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Abstract

Mt Achernar Moraine is a high altitude, high latitude blue ice moraine where typical conditions preclude the presence of
liquid water. Cosmogenic and salt accumulation dating indicate that the moraine’s surface is progressively older away from
the active ice margin, with surface exposure ages up to 1 Ma. We analyze the chemical and mineralogical transformations in
the <63 mm fraction along transects across the moraine. Data include bulk chemical composition, crystalline mineralogy by
X-ray diffraction (XRD), and the composition of amorphous or low abundance products of chemical weathering by sequen-
tial extraction. These data are analyzed by multiple regression as a function of exposure age and as a function of composition
of the moraine’s cobble and pebble-sized clasts. Change with exposure age is defined by the development of salts and carbon-
ate minerals along with the input of detrital material, principally from sedimentary rocks. Clay minerals and amorphous
cements breakdown as detrital material in proportions far above their abundance in the rock clasts, whereas framework sil-
icates (i.e. feldspars and quartz) break down in relatively small proportions. Both the carbonate minerals and some of the salts
form from atmospheric acids (i.e. H2CO3) that in turn react with other minerals. Mass balance shows that the input of these
atmospheric acids balances with gains in authigenic smectites, zeolites, and amorphous material. Many of these minerals also
form in the subglacial environment, but are poorly represented in the underlying rock, suggesting a similar chemical weath-
ering regime in both the subglacial and surface environments of this hyper cold and arid setting. The rate of CO2 drawdown
into carbonate minerals increases as the moraine progressively thickens, from 3 mg�m2�a�1 in freshly emerging sediments to
�50 mg�m2�a�1 after 500 ka of exposure. Weathering from acidic aerosols is proportional to atmospheric flux documented in
ice cores and does not vary with moraine thickness. The carbonate mineral formation rates are more than an order of mag-
nitude below those of the subglacial environment and as much as two orders of magnitude below those found in warm desert
soils. Nevertheless, the drawdown of atmospheric CO2 into carbonate minerals occurs in a terrestrial setting where water
exists only in vapor form.
Crown Copyright � 2022 Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).
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1. INTRODUCTION

Much of the aerially exposed landscape of Antarctica
has a distinctly weathered character, with visibly oxidized
and pitted surfaces, and extensive deposits of atmosphere-
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derived salts. Through much of the continent, soils have
been characterized primarily by the development of salts,
along with Fe oxidation and physical weathering
(Bockheim, 1997). Past studies of chemical weathering
under Antarctic surface conditions have suggested some
authigenic formation of soil minerals (such as clay miner-
als) but with significant detrital input of clays from the
breakdown of micas in the source rocks (Claridge and
Campbell, 1984; Vennum and Nejedly, 1990). Few studies
have offered quantitative rates of physical and chemical
alteration on Antarctica’s non-glaciated surfaces. And rates
of atmospheric gas drawdown into the chemical weathering
products of these soils have not been previously assessed.

Here we report the changes in geochemistry and miner-
alogy of the fine sediment in progressively older surface-
exposed deposits of an Antarctic blue ice moraine. The site,
Mt. Achernar Moraine, is located in the central
Transantarctic Mountains, adjacent to the polar plateau.
The companion to this paper compared Mt. Achernar Mor-
aine’s freshly emerging subglacial sediments to the underly-
ing rock (Graly et al., 2020). We found that the subglacial
sediment was substantially enriched in chemical weathering
products, particularly smectite, kaolinite, and carbonate
minerals and argued that air bubbles in the ice melt were
driving the chemical transformations. Our objective here
is to compare both the type and rate of mineral transforma-
tions on the moraine surface in contrast to the water-rich
but atmosphere-limited subglacial environment.

1.1. Field Site

Mt. Achernar Moraine is cold and dry even by Antarctic
standards. Mean annual precipitation is �4 cm�a�1

(Bockheim, 1990; Scarrow et al., 2014), average annual
temperature is �39 �C (Van Wessem et al., 2014), and aver-
age summer high temperature is the order of �15 �C
(Comiso, 2000). Snowfall is lost almost entirely through
sublimation or wind scouring and conditions with liquid
water above 0 �C are rare. Melt is observed a few days a
year at the moraine margin, where the dark sediment is thin
enough to diffuse direct solar radiation as heat to the ice
below, even under subzero conditions. However, melt pond
features are absent once the sediment reaches 2–3 cm thick-
ness (Bader et al., 2017), and melt of snow or clean ice has
not been observed. Furthermore, the distribution of salts in
the moraine strongly suggests against even rare flow
through porous media events, with highly soluble salts
accumulating linearly with exposure age on the moraine
surface and only salts whose antecedent acids have rela-
tively high vapor pressures at low temperatures occurring
at depth (Graly et al., 2018b).

As a blue ice moraine, Mt. Achernar Moraine differs
from typical glacial moraines in that the entire moraine is
underlain by >150 m of debris-laden glacier ice and even
the oldest portions still accumulate ice-entrained debris
from depth via sublimation (Kassab et al., 2020). As a
result, the till becomes progressively thicker with time
(Graly et al., 2018c; Scarrow et al., 2014). New sediments
accumulate at the bottom of the sediment column and, bar-
ring overturning, the sediments on the surface of the mor-
aine are the oldest and longest exposed (Kaplan et al.,
2017). Soil profile characterization suggests that, at least
on the tops of the moraine’s ridges, atmosphere-deposited
salts and chemical weathering products remain within the
topsoil and cryoturbation has not disturbed the soil struc-
ture (Graly et al., 2018b; Scarrow et al., 2014).

The moraine’s structure is known both from surface
morphology (Bader et al., 2017) and ground-penetrating
radar (GPR) transects that reveal debris bands extending
to depth (Kassab et al., 2020). Most of the moraine consists
of a series of ridges and troughs that are generally subpar-
allel to the ice margin of Law Glacier. Bader and others
(2017) divided the morphology of the moraine into five
zones that increase in age away from the glacier terminus:
Zone 1 consists primarily of hummocky terrain, with hills
dissected by melt ponds; Zone 2 is a small relatively flat-
lying area behind Zone 1; Zone 3 consists of large
(�10 m tall), broad (�100 m across) ridges; Zone 4 consists
of much shorter, steeper, continuous ridges; Zone 5 is rela-
tively flat lying, with visible structures mirroring the mor-
phology of the ice tongues that flow over the mountains
behind the moraine (Fig. 1). We consider debris-rich por-
tions of Law Glacier’s surface to be Zone 0. The GPR tran-
sects suggest that in Zones 1–3, subglacial material is fed to
the surface by bands of ice-bound debris traced towards the
ice-rock interface (Kassab et al., 2020). In Zone 4, distinct
bands are not detectable in the radar transects, which sug-
gests an increased abundance of subglacial debris.

Throughout the moraine, the pebble and cobble-sized
clasts are characteristic of the Lower Beacon Supergroup
and the Ferrar Dolerite (Bader et al., 2017), which outcrop
in this region of the central Transantarctic Mountains
(Faure and Mensing, 2010). Derivation of the moraine’s
material from the Lower Beacon Supergroup (below Upper
Buckley) is confirmed by detrital zircon analysis (Bader
et al., 2017). However, portions of the moraine differ dra-
matically in the relative abundance of these rock types. In
freshly emerging sediments (Zone 1) and in the older por-
tions (Zones 4 & 5) of the moraine, sedimentary and
metasedimentary rock derived from the Lower Beacon
Supergroup represent �40% of clasts and �60% of the
clasts are derived from the Ferrar Dolerite. In the middle
sections of the moraine (Zones 2 & 3), sedimentary and
metasedimentary rock abundance in the pebble and cobble
fraction rises to �70% (Bader et al., 2017). Within Zone 4,
there are also discrete bands enriched in sedimentary and
metasedimentary rock. These counts of cobble clasts do
not fully characterize bedrock input across all sediment size
fractions. In the <63 mm fraction of freshly emerging sedi-
ments in Zones 0 and 1, the composition of elements and
minerals not subject to major chemical or physical changes
in the subglacial environment was consistent with an only
�30% contribution of Ferrar Dolerite and �70% contribu-
tion from Beacon Supergroup rocks, which is half the abun-
dance of Ferrar Dolerite found in the pebble size fraction
(Graly et al., 2020). This implies that the less friable dolerite
is enriched in the pebble fraction compared to its contribu-
tion to the <63 mm fraction.

The chronology of moraine formation at the site has
been well-described with cosmogenic isotopes (Hagen,



Fig. 1. Sampling locations on Mt. Achernar Moraine, Central Transantarctic Mountains. The main transect is divided into geomorphic zones
(numbers labelled) per Bader et al. (2017). The approximate location of the transect collected by Scarrow et al. (2014) is also shown.
Approximate down glacier flowlines illustrated with arrows and flow into the moraine. Imagery courtesy of U.S. Polar Geospatial Center.
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1995; Kaplan et al., 2017) as well as with the salt chemistry
of sediment samples (Graly et al., 2018b). The cosmogenic
isotopes suggest little or no previous exposure in freshly
emerging rocks and document moraine formation during
the past 500,000 years. Salt development suggests that the
oldest, undated portions of the moraine could have up to
1,000,000 years of surface exposure (Graly et al., 2018b).
This record allows us to assess chemical effects of subaerial
exposure in a hyper-arid and almost perpetually frozen
environment.

