overcome the dissolved silica
(H,Si0,) limit, which implies that waters are saturated with
respect to quartz, but they have not reached the amorphous
silica stability field. Samples of the main channel (sub-basin
U) downstream the confluence of tributaries A and B fall
within the talc stability field, mainly during the wet season
(Fig. 3g, h).
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The weathering signature

Several weathering indices have been defined in the litera-
ture (e.g., Depetris et al. 2014) to determine the intensity of
chemical alteration processes. Most of them compare the
concentration of an immobile element with several mobile
elements in the solid residue left by weathering. However,
weathering can also be the assessed using the dissolved
phases. In this sense, the modified version (Boeglin et al.
1997; Boeglin and Probst 1998) of the weathering index RE
initially proposed by Tardy (1971), uses the concentrations
of different dissolved elements. RE was defined in surface
waters that drain granitic and gneissic catchments, and is
calculated in molar proportions as follows:

RE = (3K* + 3Na® + 2Ca’" + 1.25Mg** - Si0,)/
(0.5K* + 0.5Na™ + Ca®™ + 0.75Mg”>") (1

The different coefficients used in the above equation
depend on the major primary minerals of the country rock
and correspond to an average granitic composition with
feldspars and micas (Tardy 1971). If RE=0, the dominant
weathering product is gibbsite; if RE =2, the formation
of kaolinite prevails; and if RE =4, smectite is the most

Fig.4 Ternary diagram SiO,—
Ca+Mg-Na+K for waters
from La Trucha drainage basin,
discriminated by climatic
season

common weathering product. The mean RE value obtained
for La Trucha is 2.48, which represents the monosialliti-
zation weathering process and the corresponding kaolin-
ite formation. The main channel (sub-basin U) exhibits a
mean RE slightly higher (2.57) than the sub-basin A (mean
RE =2.3), indicating a tendency to the bisiallitization pro-
cess (i.e., formation of smectites) toward the mouth.

Ternary diagrams are also extensively used tools in the
literature to evaluate the extent of chemical weathering.
Although most of them analyze the alteration in regoliths,
Douglas (2006) proposed a ternary diagram using the
molar proportions of the major cations of the dissolved
phase. The weathering products of quartz, calcite and
biotite plot at the apices, and the position of plagioclase
weathering products is based on a plagioclase Ca—Na ratio
of 0.3 reported by Ferry (1992).

Waters of La Trucha cluster around the transformation
of plagioclase to kaolinite (Fig. 4), as it is expected in a
granitic domain. Furthermore, a seasonal control on the
catchment chemistry can be recognized. During the wet
season, waters reflect the weathering of plagioclase in the
basin, whereas during the dry season, waters also exhibit
the chemical signature of the weathering of biotite and, to
a lesser extent, of calcite (Fig. 4).

sio,
Quartz REFERENCES
< Wet period
@ Dry period
20
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Inverse models

The inverse geochemical modeling performed with the
PHREEQC software was used to analyze the control of
relief and climate on the incongruent dissolution of silicate
minerals in the La Trucha drainage basin. Samples col-
lected in June (models 1y, 2;,,, 3;,, and 4;,.) and March
(models 1y, 2par 3mar a0d 4y,,), corresponding to the
dry and wet seasons, respectively, were used to perform
the modeling (Fig. 2). Stream discharge varies between 15
and 25 L s™! during the dry season, and it may increase
tenfold during the wet season (Martinez et al. 2016). The
detailed results of the modeling runs are presented in
Table 3.

Figure 5 shows the total quantities of dissolved and pre-
cipitated phases, separated by model and climatic season. It
can be seen that the exchange that occurs between rainfall
and the rocks/sediments of the basin have a strong impact on
the surface water chemistry (i.e., model 1), which is about
one order of magnitude higher than in the other models.
For this reason, Fig. 6 shows the same results but only for
models 2, 3 and 4, in order to better analyze the differences
between them. In Fig. 6a, all the mineral and gaseous (CO,)
phases were considered. Both dissolution and precipitation
are more intense during baseflow conditions, accounting for
2.57x 107 mmol kg™! H,O for the dissolved phases and
2.76 x 10~ mmol kg™! H,O for the precipitated phases when
models 2, 3 and 4 are considered. Conversely, during the wet

