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Abstract

Novel studies of McMurdo Dry Valleys ice-cemented permafrost cores document chemical

weathering in permafrost and the timing of Plio-Pleistocene glaciations

Nicolas Cuozzo

Chair of the Supervisory Committee:

Research Associate Professor Ronald S. Sletten

Department of Earth and Space Sciences

The McMurdo Dry Valleys (MDV) are a frigid, hyperarid desert of Antarctica with a landscape
dominated by ice-rich permafrost. This research focuses on using two ice-rich permafrost cores
collected from the MDV to study chemical processes (Beacon Valley core) and the timing of
MDYV Plio-Pleistocene glaciations (Victoria Valley core). In the 30-m Beacon Valley core, Mg
isotopes and other geochemical data document that active weathering occurs in permafrost at
temperatures well below 0°C. The weathering intensity correlates with the modeled unfrozen
water content due to freezing point depression as ions are excluded and concentrated. The
concept of a eutectic active zone is suggested based on the presence of unfrozen water at subzero

temperatures. It is also documented that heavy Mg isotopes are fractionated into precipitating



salts, onto the cation exchange complex, and into clay minerals that form in the Beacon Valley
core. Using the Mg isotopic composition and a mass balance based on the distribution of Mg in
each of these reservoirs, this work reveals that chemical weathering estimations were
significantly underestimated when not accounting for secondary mineral formation in the Beacon
Valley core. Another noteworthy finding is that the fractionation factor determined for saponite,
the dominant secondary clay mineral in the Beacon Valley core, was 0.83%o, and is lower than
previously published estimates. Saponite is also the primary Mg-bearing mineral that forms
during low-temperature alteration of ocean crust and helps constrain the global Mg budget. The
fractionation factor determined in this study suggests that previous calculations overestimated
the amount of Mg removed from the ocean during saponite formation. A separate 15-meter ice-
cemented permafrost core collected in Victoria Valley provides a novel paleoenvironmental
record that is used to interpret the glacial history of the MDV. The core contains three
glaciogenic deposits (from bottom to top: Unit 1, 2 and 3) based on the stratigraphic record,
oxidized paleosol horizons, carbonate-coated clasts, salt content and composition, and stable
isotopes. Cosmogenic nuclides, 2°Al and 1°Be, were measured in quartz along the depth of the
core. Based on forward modeling of the shielding history, the ages of the deposits and the
periods of glacial cover are determined. The model suggests that glaciers covered Victoria
Upper Valley for at least 3.9 Ma years before depositing Unit 1 approximately 0.7 Ma,
suggesting a Plio-Pliestocene glacial event. Unit 2 was deposited ~ 0.66 Ma ago during the
retreat of the glacier. During the mid-to-late Pleistocene, Victoria Upper Glacier readvanced into
Victoria Upper Valley and covered Unit 2 for ~ 0.23 Ma, and finally deposited Unit 3

approximately 10,000 years ago. The deepest unit in the core, Unit 1, is interpreted as a wet-



based glacial till and provides the best age constraint for wet-based glaciation during the late

Pliocene to early Pleistocene in the MDV.
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the best fit equation for the fractionation factor forced through the origin. The two dashed lines represent
previously determine fractionation factors for meridianiite calculated by Schauble (2011) and (Rustad et
al., 2010), and the thin solid line represents the experimental fractionation factor for epsomite determined
by (Li et al., 2011). While meridianiite was not discovered during XRD analysis of these samples, the
fractionation factors is consistent with the theoretical fractionation factor determined by Schauble (2011).
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Figure 3.10: Distribution (%) of Mg in the clay sized fraction. Structural Mg is the dominant component
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Figure 3.11: Plot of Ca/Mg ratio in the thawed ice and [Mg]exchangeable. There data exhibits a negative
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Figure 3.12: Comparison of the §2M(exchangeabte and §®Mgnawed ice plotted with a 1:1 line. The Mg isotopic
composition of exchangeable Mg is consistent with the Mg isotopic composition of the thawed ice,
suggesting little to no fractionation. Those values that do not fall along the 1:1 line have a low [Mg]cec
suggesting a potential influence from secondary salts remaining on sediment. ..........ccccceeveeveveeeeveesreennn. 83
Figure 3.13: Mass balance correction on % Mg from chemical weathering considered the influence of all
Mg components in the system: thawed permafrost ice, secondary salts, exchangeable Mg, and structural
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Figure 4.1: (A) Landsat Image of a mosaic of the MDV (available at http://lima.usgs.gov/). This map
provides the location of the site where the 15-meter ice-cemented permafrost core was collected (%), with
a red box around Victoria Valley; (B) The extent of glacial drift in Victoria Valley. The yellow shaded
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area represents Insel drift, blue represents the Bull drift, grey represents the Vida drift, and red represents
the Packard drift. All four drifts fall within the region where the core was collected (Bockheim and
McLeod, 2013; Bull, 1962; Calkin, 1964; Prentice et al., 1998a); (C) Location and ages of material dated
in Victoria valley prior to this study. Dated material include lacustrine algae (Hall et al., 2002) (A) and
glacial moraines (0) (McGowan et al., 2014) .....cocoiiriieririeiereeee e e 98
Figure 4.2: Photos, stratigraphic column, and Fe extraction of the 15-meter core collected in Victoria
Valley. Units 1 (14.6-6.6 m), 2 (6.6-1.3 mm), and 3 (1.3-0.0 m) are divided by the black dotted lines with
an oxidized paleosurface highlighted in red. Yellow stars represent the location of the cosmogenic nuclide
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Figure 4.3: (a) boundary between Unit 1 and Unit 2. Unit 1 is capped by a 5 cm desert pavement; (b) large
37.5 cm boulder at 11.3 m depth; (c) rounded and glacially abraded cobbles at 9.8 m; (d) examples of
carbonate coating on gravel clasts along entirety of UNnit L.........cccooeiiriiiiiiinininreeeeeeeseseeseeene 107
Figure 4.4: (a) boundary between Unit 2 and 3. Unit 2 is topped by a desert pavement with a strongly
stained oxidized layer; (b) well-sorted uniform sands with little to no clasts > 2mm; (c) well sorted sands

with few gravel clasts; (d) gravel sized clasts collected from the desert pavement. .........cccceevvvecereenenne 108
Figure 4.5: (a) meter length section of Unit 3; (b) gravel sized clasts found throughout Unit 3 consisting
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Figure 4.6: lonic composition of the thawed permafrost ice. Boundary lines between depositional units are
marked as grey dashed lines. Both cationic (a) and anionic (b) composition is greatest in Unit 1 with
abundant Ca?* and NO3™ concentrations in UNIt L...........ccccueueueueueeuieeiceeeeesesees e 111
Figure 4.7: (A, B, and C) 8*0, 8D, and d-excess isotopic values (%o) of the thawed permafrost ice along
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Figure 4.9: Two-isotope diagram of Victoria Core samples with 95% confidence intervals shown as
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for Units 1, 2, and 3, FESPECLIVEIY. ..eueeieeeeeiececeese ettt sttt st e s ebe e essesreesaeseeeneens 117
Figure 4.10: Proposed depth-vs-time modeling setup for determining depositional age of glaciogenic
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Chapter 1 — Introduction

1.1 Overview and Background

Permafrost-affected regions make up 24% of exposed land in the Northern hemisphere
(Anisimov et al., 2007; Brown et al., 1997; Brown et al., 2002) and up to 25% of the Antarctic
region (Bockheim, 1995). The interest in understanding chemical and geological processes in
permafrost is widespread due to their ability to serve as proxy for paleoclimate (Stuiver et al.,
1981), and their preservation of sediment and salt accumulation over time (Campbell and
Claridge, 1987; Claridge and Campbell, 1977) . A novel place to study permafrost dynamics and
processes is the McMurdo Dry Valleys. The McMurdo Dry Valleys (MDV) are one of the few
ice-free and permafrost-affected regions in the Antarctic and one of the only regions on Earth
where the average daily temperature rarely rises above zero degrees. The MDV were first
investigated by Scott’s expedition to reach the South Pole (Scott, 1907) and since then, detailed
investigations have been untaken to understand long-term accumulations and distributions of salt
deposits (Campbell and Claridge, 1969; Claridge and Campbell, 1968, 1977; Keys and Williams,
1981), long-term weathering processes (Claridge and Campbell, 1984; Gibson et al., 1983a;
Ugolini, 1986), and the origin and timing of glacial deposits and moraines that blanket the

valley’s surfaces (Calkin, 1964, 1971; Denton et al., 1984; Prentice et al., 1993; Prentice et al.,
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1998a; Webb et al., 1984). Here, we use deep ice-cemented permafrost cores collected from
Beacon Valley and Victoria Valley to investigate the subsurface processes of these ancient
environments and provide constraints on chemical weathering and the glacial history of this

region.

Salt Accumulations and Magnesium Isotopes

One of the defining features of the MDV is extensive salt accumulations throughout the
soil profile (Claridge and Campbell, 1977; Keys and Williams, 1981). Major anions (Cl-, SO4%,
and NOz3") were found to be sourced from the transport of marine-derived aerosols and oxidation
of reduced gaseous sulfur and nitrogen compounds. Major cations (Ca%*, K*, Mg?*, and Na*)
accumulate over time from the transport of marine aerosols, and chemical weathering of
ferromagnesian minerals (Bao et al., 2000; Keys and Williams, 1981; Michalski et al., 2005).
Many chemical weathering studies have focused on shallow subsurface and wetter regions in the
MDYV, such as hyporheic zones, lake water, and streams and have provided evidence of chemical
alteration of rocks. (Dickinson and Grapes, 1997; Dowling et al., 2013; Gibson et al., 1983a;
Heindel et al., 2018; Jones and Faure, 1978; Leslie et al., 2014; Lyons et al., 2017; Marra et al.,
2017; Maurice et al., 2002; Tamppari et al., 2012a; Wentworth et al., 2005; Witherow et al.,
2010) However, there are no studies analyzing chemical weathering in deep permafrost soil

profiles.

Magnesium isotopes are helpful for studying rock-water interactions (Huang et al., 2012;
Liu et al., 2014; Ma et al., 2015; Opfergelt et al., 2014; Opfergelt et al., 2012; Teng et al., 2010;
Tipper et al., 2012a; Tipper et al., 2010; Tipper et al., 2012b; von Strandmann et al., 2008)

because of their fractionation properties (De Villiers et al., 2005; Galy et al., 2002). Large mass-
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dependent fractionation can occur during low-temperature chemical reactions, including
chemical dissolution, salt precipitation, cation-exchange, and clay mineral formation.
Understanding the direction and degree of fractionation is critical for tracing these processes.
Furthermore, the ice-cemented permafrost prevents leaching of water and holds weathering
products in place, allowing for a comprehensive analysis of equilibrium fractionation of all Mg

components in the system.

1.1.2 MDV Gilacial and Climate History

The past stability of the East Antarctic Ice Sheet (EAIS) remains an important,
unanswered question. Efforts to address this question are focused on EAIS stability during the
Pliocene (5.33-2.58 Ma), a period characterized by CO> values comparable to today’s values
(Bartoli et al., 2011; Pagani et al., 2010; Seki et al., 2010) and global mean temperatures similar
to those predicted for the end of the century (Austermann et al., 2015; Dowsett et al., 2012).
While the marine record from the Antarctic Geologic Drilling Project (ANDRILL) and
accompanying models suggest a dynamic EAIS during the Pliocene (Scherer et al., 2008;
Scopelliti et al., 2013; Scopelliti et al., 2011), The McMurdo Dry Valleys (MDV) are home to
some of the most well-preserved geologic records of Antarctic glaciation and are frequently used
to understand past dynamics of the EAIS (Armstrong, 1978; Armstrong et al., 1968; Bockheim
and McLeod, 2008; Bockheim and McLeod, 2013; Brook et al., 1993; Brown et al., 1991,
Denton et al., 1971; Denton et al., 1984; Denton et al., 1993; Hall et al., 1993; Hall et al., 2002,
Higgins et al., 2000; Prentice et al., 1998a; Schafer et al., 2000; Staiger et al., 2006a; Swanger et

al., 2019; Swanger et al., 2017; Swanger et al., 2011b). Providing further constraints and
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1.2

providing stratigraphic context on these deposits by using deep permafrost cores can help answer

the question of EAIS stability during warmer and wetter conditions.

Research Objectives

The two key objectives of my dissertation are to use the geochemical and sediment
records preserved in ice-rich permafrost of the MDV to understand: (1) chemical weathering in
subzero temperature environments, and (2) the glacial history of the MDV during warmer and

wetter conditions. The three main chapters are described below.

Chapter 1 provides direct evidence of chemical weathering at subzero temperatures in a
30-meter ice-rich permafrost collected in Beacon Valley. The evidence of chemical weathering is
documented in the composition of the permafrost sediment and ice, the Mg isotopic composition
of the thawed permafrost ice, and pH values. The major control of chemical weathering appears
to be the unfrozen water content that is modeled as a function of ionic composition and

temperature.

Chapter 2 further leverages the unique environment of the MDV where weathering
products are locked in the ice over potentially million-year timescales to understand the
influence of secondary mineral formation on the Mg isotopic composition of the Beacon Valley
core. This works reveals that secondary minerals strongly influence the Mg isotopic composition
in permafrost. Furthermore, the most abundant Mg-bearing clay mineral identified in the core,
saponite, is also the primary Mg-bearing mineral that forms in the oceanic crusts and acts as a
sink for Mg in the global ocean budget. Therefore, the large Mg fractionation determined for

saponite within the core can have implications for the global Mg budget.
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Chapter 3 analyzes a 15-meter core permafrost core as a novel proxy to interpret and date
glacial deposits in Upper Victoria Valley, and provides evidence of a wet-based glacial event
during the late Pliocene to early Pleistocene in Victoria Valley. Using sedimentological and
geochemical evidence, we interpret the depositional environment of three distinct glaciogenic
deposits identified within the core. A multi-isotope (Al and °Be) cosmogenic nuclide approach
is used to model burial and exposures scenarios to provide age constraints of the depositional

units and timing of glaciation.
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Chapter 2: Silicate Weathering in Antarctic Ice-rich Permafrost: Insights
Using Magnesium Isotopes

The content of this chapter was published in

Geochimica et Cosmochemica Acta in 2020 with authors N. Cuozzo R.S. Sletten, Y. Hu, L. Liu,

F.Z. Teng, and B. Hagedorn

2.1 Abstract

This study reports that substantial chemical weathering occurs at subzero temperatures in ice-
and-salt-rich permafrost in the McMurdo Dry Valleys, Antarctica. Chemical weathering is
documented in a 30.0-meter core collected in Beacon Valley by measuring the ionic
composition, pH, and Mg isotopes of water extracted from thawed ice-rich sediment. Evidence
of rock weathering is revealed by coinciding increases in the Mg isotopic composition and pH
values. The primary factor that controls weathering is the salt content that leads to unfrozen
brine; this is most apparent in the upper 7.0 meters where the salt content is high, temperatures
rise above -21°C and the modeled unfrozen water reaches up to 4.0% of ice-content. In the upper
7.0 meters, up to 60% of soluble Mg in the thawed permafrost ice is sourced from Ferrar Dolerite
(8%°Mg = -0.22 £ 0.07%o0) weathering, resulting in §°°Mg values ranging from of -0.82 + 0.05%o
t0 -0.64 £ 0.05%o. Below 7.0 meters, temperatures remain below -21°C, unfrozen water is less
than 2.0% of ice-content, and on average, 5% of soluble Mg is sourced from dolerite weathering
with $%Mg values ranging from -1.05 + 0.05%o to -0.76 + 0.05%.. Regions of the core that are
modeled to have no unfrozen water show little or no evidence of chemical weathering and

relatively constant $?*Mg values close to Taylor Glacier and Beacon Valley snowfall values
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(-0.93 £ 0.06%0). This study demonstrates that significant chemical weathering occurs at subzero

temperatures in permafrost where liquid brines form.