2. METHODS

2.1. Field Sampling

Fifty-eight samples were collected from Mt. Achernar
Moraine and the adjoining glacial surface, 36 during 2010
and 22 during 2015 (Fig. 1). The sampled sites range from
water-saturated, freshly emerging sediment to till with over
1 Ma of salt accumulation (Fig. 2). Of these, 39 samples fall
along a single transect through the widest part of the mor-
aine. We refer to these samples as the Main Transect. The
other 19 samples were taken from down-glacier sections
of the moraine. This includes two short transects into a por-
tion of the moraine we refer to as the Tail. This region is
characterized by a tall lateral moraine separated by a linear
depression from the visibly oxidized juxtaposed sediments
beyond (Fig. 2). In addition to these transects, five samples
were collected at isolated locations near the glacial edge of
the moraine. An additional three samples were collected at
debris-bearing bands on the surface of Law Glacier (well
away from the moraine proper) (Fig. 1). Salt content data
for the Main Transect samples were previously reported
in Graly et al. (2018b).

Sediment samples were collected by shoveling material
with an inert plastic scoop into plastic bags. Where thick-
ness was sufficient, the top 2–3 cm were removed to avoid
the presumed wind-deflation layer. At a few sites, samples
were taken above and below distinct chromatic horizons,
or from adjoining ridges and troughs. Otherwise, material
was collected from within the top 5 cm of the soil profile
along the broad crests characteristic of the moraine, where
sediment is thickest and geomorphic overturning thought to
be minimal (Graly et al., 2018b; Kassab et al., 2020). At 26
of the sampling sites, an adjoining pebble and cobble sam-
ple was collected, representing the clasts ranging from �40
to �100 mm diameter present within a square meter surface
area. The clast petrology and grain size analyses for the 36



Fig. 2. Photographs of characteristic sections of the moraine. (A) Freshly emerging Zone 0 sediments on Law Glacier (GPS for scale). (B)
Zone 1 dissected by characteristic melt ponds; boulders are on an �1 m scale. (C) �10–20 ka old sediments forming a ridge in Zone 3. (D)
Order of 500 ka old sediments from the back of Zone 4 showing high oxidized boulders and sediment white from salts (ice axe for scale). (E)
Zone 5, which by the boron proxy, contains the oldest sediments in the moraine. (F) The tail section of the moraine with a tall ridge
characteristic of Zone 1 juxtaposed against highly weathered sediments characteristic of Zone 4.
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sediment samples collected in 2010 are reported in Bader
et al. (2017).

2.2. Laboratory Analyses

Mineralogical and chemical analyses were performed on
the <63 mm fraction, where products of chemical alteration
are most likely to form. Traditional methods of assessing
chemical weathering, such as chemical index of alteration
(Nesbitt and Young, 1982), depend on the leaching of
mobile elements from the soil system, resulting in the
increasing abundance of immobile elements in the remain-
ing sediments. In our ultra-arid field site, chemically lea-
ched elements cannot leave the site through groundwater
or surface-water and will instead accumulate in the finest
grain fractions. We therefore expect to see inverted results
from a chemical index of alteration analysis, with older,
weathered samples showing higher proportions of mobile
elements and lower proportions of immobile elements in
the <63 mm fraction.

In the <1000 mm fraction, grain size was measured in
sediments dispersed with Na6(PO3)6 by Malvern Master-
sizer 2000. For geochemical analyses, one g aliquots of
dry-sieved, <63 mm material from each sample were ana-
lyzed in a sequence of progressively stronger chemical
extractions (Tessier et al., 1979; Ure and Davidson, 2002).
Our extraction isolates water-soluble minerals such as salts
and sulfates, 0.11 M acetic acid (CH3COOH) – soluble



Fig. 3. Grain size distribution with boron proxy exposure age in Mt. Achernar Moraine samples, with each of the geomorphic zones of the
moraine (Fig. 1) labeled separately. Solid circles depict samples from the main transect; open circles depict samples from the tail transects.
Trends are plotted separately for Zones 1–3 and Zone 4. No trend is depicted for Zone 5. Error in the boron-based exposure age is within
symbol size (Appendix B).
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minerals such as carbonates, 0.5 M hydrochloric acid (HCl)
– soluble minerals such as amorphous oxyhydroxides, and
1 M hydroxylamine hydrochloride (NH2OH-HCl) - soluble
minerals such as crystalline oxides (e.g. Wiederhold et al.,
2007). All extracts were measured for major elements on
a Perkin-Elmer Optima 7000 inductively coupled plasma
– optical emission spectrometer (ICP-OES). In 47 of 58
samples, the bulk elemental composition of the <63 mm
fraction was analyzed for major and trace elemental com-
position by fusion, total dissolution, and inductively cou-
pled plasma mass spectrometry at Act Labs. In 45 of 58
samples, mineral abundance in the <63 mm fraction was
measured through powder X-ray diffraction and Rietveld
refinement. On these samples, clay speciation was also
assessed by X-ray diffraction analysis of the <1 mm fraction,
isolated by settling in water. The methods for sequential
extraction and X-ray diffraction are identical to those
described in greater detail in Graly et al. (2020).

We employed a salt accumulation proxy for exposure
age to assess change in sediment composition as a function
of surface exposure age. Though there is a general relation-
ship between distance from the active ice margin and mor-
aine surface exposure age, the complex history of ice flow
into the moraine has created regions where an age-
distance relationship does not apply (Graly et al., 2018b;
Kaplan et al., 2017). At sites where both were measured,
soil boron content corresponds quite closely (R2 > 0.99)
with exposure age assessed through cosmogenic isotopes
(Graly et al., 2018b), and we treat it as an accurate measure
of relative age throughout the moraine. We thus assign an
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age to every sample collected in the moraine, not only to
those with a corresponding cosmogenic isotope age. The
ages are calculated from a B-Age slope described by
the linear formula: Age (ka) = 160.7 ± 4.6�[B] (mmol per g) –
13.7 ± 6.2. This slope derives from 11 locations where a
surface sediment boron concentration was measured adja-
cent to a boulder analyzed for cosmogenic isotopes. For
most samples, error in the boron measurements is trivial
compared with the uncertainty in this correlation.

2.3. Data Analysis

In the analysis of the geochemical data from Mt. Ach-
ernar Moraine, we describe the significance and magnitude
of the changes in the moraine surface with time, separating
the signal of surface alteration processes from changes in
the underlying material provided from the subglacial envi-
ronment. We then develop a series of equations to describe
the relative contribution of physical deterioration, chemical
weathering, and atmospheric deposition to the observed
mineral and chemical composition of the <63 lm fraction.
We lastly use the limited data we have regarding distribu-
tion of the chemical weathering products with depth to
infer chemical weathering and CO2 drawdown rates.

Grain size, bulk chemistry, and mineralogy of moraine
surface sediments are assumed to be controlled primarily
by the length of surface exposure and by the composition
of material provided from the subglacial environment. To
separate these signals, we employ multi-variate linear
regression to predict each of these parameters as a function
of boron-proxy exposure age and 40–100 mm rock clast
composition. And while we do not expect the clast compo-
sition to represent the material input to the <63 mm fraction
in the subglacial environment on a one-to-one basis (Graly
et al., 2020), we expect variation in clast composition to
reflect variation in the source material, variation in the sub-
glacial processes causing comminution of the underlying
rock, or some combination of both. Because the composi-
tional differences between the igneous clasts and the sedi-
mentary / metasedimentary clasts are far larger than any
differences within the two groups (Graly et al., 2020), clast
composition was reduced to a single factor representing the
percentage of clasts of igneous rock composition. At the
Mt. Achernar site, the igneous rocks are almost entirely
clasts of the Ferrar Dolerite (Bader et al., 2017). For the
21 main transect samples where a 40–100 mm clast sample
was collected together with a sediment sample, we assessed
the correlation between bulk composition and the percent-
age of clasts of igneous composition. We then used the mul-
tiple regression trend between percent igneous composition
and each of the major elements to estimate a percentage
igneous composition for the remaining 26 samples where
bulk elemental composition was assessed but a clast sample
was not collected. We then performed a multi-variate
regression for each element, mineral, and grain size fraction
in terms of both exposure age and percent igneous rock.
Statistical significance of the regressed trends was tested
against a zero-slope null hypothesis. For some variables,
trends were also assessed independently for different sec-
tions of the moraine. Unless otherwise noted, trends are
treated as statistically significant if p � 0.05. For analysis,
we normalized these data either for variation by clast com-
position (Figs. 4–6) or for variation by exposure age
(Figs. 7–9). In the clast composition normalization, the
clast composition trend is used to adjust the data to values
found at 50% igneous rock; in the exposure age normaliza-
tion, the exposure age trend is used to adjust the data to the
values of freshly emerging sediment (i.e. exposure age = 0).

With the mineralogy of the rocks supplied from sub-
glacial environment known (Graly et al., 2020), we can
describe the inputs that cause change in element abundance
on the moraine surface. The underlying reason for change
in the abundance of any element or mineral in the
<63 mm fraction is the addition of new material (or, poten-
tially, removal of existing material). The change in frac-
tional abundance of any material component (elements,
minerals, etc.) depends on its initial abundance in the
<63 mm fraction relative to its abundance in any newly
added or removed material. If the material flux rate is con-
stant with time, the fractional abundance as a function of
time (t) is described:

X ¼ X i þ tF X

1þ t
Pn

j¼1F j
ð1Þ

where X i is the initial abundance of component X in the
<63 mm fraction, F X is the flux of component X into the
<63 mm fraction, and F j refers to each of the n total com-
ponents of flux into the <63 mm fraction.

