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Eric J. Steig
Department of Earth and Space Sciences

Polar ice cores contain direct archives of past atmosphere and past precipitation, and
water-isotope measurements of polar ice-core samples are used to reconstruct Earth’s past
climate. Ice cores from stable domes or ice divides — where post-depositional ice flow results
primarily from compression of more recently accumulated snowfall — have produced contin-
uous climate records as old as 800 ka. Climate records from older ice cores are of interest
due to a notable change in Earth’s climatic fluctuations around 1 Ma. Extending the ice-
core paleoclimate record beyond 1 Ma likely requires measurements from more complicated
depositional environments, such as from blue ice areas at the margins at the Antarctic ice
sheet. The Allan Hills blue-ice area contains ice as old as 6 Ma at relatively shallow depths
(<200 m below the surface), but cores from this region are typically discontinuous and strati-
graphically disturbed. In addition, they have likely experienced orders of magnitude more
thinning than more typical ice cores, severely limiting their temporal resolution.

The development and interpretation of ice-core climate records from blue-ice areas is
still in nascent stages, and is only possible due to the development of an absolute dating tech-
nique by the analysis of atmospheric “°Ar (Bender et al., 2008). Age constraints at discrete
depths along the core provide information about the average age of the ice, but significant

uncertainty remains about the amount of time represented by each measurement. Here, I



present new water-isotope records from discontinuous blue-ice cores from the Allan Hills blue
ice area of Antarctica, and explore the implications and limitations of those data. This the-
sis uses high-resolution water-isotope data to explore the integrated history of ice recovered
from the Allan Hills. This thesis (1) details advancements in high-resolution water-isotope
measurement methodology by continuous-flow analysis, which is the preferred method for
analyzing many Allan Hills cores, (2) advances our understanding of water-isotope signal
preservation and alteration in blue ice by examining the reproducibility of the water-isotope
record at lateral distances of 0.22 to 140 m, (3) demonstrates that climate signals are pre-
served in some disturbed Allan Hills ice and provides insights into ice accumulation and
climate history in this area, and (4) explores differences in water-isotope distillation path-

ways caused by atmosphere and ocean changes between the present-day and a warmer (i.e.

6-Ma) world.
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Chapter 1
INTRODUCTION



This thesis explores the intersection of climatic (i.e. atmospheric) and glaciological influ-
ence on water-isotope records from shallow, discontinuous, blue-ice cores along the margins
of the East Antarctic Ice Sheet. I specifically focus on advancing analytical techniques for
the measurement of stable water isotopes in ice and on developing and interpreting water-
isotope records from stratigraphically disturbed ice cores from the Allan Hills of Antarctica.
This first chapter provides general background information on ice-core science, the water
isotope system, motivations for extending ice-core paleoclimate records in time, and shallow
ice drilling in the Allan Hills; it also outlines the scope and structure of the thesis, including
a brief summary of each subsequent chapter. This thesis is motivated by the research goals

of the Center for Oldest Ice Exploration (COLDEX), which has supported this work.
1.1 Ice core drilling and analysis

Polar ice sheets preserve accumulated snowfall, which is compacted over time such that
temporally continuous ice samples can be recovered by coring. Polar ice cores contain di-
rect archives of past precipitation and past atmosphere. Because both meteorological and
glaciological processes can alter the geochemical composition of ice, ice-core records can pro-
vide information about both climate and glacial dynamics (e.g., Craig 1961; Johnsen et al.,
1977). Detailed records of Earth’s past climate from polar ice cores have provided foun-
dational insights into Earth’s climate system (e.g., Dansgaard et al., 1993; Jouzel et al.,
1999).

Traditionally, paleoclimate records from ice cores have been developed from sites with
relatively straightforward glacier dynamics to facilitate the disentanglement of climate signals
and alteration due to glacial deformation (Dansgaard et al., 1973; Raymond, 1983). However,
cores retrieved from more dynamic sites can provide qualitative and quantitative insights into
local climatic or glaciological processes (e.g., Vimeux et al., 2001; Stenni et al., 2009; Stoll
et al., 2022) and can extend the ice-core records in time (e.g., Shackleton et al., submitted,;
2024; Peterson et al., 2024). Developing ice-core records from a glaciologically complex site

with the goal of extending ice-core records in time is the focus of this thesis.



A brief overview of ice-core drilling and analytical techniques is reprinted from Past
Global Changes in the following pages. All core samples used in this thesis were recovered
by electromechanical drilling, during which rotational cutters bore into polar ice sheets to
retrieve cyllindrical core samples. This thesis focuses on ice-core samples retrieved under
difficult drilling conditions that led to suboptimal core recovery rates (especially at depth)
and fractured or irregularly shaped core sections. In addition, at some sites, only basal ice
was returned from the field. Most ice-core samples from the Allan Hills have been measured
discretely, with either adjacent, equally-spaced samples (which are referred to by Table 1.2
as “continuous” samples), or irregularly spaced and irregularly sized samples that are not
continuous along the depth of the core (which are referred to by Table 1.2 as “grab” samples).

Detailed descriptions of all samples are provided later in this introductory chapter.
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Polar and alpine glacial ice is scientifically valuable, but it is logistically challenging to drill, transport, and store. We

summarize the process of retrieving and analyzing a new core and identify archived samples that might be available

for new research.

Ice cores collected from polar ice sheets
and alpine glaciers provide a frozen archive
of past atmospheric gases and precipita-
tion that are important to glaciological and
climate sciences. Ice-core analyses produce
exceptionally well-resolved observations

of local, regional, or global changes in the
atmosphere over time. This is because as
snow falls, a variety of physical processes af-
fect its material properties and composition,
and these signals get preserved through
time. For example, ice flow direction affects
the mineral orientation of frozen water,
atmospheric composition determines the
particle load and aqueous chemistry of an
ice layer, and global and regional tempera-
tures change the isotopic composition of
the precipitation falling at an ice-core site;
further, atmospheric gases trapped in the
pore spaces between ice crystals are pre-
served and can be measured directly from
ice-core samples (Banerjee et al. p. 104).
Consequently, there are dozens of analyses
that may be desirable to perform on a single
ice-core sample. Drilling and preserving ice-
core samples is challenging because cores
are retrieved from frozen, often remote, and
sometimes very deep (i.e. thousands of me-
ters) sites. Despite this, cores are routinely
recovered from scientifically advantageous
locations, and ice samples are typically
archived in storage facilities, where they may
be available to support future research.

Drilling an ice core

Though the ice drilling process is similar

at most sites, scientific objectives dictate
the desired ice volume and depth, and
cargo restrictions and site temperature may
constrain equipment choices. Most core
segments are about 10 cm in diameter and

1 m long, though the exact dimensions are
determined by the size of the drill. Most core
samples are retrieved by electromechanical
drills; these drills contain a hollow cylinder,
called the core barrel, that is equipped

with rotational cutting teeth at the bottom
(see Johnsen et al. 2007). Above the core
barrel, an anti-torque device stabilizes the
drill within the borehole while the cutters
are spinning, and the entire drill assembly

is suspended from a tripod or tower by an
armored electrical cable (Fig. 1a). The rotat-
ing cutters pulverize a ring of ice, leaving a
cylindrical pillar intact to enter the core bar-
rel, while the remnant ice chips are removed
from the cutting interface by circulating fluid
and/or by helical flights (Fig. 1b). Each time
the drill has progressed far enough to fill

the core barrel, the ice pillar is broken off at
its base, and the entire assembly is winched
up to the surface. For electromechanical
drills, the cutting force is supplied by electric
motors, and the rate of penetration can be
controlled by changing the weight above the
bit. When drilling in ice warmer than -10°C,
mechanical cutters tend to stick, and ice chip
transport becomes difficult; at such sites, a
ring-shaped heater is typically used to incise
the ice instead in a process called thermal
drilling (see Zagorodnov and Thompson
2014).

Glaciers and ice sheets are particularly
inhospitable drilling environments. At the
surface, heavy winds scour and redistribute
recent snowfall, often burying scientific
equipment or causing large snow drifts.
Deeper in the ice sheet, ice flows under its
own weight, causing deep boreholes to
deform and close over time. Choices about
infrastructure and equipment typically
balance labor and cargo requirements

with drilling efficiency and core quality. For
example, drilling within covered trenches is
the best way to avoid the impacts of drifting
snow and bad weather, but a windscreen or
tent might be a preferred alternative at sites
where cargo capacity is limited or where the
planned drilling season is short. Small drills
or hand augers are used in alpine environ-
ments, where transporting personnel,

equipment, and cores is often done by small
aircrafts or even by foot or pack animal
(Matoba et al. 2014; Schwikowski et al.
2014). However, deep ice-drilling projects

in Greenland and Antarctica—which must
penetrate multiple kilometers into the ice
sheet—can utilize longer drill barrels, longer
and stronger winch cables, and taller tow-
ers to minimize the number of trips up the
borehole and accelerate the field campaign
(Bentley and Koci 2007; Zhang et al. 2014).
Boreholes deeper than about 300 m need
to be backfilled with drilling fluid to prevent
the borehole from collapsing (Talalay et al.
2014), though drilling fluid can also contami-
nate fractures within the core, which limits
possible analyses.

