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Abstract 

Evaporitic carbonates record surface melting in Antarctica 

Noah Brigham 

Changes in Pleistocene Antarctic temperatures often coincide with variations in 

Northern Hemisphere summer insolation. While models invoking global CO₂ changes 

and shifts in oceanic and atmospheric circulation explain the temperature coherence 

between the poles, the role of Southern Hemisphere insolation in local Antarctic 

temperatures remain unclear. Here we present a temporal and geochemical record of 

Antarctic surface melting recorded by evaporitic carbonate formation from eight sites 

spanning the Amundsen Sea to the Ross Sea and 365m - 2000m in elevation. Isotopic 

data indicate water sourced from surface melt that weathers local rock and saturates 

carbonate through evaporation. U–Th dates restrict carbonate formation to three of 

the five most recent periods of high Southern Hemisphere summer insolation. These 

observations calibrate the effective albedo of darkened surfaces near nunataks and 

identify a Southern Hemisphere summer insolation threshold at which surface melt 

can occur under polar conditions.
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1. Introduction 

Calcium carbonate (calcite) (CaCO3) is a common mineral that forms 

encrustations in a wide range of environments including desert soils and polar 

environments (Zamanian et al., 2016). In polar regions, crusts or rinds of calcium 

carbonate mineralization commonly coat the underside of moraine clasts or exposed 

rock surfaces and have been well studied in the Arctic and alpine regions of Europe 

(Lacelle, 2007; Lacelle et al., 2007). Their occurrence on silicate bedrock has been 

interpreted to result from surface waters actively weathering silicate rocks while their 

isotopically high 𝛿13C and 𝛿18O values have been interpreted as kinetic fractionation 

resulting from the evaporation of water that drives calcite saturation and precipitation 

(Lacelle, 2007). Both observations, therefore, imply the presence of surface waters 

occurring in polar regions. There is also widespread occurrence of these carbonate 

crusts in Antarctica, with previously studied examples in the Untersee Oasis (Lacelle 

et al., 2024) and in Taylor Valley (B. Lyons et al., 2020). While these past studies 

focused on two ice free oases, these encrustations also occur on numerous Nunatak 

surfaces which are the focus of this study.  

Here we have selected fourteen carbonate encrustations from the hundreds 

available collected over a century of Antarctic field work and curated in the Polar 

Rock Repository (PRR), hosted by The Ohio State University. These fourteen 

encrustations are from eight locations spanning an area from West Antarctica to the 

Ross Sea Sector of the Transantarctic Mountains, an area hereon called the Ross Sea 

Sector (RSS) (Figure 1, Figure 2). This RSS is characterized by average temperatures 
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well below freezing as shown by over a decade of data collection at Antarctic 

Weather Stations (AWS). The Janet AWS at 2085m in the interior of West Antarctica 

has recorded a maximum temperature of -2°C and a minimum of -63.8°C (Antarctic 

Meteorological Research and Data Center, 2026). The Bear AWS at 416m on the 

coast of West Antarctica recorded a maximum temperature of 5°C and a minimum of 

-42.4°C (Antarctic Meteorological Research and Data Center, 2023). As with Arctic 

samples, their occurrence implies the presence of past surface waters with the 

important distinction that in most cases these Antarctic samples formed under colder, 

higher latitude, higher elevation, more extreme conditions than their Arctic 

counterparts (Environment and Climate Change Canada, 2025; Lacelle, 2007; Lacelle 

et al., 2007). 

Modern surface melting currently occurs in Antarctica during austral summers at 

low elevations and in coastal regions (Tedesco & Monaghan, 2009; Zheng et al., 

2025). Expanded surface melting has been documented using remote sensing 

techniques and are interpreted to be driven by atmospheric rivers (ARs) which are 

warm, moisture rich storm events (Maclennan et al., 2023; Wille et al., 2019). Such 

events may have driven past surface melting during periods of strong El Niño events 

which correlate with a negative phase of the southern annual mode (SAM) (Nicolas et 

al., 2017; Scott et al., 2019). These events have also been suggested to increase in 

frequency with periods of weakening of the Atlantic meridional overturning 

circulation (AMOC) (Böhm et al., 2015; Scott et al., 2019). Thus any pattern of past 

surface melting could coincide with the Antarctic Isotope Maximums (AIMs), the 
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consequence of Southern Ocean warming and AMOC stoppage recorded in ice cores 