For each major mineral in the underlying subglacial
material, we numerically determined the best flux values
(i.e. F jÞ to match the changes in elemental abundance as
a function of exposure age across the main transect of the
moraine that we derived from linear regression. This was
implemented in MATLAB using the fmincon function
(Code in Appendix A). This approach fits a non-linear
equation to linear trend derived from regression. However,
for the values employed, Eq. (1) closely approaches linear-
ity. The mineral fluxes into the <63 lm fraction were calcu-
lated through an error minimization for all major elements:

E ¼ Ei þ t
Pn

j¼1EjF j

1þ t
Pn

j¼1F j
ð2Þ

where E is the element’s abundance at time t, Ei is the mea-
sured initial abundance of the element in the <63 lm frac-
tion of freshly emerging sediments with minimal salt
development, Ej is the abundance in wt. fraction of element
E in each of n minerals , and F j is the flux of those minerals
into the <63 mm fraction. For solid solution minerals (py-
roxenes, feldspars) Ej values derive from Rietveld refine-
ment of the X-ray diffraction data (Graly et al., 2020). F j

terms were included for every mineral with >1% abundance
in the underlying rock. The amorphous components of sed-
imentary rock at the site were included to represent inter-
granular cements that can be a detrital component added
to the <63 mm fraction as rocks break down under physical
weathering.

We also included flux terms for atmospheric input. The
relative input of sulfate, nitrate, and chloride was deter-
mined from the regression of their abundance in the



Fig. 4. Major elements and LOI in the <63 mm fraction as a function of exposure age (boron proxy). All data have been normalized for
changes as a function of Ferrar Dolerite abundance in the pebble and cobble fraction. R2 values are calculated from main transect samples,
with tail transect samples, two samples from a zone bearing limestone and marble pebbles (5A & 5B), and samples from the soil subsurface or
moraine troughs (n = 5) plotted separated. The trough and subsoil samples are plotted at the age of a corresponding surface sample. Colors
reflect geomorphic zones per Fig. 1.
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water-extracted fraction. Atmosphere-derived carbonate
was inferred from the abundance of Ca and Mg in the
acetic acid extraction, in which carbonate minerals dissolve.
All these species are included in the loss on ignition (LOI)
term. The salt- and carbonate-associated cations (Na, Ca,
Mg, K) can enter these fractions either as atmosphere-
derived salt, or as products chemically leached by atmo-
spheric acids (carbonic, nitric, sulfuric, etc.). We therefore
need to know the ratio of acid deposition to salt deposition
at the Mt. Achernar Moraine site. The original atmospheric
acids are preserved in ice and have been well described in ice
cores (Legrand and Mayewski, 1997). This record is espe-
cially detailed at Vostok (Legrand et al., 1988), but similar
records exist at Dominion Range (100 km from our site)
(Mayewski et al., 1995; Mayewski et al., 1990) and in a
number of other interior Antarctic locations (e.g.
Watanabe et al., 2003; Wolff et al., 2010). We use the Pleis-
tocene Vostok data to model salt fallout at our site, as the
Dominion Range data primarily cover the Holocene and
are incomplete in the Pleistocene section of the core (e.g.
nitrate was not measured). We also included terms for the
leaching of Ca, Na, and Mg from the coarser size fractions
in assessing the evolution of the <63 mm fraction’s compo-
sition (i.e. for the case when the weathering products apart
from mobile cations remain in the coarser grain size
fractions).

Once the mineral flux into the <63 lm fraction from
rock or atmospheric sources is known, we can compare
the difference between these fluxes and our mineralogical
observations to assess chemical alteration within the
<63 lm fraction. For each mineral, mineralogical changes
within the <63 lm fraction (Mleach) were assessed from



Fig. 5. Mineral abundances from quantitative X-ray diffraction of the <63 mm fraction as a function of exposure time (boron proxy). All data
have been normalized for changes as a function of Ferrar Dolerite abundance in the pebble and cobble fraction. Samples for which bulk
elemental abundance was not measured cannot be normalized for cobble abundance and are marked with a slash symbol. The data
classification otherwise follows Fig. 4.
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the linear trend in mineral abundance from X-ray diffrac-
tion as a function of exposure time, with the physical flux
(F M ) calculated by Eq. (2):

M ¼ Mi þ tðF M �MleachÞ
1þ t

Pn
j¼1F j

ð3Þ

where M is the mineral abundance at time t, and Mi is the
mineral abundance in freshly emerging sediments. Mleach
can be positive if the mineral is precipitated from the weath-
ering of other minerals (i.e. for clays). Theoretically, the
Mleach value for amorphous content and leached salts is
the inverse of the sum of the other Mleach values.

To assess total chemical fluxes from the atmosphere to
the moraine sediment and total chemical weathering within
the moraine, we need to estimate the total content of chem-
ical weathering products within the sediment column.



Fig. 6. Elemental abundances from the sequential acetic acid, HCl, and hydroxylamine hydrochloride extractions of the <63 mm fraction as a
function of exposure age (boron proxy). All data have been normalized to changes as a function of Ferrar Dolerite abundance in the pebble
and cobble fraction. The data classification follows Fig. 5.
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Because, in most cases, we have only analyzed the <63 mm
fraction of a single sample collected near the top of the sed-
iment column, the total weathering product content of the
moraine can only be estimated to first approximation.
The total deposited mass will follow the general formula
for any mineral, element, or compound X :
dm
dt

¼ q
dX
dt

dH
dt

dC
dt

ð4Þ

where m is the total mass per square area of X vertically
integrated through the sediment column of the moraine, q
is average density of the moraine sediment, X is the frac-
tional mass of the component in the surface sample, H is



Fig. 7. Major elements and LOI data in the <63 mm fraction as a function of the relative proportion of Ferrar Dolerite in the pebble and
cobble clasts on the moraine surface. All data have been normalized for changes as a function of exposure age (boron proxy). The barred
ranges reflect the composition of sedimentary rock (at 0%) and igneous rock (at 100%) per Graly et al. (2020). The dashed line is a putative
mixing line between them. Data classification otherwise follows Fig. 4.
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the thickness of the moraine, and C is a constant relating
the average mass at depth to that of the near surface
measurement.

To estimate solutions for Eq. (4), we use the derivative

of Eq. (1) for dX
dt and estimate dH

dt and dC
dt from empirical

observations of changes in the moraine with exposure
age. In many samples the thickness of the moraine was
directly observed by excavating to the ice below. Where
the moraine became too thick to attempt this (in Zone 4),
a rod was inserted to depth. These are minimum depths,
as we cannot confirm whether the rod stopped at ice or at
a large cobble. Values for C were estimated for both salt
species and carbonates. In this study, there are only two
soils from the main transect in which an additional sample
was taken below the soil oxidation horizon. However, salt
and carbon concentration measurements from nine soil
profiles (2–4 samples per profile) were also reported from
Mt. Achernar Moraine by Scarrow et al. (2014). In these
11 soil profiles, we estimate the total abundance of salt
and carbonate minerals and correlate these to their surface
concentrations. As salt and carbonate minerals are the prin-
cipal repositories for chemically leached cations, we are
able to estimate total atmospheric flux and chemical alter-
ation across the time transect of the moraine.

3. RESULTS

3.1. Grain Size

Clast composition has no statistically significant effect
on sediment grain size distribution (Table 1). We therefore
consider grain size variation only as a function of exposure
age. Across the entire data set, we see a weak but statisti-
cally significant (R2 = 0.16) decline in >2 mm particle abun-



Fig. 8. Mineral abundances from quantitative X-ray diffraction in the <63 mm fraction as a function of the relative proportion of Ferrar
Dolerite in the pebble and cobble clasts on the moraine surface. All data have been normalized for changes as a function of exposure age
(boron proxy). The barred ranges and data classification follow Fig. 7. Minerals which are absent from igneous or sedimentary rocks per
Graly et al. (2020) show no barred range and intersect the x-axis at zero. In some cases (e.g. quartz), the igneous and/or sedimentary rock
endmembers are off the range of the plot.
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dance with exposure age (Table 1). However, there are sub-
stantially stronger trends when the principal geomorphic
zones of the moraine are examined independently (Fig. 3).
Zones 1–3 and the lateral moraine portions of the tail tran-
sects show declining abundance of >2 mm particles and ris-
ing silt and clay content with age. The same pattern occurs
separately in Zone 4, but with the coarse particle abun-
dance at the beginning of Zone 4 being far higher than at
the back end of Zone 3. The same stepwise change from
finer to coarse sediments occurs between Zone 2 and Zone
3. Sand content does not significantly change across Zones
1–3 or across Zone 4, though Zone 4 is higher step-wise.
The youngest 4 samples in Zone 5 plot along a similar trend
to Zone 4 for coarse (>2 mm) sediment, but with higher
sand and lower silt and clay. The oldest Zone 5 sample is
coarser still.