Field storage and transportation

Once at the surface, cores are labeled with
orientation and depth information and pack-
aged carefully for transportation. Ice-core
samples are susceptible to breakage, altera-
tion, and melt, which means that preserving
cores in the field and during transportation
requires significant preparation; deep ice
cores can be particularly fragile as they are
removed from the ice sheet and rapidly
decompress at the surface (Neff 2014). To in-
hibit physical, chemical, and biological alter-
ation, it is desirable to store core samples at
temperatures that are comparable to the in-
situ temperature of the ice or at a maximum

A B
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Figure 1: (A) Simplified cross section of an ice-drilling operation (not to scale). (B) Stylized drawing of an
electromechanical drill, showing the retrieved core (1), cutters (2), helical flights (3), and core barrel (4). (C) An
example of a cut diagram used to specify the target analyses for each portion of the core (PP = physical

properties).
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Figure 2: Map of selected ice drilling sites and storage locations, including details of Greenland (top right) and Antarctica (bottom right). Lines link the drill site and ice-
storage location for each core (left). Many other archived samples exist in repository facilities around the world. Complete details are available in a corresponding database

(Davidge et al. 2022).

of about -20°C. Cores are typically placed in
insulated shipping boxes for protection dur-
ing field storage and transportation. At polar
drilling sites that remain frozen at the surface
year-round, a shallow, covered trench dug
into the snow is often enough to insulate the
boxed cores for months or years. Storage at
alpine glacier sites can be more complicated
because these sites tend to be warmer and
wetter than polar locations (e.g. Tsushima et
al. 2021). Because of this, drilling at alpine
sites is often seasonally constrained, and it is
important to remove cores from these tem-
perate sites as quickly as possible and place
them in freezer storage.

The availability of onsite storage and field
access limitations determine the method
and frequency of transportation. Because
ice cores from many polar sites can be
safely stored at the drilling location—and
because polar sites are often accessed by
fixed-wing aircraft with substantial capac-
ity for cargo—there is typically less urgency
around transporting these cores, and their
transportation can be scheduled similarly
to other field-site cargo (e.g. Slawny et al.
2014). These cores are sometimes moved
into temporary freezer storage at permanent
research stations before being shipped to
their destination country in refrigerated
shipping containers aboard cargo ships orin
smaller refrigerators aboard large aircrafts.
For ground transport, temperature-con-
trolled containers are transported by truck
to national archive facilities or university
laboratories for analysis.

Distribution and analysis

of ice-core samples

Obtaining diverse measurements on an ice
core typically requires that core samples be
partitioned and distributed to multiple labo-
ratories (Fig. 1c; as in Souney et al. 2014).
Core samples are processed in one of two
ways: discretely, by cutting the ice into small
pieces and measuring the average proper-
ties of each subsample; or continuously, by
melting one-meter "sticks" of the core from
top to bottom and analyzing the resulting
melt stream. It is desirable to make continu-
ous measurements from ice-core samples
when possible, because this method pro-
duces high-resolution timeseries while also
minimizing sample handling and the poten-
tial for contamination (e.g. Osterberg et al.
2006; Réthlisberger et al. 2000). The volume
of ice that is sent to each collaborating
laboratory depends on analytical method
requirements and project objectives.

Long-term ice-core storage

Notably, a portion of many cores has been
archived in long-term storage facilities

for use by future investigators. Ice from
hundreds of field sites is stored in ice-core
repositories within national research centers
or universities (Hinkley 2003). Many of these
samples are available for future research

- and, indeed, many ice-core studies were
conceptualized long after the ice core was
originally retrieved. We provide a map of
selected ice archives in Figure 2. Many core
samples can be accessed by contacting the
repository and proposing new strategies to

leverage existing core samples to answer
outstanding research questions.
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1.2 Water-isotope measurements from polar ice cores

The stable water isotope composition from ice cores has been used as a paleothermome-
ter since the advent of ice-core science (i.e. Langway, 1958; Gonfiantini and Picciotto,
1959; Dansgaard, 1964) and continues to be a key target for nearly all ice-core projects.
Water-isotope data are reported as the fractional difference from an internationally accepted

standard water:

Rsam e

where ¢ is given in parts per thousand (%o, or “permille”), and R refers to the ratio of heavy
to light isotopologues (e.g., *R=n(*H3*0)/n(*H%0) for §'¥0 and *R=n(*H3°0)/n(*H’0)
for 0D) where n is the abundance of either the sample or the standard. By convention, stable
water isotope concentrations are calibrated against both Vienna Standard Mean Ocean Water
(VSMOW) and Standard Light Antarctic Precipitation (SLAP) (see, e.g., Schoenemann et
al., 2013).

During phase changes throughout the hydrologic cycle, water isotopologues undergo
mass-dependent equilibrium fractionation, wherein heavy and light isotopologues are redis-
tributed between phases in the way most thermodynamically favorable (Criss, 1999). The
fractionation factor o quantifies the degree of separation by relating R for the initial phase
to R in the second phase. For a liquid-vapor system at equilibrium described by A<B, the

isotope fractionation factor is defined as:

]ZB
a == 1.2
B/A RA ( )

where Rp and R4 are the ratios of heavy to light isotopologues in the liquid and vapor
phases, respectively. Equilibrium fractionation factors across a range of temperatures have
been determined empirically for each phase of water and exhibit a characteristic temperature
dependence (e.g., Majoube, 1970; Lehmann and Siegenthaler, 1991; Ellehoj et al., 2013;
Casado et al., 2016).



Fractionation continuously modifies the isotopic signature of a parcel of water as it
moves through Earth’s hydrologic cycle, but isotope partitioning is rarely as straightforward
as indicated by 1.2. That is because phase changes in Earth’s atmosphere rarely occur at
true equilibrium: relative humidity in the atmosphere is typically only 80% (Hartmann,
2015), not at saturation (i.e., not at equilibrium). This means that the partitioning of water
isotopologues from a liquid ocean into atmospheric vapor that is described by Equation 1.2
does not reach completion, occurring instead in a steady-state dis-equilibrium that causes
notable non-equilibrium fractionation. Non-equilibrium (or kinetic) fractionation is defined

by the following equation from Merlivat and Jouzel, 1979:

D

(520" (13)

aqif =

where agig 1s the diffusive fractionation factor and D and D* are the effective diffusivities
of the light and heavy isotopologues, respectively. The exponent n is a value between 0 and
1 that reflects environmental conditions such as wind speed and turbulence at the point of
phase change (e.g., during evaporation from the ocean surface) (Merlivat and Jouzel, 1979).
Because the diffusivities are different for each isotopologue (i.e., 'H150, 2H50, 'HTO, THi2O,
etc.), kinetic fractionation yields second-order differences between 6170, 680, and éD; this
gives rise to second-order water isotope quantities “17O excess” (A'70O) and “deuterium
excess” (degpcess), which are both defined below (as in Barkan and Luz, 2010, and Dansgaard,

1964, respectively):

A0 =1In(1+6'0) — 0.528 - In(1 + §'°0) (1.4)
excess = 0D — 8 x 5180 (1.5)

A0 is measured in per meg, and d,,cess is measured in %o, so care must be taken to ensure
unit are consistent when using Equations 1.4 and 1.5, which are unitless expressions. Both
AYO and d,yeess are defined as the excess of the relevant 6 value (i.e. 5170 or 6D, respectively)

from the global meteoric water line. While Equation 1.5 provides the most widely adopted



definition for d,,..ss, the linear slope of 8 is an approximation of a relationship that arises
from nonlinear processes (Uemera et al., 2012; Markle et al., 2017; Markle and Steig, 2021).
An alternative definition of the excess of dD is given by the non-linear formulation of Uemera

et al., 2012 (which was corrected by Markle et al., 2017):

dy, = In(1+6D) — (A x In(1 + 6'°0)* + B x In(1 + §'°0)) (1.6)

a unitless expression where the coefficients A and B are -28.5 and 8.47, respectively. Because
dezeess 18 more widely reported than dj, and because the linear approximation is adequate
for most applications, this thesis primarily considers de,cess, €xcept in Chapter 5, where dj,
is more appropriate and is denoted accordingly.

