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ABSTRACT  29 

Clearwater Mesa (James Ross Island, northeast Antarctic Peninsula) provides a unique 30 

opportunity to study solute dynamics and geochemical weathering in the pristine lacustrine 31 

systems of a high latitude environment. In order to determine major controls on the solute 32 

composition of these habitats, a geochemical survey was conducted on 35 lakes. Differences 33 

between lakes were observed based on measured physico-chemical parameters, revealing neutral 34 

to alkaline waters with total dissolved solids (TDS) <2500 mg L-1. Katerina and Trinidad-Tatana 35 

systems showed an increase in their respective TDS, total organic carbon values, and finner 36 

sediments from external to internal lakes, indicating an accumulation of solutes due to 37 

weathering. Norma and Florencia systems exhibited the most diluted and circumneutral waters, 38 
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likely from the influence of glacier and snow melt. Finally, isolated lakes presented large 39 

variability in TDS values, indicating weathering and meltwater contributions at different 40 

proportions. Trace metal abundances revealed a volcanic mineral weathering source, except for 41 

Pb and Zn, which could potentially indicate atmospheric inputs. Geochemical modelling was also 42 

conducted on a subset of connected lakes to gain greater insight into processes determining solute 43 

composition, resulting in the weathering of salts, carbonates and silicates with the corresponding 44 

generation of clays.  We found CO2 consumption accounted for 20-30% of the total species 45 

involved in weathering reactions. These observations allow insights into naturally occurring 46 

geochemical processes in a pristine environment, while also providing baseline data for future 47 

research assessing the impacts of anthropogenic pollution and the effects of climate change. 48 

 49 

Keywords: Clearwater Mesa, Geochemistry, Pristine environments, Major and trace elements, 50 

PHREEQC Modelling, High Latitude Lakes. 51 

 52 

1. Introduction 53 

Antarctica is home to some of the most pristine freshwater habitats remaining on Earth, and 54 

have intrigued scientists since the turn of the 20th century with the ‘heroic age’ of Antarctic 55 

exploration (e.g. West and West 1911; Fritch 1912; Goldman 1970; Burton 1981; Hobbie 1984; 56 

Abollino et al., 2012; Nedbalová et al., 2013). Few areas of the world still exhibit comparably 57 

pristine water geochemistry (Meybeck 2005), and here the natural background levels of major 58 

and trace elements can still be determined without obvious indications of human perturbation, 59 

enhancing the worth of these localities for investigating natural processes in freshwater systems, 60 
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such as solute mixing and geochemical weathering (Healy et al., 2006; Wait et al., 2006; Lyons et 61 

al., 2012).  62 

However, Antarctic freshwater systems are also rapidly changing due to a shifting climate 63 

and increased human activity, especially in the Peninsula region (e.g., Turner et al., 2009), thus 64 

making their investigation timely. Lakes in the Antarctic Peninsula have long been regarded as 65 

sensitive indicators of environmental changes suitable for ecological monitoring and climatic 66 

reconstructions through paleolimnological studies (e.g., Quayle et al., 2002; Toro et al., 2007; 67 

Verleyen et al., 2012; Lee et al., 2017). While significant progress in the study of these lakes has 68 

been made during the last several years with respect to geochemical processes (e.g., Silva-Busso 69 

et al., 2013; Vignoni et al., 2014; Lecomte et al., 2016; Vignoni et al., 2017), there is still much to 70 

learn about how the differences in geochemistry arise. 71 

Recently, Roman et al. (2019) described the geomorphology and hydrological systems of a 72 

previously unexplored region of James Ross Island (JRI) near the tip of the Antarctic Peninsula, 73 

appropriately named ‘Clearwater Mesa’ (CWM). Interestingly, these lakes differ in their solute 74 

concentrations as a function of each waterbody’s underlying geology, hydrologic connectivity, 75 

and proximity to the coast, and exhibit considerable variability even within relatively small 76 

distances between other sites (Roman et al., 2019). Given the unique geologic and hydrologic 77 

setting of CWM, as well as the role these interacting processes likely exert on resident flora and 78 

fauna (some of which are unique to the Antarctic Peninsula region, Kopalová et al., 2012; 2013; 79 

