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ABSTRACT

Clearwater Mesa (James Ross Island, northeast clictaPeninsula) provides a unique
opportunity to study solute dynamics and geochemigzathering in the pristine lacustrine

systems of a high latitude environment. In orderd&iermine major controls on the solute
composition of these habitats, a geochemical suway conducted on 35 lakes. Differences
between lakes were observed based on measured@ity®mical parameters, revealing neutral
to alkaline waters with total dissolved solids ()B&500 mg L. Katerina and Trinidad-Tatana

systems showed an increase in their respective T@8l, organic carbon values, and finner
sediments from external to internal lakes, indmmatian accumulation of solutes due to

weathering. Norma and Florencia systems exhibitedntost diluted and circumneutral waters,
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likely from the influence of glacier and snow mehinally, isolated lakes presented large
variability in TDS values, indicating weathering damnmeltwater contributions at different
proportions. Trace metal abundances revealed amiclenineral weathering source, except for
Pb and Zn, which could potentially indicate atmaaphinputs. Geochemical modelling was also
conducted on a subset of connected lakes to gaatagrinsight into processes determining solute
composition, resulting in the weathering of sat&bonates and silicates with the corresponding
generation of clays. We found @@onsumption accounted for 20-30% of the total Esec
involved in weathering reactions. These observatialow insights into naturally occurring
geochemical processes in a pristine environmenileveiso providing baseline data for future

research assessing the impacts of anthropogenigipoland the effects of climate change.

Keywords: Clearwater Mesa, Geochemistry, Pristine envirortmyedajor and trace elements,

PHREEQC Modelling, High Latitude Lakes.

1. Introduction

Antarctica is home to some of the most pristinstiveater habitats remaining on Earth, and
have intrigued scientists since the turn of th& 2@ntury with the ‘heroic age’ of Antarctic
exploration (e.g. West and West 1911; Fritch 198@tdman 1970; Burton 1981; Hobbie 1984;
Abollino et al., 2012; Nedbalova et al., 2013). Fareas of the world still exhibit comparably
pristine water geochemistry (Meybeck 2005), ancehbe natural background levels of major
and trace elements can still be determined witlodwious indications of human perturbation,

enhancing the worth of these localities for invgeting natural processes in freshwater systems,
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such as solute mixing and geochemical weatherimgl{Het al., 2006; Wait et al., 2006; Lyons et
al., 2012).

However, Antarctic freshwater systems are alsodigmihanging due to a shifting climate
and increased human activity, especially in theiri®eha region (e.g., Turner et al., 2009), thus
making their investigation timely. Lakes in the Ardtic Peninsula have long been regarded as
sensitive indicators of environmental changes bletdor ecological monitoring and climatic
reconstructions through paleolimnological studieg.( Quayle et al., 2002; Toro et al., 2007,
Verleyen et al., 2012; Lee et al., 2017). Whilengigant progress in the study of these lakes has
been made during the last several years with réspegochemical processes (e.g., Silva-Busso
et al., 2013; Vignoni et al., 2014; Lecomte et 2D16; Vignoni et al., 2017), there is still muoh t
learn about how the differences in geochemistigeari

Recently, Roman et al. (2019) described the geohnwbogy and hydrological systems of a
previously unexplored region of James Ross IsldRd)(near the tip of the Antarctic Peninsula,
appropriately named ‘Clearwater Mesa’ (CWM). Instirggly, these lakes differ in their solute
concentrations as a function of each waterbodyaetlging geology, hydrologic connectivity,
and proximity to the coast, and exhibit considexabriability even within relatively small
distances between other sites (Roman et al., 2@i9¢n the unique geologic and hydrologic
setting of CWM, as well as the role these interarprocesses likely exert on resident flora and
fauna (some of which are unique to the Antarctioif®ila region, Kopalova et al., 2012; 2013;
2014; in press), CWM represents an important oppdst for hydrological and geochemical
investigation.

In this study, we build upon work initiated in Romat al. (2019) by identifying the
sources of major and minor solutes, and charaetasgociated patterns in weathering to improve

our knowledge of how Antarctic lacustrine enviromtse are formed and have evolved.