In the atmosphere, the isotopic composition of meteoric water is distilled as it is carried
from an evaporative source region to its precipitation site. This distillation can be mod-
eled by simple Rayleigh equations, which provide a first-order approximation to observed
isotope-temperature relationships, which are nearly linear at high latitudes (Lorius et al.,
1969; Johnsen et al., 1989). Consequently, stable isotopes of oxygen (§'80) and hydrogen
(0D) have been foundational to ice-core paleoclimate science (Jouzel et al., 1997). Water-
isotope measurements from ice, used as a temperature proxy, alongside corresponding, direct
measurements of past atmospheric composition from the bubbles contained in the ice, en-
ables the study of how the atmosphere has changed with temperature through at least the
last 800,000 years of Earth’s history (Berner et al., 1980; Petit et al., 1999). Measurements
of d.zcess and, more recently, A7O, provide more complete information about the integrated
history of moisture that is archived in polar ice sheets (e.g., Merlivat and Jouzel, 1979;
Landais et al., 2008; Schoenemann et al., 2014; 2015; Markle and Steig, 2021).

Although the initial isotope composition in a snow-accumulation area is determined by
atmospheric thermodynamics, alteration and deformation in both firn (i.e., compacted snow)
and ice can alter the water-isotope signal that is recovered from deep ice cores. For example,
vapor exchange with surface snow can bias the water isotope signal in recent snowfall (e.g.

Casado et al., 2016; Wahl et al., 2021), interstitial vapor transport within the firn column



can smooth the water isotope record through diffusion (e.g. Whillans and Grootes, 1985;
Cuffey and Steig, 1998; Johnsen et al., 2000; GKkinis et al., 2014; Jones et al., 2017a), and ice
flow dynamics can cause thinning and internal deformation (Dahl-Jensen et al., 1997; Alley
et al., 1997; Bell et al., 2011). Characterizing the effects of these processes on the climate
signal is important for interpreting the water-isotope record as a climate history (Casado et

al., 2018).

In fact, interpreting water-isotope records from any ice-core site requires an understand-
ing of the combined history of both atmospheric distillation and post-depositional changes.
Early work to develop the water-isotope temperature proxy relied upon a conceptual model
of atmospheric distillation that allowed qualitative interpretations of isotopic fluctuations
as temperature cycling (Dansgaard, 1964); simple quantitative approaches rely on the mod-
ern isotope-temperature relationship of modern, spatially distributed snowfall (Petit et al.,
1999; Johnsen et al., 2001). Most computational approaches model distillation with Rayleigh
equations to yield quantitative estimates of temperature, most commonly at the precipitation
site (e.g., Merlivat and Jouzel, 1979; Ciais and Jouzel, 1994; Kavanaugh and Cuffey, 2003;
Markle and Steig, 2021). Because polar ice cores comprise snowfall that has been meta-
morphosed into ice, conceptual or computational models of snow (firn) densification and ice
flow are also necessary for disentangling climatic information from post-depositional changes.
Most paleoclimate records are developed from ice cores retrieved from high-accumulation ice
divides, where ice archival and deformation processes are straightforward and can be ac-
counted for with simple models of thinning and diffusion (Dansgaard and Johnsen, 1969;
Johnsen et al., 1995; Cuffey and Steig, 1998). At sites with more complicated histories,
building a conceptual model that accounts for the cumulative history of the archived precip-
itation is necessary for quantitative or qualitative interpretation of the water-isotope record.
This thesis examines water-isotope data from glaciologically disturbed ice-core samples and
leverages information retained by those samples to build a conceptual model of climate and
glacial processes affecting a 6-million-year-old water-isotope history from the Allan Hills of

Antarctica.
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Figure 1.1: Distribution of Allan Hills core sites discussed by this thesis. Satellite imagery is
from the Landsat Image Mosaic of Antarctica (LIMA; British Antarctic Survey and others,
2007) and the surface contours are from the Reference Elevation Map of Antarctica (REMA;
Howat et al., 2019). Modern ice flow is from a local accumulation area in the south (not
shown) towards the nunatak.



Site ID Latitude Longitude Depths Recovered Age range
S27 -76.70330  159.30647  1-224 m 114-254 ka
ALHIC1502 | -76.73286  159.35507  1-197 m 0.3-2.7 Ma
ALHIC1503 | -76.7324  159.3562 126-147 m 0-1.1 Ma
ALHIC1901 | -76.732376 159.356125 136-160 m 0.4-4 Ma
ALHIC1902 | -76.745357 159.374108 134-206 m 0.5-6+ Ma
ALHIC1903 | -76.702435 159.310603 77-144 m 0-216 ka
ALHIC2201 | -76.732027 159.359551 0-90 m 0.3-1.1 Ma
ALHIC2301 | -76.761446 159.408303 2-89 m Not available
ALHIC2302 | -76.745432 159.375134 0-143 m Not available

11

Table 1.1: List of Allan Hills ice cores discussed in this thesis. Each core used in this
thesis is listed alongside geographical data and the depths of returned samples. Details about
dating can be found in Spaulding et al., 2013 (for S27), Higgins et al., 2015 and Yan et al.,
2019 (for ALHIC1502 and ALHIC1503), and Shackleton et al., submitted (for ALHIC1901,
ALHIC1902, and ALHIC1903). ALHIC2201 dates were produced by “°Ar dating at Scripps
Institute of Oceanography and Princeton University and are not yet published (personal
correspondence).
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1.3 The mid-Pleistocene transition and extending ice-core records in time

The oldest published continuous ice-core records are from the European Project for
Ice Coring in Antarctica (EPICA) Dome C core (EDC), which is a 3.2-km-long core that
contains an 800-ky history of precipitation and gases in East Antarctica (EPICA Community
Members, 2004; Jouzel et al., 2007). Data from EDC establish high-resolution observations
of the timing and magnitude of temperature (Jouzel et al., 1997), chemistry (Wolff et al.,
2010), dust (Lambert et al., 2008), and greenhouse gases (Liithi et al., 2008; Loulergue et al.,
2008) over the last eight glacial cycles. These observations were instrumental in identifying
the direct relationship between atmospheric composition and global temperature (Petit et

al., 1999; Shakun et al., 2012).

Sediment-core records extend further back in time, but are limited in temporal resolution
and contain only indirect archives of past climatic conditions. Oceanic §'®0O composition
fluctuates over time as a function of ice-sheet volume, which leads to enrichment of oceanic
5'80:; the incorporation of 680 into the calcite shells of benthic foraminifera depends on the
composition and temperature of the ocean (Hays et al., 1976; Farmer et al., 2023). Marine
sediment cores recover chronological deposits of benthic §'*O extending back millions of years
(i.e. Lisiecki and Raymo, 2005). Observations of glacial cycling with 100-ky regular intervals
were first detected in benthic §'80 (Hays et al., 1976). This observation confirmed theorized
climate sensitivity to orbital variations in Earth’s eccentricity, obliquity, and precession,
which have characteristic periods of 100,000, 41,000, and 22,000 years, respectively. However,
the cause for the apparent dominance of the eccentricity forcing was not clear (Hays et
al., 1976); even more, a separate benthic record identified a change in periodicity from
41-kyear cycles to 100-kyear cycles between 1250 and 700 ka despite no apparent change
in forcing (Shackleton and Opdyke, 1976; Clark et al., 2006; Lisiecki and Raymo, 2005).
This observed shift in the climate’s response to orbital forcings is referred to as the mid-
Pleistocene transition (MPT), and represents a fundamental gap in our knowledge of Earth’s

climate sensitivity (Roe and Allen, 1999; Clark et al., 2006). Investigating the cause of the
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MPT is the focus of ongoing, international research efforts.

Possible explanations for the MPT rely upon ice-sheet growth feedbacks or instabilities
(e.g., Gregoire et al., 2012; Bintanja and van de Wal, 2008; Marshall and Clark, 2002),
erosion of subglacial regolith (Clark and Pollard, 1998), changes in sea-ice extent (Gildor
and Tziperman, 2000; 2001), or changes in ocean circulation and greenhouse gases (Willeit
et al., 2019; Kohler and Bintanja, 2008). Ice cores that extend beyond 1 Ma could provide
additional evidence needed to evaluate the cause or causes of the MPT because they contain
a direct archive of past atmospheric gases and meteoric water, and can therefore be used to
generate corresponding histories of temperature, greenhouse gases, and other observations

that could elucidate causes of this climatic shift.
1.4 COLDEX and shallow coring in the Allan Hills, Antarctica

In 2022, the Center for Oldest Ice Exploration (COLDEX) was established within the
U.S. ice coring community. COLDEX aims to retrieve >1-Ma ice from Antarctica in order
to study Earth’s climate during the MPT. Following earlier work by Spaulding et al. (2013),
Higgins et al. (2015), and Yan et al. (2019; 2021), COLDEX has retrieved several shallow
(<200-m) ice cores from the margins of the East Antarctic ice sheet over the last few years.
These cores, which were recovered from the Allan Hills blue ice area (BIA), have ages as
old as 6 Ma near the bed (Shackleton et al., submitted; Table 1.1), with many recovered
intervals that span the ages of the MPT.