2.2 Introduction

The McMurdo Dry Valleys (MDV) are among the coldest and driest regions on Earth and
one of the few ice-free regions in Antarctica. The environmental setting of the MDV s severe,
with average summer and winter temperatures below 0°C, average precipitation less than 100
mm yr?tin the form of snowfall (Bromley, 1985; Doran et al., 2002; Fountain et al., 2010), no
vascular plants (Alberdi et al., 2002), and landscapes dominated by ice-rich permafrost.
Chemical weathering in permafrost environments such as the MDV is of interest because while
permafrost is widespread, making up 24% of exposed land in the Northern hemisphere (Zhang et
al., 1999) and around 25% of the Antarctic region (Bockheim, 1995; Schaefer et al., 2017),
chemical weathering is not well documented in these environments, particularly in the Antarctic
as it is less accessible and less studied compared to the northern hemisphere. Furthermore, they
are considered one of the closest terrestrial analogs to the martian environment and can be used
to better understand weathering processes occurring in similar conditions on Mars (Anderson et
al., 1972; Dickinson and Rosen, 2003; Gibson et al., 1983a; Heldmann et al., 2013; Wentworth et

al., 2005).

Previous studies on chemical weathering in the MDV have found extensive salt
accumulations, as is common in desert landscapes. Claridge and Campbell (1977) and Keys and
Williams (1981) found major cations (Na*, Ca?*, Mg?*, and K*) accumulated over time from
transport and deposition of marine aerosols and chemical weathering, with Mg concentrations

particularly enriched in soils formed on dolerite parent material. Major anions (CI-, SO4*", and
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NO3") were found to be sourced from transport of marine aerosols and oxidation of reduced
gaseous sulfur and nitrogen compounds (Bao et al., 2000; Michalski et al., 2005). Further studies
have looked at solutes (Green et al., 1988; Lyons and Mayewski, 1993; Nezat et al., 2001) and
isotopic composition, including Sr, Li, B, and Ca, (Dowling et al., 2013; Jones and Faure, 1978;
Leslie et al., 2014; Lyons et al., 2017; Witherow et al., 2010) of lake waters, streams, and
hyporheic zone sediments. These studies have suggested that silicate weathering must occur to
explain the water composition in these regions. Physical evidence of rock and sediment alteration
(<1 m) in the hyporheic zone are also documented in the MDV (Dickinson and Grapes, 1997,
Gibson et al., 1983b; Heindel et al., 2018; Marra et al., 2017; Maurice et al., 2002; Tamppari et
al., 2012b; Wentworth et al., 2005). While most of these studies focused on weathering in wetter
regions at shallow depths in the MDV (streams, lakes, and hyporheic zones), only one study
(Dickinson and Rosen, 2003) has looked at weathering processes in a deep permafrost profile
using oxygen isotopes and ionic composition; however, they did not quantify the degree of

weathering that occurs.

Magnesium isotopes have been used to study chemical weathering in soils (Huang et al.,
2012; Liu et al., 2014; Ma et al., 2015; Opfergelt et al., 2014; Opfergelt et al., 2012; Teng et al.,
2010; Tipper et al., 2012a; Tipper et al., 2010; Tipper et al., 2012b; von Strandmann et al., 2008;
von Strandmann et al., 2012) and they can provide an estimate on the degree of weathering
because of their fractionation properties (De Villiers et al., 2005; Galy et al., 2002; Liu et al.,
2014). Large mass-dependent fractionation of Mg isotopes can occur during low-temperature
chemical weathering reactions, including dissolution, precipitation, and cation exchange (see
review of Teng (2017) and references therein). During chemical weathering, light Mg isotopes

are preferentially released from silicate rocks to river waters, which end up in the ocean. This
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process results in a homogeneous and significantly lighter Mg isotopic composition of seawater
(8%°Mg = -0.83%o £ 0.09%o, Ling et al. (2011)), leaving variably heavier weathered residues in
the upper continental crust (Mg = -0.22%o, Li et al. (2010)). The distinct isotopic values of
these two reservoirs provide a tool to look at the mixing between Mg in the MDV derived from a
seawater source (snowfall and glacial ice), and a crustal silicate source (Ferrar Dolerite), and

insight towards the degree of weathering.

The study presented here analyzes for Mg isotopes, pH, and ionic composition of water
and sediment extracted from a thawed 30.0 m permafrost core collected in Beacon Valley. The
chemical data are used to model the unfrozen water content and to quantify the contribution of
Mg due to dolerite weathering in the MDV permafrost. Our results reveal that significant silicate
weathering occurs in subzero salt-rich ice-cemented permafrost environments and this finding
provides new insights into weathering processes in ice-cemented permafrost on Earth, as well as

serving as an analog for weathering in martian permafrost.

2.3 Study Site

2.3.1 Beacon Valley, Antarctica

The MDV are a hyperarid, polar desert that remain free of ice-cover as a result of the
high threshold of the Transantarctic Mountains, which divert ice from the East Antarctic Ice
Sheet away from McMurdo Sound, and the Wilson Piedmont Glacier, which isolates the valleys
from the Ross Sea and acts as a blockade to snow entering them (Chinn, 1990; Hall and Denton,
2002). Beacon Valley is one of the southern-most Dry Valleys, trending northeast-southwest and

covering an area approximately 3 km wide and 12 km long (Figure 2.1). Average annual
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temperatures are around -22.9°C (Liu et al., 2015) with less than 100 mm/yr of precipitation in
the form of snowfall (Fountain et al., 2010). The lower valley on its northeast end is bounded by
Taylor Glacier, an East Antarctic Ice Sheet outlet glacier. Bedrock in Beacon Valley consists of
Devonian to Jurassic Beacon Group sandstones, siltstones, and shales, with sills and dikes of

tholeiitic Jurassic Ferrar Dolerite (McElroy and Rose, 1987).

160°30'E 161°E 161°30'E 162°E 162°30'E 163°E 163°30E 164°E >
P =T - " g - g ;
] AR ‘ :
rd " " 3 { N z

: - L B

f A

2

McKelvey Valley

L

Wright Valley

o ¢ 1 3
< el S
R S 75 Taylor Valley 4 A&

N A ‘ §

> e} o
d 5 > p
A, 8 o
: %

161°30'E 162°E 162°30'E 163°E 163°30E ; 164°E

Figure 2.1: (A) Landsat Image of Mosaic of the MDV (available at http://lima.usgs.gov/), with the
location of the site (red dot) where the 30-meter ice-cemented permafrost core was collected; (B)
Meter sections of the ice-cemented permafrost core (6 m, 7 m, and 12 m from left to right).

The ice-cemented permafrost core analyzed in this study was collected in the lower
Beacon Valley (77°48°11.4”S, 160°42°49.8E) as described below. The surface of Beacon
Valley is covered by patterned ground with polygonal diameters of 10 to 20 m and the core was
collected in the center of a polygon, which is thought to be the most stable region (Linkletter et

al., 1973; Sletten et al., 2003). Sediment in the Beacon Valley core is composed mostly of sand-
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sized grains of quartz and dolerite that are cemented by an ice-rich matrix. Sediment is massive
and shows no evidence of stratification or facies changes. The sediment is believed to be sourced
from glacial deposits and aeolian processes (Bockheim et al., 2009; Diaz et al., 2018), and based

on modeled sublimation rates, the sediment age is estimated to be at least 1 Ma (Liu et al., 2015).

2.4 Methods

2.4.1 Sample Collection

A 30.0-m ice-cemented permafrost core was collected in lower Beacon Valley in 2008
and stored in a -30.0°C freezer at the University of Washington, Seattle. Drilling began 0.4 m
below the surface at the top of the ice-cemented permafrost. The upper 0.4 m consists of dry
permafrost and was sampled separately. The permafrost core was cut into subsamples at 0.1 to
0.3 m intervals along its depth using a carbide-tipped band saw. The frozen sediment samples
were then thawed overnight in a refrigerator in sealed polyethylene bags. The meltwater was
extracted from the thawed sediments by centrifuging in a double-bottom centrifuge cup (a
perforated cup fitted with a 0.45 um Nucleopore filter followed by a closed cup). The total ice
content of each sample was determined gravimetrically. Large clasts of dolerite were collected
from the Beacon Valley surface and sampled from the core at 0.6 and 2.2 m. Taylor Glacier Ice
from an archived core (Nirvana) (Pettit et al., 2014) collected near the terminus to Taylor Valley,
as well as fresh Beacon Valley snowfall collected in the field were thawed and analyzed.
Analyses were performed on three sets of samples: (1) water collected from thawed permafrost
ice from the 30-m core, (2) permafrost sediment isolated from the 30-m core, and (3) thawed

glacial ice and snow.
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2.4.2 Compositional Analysis

The soluble salts in the thawed permafrost ice, thawed glacial ice, and thawed snow
samples were analyzed for major cations (Ca?*, Mg?*, Na*, K*) using Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) (Perkin EImer® Optima 3300 DV), major
anions (CI-, F, SO+, NO3") using lon Chromatography (IC) (Dionex® ICS 2500), and pH using
a WTW pH probe fitted with a SenTix 41 pH/temperature probe. The elemental composition of
the < 2mm fraction of permafrost sediment and bulk rock samples was determined using a
ThermoARL X-ray Fluorescence Spectrometer (XRF) at the GeoAnalytical Lab at Washington
State University. The weathered rind of the bulk rock samples was removed and only the
unweathered rock was used for analysis. The < 2mm fractions of permafrost sediment were
powdered and analyzed for their mineralogy using Rigaku MiniFlex 600 benchtop X-ray
diffractometer (XRD) with a D/teX high-speed detector and Co Ko radiation. Data were
collected at a step size of 0.02° per minute step counting rate, from 2 to 80 degrees 26 at 15 mA
and 40kV in the X-ray Diffraction Laboratory located at NASA Johnson Space Center. Samples
were prepared in aluminum holders, and the XRD instrument was operated under ambient
conditions and calibrated with the National Institute of Standards and Technology (NIST) silicon
standard, and a NIST lanthanum hexaboride standard is used to characterize the instruments line
broadening function. Rietveld refinement was carried out using MDI Jade Software with initial
structure parameters for crystalline phases from the RRUFF database. Background patterns were
fit by a polynomial and peaks were modeled by a pseudo-Voigt profile function. Pattern overlays
of standard phyllosilicates (Clay Mineral Repository) with known RIR and FWHM were used in

Rietveld Refinements to estimate abundances of phyllosilicates in bulk samples.
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2.4.3 Temperature measurements

A long-term record of hourly temperatures is being recorded in a polygon adjacent to the
one that was cored in Beacon Valley at depths of 1.25, 2.5, 5.0, 10.0, 20.0, and 30.0 meters. The
temperatures are measured using a Campbell CR10X-2M data logger with Campbell 107
thermistor temperatures probes. The yearly maximum and minimum temperature for each depth

is then interpolated to create a maximum and minimum temperature at each sampling depth.

2.4.4 Geochemical Modeling

The equilibrium thermodynamic models, PHREEQC (Version 3 using ColdChem
database) and FREZCHEM (Version 13.2), were used to model the unfrozen water content and
secondary salt precipitation at each sample depth of the core based on the chemical composition
of the thawed permafrost ice and using the interpolated maximum temperature. As the water
freezes, ions are excluded from the ice phase and concentrate in the water, thereby depressing the
freezing point of the brine (Low et al., 1968; Tice et al., 1985). PHREEQC and FREZCHEM use
Pitzer equations to model these high ionic strength solutions and are capable of modeling

freezing of concentrated solutions down to -70°C (Marion and Grant, 1994).

2.4.5 Particle Size Analysis

Particle size analysis was performed on ~ 1 g permafrost sediment samples. Samples
were split using a sample splitter to avoid sampling bias and analyzed using a laser diffraction
particle size analyzer (Beckman Coulter LS 13-320). Samples were dispersed using an ultrasonic
probe with the addition of 5mL of 0.05% sodium bicarbonate sodium hexametaphosphate to

keep the samples in suspension. Each sample was analyzed three times for reproducibility.
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2.4.6 Magnesium Isotope Analysis

Magnesium isotopes were analyzed in water samples from the thawed permafrost ice of
the core, Beacon Valley snowfall, and Taylor Glacier ice. In addition, dolerite samples collected
from the core and the surface of Beacon Valley were analyzed. Rock digestion, chemical
separation, and isotopic analysis were performed at the Isotope Laboratory at the University of
Washington, following the methods detailed in Teng et al. (2007) and Yang et al. (2009). The
rocks were sampled to avoid any weathering rinds, crushed into a powder, and dissolved
sequentially using Optima-grade concentrated HF-HNO3, HNOs-HCI, and HNOs. The water
samples were evaporated to contain 5-40 ug Mg. Separation of Mg was achieved by loading 100
pL of sample dissolved in 1 N HNOs on a cation exchange chromatography column containing
pre-cleaned Bio-Rad AG50W-X8 resin (200-400 mesh) and was eluted using sequential

additions of 1 N HNOs. This procedure is repeated twice for each sample to ensure purification.

Magnesium isotopic ratios were measured on a Nu Plasma Il Multi-Collector-ICP-MS
using standard-sample bracketing (alternating measurements of samples and standards) for
correction of instrumental fractionation (Teng and Yang, 2014). Magnesium isotopic data are
reported in delta (8) notation, which represents parts per thousand (%o) deviations of the ratio

between the sample and standard, where X refers to mass 25 or 26:

( XMg/24Mg) |
*Mg (%o0) = 1000 x -1
( *Mg/**Mg)
DSM3
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The accuracy of the analysis was assessed using two in-house standards (Hawaiian Seawater and
San Carlos Olivine) and two USGS rock standards (BHVO Basalt and MAG-1 Marine Mud).
The results of these standards (Table 2.1) agree with recommended values (Hu et al., 2016; Teng

etal., 2015).

Table 2.1: Magnesium isotopic composition of standards run between the samples

Standard n &%Mg 2SD Mg 2SD

Hawaii Seawater (in-house) -0.88 0.05 -0.45 0.05
-089 005 -046 0.04
-0.88 005 -046 0.04
-0.86 005 -044  0.06
-0.92 006 -051 0.05
-0.85 006 -048 0.05
-083 005 -041 0.06

Average 7 -0.87 0.05 -0.46 0.05
Ling et al. (2011) 90 -0.83 0.09 -0.43 0.06
San Carlos Olivine -0.24 0.05 -0.15 0.05

-0.20 0.05 -0.13 0.05
-0.22 0.05 -0.12 0.04
-0.25 0.05 -0.11 0.06
-0.23 0.05 -0.13 0.06
-0.25 0.03 -0.16 0.04
-0.30 0.06 -0.16 0.07

Average 7 -0.24 0.05 -0.14 0.05

Hu et al. (2016) 28 -0.24 0.03 -0.12 0.02

BHVO (USGS) -0.24  0.06 -0.11 0.05

Basalt, Hawaii VVolcanic Observatory -0.27 0.06 -0.14 0.05
Average 2 -0.26 0.06 -0.13 0.05

Teng et al. (2015) -0.21 0.04 -0.12 0.03

MAG-1 (USGS) -0.35 0.06 -0.16 0.05

Marine Mud, Gulf of Maine -0.30 0.06 -0.14 0.05
Average 2 -0.32 0.06 -0.15 0.05

Teng et al. (2015) -025 005 -011 0.04

Results of Mg standards (n = number of analyses) run between the samples. Bolded values
represent the average value of the standards in each run and italicized values represent the
literature values. 2SD of Mg isotopic values represents two standard deviation of the
bracketing standard measurements during a full analytical session.
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2.5 Results

Physical and chemical parameters that were measured along the core’s depth are reported
below, including soluble salts, temperature, ice content, modeled unfrozen water content, pH,

particle size, elemental composition of bulk sediment, and Mg isotopic composition:

2.5.1 lonic Composition and pH of Thawed Permafrost Ice

The thawed permafrost ice contains high concentrations of total soluble salts with an
average value of 29 mmol/kg and a standard deviation (1SD) of 11.9 in the upper 7.0 m of the
core and lower concentrations below 7.0 m with an average value of 19 mmol/kg (1SD = 8.1)
(Figure 2.2 a and b). Two sample t-tests comparing the mean total concentrations revealed the
concentrations in the two sections of the core were significantly different (p<0.05). Na is the
most concentrated cation, followed by Ca, Mg, and K. pH values were measured starting at the
ice-table at 0.4 m (Figure 2.2c). The top four samples have pH values of 6.60 and rapidly
increase toward the highest measured pH of 7.70. Excluding those four samples, pH values in the
upper 7.0 m are consistently higher than the lower section of the core, with a mean value of 7.29
(1SD = 0.15). At 7.0 m, pH values drop down to a pH of 7.00 and remain around 7.00 until 18.0
m. From 18.0 to 30.0 m, the pH values increase from pH of 7.00 to 7.57. Two sample t-tests also
show a significant difference between the pH values of the upper and lower sections of the core

(p< 0.05).
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Figure 2.2: Analytical result along the depth of the 30-meter permafrost core for: (a) Ca?*, K*, Mg?*, and Na* (mmol/kg); (b) CI,
S04%, and NOs~ (mmol/kg); (c) pH; (d) Annual maximum and minimum temperatures (°C); () Ice content (%) measured
gravimetrically; and (f) Modeled unfrozen water content (%) using FREZCHEM and PHREEQC. Most analysis show a major shift at
7-meters depth, with cations, anions, pH, and modeled unfrozen water content higher in the upper 7-meter section, and lower in the 7-
30-meter section. Temperatures have large seasonal variation in the upper 10 meters of the core, and little seasonal variation below 10

meters.
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2.5.2 Temperature

Interpolated maximum and minimum monthly-averaged borehole temperatures in Beacon
Valley remain below 0°C throughout the year with seasonal variation most prominent in the
upper layers of the permafrost (Figure 2.2d). The sediment closest to the surface has the most
extreme temperature highs and lows, ranging from -10°C in the summer to -35°C in the winter.
Moving further down the core, these seasonal variations become less pronounced, and at 20.0 m,

there is virtually no seasonal variation with temperature steady at approximately -23°C.