3



85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

Specifically, we compare the sedimentology, majanor and trace element concentrations, and
perform geochemical modelling between surficialirige basins that differ in weathering
patterns based on their spatial juxtaposition amthectivity with other waterbodies. The results
of this work not only shed light onto the dominavtathering regimes that have likely taken
place since the last glacial maximum/recession, dsb provide data (including metal/oids)
which can be used as a basis for inter-site cosmasi (e.g., at other latitudes and regions of
Antarctica), as well as baseline data for eventoahitoring programs to track the imminent

physico-chemical transition of these lake systesres hew climate equilibrium.

2. Geological and climatic setting

The climate of JRI is influenced by the boundartwaen the continental and arid Weddell
Sea sector of the Antarctic Peninsula and the fnoneid maritime sub-Antarctic air masses. The
result is a semi-arid climate (Laity 2008) chardetdl by short summers (December—February),
with annual snowfall ranging from 200 mm to 500 mgrit water equivalent of precipitation
(Van Lipzig et al., 2004) and mean temperatures tfer warmest and coldest months at
Marambio Station (64°14’ S, 56°38" W) being -3.8lafh4.5 °C, respectively. Most waterbodies
were formed by glacial erosion and deposition @ifiee areas following ice cap retreat during
the Holocene (e.g., Ingolfsson et al.,, 1998; Cakivet al., 2012), and show particular
characteristics as a result of annual freeze-thgales, simple trophic structure, marine
proximity, and geographic isolation.

CWM is an ice-free 8 kfmvolcanic mesa situated ~250 m a.s.l., in the smshside of
Croft Bay in James Ross Island, east of the nartligr of the Antarctic Peninsula (63°40" —

64°20' S and 57°00’ — 58°00’ W; Fig. 1). CWM lakesre formed over James Ross Island
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Volcanic Group (JRIVG) rocks, composed mainly okadihe basalts and palagonitized
hyaloclastite breccias (Jones and Nelson 1970;eKaa al., 2009; Smellie et al., 2013), and
covered by glacial deposits with basaltic clasterédithan 60 shallow lakes and ponds can be
found on CWM, with surfaces varying from ~130 to508nf. A few lakes are found at lower
altitudes, located in glacial deposit depressianare ice-marginal lakes formed during the last
glacial retreat after the Little Ice Age (Carriviek al., 2012). An example is Lake Florencia,
which is also thought to be the deepest, as sugdjéstthe size of the glacier that it drains.
Depending on their nature and geomorphologicaltiposilakes are fed by direct snow/ice
melt, the active layer of the permafrost, and/arfame runoff as represented by small streams
connecting lakes. This surface connectivity resuitgistinct surficial drainage systems, and
Roman et al. (2019) recognized five different systeon CWM (Fig. 1), which we hypothesize
to exhibit predictable characteristics in terms g#dochemistry, weathering, and sediment
structure. The biggest system, the Katerina sysieciydes 23 lakes that are connected through
active streams, or belong to the same catchmeiat &gstems Trinidad-Tatana, Norma and
Florencia, are smaller (Fig. 1). We have grouped‘idolated lakes’ since they are hypothesized
to have similar patterns in hydrological connetyi\ior a lack thereof), being end-members in

their lack of hydrologic connectivity with other tweabodies.

3. Materialsand methods
3.1. Sampling and analyses

In order to characterize weathering processes enhgydrological systems of CWM, we
collected water and sediment samples from 35 diffelakes and ponds between 15-29 January

2015. Two ice samples (i.e., Blancmange Glacier laaice Natasha-ice), were also collected to
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compare the geochemical signature of the glaciarcep and to identify the effect of repeated
freezing processes in lakes. In addition, a preatgd salt sample was also collected from the
margin of Lake Andrea. Thus, 72 CWM samples welkecied in total: 2 ice, 35 lake water, 34

lake sediment, and one salt sample. The sedimemplea were collected with a clean plastic
shovel and stored in plastic bags.