(Barker et al., 2011). While ARs may play a role under the modern warm climate, a 

list of past surface melting mechanisms includes Earth’s orbital variations, global 

temperature changes (e.g. CO2), and fluctuations in marine water influence which can 

vary with the extent of Antarctic ice shelves. In one example, the increase in melt 

layer frequency in West Antarctica’s Siple Dome Ice Core has been interpreted as 

partly driven by increased proximity to marine waters as the Ross Ice Shelf retreats in 

the late Holocene (Das & Alley, 2008). Examples of orbitally driven temperature 

variations include the interpretations of isotopic proxies for temperature in the West 

Antarctic Ice Sheet Divide Ice Core (WAIS Divide Project Members, 2013). In these 

cores, local deviations from global climate have been interpreted to reflect a role of 

Southern Hemisphere summer insolation (SHSI) (WAIS Divide Project Members, 

2013) or possibly Southern Hemisphere summer duration (Huybers & Denton, 2008).  

 Currently, geologic records of past surface melting are few. Ice rafted debris 

in ocean sediment cores record large scale ice loss to the Southern Ocean (Jasper et 

al., 2024; McKay et al., 2022), but do not provide insight into incipient surface 

melting; and ice core melt frequency records are limited to lower elevations and 

restricted to the Holocene and latest Pleistocene (Das & Alley, 2008). Given the 

limited understanding of modern Antarctic surface melting and the extremely few 

records of surface melting in the past, a different means of identifying past surface 

melting would be useful to understand past and future surface mass balance in 

Antarctica. The ability to date the timing of past surface melting at a wide range of 
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geographic locations and elevations, would provide the possibility that any temporal 

pattern in their formation allows evaluation of possible climatic drivers. Here we 

work to determine if the RSS Antarctic carbonate crusts share a formation mechanism 

with the previously studied Arctic and Antarctic occurrences. This includes testing 

whether these Antarctic crusts formed from surface waters and determining the 

process by which this surface melting occurs. Specifically, this requires us to identify 

the source of salts—which we determine using strontium isotopic analyses—and to 

test whether they form via evaporation–which we determine using oxygen and carbon 

isotopic analyses. These oxygen isotope results can also be used to place limits on the 

isotopic composition of the parent surface meltwater. Finally, we look to evaluate if 

these crusts can be dated by U-Th disequilibrium methods. While this geochronologic 

method has not been applied to date Arctic or Antarctic crusts, it has been 

successfully employed to date pedogenic carbonates and calcite encrustations from 

deserts (Zamanian et al., 2016). 
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Figure 1. (A) Regional map of the Ross Sea Sector of Antarctica with each sample 
location indicated by a colored dot. The inset shows the map location in Antarctic. 
Red outline on the inset of the Antarctic Continent shows the Ross Sea Sector. (B) 
Satellite image of the Ford Ranges with cyan dot marking the sample location. (C) 
Photo of a sample (SC_C4) from the Ford Ranges on a host rock of Granodiorite. The 
red box outlines the area with carbonate appearing brown-gray. The carbonate on the 
right side has been removed for measurement. Basemap and imagery created using 
the QAntarctica package (Matsuoka et al., 2021). 
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Figure 2. (A) Photo of sample PRR_33067. The host rock is basalt, and the red 
outline shows one of the sampling locations. 
 
 
2. Materials and Methods 

2.1 U-Th Isotopic Data 

We used 234U-230Th methods to determine the time of formation for each 

carbonate. These 234U-230Th isotopic data were collected on the UCSC IsotopX X62 

Thermal Ionization Mass Spectrometer (TIMS) using methods modified from 

Piccione et al., (2022), for applications to these thin carbonate crusts. First, a fine bit 

Dremel is used to carefully isolate the carbonate coating from the host rock. Any host 

rock that is accidentally ground off is extracted with tweezers. The amount of 

powdered carbonate used for each measurement varies from 10mg to 200mg 

depending on carbonate abundance and uranium concentration. The calcite is 

dissolved in 7N nitric acid and spiked with a 236U-229Th tracer. Uranium and thorium 

are isolated using an AG-1X resin. Then, the uranium and thorium are loaded onto 
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filaments and measured on the UCSC IsotopX X62 Thermal Ionization Mass 

Spectrometer (TIMS). 