Fig. 9. Elemental abundances from the sequential acetic acid, HCl, and hydroxylamine hydrochloride extractions of the <63 mm fraction as a
function of the relative proportion of Ferrar Dolerite in the pebble and cobble clasts on the moraine surface. All data have been normalized
for changes as a function of exposure age (boron proxy). The barred ranges and data classification follow Fig. 7.
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3.2. Age Control on Bulk Elemental Composition and

Mineralogy

When normalized for clast composition, all major ele-
ments in the <63 mm fraction show statistically significant
change as a function of exposure age (Fig. 4). Si and Ti
abundances decrease with exposure time whereas Al, Fe,
Ca, Mg, Na, K and LOI increase with exposure time.
Over a 1 Ma interval, these changes represent a 12.0 ± 1.
6 wt% decrease in Si countered by a 5.8 ± 1.1 wt%
increase in LOI, a 1.9 ± 0.3 wt% increase in Na, a 1.9 ±
0.4 wt% increase in Ca, and a 1.4 ± 0.3 wt% increase in
Mg, along with smaller changes in other elements
(Fig. 4, Table 1). A few of the minor, trace, and rare earth



Table 1
Regression trends (underlying data is in Appendix B).

Factor Initial value (wt.%) Age Trend (D/Ma) Age p-value Composition Trend (D) Composition p-value R2 (total)

A. Grain Size

Cobbles All 30.2 ± 4.2 �30.3 ± 14.6 0.045 �5.1 ± 8.2 0.537 0.16

Cobbles Zone 1–3 28.9 ± 4 �204 ± 51.5 0.001 5.8 ± 8 0.473 0.43

Cobbles Zone 4–5 44.2 ± 8.1 �64.6 ± 25.1 0.028 �17.7 ± 14 0.234 0.57

Sand All 37.5 ± 4.2 29.4 ± 18 0.112 �2.7 ± 8.3 0.748 0.08
Sand Zone 1–3 35.5 ± 3.5 6.8 ± 45.4 0.883 �2.4 ± 7 0.741 0.01
Sand Zone 4–5 53.1 ± 11 �17.2 ± 34 0.624 �8.1 ± 18.9 0.677 0.07
Silt All 15.6 ± 3 12 ± 12.9 0.361 3.2 ± 6 0.593 0.05
Silt Zone 1–3 15.4 ± 2.7 117.4 ± 35.5 0.003 2.2 ± 5.5 0.699 0.36

Silt Zone 4–5 4.9 ± 5.6 38.6 ± 17.4 0.051 7.1 ± 9.7 0.479 0.45

Clay All 16.8 ± 3.7 17.5 ± 16 0.280 0.7 ± 7.3 0.920 0.04
Clay Zone 1–3 16.8 ± 0.6 191.2 ± 48.4 0.001 �1.6 ± 5.8 0.789 0.44

Clay Zone 4–5 �2.1 ± 0 45.8 ± 22.9 0.071 17.1 ± 12.7 0.203 0.45

B. Major Elements

Si 61.8 ± 0.8 �12 ± 1.6 <0.001 �3.4 ± 1.6 0.044 0.84

Al 17 ± 0.3 1.3 ± 0.6 0.032 �3.1 ± 0.6 <0.001 0.51

Fe 5.7 ± 0.2 0.9 ± 0.3 0.01 �0.7 ± 0.3 0.03 0.23

Mg 2.1 ± 0.1 1.4 ± 0.3 <0.001 �0.1 ± 0.3 0.671 0.64

Ca 2.7 ± 0.2 1.9 ± 0.4 <0.001 1.6 ± 0.5 0.001 0.76

Na 1.7 ± 0.1 1.9 ± 0.3 <0.001 �0.2 ± 0.3 0.536 0.73

K 2.9 ± 0.1 0.4 ± 0.1 0.006 �1 ± 0.1 <0.001 0.68

Ti 0.8 ± 0 �0.1 ± 0 0.008 �0.1 ± 0 0.07 0.54

LOI 5.9 ± 0.5 5.8 ± 1.1 <0.001 4.8 ± 1.1 <0.001 0.83

C. Minor Elements

Mn 86.3 ± 1.9 �14 ± 3.9 0.001 15 ± 3.9 0.001 0.38

P 153.4 ± 6.5 0 ± 0 0.215 �29.5 ± 13.5 0.038 0.34

Sc 17.4 ± 0.4 0.5 ± 0.9 0.604 �0.1 ± 0.9 0.899 0.01
V 109.9 ± 3.7 �2.9 ± 7.7 0.710 �2.1 ± 7.8 0.790 0.02
Ba 799.6 ± 24.6 0.9 ± 50.7 0.986 �260 ± 51.2 <0.001 0.62

Sr 268.5 ± 21.1 281.5 ± 43.5 <0.001 �95 ± 43.9 0.04 0.64

Y 32.3 ± 1.2 �1.7 ± 2.4 0.484 �7.8 ± 2.4 0.004 0.46

Zr 260.5 ± 25.7 �160.2 ± 53 0.005 128.7 ± 53.5 0.023 0.26

Cr 86.9 ± 4.3 14.5 ± 9 0.116 �30.9 ± 9.1 0.002 0.31

Co 16.5 ± 0.6 4.4 ± 1.3 0.002 �2.2 ± 1.3 0.112 0.31

Ni 38.2 ± 3.6 10.1 ± 7.4 0.183 �10.6 ± 7.4 0.164 0.08
Cu 44.2 ± 10.5 78.6 ± 21.8 0.001 �30.8 ± 22 0.172 0.35

Zn 89.8 ± 5.8 60.5 ± 12 <0.001 �47.9 ± 12.1 <0.001 0.49

Ga 21 ± 0.7 2.2 ± 1.4 0.136 �5 ± 1.4 0.002 0.33

Ge 1.7 ± 0.2 1.8 ± 0.4 <0.001 �0.5 ± 0.4 0.275 0.43

Rb 106.2 ± 2.4 18.1 ± 5 0.001 �31.5 ± 5.1 <0.001 0.59

Nb 10.9 ± 0.5 �1.6 ± 1 0.135 �0.9 ± 1 0.403 0.23

Ag 1 ± 0.2 �0.7 ± 0.5 0.185 0.8 ± 0.5 0.123 0.09
Sn 3.4 ± 0.4 0.6 ± 0.9 0.523 �1.2 ± 0.9 0.201 0.06
Cs 5.6 ± 0.3 2.2 ± 0.5 <0.001 �1 ± 0.6 0.071 0.38

La 46.5 ± 2.2 1.2 ± 4.6 0.801 �15.3 ± 4.6 0.003 0.38

Ce 93.3 ± 4.1 1.2 ± 8.4 0.891 �30.3 ± 8.5 0.001 0.43

Pr 10.3 ± 0.4 �0.3 ± 0.9 0.760 �2.8 ± 0.9 0.005 0.40

Nd 38.9 ± 1.4 �2.1 ± 3.4 0.535 �8.9 ± 3.4 0.014 0.37

Sm 7.4 ± 0.3 �0.7 ± 0.6 0.236 �1.6 ± 0.6 0.016 0.43

Eu 1.6 ± 0 �0.1 ± 0.1 0.243 �0.4 ± 0.1 <0.001 0.63

Gd 6.2 ± 0.2 �0.8 ± 0.5 0.116 �1 ± 0.5 0.043 0.42

Tb 1.0 ± 0 �0.1 ± 0.1 0.031 �0.2 ± 0.1 0.01 0.57

Dy 5.6 ± 0.2 �0.6 ± 0.4 0.167 �1 ± 0.4 0.024 0.43

Ho 1.1 ± 0 �0.1 ± 0.1 0.093 �0.1 ± 0.1 0.054 0.42

Er 3.2 ± 0.1 �0.4 ± 0.2 0.041 �0.4 ± 0.2 0.055 0.47

Tm 0.5 ± 0 �0.1 ± 0 0.044 �0.1 ± 0 0.049 0.47

Yb 3.2 ± 0.1 �0.5 ± 0.2 0.022 �0.3 ± 0.2 0.163 0.44

Lu 0.5 ± 0 �0.1 ± 0 0.012 0 ± 0 0.559 0.38

Hf 7.1 ± 0.5 �3.6 ± 1.1 0.002 2.3 ± 1.1 0.045 0.29

Ta 0.9 ± 0 0 ± 0.1 0.983 �0.3 ± 0.1 0.002 0.42
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Tl 0.6 ± 0 �0.2 ± 0.1 0.009 0 ± 0.1 0.8 0.36

Pb 24.2 ± 1.4 3.2 ± 2.9 0.275 �11.5 ± 2.9 0.001 0.41

Th 14.8 ± 0.5 �0.5 ± 1.1 0.674 �2.4 ± 1.1 0.038 0.28

U 3.6 ± 0.1 0 ± 0.2 0.950 �0.7 ± 0.2 0.007 0.34

D. Minerals

Quartz 26.1 ± 1 �8.1 ± 2.1 0.001 �9.7 ± 2.1 <0.001 0.79

Pyroxene 4.7 ± 0.5 �1.3 ± 1 0.228 0.1 ± 1.1 0.939 0.08
Alkali Feldspar 14.6 ± 0.8 �4.4 ± 1.6 0.01 �2.1 ± 1.6 0.208 0.47

Plagioclase Feldspar 2.7 ± 0.5 �1.4 ± 0.9 0.134 0.8 ± 0.9 0.42 0.09
Illite 24.6 ± 1.2 4.9 ± 2.4 0.053 �10.4 ± 2.5 <0.001 0.42