2.5.3 Ice Content

The core can be grouped into three sections based on its ice content (Figure 2.2e): 0.4-7.0
m, 7.0-18.0 m, and 18.0-30.0 m. From 0.4 to 7.0 m, the average ice content is 26.0 wt.% (1SD =
0.19). There are three outliers in the upper 7.0 m with ice content near 80 wt.% which reflect
several small ice lenses in the sediment. Excluding these three values, the average ice content
reduces from 26.0 to 21.7 wt.% (1SD = 0.12). At 7.0 m, there is an abrupt increase in the ice
content to approximately 50 wt.%. Excluding one outlier at 14.0 m, where the ice content is 13.6
wt.%, the average ice content from 7.0-18.0 m is 62.7 wt.% (1SD = 0.13). From 18.0-30.0 m, ice
content decreases to an average ice content of 23.3 wt.% (1SD = 0.11), excluding two ice lenses

at 22.0 m and 30.0 m.

2.5.4 Modeled Unfrozen Water Content

Based on the soluble ions in the thawed permafrost and the temperature, equilibrium
geochemical modeling using PHREEQC (Version 3, ColdChem database) and FREZCHEM

(Version 13.2) reveal substantial unfrozen water is present in the permafrost core at various
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depths (Figure 2.2f). In the upper 7.0 m of the core, the unfrozen water content generally
increases with depth and reaches a maximum of 4.0% of the ice content near 7.0 m. This section
of the core experiences higher summer temperatures and higher concentrations of soluble salts
that depress the freezing point of water. From 7.0 to 18.0 m, most samples have less than 0.1%
unfrozen water content. Average temperatures are lower and there is a lower concentration of
soluble salts to depress the freezing point. From 18.0 to 30.0 m, unfrozen water content increases
up to 1.7% Despite the lower average temperature, this section has higher soluble salt
concentrations than 7.0 to 18.0 m. These models do not consider particle size, pore space size, or
ice lens formation, which may have a small effect on the amount of unfrozen water (Anderson

and Morgenstern, 1973).

2.5.5 Particle Size
Particle size of permafrost sediment was analyzed for the < 2mm fraction (Figure 2.3).

Both the clay and silt-sized fraction (< 2 -50 um) and the sand-sized fraction (50-2000 pum)
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Figure 2.3: Clay-and-silt-sized fraction and sand-sized fraction of Beacon Valley core sediment.
The upper 7.0 m have larger variation between samples while the lower 7.0-30.0 m have smaller
variation. Sand-sized particles make up at least 85% of sediment in each sample.
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display a significant difference (p < 0.05) between the upper 7.0 m and the lower 7.0-30.0 m.
The clay and silt-sized content in the upper 7.0 m increases with depth and has an average value
of 6.4% with a standard deviation of 3.3. The clay-and-silt-sized content in the lower 7.0-30.0 m
has a more consistent distribution with a higher average value of 9.0% and a standard deviation
of 1.9. Most of the permafrost sediment in the < 2mm fraction consists of sand-sized particles
(50-2000 pm). In the upper 7.0 m, sand on average makes up 93.6% (1SD = 3.3) of the sediment,

and in the lower 7.0-30.0 m, sand on average makes up 91% (1SD = 1.9) of the sediment.

2.5.6 Major element composition and mineralogy

XRF analysis of the < 2mm fraction of permafrost sediment and unweathered Beacon
Sandstone and Ferrar Dolerite is presented in Table 2.2 as oxides in weight percent (wt.%)
normalized to 100%. Beacon Sandstone is composed almost entirely of SiO2 (> 99 wt.%), with
little to no MgO (< 0.01 wt.%), while Ferrar Dolerite is composed primarily of SiO2 (57 wt.%),
Al,03 (14 wt.%), FeO™ (10 wt.%), CaO (9 wt.%), and MgO (5 wt.%). Major element
composition of the permafrost sediment suggests a mixed lithology of sandstone and dolerite.
XRD analysis of the permafrost sediment also suggests most of the sediment is composed of
quartz, pyroxene (augite and orthopyroxene), and feldspar (andesine, anorthite, and orthoclase),
with smaller amounts of gypsum (2 samples with < 1%), muscovite, kaolinite, and saponite

(Table 2.3).

On average, the permafrost sediment is composed mainly of SiO> (80 wt.%, 1SD = 1.9).
While the SiO concentration varies by only a few percent, there is a statistically significant
difference between the upper 7.0 m and the lower 7.0-30.0 m (p < 0.05). CaO and MgO

concentrations are also statistically different (p < 0.05) in the upper and lower sections of the
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core, showing a decrease in the upper 7.0 m and remaining constant in the lower 7.0-30.0 m.

K20, Na20, and Al>O3 remain constant throughout the 30.0-meter core and show no statistical

difference in the upper and lower sections.

Table 2.2: Elemental abundance of Beacon Core Sediment samples

_?_i,r;fle Sample ID
BV4-24-27
BV4-105-113
BV4-189-192
BV4-269-271
BV4-340-343
BV4-395-397
BV4-455-460
BV4-529-532
BV4-613-618

Permafrost BV4-653-656

Sediment BV4-675-677
BV4-744-748
BV4-763-768
BV4-1005-1016
BV4-1108-1110
BV4-1202-1204
BV4-1438-1440
BV4-2096-2098
BV4-2830-2833
BV4-3007-3010

Dolerite 2
Dolerite 3

Bulk Rock Beacon Sandstone 1
Beacon Sandstone 2
Vida Granite

Depth
(m)
0.66
1.49
2.31
3.10
3.82
4.36
4.98
5.71
6.56
6.95
7.16
7.86
8.06
10.51
11.49
12.43
14.79
21.37
28.72
30.49

0.60
2.20

XRF — LOI Normalized Major Elements (Weight %)

SiO;

78.69
75.34
77.26
81.82
81.15
78.61
79.58
79.34
79.30
79.46
81.52
81.96
80.51
80.68
81.04
81.35
81.57
80.81
81.93
76.55

57.65
56.80

surface 99.81
surface 99.53
surface 69.41

TiO;
0.60
0.86
0.78
0.46
0.46
0.53
0.49
0.52
0.51
0.51
0.47
0.43
0.49
0.48
0.46
0.47
0.45
0.43
0.41
0.60

0.97
0.90
0.02
0.11
0.34

Al,03
6.90
7.75
7.21
6.04
6.68
7.54
7.30
7.28
7.45
7.36
6.60
6.59
7.06
6.93
6.99
6.80
6.63
7.01
6.44
8.43

13.89
14.35
0.15
0.35
15.44

FeO*
5.38
6.47
5.88
4.28
4.39
5.03
4,73
4.86
4,77
4.75
4.26
4.08
4.49
4.47
4.26
4.26
4.23
4.26
411
5.44

10.66
10.01
0.02
0.03
2.93

MnO
0.10
0.12
0.11
0.08
0.08
0.09
0.09
0.09
0.09
0.09
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.10

0.18
0.18
0.00
0.00
0.06

MgO
2.24
2.50
2.23
1.94
1.76
2.01
1.84
1.89
1.83
1.79
1.71
1.64
1.72
1.77
1.71
1.66
1.71
1.81
1.74
211

4.20
5.11
0.02
0.01
0.39

CaO
4.16
4.69
4.32
3.63
3.44
3.96
3.72
3.77
3.70
3.72
3.34
3.24
3.49
3.49
3.38
3.36
3.32
3.58
3.44
431

8.73
9.29
0.03
0.00
1.89

Na,O
0.89
1.03
1.02
0.79
0.88
1.00
1.00
1.00
1.04
1.04
0.86
0.83
0.93
0.90
0.85
0.84
0.85
0.93
0.82
1.10

2.14
2.03
0.00
0.00
3.68

K20
0.95
1.15
1.11
0.89
1.08
1.15
1.17
1.17
1.24
1.20
1.07
1.08
1.14
1.13
1.16
1.11
1.10
1.02
0.97
1.28

1.43
1.22
0.03
0.06
5.78

P20s
0.08
0.08
0.08
0.06
0.07
0.08
0.08
0.08
0.08
0.08
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.06
0.06
0.08

0.15
0.13
0.01
0.01
0.07

Values are normalized to LOI. FeO* is total Fe represented as FeO
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Table 2.3: Mineralogy of Beacon Valley core sediment

XRD Analysis (% mineral)

Sample 1D Quartz Andesine Augite OPX Anorthite Orthoclase Gypsum Muscovite Kaolinite Saponite
BV4-105-113 51.2 13.5 9.6 8.7 4.0 3.6 0.9 0.8 0.7 53
BV4-269-271 62.4 13.8 7.7 6.3 4.2 4.2 0.0 1.4 0.6 3.4
BV4-529-532 61.2 12.7 8.6 4.5 0.0 6.4 0.0 1.9 11 2.9
BV4-763-768 61.5 15.2 5.8 8.8 0.0 0.0 0.5 1.0 1.7 4.6

BV4-2096-2098 59.8 14.2 6.5 4.9 0.0 6.7 0.0 11 0.9 4.1
BV4-2830-2833  62.1 134 5.2 6.9 0.0 4.6 0.0 2.0 0.7 4.9

2.5.7 Magnesium Isotopes

Magnesium isotopic ratios of the thawed permafrost ice, bulk rock samples, thawed
Taylor Glacier ice, and Beacon Valley snowfall are reported in Table 2.4. There are two Mg
reservoirs in Beacon Valley with distinct Mg isotopic compositions. Dolerite samples collected
from the core and the surface of Beacon Valley have an average Mg isotopic composition of -
0.22 £ 0.07%o (n = 3), which is typical for basaltic rocks (Teng, 2017). Taylor Glacier/Beacon
Snowfall samples have a significantly lower average Mg isotopic composition of -0.93 £ 0.06%o
(n =4), which is close to the seawater Mg isotopic composition of -0.83 + 0.09%o. (Ling et al.,
2011). In the upper 7.0 m, the Mg isotopic composition of the thawed permafrost ice samples
falls between these two end-members, and in the lower 7.0-30.0 m, Mg isotopic composition

falls within the Taylor Glacier/Beacon Snowfall range (Figure 2.4).

The Mg isotopic composition in the upper 7.0 m can be further distinguished at 0.4-1.5 m
and 1.5-7.0 m. At 0.4 m, the Mg isotopic composition is the highest recorded in the thawed
permafrost ice with a §?®Mg value of -0.52 £ 0.05%o and lies directly at the boundary between

the dry permafrost and ice-cemented permafrost. Moving down towards 1.5 m, the Mg isotopic

35



composition decreases to a 5°°Mg value of -0.81 = 0.05%o. These upper samples, which are
almost all heavier than the Taylor Glacier/Beacon Snowfall end member, are sampled from the
section containing multiple ice lenses. From 1.5-7.0 m, Mg isotopic ratios start with a value of
-0.82 £ 0.05%o, close to that of Taylor Glacier/Beacon Snowfall (-0.93 £ 0.06%o), and gradually
increase to -0.64 £ 0.05%o near 7.0 m. From 7.0-30.0 m, 5°Mg values are consistently lighter
than above 7.0 m, averaging -0.93%o. These values in the lower section of the core are mostly
within the range of the Taylor Glacier/Beacon Snowfall end member isotopic composition but
show a slight increasing trend in Mg isotope composition with depth. In addition, two samples

are significantly lighter than the Taylor Glacier/Beacon Snowfall end member.

Taylor Glacier Dolerite

0 — =

@ Thawed Ice

-1.2 -1 08 -06 -04 -02 0 0.2
525Mg (%o)

Figure 2.4: Mg isotopic analysis of the thawed permafrost ice samples, averaged dolerite
rocks, and averaged Taylor Glacier/Beacon snowfall values. The Mg sources in the
Antarctica Dry Valleys are shown in the shaded regions. Taylor Glacier/Beacon snowfall
(gray) has an Mg isotopic composition of -0.93 + 0.06%o and dolerite (brown) have an
average value of -0.22 £+ 0.07%o. Thawed permafrost ice values are plotted as blue circles.
From 0-7 meters, the Mg isotopic composition is intermediate between Taylor
Glacier/Beacon snowfall and dolerite, and from 7-30 meters, the isotopic composition is
near or within the range of Taylor Glacier/Beacon snowfall.
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Table 2.4: Magnesium isotopic composition of Beacon valley thawed ice samples, Bulk rock samples, and Taylor Glacier/Snow

samples
Sample Type Sample Name Midpoint Depth (m) 5%°Mg 2SD 5*°Mg 2SD
BV4-0-4.5 (BVOO1) 0.42 -0.52 0.05 -0.23 0.05
BV4-22-24 0.63 -0.70 0.05 -0.34 0.05
BV4-28-35 0.72 -0.70 0.05 -0.39 0.05
BV4-34.5-39.5 (BV002) 0.77 -0.74 0.05 -0.38 0.05
BV4-93-100 1.37 -0.80 0.05 -0.42 0.05
BV4-105-113 1.49 -0.81 0.05 -0.44 0.05
BV4-120-123 1.62 -0.82 0.05 -0.42 0.05
BV4-130-135 1.73 -0.82 0.05 -0.44 0.05
BV4-142-143 1.83 -0.77 0.05 -0.41 0.05
BV4-150-154 1.92 -0.79 0.05 -0.42 0.05
BV4-189-192 2.31 -0.75 0.05 -0.40 0.05
BV4-200-203 2.42 -0.68 0.05 -0.34 0.05
BV4-215-219 2.57 -0.73 0.05 -0.37 0.05
Thawed Ice BV4-269-271 3.10 -0.71 0.05 -0.39 0.05
BV4-340-343 3.82 -0.68 0.05 -0.38 0.05
BV4-347-350 3.89 -0.67 0.05 -0.35 0.05
BV4-364-368 4.06 -0.63 0.05 -0.33 0.05
BV4-379-382 4.21 -0.65 0.05 -0.34 0.05
BV4-395-397 4.36 -0.68 0.05 -0.36 0.04
BV4-455-460 4.98 -0.68 0.05 -0.37 0.04
BV4-483-488 (BVO0S5) 5.26 -0.64 0.05 -0.34 0.04
BV4-529-532 571 -0.63 0.05 -0.32 0.04
BV4-573-575 6.14 -0.68 0.05 -0.35 0.04
BV4-613-618 6.56 -0.65 0.05 -0.35 0.04
BV4-653-656 6.95 -0.64 0.05 -0.34 0.04
BV4-675-677 7.16 -0.76 0.05 -0.41 0.04
BV4-698-702 7.40 -0.89 0.05 -0.45 0.04
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B\V/4-744-748
B\/4-902-905
BV4-1005-1016a
B\V4-1108-1110
BV4-1202-1204 (A & B)
B\V4-1438-1440 (A & B)
BV4-1598-1600 (A & B)
BV4-1773-1776 (A & B)
B\V/4-2096-2098
BV4-2253-2256
BV4-2502-2505
B\V/4-2830-2833
B\V/4-2990-2998
B\V/4-3007-3010

Dolerite 1
Bulk Rock Dolerite 2
Dolerite 3

Beacon Valley Fresh Snow
(1/5/11)

Taylor Glacier 1

Taylor Glacier 2

Taylor Glacier Nirvana

Taylor Glacier/Snow

7.86

9.44

10.51
11.49
12.43
14.79
16.39
18.15
21.37
22.95
25.44
28.72
30.34
30.49

surface

0.60
2.20

-0.95
-1.02
-0.92
-0.97
-0.98
-0.95
-0.89
-0.91
-0.85
-0.85
-0.91
-1.05
-0.84
-0.92

-0.23
-0.20
-0.24

-0.98
-0.86
-0.84
-1.06

0.05
0.03
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.03
0.03
0.05
0.05

0.06
0.06
0.06

0.06
0.06
0.06
0.06

-0.49
-0.54
-0.49
-0.52
-0.50
-0.49
-0.49
-0.48
-0.42
-0.46
-0.46
-0.56
-0.41
-0.46

-0.13
-0.12
-0.12

-0.51
-0.50
-0.40
-0.53

0.04
0.04
0.04
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.04
0.04
0.04
0.06

0.05
0.05
0.05

0.07
0.05
0.05
0.07

2SD of Mg isotopic values represents two standard deviation of the bracketing standard measurements during a full analytical session.
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2.6 Discussion

In this section, we present evidence of chemical weathering in permafrost sediment and
ice, discuss the controls over chemical weathering, and quantify the extent of weathering using
Mg isotopic composition. We discovered that Antarctic permafrost provides a unique
environment where leaching is limited and products from chemical weathering reactions tend to
remain in the permafrost over time, providing a record of these reactions. As discussed below,
this accumulation of weathering products coincides with changes in ionic content, pH values,

and Mg isotopes of the thawed permafrost ice over the sampling depth.