U-Th disequilibrium ages assume that parent 234U was fractionated from 

intermediate daughter 230Th due to the contrast in water solubilities (U soluble, Th 

insoluble). However, it is common for a pedogenic carbonate to exhibit elevated 

thorium concentrations, perhaps due to the weathering and evaporation of a thin film 

of water that forces the incorporation of this otherwise insoluble element. The degree 

to which initial (detrital) thorium was incorporated was determined by measuring 

232Th, as it is not a part of the 238U decay chain. Because young samples have low 

230Th accumulation via radioactive decay of 234U, a detrital 230Th correction is crucial. 

We corrected for the detrital 230Th by measuring the detrital 232Th and the naturally 

occurring relative abundances. Samples with abundant detrital thorium have low 

[230Th/232Th] (where brackets denote activity ratios). We constructed isochrons 

(Osmond et al., 1970; Rosholt, 1976; Vermeesch, 2018) to simultaneously correct for 

detrital thorium and calculate an age. Isochron construction required more than one 

measurement of each sample (Figure 3). 
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Figure 3. Rosholt A Isochron with three measurements for PRR_33067. Age: 3.39 ± 
0.16 ka. Age uncertainty: 4.7%. 
 
 
2.2 Carbon, Oxygen, and Strontium Isotopic Data 

Carbonate isotope ratios (δ13C and δ18O) were measured by the UCSC Stable 

Isotope Laboratory using a Themo Scientific Kiel IV carbonate device and MAT 253 

isotope ratio mass spectrometer. An aliquot of the same powdered carbonate used for 

the 234U-230Th age measurement was used for δ13C and δ18O measurements.  

Measurements of the 87Sr/86Sr isotopic composition were performed on the same 

sample volume used to measure U-Th isotopic compositions using the Sr eluted 
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during U-Th purification. A dilute nitric acid (7N) was used to avoid dissolution of 

any silicate minerals from the host rock that were unintentionally incorporated while 

isolating the carbonate crust with a Dremel. These Sr “washes” were purified using a 

Sr-spec AG-1X resin. The Sr was measured on the UCSC IsotopX X62 TIMS in a 

three-sequence static measurement. Accuracy of the 87Sr/86Sr measurements is 

evaluated using Sr standard SRM987 compared to a long-term laboratory average 

value of 0.71024, with a typical reproducibility of ±0.00004. 

 

3. Results 

Of the fourteen carbonates used in this study, 234U-230Th ages range from 2.0ka 

(thousand years ago) to 99.5ka with percent uncertainties that range from 1.8% to 

107.7% (Table 1). Eleven of these ages are <10ka and cluster between 2ka and 6ka. 

The three older carbonates are East Antarctic samples from high elevation (over 

1400m) field sites with the ages 43.04ka ± 3.27ka (PRR12678), 92.9ka ± 2.3ka 

(PRR36401), and 97.8ka ± 4.7ka (PRR36574). The [234U/238U] (where brackets 

denote Activity ratios) of each carbonate range from 0.89 to 1.74. The uranium 

concentrations range from 0.1ppm to 302.3ppm. The [230Th/232Th] is low for most 

samples and ranges from 0.52 to 22.09; the [230Th/232Th] of all but four samples, three 

of which are from the Holocene, are less than 7 (Table 1). 

The carbon and oxygen measurements of each sample yield compositions that 

range from ~6 to 14‰ 𝛿13CVDPB and ~-12 to -5‰ 𝛿18OVDPB (Table 2). The carbon and 

oxygen isotope values show a positive correlation with each other. 
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The strontium composition varies over a wide range across the combined dataset of 

all the samples, with 87Sr/86Sr values between 0.70418 ± 0.00063 and 0.72537 ± 

0.00083 (Table 2). In general, the 87Sr/86Sr value of each carbonate crust is related to 

the clast that the crust is coating (host rock). The lowest 87Sr/86Sr value is from a crust 

on a basalt host rock while the two highest 87Sr/86Sr values are both crusts on gneiss 

host rocks (Table 2). 
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Table 1. Summary of U-Th isotopic data. * For samples with a 230Th/232Th > 20, the 
detrital thorium quantity is low enough that we did not need to do an isochron. ** For 
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samples that did not need an isochron, an average of the values in the “U-Th age (Th 
corr.) (ka)” column are used as ages for this study. 
 