Smectite 1.5 ± 1.9 1.9 ± 3.8 0.631 7.4 ± 3.9 0.069 0.24

Kaolinite 1 ± 0.5 �0.3 ± 0.9 0.776 1.2 ± 1 0.223 0.07
Chlorite 2.3 ± 0.7 0.8 ± 1.3 0.538 �0.9 ± 1.3 0.521 0.02
Laumontite 0.6 ± 0.3 1.4 ± 0.6 0.033 �0.1 ± 0.6 0.935 0.24

Amorphous Si 7.5 ± 1 �2.4 ± 2.1 0.265 9.2 ± 2.1 <0.001 0.44

Uncoordinated LOI 3 ± 0.5 �0.9 ± 0.9 0.351 3 ± 0.5 <0.001 0.24

E. Sequential Extractions

Na H2O 0.1 ± 0 1.6 ± 0.1 <0.001 �0.1 ± 0.1 0.345 0.86

K H2O 0 ± 0 0 ± 0 <0.001 0 ± 0 0.102 0.46

Ca H2O 0.1 ± 0.1 0.8 ± 0.3 0.008 0 ± 0.2 0.82 0.33

Mg H2O 0 ± 0 0.1 ± 0 <0.001 0 ± 0 0.287 0.67

Cl H2O 0 ± 0 0.6 ± 0.1 <0.001 0.1 ± 0 0.159 0.81

SO42 H2O 0.4 ± 0.2 4.0 ± 0.8 <0.001 �0.1 ± 0.4 0.833 0.59

Fl H2O 0 ± 0 0.04 ± 0.01 <0.001 0 ± 0 0.641 0.59

NO3 H2O 0.1 ± 0 1.1 ± 0.1 <0.001 �0.2 ± 0.1 0.047 0.74

Total Salts 0.6 ± 0.4 8.2 ± 1.3 <0.001 �0.3 ± 0.7 0.733 0.68

Na Acetic 0.03 ± 0.01 0.1 ± 0.02 <0.001 0 ± 0 0.223 0.86

K Acetic 0.02 ± 0.002 0.002 ± 0.003 0.496 �0.008 ± 0.003 0.02 0.20

Ca Acetic 0.6 ± 0.1 1.3 ± 0.2 <0.001 0.4 ± 0.2 0.088 0.77

Mg Acetic 0.1 ± 0 0.3 ± 0.1 <0.001 0 ± 0.1 0.532 0.88

Fe Acetic 0.01 ± 0.004 0.02 ± 0.01 0.014 0 ± 0 0.152 0.20

Al Acetic 0.1 ± 0 0.1 ± 0 0.042 �0.1 ± 0 0.073 0.16

P Acetic 0.01 ± 0.002 �0.005 ± 0.005 0.32 0 ± 0 0.634 0.09
Inferred CO3 1 ± 0.2 2.7 ± 0.4 <0.001 0.4 ± 0.4 0.268 0.77

Na HCl 0.01 ± 0 0.02 ± 0.004 <0.001 0 ± 0 0.365 0.39

K HCl 0.05 ± 0 0.02 ± 0.01 0.096 0 ± 0 0.047 0.15

Ca HCl 0.24 ± 0.04 0.4 ± 0.1 <0.001 0.2 ± 0.1 0.015 0.70

Mg HCl 0.17 ± 0.02 0.2 ± 0.05 <0.001 0 ± 0 0.666 0.49

Fe HCl 0.59 ± 0.06 0.2 ± 0.1 0.045 �0.2 ± 0.1 0.04 0.18

Al HCl 0.59 ± 0.05 0.2 ± 0.1 0.14 �0.1 ± 0.1 0.458 0.08
P HCl 0.01 ± 0 0 ± 0 0.622 0 ± 0 0.121 0.10
Mn HCl 0.01 ± 0 0 ± 0 0.927 0 ± 0 0.958 0.00
Inferred OOH 0.58 ± 0.06 0.4 ± 0.1 0.001 �0.2 ± 0.1 0.145 0.35

Na Hydrox 0.02 ± 0 0 ± 0 0.237 0 ± 0 0.058 0.13
K Hydrox 0.08 ± 0.01 0 ± 0 0.389 0 ± 0 0.054 0.13
Ca Hydrox 0.26 ± 0.04 �0.1 ± 0.1 0.271 �0.1 ± 0.1 0.409 0.15
Mg Hydrox 0.38 ± 0.03 0.1 ± 0.1 0.015 �0.2 ± 0.1 0.003 0.30

Fe Hydrox 1.91 ± 0.13 0.2 ± 0.3 0.411 �0.6 ± 0.3 0.025 0.18

Al Hydrox 1.08 ± 0.08 �0.2 ± 0.2 0.139 �0.2 ± 0.2 0.225 0.25

P Hydrox 0 ± 0 0 ± 0 0.684 0 ± 0 0.625 0.03
Mn Hydrox 0.01 ± 0 0 ± 0 0.685 0 ± 0 0.404 0.07
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elements also show statistically significant trends with
exposure age. Significant increases with sediment exposure
age occur for Sr, Co, Cu, Zn, Ge, Rb, and Cs; significant
decreases occur for Mn, Zr, Tb, rare earth elements Er–
Lu, and Tl (Table 1).

Mineralogical changes in the <63 mm fraction as deter-
mined by powder X-ray diffraction show patterns that lar-
gely conform to what is observed in the major elements. In
the composition normalized data, declines with exposure
age in quartz and alkali feldspar abundance are statistically
significant, as are increases in illite and laumontite (Fig. 5).
Over the 1 Ma interval, these changes represent loss of 6.
1 ± 2.1 wt% quartz and 4.4 ± 1.6 wt% alkali feldspar, coun-
tered by a gain of 4.9 ± 2.4 wt% illite and 1.4 ± 0.6 wt%
laumontite (Table 1). Changes in other minerals are not sta-
tistically significant but could represent a slight loss in pla-
gioclase and pyroxene and a slight gain in smectite and
chlorite with time. In net, the abundance of crystalline min-
erals declines with exposure age, paralleling the gain in loss
on ignition.



Fig. 10. A solution to the mass inputs as a percentage beyond
initial mass and chemical alterations that explains the evolution of
mineral and chemical abundance in the <63 mm fraction with time
(Figs. 4-6). The left side shows the mineral input in addition to the
<63 mm fraction’s initial mass that solves for elemental composi-
tion after 500 ka of evolution via Eq. (2) (i.e. Fig. 4). Detrital input
over the 500 ka period is calculated as 39% above the initial
sediment mass. The right side accounts for leaching and alteration
on the moraine surface in terms of the 500 ka of mineral abundance
evolution via Eq. (3) (i.e. Fig. 5). This solution minimizes the mass
input required; other solutions are found in Appendix C.
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The gain in LOI and X-ray amorphous substances with
exposure age (Figs. 4, 5) is well documented in the sequen-
tial extractions, which show build-up of water soluble
(Graly et al., 2018b), CH3COOH-soluble and HCl-soluble
elements (Fig. 6, Table 1). The NH2OH-HCl extractions
show relatively little change with exposure age (Fig. 6,
Table 1). Because salt content (specifically boron) is used
as the age proxy, there are unsurprising and strongly linear
correlations between exposure age and water extracted spe-
cies, representing a total gain in salt content of 8.2 ± 1.3 wt
% over the 1 Ma interval (Table 1). In the CH3COOH-
extracted fraction, there are significant positive correlations
between sediment surface exposure age and composition-
normalized CH3COOH-extractable Ca, Mg, Al, and Fe.
If CH3COOH-extractable Ca and Mg are interpreted as
carbonate mineral dissolution, this represents a gain of 4.
4 ± 0.6 wt% in calcite and dolomite (Table 1). Calcite
and dolomite are often below detection limits in the XRD
data (Appendix B), making this calculation more reliable,
though some portion of the CH3COOH-extractable Ca
and Mg may derive from cation exchange on or dissolution
of other minerals. Though in far lower abundances, CH3-
COOH-extractable Al also increases with exposure age
(Fig. 6), indicating that some non-carbonate minerals are
dissolving in the acetic acid extraction. There is also a sig-
nificant Na component (6% of cations by mass) in the CH3-
COOH extraction (Table 1). This is unlikely to be natron or
trona, which are H2O soluble and would have come out in
the previous extraction, but could represent Na-bearing sul-
phates (glauberite or mirabilite) whose kinetics did not
allow for complete dissolution in the H2O leach or non-
carbonate minerals dissolving in the CH3COOH extraction.

The most abundant elements in the HCl extraction (Fe
and Al) show small increases with surface exposure age
(Fig. 6). If these elements are interpreted as oxyhydroxides
(i.e. Wiederhold et al., 2007), the gain in oxyhydroxide con-
tent represents an increase of 0.8 ± 0.2 wt% over the 1 Ma
period (Table 1). However, there are also substantial gains
in HCl extracted Ca and Mg, which are unlikely to source
from oxyhydroxides. The Ca and Mg could represent car-
bonates that failed to dissolve in the CH3COOH extraction,
phosphate minerals such as apatite, or aluminosilicates
such as zeolites or smectite. The increases with exposure
age are nearly identical for Ca and Mg once normalized
for atomic mass (Table 1), suggesting this could primarily
represent dolomite dissolution.