For lake water and ice, temperature, pH, redoxntiate electrical conductivity, and total
dissolved solids (TDS) were measuneditu. Redox potential and pH was measured with a Hach
digital detector, while temperature, TDS, and canigity were measured using a digital Hach
conductivimeter. Alkalinity was measured as Ca®{ end point titration in the field, using a
0.16 N HSO, solution until pH = 4.5. For anions, major catiprend trace elements
determination, samples were vacuum-filtered inftélel with carefully clean syringes and 0.22
pum pore-size cellulose filters (HA-type, Millipof@orp.). An aliquot was stored in triple-rinsed
polyethylene bottles at 4 °C for the determinatafnchloride and sulphate by chemically
suppressed ion chromatography with conductivitycktn (Thermo, model Constametric 3500,
with Dionex suppressor and lonPac AS22 Dionex caluth x 250 mm- for anions). Another
aliquot was stored in centrifuge tubes pre-cleamig diluted HNQ, and then acidified (pH < 2)
with concentrated, redistiled and ultrapure HN@Sigma-Aldrich) for the analytical
determination of major and trace elements by indealst coupled plasma-mass spectrometry
(Activation Laboratories Ltd., Ancaster, Ontaricar@da). These water samples were analysed
by Perkin Elmer Sciex ELAN 9000 ICP/MS, Perkin EinMexion, Thermo icapQ or Agilent
7700. A blank and two water standards were ruthatbeginning and end of each group of 32
samples. A reagent blank was run at the beginnfiigeogroup, and every £&ample was run in
duplicate. The results for major and trace elemest® validated using NIST (National Institute

of Standards and Technology) 1640 and Riverine NRe&ference Materials for Trace Metals

6
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certified by the National Research Council of Can¢BRLS-4), and detection limits are reported
in the corresponding tables. The accuracy (usiagdstrd ISO 17025) ranged between 1% and
10% in most cases. Additionally, duplicate analysege performed to check the reproducibility

of results, and precision was <9% for all analyskednents.

3.2. Sediment analysis

In order to examine weathering patterns and engemsfer within and between drainage
basins as revealed by sediment composition andssigeture, sediment samples were collected
from the top 2-3 cm of the lake margins, with pardar attention paid to the sediment/water
interface. In total, 32 lakes were sampled, andalgest lake, Katerina, was sampled three times
along its length to better characterize its spataalability. Total organic and inorganic carbon
(TOC and TIC, respectively) were determined for bloétom lake sediments and marginal salt
samples to characterize particulate carbon digtdbyand were estimated using the loss on
ignition method (LOI; Heiri et al., 2001).

Sediment texture was determined with a particldyaea (Horiba LA-950), and samples
were processed beforehand to remove any organidramganic content that could act as an
agglomerating agent for the smallest grains, wkohild cause analytical error. Briefly, ~5 g of
each sample was placed in a 50 ml centrifuge tuber@acted with sodium hexametaphosphate
((NaPQ)s) for 24 h to achieve clay defloculation. After treaction, samples were washed with
distilled water and centrifuged at 3500 R.P.M. Somin. This process was repeated four times
for each sample. Hydrogen peroxide (30%0}) was then added to remove organic matter, and
samples were washed again. Finally, samples weatett with 10% HCI for 120 h (5 days) to
eliminate carbonates, followed by a final washihgthis case, the accuracy of measurements

were <5%.
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3.3. Geochemical modelling
Chemical data were processed with PHREEQC (Parkhl®95), constructed using the
AQUACHEM PHREEQC interface, to evaluate geochemidghamics. To analyse lake
chemistry and evolution, these programs were usegetform several inverse and mixture
models for a small subset of lakes representing ncom routes of surface hydrologic
connectivity on CWM. Geochemical modelling simutatkee interaction of cations and anions as
a function of temperature, redox potential, pH, aadic strength. Inverse modelling was
performed to quantify weathering processes ocayrfirst between connected snowmelt lakes
Esther and Tatana (due to being connected witlshoat distance, but exhibiting differences in
conductivity values), and second, between Blancma@dacier and Lake Florencia. Lake
Florencia is a glacier-contact lake, in which diged chemistry is primarily controlled by
meltwater inputs emanating from the Blancmange i@tadHowever, Lake Florencia also
receives water from the more concentrated Lakeli@aga a small stream, though the extent to
which this input can influence the chemical makestipake Florencia is uncertain.