2.6.1 Magnesium in the MDV

Magnesium in Beacon Valley permafrost is primarily sourced from two reservoirs: (1)
marine aerosols, and (2) chemical weathering of Ferrar dolerite (Claridge and Campbell, 1977;
Keys and Williams, 1981). The first source of Mg, marine aerosols, is deposited by dust,
katabatic winds, and snowmelt events which may sublimate or melt during strong solar radiation
in summer months thereby releasing any entrained salts (Liu et al., 2015). Due to the hyperarid
conditions of the MDV, ions released by snowfall become enriched over time and sediment
eventually becomes brine rich with a depressed freezing point (Anderson and Morgenstern,
1973; Hagedorn et al., 2010; Murrmann, 1973). These brine films, along with salts inherited

during sediment deposition, persist throughout the depth of the permafrost.

Ferrar dolerite is the second major source of Mg in Beacon Valley and dolerite rock
fragments are found throughout Beacon Valley. Ferrar dolerite is a medium to fine-grained mafic
igneous rock with a bulk composition consisting mainly of calcium-rich plagioclase (AnggAbi1)

and magnesium-rich pyroxene (WosEng:Fsis), with accessory biotite, hornblende and iron oxides
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(Campbell and Claridge, 1987; Elliot et al., 1995; Gunn, 1962). Three key reactions dictate the

weathering products of Ferrar Dolerite:

(Cags, Mgog, Fe0_15)5i03(s) (enstatite) + H,0 + 2H*

- (Cagh, Mggs, Fe(ﬁs)(aq) + H4Si04(aq)
CaAl,Si, g, (anorthite) + H,0 + 2H* - Ca** qq) + Al,Si,05(0H),

2NaAlSi; 04, (albite) + 9H,0 + 2H* = 2Na?* gy + AlL,Si,05(0H) 4 + 4H,Si04 4

These weathering reactants and products will be used to trace the extent of chemical weathering

that occurs in the permafrost.
2.6.2 Controls on Permafrost Chemistry
2.6.2.1 Evidence of Weathering in Permafrost Sediment

Previous studies have shown the mineral weathering susceptibility sequence olivine >
pyroxene > amphibole > plagioclase > K-feldspar (Colman, 1982; Craig and Loughnan, 1964;
Eggleton et al., 1987; Stefansson et al., 2001). Therefore, loss of Mg and Ca from pyroxene (and
to a lesser extent, Ca and Na from plagioclase) should be evident in the major element
composition of the bulk sediment. To look more closely at just dolerite in the permafrost
sediment, we use evidence of a two-lithology system from a qualitative XRD analysis showing a

system of quartz-rich sandstone and dolerite (shown as Mg-rich pyroxene and Ca-rich
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plagioclase in an XRD analysis). Using a two-end member mixing equation, the percent dolerite
and sandstone in each sample can be calculated using an immobile element, such as Al,O3

(Nesbitt and Wilson, 1992):

Alz * (X) + A1203dolerite * (1 - X) = A1203sediment (2'1)

03sandstone
where X represents the fraction of sandstone in each sample. The percent of dolerite in each
sample can then be used to adjust the major element composition to account for only dolerite
sediment in the samples (Figure ) to compare to unweathered dolerite values. MgO and CaO
show a similar trend for the major element composition. The top four samples start off similar to
the composition of unweathered dolerite and decrease in concentration moving down to 7.0 m.
Below 7.0 m, they are constant and lower than the bulk dolerite composition. K>O and Na;O
both remain constant throughout the core. Na2O in each sample has a similar composition to the

unweathered dolerite, while K20 is higher, suggesting K-O may be coming from another source.

—O—Na,0 ——K,0 —#r—MgO —>—Ca0
@ Dolerite Na,0O @ Dolerite K,O v Dolerite MgO 4 Dolerite CaO

T * T T T T "

T TR

Weight Percent (%)
Figure 2.5: Major element composition of the < 2mm size fraction of CaO, K0, MgO, and
Na20 (in weight %) normalized to the amount of dolerite in each sample, and unweathered
dolerite. CaO and MgO both decrease with depth, while K>O and Na;O remain constant.
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While there is no granitic bedrock source in Beacon Valley, alkali-feldspar rich granite erratics
have been found on the Beacon Valley surface and may be an additional source of K20 in the
sediment (Dickinson et al., 2017). Muscovite identified in XRD analysis supports this
hypothesis. However, based on the low percentage of muscovite in samples (muscovite < 2%)
and comparable low MgO concentration in granite erratics compared to dolerite (MgOgranite =
0.39 wt%, MgOuolerite = 4.66 Wt%), the granite erratics would not have much influence on the

MgO composition of the sediment.

Overall, major element composition of the permafrost sediment alone does not show
clear evidence for chemical weathering. However, when the major element composition of
permafrost sediment is compared to the 5°°Mg of the thawed permafrost ice, a few trends
become apparent (Figure 2.6). There is a clear negative correlation between the MgO content of
the permafrost sediment and 5°°Mg values of thawed permafrost ice in the upper 7.0 meters (R? =
-0.63). This negative correlation is explained by the loss of Mg from dolerite sediment during
dissolution that is documented by the decreasing MgO concentration in the sediment, and an
input of isotopically heavier Mg into the brine released from dolerite weathering, causing the Mg
isotopic composition of thawed permafrost ice to become heavier. This trend suggests that the
Mg isotopic composition of the thawed permafrost ice is controlled by mixing between the two
Mg reservoirs rather than fractionation during dissolution. The MgO and §*Mg in the lower 7-30

meters do not show a clear correlation (R? = 0.03), and MgO remains constant.
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Figure 2.6: MgO of bulk sediment corrected for % dolerite (weight %) vs §?*Mg (%o) of thawed
ice for the upper 0.0-7.0 meters, lower 7.0-30.0 meters of the core, and unweathered dolerite.
The upper 7 meters shows a negative correlation where the $?Mg in the thawed ice becomes
enriched in the heavy isotope as the MgO content decreases in the bulk sediment. The lower 7-
30 meters do not show any obvious correlation.

2.6.2.2 Evidence of Chemical Weathering in Thawed Permafrost Ice

Chemical weathering is most apparent in pH and Mg isotopic composition of the thawed
permafrost ice. Chemical weathering of silicate minerals consumes protons during the
dissolution of plagioclase and pyroxene which leads to an increase in pH values. pH values in the
core have higher values in the upper 0.40 to 7.0 m (average = 7.29), lower values in the middle
7.0 to 18.0 m (average = 7.01), and higher values at 18.0 to 30.0 m (average = 7.30) (Figure
2.2c). While an increase in pH with chemical weathering is a known phenomenon (van Breemen
et al., 1983), there are few natural examples of this processes due to leaching of weathering
products by percolating water. However, it is apparent in the Beacon Valley core that the
weathering products are retained in the ice-rich permafrost which leads to the trend observed in

the thawed permafrost ice fraction of the sediment profile. The pH data are consistent with the

43



weathering trends revealed in the Mg isotopic composition. Magnesium is released as a
weathering product during the hydrolysis of pyroxene. Because the weathering products remain
in the ice and the two Beacon Valley Mg reservoirs have such distinct isotopic signatures,
sections of the core that experience more chemical weathering have values intermediate between
the two end members. This is seen in the upper 0.4-7.0 m, and to a lesser degree in the lower

18.0-30.0 m.

2.6.2.3 Influence of Unfrozen Water

The main control over chemical weathering is the amount of unfrozen water in the
sediment profile, which is modeled as a function of ionic composition of the thawed permafrost
ice and temperature. When compared with unfrozen water content, pH and Mg isotopic
composition show a similar parabolic curve with a rapid increase in pH and Mg isotopic
composition as unfrozen water reaches 1.5% of ice content and a near-constant value when the

water content is above 1.5% of ice content (Figure 2.7).

=40 S 40

= 0-7m ®

3 B 7-18m } 8

é 301 ¢ 1830m P 30 8

. ®

820 o © 20 ®

: . 2% oo
1.0 ze 1.0 G

@ 00 O &

N (3 8

=]

£ «? '@ o ..D.

5 0.0 Q—mﬁ)—DA— ool—gmfilm o~

68 70 72 74 78 -1.0 -0.8 0.6
pH 52%Mg Thawed Ice (%o)

Figure 2.7: Modeled unfrozen water content (%) vs pH and 52°Mg of the thawed core samples
divided into three sections: (1) 0-7 meters (blue dots), (2) 7-18 meters (green squares), and 18-
30 meters, (yellow diamonds). Each section shows higher pH and §?°Mg in regions with higher
modeled unfrozen water content.
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Comparing this trend with sample depth indicates an increase in pH and Mg isotopic ratios in the
0.4-7.0 m and 18.0-30.0 m range. One hypothesis for the parabolic nature of these trends is that
as fresh mineral surfaces are initially weathered, there is a rapid initial consumption of H* and
release of Mg, followed by a retardation of these processes as the amount of fresh mineral

surfaces is reduced (Gérard et al., 2003; White, 2003).
2.6.2.4 Correcting for Mg Inputs from Marine Aerosols in Thawed Permafrost Ice

By correcting for Mg inputs from marine aerosols, we can more closely examine the
degree of dissolution and whether any reactions (i.e., secondary mineral precipitation or cation
exchange) have changed the ionic or isotopic composition of the thawed permafrost ice samples.
This can be done independently using either the Mg concentration or the Mg isotopic
composition of the core samples. The Mg concentration in the thawed permafrost ice is corrected
for the marine Mg input using a CI” correction as a conservative ion tracer of marine input
(Tipper et al., 2010; White et al., 2009). Because CI is sourced only from marine aerosols and
not chemical weathering (Bao et al., 2008), the CI" correction factor will return the Mg

concentration in each sample that is derived only from chemical weathering:

Mg (2.2)

Mg&— = Mgsample - (E>TG ve Cls_ample

where Mgg,- is the Mg concentration corrected for marine aerosols, Mgsample 1S the measured

Mg concentration of each sample (ppm), (%) is the ratio of Taylor Glacier/Beacon Snowfall
TG

values which represents marine aerosols, and Clg,,;. is the measured CI” concentration from
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each sample (ppm). The second constraint that can be used to correct for marine aerosol values is

the Mg isotopic composition of the samples (Tipper et al., 2010):

626Mgsample - 626MgTG ) (2-3)

Mg*zs = Mg l <
526Mg sample 526Mgdolerite — 526Mgsample

where Mgz, g is the Mg concentration based on isotopic composition, §?*Mgsample is the

isotopic composition of the samples, 5°°Mgrc is the isotopic composition of Taylor
Glacier/Beacon Snowfall, and 82Mgdolerite iS the isotopic composition of dolerite. These two
calculations independently provide the Mg concentration in the permafrost profile sourced only
from chemical weathering of dolerite. Both cases assume that Mg is only sourced from the two
end members, Mg is a conservative element, and that Mg does not participate in any other
reactions in the permafrost profile. Furthermore, the MDV are devoid of vegetation, so
vegetation that influences Mg or CI" values are not an issue in these samples. If these

assumptions are correct, these two values should be equal and fall along a 1:1 slope (Figure 2.8).
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Figure 2.8: 5°Mg correction vs CI- correction for Mg isotopic and ionic values of the thawed ice.
These corrections represent the Mg concentrations derived from chemical weathering and should
fall along a 1:1 line if no other processes influence Mg or CI" values.
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The calculated values fall nearly along the 1:1 line, with most values in the upper 7.0 m of the
core falling slightly above and a few below the 1:1 line. Many of the values below 7.0 m
returned negative values (and are not plotted), suggesting loss of Mg to secondary minerals
(clays or secondary salts) (Tipper et al., 2010). Similarly, the effect of losing Mg from the system
on samples that did not return negative values would result in values plotting above the 1:1 line,

where Mg;,- would decrease more rapidly than Mg:;zaMg (Tipper et al., 2010).

2.6.2.5 Influence of Secondary Minerals

These results suggest that secondary Mg clays or salts present in the sediment core may
have an influence on the Mg isotopic composition of the thawed permafrost ice samples. XRD
analysis shows the presence of kaolinite and saponite in the sediment profile, with saponite as the
dominant alteration phase. Saponite is a trioctahedral smectite formed from weathering of mafic
rocks with high amounts of structural Mg (as opposed to Mg in interlayer and exchangeable
sites) (Borchardt, 1989). Structural Mg that is incorporated into clay mineral octahedral lattice
sites prefer the heavy isotope (Wimpenny et al., 2014), which can lead to the thawed permafrost
having a lighter isotopic composition. Secondary salt precipitation may influence the Mg
isotopic composition in a similar way. XRD analysis also reveals small amounts of gypsum
(CaS0s - 2H20) in two core samples. Coprecipitation of Mg with gypsum has been shown to
occur in laboratory experiments, but the amount that coprecipitates with gypsum is small
compared to the amount of Mg in solution due to the small partition coefficient between 0.1 x 10°
5 and 4.3 x 10" (Kushnir, 1980). Another possibility is the formation of epsomite (MgSO4 -
7H20) and meridianiite (MgSOs - 11H20) that may form in trace amounts in MDV sediment.

While neither mineral is detected by XRD in the Beacon Core samples, their presence in trace
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amounts may affect the Mg isotopes in the thawed permafrost ice significantly given their high
Mg concentrations. When either epsomite or meridianiite form, heavy isotopes are preferentially
removed from solution and incorporated into the mineral structure of that secondary salt (Li et
al., 2011; Schauble, 2011). The average experimental fractionation factor between epsomite and
MgSOs solution is 0.6%o (Li et al., 2011), and the theoretical fractionation factor between
meridianiite and MgSOs solution is between 0.3 to 2.2%o (Rustad et al., 2010; Schauble, 2011).
Both fractionation factors are temperature dependent and have not been calibrated explicitly at
subfreezing temperatures. Formation of secondary clays and salts along the depth of the core
would make the Mg composition of the thawed permafrost ice dependent not just on the two end
members, but also on the magnitude of fractionation that occurs during mineral formation. These
processes may also explain the two lighter-than-Taylor Glacier Mg isotopic values in the lower
7.0-30.0 meters of the core. While further work is needed to explore the role of secondary
minerals and their influence on the Mg isotopic composition at subfreezing temperatures, the
tendency of secondary Mg salts precipitating can be modeled using the ionic composition and

temperature of the permafrost.
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2.6.2.6 lonic Ratios and Secondary Salts

Secondary salt precipitation can be identified in two ways: (1) using ionic ratios to
determine the source of salts to Beacon Valley and trace weathering reactions down the sediment
profile; and (2) using PHREEQC modeling to determine the saturation index (where saturation
index > 0 predicts the salt will precipitate) of each sample based on the soluble salt concentration
and temperature. When evaluating ionic ratios, Cl can be a useful provenance indicator because
it is a most conservative anion and is sourced only from atmospheric inputs (Bao et al., 2008).
For most ionic ratios in the core, there is a shift at 7.0 m, suggesting a possible change in source

or salt precipitation (Figure 2.9).
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Figure 2.9: lonic ratios of Ca, K, Mg, Na, SO4, and NOs with respect to CI” of thawed ice
from the Beacon Valley core (black) and Taylor Glacier ice (dashed line).