2014; in press), CWM represents an important opportunity for hydrological and geochemical 80 

investigation. 81 

In this study, we build upon work initiated in Roman et al. (2019) by identifying the 82 

sources of major and minor solutes, and characterize associated patterns in weathering to improve 83 

our knowledge of how Antarctic lacustrine environments are formed and have evolved. 84 
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Specifically, we compare the sedimentology, major, minor and trace element concentrations, and 85 

perform geochemical modelling between surficial drainage basins that differ in weathering 86 

patterns based on their spatial juxtaposition and connectivity with other waterbodies. The results 87 

of this work not only shed light onto the dominant weathering regimes that have likely taken 88 

place since the last glacial maximum/recession, but also provide data (including metal/oids) 89 

which can be used as a basis for inter-site comparisons (e.g., at other latitudes and regions of 90 

Antarctica), as well as baseline data for eventual monitoring programs to track the imminent 91 

physico-chemical transition of these lake systems to a new climate equilibrium.  92 

 93 

2. Geological and climatic setting 94 

The climate of JRI is influenced by the boundary between the continental and arid Weddell 95 

Sea sector of the Antarctic Peninsula and the more humid maritime sub-Antarctic air masses. The 96 

result is a semi-arid climate (Laity 2008) characterized by short summers (December–February), 97 

with annual snowfall ranging from 200 mm to 500 mm yr-1 water equivalent of precipitation 98 

(Van Lipzig et al., 2004) and mean temperatures for the warmest and coldest months at 99 

Marambio Station (64º14’ S, 56º38’ W) being -3.3 and -14.5 ºC, respectively. Most waterbodies 100 

were formed by glacial erosion and deposition on ice-free areas following ice cap retreat during 101 

the Holocene (e.g., Ingólfsson et al., 1998; Carrivick et al., 2012), and show particular 102 

characteristics as a result of annual freeze-thaw cycles, simple trophic structure, marine 103 

proximity, and geographic isolation.  104 

CWM is an ice-free 8 km2 volcanic mesa situated ~250 m a.s.l., in the southeast side of 105 

Croft Bay in James Ross Island, east of the northern tip of the Antarctic Peninsula (63º40’ – 106 

64º20’ S and 57º00’ – 58º00’ W; Fig. 1). CWM lakes were formed over James Ross Island 107 
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Volcanic Group (JRIVG) rocks, composed mainly of alkaline basalts and palagonitized 108 

hyaloclastite breccias (Jones and Nelson 1970; Košler et al., 2009; Smellie et al., 2013), and 109 

covered by glacial deposits with basaltic clasts. More than 60 shallow lakes and ponds can be 110 

found on CWM, with surfaces varying from ~130 to ~850 m2. A few lakes are found at lower 111 

altitudes, located in glacial deposit depressions or are ice-marginal lakes formed during the last 112 

glacial retreat after the Little Ice Age (Carrivick et al., 2012). An example is Lake Florencia, 113 

which is also thought to be the deepest, as suggested by the size of the glacier that it drains. 114 

Depending on their nature and geomorphological position, lakes are fed by direct snow/ice 115 

melt, the active layer of the permafrost, and/or surface runoff as represented by small streams 116 

connecting lakes. This surface connectivity results in distinct surficial drainage systems, and 117 

Roman et al. (2019) recognized five different systems on CWM (Fig. 1), which we hypothesize 118 

to exhibit predictable characteristics in terms of geochemistry, weathering, and sediment 119 

structure. The biggest system, the Katerina system, includes 23 lakes that are connected through 120 

active streams, or belong to the same catchment area. Systems Trinidad-Tatana, Norma and 121 

Florencia, are smaller (Fig. 1). We have grouped the ‘isolated lakes’ since they are hypothesized 122 

to have similar patterns in hydrological connectivity (or a lack thereof), being end-members in 123 

their lack of hydrologic connectivity with other waterbodies. 124 

 125 

3. Materials and methods 126 

3.1. Sampling and analyses 127 

In order to characterize weathering processes in the hydrological systems of CWM, we 128 

collected water and sediment samples from 35 different lakes and ponds between 15-29 January 129 

2015. Two ice samples (i.e., Blancmange Glacier and Lake Natasha-ice), were also collected to 130 
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compare the geochemical signature of the glacier source, and to identify the effect of repeated 131 

freezing processes in lakes. In addition, a precipitated salt sample was also collected from the 132 

margin of Lake Andrea. Thus, 72 CWM samples were collected in total: 2 ice, 35 lake water, 34 133 

lake sediment, and one salt sample. The sediment samples were collected with a clean plastic 134 

shovel and stored in plastic bags. 135 

For lake water and ice, temperature, pH, redox potential, electrical conductivity, and total 136 

dissolved solids (TDS) were measured in situ. Redox potential and pH was measured with a Hach 137 

digital detector, while temperature, TDS, and conductivity were measured using a digital Hach 138 

conductivimeter. Alkalinity was measured as CaCO3 by end point titration in the field, using a 139 