The large, discontinuous change in grain size distribu-
tion at the Zone 3 - Zone 4 boundary (Fig. 3) is only weakly
reflected in the relative mineral and chemical abundances of
the <63 mm fraction. At the transition, the elemental abun-
dances of Ca, Na, and Ti in the first five Zone 4 samples are
slightly above those of the final two Zone 3 sampling
points; Si is comparably lower (Fig. 4). These correspond
to an increase in pyroxene and plagioclase (Fig. 5) and
decreases in smectite, CH3COOH-extracted Ca, and CH3-
COOH-extracted Al (Figs. 5 and 6). This suggests a small,
but detectable change in either source material that does
not correlate with igneous clast abundance or in the pro-
cesses that produce the chemical and mineral constituents
of the <63 mm fraction across this boundary.
3.3. Clast Compositional Control on Chemistry and

Mineralogy

To examine the influence of source material and sub-
glacial processes on the composition of the moraine’s sur-
face, we normalize the composition of the <63 mm
fraction for age and consider it as a function of the fraction
of Ferrar Dolerite within the pebble and cobble clasts. Once
exposure-age-normalized, LOI and Ca significantly increase
with igneous clast abundance, whereas Si, Al, Fe, K, and Ti
decrease (Fig. 7). Mg and Na do not show significant
changes. Compared with the composition of the underlying
rocks, few of the elements in the <63 mm fraction plot on a
plausible mixing line between the composition of the sedi-
mentary rocks and igneous rocks (Fig. 7). This is particu-
larly striking for Fe, Mg, and Ca, in which the mafic
igneous rocks are highly enriched, but the variation within
sediments as a function of clast composition is minimal.
The trendlines for Si, Mg, Ca, and K all intersect the mixing
line at a value consistent with an �20–30% contribution of
igneous rock to the <63 mm fraction. Al, Ti, and LOI are
consistently enriched above the mixing line; Na and Fe
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are consistently depleted. Significant increases with igneous
cobble composition also occur for Mn, Zr, and Hf; P, Ba,
Sr, Y, Cr, Zn, Ga, Ge, Rb, Ta, Pb, Th, U, and most of
the rare earth elements show significant declines (Table 1).

Exposure-age-normalized mineral abundances show sig-
nificant increases in smectite and amorphous Si and signif-
icant decreases in quartz and illite as a function of igneous
clast composition (Fig. 8). Changes in the other analyzed
minerals are not statistically significant (Table 1). As with
the elemental compositions, most mineral abundances do
not match the mixing lines between rock type compositions.
Plagioclase and pyroxene are far below their abundance in
the igneous rock, indicating that the abundance of these
minerals in <63 mm fraction is not at all controlled by their
abundance in the cobble and pebble fraction. Alkali feld-
spar does intersect the mixing trend, but the abundance
of alkali feldspar at the intersection value is low enough
to also suggest significant depletion compared with rock.
All four clay minerals and amorphous Si are enriched in
the <63 mm fraction.

Changes in exposure-age normalized sequential extrac-
tion data as a function of igneous clast abundance are sta-
tistically significant in a few cases (Fig. 9, Table 1).
CH3COOH-, HCl-, and NH2OH-HCl-extracted Fe all
decline with igneous clast abundance, as does NH2OH-
HCl-extracted Mg. CH3COOH- and HCl-extracted Ca
increase with igneous clast abundance. The mixing of sedi-
mentary rock and igneous rock composition closely
matches the trends for several of the extractions (i.e. all
three Mg extracts and HCl-extracted Fe). However, for
others, especially the Ca extractions, the data diverge
significantly.

3.4. Physical and chemical inputs at the moraine surface

Using our fmincon modeling approach (Appendix A),
we explain the observed changes in elemental composition
(i.e. Figs. 4–6) over the 500 ka reference period by input
to the <63 mm fraction of �40% or more beyond its initial
mass (Fig. 10, Table 2, Appendix C). This input mass con-
sists of atmospheric deposition and detrital input of miner-
als or chemical leachates from disintegrating coarser grain
size fractions. Approximately one quarter of the input is
atmospheric salts or acids, one half is sedimentary-rock
hosted clays (i.e. illite and chlorite) and intergranular
cements, and one quarter is primary quartz, feldspar, and
pyroxene found in both igneous and sedimentary rock types
(Fig. 10). Relative to the composition of the underlying
bedrock, secondary clays are strongly overrepresented and
quartz and feldspar underrepresented in this detrital input
(Table 2). This results in the declining fractional abun-
dances of quartz and feldspar (Fig. 5) as proportionally
fewer of these minerals enter the fine fraction. The increas-
ing abundance of clays and amorphous cements implies an
important role for physical friability in controlling the com-
position of detrital input.

Apart from physical inputs, weathering fluxes within the
fine fraction were calculated via Eq. (3). Large losses of pla-
gioclase, pyroxene and chlorite, and statistically insignifi-
cant losses of quartz and illite are implied (Fig. 10). The



Table 3
Weathering Products from Sequential Extractions vs Model Results.

Element Build-up in extracted phases (D/Ma) Modeled from weathering (clays) Modeled from weathering (no clays)

Na 2.15 ± 0.18 2.32 2.49
Mg 1.12 ± 0.15 1.13 1.15
Ca 3.13 ± 0.4 2.39 2.44
Al �0.05 ± 0.36 0.11 0.22
Fe 0.69 ± 0.42 0.92 0.86
H* 0.11 ± 0.01 0.12 0.13
Si** �2.38 ± 2.09 �3.65 �3.64

* Assumed as initial component of carbonate, nitrate, and half of sulfate measured in H2O and Acetic acid leaches.
** Based on residual from XRD (not measured in extractions).
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relative weathering rates (i.e. pyroxenes and plagioclase
most easily weathered, etc.) are comparable to what is
observed in temperate environments (e.g. White, 1995).
The products of these weathering processes remain in the
fine fraction, with the inferred losses in detrital mineral
abundances approximately matching the gain in carbonate
minerals, clay minerals, and amorphous material (Fig. 10,
Table 3). Furthermore, the acid input from atmospheric
deposition closely matches the acid needed to perform the
inferred weathering (Table 3). Because of the scatter in
the mineralogical data (Fig. 5), the loss values are uncer-
tain. It is possible to model these mineral transformations
without the formation of authigenic clay at this site by
either taking a value from the lower end of the slope range
for smectite or by positing much larger detrital input,
including detrital input of authigenic clays from pre-
weathered clasts (Table 2). Nevertheless, we think that
our analytical model, which employs the best fit of the data
and minimizes detrital input, is the most likely explanation
of the moraine’s chemical and mineralogical evolution with
time (i.e. Figs. 4–6).

3.5. Total Chemical Fluxes

Both the thickness of moraine sediments and the ratio
between depth-integrated and surface concentrations of
salts and carbonates follow power law relationships with
surface age (Fig. 11). Following Eq. (4), the total relation-
ship between time in ka (t) and the inventory in g�cm�2 (I)
of a species X in wt.% can be described by:

I ¼ q � X i þ tF X

1þ t
Pn

j¼1F j
� D � C � t DexpþCexpð Þ ð5Þ

where q is effective density in g�cm�3 at depth accounting
for the fact that only the <63 mm fraction is measured, D
and Dexp are the power-law terms for deriving moraine
thickness (cm) from time (ka), and C and Cexp are power-
law terms of the relationship between surface concentration
of X and its average concentration at depth as a fuction of
time. The q term is unconstrained both here and in Scarrow
and others (2014) work, as density was not directly mea-
sured, and silt and clay abundance do not have a simple
relationship to age (Fig. 3). Density of Antarctic tills else-
where is �1.5 g�cm�3. Clays and silts are �40% of sediment
mass on average (Fig. 3), so q is estimated at �0.6 g�cm�3,
though the lack of further empirical quantification makes
this term uncertain. The terms D and C are derived from
power law correlations for salt and carbonate mineral spe-
cies (Fig. 11, Table 4).

Pn
j¼1F j is set at 0.39/500 from the

minimizing convolution model, solved for 500 ka of expo-
sure (Table 2, Appendix C). X i and X flux derive from the lin-
ear regression values at 500 ka for the salts in question
(Table 1).

For all the salt species including sulfate, chloride,
nitrate, H2O-extracted Na, H2O-extracted Ca, and H2O-
extracted Mg, Eq. (5) very closely approximates linearity,
allowing us to postulate constant fallout or leaching of
these elements (Table 4). The average fallout rates of sul-
fate, nitrate, and chloride to the moraine are 4.1 ± 2.7,
3.8 ± 2.5, and 2.8 ± 1.5 mg�m�2�a�1, respectively (Appen-
dix D). These are comparable to Pleistocene flux values pre-
served in ice cores in the ice sheet interior (Legrand et al.,
1988; Watanabe et al., 2003; Wolff et al., 2010).

The cation composition of snow and ice at Vostok is,
averaged over the glacial interglacial cycle, �40% acid
(i.e. H+), 37% Na, 12% Ca and 11% Mg by molar equiva-
lents (Legrand et al., 1988). Including the salts accumulated
at depth (Fig. 11), the water-soluble portion of the <63 mm
fraction is 69% Na, 23% Ca and 8% Mg by molar equiva-
lents. This indicates that the acidic portion of the atmo-
spheric fallout has exchanged for Na and Ca, with little
or no extraction of any other cation.