Blue ice areas typically form near the margins of the ice sheets in mountainous locations
where a combination of local topography and katabatic winds cause net ablation of ice and
movement of older layers towards the surface (Bintanja, 1999). This complex ice flow causes
internal deformation on scales that are not known and often results in stratigraphically
disordered layers and complex age-depth relationships (Sinisalo and Moore, 2010; Shackleton
et al., submitted). Developing paleoclimate records from blue ice is facilitated by the absolute
dating of noble gases trapped in bubbles within the ice; specifically, measuring atmospheric

40Ar — which is accumulated in the atmosphere over time due to the continuous crustal
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outgassing of *°K — provides an age constraint (Bender et al., 2008). However, the analysis is
volume-intensive (200-300g minimum; Shackleton et al., submitted), and a lack of theoretical
or observational information about layer thinning in blue ice adds uncertainty to the amount
of time represented by each dating constraint and the continuity of the age-depth relationship
between sampled intervals.

COLDEX researchers across several institutions are working collaboratively to study
ice-core geochemical records and the geophysical context of ice in the Allan Hills. Records
of mean ocean temperature reconstructed from noble gas ratios (Shackleton et al., 2024)
and greenhouse gases (Peterson et al., in review) provide discontinuous snapshots of earth’s
climate over the last few million years. Shackleton et al. (submitted) also demonstrates
that water-isotope data combined from three different core sites imply temperature changes
similar in timing and magnitude to marine records over the last 6 million years. Despite
this, significant uncertainty in interpreting the water-isotope data arises from a fundamental
lack of information about the meteorological and glaciological origins of ice in the Allan Hills
over long timescales.

In this thesis, I present new water-isotope data from a combination of dated and undated
Allan Hills ice cores drilled prior to the 2024-2025 drilling season, and use those data to infer
a conceptual model of water-isotope distillation and preservation controls over multimillion-
year timescales. Locations and age information for cores discussed in this thesis are provided
in Table 1.1 and are included in Figure 1.1. Note that this is not an exhaustive list of ice
retrieved from the Allan Hills, but rather a summary of cores and records that are relevant
to the research reported in this thesis. The cores shown in Table 1.1 and Figure 1.1 are
locations from which water-isotope measurements have been made. Specific datasets that

are referred to by subsequent thesis chapters are summarized by Table 1.2.
1.5 Scope and structure of this thesis

Building a conceptual model for the the climatic and glaciological origins of the ice re-

covered from the Allan Hills is important for developing and interpreting water-isotope data



Site ID
527
ALHIC1502
ALHIC1503
ALHIC1901

ALHIC1902

ALHIC1903

ALHIC2201

ALHIC2301
ALHIC2302

H,0O isotope data

5D
5D, 550
5D, 550
sD, 580

sD, 6180, 670
sD, 580
5D, 550
sD, 580
5D, 550
5D, 550
5D, 580
sD, 580

sD, 5180, 6170
5D, 550
sD, 580

Resolution

0.15+0.07 m
0.104+0.01 m
0.33£0.60 m
0.464+0.51 m
0.01040.001 m
0.0104+0.001 m
3.82+3.56 m
0.4840.34 m
0.010£0.001 m
0.8340.45m
1.1+41.4 m
0.7840.29 m
<0.05 m
0.66+0.31 m
0.46+0.37 m

Type

Depth range

C
C
C
G
X
X
G
C
X
G
G
C
C
C
C

1-224 m
1-191 m
32-147 m
134-160 m
135-142 m
155-160 m
141-207 m
135-162 m
206-207 m
77-143 m
75-145 m
0-90 m
0-68 m
2-89 m
0-143 m
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Source

Spaulding (2013)

Yan (2019)

Higgins (2015), Yan (2019)
Shackleton (submitted)
this study

this study

Shackleton (submitted)
this study

this study

Shackleton (submitted)
Carter (2024)

this study

this study*

this study

this study

Table 1.2: List of water isotope datasets from the Allan Hills that are used in
this thesis. While only § values are listed, note that deycess and A7O can be derived from
corresponding measurements of 4180 and JD or §'80 and 47O, respectively. The resolution
is provided for all discrete samples as the mean4o of the interval between samples. The res-
olution for data produced by continuous-flow analysis is an estimate. Continuous type (C)
samples are primarily spatially continuous between depth intervals. Grab type (G) samples
are primarily discontinuous, and are likely not representative of the full interval between
samples. Datasets marked as X are a combination of types, where continuous measurements
have been made along samples that are not fully representative of the indicated depth inter-
val. An asterisk denotes measurements made in collaboration with others. Published isotope
data are listed by the first author and publication year.
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from these sites. This thesis builds on earlier work to add new constraints on climate and
ice histories in the Allan Hills from water-isotope data. Subsequent chapters establish mea-
surement protocols, climate and ice-flow history inferences, and preservation constraints for
water-isotope composition at the Allan Hills over the last 6 million years using a combination
of water-isotope observations from the Allan Hills and simple isotope modeling of glaciolog-
ical and atmospheric processes. While many questions remain about processes governing
signal preservation in this region, this thesis lays important groundwork for interpreting
water-isotope data from disordered Allan Hills ice. This document contains four additional
chapters, which are briefly described below.

Chapter 2. This chapter establishes measurement protocols for simultaneous measure-
ment of all stable water isotopes (i.e. 470, §'80, 6D, A0, and d. eess') from ice cores.
I designed, constructed, and implemented a continuous-flow sample processing line that is
combined with a laser spectrometer to measure water isotopes in ice cores. Measurements of
0180, 6D, and degeess are routine in many ice-core laboratories; continuous measurements of
A'YO (and §'70) are less common, in part due to uncertainty in the error imparted by the
continuous-flow line. I use the continuous-flow line to make replicate measurements from a
Greenland ice core, quantify the A'7O error, and establish best practices for the calibration
of A'"O. A modified version of the instrumentation described in this chapter is now installed
at the COLDEX laboratory in Corvallis, Oregon.

Chapter 3. This chapter leverages the likeness of the water-isotope composition from
ice with similar spatiotemporal origins to infer details about ice flow at large and small
scales in the Allan Hills. Because the scale of distortion in blue ice is not known a pri-
ori and ice-flow history is poorly constrained, it is possible that core samples have different
spatial or temporal origins, or that same-depth measurements in a single core are not tempo-
rally synchronous. I evaluate the reproducibility of water-isotope data along geographically

distinct depth profiles, both by examining the overall distribution of data logged at each

Note that because both are derived from direct measurements of 680 and 0D, deycess is analytically
equivalent to d,, so this method can be used to determine either or both quantities.
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core site and by cross-correlating 1) meter-scale climatic information between cores and 2)
centimeter-scale climatic information from two sides of a 24-cm ice core. I show that meter-
scale water-isotope measurements are significantly correlated at distances up to 140 m along
a flowline (0.27 < r < 0.80). We show that centimeter-scale measurements within a core are
reproducible on both sides with minor distortion, and that they exhibit similar dip angles
and thinning asymmetry as the meter-scale averages. These results imply a conceptual flow
model of extensional thinning with internal deformation along the flowline as ice is ablated
from the downstream ice surface.

Chapter 4. This chapter confirms that high-frequency information preserved in a well-
dated, stratigraphically disturbed blue-ice core is consistent with climatic information that
has undergone dramatic extensional thinning (with layers likely 10 to 10° times thinner
than at deposition) and moderate diffusion. I develop a refined age scale for new, 1-cm
vertically resolved water-isotope data and compare the data with results from a synthetic
core diffusion experiment based on Dome C climate. I show that measured isotope values
are well-approximated by diffusion of layers with an approximately seven-fold interglacial
accumulation increase. I find a local decrease in 6D, §*¥0, and deyeess Since 725 ka in all
Allan Hills isotope records, and speculate that a combination of upstream elevation changes
and sublimation of blowing snow could cause this change in the observed isotopic relationship
since the MPT.