0.16 N H2SO4 solution until pH = 4.5. For anions, major cations, and trace elements 140 

determination, samples were vacuum-filtered in the field with carefully clean syringes and 0.22 141 

µm pore-size cellulose filters (HA-type, Millipore Corp.). An aliquot was stored in triple-rinsed 142 

polyethylene bottles at 4 ºC for the determination of chloride and sulphate by chemically 143 

suppressed ion chromatography with conductivity detection (Thermo, model Constametric 3500, 144 

with Dionex suppressor and IonPac AS22 Dionex column -4 x 250 mm- for anions). Another 145 

aliquot was stored in centrifuge tubes pre-cleaned with diluted HNO3, and then acidified (pH < 2) 146 

with concentrated, redistilled and ultrapure HNO3 (Sigma-Aldrich) for the analytical 147 

determination of major and trace elements by inductively coupled plasma-mass spectrometry 148 

(Activation Laboratories Ltd., Ancaster, Ontario, Canada). These water samples were analysed 149 

by Perkin Elmer Sciex ELAN 9000 ICP/MS, Perkin Elmer Nexion, Thermo icapQ or Agilent 150 

7700. A blank and two water standards were run at the beginning and end of each group of 32 151 

samples. A reagent blank was run at the beginning of the group, and every 10th sample was run in 152 

duplicate. The results for major and trace elements were validated using NIST (National Institute 153 

of Standards and Technology) 1640 and Riverine Water Reference Materials for Trace Metals 154 
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certified by the National Research Council of Canada (SRLS-4), and detection limits are reported 155 

in the corresponding tables. The accuracy (using standard ISO 17025) ranged between 1% and 156 

10% in most cases. Additionally, duplicate analyses were performed to check the reproducibility 157 

of results, and precision was <9% for all analysed elements. 158 

3.2. Sediment analysis 159 

In order to examine weathering patterns and energy transfer within and between drainage 160 

basins as revealed by sediment composition and size structure, sediment samples were collected 161 

from the top 2-3 cm of the lake margins, with particular attention paid to the sediment/water 162 

interface. In total, 32 lakes were sampled, and the largest lake, Katerina, was sampled three times 163 

along its length to better characterize its spatial variability. Total organic and inorganic carbon 164 

(TOC and TIC, respectively) were determined for the bottom lake sediments and marginal salt 165 

samples to characterize particulate carbon distribution, and were estimated using the loss on 166 

ignition method (LOI; Heiri et al., 2001).  167 

Sediment texture was determined with a particle analyser (Horiba LA-950), and samples 168 

were processed beforehand to remove any organic and inorganic content that could act as an 169 

agglomerating agent for the smallest grains, which would cause analytical error. Briefly, ~5 g of 170 

each sample was placed in a 50 ml centrifuge tube and reacted with sodium hexametaphosphate 171 

((NaPO3)6) for 24 h to achieve clay defloculation. After the reaction, samples were washed with 172 

distilled water and centrifuged at 3500 R.P.M. for 5 min. This process was repeated four times 173 

for each sample. Hydrogen peroxide (30% H2O2) was then added to remove organic matter, and 174 

samples were washed again. Finally, samples were treated with 10% HCl for 120 h (5 days) to 175 

eliminate carbonates, followed by a final washing. In this case, the accuracy of measurements 176 

were <5%. 177 
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3.3. Geochemical modelling 178 

Chemical data were processed with PHREEQC (Parkhurst 1995), constructed using the 179 

AQUACHEM PHREEQC interface, to evaluate geochemical dynamics. To analyse lake 180 

chemistry and evolution, these programs were used to perform several inverse and mixture 181 

models for a small subset of lakes representing common routes of surface hydrologic 182 

connectivity on CWM. Geochemical modelling simulates the interaction of cations and anions as 183 

a function of temperature, redox potential, pH, and ionic strength. Inverse modelling was 184 

performed to quantify weathering processes occurring first between connected snowmelt lakes 185 

Esther and Tatana (due to being connected within a short distance, but exhibiting differences in 186 

conductivity values), and second, between Blancmange Glacier and Lake Florencia. Lake 187 

Florencia is a glacier-contact lake, in which dissolved chemistry is primarily controlled by 188 

meltwater inputs emanating from the Blancmange Glacier. However, Lake Florencia also 189 

receives water from the more concentrated Lake Cecilia via a small stream, though the extent to 190 

which this input can influence the chemical make-up of Lake Florencia is uncertain. 191 