Inverse modelling was conducted following the san&hodology as Parkhurst and Apello
(1999) and Lecomte et al. (2005). Moreover, thréenmg models with different proportions of
each solution were created to simulate mixing Beses between sources. Models were

performed in equilibrium with &g due to these being surficial hydrological systems.

4. Results and Discussion

4.1. Hydrochemistry
Table A.1 shows the area, and location of the stuthhkes (adapted from Roman et al.,

2019), as well as the major physico-chemical véemland major ion concentrations determined
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for the 37 lake water and ice samples from thiskw®able A.2 presents the statistical values for
each hydrogeological system's. In CWM lakes, th®e& and anionic order of abundance is the
same as that reported in other Antarctic lake 8&ateig., Terra Nova Bay, Abollino et al., 2004).
The analysed lakes were neutral to alkaline, withrpnging between ~7.2 and ~9.4. Mildly
alkaline waters are commonly associated with Caddidponates (Deocampo and Jones 2014).
Oxidizing conditions in the area are representeélbyalues between 263 and 412 mV, whereas
the TDS content is highly variable, from <100(t@250 mg L*. Conversely, both ice samples
were diluted, slightly acid (pH!6.5), and present higher Eh values.

In the Katerina system, pH and conductivity valueseased from the marginal lakes to
those that receive the water from the streams atimgethem (internal lakes). This suggests that
weathering processes raise the dissolved elemacentrations in the flow direction, with TDS
ranging between 91.2 and 326 mg (lakes Susan and Linda, respectively), and pH alue
slightly alkaline to alkaline, between 7.8 and qrean ~8.6). However, Trinidad-Tatana
system’s lakes show an increase in pH values telat@ decrease in TDS. This system shows
the highest pH, reaching 9.43 in Lake Esther andrdshing towards Lake Trinidad to a pH of
8.85. Norma system waters are more diluted (TD8esmbf ~150 mg ), and pH is slightly
alkaline. In the Florencia system, the homonymoake | exhibits the most diluted and
circumneutral water among lakes (TDS 76.7 mig jiH 7.22) in the study area. The ice sample
(from Blancmange Glacier) shows a low pH and exélgriow TDS values (6.4 and 5.9 mg'L
respectively). Finally, the remaining lakes on CWAve the outlying waterbodies (i.e. the
‘isolated lakes’), and as they are not surfici@bnnected, their physico-chemical parameters are
highly variable (Table A.1).

White salt deposits were observed along the maugitekes with high conductivity values

(>1000 pS ci). This results from evaporation processes combivigtcapillary flow that leads

9
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to oversaturation in the lakes margin areas, rieguilh mineral precipitation (e.g., Lecomte et al.,
2016). Within the different hydrogeochemical enaimeents defined according to the relationship
between pH vs. Eh (Fig. A.1la, Baas Becking et H60), the waters studied are clearly
represented in the field between a transitionalrenment and surface waters.

Water ionic classification is shown in Fig. A.1btlwia Piper diagram (Piper 1944), which
is a plot that visually separates lakes accordinipeir major ion chemistry. Cations @aNa' +
K*, Mg?) and anions (Gl SQ%, HCOy + CQ;®) are plotted in separate ternary diagrams
according to their percentage values. Then, ak imr® combined into one rhomboidal diagram
showing their relative concentrations to visuallyfer the "type" of water and its main
composition. Lake waters from CWM show a tendenmmf the most chloride type in the
Florencia system, to the bicarbonate type mosthyesented by the Katerina system. In the
cationic triangle, water samples are sodic-potsiixed types, with little calcium contributions
except for Lake Florencia, which is the only caligipe sample. Moreover, ice melting from the
Blancmange glacier that feeds Lake Florencia shawdifferent composition, being of the
bicarbonate-sodic-potasic type. The other ice samg@rresponds to Lake Natasha, being
classified as bicarbonate-mixed type, whereas Ud&tasha is chloride-mixed type. Overall,
CWM water follows a straight line, indicating thelative scarcity of S§ and C&". This pattern
is similar to other lakes in JRI and Vega Islandlj &n streams, groundwater, and snow and ice
on Fildes Peninsula (Ye et al., 2018), whereassldit@n Marambio Island are clearly sulphated

waters (Lecomte et al., 2016).