The Ca/Cl ratio and the Na/Cl ratio follow a similar trend, where both are lower in the upper 7.0
m and higher in the lower 7.0-30.0 m. This trend is also seen in the SO4/CI ratio, suggesting the
formation of calcium and sodium sulfates. When modeled in PHREEQC, precipitation of
gypsum (CaS0O4-2H,0) and mirabilite (Na2SO4-10H,0) occurs throughout the core, with the
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highest saturation index occurring in the upper 7.0 m (Figure 2.10). The Mg/Cl ratios follow an
opposite trend as Ca/Cl and Na/Cl. The Mg/Cl ratio in the upper section of the core is greater
than that in the lower section of the core. One possible explanation for the shift in the Mg/Cl
ratio is a greater amount of Mg is released from dissolution, and a smaller amount of Mg is
consumed by precipitation reactions compared to Ca or Na. Evidence from Mg isotopes and pH
supports a greater amount of dissolution in the upper 7.0 m. Furthermore, Mg salts are more
soluble than Ca and Na salts (Kushnir, 1980), and there will be a smaller amount of sulfate
available to precipitate with Mg in the brine after it is consumed by gypsum and mirabilite
precipitation. Nonetheless, chemical models show small amounts of magnesium sulfates
precipitating in the form of meridianiite (MgSO4-11H,0) and epsomite (MgSOas-7H20).
PHREEQC modeling results of secondary Mg salts precipitating may explain why samples fall
above the 1:1 line when correcting Mg ions and Mg isotopes for marine aerosols (Figure 2.8).
Overall, secondary salts, including gypsum (CaSOa4-2H20), mirabilite (Na2SO4-10H-0),
epsomite (MgSOa4-7H20), meridianiite (MgSO4-11H20), and hydrohalite (NaCl-2H20) all are
modeled to form within the core. The low-temperature database for PHREEQC does not contain

nitrate and those species were not modeled.

50



*  Gypsum
O O Mirabilite
A Epsomite
¢ Meridianiite
5F | @ Hydrohalite
10F
E
e 15
a
[%)
a
20F
25F
30 2 , e
-2.0 -1.0 0.0 1.0 2.0 3.0

Saturation Index
Figure 2.10: Modeled solubility index in the 30-meter core of gypsum, mirabilite, epsomite,
meridianiite, and hydrohalite based on temperature and soluble salt concentration. Models show
all five salts can precipitate in the core.

2.6.3 Degree of Chemical Weathering
The degree of weathering based on the Mg isotopic composition in the thawed ice can be
calculated using a mass balance equation of the two-end member system:

526Mgsample - 526M9TG

% Weathering =
% cathering 526Mgdolerite_ 526MgTG

(2.4)

Figure 2.11 plotted the calculated degree of weathering of Beacon Valley core using Eq. (2.4).
Since these values do not consider potential fractionation from secondary mineral formation,
they provide a conservative estimate of chemical weathering. In the upper 7.0 m, two distinct
trends are seen. The highest degree of weathering occurs from 0.40-1.5 m, where up to 60% of
Mg sourced from weathering. At 1.6 m, weathering contributes approximately 20% of Mg, and

increases to near 42% at 7.0 m.
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The amount of Mg derived from dolerite weathering increases rapidly from 1.6 m to 4.0
m, and then remains constant at around 40% from 4.0 to 7.0 m. In the lower 7.0-30 m,
weathering contributes a range of 0-20% of Mg to the permafrost and increases with depth in the

core.
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Figure 2.11: The percentage of Mg derived from dissolution of dolerite in the Beacon Valley
core for a Taylor Glacier end member. More dissolution occurs in the upper section of the core
compared to the lower section of the core.

2.6.4. Implications

Chemical weathering of silicate rocks is one of the primary sinks of carbon dioxide from
the atmosphere over long time scales (Berner, 1992). To understand and quantify chemical
weathering on a continental and global scale, weathering must be studied under a variety of
climatic conditions and geologic settings, including cold and dry permafrost-dominated regions.
These data provide important steps towards understanding and quantifying silicate weathering
over time in permafrost dominated regions. Our study of chemical weathering in the ice-

cemented permafrost profile demonstrates that even in the cold and dry environment of the
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MDYV, in-situ rock-water interactions lead to significant weathering. Since permafrost dominated

soils occur in over 20% of the ice-free surfaces on Earth, weathering here cannot be discounted.

Furthermore, our results indicate the extent of chemical weathering in cold and dry
permafrost environments depends on the ionic content and the temperature. An important finding
of our study supports the concept of a “eutectic layer active zone”, where unfrozen water (and
chemical weathering) is present to the depth at which the maximum temperature exceeds the
eutectic point of the dominant salt. In this study, the dominant salt is NaCl with a eutectic
temperature of -21°C, which is the maximum temperature below 7.0 meters where there is
limited to no chemical weathering in the sediment core. The findings here have implications for
studies of areas such as Don Juan Pond, which is dominated by CaCl; salts with a eutectic point
of -50.4°C (Marion, 1997), and the martian environment, where perchlorates lower the eutectic
point to as low as -74.6°C (Marion et al., 2010). Regions with such low eutectic points may
experience chemical weathering and see a higher content of unfrozen water extending to deeper

depths than previously thought.

2.7 Conclusions

This study provides direct evidence of chemical weathering in ice-rich permafrost in the
McMurdo Dry Valleys. The continuously frozen permafrost allows weathering products to
accumulate in the ice-rich sediments, thereby, uniquely documenting in-situ chemical weathering
in permafrost over long timescales. The evidence of chemical weathering is recorded in the
elemental composition of the permafrost sediment, the Mg isotopic composition, pH, and ionic

ratios of the thawed permafrost ice, and is strongly correlated to the percent of unfrozen water
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content. This work provides important conclusions about the history of chemical weathering

processes in cold and dry environments:

(1) Evidence for chemical weathering based on salts, pH, and Mg isotopes shows weathering
occurred in the upper 7.0 meters of ice-cemented permafrost, where up to 60% of Mg is derived
from dolerite. In the lower 7.0-30 meters, less weathering occurs with an average of 5% of Mg

sourced from dolerite weathering.

(2) The unfrozen water, as modeled using ground temperature and soluble salt concentration, is the
major control on the degree of weathering. The evidence supporting weathering includes a
heavier Mg isotopic composition due to dolerite dissolution and higher pH due to proton
consumption; both are more pronounced where there is a higher percentage of unfrozen water.
The temperatures at which we see unfrozen water suggests that chemical weathering occurs
when ground temperatures exceed the eutectic point of the dominant salt and unfrozen water is

present even deep within the permafrost core at subzero temperatures.

(3) Secondary minerals may have a small influence on Mg isotopic composition in Beacon Valley.
Fractionation caused by clay formation and secondary salt precipitation may explain why Mgg,;-

and Mg;;zeMg correction values do not fall along a 1:1 line, and the Mg values that are lighter

than Taylor Glacier in the lower 7.0-3.0 meters. Further work is needed to constrain secondary

minerals and the temperature dependence of fractionation factors in permafrost conditions.

Acknowledgements: Financial and logistic support is provided by Grant Nos. OPP-1341680 and
OPP-0636998 from the National Science Foundation, and Grant SONSSC17K0715 from NASA.
Funding was also provided by the GSA Graduate Student Research Grant and the Vance

Fellowship in Geology Science. Drilling support and equipment was contracted from Webster

54



Drilling and Exploration Limited, Wellington, New Zealand. Special thanks to the XRD analysis
and interpretation provided by Doug Ming and Valerie Tu at the NASA Johnson Space Center.
We are also grateful for the insightful reviews by C. McKay, who suggested using the term
“Eutectic layer active zone,” W. Dickinson, an anonymous reviewer, and Guest Editor Xiao-

Ming Liu.

55



Deciphering magnesium isotope fractionation in permafrost weathering:
implications for global Mg cycling

Nicolas Cuozzo, Ronald S. Sletten, Yan Hu, Fang-Zhen Teng,and Lu Liu

3.1 Abstract

Weathering in Antarctic permafrost provides an opportunity to study equilibrium Mg isotope
fractionation during chemical weathering processes because unfrozen brines remain in contact
with the weathering products and are not flushed away. A comprehensive analysis of Mg
isotopes in a 30-meter ice-rich permafrost core collected from Beacon Valley, Antarctica,
demonstrates significant fractionation during the formation of secondary minerals at subzero
temperatures. Mg in unfrozen brines is distributed between the permafrost ice, secondary salts,
clay fractions, and exchange sites. Both secondary salts and clays that form in Beacon Valley
accumulate heavy Mg isotopes. The predominant Mg-bearing secondary salts predicted by
geochemical modeling are epsomite and meridianiite. They are isotopically heavier (§°°Mg = -
0.30 t0 -0.77%o) than the thawed permafrost ice (§2°Mg = -0.52 to -1.05%), showing an increase
in fractionation with decreasing temperature. The isotopic composition of exchangeable Mg
(8%°Mg = -0.65 t0 -0.95%o) reflects the exchanging reservoir (i.e., thawed permafrost ice) with a
slight preference for the heavy isotope. The dominant Mg-bearing clay in Beacon Valley soils,
predicted by geochemical modeling and measured by XRD, is saponite and an analysis of the Mg
isotopic composition of the clay-sized fraction of the sediment (§2°Mg = -0.10 to 0.03%o) display
a preference for heavy isotopes, with an average fractionation factor between the saponite and
thawed ice of 0.83%o. This value can also be used to provide constraints on the global ocean Mg
budget because saponite is the major Mg-bearing mineral that forms during low-temperature

alteration of oceanic crust and is a major Mg sink. Using this fractionation factor, we estimate
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the low-temperature alteration Mg flux of 0.16 x 102 mol/yr, which is significantly lower than

previous estimates of the low-temperature alteration flux.

3.2 Introduction

Substantial weathering occurs in ice-cemented permafrost at temperatures as low as -
21°C, revealed from our previous study of a permafrost core from Antarctica (Cuozzo et al.,
2020). The primary control on weathering is unfrozen water due to ions being excluded from the
ice and freezing point depression of the accumulated brine (Cuozzo et al., 2020). Because the
permafrost core is continuously frozen, the weathering products remain in contact with the
primary minerals that are weathering. Using the same 30-meter ice-rich core collected from
Beacon Valley as previously reported (Cuozzo et al., 2020), this study focuses on secondary
mineral formation, including precipitation of salts and formation of in-situ clays. It provides a
unique opportunity to study equilibrium isotopic fractionation and isotopic mixing of weathering

products in natural samples.

Studies of chemical weathering often are focused on humid, tropical regions, where
weathering rates are enhanced due to abundant rainfall and warmer climate. In contrast, in dry
and cold environments, such as polar regions, chemical weathering is believed to be less
significant. However, our recent study of the Beacon Valley core reveals that chemical
weathering occurs actively in hyper-arid subfreezing conditions in the presence of unfrozen brine
formed due to salt-depressed freezing points (Cuozzo et al., 2020). Water extracted from thawed
ice-rich permafrost in a 30.0-m core shows contrasting Mg isotopic compositions above and
below 7.0 meters, reflecting a change in dominant Mg source from Ferrar dolerite (-0.22 +

0.07%o) to meltwater from Taylor glacier (-0.93 = 0.06%o): chemical dissolution of dolerite
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contributes to over 60% of soluble Mg in the upper 7 m core, elevating its §?*Mg to between -
0.82 and -0.64%, whereas dolerite-sourced Mg decreased to < 5% total Mg budget in the deeper
section of the core where 5°°Mg (-1.05 to -0.76%o) reflects Taylor Glacier composition (Cuozzo
et al., 2020) primarily. Furthermore, an interesting observation is that the thawed permafrost ice
deeper in the core is on average lighter than the Taylor Glacier end-member, suggesting other

processes may be influencing the Mg isotopic composition.

Secondary mineral formation (salt precipitates and clays) is the most likely process to
account for the lighter-than-Taylor Glacier §2®Mg values in the Beacon Valley core thawed ice.
The secondary Mg-bearing minerals are dominantly saponite with less abundant epsomite and
meridianiite. The fractionation between Mg-bearing salts and fluids has been constrained by
experimental studies or chemical modeling; both found that Mg-salt preferentially incorporates
the heavy Mg isotope in their structure (Li et al., 2011; Rustad et al., 2010; Schauble, 2011).
Precipitation of these salts could thus deplete the heavy Mg isotopes in the permafrost ice. On
the other hand, the direction of Mg isotope fractionation during saponite formation remains
uncertain. A recent experimental study concludes that light Mg is preferentially incorporated into
structural sites of saponite (Hindshaw et al., 2020), which is opposite to the finding that altered
saponites in oceanic crust samples prefer heavy Mg isotopes (Huang et al., 2018). Fractionation
factors determined experimentally will vary with experimental parameters and the state of
reaction equilibrium; however, this study provides an in-situ analysis of saponite that remains in
contact with the fluid phase and can provide independent constraints on the mineral-fluid

equilibrium fractionation factor.

To quantify how Mg-salts and saponite formation affect the Mg isotopic compositions of

the Beacon Valley permafrost ice and determine their equilibrium fractionation factors, we
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separated all components of Mg involved in weathering reactions. We analyzed their Mg
isotopes, including the thawed permafrost ice, salt precipitates, exchange sites, and structural
clay sites. Our results provide one of the most complete weathering studies in a permafrost
environment and reveal that secondary mineral formation occurs even at subzero temperatures
and explains the lighter-than-Taylor Glacier Mg values in the thawed ice in the lower sections
of the Beacon Valley core. Furthermore, the equilibrium fractionation factors determined in this
study can also be applied to answer questions about the global ocean Mg cycle. This work
provides comprehensive results on fractionation between saponite and the fluid phase, which can
be used to represent the fractionation that may occur during low-temperature alteration of
oceanic crust that weathers basalt to saponite, one of the major Mg sinks in the global ocean Mg

budget.

3.2 Study Site
3.2.1 Beacon Valley, Antarctica

The MDV are a hyperarid, polar desert that remain free of ice-cover as a result of the
high elevation threshold of the Transantarctic Mountains, which divert ice from the East
Antarctic Ice Sheet (EAIS) away from McMurdo Sound, and the Wilson Piedmont Glacier,
which isolate the MDV from the Ross Sea and blocks snowfall from them (Chinn, 1990; Hall
and Denton, 2002). Beacon Valley is one of the southern-most valleys, trending northeast-
southwest and covering an area approximately 3 km wide and 12 km long (Figure 3.1). Average
annual temperatures are around -22.9°C (Liu et al., 2015), with less than 100 mm/year of
precipitation in the form of snowfall (Fountain et al., 2010). The lower valley on its northeast

end is bounded by Taylor Glacier, an EAIS outlet glacier. Bedrock in Beacon Valley consists of
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Devonian to Jurassic Beacon Group sandstones, siltstones, and shales, with sills and dikes of

tholeiitic Jurassic Ferrar Dolerite (McElroy and Rose, 1987).

The ice-cemented permafrost core analyzed in this study was collected in lower Beacon
Valley (77°48'11.4" S, 160°42'49.8" E). The surface of Beacon Valley is covered by patterned
ground with polygonal diameters of 10 to 20 m, and the core was collected in the center of a
polygon, which is considered the most stable region (Linkletter et al., 1973; Sletten et al., 2003).
Sediment in the Beacon valley core comprises mostly sand-sized grains of quartz and dolerite
cemented by an ice-rich matrix. The sediment is believed to be sourced from glacial deposits and
aeolian processes, and based on modeled sublimation rates, the sediment age is estimated to be at

least 1 Ma (Liu et al., 2015).
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Figure 3.1: Landsat Image of Mosaic of the MDV (avallable at http //I|ma usgs gov/) with
the location of the site (red dot) where the 30-meter ice-cemented permafrost core was
collected. Meter sections of the ice-cemented permafrost core are included (6 m, 7 m, and
12 m from left to right).
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3.3 Methods
3.3.1 Sample Collection

A 30.0-m ice-cemented permafrost core was collected in lower Beacon Valley in 2008
and stored in a -30.0°C freezer at the University of Washington, Seattle. Drilling began 0.4 m
below dry permafrost at the top of the ice-cemented permafrost layer. The dry permafrost layer
was sampled separately. The permafrost core was cut into subsamples at 0.1 to 0.3 m intervals
along its depth using a carbide-tipped band saw. The frozen sediment samples were then thawed
overnight in a refrigerator in sealed polyethylene bags. The meltwater was extracted from the
thawed sediment by centrifuging in a double-bottom centrifuge cup (a perforated cup fitted with
a 0.45 um Nucleopore filter followed by a closed cup). The total ice content of each sample was
determined gravimetrically. Two large dolerite clasts were sampled from the core at 0.6 and 2.2
m, and multiple surface dolerite samples were collected in Beacon Valley. Taylor Glacier ice
from an archived core collected near the glacier terminus in Taylor Valley by Pettit et al. (2014),

and fresh Beacon Valley snowfall was thawed as well.