Inverse modelling was conducted following the same methodology as Parkhurst and Apello 192 

(1999) and Lecomte et al. (2005). Moreover, three mixing models with different proportions of 193 

each solution were created to simulate mixing processes between sources. Models were 194 

performed in equilibrium with O2 (g) due to these being surficial hydrological systems. 195 

 196 

4. Results and Discussion 197 

4.1. Hydrochemistry   198 

Table A.1 shows the area, and location of the studied lakes (adapted from Roman et al., 199 

2019), as well as the major physico-chemical variables and major ion concentrations determined 200 
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for the 37 lake water and ice samples from this work. Table A.2 presents the statistical values for 201 

each hydrogeological system's. In CWM lakes, the cationic and anionic order of abundance is the 202 

same as that reported in other Antarctic lake waters (e.g., Terra Nova Bay, Abollino et al., 2004). 203 

The analysed lakes were neutral to alkaline, with pH ranging between ~7.2 and ~9.4. Mildly 204 

alkaline waters are commonly associated with Ca-Mg carbonates (Deocampo and Jones 2014). 205 

Oxidizing conditions in the area are represented by Eh values between 263 and 412 mV, whereas 206 

the TDS content is highly variable, from <100 to ⁓2250 mg L-1. Conversely, both ice samples 207 

were diluted, slightly acid (pH ⁓6.5), and present higher Eh values.  208 

In the Katerina system, pH and conductivity values increased from the marginal lakes to 209 

those that receive the water from the streams connecting them (internal lakes). This suggests that 210 

weathering processes raise the dissolved element concentrations in the flow direction, with TDS 211 

ranging between 91.2 and 326 mg L-1 (lakes Susan and Linda, respectively), and pH values 212 

slightly alkaline to alkaline, between 7.8 and 9.2 (mean ~8.6). However, Trinidad-Tatana 213 

system’s lakes show an increase in pH values related to a decrease in TDS. This system shows 214 

the highest pH, reaching 9.43 in Lake Esther and diminishing towards Lake Trinidad to a pH of 215 

8.85. Norma system waters are more diluted (TDS values of ~150 mg L-1), and pH is slightly 216 

alkaline. In the Florencia system, the homonymous lake exhibits the most diluted and 217 

circumneutral water among lakes (TDS 76.7 mg L-1, pH 7.22) in the study area. The ice sample 218 

(from Blancmange Glacier) shows a low pH and extremely low TDS values (6.4 and 5.9 mg L-1 219 

respectively). Finally, the remaining lakes on CWM are the outlying waterbodies (i.e. the 220 

‘isolated lakes’), and as they are not surficially connected, their physico-chemical parameters are 221 

highly variable (Table A.1).  222 

White salt deposits were observed along the margins of lakes with high conductivity values 223 

(>1000 µS cm-1). This results from evaporation processes combined with capillary flow that leads 224 
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to oversaturation in the lakes margin areas, resulting in mineral precipitation (e.g., Lecomte et al., 225 

2016). Within the different hydrogeochemical environments defined according to the relationship 226 

between pH vs. Eh (Fig. A.1a, Baas Becking et al., 1960), the waters studied are clearly 227 

represented in the field between a transitional environment and surface waters.  228 

Water ionic classification is shown in Fig. A.1b with a Piper diagram (Piper 1944), which 229 

is a plot that visually separates lakes according to their major ion chemistry. Cations (Ca2+, Na+ + 230 

K+, Mg2+) and anions (Cl-, SO4
2-, HCO3

- + CO3
2-) are plotted in separate ternary diagrams 231 

according to their percentage values. Then, all ions are combined into one rhomboidal diagram 232 

showing their relative concentrations to visually infer the "type" of water and its main 233 

composition. Lake waters from CWM show a tendency from the most chloride type in the 234 

Florencia system, to the bicarbonate type mostly represented by the Katerina system. In the 235 

cationic triangle, water samples are sodic-potasic to mixed types, with little calcium contributions 236 

except for Lake Florencia, which is the only calcic-type sample. Moreover, ice melting from the 237 

Blancmange glacier that feeds Lake Florencia shows a different composition, being of the 238 

bicarbonate-sodic-potasic type. The other ice sample corresponds to Lake Natasha, being 239 

classified as bicarbonate-mixed type, whereas Lake Natasha is chloride-mixed type. Overall, 240 