Table 3 Selected PHREEQC inverse models: transferred dissolved and precipitated phases during wet (Mar) and dry (Jun) seasons

Model 1y, Model 2y, Model 3y, Model 4,
Phase mmol kg~! H,0 % mmol kg~! H,O % mmol kg™! H,0 % mmol kg~! H,0 %
Biotite 1.51E-05 1.8 2.64E—06 2.4 6.05E-06 32
Carbon dioxide 3.18E-04 38.6 —5.95E-05 -53.2 3.56E-05 59.3 —9.49E-06 -5.0
Fluorite 3.33E-05 4.0 6.10E—06 5.5 2.35E-06 39 1.91E-05 10.0
Gypsum 8.94E-07 0.8 1.75E-06 2.9
Illite —1.76E-04 -214 —1.52E-05 -13.6 —1.29E-07 -0.2 —6.61E-05 —34.8
Kaolinite —6.66E-05 -8.1 —1.41E-05 -74
K-feldspar
K-mica 8.81E-05 10.7 8.79E-06 79 4.49E-05 23.7
Oligoclase 8.68E—-05 10.5 2.28E—06 2.0 1.36E-05 7.1
Calcite —3.87E-05 —-4.7 1.63E-05 14.6 —1.64E-05 -274  -=9.71E-06 -5.1
Pure water
Halite 3.70E-06 6.2 6.87E—06 3.6
Total dissolved 5.41E-04 65.7 3.70E-05 33.1 4.34E-05 724 9.05E-05 47.7
Total precipitated —2.82E-04 -342 —7.47E-05 —66.9 —1.66E-05 -27.6 —9.94E-05 -523
Model 1j,, Model 2;,, Model 3;,, Model 4;,,
Biotite 1.55E-05 1.5 5.20E—06 1.7 2.13E-06 1.3
Carbon dioxide 5.81E-04 56.9 —1.72E-04 -56.9 1.27E-04 76.7 4.12E-05 64.3
Fluorite 1.05E-05 1.0 2.26E-05 7.5 —5.67E-06 -34  —121E-05 -18.9
Gypsum 3.72E-07 0.0 2.46E—-06 0.8 —2.37E-06 -37
Tllite —1.64E-04 —-16.1 —3.95E-05 -13.1 —1.63E-05 -99 —9.95E-07 -1.6
Kaolinite —7.02E-05 -6.9 —8.58E—-06 -2.38
K-feldspar
K-mica 8.30E—05 8.1 2.06E—-05 6.8 9.08E—-06 5.5 6.89E—07 1.1
Oligoclase 8.47E-05 8.3 1.38E-05 4.6 2.67E—-06 1.6
Calcite 3.90E—-06 0.4 —1.79E-05 -59 2.69E—06 1.6 6.74E—06 10.5
Pure water
Halite 8.49E-06 0.8
Total dissolved 7.87E-04 77.1 6.46E—05 21.3 1.43E—-04 86.7 4.86E—-05 75.8
Total precipitated —2.34E-04 =229 —2.38E-04 -78.1 —2.20E-05 -133 —1.55E-05 —242

% represents the transferred amount for each phase divided by the total transferred amount (i.e., the sum of the values of all phases except water)

expressed as a percentage

Positive values indicate dissolution, whereas negative values denote precipitation

@ Springer
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season, the amounts of the different phases that are dissolved
or precipitated during the reactions decrease, with values
of 1.71 x 10~* mmol kg~' H,0 and 1.91x 10~* mmol kg™
H,O0, respectively. However, when different stream reaches
(i.e., models) are analyzed separately, this general climatic
pattern is not observed. For instance, in the lower basin
(slopes ~7%) the larger dissolutions and precipitations take
place during the wet season, whereas in the middle stretch
(slopes ~2%), the dissolutions are higher in the dry season
(Fig. 6a). The noticeable dominance of precipitated phases
in the upper basin (i.e., model 2;,,) during the dry season
can be attributed to the CO, efflux (Fig. 6a).

The impact of CO, in surface water chemistry is more
evident when only the mineral phases are considered
(Fig. 6b). In this case, the total mineral dissolution (i.e.,
considering models 2, 3 and 4) is greater during the wet
season. The lower basin (i.e., model 4,,,.) supplies greater
amounts of dissolved phases during the wet season, whereas
in the upper basin (i.e., model 2;,,) the dissolution occurs
mainly during the dry season (Fig. 6b). However, in this last
stretch, the proportion of dissolved phases decreases com-
pared to Fig. 6a, as the CO, evasion significantly contributes
to this process.