 
 
Table 2. Summary of carbon, oxygen, and strontium isotopic data, and other relevant 
sample information. Carbon and oxygen measurements are in VPBD. Duplicate lines 
are shown for samples with multiple measurements. 
 

4. Discussion 

4.1 Constraints from Carbon and Oxygen Data 

The carbon and oxygen isotopic measurements from these Antarctic evaporitic 

carbonates yield relatively high compositions from 6 to 14‰ 𝛿13CVDPB and -13 to -

5‰ 𝛿18OVDPB (Figure 4). The carbon compositions are up to 10‰ higher than the 
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highest possible source of carbon (+5 ‰, carbonate rocks). The oxygen compositions, 

converted to water 𝛿18OSMOW compositions are between -15 and -23‰, (assuming 

equilibrium formation with air temperatures of -30 °C), which are higher than 

Antarctic glacial ice compositions (𝛿18O < -30‰) by up to 15‰ and exceed modern 

coastal precipitation (𝛿18O < -20‰) by slightly less (Gasson et al., 2016; Masson-

Delmotte et al., 2008). Note that the assumption of -30°C presents an extreme case as 

warmer temperatures associated with melting of ice or snow yield even higher carbon 

and oxygen isotope values, further separating the inferred water compositions from 

ice compositions. In addition to these anomalously high values, the carbon and 

oxygen compositions are positively correlated, such that the highest carbon values 

correspond to the highest oxygen values. Both the absolute values, as well as the 

correlation between these metrics has been interpreted to result from non-equilibrium 

fractionation during water evaporation (Lacelle, 2007). The magnitude of 

fractionation has also been interpreted and experimentally shown to correspond with 

the rate of evaporation (Lacelle, 2007). These carbon and oxygen isotope results also 

help rule out the alternative case, where freezing drives carbonate formation, as 

kinetic fractionation during freezing would drive carbonate-water fractionation 

factors of oxygen lower (Lacelle, 2007), resulting in unrealistically high parent water 

oxygen isotope values. Thus, we interpret from these results that these carbonates 

precipitate from waters that form during melting of local snow or ice and subsequent 

evaporation of surface meltwater. 
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Figure 4. Carbon (𝛿13C) and oxygen (𝛿18O) compositions for carbonates in VPBD. 

 

4.2 Constraints from Strontium Isotopic Data 

We utilize the 87Sr/86Sr composition of each sample to determine the source of the 

solutes (primarily Ca, which we approximate with Sr) involved in carbonate 

precipitation (Lyons et al., 2020). Table 2 summarizes the results of 87Sr/86Sr 

measurements. There is high variability in the 87Sr/86Sr compositions, even within a 

single field location. In general, the 87Sr/86Sr values of each carbonate crust relates to 

the host rock they formed upon, which is consistent with the idea that solutes are 

sourced from local rocks. The carbonates in this study formed on a range of rock 

types, the lowest 87Sr/86Sr values (0.7042) are crusts on basalt, while the highest 

87Sr/86Sr values (0.7254) are crusts on gneiss, which are more radiogenic, felsic rocks. 

Past studies of the 87Sr/86Sr composition of rock formations in Antarctica show that 
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the lowest values are present in alkaline basalt groups such as the McMurdo Group 

volcanics (0.703-0.704) while higher values are present in more felsic rocks such as 

the Olympus-Granite Gneiss (0.715-0.722) (Lyons et al., 2002). These results support 

the interpretation that Sr (and therefore Ca) is sourced from weathering local rocks. 

 

4.3 Timing of Carbonate Formation 

The carbonates form on exposed rock surfaces and as determined by oxygen and 

carbon isotopic results, are the result of meltwater from melting local snow or ice. 