CWM water follows a straight line, indicating the relative scarcity of SO4
2- and Ca2+. This pattern 241 

is similar to other lakes in JRI and Vega Island, and in streams, groundwater, and snow and ice 242 

on Fildes Peninsula (Ye et al., 2018), whereas lakes from Marambio Island are clearly sulphated 243 

waters (Lecomte et al., 2016).  244 

 245 

4.2 Bottom Lake Sediments 246 

4.2.1 Organic and inorganic carbon in lake sediments  247 
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Organic matter content (expressed as TOC) in surface sediment samples ranged from 0.82 248 

to 4.81%, with an outlier of 14.26 represented by one of the three Katerina sediment samples 249 

(Table A.1; Fig. 2). The greatest values were recorded in sediment samples from Katerina and 250 

Andrea lakes, and can be explained by greater abundances of microbial mats, which were 251 

observed in most of the lakes, and are likely also related to high pH values through their 252 

photosynthesis (Chaparro et al., 2014). While there was no discernible pattern in TOC content 253 

between the different drainage systems, TOC increased within Lake Katerina from the northeast 254 

to the northwest coast (2.49 to 14.26). 255 

Total inorganic carbon (TIC) content was relatively low in all samples, with values <1% 256 

(Table A.1). This can be observed in Fig. 2, with values compared with lakes from other nearby 257 

Antarctic islands (i.e., shaded areas, modified from Lecomte et al., 2016). The sample of 258 

precipitated salts has the highest TIC value (1.24%) due to evaporative processes, which 259 

decreases lake levels and consequently concentrates dissolved elements, and is generally 260 

accompanied by the precipitation of salts such as carbonates and sulphates. Thus, like for other 261 

nearby Antarctic islands (Lecomte et al., 2016), the lakes of CWM have low levels of carbonate 262 

production, and it can be assumed that the inorganic siliciclastic fraction constitutes the main 263 

component of sediments. 264 

 265 

4.2.2. Granulometric size distribution 266 

Sediment samples were analysed for their particle size distribution. High variability was 267 

observed among samples, with medium fractions (silts and fine sands) generally predominating. 268 

To improve visualization, the textures are represented in granulometric curves in which the 269 

diameter (µm) versus the percentage content of each grain size (q%) is plotted (Fig. 3). From 270 



12 

 

these plots, samples are clearly separated according to similar grain size patterns (bimodal and 271 

trimodal).  272 

Fig. 3a shows a homogeneous bimodal granulometric distribution, corresponding to fine 273 

silts, while the second peak corresponds with very fine sands. Samples with a trimodal grain size 274 

distribution were divided into two groups according to the predominant main fraction: silts and 275 

sands (Fig 3b and c, respectively). The main peak in this first group corresponds with fine to very 276 

fine silts, while the second peak corresponds to fine sands, and the last peak to coarse sands. On 277 

the other hand, in the second group, the main peak corresponds to medium to coarse sands, while 278 

the middle peak corresponds to fine to very fine sands, and the smaller fraction represents fine to 279 

very fine silts (the salt sample is included in this group).  280 

A Folk Diagram, which is used in the textural classification of sediments, is presented in 281 

Fig. 3d for sediments with <10% particles of gravel size (>2 mm). Size distributions of gravel-282 

free sediments are plotted on a triangular diagram, where the three end-members are clay, silt, 283 

and sand. Locations and boundaries within the triangle reflect the two dimensions of silt/clay 284 

ratio and % sand. The relative proportion of the grains in the three categories is used to describe 285 

the sediment and classify it into ten textural classes. Most of the lakes don’t present gravel 286 

content, whereas in only a few samples, this content ranges from 0.3% to 2.2%. Lake Cecilia is 287 

the only one with >10% (i.e., 12.5%) sediment >2 mm, implying that this lake cannot be 288 

classified under the Folk nomination scheme.  289 

From a general point of view, the external lakes that drain into the internal lakes show a 290 

higher grain size with sandy samples, whereas the internal lakes present a higher percentage of 291 

silts and clays, accompanied by the increased TDS described in section 4.1. (e.g., Valentina-292 

Paula-Nora; Ludmila-Linda-Graciela). This evidences decreasing transport energy in the flow 293 

direction. Lake Katerina lends more support to this explanation: three samples were taken from 294 
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the northeast to the northwest coast (Fig. 1), and present increasing TOC values (as was indicated 295 

in section 4.2.1) and clay content (which increases from 2.6 to 16.3%), whereas the sand and silt 296 

content decreases in the same direction. The decrease in granulometric size, along with the 297 

increasing of TOC values in the flow direction, indicate lower transport energy towards the 298 

northwest coast. 299 

 300 

4.3. Dissolved trace element behaviour 301 

The trace element concentration of each water and ice sample is presented in Table B.1 and 302 