4.2 Bottom Lake Sediments

4.2.1 Organic and inorganic carbon in lake sedisent

10
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Organic matter content (expressed as TOC) in saidadiment samples ranged from 0.82
to 4.81%, with an outlier of 14.26 represented bg of the three Katerina sediment samples
(Table A.1; Fig. 2). The greatest values were meodrin sediment samples from Katerina and
Andrea lakes, and can be explained by greater @moed of microbial mats, which were
observed in most of the lakes, and are likely alslated to high pH values through their
photosynthesis (Chaparro et al., 2014). While ttvems no discernible pattern in TOC content
between the different drainage systems, TOC ineceasthin Lake Katerina from the northeast
to the northwest coast (2.49 to 14.26).

Total inorganic carbon (TIC) content was relativiw in all samples, with values <1%
(Table A.1). This can be observed in Fig. 2, witiues compared with lakes from other nearby
Antarctic islands (i.e., shaded areas, modifiednfrbecomte et al., 2016). The sample of
precipitated salts has the highest TIC value (1)24Me to evaporative processes, which
decreases lake levels and consequently concentdigsslved elements, and is generally
accompanied by the precipitation of salts suchaabanates and sulphates. Thus, like for other
nearby Antarctic islands (Lecomte et al., 2016¢, ldkes of CWM have low levels of carbonate
production, and it can be assumed that the inocgsiticiclastic fraction constitutes the main

component of sediments.

4.2.2. Granulometric size distribution

Sediment samples were analysed for their partiake distribution. High variability was
observed among samples, with medium fractionss(aitid fine sands) generally predominating.
To improve visualization, the textures are represgnn granulometric curves in which the

diameter (um) versus the percentage content of geaih size (q%) is plotted (Fig. 3). From

11



271 these plots, samples are clearly separated acgotdisimilar grain size patterns (bimodal and
272 trimodal).

273 Fig. 3a shows a homogeneous bimodal granulomasichition, corresponding to fine
274  silts, while the second peak corresponds with Vel sands. Samples with a trimodal grain size
275  distribution were divided into two groups accordtegthe predominant main fraction: silts and
276  sands (Fig 3b and c, respectively). The main pedkis first group corresponds with fine to very
277  fine silts, while the second peak correspondsrte fiands, and the last peak to coarse sands. On
278  the other hand, in the second group, the main peaksponds to medium to coarse sands, while
279  the middle peak corresponds to fine to very finredsaand the smaller fraction represents fine to
280 very fine silts (the salt sample is included irstgroup).

281 A Folk Diagram, which is used in the textural clasation of sediments, is presented in
282  Fig. 3d for sediments with <10% particles of grasiele (>2 mm). Size distributions of gravel-
283 free sediments are plotted on a triangular diagnahere the three end-members are clay, silt,
284 and sand. Locations and boundaries within the dgteameflect the two dimensions of silt/clay
285 ratio and % sand. The relative proportion of thags in the three categories is used to describe
286 the sediment and classify it into ten textural séss Most of the lakes don’t present gravel
287  content, whereas in only a few samples, this camamges from 0.3% to 2.2%. Lake Cecilia is
288 the only one with >10% (i.e., 12.5%) sediment >2 ,mimplying that this lake cannot be
289  classified under the Folk nomination scheme.

290 From a general point of view, the external lakest tifrain into the internal lakes show a
291  higher grain size with sandy samples, whereasrttegnal lakes present a higher percentage of
292  silts and clays, accompanied by the increased T&®ribed in sectiod.l1. (e.g., Valentina-
293  Paula-Nora; Ludmila-Linda-Graciela). This evidendesreasing transport energy in the flow

294  direction. Lake Katerina lends more support to #iplanation: three samples were taken from

12
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the northeast to the northwest coast (Fig. 1),paedent increasing TOC values (as was indicated
in section 4.2.1) and clay content (which incredsa®s 2.6 to 16.3%), whereas the sand and silt
content decreases in the same direction. The decr@agranulometric size, along with the
increasing of TOC values in the flow direction, izate lower transport energy towards the

northwest coast.