Mechanisms that could melt local snow or ice include warm air temperature or orbital 

variations that result in intensification of Southern Hemisphere solar radiation. Figure 

5 summarizes the U-Th ages of these carbonates allowing us to evaluate these 

possible drivers. Most of the RSS carbonates, from West and East Antarctica, formed 

during the Holocene, particularly the mid-late Holocene (2ka-6ka). The weighted 

mean of the 11 Holocene samples is 4.85ka ± 0.081ka which coincides with a peak in 

summer temperature which is interpreted to result from rising SHSI (Jones et al., 

2023). In East Antarctica, three samples formed prior to the Holocene with the oldest 

measured age at 99.5ka ± 4.3ka. Figure 5, Panel a, compares carbonate age to the 

elevation of sample collection to test if an elevation-temperature gradient controls the 

age pattern. Using modern AWS temperature measurements as a guide, across this 

over 2000m range in elevation, during past climatically warm periods or ARs we 

might expect a similar maximum temperature gradient of 7°C (Antarctic 

Meteorological Research and Data Center, 2026). Given the abundance of Holocene 
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samples over a wide elevation range (~365m-2560m), it is unlikely that the elevation-

temperature gradient drives surface melting conditions. All pre-Holocene samples are 

limited to higher elevations, suggesting that their preservation requires ice not 

reclaiming these surfaces as either the ice sheet decreased in size or as glacial ice 

incised into valleys, stranding these high elevation surfaces. 

To further evaluate whether high polar temperatures drive these surface melting 

events, we compare the age distribution to polar temperature proxies, specifically the 

WAIS Divide and Epica Dome C ice core hydrogen isotopic records. Figure 5, Panel 

b compares carbonate ages (blue boxes) to Antarctic temperature proxies from WDC 

(black line, Cuffey et al., 2016) and from 𝛿D from EDC (blue line, Parrenin et al., 

2013). The carbonate ages (Figure 5, blue boxes) in this study formed during both the 

colder glacial period before the Holocene and during the warmer Holocene. Several 

carbonate ages fall within glacial intervals (41ka, 93ka, and 99ka), when summer 

temperatures were substantially lower than during interglacial periods. If mean 

summer temperature were the primary control on Antarctic surface melting, carbonate 

formation would be expected to cluster during warm interglacial summers. Instead, 

the distribution of ages across both warm and cold intervals indicates that 

atmospheric temperature alone does not control the occurrence of these surface melt 

events. 

Today, surface melting in Antarctica is widely documented during austral 

summers, particularly at low elevations and in coastal regions (Tedesco & Monaghan, 

2009; Wille et al., 2019; Zheng et al., 2025). Most modern surface melting events 
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coincide with AR events which bring warm, moisture rich air onto the continent 

(Maclennan et al., 2023). While it is possible that warm AR events provided the 

conditions for surface melt at the locations of these carbonates, we recognize that 

these events may not have been able to produce melt at the high elevation or inland 

sample locations. For example, over a decade of data collection, AWS Janet at 2085m 

recorded a maximum temperature of -2°C and a minimum of -63.8°C, indicating air 

temperatures never reached above freezing. Three carbonates in this study formed at a 

similar elevation, further inland, and at a time, before the Holocene, when average 

global temperatures were lower than today. These observations suggest that ARs 

alone cannot explain the timing and spatial distribution of carbonate formation in this 

study. 

We now turn to whether changes in Earth’s orbital variations over the timescale 

of this study control the pattern of carbonate formation. It has long been noted that 

changes in global and polar climate coincide with changes in Northern Hemisphere 

summer insolation (NHSI). While it remains unlikely that NHSI directly induces 

surface melting in the Southern Hemisphere, it has been postulated (Huybers & 

Denton, 2008) that Antarctic summer duration—which is synchronized with NHSI—

could influence surface melting.  In Figure 5, Panel c we compare the carbonate ages 

to July 21 mean daily insolation for 65°N (NHSI) and Southern Hemisphere summer 

duration (Huybers & Denton, 2008; Laskar et al., 2004). Carbonate ages do not 

correspond with either of these which decline throughout the Holocene where we see 

a cluster of carbonate ages. Rather, Figure 5, Panel d shows Dec 21 mean daily 
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insolation for 75°S (SHSI) (Laskar et al., 2004) where we see a correspondence with 

carbonate formation ages. This precession dominated signal of SHSI is directly out of 

phase with NHSI. All carbonates in this study formed at a time when, within 2𝜎 error 

of carbonate ages, peak SHSI is greater than 540 W/m2. Therefore, we find it 

plausible that the meltwater that evaporates and precipitates carbonate results from 