Table B.2. In order to evaluate their areal distribution, dissolved concentrations were normalized 303 

to the upper continental crust (UCC, McLennan 2001) and results are shown in a spidergram 304 

(Fig. B.1). Water samples from surface hydrological systems show between 10-3 to 10-7 lower 305 

concentrations that the regional basalts. As expected, those elements which exhibit higher relative 306 

concentrations are those that are more labile, being more stable in the dissolved phase in 307 

exogenous conditions instead of in the solid one (i.e., mineral). In contrast, for high field strength 308 

(HFS) elements, UCC-normalized concentrations were <10-6 in most cases (i.e., Al, Fe, Ti, Ba, 309 

Zr, Y, Th, and Hf). The HFS elements have a small radius compared to their high cationic charge 310 

(i.e., the z/r ratio), and as a result, their bonding to nearby anions is very strong, restricting their 311 

mobility. 312 

The world average geochemical composition (Gaillardet et al., 2014) was added to plots for 313 

comparison, being in the range of CWM samples in general. However, it is interesting that some 314 

elements in CWM lakes present higher concentrations than the world average (i.e., Ti, Zn, Pb), 315 

whereas others are lower (i.e., Mn, Ba, Sr, Rb, Th). These lower concentrations are controlled by 316 

water-bedrock interactions, and most of these elements are associated with acid rocks, such as 317 

granitoids, but are comparatively depleted in volcanic rocks. When comparing with other nearby 318 
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Antarctic lakes, the similarity of trace element concentrations in CWM with lakes from Vega 319 

Island is evident, although concentrations are lower than lakes from Marambio Island and JRI 320 

(Lecomte et al., 2016).  321 

The mean JRIVG geochemical composition of basaltic lava flows, dykes and breccias was 322 

calculated according to values reported by Košler et al. (2009), and was also added to Fig. B.1 323 

and Table B.1. These rocks clearly show a depletion of alkali elements and an enrichment of 324 

some metals (e.g., V, Cr, Cu, Ni, Sc, Co) common in alkaline basalts, explaining trace element 325 

distributions. However, Pb and Zn exhibit substantial enrichment (Fig. B.1), which can be related 326 

not only with mineral weathering but also with atmospheric contamination, as has been deduced 327 

in the Northern Hemisphere by Murozumi et al. (1969), and in the Arctic and Antarctic regions 328 

by Boutron et al.  (1987); Hong et al. (1998); and Planchon et al. (2002).  329 

 330 

4.5. Geochemical dynamics 331 

In order to recognize the influence of sea spray in lake water geochemistry, Mg2+/Ca2+ and 332 

Na+/(Na++Ca2+) meq L-1 ratios were calculated, as well as the relationship of Na+ vs Cl-. 333 

Mg2+/Ca2+ ratio values (Table A.1) ranged from 0.03 to 12.86, with an average value of ~3. 334 

Na+/(Na++Ca2+) ratio values ranged from 0.09 to 0.93, with an average of ~0.8. The minimum 335 

values both belonged to Lake Florencia, while the maximum values were calculated for Lake 336 

Adriana. These results can potentially be explained by the lake’s distance to the sea, its 337 

hydrologic connectivity, and/or its geomorphological position (Roman et al., 2019). Lake 338 

Florencia is located in a depression formed on one side by a glacier and being protected from sea 339 

influence, while Lake Adriana is located in the southern part of the mesa, hydrologically isolated 340 

and close to the cliff edge. In a general way, lakes located to the east in the Nuñez Valley show 341 

lower ratios due to the increasing distance to the sea and the presence of geomorphological 342 
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barriers. On the other hand, lakes located on the west side of the mesa near the cliff edge exhibit 343 

the greatest ratio values as a consequence of sea spray, as evidenced by the high correlation 344 

between Na+ and TDS, reaching R2 = 0.96. The relationship between Na+ and Cl- resulted in an 345 

R2 = 0.77, corroborating the atmospheric source, whereas Ca2+ and Mg2+ concentrations in lake 346 

water can be also derived from the weathering of plagioclases and ferromagnesian minerals 347 

present in the basaltic rocks and breccias that constitute the lake’s basement. 348 

Because of low temperatures and arid conditions, the main geochemical processes 349 

controlling dissolved concentrations are atmospheric spray and evaporation. However, chemical 350 

weathering and many other water-based rock decay processes are also present to a different 351 

extent. In order to characterize those weathering processes, inverse modelling was performed 352 

between Esther and Tatana samples, which are connected to each other via a surficial stream. 353 