The main transformations that explain the chemical evo-
lution of surface waters are the dissolution of muscovite
and oligoclase, and to a lesser extent of biotite, calcite and
fluorite, and the precipitation of kaolinite and illite. Besides,
depending on the climatic season and the analyzed stretch,
CO,, calcite and fluorite can dissolved or precipitate.

Figure 7 shows the percentages of mmol kg~' H,O of
each mineral and gaseous species transferred in models 2,
3 and 4. Model 1 is excluded from the analysis to avoid
misinterpretations caused by differences in orders of mag-
nitude. It can be seen that K-feldspar and water do not
explain the chemical changes that occur in the system, even
though K-feldspar is abundant in the Achala Batholith. CO,
is the dominant phase in the models, implying that carbon
exchange at La Trucha drainage basin is significant. As it
was stated by Martinez et al. (2016), in mountainous water-
sheds dominated by first- and second-order streams is com-
mon the degasification of spring waters that reach the main
channel. The ambient temperature, biological activity, and
rainfall are important factors that control the seasonality of
CO, concentrations. In the case of La Trucha, the groundwa-
ter inflow, which generally shows higher CO, concentrations
due to weathering processes and the in situ respiration of
organisms present in soil (Schulte et al. 2011), constitutes
an important source of CO,. CO, constitutes 66% of the
exchanged phases during the dry season and 39% during
the wet season (Martinez et al. 2016). This is caused by
the fact that during the dry season, springs are the major
water suppliers to the main channel, and even though the
CO, concentrations are lower during this period, the impact

on the transferred phases is higher. This gaseous component
is eliminated from the solution during both seasons (i.e.,
wet and dry) in the upper basin (i.e., models 2y, and 2;,.),
whereas in the middle stretch (i.e., models 3y,,, and 3;,,),
where the slopes are less steep, CO, is dissolved in both
seasons. In the lower basin, CO, is eliminated in the wet
season (i.e., model 4,,,.) and dissolved in the dry period
(i.e., model 4y,,).

The dissolution of muscovite, which is the main source of
K*, occurs mainly in the lower basin (i.e., model 4,;,,) dur-
ing the wet season, whereas during the dry season muscovite
is preferentially hydrolyzed at the headwaters (i.e., model
250 (Fig. 7). A similar behavior is observed for oligoclase
(Fig. 7).

Fluorite, which partly explains the F~ concentration in
the waters, exhibits a different behavior depending on the
climatic season. It is preferentially dissolved during the wet
season all along the drainage basin and its concentration
is apparently higher where slopes are steeper (Fig. 7). In
contrast, during the dry season, fluorite is only dissolved
in the upper basin (i.e., model 2;,,), whereas it appears to
precipitate in the middle and lower stretches (i.e., models
35 and 4y, (Fig. 7).

Conversely to other mineral phases, calcite is dissolved
mainly during the dry season (Fig. 7). During the wet sea-
son, it is dissolved in the upper basin (i.e., model 2,,,.) and
precipitates in the middle and lower stretches (i.e., mod-
els 3y, and 4y,,.), whereas in the dry season it precipitates
in the headwaters (i.e., model 2,,,) and it is dissolved with
greater intensity toward the outflow (Fig. 7).

Illite is the phase that better explains mineral precipita-
tion at La Trucha drainage basin and it also shows a dif-
ferent behavior depending on the climatic season (Fig. 7).
During the wet season, it precipitates mainly in the lower
basin (i.e., model 4,,,,), while in the dry season this process
preferentially occurs in the headwaters (i.e., model 2; ) and
decreases more than one order of magnitude toward the out-
flow (Fig. 7).

When the CO, is not considered, it can be seen that the
largest percentages of illite precipitation and dissolution of
muscovite occur in the middle stretch (i.e., model 3), where
the slopes are less steep (~2%) (Fig. 7).