Chapter 5. In this chapter, I consider changes to earth’s water cycle over multimillion-
year timescales. I use a simple water isotope model to explore the impact of warmer ocean
temperature, enriched ocean isotopic composition, and changed conditions at the ocean-
atmosphere boundary on the water-isotope composition (especially dj,,) of polar snow. I
present new water-isotope data from basal ice in ALHIC1902 that is older than (and strati-
graphically beneath) ice with dates of 5-6 Ma, and demonstrate that the direction of isotopic
changes observed in Miocene ice from the Allan Hills is consistent with distillation in a
warmer world. This work provides initial insight into the temperature-isotope relationship

of polar snow during a warmer climate state.
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CONTINUOUS-FLOW METHODOLOGY FOR STABLE
WATER ISOTOPES BY LASER SPECTROSCOPY
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2.1 Overview

In this chapter I detail the development of a continuous-flow measurement method for all
stable isotopes of water (6170, §'80, 6D, d, and A7O) by laser spectroscopy. Continous-flow
analysis (CFA) is more efficient than discrete sampling and can be integrated with other
measurements to generate synchronized high-resolution records of multiple analytes. For
this reason, CFA is an ideal analytical method for COLDEX cores!. Measuring all stable-
water isotopes (i.e. including 67O and A'70) provides the most information about the
combind history of an ice sample, but inclusion of 6170 and A!7O is less common for CFA
and errors associated with CFA implemntation are not well characterized. While CFA for
water-isotope measurements has been widely adopted since its original implemenation by
Gkinis et al. (2011), the South Pole Ice Core (SPC14) was the first ice core to be analyzed
by CFA including 67O and A0 (Steig et al., 2021); uncertainty remained as to the nature
of fluctuations in calibrated values of A7O over time. The following section addresses this
uncertainty by quantifying the relative and absolute performance of the method on replicate
sections of an ice core from Summit, Greenland, and by identifying improvements to the
calibration technique that can be used to reduce error.

This chapter includes an article reprinted from Atmospheric Measurement Techniques
in Section 2.2 and from Past Global Changes in Section 2.3. Section 2.4 describes the
deployment of this technology for COLDEX research.

2.2 Improving continuous-flow analysis of triple oxygen isotopes in ice cores:
insights from replicate measurements

The following article is reprinted from Atmospheric Measurement Techniques.

In practice, many cores from the Allan Hills are not continuous — that is, not all depth intervals are
recovered as intact cyllindrical core samples, and the quality of core in regards to shape, internal fracture,
and section length is highly variable. Nevertheless, CFA is the most efficient way to generate high-resolution
datasets from core of sufficient quality, and is a desirable tool to have available for COLDEX analysis.
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Abstract. Stable water isotope measurements from polar ice
cores provide high-resolution information about past hydro-
logic conditions and are therefore important for understand-
ing earth’s climate system. Routine high-resolution mea-
surements of 880, 8D, and deuterium excess are made by
continuous-flow analysis (CFA) methods that include laser
spectrometers. Cavity ring-down laser spectroscopy (CRDS)
allows for simultaneous measurements of all stable water
isotopes, including § 170 and 70 excess (A”O); however,
the limitations of CFA methodologies for A'70 are not well
understood. Here, we describe a measurement methodology
for all stable water isotopes that uses a CFA system coupled
with a CRDS instrument. We make repeated measurements
of an ice-core section using this method to explore the repro-
ducibility of CFA-CRDS measurements for A!70. Our data
demonstrate that the CFA—CRDS method can make high-
precision measurements of A'7O (< 5 per meg at averaging
times > 3000 s). We show that the variations within our CFA
ice-core measurements are well matched in magnitude and
timing by the variations within the discrete CRDS measure-
ments; we find that calibration offsets generate most of the
variability among the replicate datasets. When these offsets
are accounted for, the precision of CFA—CRDS ice-core data
for A'70 is as good as the precision of A!7O for continu-
ous reference water measurements. We demonstrate that this
method can detect seasonal variability in A'7O in Greenland
ice, and our work suggests that the measurement resolution
of CFA—CRDS is largely defined by the melt and measure-
ment rate. We suggest that CFA—CRDS has the potential to
increase measurement resolution of §'70 and A!70 in ice
cores, but also highlight the importance of developing cali-
bration strategies with attention to A!70O.

1 Introduction

Records of water isotopologues from ice cores are fundamen-
tal to the study of past climate processes (Dansgaard, 1964).
Oxygen (8'30) and hydrogen (8D) isotope ratios have been
measured routinely in ice-core samples and in other natural
waters due to their well-understood, first-order equilibrium
fractionation relationship to atmospheric temperature (Jouzel
etal., 1997). Additionally, deuterium excess (d) is commonly
used as an indicator of kinetic fractionation processes within
the hydrologic cycle (Merlivat and Jouzel, 1979; Jouzel and
Merlivat, 1984). Deuterium excess is conventionally defined
as

d=8D—8x (3180). (1

Barkan and Luz (2005) showed that measuring 8170 and
8130 at a sufficiently high precision allows for the deter-
mination of 70O excess (A”O), a quantity that, like d, also
reflects nonequilibrium fractionation processes such as sea-
surface humidity (Uemura et al., 2010; Barkan and Luz,
2007) and supersaturation effects during snow formation
(Schoenemann et al., 2014; Schoenemann and Steig, 2016).
A0 is defined by Luz and Barkan (2010) as the deviation
in 8'70 from the global meteoric water line:

A170=1n(3”o+1)—o.szsln(5180+1), )

where § (“delta”) values are expressed as a unitless fractional
deviation from Vienna Standard Mean Ocean Water (VS-
MOW; see, e.g., Schoenemann et al., 2013, for a complete
discussion of nomenclature).

Measurements of §'80, 8D, and d by laser spectroscopy
have been demonstrated by many laboratories (e.g., Kerstel

Published by Copernicus Publications on behalf of the European Geosciences Union.
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et al., 1999; Iannone et al., 2010; Steen-Larsen et al., 2014;
Schauer et al., 2016; Jones et al., 2017a); for water iso-
tope measurements of ice cores, it is increasingly common
to couple a laser spectrometer with a continuous-flow analy-
sis (CFA) system. CFA processing reduces sample handling
and can produce very high depth resolution (originally de-
scribed by Gkinis et al., 2010, 2011). Highly resolved wa-
ter isotope measurements are advantageous for a variety of
studies, such as those that use the water isotope diffusion
length to infer information about firn processes or to recon-
struct temperature histories (e.g., Gkinis et al., 2014; Kahle et
al., 2018, 2021; Jones et al., 2017b). It is desirable to obtain
measurements of §!70 and A'7O at a resolution comparable
to that for 8180, 6D, and d. Corresponding measurements of
both A'70 and d — which have differing sensitivities to ki-
netic fractionation processes — could help to disentangle the
various processes that influence water isotope values during
evaporation, atmospheric transportation, and snow formation
(Angert et al., 2004; Uemura et al., 2010). However, mea-
surements of A!70 require much higher precision than the
other water isotope ratios and have therefore generally been
obtained by isotope-ratio mass spectrometry (IRMS) (Luz
and Barkan, 2010; Landais et al., 2008, 2012a, b; Schoen-
emann et al., 2013, 2014). Because the IRMS method is rel-
atively expensive and time-consuming, A!'7O measurements
from ice cores are limited in spatial and temporal resolution
(e.g., Schoenemann et al., 2014; Aron et al., 2021). CFA for
A'70 has the potential to address this limitation.

Laser spectroscopy enables simultaneous measurements
of §'70, §'80, and D (and therefore d and A'70). Steig
et al. (2014) developed a cavity ring-down laser spectrome-
ter (CRDS) for A0 analysis, sold commercially as the Pi-
carro L.2140-i; other instruments with different spectroscopic
methods have also been developed for A70O analysis (e.g.,
Berman et al., 2013; Tian et al., 2016). Schauer et al. (2016)
demonstrated that the L2140-i CRDS configured with an au-
tosampler can routinely measure A'7O from discrete water
samples with precision and accuracy comparable to IRMS
methods. Steig et al. (2021) obtained continuous measure-
ments of all water isotope quantities (6170, s180, 8D, d,
and A'70) on an ice core from the South Pole by using the
L2140-i CRDS coupled with the CFA system developed by
Jones et al. (2017a). However, despite the potential shown
by these studies, the adoption of CFA—-CRDS for A!7O faces
two primary challenges. First, the integration time required
for high-precision A!”0 measurements by CRDS — approxi-
mately 1000 s to achieve precision of 10 per meg (Steig et al.,
2014) — is much greater than the integration time required to
achieve meaningful precision for & 180, 8D, or d. Second, the
CFA system —i.e., the melting and vaporization process used
to introduce an ice-core sample into the CRDS — may further
degrade the measurement quality by processes that are not
yet well understood. For example, Steig et al. (2021) identi-
fied occasional large (> 20 per meg) offsets in CFA—-CRDS
A0 in their measurements of the South Pole ice core; the
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cause of these offsets was unclear. It is our goal to character-
ize the reproducibility of replicate ice-core measurements of
A0 by CFA-CRDS.