Because the average concentration of carbon at depth
increases faster than the concentration at the surface
(Fig. 11E), we cannot expect a linear fit for C accumulation
in the moraine. The average modeled rate is 50.6 ± 24.6 m
g�m�2�a�1 CO3 buildup (which is equivalent to
37 mg�m�2�a�1 CO2 drawdown). But this rate varies from
3 mg�m�2�a�1 CO3 buildup in the youngest soils to
65 mg�m�2�a�1 after 1 Ma of surface exposure (Appendix
D). These values far exceed that of the salts, whose
concentrations at depth are lower than at the surface.

Excluding atmosphere-derived sea salt, our model shows
�32 mg�m�2�a�1 of leached cations accumulating in salts
and carbonates. Assuming a ratio of Ca to Mg carbonate
comparable to that found at the surface, the leached mate-
rial would comprise of 77% Ca, 17% Mg and 6% Na. The
remainder of the chemically weathered moraine material
accumulates as amorphous material or perhaps as authi-
genic zeolites and clays.



Fig. 11. Empirical trends employed to convert surface concentrations into a total inventory of salt and carbonate ions in the soil profile. A
shows a power law relationship between sediment thickness and exposure age. The main transect plots on a distinct trend compared with the
tail transects, indicating either that sediment accumulates more slowly in the tail or perhaps that the age model calibrated on the main transect
does not accurately apply to the tail. Excluded values are either off transect, off moraine ridges, or indicate places where the penetration was
unlikely to have reached ice at depth. B-G compare surface exposure age with the ratio between concentration in surface sediments and an
estimated average concentration at depth. Scarrow et al. (2014) ages are estimated from total salt concentrations. Data are presented for water
extracted chloride (B), nitrate (C), sulfate (D), Na (F), and Ca (G). Carbonate (E) is calculated as the anion balancing acetic acid extracted Ca
and Mg for ‘‘This Work” and from total carbon for Scarrow et al., 2014.
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4. DISCUSSION

Our analysis finds significant changes in moraine com-
position both as a function of exposure age (Figs. 4–6,
10, 11) and clast composition (Figs. 7–9). The former
relates to processes that occur at the moraine’s surface;
the latter to either bedrock composition or processes alter-
ing clast abundance in the subglacial environment. In both
subglacial and surface contexts, physical and chemical pro-
cesses are shaping the chemical elements and minerals that
comprise the moraine’s surface sediments.

4.1. Moraine Composition as a Function of Surface Exposure

Mt. Achernar Moraine is a nearly waterless environment
in which once sediment emerges from ice, only the atmo-
sphere is capable of moving material to and from the mor-
aine surface and vapor phases play a dominant role in
formation of salts at depth (Graly et al., 2018b). Below
the influence of wind deflation, chemically leached materi-
als are not removed from the system. An element that is
chemically leached from the fine fraction remains in the fine
fraction as a salt, in carbonate minerals, or in amorphous
phases. Gains in elemental abundance within the fine frac-
tion must either reflect atmospheric deposition of that ele-
ment, selective comminution of minerals containing that
element into the fine fraction by physical processes, or
leaching of that element from a coarser fraction into a min-
eral or amorphous phase of the fine fraction. In this setting,
haloclasty (salt shattering), wind abrasion (including abra-
sion by driven snow), and thermal stress are the major grain
size reducing processes (Lamp et al., 2017; Matsuoka et al.,
1996). In summary, this amounts to five broad chemical
and physical mechanisms that affect the chemical and min-
eralogical composition of the <63 mm fraction with surface
exposure: (1) Dry fallout of salts from atmospheric sources
(i.e. sea spray and/or products of aerosol particulate chem-
istry); (2) Dry deposition of acidic aerosols (i.e. N2O5, SO3),
which hydrate to nitric and sulfuric acid and attack the
mineral structures of the substrate, forming salts and possi-
bly other weathering products (i.e. oxides and clays); (3)
Drawdown of atmospheric gases into hydrous acids (espe-
cially, H2CO3) which, like acidic aerosols, attack the min-
eral substrate; (4) Physical erosion of material from the
coarser fraction into the fine fraction; (5) Dust deposition
or winnowing. Our model of chemical and mineralogical
change at Mt. Achernar moraine (i.e. Fig. 10) combines
mechanisms 1–4, but does not consider mechanism 5, which
we assume to be minimal due to our sampling strategy of
collecting material from below the influence of wind.

A secondary atmospheric source of carbonate, nitrate,
and sulfate is strongly suggested by stable isotopes else-
where in the Transantarctic Mountains (Diaz et al., 2020).
The formation of sulfuric or nitric acid from atmospheric
aerosols (Mechanism 2) and of carbonic acid from atmo-
spheric CO2 (Mechanism 3) require conditions where a
gas or aerosol particle interacts with H2O to form an acid.
This acid subsequently exchanges H+ for cations from min-
erals surfaces to form salts and carbonates (e.g. Jackson
et al., 2016). Under the intense cold and aridity typical of
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the Mt. Achernar Moraine setting, H2O exists as ice or in
vapor phase, either from sublimating snow at the surface
of the moraine or from sublimating ice at the moraine’s
base. Under rare conditions surface snow could melt, creat-
ing ephemeral wetting of the moraine surface. Experiments
conducted with the Martian context in mind have shown
that carbonate minerals can form rapidly from a frost coat-
ing and even without any kind of wetting (Booth and
Kieffer, 1978). The vapor from sublimating snow may be
sufficient to produce aqueous acids. The accumulation of
carbonate minerals at the base of the profile suggests a
strong role for the ablating ice in supplying vapor for the
formation of H2CO3 (Foley et al., 2006), whereas the diffu-
sion of aerosol vapors (i.e. N2O5, SO3) to the base may be
limited by their low vapor pressures at the relevant temper-
atures (Graly et al., 2018b).

The rate of carbon sequestration in the surface sedi-
ments of Mt. Achernar Moraine (i.e. 37 mg�m�2�a�1 CO2

drawdown) is well below the range of values found in warm
desert soils: 1000–3500 mg�m�2�a�1 (e.g. Schlesinger, 1985).
It is also more than an order of magnitude below the 380–
1600 mg�m�2�a�1 estimated for CO2 drawdown in the sub-
glacial environment inferred from the comparisons of
freshly emerging sediments to rock at Mt. Achernar Mor-
aine (Graly et al., 2020). The role of climate in pedogenic
carbonate development in desert soils has been debated,
with some studies arguing that mean annual precipitation
has a controlling role in pedogenic carbonate development
(e.g. Landi et al., 2003) and others failing to observe any
such an effect (e.g. Quade et al., 1989). Our work here pro-
vides an end member to this debate, by illustrating substan-
tial pedogenic carbonate development in a region where
liquid water is absent but at a far lower rate than docu-
mented in water-bearing environments. Vapor phase pro-
cesses could be important to pedogenic carbonate
development in other regions as well.

Beyond salts and carbonate minerals, weathering on the
moraine surface can create a variety of products: oxides,
amorphous material, zeolites, and clay minerals, depending
on the chemical pathway. Larger clasts within Antarctic
settings often exhibit oxidation rind development, facili-
tated by cation exchange on mineral surfaces (Salvatore
et al., 2013). The oxidation rind leaching may be the major
source of cations that we infer to be fluxed from the coarser
fraction into the finer fraction in our model of moraine evo-
lution (Table 2). The oxidation and subsequent friability of
Fe-bearing minerals within these rinds could also help
explain the relatively large role of pyroxenes and chlorite
in both physical and chemical weathering (Fig. 10, Table 2).

Precipitation of amorphous constituents from subaerial
weathering of glacial sediments has been observed in a
number of settings, including Taylor Valley (Quinn et al.,
2020), maritime Antarctica (Mendonça et al., 2013), and
temperate proglacial environments (Rutledge et al., 2018).
We find relatively comparable roles for physical and chem-
ical processes in producing amorphous products in this set-
ting, with detrital process (i.e. input from grain cements in
sedimentary rocks) accounting for approximately half the
gain in amorphous content (Fig. 10). Furthermore, the ini-
tial amorphous content of the sediment is high – likely due
to weathering in the subglacial environment (Graly et al.,
2020). The input of new amorphous material (whether
detrital or chemical) is input at a similar rate as other mate-
rial (salts, etc.); thus amorphous Si, extractable Fe, and
extractable Al either stay approximately constant, slightly
increase, or slightly decline with exposure age (Figs. 5 and
6).

Tills of the Sirius Formation contain substantial abun-
dances of authigenic zeolites (Dickinson and Grapes,
1997). An increase with exposure age in X-ray diffraction
detectable laumontite (Fig. 5) suggests authigenic zeolite
formation may also occur at Mt. Achernar Moraine. Zeo-
lites are likely to be HCl soluble (Hartman and Fogler,
2007) and probably contribute to the increase in HCl-
soluble Ca and Al with exposure age (Fig. 6).

Authigenic clay formation in non-glaciated soils of
Antarctica is suggested in many locations in the
Transantarctic Mountains, though in small abundances
(<1%) (Vennum and Nejedly, 1990). Larger abundances
of clay minerals have been found in glacial soils of maritime
Antarctica. And though some of these clays may be detrital
in origin (Jeong and Yoon, 2001), kaolinite and smectites
do form directly from plagioclase and pyroxene in soil envi-
ronments (Schaefer et al., 2008; Simas et al., 2006). We can-
not definitively argue for clay formation in the surface
environment here, as the small amounts of these clay min-
erals were detected in bedrock clasts and could be surficial
detrital inputs to the <63 mm fraction (Table 2). But the low
abundance of smectite and kaolinite in the underlying rock
(Graly et al., 2020) and the parsimony of modeling clay for-
mation (Fig. 10) makes us believe that neoformation of
these minerals on the surface environment is likely.