Modelling results approximate the system’s behavior, seeking an estimate to the amount of moles 354 

transferred between the dissolved, gaseous, and solid phases. Appendix C shows the output of the 355 

geochemical model, whereas Table 1 summarizes the results. The processes occurring between 356 

lakes are: the dissolution between 0.1 and up to 5.1 mmol L-1 H2O of plagioclase, feldspar, 357 

muscovite, dolomite, salts, and a significant consumption of CO2 by weathering reactions. On the 358 

other hand, between 0.5 and 1.2 mmol L-1 H2O of calcite and illite precipitate. 359 

 360 

4.6. Lake Florencia’s water source(s) 361 

Lake Florencia receives water from the Blancmange Glacier, but also from a stream 362 

draining Lake Cecilia. To estimate the potential contribution of these sources, as well as to assess 363 

the potential role of weathering processes in generating the final chemical composition of Lake 364 

Florencia, mixing models were created with different source proportions in an exploratory 365 

manner (i.e., one model where both the glacier and stream contribute 50% of the water, one 366 



16 

 

where 20% of the water is from the glacier and 80% is from Lake Cecilia, and one where 80% of 367 

the water is from the glacier and 20% is from Lake Cecilia). Results are shown in Fig. 4a, and the 368 

best fitting model is the last one (i.e., green spots in Fig. 4), which indicates a smaller influence 369 

of the stream draining Lake Cecilia and a much greater likely contribution of meltwater from the 370 

glacier. However, it is clear that additional weathering processes are still necessary to adequately 371 

explain the dissolved concentrations of this lake. Lake Florencia’s TDS value is intermediate 372 

between both sources, being the highest in Lake Cecilia. It means that between both lakes, there 373 

is no possibility of weathering processes that increase dissolved ions, as on the contrary, mineral 374 

precipitation should occur due to the lower TDS values. One possibility may be that some 375 

weathering processes may be acting at the base of the glacier as explained by Lorrain and 376 

Fitzsimons (2011), which modifies the hydrochemical signal.    377 

The partial melting of permafrost in summer could also provide a solution to balancing the 378 

lake's hydrochemistry. From this interpretation, inverse modelling was performed to quantify the 379 

potential geochemical processes, and with these results, it is possible to explain Lake Florencia's 380 

hydrochemistry (Fig. 4b). The model was chosen considering JRIVG mineralogy. Specifically, 381 

these basalts present high amounts of calcite filling holes and amygdala, and plagioclases are 382 

more sodic than calcic. Uncertainties were 5% for the Blancmange Glacier sample and 2% for 383 

Lake Florencia. Silicate weathering transfers 1.1 10-2 mmol L-1 H2O to the dissolved phase, 384 

whereas carbonate weathering removes 1.9 10-2 mmol L-1 H2O. Mineral weathering transfers 1.2 385 

10-1 mmol L-1 H2O to the dissolved phase consuming 5.4 10-5 mmol L-1 H2O of CO2, with the 386 

corresponding generation of 1.3 10-2 mmol L-1 H2O of residual clays. The minerals which explain 387 

weathering are: albite, muscovite, calcite, dolomite, gypsum, halite, and kaolinite. 388 

 389 

5. Final remarks 390 
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The present study contributes baseline data to help better understand weathering processes 391 

influencing the hydrochemistry of Antarctic lakes. Specifically, by studying different lake 392 

systems located on CWM, our results allow for a characterization of mechanisms responsible for 393 

their physical and chemical attributes. Although CWM is only 8 km2, it contains more than 50 394 

lakes and ponds that constitute connected lake systems, as well as isolated lakes with different 395 

physico-chemical characteristics. Most of the lakes have dilute alkaline waters, except for the 396 

isolated basin ones that exhibit higher concentration waters and salt precipitation in their margins 397 

due to evaporative processes.  398 

Low temperatures, arid conditions, and high wind velocity enhances evaporation processes 399 

and the influence of atmospheric spray. The major element composition of CWM lakes reflects 400 

the significant influence of marine spray in the water chemistry, varying according to the distance 401 

to the sea, lake geomorphological position, and melt-water input during the austral summer (see 402 

also Roman et al., 2019). However, the influence of chemical weathering in this extreme 403 

environment must not be ignored, as evidenced by our modelling exercises. Chemical weathering 404 

contributes to the major ionic composition, as it results in the release of the most labile elements 405 

during the weathering process, such as Ca2+, Na+, K+, and Mg2+. Through our analyses, we found 406 

that the processes occurring in the drainage basins include the dissolution of plagioclase, K-407 

felspar, muscovite, calcite, dolomite, halite and gypsum, the precipitation of illite or kaolinite, 408 

and a significant consumption of CO2 by weathering reactions. Between 10-3 and 10-1 mmol L-1 409 