3.3.2 Mg concentrations and isotope measurements

3.3.2.1 Extraction Procedures and Composition

To isolate and analyze different Mg components, 5 g of the < 2 mm fraction of
permafrost sediment isolated from the 30.0-m core underwent three sequential procedures

(Figure 3.2).
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Secondary salt precipitates were redissolved into solution using a 1:25 soil-water
extraction (SWE) following the procedure outlined in Toner et al. (2013) where 5 grams of
sediment are mixed with 125 mL of water, and samples are shaken for 1 hour. The supernatant is
then carefully decanting using a vacuum siphon to avoid removing any clay-sized particles, and
the procedure is repeated three times. Following the SWE, exchangeable cations were removed
by adding 25 mL of 1 M NH4-Acetate to the same 5 g of sediment that underwent the SWE,
shaking the samples for 1 hour, and vacuum siphoning the supernatant. This procedure was
repeated three times to ensure the removal of all exchangeable cations (Bolou-Bi et al., 2012;
Jackson, 2005; Opfergelt et al., 2014; Wimpenny et al., 2014). The supernatants from both the

SWE and cation-exchange extraction were then filtered using 0.22 um Millipore filters. After
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Clay Size Fraction - Stokes'
Law Settling Velocity

Figure 3.2: Extraction procedure in sequential order of processing. Primary
minerals and permafrost ice were isolated using centrifugation after thawing
permafrost samples. Following separation of sediment and ice, three successive
procedures were performed on permafrost sediment to isolate different Mg
reservoirs: soil-water extraction (isolates salt precipitates), NHs-Acetate
extraction (isolates exchangeable cations), and Stokes’ Law Settling Velocity
experiments (to isolate the clay size fraction). Each reservoir was then analyzed
for ionic composition and Mg isotopic composition.
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both SWE and cation exchange extractions, the clay-sized fraction of the remaining sediment
was isolated using Stokes' Law settling velocity separations (Jackson, 2005). The SWE, cation-
exchange extraction, and digested clay-sized fractions were analyzed for major cations (Ca?",
Mg?*, Na*, and K*) using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES) (Perkin EImer Optima 8300).

The elemental composition of the < 2mm fraction of the permafrost sediment and bulk
rock samples were determined using a ThermoARK X-ray Fluorescence Spectrometer (XRF) at
the GeoAnalytical Lab at Washington State University. Mineralogy was determined using a
Rigaku MiniFlex 600 benchtop X-ray diffractometer (XRD) at NASA Johnson Space Center.
Particle size was determined using a Beckman Coulter LS 12-320 at the University of

Washington. These procedures and results are reported in Cuozzo et al. (2020).

3.3.3.2 Magnesium Isotope Analysis

Magnesium isotopes were analyzed for SWE, exchangeable cations, clay-sized fraction,
bulk sediment, and thawed Taylor Glacier samples. Rock digestion, chemical separation, and
isotopic analysis were performed at the Isotope Laboratory at the University of Washington,
following the methods detailed in Teng et al. (2007) and Yang et al. (2009). The clay and bulk
sediment samples were dissolved sequentially using Optima-grade concentrated HF-HNOs,
HNO3-HCI, and HNOs. The water samples (SWE, exchangeable cations, and glacier samples)
were evaporated to contain 20 ug Mg. Samples with a Ca:Mg ratio > 10 were run through Ca
removal columns before Mg columns. Separation of Mg was achieved by loading 100 L of

sample dissolved in 1 N HNOz on a cation exchange chromatography column containing pre-

63



cleaned Bio-Rad AG50W-X8 resin (200-400 mesh) and was eluted using sequential additions of

1 N HNOz. This procedure is repeated twice for each sample to ensure purification.

Magnesium isotopic ratios were measured on a Nu Plasma Il Multi-Collector-ICP-MS
using standard-sample bracketing (alternating measurements of samples and standards) to correct
instrumental fractionation (Teng and Yang, 2014). Magnesium isotopic data are reported in delta
(0) notation, which represents parts per thousand (%o) deviations of the ratio between the sample

and standard, where X refers to mass 25 or 26:

(XMg/24Mg)sample _ 1}

8*Mg (%o) = 103 x {
(*Mg/**Mg)psms

The accuracy of the analysis was assessed using two in-house standards (Hawaiian Seawater and
San Carlos Olivine) and two USGS rock standards (BHVO Basalt and MAG-1 Marine Mud).

The results of these standards (Table 3.1) agree with recommended values (Hu et al., 2016; Teng

etal., 2015).
Table 3.1: Magnesium isotope composition of Mg standards.
Standard n Mg 2SD  §Mg  2SD
Hawaii Seawater (in-house) -0.87 0.06 -0.37 0.07

-0.89 0.06 -0.39 0.07

-0.82 0.06 -0.41 0.07

-0.81 0.06 -0.41 0.07

-0.83 0.08 -0.44 0.07

-0.83 0.05 -0.40 0.06

Average 6 -0.84 0.06 -0.40 0.07
Ling et al. (2011) 90 -0.83 0.05 -0.46 0.05
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San Carlo Olivine -0.23
-0.26
-0.26
Average 3 -0.25
Hu et al. (2016) 28 -0.24
BHVO (USGS) -0.17

Basalt, Hawaii Volcanic
-0.17

Observatory

-0.18
Average 3 -0.17
Teng et al. (2015) -0.21
MAG-1 (USGS) -0.23
Marine Mud, Guld of Maine -0.22
-0.22
Average 3 -0.22
Teng et al. (2015) -0.25

0.06
0.06
0.06
0.06
0.03
0.06

0.06

0.06
0.06
0.04
0.06
0.06
0.08
0.07
0.05

-0.14
-0.12
-0.15
-0.14
-0.12
-0.15

-0.12

-0.13
-0.13
-0.12
-0.12
-0.18
-0.17
-0.16
-0.11

0.04
0.07
0.07
0.06
0.02
0.07

0.07

0.06
0.07
0.03
0.07
0.07
0.07
0.07
0.04

Results of Mg standards (n = number of analysis) run between the samples. Bolded values
represent the average values of the standards in all runs and italicized represent the literature

values. 2SD of Mg isotopic values represent two standard deviations of the bracketing-standard

measurement during an entire analytical session.

3.3.3 Geochemical Modeling

Potential weathering transfers of minerals along the Beacon Valley core can be examined

via equilibrium thermodynamic models using the computer-based geochemical reaction model

PHREEQCI. This calculation is achieved by defining the hydro-chemical and mineralogical data

collected from the Beacon Valley core. PHREEQCi utilizes the mass balance approach but

allows multiple alternative weathering scenarios to be tested simultaneously. It also easily allows

mineral-specific weathering processes to be modeled and alternative estimates to be made of the

consumption and/or production of important species under differing weathering scenarios.

Specifically in this simulation, the PHREEQCi model initially estimates the speciation based on

the measured solutes in the input and output solutions at different depths, checks that the

solutions are charge-balanced, and then calculates different weathering scenarios that can
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account for the changes in solution chemistry using a suite of simultaneous mole-balance

equations constrained by the minerals available in the Beacon Valley core; kinetic parameters are

not included. Speciation and saturation-state calculations assume thermodynamic equilibrium.

3.4 Results

3.4.1 lonic composition of thawed ice, SWE, exchangeable sites, and clay size fraction

The ionic composition was measured in the thawed permafrost ice, SWE, exchangeable

cation reservoirs of the sediment, and clay size fraction (after SWE and exchangeable cation
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Figure 3.3: Cation (Ca?*, K*, Mg?*, and Na*) concentrations in mmol for each Mg
component: (a) thawed permafrost ice, (b) Soil-water extractions (SWE), (c) Exchange sites,

and (d) structural Mg (clay sized fraction).
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extraction procedure) (Figure 3.3). Concentrations were converted to mmol to compare the total
amount of Mg in each component and ultimately create a mass balance of Mg in the whole
system. The composition of the thawed ice changes at 7.0 m. Above 7.0 m, [Na]tawed-ice >>
[Ca]thawed-ice = [MQ]thawed-ice > [K]thawed-ice, While below 7.0 m [Na]thawed-ice > [Ca]thawed-ice >
[Mg]thawed-ice > [K]thawed-ice. The SWE composition is dominated by Na and is consistent along the

Iength Of the core W|th [Na]swe >> [Ca]swe > [K]swe > [Mg]swe.

While Ca is the dominant cation in the exchangeable sites along the entirety of the core,
there is a shift in composition at 7.0 m. Above 7.0 m, [Ca]exch > [M@]exch > [Na]exch = [K]exch,
while below 7.0 m, , [Ca]exch >> [M@]exch > [Na]exch = [K]exch. The CEC (meq kg™t) and equivalent

fractions of exchange sites is represented in Figure 3.4.

a b
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Figure 3.4: (a) Cation exchange capacity (CEC) in meq kg * and (b) equivalent fraction (%) of
exchangeable Ca?*, K*, Mg?*, Na*

The shift in the composition of the exchange sites is more apparent in equivalent fractions. Ca
and Mg vary inversely and appear to be the controlling cations on exchange sites. The Mg
fraction in the upper 7.0 m averages ~ 20%, while the Ca fraction averages ~ 67%. Below 7.0 m,

the Mg fraction decreases (average = 9%), and the Ca fraction increases (average = 80%). There
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is also a shift in the CEC of the sediment. The CEC is lower in the upper 7.0 m of the core (avg =
34.25 meq kg!; std = 9.32) and increases below 7.0 m (avg = 53.70 meq kg, std = 14.79) and
displays more variation. The CEC range of these soils is similar to the CEC of soils from a 2.0 m
borehole in Taylor Valley (Toner and Sletten, 2013). The clay size fraction (analyzed after SWE
and exchangeable cation extraction) is consistent throughout the core, with [Mg]ciay = [K]clay >
[Na]ciay = [Ca]ciay. The distribution of Mg is divided among the thawed ice, secondary salt
precipitates, clay size fractions (structural Mg) (< 2 um), and exchange sites (Figure 3.5). In the
upper 7.0 m, [Mg]thawed ice >> [Mg]swe > [M@]structural > [Mg]exchangeable. The distribution changes

below 7.0 m where [Mg]thawed ice > [M@]swe > [M@]structural > [MQ]exchangeable. The Mg concentration

in mmol for each component is provided in the Supplemental Material.

Thawed Ice
SWE
Exchangeable

p>one

Structural

102 107 100 40 60 80 100
Mg Concentration (mmol) % Mg Budget

Figure 3.5: (a) Mg concentration (mmol) of each component and (b) corresponding Mg
budget. Thawed permafrost ice is the largest Mg component followed by SWE, structural
Mg, and exchangeable Mg.

3.4.2 Clay Content, Mineralogy, and Model Results

The clay-sized fraction of sediment in the Beacon Valley core profile ranges from 0.43 to

2.83% (Figure 3.6). There is a slight shift in composition at 7.0 m. Above 7.0 m, the clay fraction
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is lower and more variable, with an average value of 1.29% and a standard deviation of 0.65%.
Below 7.0 m, the average clay fraction is more consistent with an average value of 1.63% and a

standard deviation of 0.32%

Clay Fraction (%)

Figure 3.6: Clay sized fraction (%) along the core’s depth. The clay size fraction ranges from
0.43% to 2.82%.

XRD analysis of the core sediment (reported in Cuozzo et al. (2020)) indicates that clay
mineral abundance ranges 4.0-7.4% and identified saponite, kaolinite, and montmorillonite as the
dominant clay minerals. Saponite is the most abundant clay and the most Mg-rich clay found in
the core (Ross and Hendricks, 1945). Furthermore, the geochemical weathering scenarios
generated from PHREEQCi suggest that silicate weathering is likely to be dominated by
orthopyroxene weathering to saponite; however, the extent of this weathering reaction needs

further investigation. CEC and the clay-sized fraction display a positive correlation with the
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percentage of secondary clays, with R? values of 0.82 and 0.89, respectively (Figure 3.7). This
correlation is expected as most cation exchange sites are found in clay minerals, and most clay
minerals fall within the clay-sized range. We exclude one outlier (sample BV4-105-113), which

has a high % secondary clay, but a consistently low CEC and low clay-sized fraction.
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Figure 3.7: (a) Comparison of CEC vs % secondary clays measured by XRD analysis and (b)
Clay sized fraction (%) vs % secondary clays measured by XRD analysis. Both figures show
positive correlations.

3.4.3 Mg Isotopic Composition

Mg isotopes were analyzed at similar depths for bulk soils, clay fractions, exchangeable Mg,
SWE, and thawed permafrost ice (Figure 3.8, Table 3.2). The two Mg isotopic endmembers are
dolerite (Mg = -0.22 + 0.07%o, n =3) and Taylor Glacier Ice (§?°Mg = -0.93 =+ 0.06%o, n = 6).
The thawed permafrost ice is most enriched in the light isotopes relative to other components,
with a range of -1.05 to -0.52%o, and there is a clear shift in composition at 7.0 m. In the upper
7.0 m, the Mg isotopic values are intermediate (average 52°Mg = -0.70 + 0.05%o) between the
two end members, and below 7.0 m, the Mg isotopic values are lighter (average §°Mg = -0.90 +

0.05%o) and are similar to the Taylor Glacier end-member. Some thawed permafrost ice samples
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below 7.0 m have Mg isotopic values lighter than the Taylor Glacier end-member. SWE Mg
isotopic composition is more enriched in the heavy isotope than the thawed ice, with a range of -
0.77 to -0.39%o. There appears to be a larger difference between the thawed permafrost ice and
SWE below 7.0 m. The Mg isotopic composition of clays consists of two distinct reservoirs:
exchangeable Mg and structural Mg (clay-sized fraction). Exchangeable Mg isotopic
composition is within error of the thawed ice in most cases and has a range of 0.95 to -0.65%o.
There are a few exceptions where the Mg isotopic composition of the exchangeable Mg is
slightly heavier than the thawed permafrost ice composition. In comparison, structural Mg, or
Mg incorporated during the formation of clay minerals, is isotopically heavier than all other
reservoirs (including dolerite rock and bulk sediment), suggesting preferential incorporation of
the heavy isotope. The Mg isotopic composition of structural Mg is consistent along the length of

the core, with a range of -0.10 to + 0.03%e.

Table 3.2: Mg isotopic composition of Beacon Valley bulk sediment, thawed permafrost ice,
soil-water extraction, exchangeable, structural, rock, and Taylor Glacier ice.