Here, we describe a CFA—CRDS measurement methodol-
ogy that was designed for high-resolution measurements of
A'70. We take advantage of archived ice-core samples from
Summit, Greenland, to make repeated CFA—CRDS measure-
ments of A!70. These samples (collected by Hastings et
al., 2009) provide an opportunity to explore the potential
and limitations of A!'7O measurements by CFA—-CRDS more
fully. We use replicate measurements made by CFA—-CRDS
and discrete CRDS methods to assess the reproducibility of
CFA-CRDS A'70 data and to identify sources of measure-
ment error.

2 CFA-CRDS design and configuration

We use a CFA processing line in combination with a CRDS
laser spectrometer (L2140-i, Picarro Inc., as in Steig et al.,
2014) to measure A'70 of ice-core samples. The function of
the CFA line is to generate a continuous supply of constant-
humidity sample vapor to the CRDS analyzer; to achieve this,
we have built a custom vaporizer unit that is described below.
A constant stream of vaporized sample is important because
errors in isotope-ratio measurements can arise from incon-
sistent vapor pressure at the CRDS inlet (Gkinis et al., 2011;
Schauer et al., 2016). Finally, we aim to reduce diffusion and
mixing within the CFA system to avoid smoothing the result-
ing measurements.

2.1 Custom vaporizer design

Continuous and complete vaporization is critical to reduc-
ing errors in all CRDS stable water isotope measurements,
and it is especially important for attaining the per-meg preci-
sion necessary to detect meaningful variations in A'7O. Pre-
vious studies have achieved continuous vaporization by heat-
ing sample water in the presence of dry air, either within an
insulated stainless-steel tee (e.g., Gkinis et al., 2010, 2011)
or within a concentric glass nebulizer with a vaporizing tube
(e.g., Emanuelsson et al., 2015; Jones et al., 2017a). Gkinis et
al. (2010, 2011) designed a flash vaporization process to in-
stantaneously vaporize a continuous stream of sample water;
the flash vaporization process involves a continuous stream
of water that is combined with a continuous stream of dry
air inside a 0.50 mm internal diameter stainless-steel tee that
is maintained at near-ambient pressure. Steig et al. (2021)
measured A'70 by CFA-CRDS with the CFA configuration
of Jones et al. (2017a): a continuous stream of water sam-
ple at 1030kPa (150 psi) is aerosolized within a concentric
glass nebulizer; the aerosolized sample droplets then evapo-
rate completely within a 1.8 cm internal diameter, 20 cm long
glass vaporizing tube that is heated to 200 °C. In this configu-
ration, the CRDS analyzer draws vaporized sample from the
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vaporizing tube, and excess sample vapor is vented to the
laboratory air (Jones et al., 2017a; Steig et al., 2021). Two
critical differences between the Gkinis et al. (2010, 2011)
and Jones et al. (2017a) methods are the volume of the va-
porization chamber and the volume of vapor that is gener-
ated. The smaller volume of the flash vaporizer should limit
signal smoothing between the vaporizer and the analyzer.
However, the flash vaporization method described by Gki-
nis et al. (2010, 2011) generates vapor at approximately the
rate that is required by the analyzer, whereas the nebulizer
method of Jones et al. (2017a) produces an excess of vapor
that is vented prior to reaching the analyzer. Producing ex-
cess vapor is another way to limit the signal smoothing up-
stream of the vapor vent because it increases the velocity of
sample through the system.

For this study, we built a custom vaporizer unit that bene-
fits from both the small volume of the flash vaporizer and also
from the production of excess sample vapor; we also adopted
additional monitoring techniques to ensure that there are sta-
ble flow conditions within the system during analysis. We use
a 0.50 mm stainless-steel tee like Gkinis et al. (2010, 2011)
but instead operate our vaporizer at a high mixing pressure
(typically 200 kPa) to produce excess vapor. A small system
volume combined with a high volumetric flow rate leads to
a short retention time within the vaporizer that limits mixing
of adjacent ice-core layers. An additional benefit of the small
vaporizer volume is that flow inconsistencies (i.e., changes
in sample flow rate caused by flow obstructions or bubble
interruptions) that may occur within the vaporizer can be ob-
served by the 1 Hz CRDS measurement values; patterns in
water vapor concentration or instantaneous isotope readings
provide information about vaporization conditions that is im-
portant for identifying and avoiding water isotope fractiona-
tion. We use CRDS observations of water concentration and
uncalibrated water isotope values as well as electronic pres-
sure sensors to infer vaporization conditions that may affect
A'70. This information is used to tune the CFA—-CRDS sys-
tem prior to analysis, with the goal of reducing possible iso-
tope fractionation that may cause errors in A'7O; this process
is described more fully in Sect. 3.1.

2.2 CFA-CRDS system configuration

The CFA process from the ice-core melter to the vapor-
izer and vapor analyzer is described below and illustrated in
Fig. 1. Glacial ice is melted on a 30 mm x 30 mm aluminum
melt head that is fitted with four resistance heater cartridges
and held at constant temperature by a PID controller (Bigler
etal., 2011). Sample melt is drawn away from the melt head
and through an automated selector valve (VICI, p/n C25Z-
3186EMH) by a dedicated peristaltic pump, PUMP-1 (Mas-
terFLex L/S 7535-04). The automated valve is configured
to select a rotating sequence of calibration standards when
ice cores are not being measured. Sample melt is carried by
0.5 mm internal diameter PFA conveyance tubing between all
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system components prior to the vaporizer; PFA tubjng was
chosen because its transparency is advantageous for identi-
fying bubbles and investigating flow instability issues. From
PUMP-1, water flows through a Darwin Microfluidics gas-
permeable membrane bubble trap (44 pL internal volume,
p/n LVF-3526) where bubbles are removed and vented into
the laboratory air. Excess water pressure is relieved at a vent.
Sample water is drawn away from the vent by PUMP-2 (same
model as PUMP-1), whose flow rate is set to match the de-
mand of the downstream vaporizer. The vent accommodates
the difference between PUMP-1, which controls the melt
rate, and PUMP-2, which controls the vaporization rate. Wa-
ter flows through 2 and 1 pm in-line filters in series to re-
strict the flow of particulates into the vaporizer. PUMP-2 is
also preceded and followed by electronic pressure sensors
PI-1 (Elveflow PS3-Small) and PI-2 (Elveflow PS4-Small)
to monitor injection pressure conditions and pump and fil-
ter performance. Typically, the pressurized dry air entering
the vaporizer adds back pressure on the liquid sample injec-
tion line, which damps the cyclic pressure fluctuations of the
peristaltic pump and stabilizes flow into the vaporizer. The
system also includes a flow valve (FV-1) that can be used to
adjust the back pressure on PUMP-2 before making a mea-
surement.

At the vaporizer, filtered sample water is mixed and heated
with dry air to produce a constant-humidity stream of vapor-
ized sample. Immediately before entering the vaporizer, the
liquid sample line is reduced to a 100 um fused silica cap-
illary tube. The 100 um capillary provides sufficient flow re-
striction that is important for efficient vaporization while also
performing well for periods of several days without clogging.
The custom vaporizer includes a 0.50 mm internal diameter
tee heated to 170 °C using a PID-controlled resistance heater
cartridge, similar to Gkinis et al. (2010, 2011). The vaporizer
combines pressurized dry air with liquid sample, and it is set
within an aluminum enclosure that is lined with 3.175 cm of
calcium silicate insulation. After the sample is vaporized, the
vapor is drawn into the optical cavity where it is measured,
and excess vapor is vented into the laboratory. Vapor is car-
ried from the vaporizer to the optical cavity within insulated
tubing to prevent condensation.