4.3. Dissolved trace element behaviour

The trace element concentration of each water @ndample is presented in Table B.1 and
Table B.2. In order to evaluate their areal distitin, dissolved concentrations were normalized
to the upper continental crust (UCC, McLennan 20819 results are shown in a spidergram
(Fig. B.1). Water samples from surface hydrologisgétems show between 3@ 10’ lower
concentrations that the regional basalts. As exgethose elements which exhibit higher relative
concentrations are those that are more labile,gbenore stable in the dissolved phase in
exogenous conditions instead of in the solid orge, (mineral). In contrast, for high field strength
(HFS) elements, UCC-normalized concentrations wei@® in most cases (i.e., Al, Fe, Ti, Ba,
Zr, Y, Th, and Hf). The HFS elements have a snaalius compared to their high cationic charge
(i.e., the z/r ratio), and as a result, their bagdio nearby anions is very strong, restrictingrthe
mobility.

The world average geochemical composition (Gaidaed al., 2014) was added to plots for
comparison, being in the range of CWM samples mega. However, it is interesting that some
elements in CWM lakes present higher concentratibas the world average (i.e., Ti, Zn, Pb),
whereas others are lower (i.e., Mn, Ba, Sr, Rb, Thse lower concentrations are controlled by
water-bedrock interactions, and most of these aisnare associated with acid rocks, such as

granitoids, but are comparatively depleted in voicaocks. When comparing with other nearby
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Antarctic lakes, the similarity of trace elemenncentrations in CWM with lakes from Vega
Island is evident, although concentrations are totwan lakes from Marambio Island and JRI
(Lecomte et al., 2016).

The mean JRIVG geochemical composition of baskltia flows, dykes and breccias was
calculated according to values reported by Kodfeaal.e(2009), and was also added to Fig. B.1
and Table B.1. These rocks clearly show a deplatioalkali elements and an enrichment of
some metals (e.g., V, Cr, Cu, Ni, Sc, Co) commoalkaline basalts, explaining trace element
distributions. However, Pb and Zn exhibit substr@nrichment (Fig. B.1), which can be related
not only with mineral weathering but also with aspberic contamination, as has been deduced
in the Northern Hemisphere by Murozumi et al. (9&®d in the Arctic and Antarctic regions

by Boutron et al. (1987); Hong et al. (1998); &idnchon et al. (2002).

4.5. Geochemical dynamics

In order to recognize the influence of sea spralple water geochemistry, MgC&" and
Na'/(Na'+C&") meq L* ratios were calculated, as well as the relatignabfi N& vs CI.
Mg**/Ca* ratio values (Table A.1) ranged from 0.03 to 12.86h an average value of ~3.
Na'/(Na'+C&™) ratio values ranged from 0.09 to 0.93, with aerage of ~0.8. The minimum
values both belonged to Lake Florencia, while treximum values were calculated for Lake
Adriana. These results can potentially be explaibgdthe lake’s distance to the sea, its
hydrologic connectivity, and/or its geomorphologigaosition (Roman et al., 2019). Lake
Florencia is located in a depression formed onsite by a glacier and being protected from sea
influence, while Lake Adriana is located in the thaun part of the mesa, hydrologically isolated
and close to the cliff edge. In a general way, $alkeated to the east in the Nufiez Valley show

lower ratios due to the increasing distance to dba and the presence of geomorphological

14



343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

barriers. On the other hand, lakes located on & gide of the mesa near the cliff edge exhibit
the greatest ratio values as a consequence ofpsag, s evidenced by the high correlation
between Naand TDS, reaching®R= 0.96. The relationship between™Nand Cl resulted in an
R? = 0.77, corroborating the atmospheric source, ad®IC4" and Md" concentrations in lake
water can be also derived from the weathering afjiptlases and ferromagnesian minerals
present in the basaltic rocks and breccias thattitate the lake’s basement.