Sample Type Sample Name [';/é ﬁf}o('r?]t) Mg 2SD §®°Mg 2SD
Bulk Sediment BV4-105-113 1.49 -0.26 0.06 -0.14 0.05
BV4-529-532 571 -0.22 006 -0.12 0.05

BV4-675-677 7.16 -0.22 0.06 -0.10 0.05

BV4-744-748 7.86 -0.17 0.06 -0.08 0.05

BV4-902-905 9.44 -0.23 0.06 -0.10 0.05

BV4-1005-1016 10.51 -0.19 0.06 -0.07 0.05

BV4-1108-1110 11.49 -0.17 0.06 -0.08 0.05

BV4-1202-1204 12.43 -0.13 0.06 -0.07 0.05

BV4-1438-1440 14.79 -0.18 0.06 -0.10 0.05

BV4-2096-2098 21.37 -0.21 0.06 -0.07 0.05

BV4-2830-2833 28.72 -0.21 0.06 -0.10 0.05

Thawed BV4-0-4.5 0.42 052 005 -023 0.05
Permafrost Ice* BV4-22-24 0.63 -0.70 0.05 -0.34 0.05
BV4-28-35 0.72 -0.70 0.05 -0.39 0.05

BV4-34.5-39.5 0.77 -0.74 0.05 -0.38 0.05
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BV4-93-100 1.37 -0.80 0.05 -042 0.05
BV4-105-113 1.49 -0.81 0.05 -044 0.05
BV4-120-123 1.62 -0.82 0.05 -042 0.05
BV4-130-135 1.73 -0.82 0.05 -044 0.05
BV4-142-143 1.83 -0.77 0.05 -041 0.05
BV4-150-154 1.92 -0.79 0.05 -042 0.05
BV4-189-192 2.31 -0.75 0.05 -040 0.05
BV4-200-203 2.42 -0.68 0.05 -0.34 0.05
BV4-215-219 2.57 -0.73 0.05 -037 0.05
BV4-269-271 3.10 -0.71  0.05 -0.39 0.05
BV4-340-343 3.82 -0.68 0.05 -0.38 0.05
BV4-347-350 3.89 -0.67 0.05 -035 0.05
BV4-364-368 4.06 -0.63 0.05 -0.33 0.05
BV4-379-382 421 -0.65 0.05 -0.34 0.05
BV4-395-397 4.36 -0.68 0.05 -036 0.04
BV4-455-460 4.98 -068 0.05 -0.37 0.04
BV4-483-488 5.26 -064 005 -034 0.04
BV4-529-532 5.71 -0.63 0.05 -032 0.04
BV4-573-575 6.14 -068 0.05 -035 0.04
BV4-613-618 6.56 -065 0.05 -035 0.04
BV4-653-656 6.95 -0.64 005 -0.34 0.04
BV4-675-677 7.16 -0.76 0.05 -041 0.04
BV4-698-702 7.40 -0.89 0.05 -045 0.04
BV4-744-748 7.86 -0.95 005 -049 0.04
BV4-902-905 9.44 -1.02 0.03 -054 0.04

BV4-1005-1016 10.51 -092 005 -049 0.04
BV4-1108-1110 11.49 -0.97 005 -052 0.06
BV4-1202-1204 12.43 -098 0.05 -0.50 0.06
BV4-1438-1440 14.79 -095 0.05 -049 0.06
BV4-1598-1600 16.39 -0.89 0.05 -049 0.06
BV4-1773-1776 18.15 -091 0.05 -048 0.06
BV4-2096-2098 21.37 -0.85 0.05 -042 0.06
BV4-2253-2256 22.95 -085 0.05 -046 0.06
BV4-2502-2505 25.44 -091 0.03 -046 0.04
BV4-2830-2833 28.72 -1.05 0.03 -056 0.04
BV4-2990-2998 30.34 -0.84 005 -041 0.04
BV4-3007-3010 30.49 -092 0.05 -046 0.06
SWE BV4-28-35 0.72 -0.71 006 -035 0.04
BV4-105-113 1.49 -0.77 006 -041 0.06
BV4-340-343 3.82 -042 006 -026 0.04
BV4-529-532 5.71 -050 0.06 -0.26 0.06
BV4-675-677 7.16 -046 006 -0.26 0.06
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BV4-744-748 7.86 -0.74 0.06 -0.39 0.06
BV4-902-905 9.44 -069 0.06 -0.36 0.06
BV4-1005-1016 10.51 -054 006 -0.29 0.06
BV4-1108-1110 11.49 -051 0.06 -0.28 0.06
BV4-1202-1204 12.43 -064 0.06 -032 0.06
BV4-1438-1440 14.79 -051 0.06 -0.24 0.06
BV4-1598-1600 16.39 -046 0.06 -0.28 0.09
BV4-1773-1776 18.15 -054 006 -030 0.04
BV4-2096-2098 21.37 -0.58 0.06 -0.27 0.06
BV4-2253-2256 22.95 -058 0.06 -029 0.04
BV4-2830-2833 28.72 -0.74 0.06 -0.37 0.06
BV4-2990-2998 30.34 -0.39 0.06 -0.30 0.04
Exchangeable BV4-28-35 0.72 -0.85 0.08 -042 0.07
BV4-120-123 1.62 -0.89 0.08 -046 0.07
BV4-340-343 3.82 -0.72  0.08 -0.38 0.07
BV4-455-460 4.98 -0.74 0.08 -040 0.07
BV4-529-532 5.71 -0.65 0.06 -049 0.09
BV4-675-677 7.16 -0.75 0.08 -0.38 0.07
BV4-763-768 8.06 -095 0.08 -051 0.07
BV4-902-905 9.44 -0.79 0.08 -040 0.07
BV4-1005-1016 10.51 -0.93 0.08 -0.44 0.07
BV4-1110-1112 11.51 -0.73 0.08 -042 0.07
BV4-1200-1202 12.41 -0.81 0.06 -048 0.09
BV4-1440-1442 14.81 -0.79 0.06 -0.44 0.09
BV4-1598-1600 16.39 -0.89 0.08 -049 0.07
BV4-1773-1776 18.15 -0.88 0.08 -050 0.07
BV4-2096-2098 21.37 -0.88 0.08 -0.48 0.07
BV4-2253-2256 22.95 -0.89 0.08 -048 0.07
BV4-2502-2505 25.44 -0.78 0.08 -049 0.07
BV4-2830-2833 28.72 -085 0.06 -052 0.09
BV4-2990-2998 30.34 -0.80 0.06 -0.51 0.06
Structural BV4-28-35 0.72 -0.10 0.05 -0.02 0.06
BV4-120-123 1.62 0.02 006 -0.05 0.09
BV4-269-271 3.10 -0.05 0.05 -0.05 0.06
BV4-340-343 3.82 -0.08 0.05 -0.07 0.06
BV4-455-460 4.98 0.02 006 -0.10 0.09
BV4-529-532 5.71 -0.03 0.06 -0.01 0.06
BV4-675-677 7.16 -0.04 0.06 -0.07 0.06
BV4-763-768 8.06 -0.06 0.06 -0.01 0.06
BV4-902-905 9.44 -0.04 0.06 -0.11 0.09
BV4-1005-1016 10.51 -0.06 0.06 -0.06 0.06
BV4-1108-1110 11.49 -0.08 0.06 -0.13 0.09
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BV4-1200-1202 12.41 -0.05 0.06 -0.07 0.06

BV4-1440-1442 14.81 -0.08 0.06 -0.02 0.06

BV4-1598-1600 16.39 -0.06 0.06 -0.09 0.06

BV4-1773-1776 18.15 -0.08 0.06 -0.07 0.06

BV4-2096-2098 21.37 -0.01 0.06 -0.08 0.09

BV4-2253-2256 22.95 0.03 0.06 -0.12 0.09

BV4-2502-2505 25.44 -0.03 0.06 -0.02 0.06

BV4-2830-2833 28.72 -0.06 0.06 -0.02 0.06

BV4-2990-2998 30.34 -0.06 0.06 -0.01 0.06

BV4-3005-3007 30.46 -0.05 0.06 -0.06 0.06

Rock* Dolerite 1 surface -0.23 006 -0.13 0.05
Dolerite 2 (from core) 0.60 -0.20 0.06 -0.12 0.05

Dolerite 3 (from core) 2.20 -0.24 0.06 -0.12 0.05

Taylor Beacon Valley Fresh Snow* surface -098 0.06 -0.51 0.07
Glacier/Snow Taylor Glacier 1* calved -086 0.06 -050 0.05
Taylor Glacier 2* calved -0.84 0.06 -040 0.05

Taylor Glacier Nirvana A* surface -1.06 0.06 -0.53 0.07

Taylor Glacier Nirvana Core Al 0.52 -1.03 0.06 -049 0.04

Taylor Glacier Nirvana Core 6 2.87 -094 0.06 -055 0.09

Taylor Glacier Nirvana Core 9 5.60 -1.02 0.06 -054 0.04

Taylor Glacier Nirvana Core 14 9.24 -0.80 0.06 -0.46 0.04

Taylor Glacier Nirvana Core 17 11.86 -0.87 0.06 -051 0.04

Taylor Glacier Nirvana Core 22 16.02 -0.87 0.06 -0.53 0.09

2SD of Mg isotopic values represent two standard deviations of the bracketing standard

measurement during an entire analytical session.

* Data from Cuozzo et al. (2020)
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Figure 3.8: Mg isotopic analysis of the thawed permafrost ice samples, soil-water extractions,
exchangeable Mg, structural Mg (clay-sized fraction), averaged dolerite rocks, and averaged
Taylor Glacier/Beacon snowfall values. The Mg sources in the Antarctica Dry Valleys are shown
in the shaded regions. Taylor Glacier/Beacon snowfall (gray) has an Mg isotopic composition of
-0.93 £ 0.06%0 and dolerite (brown) has an average value of -0.22 + 0.07%o. Thawed permafrost
ice values are plotted with blue circles. From 0-7 meters, the Mg isotopic composition is
intermediate between Taylor Glacier/Beacon snowfall and dolerite, and from 7-30 meters, the
isotopic composition is near or within the range of Taylor Glacier/Beacon snowfall. The
exchangeable Mg (yellow diamonds) has a similar composition to the thawed permafrost ice,
with a slight preference for the heavy isotope. Soil-water extractions (green squares),
representing secondary salt precipitates, preferentially incorporate heavy isotopes into their
structure compared to the thawed permafrost ice. The structural Mg in the clay sized fraction
(pink triangles) is the heaviest Mg component and is consistent along the depth of the core with a
preference for the heavy isotope. The bolded red line represents the corrected thawed permafrost
ice corrections when considering the influence of all Mg components in the Beacon Valley core.

3.5 Discussion

Magnesium in Beacon Valley permafrost is primarily sourced from two reservoirs:
marine aerosols (represented by Taylor Glacier ice), deposited by dust, katabatic winds, and
snowmelt events during warmer summer months, and chemical weathering of Ferrar Dolerite. In
Cuozzo et al. (2020), we explored the extent of chemical weathering of dolerite in the Beacon

Valley core using the Mg isotopic composition of the thawed permafrost ice. In this study, we
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expand on this analysis and use Mg isotopes to further trace rock-water interactions, including
evaluating the influence of secondary salt precipitation, cation exchange, and clay mineral
formation, and provide an updated analysis of the controls on rock-water interactions in the
MDV. Because weathering products remain locked in place, we also calculate fractionation
factors between the fluid phase and each Mg component and show how these equilibrium

fractionation factors can be applied to other systems that help constrain the global Mg budget.

3.5.1 Secondary Salt Precipitation

Salts are commonly found in the MDV and typically consist of Mg, Ca, or Na sulfates.
Evidence for precipitation of secondary salts in Beacon Valley soils is revealed in the XRD
analysis, primarily in the form of gypsum. While Mg-bearing salts were not identified in XRD
analysis, there is potential for Mg to coprecipitate with gypsum. Furthermore, extractable Mg
was still released during the SWE, suggesting Mg-bearing salts exist in the sediment. Chemical
models of secondary salt precipitation in the Beacon Valley core (Cuozzo et al., 2020) suggest
that Mg-sulfates, epsomite and meridianiite, may form in the soil profile. It is noted that the
effects of ion exclusion during freezing was not included in the chemical model presented in
Cuozzo et al. (2020), which may lead to underestimation of accumulated Mg salts. When water-
rich sediment freezes, mobile ions are expelled from the ice and accumulate on the interface
between the growing ice lens and the mineral layer (Hallet, 1978; Ostroumov et al., 2001). This
process creates zones of high solute concentrations, and ultimately, zones of secondary mineral
precipitation. This phenomenon may explain why regions in the lower 7.0 — 30.0 m of the core

have adjacent sections of very high ice content (up to 80%) and low ice content (< 20%).
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3.5.1.1 Fractionation factor of Mg-Salt Precipitation

There are two main hypotheses for Mg secondary minerals precipitation: (1)
coprecipitation of Mg with gypsum, and (2) precipitation of epsomite (MgSQO4 -7H.Q0) and/or
meridianiite (MgSQO4 -11H,0). Coprecipitation of Mg with gypsum has been shown to occur in
laboratory experiments, but the amount that coprecipitates with gypsum is small compared to the
amount of Mg in solution and has a small partition coefficient between 0.1 x 10° and 4.3 x 10°°
(Kushnir, 1980). However, these experiments were performed at temperatures higher than those
experienced in Beacon Valley and under laboratory conditions. Few other studies have looked at
Mg isotopic fractionation from coprecipitation of Mg with gypsum, especially at subfreezing

temperatures.

The second, and more likely scenario, is the precipitation of magnesium sulfates,
epsomite, and meridianiite. When epsomite or meridianiite forms, heavy isotopes are
preferentially removed from the solution and incorporated into the mineral structure (Li et al.,
2011). The average experimental fractionation factor between epsomite and MgSQOa in solution is
0.6%o (Li et al., 2011). The theoretical fractionation factor between meridianiite and the solution
has been determined to be 0.3 and 2.2%., with a large difference between the two values

resulting from different model scenarios. (Rustad et al., 2010; Schauble, 2011).

The fractionation factor between the soil-water extraction and thawed permafrost ice in

the Beacon Core sediment can be calculated using the following equation:

3.1
A26]\/[.gmin—soln = 626Mgmin - 626Mgsoln ( )

Where §2Mgnmin is the Mg isotopic composition of the SWE and §2Mgsoin is the Mg isotopic

composition of the thawed ice. The average fractionation factor is 0.3%o and is consistent with
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the theoretical fractionation factor of meridianiite determined from (Schauble, 2011) (Figure 3.9,

Table 3.3) with a similar best-fit equation for a A?Mg-1/T? diagram:

A5 Mgmin—som = 0.0192 X 106/T2 (3.2)

Temperature for the Beacon Valley core is reported in Cuozzo et al. (2020) and was determined
based on hourly temperature recorded at depths of 1.25, 2.5, 5.0, 10.0, 20.0, and 30.0 m and
interpolated to each sample depth. The fractionation factor between the thawed ice and SWE
displays a temperature dependence and is greatest at the coldest temperature in the core. This is
consistent with equilibrium isotopic fractionation generally decreasing with increasing
temperature in proportion to 1/T2 (Bigeleisen and Mayer, 1947; O'Neil, 1986). Above 7.0 m,

where temperatures are warmer, the average fractionation factor is 0.11%o, while below 7.0 m,
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Figure 3.9: Plot of Mg isotopic fractionation factor between the thawed permafrost ice and
secondary salt precipitates isolated using a soil-water extraction as a function of 10%/T2. The dark
bolded lines represent the best fit equation for the fractionation factor forced through the origin.
The two dashed lines represent previously determine fractionation factors for meridianiite
calculated by Schauble (2011) and (Rustad et al., 2010), and the thin solid line represents the
experimental fractionation factor for epsomite determined by (Li et al., 2011). While
meridianiite was not discovered during XRD analysis of these samples, the fractionation factors
is consistent with the theoretical fractionation factor determined by Schauble (2011).
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where temperatures are colder, the average fractionation factor is 0.35%o. This difference may
help explain the Mg isotopic composition of the thawed permafrost ice that was lighter than

Taylor Glacier values seen below 7.0 m.

Table 3.3: Core temperature and fractionation factor between thawed permafrost ice and
secondary salt precipitates

Sample ID Temperature (°C)  Temperature (K) 108/T? Fractionation
BV4-28-35 -7.71 265.44 14.19 0.00
BV4-120-123 -9.63 263.52 14.40 0.05
BV4-340-343 -17.11 256.04 15.25 0.26
BV4-529-532 -18.80 254.35 15.46 0.13
BV4-675-677 -20.05 253.10 15.61 0.30
BV4-763-768 -20.68 252.47 15.69 0.21
BV4-902-905b -21.63 251.52 15.81 0.33
BV4-1005-1016 -21.73 251.42 15.82 0.38
BV4-1110-1112 -21.85 251.30 15.83 0.46
BV4-1200-1202 -21.98 251.17 15.85 0.34
BV4-1440-1442 -22.37 250.78 15.90 0.44
BV4-1598-1600 -22.61 250.54 15.93 0.43
BV4-1773-1776 -23.08 250.07 15.99 0.38
BV4-2096-2098 -23.06 250.09 15.99 0.32
BV4-2253-2256 -23.04 250.11 15.99 0.27
BV4-2830-2833 -23.01 250.14 15.98 0.31
BV4-2990-2998 -23.00 250.15 15.98 0.45

3.5.2 Secondary Clay Minerals

In clay minerals, there are two sites where Mg is held: (1) adsorbed on exchange sites,
and (2) structurally bound in octahedral sites. Mg held on each of these may exhibit different
fractionation properties. Clay minerals in the Beacon Valley core consist primarily of saponite, a
trioctahedral smectite that forms from weathering of mafic rocks with high amounts of structural

Mg. Smectites are 2:1 phyllosilicates that have layers of octahedra (Mg?* or AI** bonded to an O
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or OH) between two tetrahedra layers (Si** surrounded by oxygen atoms). Because of the large
amounts of Mg incorporated into the structure of these clay minerals, most of the Mg is found in
structural sites rather than exchange sites, which is reflected in Beacon Valley sediment. In the
upper 7.0 m, exchangeable and structural Mg consists of approximately 42% and 58% of Mg in
clay minerals, respectively. In the lower 7.0-30.0 m, exchangeable and structural Mg consists of

roughly 34% and 66%, respectively (Figure 3.10).
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Figure 3.10: Distribution (%) of Mg in the clay sized fraction. Structural Mg is the dominant
component along the core’s depth.