SHSI passing a threshold above which lower-albedo surfaces on or near nunataks 

warm up sufficiently for surface melt to occur, even when summer air temperatures 

overall remain below freezing. We recognize that our current data set includes only 

three non-Holocene dates, however, they are consistent with the temporal patterns of 

only one (SHSI) of the proposed climate forcings (Figure 5). 
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Figure 5. (A) U-Th carbonate ages versus elevation. Horizonal width of markers 
corresponds to age uncertainty at 2𝜎. (b-d) Timeseries comparison with U-Th 
carbonate ages projected on top as blue boxes where horizontal width corresponds to 
2𝜎 age uncertainty. (B) Antarctic temperature proxies including (left axis, black) 
WDC in absolute temperature (Cuffey et al., 2016) which is approximated beyond 
~70 ka by visual alignment with the 𝛿D from EDC (right axis, blue) (Parrenin et al., 
2013). (C) Northern Hemisphere solar forcing including, (left axis, black) July 21 
mean daily insolation for 65°N (Laskar et al., 2004) and (right axis, red) summer 
duration for  77°S as defined by Huybers & Denton, (2008) as the number of days in 
which the diurnal average insolation intensity exceeds 250 Wm-2. (d) Southern 
Hemisphere solar forcing for Dec 21 mean daily insolation for 75°S (SHSI) (Laskar 
et al., 2004). 
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4.4 Surface Melting Radiative Balance 

To illustrate how the local surface energy balance can lead to meltwater 

production under summer conditions, we use a simple model that assumes the energy 

budget is dominated by the combination of incoming shortwave solar radiation, 

outgoing infrared thermal radiation, and the latent heat of melting (when m > 0) or 

freezing (when m < 0 and sufficient liquid water is present):  

 

𝑆(1 − 𝛼) − 𝜀𝜎𝑇! −𝑚𝐿 = 0   Equation 1a 

 

where 𝑆 is the solar irradiation per unit surface area (W/m2), 𝛼 is the surface albedo 

(ND), 𝜀 is the emissivity (assumed to be 0.97) (Aubry‐Wake et al., 2015), 𝜎 is the 

Stefan-Boltzmann constant (ca. 5.67E-8 W/(m2 K4)), 𝑇 is the surface temperature in 

Kelvin, 𝑚 is the melting(+) or freezing(-) rate (m/s), and 𝐿 is the volumetric latent 

heat of ice fusion (3.06E8 J/m3). When solved for the melting/freezing rate, this 

equation becomes: 

 

𝑚 = "($%&)%()!

*
     Equation 1b 

 

For simplicity, our treatment omits turbulent heat fluxes. Van der Broeke et al. (2006) 

(Van Den Broeke et al., 2006) measured summer turbulent heat fluxes at a high-

altitude weather station in Antarctica (their AWS9) and showed that the radiative 
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budget dominates the surface energy balance, especially on summer days when 

surface melting is most likely. We justify the simplifications underlying our model by 

the fact that we are not trying to reproduce specific climatic conditions at a specific 

location, but rather to illustrate the plausibility of summer surface melting at the ice-

marginal locations where our samples were found.  

In our calculations, we assume that the modeled surface has a temperature of 

273.15K, which is the melting temperature of water ice at standard atmospheric 

pressure. This assumed temperature is higher than the average summer air 

temperature in Antarctica, but such warm temperatures must be reached locally for 

snow/ice melting to occur. This assumption means that infrared surface heat loss is 

fixed and relatively high in our calculations, so the surface albedo required to reach 

melting conditions is correspondingly low, about 0.35-0.45, given the range of 

incoming solar radiation values considered here (about 500-560 W/m2). We consider 

incoming solar radiation values of 500-560 W/m2 because that is the range of values 

where we see carbonate formation. This albedo is about half the albedo of a pure 

snow and ice surface and is consistent with the presence of rock dust and/or larger 

debris interspersed among the snow and ice, as we would expect at the ice-marginal 

surface locations where samples have been found(Brock et al., 2000). Figure 6 

illustrates that plausible variations in solar shortwave radiation and albedo could lead 

to climate-driven switches between melting and freezing surface conditions. Our 

preferred interpretation is that climatic periods of high insolation led to an increased 

frequency of melting, which may also be enhanced by darkening of snow and ice 
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surfaces due to debris accumulation and ice crystal metamorphosis (Brock et al., 

2000). 