The dominance of fine material (clays and amorphous
grain coatings) in the physical detrital input (Fig. 10) is also
observed in a wide range of interior Antarctic settings
(Bockheim, 1997). Our innovation here is to show how
these physical and chemical processes combine. The physi-
cal input of pyroxenes, plagioclase, and chlorite provides
the base material that is weathered by carbonic, sulfuric,
and nitric acids to form carbonate minerals and non-sea
salts, along with amorphous material, zeolites, and authi-
genic clays.

4.2. Zonal Transitions and Sediment Source

At each transition between the moraine’s geomorphic
zones, we observe younger, coarser sediment in the newly
emerging zone (Fig. 3). Zones 4 and 5 plot on separate
grain size – exposure age trendlines from Zones 1–3. This
implies they had an initially coarser grain size distribution
and only reached a comparable abundance of silt and clay
sized particles after several hundred thousand years of addi-
tional physical erosion. The notion of two distinct regimes
of sediment generation at Mt. Achernar Moraine is strongly
supported by ground penetrating radar results, which show
discrete bands of subglacial debris emerging along the sur-
face for Zones 1–3 but show much higher debris content
and a possible topographic shelf beneath Zone 4 (Kassab
et al., 2020). This may reflect a switch in debris origin from
a locally derived source in Zone 4 to a more distant source
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in Zones 1–3 (Bader et al., 2017), with transport distance
controlling variation in the production of fine grained sub-
glacial material. The minor, but detectable shift towards a
less chemically weathered <63 mm fraction in Zone 4
(Figs. 4–6) may also reflect this transport distance control.

4.3. Moraine Composition as a Function of Subglacial

Processes

Variation in the composition of the <63 mm fraction as a
function of clast composition shows an almost complete
lack of correspondence to mixing lines between rock type
end members (Figs. 7–9). This suggests that the variation
does not reflect the underlying geology but instead repre-
sents variation in the preservation of pebble and cobble
sized material between igneous and sedimentary rock. The
sedimentary rocks at Mt. Achernar Moraine consist of con-
tact metamorphosed sandstones, siltstones, and shales
(Bader et al., 2017). Sedimentary and metasedimentary
rocks are found to be more friable than igneous rocks in
laboratory tests and in other glaciological environments
(Crompton and Flowers, 2016; Lee and Rutter, 2004), sug-
gesting the sedimentary and metasedimentary rocks found
at Mt. Achernar Moraine may be far more friable than
the igneous Ferrar dolerite. Therefore, the portions of the
moraine with higher abundance of igneous rocks likely
reflect areas of more effective crushing of rock material in
the subglacial environment, disproportionately destroying
the sedimentary and metasedimentary cobble and pebble
clasts.

Our earlier analysis of element balance in the most
freshly emerging sediments of Zone 1 suggests a �70% con-
tribution of sedimentary rock in samples where igneous
clasts account for 64% of rock composition (Graly et al.,
2020). A similar contribution of sedimentary rock across
the entire moraine is implied here in the intersection of
the Si, Mg, and Ca trendlines with the endmember mixing
line at around 30% igneous clasts (Fig. 7). The implication
is that the samples with few igneous clasts (Zones 2 and 3
and bands in Zone 4) preserve a cobble and pebble compo-
sition reflective of the underlying rock, whereas Zones 1, 5,
and much of Zone 4 have lost their sedimentary clasts to
physical erosion. It is likely that this physical erosion took
place in the subglacial environment, as the surface environ-
ments are otherwise comparable. It is also possible that
some of these zones may have had greater abundance of
igneous rock initially, but the continued presence of miner-
als such as illite that source exclusively from sedimentary
and metasedimentary rocks (Fig. 8) and the lack of any
increase in Fe or Mg (Fig. 7) in these setting implies that
this underlying compositional signal is small.

Samples with greater abundance of igneous clasts show
greater abundance of LOI, amorphous Si, smectite, kaolin-
ite, and CH3COOH- and HCl-extracted Ca (Figs. 7–9).
These are likely to be primarily chemical weathering prod-
ucts (or the components thereof), as their abundances in the
underlying rock are low. This suggests that the physical
subglacial processes responsible for the loss of sedimentary
rock clasts occurs in the same location as intensified sub-
glacial chemical weathering. It may be that physical weath-
ering creates the fresh mineral surfaces prone to chemical
weathering. Or that a common variable, such as meltwater
abundance, promotes both physical and chemical weather-
ing in the subglacial environment (perhaps through
enhanced sliding and oxygen availability, respectively).
The highly zonal nature of igneous clast distribution on
the moraine is suggestive of distinct blocks of subglacial
debris, each capturing its own subglacial regime (Bader
et al., 2017; Kassab et al., 2020).

The gain in authigenic weathering products in the
<63 mm fraction with igneous pebble and cobble clast abun-
dance comes primarily through proportional declines in
quartz and illite (Fig. 8). Because Si, Al, and K decline com-
mensurately (Fig. 7), quartz and illite are unlikely to be
major chemical reactants. Instead, the data are best
explained by igneous clast rich samples supplying higher
quantities of plagioclase and pyroxene to the <63 mm frac-
tion, which in turn are the primary chemical reactants in the
subglacial environment – forming the smectite and amor-
phous Si that increase with abundance of igneous clasts
(Fig. 8). This implies that the subglacial regions with more
intense physical and chemical weathering have proportion-
ally greater input from igneous rock into the <63 mm frac-
tion, possibly from greater physical deterioration of igneous
rock in a water-rich environment (e.g. Anderson, 2005;
Graly et al., 2018a).

The chemical weathering products formed in the sub-
glacial environment are similar to those formed in the sur-
face environment. In both settings, clays, carbonates, and
amorphous material are the primary authigenic mineral
products, with plagioclase and pyroxene disproportionately
comprising the reactants. The compositional difference
between the surface and subglacial environments comes
from physical input to the <63 mm fraction. In the sub-
glacial environment, mineral input is more proportional
to bedrock composition (Graly et al., 2020), whereas
bedrock-derived clays and grain cements are strongly over-
represented in the mineral input on the surface environ-
ment. (Fig. 10, Table 2). The continuity between the
environments suggests a fundamental control of source
material on geochemistry even in conditions that differ dra-
matically in terms of liquid water, atmospheric contact, and
temperature.

5. CONCLUSIONS

Mt. Achernar Moraine provides a well-dated record of
emerging subglacial sediments and their subsequent alter-
ation in a cold, dry surface environment. Along an
�1 Ma transect, there are significant changes in the relative
abundances of mineral species and chemical elements
within the <63 mm fraction. The variation can be decom-
posed into two parts: (1) a subglacial processes signal traced
by the lack of preservation of friable sedimentary rock in
the pebble fraction, and (2) a surface exposure age signal
traced by a boron accumulation proxy and cosmogenic dat-
ing. The subglacial processes signal shows high input of
clays and amorphous Si where active subglacial processes
breakdown sedimentary rock, suggesting a link between
physical and chemical processes in the subglacial environ-
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ment. The surface exposure age signal shows large detrital
inputs of clays and grain cements from sedimentary rock
and buildup of atmosphere-derived salts. Contrastingly,
detrital input of feldspars and quartz is relatively small
compared with their abundance in the cobble and pebble
fraction. The differences between the initial composition
of the moraine’s sediments and the composition of this
detrital fraction result in changes to the mineral composi-
tion of the <63 mm fraction on the moraine’s surface as a
function of time.

Chemical weathering on the moraine surface is driven by
acids formed from aerosols and carbonic acid derived from
atmospheric CO2. The minimal occurrence of liquid water
in an environment where loss of ice and snow is almost
entirely driven by sublimation does not inhibit the forma-
tion of these acids, suggesting formation of aqueous acids
as these vapors condense on mineral surfaces. Our limited
data from lower positions in the till soil profile suggest that
carbonic acid and its consequent carbonate minerals form
at higher rates at depth than at the surface. This implies
increasing rates of CO2 drawdown as the moraine thickens,
which may exceed 50 mg�m2�a�1 in the oldest parts of the
moraine. Cold and aridity do not prevent weathering
entirely. Vapor chemistry and physical disintegration have
substantial effects over hundred thousand-year timescales
at Mt. Achernar Moraine.

The mafic minerals from the Ferrar dolerite (plagioclase
and pyroxene) are the primary targets of subglacial and
subaerial chemical weathering at Mt. Achernar Moraine.
The geochemical reactions acting on these mafic minerals
form smectite and kaolinite clays, amorphous Si, and zeo-
lites in both settings. However, authigenic clay and amor-
phous Si are more strongly linked to subglacial
weathering and zeolite formation to subaerial weathering.
The subglacial weathering regime is more intensive, form-
ing new minerals at an order of magnitude higher rates than
at the moraine surface. Despite the low rates, chemical
alteration on the surface environment still has an apprecia-
ble impact on authigenic mineral formation and drawdown
of atmospheric gases.
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