Because of low temperatures and arid conditions, miain geochemical processes
controlling dissolved concentrations are atmosjghgpray and evaporation. However, chemical
weathering and many other water-based rock decagepses are also present to a different
extent. In order to characterize those weatherirgggsses, inverse modelling was performed
between Esther and Tatana samples, which are dewohex each other via a surficial stream.
Modelling results approximate the system’s behaweeking an estimate to the amount of moles
transferred between the dissolved, gaseous, amigwses. Appendix C shows the output of the
geochemical model, whereas Table 1 summarizesesdts. The processes occurring between
lakes are: the dissolution between 0.1 and up tonsmol L* H,O of plagioclase, feldspar,
muscovite, dolomite, salts, and a significant comstion of CQ by weathering reactions. On the

other hand, between 0.5 and 1.2 mmdIH,0 of calcite and illite precipitate.

4.6. Lake Florencia’s water source(s)

Lake Florencia receives water from the Blancmandeaci€, but also from a stream
draining Lake Cecilia. To estimate the potentiaitcbution of these sources, as well as to assess
the potential role of weathering processes in geimgy the final chemical composition of Lake
Florencia, mixing models were created with différesource proportions in an exploratory

manner (i.e., one model where both the glacier stnehm contribute 50% of the water, one
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where 20% of the water is from the glacier and 89%om Lake Cecilia, and one where 80% of
the water is from the glacier and 20% is from L&eilia). Results are shown in Fig. 4a, and the
best fitting model is the last one (i.e., greentspo Fig. 4), which indicates a smaller influence
of the stream draining Lake Cecilia and a muchtgrdiely contribution of meltwater from the
glacier. However, it is clear that additional wesathg processes are still necessary to adequately
explain the dissolved concentrations of this lakake Florencia’s TDS value is intermediate
between both sources, being the highest in Lakdi&elt means that between both lakes, there
is no possibility of weathering processes thatease dissolved ions, as on the contrary, mineral
precipitation should occur due to the lower TDSueal One possibility may be that some
weathering processes may be acting at the basheofjlacier as explained by Lorrain and
Fitzsimons (2011), which modifies the hydrochemgighal.

The partial melting of permafrost in summer coukbgrovide a solution to balancing the
lake's hydrochemistry. From this interpretationveirse modelling was performed to quantify the
potential geochemical processes, and with thesdtse# is possible to explain Lake Florencia's
hydrochemistry (Fig. 4b). The model was chosen idensg JRIVG mineralogy. Specifically,
these basalts present high amounts of calcitedilholes and amygdala, and plagioclases are
more sodic than calcic. Uncertainties were 5% I Blancmange Glacier sample and 2% for
Lake Florencia. Silicate weathering transfers 10f inmol L* H,O to the dissolved phase,
whereas carbonate weathering removes 19niol L H,O. Mineral weathering transfers 1.2
10" mmol L* H,O to the dissolved phase consuming 5.% fifimol L* H,O of CQ, with the
corresponding generation of 1.34@mol L* H,O of residual clays. The minerals which explain

weathering are: albite, muscovite, calcite, dolemiypsum, halite, and kaolinite.

5. Final remarks
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The present study contributes baseline data to letier understand weathering processes
influencing the hydrochemistry of Antarctic lakeSpecifically, by studying different lake
systems located on CWM, our results allow for arabirization of mechanisms responsible for
their physical and chemical attributes. Although KIMé only 8 knf, it contains more than 50
lakes and ponds that constitute connected lakemgstas well as isolated lakes with different
physico-chemical characteristics. Most of the lakase dilute alkaline waters, except for the
isolated basin ones that exhibit higher concemtnatvaters and salt precipitation in their margins
due to evaporative processes.

Low temperatures, arid conditions, and high wintbe®y enhances evaporation processes
and the influence of atmospheric spray. The mdmment composition of CWM lakes reflects
the significant influence of marine spray in thet@vachemistry, varying according to the distance
to the sea, lake geomorphological position, and-mater input during the austral summer (see
also Roman et al., 2019). However, the influencecloémical weathering in this extreme
environment must not be ignored, as evidenced bymmalelling exercises. Chemical weathering
contributes to the major ionic composition, ae#ults in the release of the most labile elements
during the weathering process, such a& Q¢a’, K*, and Mg*. Through our analyses, we found
that the processes occurring in the drainage bascisde the dissolution of plagioclase, K-
felspar, muscovite, calcite, dolomite, halite angbgum, the precipitation of illite or kaolinite,
and a significant consumption of GBy weathering reactions. Between>18nd 10" mmol L*
H,0 of different phases are dissolved or precipitatetie reactions.