 

Figure 6. Model results showing insolation versus melt rate for three different 
albedos. Positive melt rates indicate melting while negative melt rates indicate 
freezing. 
 

5. Conclusion 

The polar environment in various locations in Antarctica has preserved weathered 

carbonate encrustations on/near lithologically variable nunatak surfaces (Figure 1, 

Figure 2). Neither local lithology, geographic location, nor elevation controls 

carbonate formation. The high, positively correlated carbon and oxygen isotopic data 

indicate carbonate formation through subaerial evaporation (Lacelle, 2007) (Figure 

4). The 87Sr/86Sr compositions vary over a wide range of values (0.7042 - 0.7254) 
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even among samples from the same field site. These variations relate to host rock 

type, suggesting that local meltwater weathers and acquires salts from each cobble 

(e.g. weathering is in situ). Taken together, these isotopic data support water sourcing 

from local surface melt, that weathers local rock and saturates carbonate through 

subaerial evaporation. 

 The U-Th dating of each carbonate provides the time at which each carbonate 

precipitated, and therefore, a time when surface melt provided water on a nunatak 

surface at elevations up to 2500m (Figure 5a). While multiple mechanisms have been 

proposed to influence Antarctic surface melting including ARs, El Niño–Southern 

Oscillation variability, shifts in the Southern Annular Mode, CO₂-driven warming, 

and proximity to marine waters during ice shelf retreat (Freese & Cronin, 2021; 

Maclennan et al., 2023; Scott et al., 2019; Wille et al., 2019; Zheng et al., 2025), our 

data are consistent with SHSI forcing among other possibilities. The cluster of late 

Holocene U-Th dates coincide both with an increase in melt layer frequency at Siple 

Dome (Das & Alley, 2008) as well as peaks in summer temperatures extracted from 

the West Antarctic Ice Sheet Divide ice core (Jones et al., 2023), the latter of which 

has been interpreted to result from rising precession and SHSI through the Holocene 

(WAIS Divide Project Members, 2013). The older carbonates presented here formed 

at inland, high elevation locations where marine and AR influence is less likely, and 

during periods of high SHSI but under colder than modern conditions (Figure 5b). 

The examined carbonate samples formed during three of the five most recent orbital 

processional highs that resulted in SHSI values exceeding 540 W/m2 (Figure 5d). 
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This comparison between the timing of carbonate formation and SHSI permits 

estimation of a tipping point in annual maximum summer insolation, of ~540 W/m2, 

above which sufficient surface melt occurred at the sample collection sites. A surface 

radiative balance indicates that these surfaces had an albedo of ~0.4 to yield surface 

melt (Figure 6). These results are consistent with periods of high SHSI driving an 

increased frequency of melting on darkened surfaces even while annual average air 

temperatures remain below freezing. Other forcings may modulate meltwater 

occurrence over shorter timescales but given the close correspondence of carbonate 

formation with SHSI highs above the ~540 W/m² threshold, we suggest that 

insolation provides an important control. This mechanism differs from Arctic 

carbonate crusts, which also form by evaporation but under warmer conditions where 

surface water availability is not the deciding factor in the formation of carbonate 

precipitates (Lacelle et al., 2007). 

The coincidence in carbonate formation with time periods marked by high 

SHSI, supports the role of local radiative heating of lower-albedo surfaces rather than 

atmospheric temperature changes driving surface melting. The data presented here 

supports observations (WAIS Divide Project Members, 2013) that local insolation 

contributes to changes in Antarctic temperature, beyond those produced by CO2 

variations. This surface melt record shows a similar pattern of SHSI driven surface 

melting but extends the influence of it in both space and time. Our findings may also 

be relevant to interpretations of Antarctic ice surface histories from cosmogenic 
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isotopes, which is often based on samples collected in similar environments to those 

from which our samples were collected. 
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