This difference can be explained by the higher concentration of aqueous Mg in the upper
7.0 m of the thawed permafrost ice, creating a larger Mg pool to react with the exchange sites.
While Ca is the dominant cation on the exchange sites, the Ca/Mg ratio in the upper 7.0 m of the
core is approximately 1.0, while below 7.0 m, the Ca/Mg ratio is greater than 1.0. The smaller
Ca/Mg ratio allows Mg to occupy more exchange sites, as seen in the concentration of
exchangeable Mg (Figure 3.11). This change in composition with depth suggests that structural
Mg may impart a greater influence on the Mg isotopic composition in the lower sections of this

core. In comparison, exchangeable Mg has a greater influence on upper sections of the core.
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Figure 3.11: Plot of Ca/Mg ratio in the thawed ice and [Mg]exchangeabte. There data exhibits a
negative correlation where the Ca/Mg ratio decreases, the amount of exchangeable Mg increases.

3.5.2.1 Exchangeable Mg Fractionation

Previous studies have explored the effects of exchange reactions on Mg isotopic
composition of soils and have shown that the exchangeable composition is typically dependent
on two factors: (1) fractionation and (2) composition of the pool of exchangeable cations
(Hindshaw et al., 2020; Huang et al., 2012; Opfergelt et al., 2014; Opfergelt et al., 2012; Teng et
al., 2010; Wimpenny et al., 2014). Hindshaw et al. (2020), using experimental data, found that
saponite exchange sites preferentially retain the light Mg isotope. In contrast, in Beacon Valley
soils, the control on the Mg isotopic composition of exchangeable Mg appears to be the isotopic
composition of the thawed permafrost ice, which is the source of Mg to the exchange sites. When
5%®M(exchangeable is plotted against $*°Mgihawed-ice, the Values cluster around a 1:1 ratio line (Figure

3.12). Those values that plot away from a 1:1 ratio all fall within the lower 7.0 — 30.0 meters of
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the core and are above the 1:1 ratio line, indicating that these samples preferentially incorporate
the heavy isotope onto the exchange sites. A potential control on the apparent fractionation
between some samples may be due to the concentration of Mg on the exchange sites (Figure
3.12). Those samples that fall away from the 1:1 line all have low [Mg]exchangeable COMpared to
those that fall along the 1:1 line. One possible explanation is that soils with [Mg]exchangeable May
be more strongly influenced by any residual salts remaining on the sediment during the
extraction. While the SWE should have removed the majority of extractable salts that remained
on the sediment (Toner et al., 2013), there is still potential that not all extractable salts were
removed. While this may not have had a strong influence on those samples with higher
[Mg]exchangeavle, it may influence those with lower concentrations. The heavier Mg isotopic
composition of these samples is consistent with the SWE having a heavier Mg isotopic
composition than the exchangeable Mg. Nonetheless, the largest influence on the Mg isotopic
composition of the exchange sites appears to be the Mg isotopic composition of the thawed ice

reservoir that is in contact with the exchange sites, with a slight prefer for the heavy isotope.
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Figure 3.12: Comparison of the 626Mgexchangeable and SZGMgthawed ice plOttEd with a 1:1 line. The Mg
isotopic composition of exchangeable Mg is consistent with the Mg isotopic composition of the
thawed ice, suggesting little to no fractionation. Those values that do not fall along the 1:1 line
have a low [Mg]cec suggesting a potential influence from secondary salts remaining on
sediment.

3.5.2.2 Structural Mg Fractionation - Saponite

While clay mineral formation is minimal in the MDV, clays have been discovered in the
MDVs with varying climate conditions; amorphous and incomplete clay formation suggests that
these clays have formed in-situ (Quinn et al., 2020). Saponite forms in environments with mafic
parent rock materials, consistent with the sediment in Beacon Valley. Furthermore, chemical
modeling, based on the mineralogical and ionic composition of the Beacon Valley core, supports
the in-situ formation of saponites due to weathering of orthopyroxene. The Mg isotopic
composition of the clay-sized fraction is the heaviest Mg component in the core showing little

change with depth (Figure 3.8). The heavy Mg isotopic composition of the clay-sized fraction
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indicates that the structural clay sites preferentially incorporate the heavy isotope into its
structure. Using Equation 3.1 to calculate the fractionation factor between saponite and the
thawed permafrost ice gives a value of 0.83%o. This value is identical to the average value found
by Huang et al. (2018) and significantly smaller than the value determined by Shalev et al.
(2019) of ~ 1.6%o. The fractionation factor from this study also shows fractionation between

fluid and saponite occurs in the opposite direction as determined by Hindshaw et al. (2020).

3.5.2.3 Saponite Fractionation and the Global Mg Budget

There has been recent controversy over the direction of Mg fractionation during saponite
formation. Hindshaw et al. (2020) provided experimental data on the Mg isotopic fractionation
of saponite, and found that saponite preferentially retains the light isotope, while other field
studies have found saponite to prefer the heavy isotope (Huang et al., 2018). Prior studies
suggest that fractionation is dependent on the type of clay and the difference in bond strength
between the reactants (aqueous Mg complex) and products (clays). Stronger bonds prefer the
heavy isotope and weaker bonds prefer the lighter isotope (Hindshaw et al., 2020; Li et al., 2014;
Ryu et al., 2016; Wimpenny et al., 2010). Some studies have proposed a relationship between
bond-length of Mg-O complexes to the direction of fractionation (Hindshaw et al., 2020; Liu et
al., 2014), and a complete summary of this work can be seen in Hindshaw et al. (2020).
However, the differences in bond length between the octahedrally coordinated Mg in clay and
Mg in aqua complex is extremely small, and depending on the cited study, it often shows
conflicting results. Similarly, there is no data on bond-length specifically for Mg in saponite or
bond-lengths of octahedrally coordinated sites at subzero temperatures. Furthermore,
experimental data on clay mineral formation has not always been consistent and is potentially
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dependent on how the clays were synthesized or if they reached equilibrium. For example, two
independent studies using lab-synthesized brucite showed fractionation occurred in opposite
directions (Li et al., 2014; Wimpenny et al., 2010). Therefore, more field studies of in-situ

formation of saponite are needed to resolve this issue.

The direction and size of saponite fractionation are critical because of its contribution to
the global Mg ocean budget. The homogenous Mg isotopic composition of seawater, -0.83
0.09%o (Ling et al., 2011), is controlled by its source and sinks. The primary sources of Mg to
seawater is riverine and groundwater inputs (Arvidson et al., 2006; Berner, 2004; Holland, 2005;
Mayfield et al., 2021), which have 52°Mg values of -1.09%. (Tipper et al., 2006) and ~ -1.40%o
(Mayfield et al., 2021), respectively, and are significantly lighter than the homogenous seawater
Mg isotopic composition. The lighter Mg sources must be balanced by Mg sinks, mainly through
removal and fractionation of Mg through high-temperature hydrothermal circulation, carbonate
deposition (dolomite), and low-temperature alteration of oceanic crust (Arvidson et al., 2011;
Arvidson et al., 2006; Elderfield and Schultz, 1996; Holland, 2005; Morse and Mackenzie,
1990). Currently, the flux of Mg sinks, specifically the flux of low-temperature alteration of
oceanic crust, are poorly constrained. This study can help address this uncertainty since one of
the major Mg-bearing minerals that form during low-temperature alteration of oceanic crust is

saponite (Alt, 1995; Bowers and Taylor Jr, 1985; Huang et al., 2018).

If saponite formation incorporates heavy Mg isotope during low-temperature alteration of
oceanic crust, more dolomite precipitation (which prefers the light Mg isotope) is needed to drive
seawater to its homogeneous value. The opposite will be true if saponite formation incorporates
the light isotope. Our result on the fractionation of saponite formation supports the result of

Huang et al. (2018), where saponite prefers the heavy isotope. Further work by Shalev et al.
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(2019) supports preferential incorporation of heavy isotopes in oceanic crust during low-
temperature alteration. However, this study did not identify the secondary minerals that form
during this process and found a significantly higher fractionation value. The results in this study
are more consistent with measurements of altered oceanic crust that contain abundant saponites
(Huang et al., 2018), as well as field studies that have analyzed the Mg isotopic composition of
other clay minerals and have found preferential incorporation of the heavy isotope (Opfergelt et
al., 2012; Ryu et al., 2016; Ryu et al., 2021; Teng et al., 2010), supporting the mechanism

proposed by Huang et al. (2018) and (Shalev et al., 2019).

Using the fractionation factor between saponite and the fluid phase from this study to
represent fractionation during low-temperature alteration of oceanic crust, we can calculate the
total oceanic Mg flux of low-temperature alteration. While there are some key differences
between the environment of the MDV (lower temperature and higher salt content) and the
environment of low-temperature alteration of oceanic crust, our results provide the first field
estimates of the equilibrium fractionation factor of saponite and the fluid phase in a natural
setting. We create a simple mass balance using oceanic Mg inputs (riverine and groundwater)
and outputs (high-temperature hydrothermal circulation, dolomitization, and low-temperature
alteration of oceanic crust):

(62°Mgriy — 8%°MGsw) Friv + (8%°Mggw — 6°°Mgsy) Fyw (3.3)

= (526Mghyd - 526Mgsw) thd + (526Mgdol - 526Mgsw) Faor
+ (A26Mgmin—soln) FAOC

Where 52°Mgriv, 5°Mggw , §2°Mghyd, 5°M0dol, 5 Mgsw, and AZMgmin-soln is the Mg isotopic

composition of riverine input, §2Mg =-1.09%. (Tipper et al., 2006)), groundwater, 5°Mg = -
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1.40%o0 (Mayfield et al., 2021), high-temperature hydrothermal fluid, §?*®Mg ~ seawater
composition (Tipper et al., 2006)), dolomite formation, §**Mg = -2.0%. (Higgins and Schrag,
2010)) and the fractionation factor between saponite and the fluid phase, 0.83%o (this study),
respectively, and Friv, Fgw, Fryd, Fdol, and Faoc are the flux for riverine input, 5.5 x 10*2 mol/yr
(Tipper et al., 2006), average groundwater, 0.75 x 10*2 mol/yr (Luijendijk et al., 2020; Mayfield
etal., 2021; Zhou et al., 2019), high-temperature hydrothermal fluid, 1.5-2.2 x 102 mol/yr
(Elderfield and Schultz, 1996; Nielsen et al., 2006), dolomite formation, 1.7 x 10*? mol/yr
(Holland, 2005), and altered oceanic crust, which is unknown, respectively. Using this mass
balance to solve for the flux of Mg into altered oceanic crust, we determine a flux of 0.16 x 102
mol/yr. This value is significantly lower than previous values of 0.67 x 10*2 mol/yr (Huang et al.,
2012) and 1.0-1.7 x 10*2 mol/yr (Shalev et al., 2019) and is the first to include the influence of
groundwater input. The incorporation of groundwater flux appears to have a substantial impact
on this value since groundwater is isotopically lighter than the riverine input. This lower value
for the low-temperature hydrothermal flux suggests a lower dolomite flux than proposed in

previous studies.

3.5.3 Lighter than Taylor Glacier Mg Isotopic Composition in Beacon Core
To correct for the influence of all of Mg weathering components on the Mg isotopic
composition and test our hypothesis if salt precipitation and clay minerals can explain the lighter-

than-Taylor-Glacier Mg isotopic composition, we use a simple mass balance equation:

87



526Mgcorrected (3.4)
= (Fthawed ice * 626Mgthawed ice) + (Fswg * 626MgSWE)
+ (Fexchangeable * 626Mgexchangeable)
+ (Fstructural * 626Mgstructural)

Where F is the fraction of Mg within each component (Figure 3.5). This mass balance is used to
correct the Mg isotopic composition of the thawed ice and shifts towards a heavier composition,
with the biggest change in the lower 7.0-30.0 m, which is consistent with a greater contribution
from secondary minerals (Figure 3.8). In the upper 7.0 m, the average change between the
thawed ice and corrected thawed ice is approximately 0.02%o, while below 7.0 m, the average
change is approximately 0.12%o. Below 7.0 m, the corrected value is heavier than Taylor Glacier
and falls within the range of seawater, with most values suggesting greater chemical weathering
than previously estimated. To determine the extent of chemical weathering, we use a two end-

member mass balance equation:

626Mgcorrected - 626MgTG (35)
626Mgdolerite - 626MgTG

% weathering =

Figure 3.13 shows the percent Mg derived from chemical weathering when correcting for all Mg
components compared to when not accounting for all potential components. When corrected for
all potential reservoirs, weathering is greater in all core sections with changes ranging from a
difference of 1.0 to 30.0%. If these reservoirs are not accounted for, the amount of Mg derived
from chemical weathering is significantly underestimated. Furthermore, there is clear evidence
of other rock-water interactions, such as the formation of clays, exchange processes, and

precipitation of salts at subfreezing temperatures.
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Figure 3.13: Mass balance correction on % Mg from chemical weathering considered the
influence of all Mg components in the system: thawed permafrost ice, secondary salts,
exchangeable Mg, and structural clay Mg. In the upper 7.0 m, there is a little to no change in the
amount of weathering, while below 7.0 m, % Mg from weathering increased significantly.

3.6 Conclusion

This study builds upon previous work completed on a 30.0-meter ice-rich core in Beacon
Valley that found significant chemical weathering occurs even at subzero temperatures and is
controlled by the amount of unfrozen brine that persists within the core (Cuozzo et al., 2020).
Here, the same 30.0-meter ice-rich core traces the influence and extent of secondary mineral
formation, including salt precipitation and clay formation, along the core's length. We present a
comprehensive analysis of rock-water interactions and Mg isotope systematics using §2°Mg
measurements in thawed permafrost ice, secondary salts, secondary clays (exchange and
structural sites), and bulk sediment of an ice-cemented permafrost core from Beacon Valley,

Antarctica. The main conclusions from this study are:
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(1) Accounting for all components of the Mg budget is essential to account for all rock-water
interactions in a soil profile. This is the first study to look at all Mg components and trace these
interactions in a permafrost environment. Using a mass balance to quantify all processes, the
results show that chemical weathering is underestimated by up to 30% when not accounting for
all components of the Mg budget. Furthermore, the fractionation associated with these processes
explains the anomalous lighter-than-Taylor Glacier values found in the thawed permafrost ice

below 7.0 m.

(2) Magnesium isotopes fractionate during secondary salt precipitation and prefer the heavy isotope.
Isotopic fractionation followed an equilibrium temperature dependence and was greatest at the
lowest temperatures with an average AMgmin-sol = 0.30%0. While XRD analysis did not identify
evidence of any Mg-salts, chemical modeling suggests epsomite and meridianiite are the
dominant Mg-salts, and the fractionation factor is consistent with the modeled fractionation

factor of meridianiite determined by Schauble (2011).

(3) 5% M(exchangeable is controlled by the isotopic composition of the exchanging fluid, i.e., 5?Mgthawed
ice. Little to no fractionation occurred between the thawed ice and exchange sites, except for a

few samples where the exchange sites preferred the heavy isotope.

(4) Saponite is the dominant clay mineral and is found at all depths in the core. Based on chemical
modeling, saponite forms in-situ as a weathering product of orthopyroxene. Most Mg in the clay
f