H2O of different phases are dissolved or precipitated in the reactions.  410 

By separating the lakes into their surficial drainage systems, we found that these different 411 

lake systems exhibit weathering patterns through their ‘external’ to ‘internal’ lakes. For example, 412 

lakes with lower sediment grain size (and higher TOC values) reflect the lower energy states, and 413 

were found more in the more internal waterbodies. Although overall the sediments are mainly 414 
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composed of silts and sands, the clay fraction represents the most reactive one in terms of water-415 

sediment interactions/surface availability for absorption processes.  416 

Minor and trace metal concentrations in CWM lakes are controlled by water-sediment and 417 

water-bedrock interactions, as well as surface water input. Trace elements that present high-418 

normalized concentrations compared to the world average (Cr, Cu, Ni, Sc, Co) correspond to 419 

metals that are enriched in JRIVG rocks, therefore reflecting their main source. Collectively, 420 

these results provide important insights into geochemical processes taking place in high-latitude 421 

lakes and ponds, which are important given that the release of weathering products to the 422 

surrounding terrestrial and aquatic areas could play an important role in species distributions and 423 

overall ecosystem health. 424 
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Figure captions 1 

Fig. 1: Map of Clearwater Mesa, with different waterbodies labelled according to their surface 2 

hydrological drainage system.  3 

Fig. 2: Percentage of Total Inorganic Carbon (%TIC) versus the percentage of Total Organic 4 

Carbon (%TOC) in sediment samples. Marambio, James Ross, and Vega islands data are 5 

represented as shaded areas and taken from Lecomte et al. (2016). 6 

Fig 3: Sediment sample granulometric curves: a) bimodal; b) trimodal sand; c) trimodal silt; and 7 

d) ternary diagram showing textures of sediment samples (modified from Folk, 1974) 8 

Fig. 4: PHREEQC modelling results, a) mixing modelling: scatter graph showing the relationship 9 

between Lake Florencia real dissolved chemistry concentration (mg L-1) and a three modeled 10 

solution by mixing Blancmange Glacier (i.e., BG) and Lake Cecilia (i.e., LC) in different 11 

proportions. The y = x straight line of equal concentrations is included as a reference, b) inverse 12 

modelling: mmol L-1 H2O of different transferred. Positive values are for dissolved phases and 13 

negative values are for precipitated ones. 14 

 15 

Tables: 16 

Table 1. PHREEQC inverse modelling results showing mmol L-1 H2O of different transferred 17 

dissolved and precipitated phases. Both solution uncertainties and the model’s sum of residuals 18 

are included. 19 

Supplementary material: 20 
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Appendix A:  21 

Table A.1. Physical and chemical variables from this study including sample locations, lake area, 22 

pH, conductivity, major ions, TIC, and TOC. 23 

Table A.2. Statistical values for each hydrogeological system's physical and chemical 24 

characteristics. 25 

Fig. A.1: a) pH-Eh diagram; b) Piper diagram from Clearwater Mesa lake and ice water samples.  26 

Appendix B:  27 

Table B.1. Trace element determined in the 2015 sampling campaing and JRIVG mean values (in 28 

ppm) are from concentrations reported by Košler et al., 2009. 29 

Table B.2. Statistical values for each hydrogeological system's trace elements.  30 

Fig. B.1: Upper Continental Crust normalized spidergram. The JRIVG average (Košler et al., 31 

2009) and world average (Gaillardet et al., 2014) are added for comparison. 32 

Appendix C: Inverse modelling results. 33 

 34 

 35 



Inverse modelling Initial solution Final solution

Esther Tatana
uncertainty 0.08 0.05

Dissolved Precipitated

CO2(g) 2.18

Albite 0.27

Calcite -1.22

Dolomite 1.75

Halite 5.08

Illite -0.47

K-feldspar 0.09

Muscovite 0.24

Gypsum 0.10

sum of residuals 4.69
fractional error in element 

concentration 0.05

Phases transferred
mmol kg

-1
 H2O

Table 1. PHREEQC inverse modelling results showing mmol L-

1 H2O of different transferred dissolved and precipitated 

phases. Both solution uncertainties and the model’s sum of 

residuals are included.
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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. 

 