Summary and concluding comments

La Trucha drainage basin is a small (~ 1.9 km?), mountain-
ous (~1300 m a.s.l.), relatively steep granitic drainage basin
(i.e., the overall mean slope is ~5% although there are some
considerably steeper — ~25% — stretches). It is representative
of hundreds of second-order drainage basins in the Achala
Batholith. This contribution is an integral part of an ongoing
study (Campodonico et al. 2014; Martinez et al. 2016) which
seeks to reach a detailed picture on the weathering occurring
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Fig.7 PHREEQC inverse modeling results in percentages of mmol kg~! H,O of each mineral and gaseous species transferred in models 2, 3 and
4 during wet (Mar) and dry (Jun) seasons. Positive values are for dissolved phases and negative values are for precipitated ones

in the large intrusive body placed in the Sierras Pampeanas
of Cérdoba, Argentina. Moreover, mountains are increas-
ingly looked upon in the context of global change and in this
contribution we seek to expand the growing world data base
on mountain systems (e.g., http://mri.scnatweb.ch).
Clearly subjected to a weathering-limited denudation
regime—i.e., material is removed faster than it is produced
by weathering- the remaining coarse- and fine-grained
regolith has shown slight geochemical differences with the
country rock (Campodonico et al. 2014). Significant ero-
sion and sediment transport mainly happens during torrential
rain events, hindering the assessment of weathering intensity
following the traditional approach (i.e., identifying relative
material gains and losses in the mineral phases). Therefore,

@ Springer

the dissolved phases were analyzed to expand the insight on
the nature of chemical weathering.

Surface waters at La Trucha were almost neutral or
slightly alkaline (pH=7.24+0.79), and the mean total dis-
solved solids were 24.92 +5.14 mg L™". The mean alkalinity
in surface waters—mostly accounted for HCO;™ concentra-
tions—was 349.67 +70.22 peq L™'. Surface waters classify
as dilute or very dilute (750 < TE* <185 peq L") water
types and at the headwaters depict the chemical signature
of rainfall.

In the stability diagram for the system
K,0-Al,05;-Si0,-H,0, samples fall within the kao-
linite stability field. The absence of significant changes
in the silicic acid concentration suggests that the main
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source of K* is most likely muscovite, which liberates
K*, consumes H*, and does not liberate H,SiO, to the
solution during its conversion to kaolinite. In the case of
the Na,0-Al,0;-Si0,-H,0 system, samples also plot in
the kaolinite stability field, although a greater spread is
perceived during the wet season when the concentration
of Na% increases. Kaolinite and, to a lesser extent Ca-bei-
dellite, are stable phases in the CaO-Al,0;-Si0,-H,0
system, being the latter more stable during the wet sea-
son. The MgO-Al,05,-Si10,-H,0 system crosses over
the amorphous silica limit. The samples collected in the
stream’s main stem plot within the talc [Mg;Si,0,,(OH),]
stability field, mostly during the wet season.

The other approach followed to probe into the nature
of weathering was the RE index recommended by Tardy
(1971). The mean RE value obtained for La Trucha is 2.48,
which corresponds to kaolinite formation. The main chan-
nel exhibits a slightly higher index (2.57), suggesting a
trend to the formation of smectites toward the mouth.

Ternary diagrams are also used extensively to appraise
the degree of chemical weathering in different environ-
ments. As expected in granitic domains, the waters of La
Trucha point to the transformation of plagioclase to kao-
linite as the major process. Remarkably, during the rainy
season, La Trucha’s water chemistry reveals the weather-
ing of plagioclase, whereas it suggests the weathering of
biotite and, somewhat less obvious, calcite, during the dry
season (austral winter).

The final pathway followed in this methodological com-
parison was inverse modeling by means of the PHREEQC
code to simulate chemical reactions occurring during the
hydrolysis or dissolution of mineral phases. The inverse
models propose the hydrolysis of silicates (e.g., feldspar,
muscovite), the dissolution/precipitation of calcite, and the
selective formation of clay minerals (e.g., illite, kaolinite).
Particularly significant is the already underlined (Martinez
et al. 2016) major role played by CO,, which is in agree-
ment with the results shown for first- and second-order
streams in the USA. (Butman and Raymond 2011). How-
ever, the most important output surely is the proposition
that small river geochemistry is responsive to seasons and
behaves in each one in a diverse geochemical fashion, in
coherency with the results obtained by Douglas (2006) at
the White River of Vermont (U.S.A.).
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