2.3 Design choices to mitigate memory effects

Design choices for the CFA system are intended to reduce
and characterize the memory between measurements. Be-
cause our automated selector valve is positioned immediately
after the ice-core melt head, reference waters pass through all
components of the sample handling system except the melt
head and its tubing; by design, the mixing length expected
between measured ice-core layers with differing isotopic
compositions can be approximated by the mixing length rep-
resented by transitions in reference waters if all other sys-
tem conditions are identical. Mixing length within the sys-
tem is reduced by increasing the flow velocity and therefore
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Figure 1. Process flow diagram of the CFA system. Thick dashed lines indicate transitions between temperature-controlled process spaces.
Note that F-1 and F-2 are filters, PI-1 and PI-2 are pressure sensors, and FV-1 is a flow valve.

limiting the sample retention time in two ways: overall sam-
ple handling system volume and tubing diameters are min-
imized where possible, and excess sample volume is drawn
through the entire system during ice-core analysis. Approx-
imately 6 times more water is handled by PUMP-1 than is
sent by PUMP-2 into the vaporizer; excess liquid volume is
vented before PUMP-2. Similarly, approximately 30 times
more vapor is generated than is analyzed; excess vapor is
driven by the differential between PUMP-2 and the L2140-
i inlet pump, and it is vented to laboratory air immediately
before vapor enters the optical cavity. In this way, the liquid
and vapor tubing is flushed with many times more sample
volume than is required for analysis.

3 CFA-CRDS operations and measurements

We designed an operational sequence for reference water and
ice-core measurements during a period when lab work was
intermittent due to the COVID-19 pandemic. The CFA sys-
tem was configured to automatically measure an alternating
sequence of three in-house reference waters over a period
of approximately 7 weeks; reference waters included Seat-
tle tap water (SW2), West Antarctic Ice Sheet Divide snow
(CW), and South Pole snow (SPS2), as shown in Table 1
and indicated in Fig. 2. Measuring reference waters continu-
ously allows us to explore the long-term changes in system
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calibration while also informing maintenance requirements
over long timescales. When available, an operator prepared
and measured an ice-core section between reference water
measurements. The need for frequent calibration of CRDS
data for A'70 has been well documented (e.g., Schauer et
al., 2016), and continuous reference water measurements en-
sured that there were calibration data available adjacent in
time to each intermittent ice-core analysis.

We operated the CFA—-CRDS system to measure nine re-
peated sections of an ice core and a repeated sequence of in-
ternal reference waters that we used to calibrate the ice-core
measurements. We also measured a replicate ice-core sec-
tion by discrete CRDS for comparison. Repeated reference
water measurements are used to develop a calibration for the
ice-core data. We compare our calibrated CFA—-CRDS A!70
data with the discrete measurements to evaluate this method.

3.1 Operational considerations to maintain efficient
vaporization

Because the vaporizer is sensitive to small fluctuations in
sample flow rate, a careful balance of system pressures is
required to control sample flow (Gkinis et al., 2010, 2011);
specifically, the pressure of the sample at the vaporizer in-
let must be slightly greater than the pressure of the dry air
within the vaporizer. Maintaining a balance between the air
pressure and sample pressure within the vaporizer requires
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Table 1. Isotopic values of reference waters. SW2 is Seattle deionized tap water, CW is melt water from the WDCO6A core (i,c,, West
Antarctic Ice Sheet precipitation), and SPS2 is South Pole snow. These three waters were normalized to the VSMOW-SLAP scalé using
other in-house reference waters that were analyzed against VSMOW, SLAP, and GISP. The calibrated 8170 values are calculated from the
combination of A170 and §'80 and are therefore reported to four significant digits (see Schoenemann et al., 2013, for additional details).

Reference water 8170 8180 sD d ‘ Al70
(origin location) %o vs. VSMOW per meg vs.
VSMOW
SW2 (Seattle) —-5.7107  —10.85 —77.96 8.84 33
CW (West Antarctica) —17.8807 —33.64 —265.95 3.17 25
SPS2 (South Pole) —25.1210 —47.07 -—365.20 11.36 15
30 L PO s e et e ve— downstream, which can occur as particulate loading within
a3 w0l ,»' | F-2 or as mineral precipitation within the capillary or vapor-
go I izer. The pressure at PI-2 generally varied between 200 and
= 50 © 400 kPa, depending on the injection air pressure and the pre-
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Figure 2. Uncalibrated 1 Hz measurements of §'80 for the alternat-
ing sequence of reference waters during a full analysis day (c). The
200 s preceding and 800 s following four reference water transitions
are shown in the other panels; two transitions (shown in orange and
green) from SPS2 to CW are stacked in panel (a) and two transitions
from CW to SW2 are stacked in panel (b).

knowledge of both pressure conditions. We monitor pres-
sures at PI-1 and PI-2 so that it is possible to diagnose the
source of system pressure changes when they occur; we also
fix the pressure of the dry air line with the back pressure reg-
ulator (typically 200kPa). Vacuum conditions at PI-1 indi-
cate particulate loading across the filter screen at F-1; the
filter screen will clog over time, and if the filter screen is
not replaced, suction from the inlet of PUMP-1 can draw a
vacuum at PI-1. Vacuum conditions at PI-1 can impact the
downstream peristaltic pump (PUMP-2) performance, ulti-
mately causing inconsistent flow into the vaporizer and ana-
lyzer. Under optimal analysis conditions, the pressure is near
ambient at PI-1. A decrease in pressure at PI-2 indicates up-
stream vacuum conditions or worn peristaltic pump tubing at
PUMP-2. An increase in pressure at PI-2 indicates clogging
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izer, which enables the system to operate in balance for days
or even weeks. However, over time, precipitate accumula-
tion within the vaporizer can restrict the flow of air, water, or
both; this typically requires re-balancing of system flow con-
ditions, but it can occasionally require removing and cleaning
the vaporizer fittings with soap, water, and physical agitation.

During operation of the CFA—CRDS, intermittent reduc-
tions in water vapor concentration can occur within the va-
porizer, which can produce perturbations in the isotope data.
Gkinis et al. (2010, 2011) described sample flow inconsisten-
cies at their CFA flash vaporizer that caused extreme outliers
in isotope data, though the cause of the fluctuations was un-
clear. We observe similar fluctuations, and the pressure sen-
sor data provide insight into their cause. We find that the most
common causes of such variations are microbubbles entering
the vaporizer owing to particulate loading, which can cause
poor debubbler performance and can also cause blockages to
form within the small tubing fittings. Microbubbles that re-
main suspended in the fluid stream after the debubbler cause
volumetric flow rate reductions at the vaporizer inlet. Block-
ages within fittings upstream of PUMP-2 can cause extreme
vacuum conditions before the pump (i.e., pressure observa-
tions associated with blockages were as low as —140 kPa be-
fore PUMP-2 instead of the typical ambient conditions); this
can lead to the contamination of system tubing with small
bubbles that also cause temporary flow reductions. To avoid
these inconsistencies, we find that it is important to periodi-
cally clean the debubbler unit and to maintain ambient pres-
sure at the PUMP-2 inlet by replacing clogged filter screens
or tubing fittings. Although data outliers could be systemat-
ically removed (as done in Gkinis et al., 2011), occasional
bubbles do not substantially impact the isotopic mean value
of our ice-core measurements and are retained here. We do
exclude some reference-water calibration data, where bubble
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interruptions are most frequent due to limited operator over-
sight during the automated reference water measurements.
Calibration measurement criteria are discussed in Sect. 3.4.

In addition to monitoring pressure evolution across the
system, we can also observe the quality of vapor at the CRDS
analyzer via characteristic patterns that arise in the CRDS
data. Specific patterns in water vapor concentration and 880
that emerge from unstable flow into the vaporizer are shown
in Fig. 3. We observe that pulsating flow conditions can cause
incomplete vaporization, identified by anticorrelated fluctua-
tions in water vapor concentration and §'80. When a pulse
of water overwhelms the vaporizer, the isotopic composition
becomes lighter as Hé(’O preferentially evaporates into the
vapor stream; as the vaporizer dries out between pulses, the
isotopic composition becomes heavier, exhibiting an evapo-
ration signal. Pulsating flow conditions are caused by pres-
sure fluctuations from the peristaltic pump (> 70 kPa) when
insufficient back pressure is applied on PUMP-2. The result-
ing patterns have a large amplitude (up to 10 000 ppm for wa-
ter vapor and several %o for §'80) and a frequency that mir-
rors that of the peristaltic pump (e.g., Fig. 3a). The observed
fractionation that occurs during these vaporization conditions
leads to large calibration bias for A!70, causing errors of
tens to hundreds of per meg. If there is sufficient back pres-
sure at PUMP-2, the pressure readings at PI-2 are typically
< 40 kPa. We attribute small fluctuations in §'80 that are an-
ticorrelated with water vapor concentration to the incomplete
vaporization of individual droplets (e.g., Fig. 3b). Because
inconsistent flow into the vaporizer can cause isotope frac-
tionation and because it is important to measure calibration
standards under the same conditions as the ice-core samples,
we tune the system to maintain steady pressure readings at
the vaporizer inlet prior to calibration standard and ice-core
analysis, as discussed in Sect. 3.2; vapor concentration data
that are typical of a well-maintained CFA system are shown
in Fig. 3d.