By separating the lakes into their surficial drgi@aystems, we found that these different
lake systems exhibit weathering patterns througir texternal’ to ‘internal’ lakes. For example,
lakes with lower sediment grain size (and higheCT@lues) reflect the lower energy states, and

were found more in the more internal waterbodieghddigh overall the sediments are mainly
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composed of silts and sands, the clay fractionesgts the most reactive one in terms of water-
sediment interactions/surface availability for ajpsion processes.

Minor and trace metal concentrations in CWM lakes @ntrolled by water-sediment and
water-bedrock interactions, as well as surface mimgut. Trace elements that present high-
normalized concentrations compared to the worldage (Cr, Cu, Ni, Sc, Co) correspond to
metals that are enriched in JRIVG rocks, therefeftecting their main source. Collectively,
these results provide important insights into geoailcal processes taking place in high-latitude
lakes and ponds, which are important given that ridease of weathering products to the
surrounding terrestrial and aquatic areas coulg @haimportant role in species distributions and

overall ecosystem health.
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Figure captions

Fig. 1. Map of Clearwater Mesa, with different watadies labelled according to their surface

hydrological drainage system.

Fig. 2: Percentage of Total Inorganic Carbon (%TWjsus the percentage of Total Organic
Carbon (%TOC) in sediment samplédarambio, James Ross, and Vega islands data are

represented as shaded areas and taken from Leebait€2016).

Fig 3: Sediment sample granulometric curves: ajdeh b) trimodal sand; c) trimodal silt; and

d) ternary diagram showing textures of sedimentmasnmodified from Folk, 1974)

Fig. 4: PHREEQC modelling results, a) mixing moubgli scatter graph showing the relationship
between Lake Florencia real dissolved chemistrycentration (md-™) and a three modeled
solution by mixing Blancmange Glacier (i.e., BG)dahake Cecilia (i.e., LC) in different
proportions. The y = x straight line of equal camtcations is included as a reference, b) inverse
modelling: mmol [* H,O of different transferred. Positive values are di@solved phases and

negative values are for precipitated ones.

Tables:

Table 1. PHREEQC inverse modelling results showmygol L* H,O of different transferred
dissolved and precipitated phases. Both solutiaredainties and the model’s sum of residuals

are included.

Supplementary material:
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Appendix A:

Table A.1. Physical and chemical variables frors gtudy including sample locations, lake area,

pH, conductivity, major ions, TIC, and TOC.

Table A.2. Statistical values for each hydrogedabisystem's physical and chemical

characteristics.

Fig. A.1: a)pH-Eh diagram; b) Piper diagram from Clearwater Meke and ice water samples

Appendix B:

Table B.1. Trace element determined in the 20158agmcampaing and JRIVG mean values (in

ppm) are from concentrations reported by KoSlel.e2009.

Table B.2. Statistical values for each hydrogedalgsystem's trace elements.

Fig. B.1: Upper Continental Crust normalized spygeam. The JRIVG average (KoSler et al.,

2009) and world average (Galillardet et al., 201d)aalded for comparison.

Appendix C: Inverse modelling results.



Table 1. PHREEQC inverse modelling results showing mmol L-
1 H20 of different transferred dissolved and precipitated
phases. Both solution uncertainties and the model’s sum of
residuals are included.

Inverse modelling Initial solution Final solution
Esther Tatana

uncertainty 0.08 0.05

Dissolved Precipitated

Phases transferred 1
mmol kg™ H,0

CO2(g) 2.18
Albite 0.27
Calcite -1.22
Dolomite 1.75
Halite 5.08
lllite -0.47
K-feldspar 0.09
Muscovite 0.24
Gypsum 0.10
sum of residuals 4.69

fractional error in element
concentration 0.05
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-Energy dissipates from external to internal lakes within drainage systems.
-Weathering influences lake chemistry along with sea spray, dilution, and evaporation.

-Minor/trace metals controlled by water-sediment and water-bedrock interactions.