3.2 Measuring A'70 by CFA—CRDS in ice-core
samples

Approximately 12 to 24 h before making an ice-core mea-
surement, an operator maintained the CFA system to balance
the flow rate into the vaporizer. For example, when indicated
by anomalously high or low pressure sensor data, the filter
screens, peristaltic pump tubing, or capillary tubing were re-
placed. When indicated by CRDS data trends as in Fig. 3,
the vaporizer components were cleaned. Returning the CFA
system to a balanced state before making measurements of
all reference waters increases the likelihood of having us-
able, high-quality calibration data against which to calibrate
the ice-core samples. At other times when ice-core measure-
ments were not made, the system occasionally drifted out of
balance and was not actively maintained such that some of
the reference water measurements are of lower quality than
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Figure 3. Observations of vapor quality as real-time indicators of
vaporizer performance. Each panel shows corresponding observa-
tions of water vapor concentration and 8180 of SW2, reported in
parts per thousand vapor (pptv) and %o, respectively. Panels (a)
and (b) show observations indicative of imbalanced vaporizer con-
ditions for large and small pressure imbalances, respectively. Pan-
els (¢) and (d) show observations indicative of acceptable vaporizer
performance. Though both include low-variability observations of
s180 (0 <0.3%0) and of water vapor concentration, (¢) also in-
cludes microbubble interruptions at the vaporizer (e.g., at 5 and
440s). Panel (d) indicates optimal vaporizer performance. Note that
the vertical scaling of (a) is different from the other panels.

those used to calibrate the ice-core measurements. This is
discussed in more detail in Sect. 3.4.

We cut an 87.5 cm ice-core sample from ~ 92 m depth be-
neath the surface at Summit, Greenland, into nine 26 mm
square slices to prepare them for continuous analysis. Af-
ter preparing these nine CFA sticks, a 10th section of core
was cut into 63 discrete depth intervals. Discrete ice samples
were melted in sealed polyethylene sample bottles in a re-
frigerator at 4 °C. We measured the 87.5 cm section of ice 10
times: the nine replicate slices were measured by the CFA—
CRDS configuration described above, and the 10th measure-
ment was made by a discrete injection of 63 melt samples
from the core using the commercially available vaporizer unit
(Picarro p/n A0211) and automated injections as in Schauer
et al. (2016). The depth resolution of the discretely measured
ice is 1.39 cm.

For all CFA measurements, we made visual observations
of the core height to monitor the melt rate during analy-
sis, then later assigned a high-resolution depth equivalent for
each analysis time that is based on the value of §'80 and the
measured depth of discrete samples. Previous work has mon-
itored core depth with electronic distance meters (e.g., Bigler
et al., 2011; Jones et al., 2017a), and such measurements are
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critical for depth registration for routine CFA measurement
campaigns. Here, we forego electronic depth registration and
instead adjust initial depth estimates for each core section by
aligning the seasonal cycle of §'80 for all core samples. As-
signing depths by aligning the §'80 variations should largely
eliminate depth-registration errors, since the strong seasonal
8180 variations must be essentially identical in each replicate
sample, and the signal-to-noise ratio for 8!80 is very high.
Summit, Greenland, has a modern annual accumulation rate
of 24 £ 5 cm (ice equivalent) per year (Meese et al., 1994;
Dibb and Fahnestock, 2004; Hawley et al., 2008, 2020), and
we expect to see 2 to 3 years represented by the core sam-
ple that we measured in replicate (Hastings et al., 2009). We
compressed the timescale of each CFA time series to maxi-
mize the cross-correlation of §180 (0.93 < r < 0.99) between
the CFA measurements and the discrete measurements. We
then assigned each CFA time a depth equivalent based on the
depth of the corresponding discrete §'80 data. We note that
the amplitude of the seasonal variations in §'30 is somewhat
compressed in the lower ~ 30 cm of this core sample, so the
depth designations for this interval are likely a greater source
of error than in the rest of the ice. Nevertheless, we are con-
fident that our depth registration is precise to within 1 cm or
better, determined by assessing the variance in depth assign-
ments at inflection points.

3.3 Operational choices to mitigate memory effects

Mitigating memory effects is important for both ice-core
and reference water measurements; in addition to the de-
sign choices highlighted in Sect. 2.3, there are several op-
erational choices that were made to reduce the memory be-
tween isotopically distinct waters. For example, increasing
the pump rates at PUMP-1 during ice-core analysis should
drive shorter retention times within the tubing upstream of
the liquid vent, which should reduce system mixing. In this
way, the transition times for reference waters (shown in
Fig. 2) are a conservative estimate of mixing effects. The
transition time between measurements of reference waters
generally varied between 180 and 360 s. We therefore assume
a conservative mixing time of 360s during reference water
transitions, and we ignore the 360 s that initiate and conclude
each reference water measurement. Before measuring each
section of ice (which is typically ~ 1 m long), we also con-
dition the system with at least 10 min of water with similar
isotopic composition to prevent mixing between isotopically
disparate reference waters and ice-core samples at the begin-
ning of the analysis. Finally, the replicate CFA—-CRDS mea-
surements that are the focus of this study provide a practical
evaluation of the effects of memory on measurement fidelity
in this configuration.
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3.4 Calibrating CFA-CRDS A'70 data 9%
To achieve an accurate calibration, similar treatment of refer-
ence waters and sample melt during vaporization is critical.
For this study, we measured the calibration standards imme-
diately before and after measuring an ice-core section; this
ensures the most comparable treatment of reference waters
and sample melt. Achieving similar treatment also requires
that the system is stable during the entire measurement pe-
riod, including reference water measurements and ice sample
measurements. Because an individual ice-core measurement
takes a few hours at the melt rates that we employ, we limit
our reference water measurements to 3h each to increase
the likelihood that the complete sequence of reference wa-
ters and ice-core samples is measured under similar CFA and
CRDS conditions.

To calibrate our measurements, we create a two-point lin-
ear calibration from the nearest measurements of our inter-
nal reference waters, SW2 and SPS2; a third reference water
(CW) is used as an independent verification of the calibra-
tion. The values of SW2, CW, and SPS2 have been mea-
sured independently and are normalized to the VSMOW-
SLAP scale as in Schoenemann et al. (2013). An alternat-
ing sequence of the three reference waters was measured be-
tween ice core analyses; the selector valve was programmed
to automatically switch between the reference water con-
tainers every 3 h. Automated reference water measurements
were typically unsupervised. Reference water measurements
were automated and typically unsupervised. Because mea-
surement conditions evolve over time due to particulate load-
ing and mineral precipitation within the CFA components
and because there were periods of time during the analysis
window when no operator was available to monitor system
conditions, there were periods of time during which the wa-
ter vapor concentration was outside the ideal range, during
which large bubbles or other flow inconsistencies degraded
the quality of reference water data, or during which the CFA
system was not operating; consequently, only about 50 % of
the data within the study period is included in this analysis,
as described below and in Table 2. We automatically reject
calibration data and measurements of CW that were gener-
ated from water vapor concentrations beyond the targeted
range (i.e., <20000 or > 50000 ppm) or data with insuffi-
cient vaporizer operations, indicated by o513 > 0.5 %o across
the measurement window. Typical variability of water vapor
concentration within a single 3 h period is 0.5 % to 5 %. We
identify transitions from one reference water to the next in
the data by the second derivative of §D and assign known
standard values based on the uncalibrated measurement val-
ues of §D. We include measurements of SW2 and SPS2 that
contain at least 6000 s of analysis time, and we trim 360 s
of data from the beginning and end of each measurement
interval to avoid memory effects. The mean and standard
deviation of the analysis time for calibration standard data
are 9350 = 660 s. To calibrate all ice-core and CW measure-
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Table 2. Sequence of CFA—CRDS measurements, including calibration information and calibration offset determined by Eq. (5) fo,
resolved data. Note that the long reference water measurement of SW2 used to generate Fig. 7 was made on 18 September 2020.

L. Davidge et al.: Improving continuous-flow analysis of triple oxygen isotopes in ice cores

.39cm
SO note

that none of the reference water measurements on 8 September were acceptable to use for calibration and that the large calibration offset for
this measurement may be attributed to instrument drift or a change in CFA conditions between 8 and 9 September. Notable flow instabilities
led to vaporizer cleaning on 14 September and 8 October 2020, and no measurements were made between 27 September and 8 October 2020.

JEMS2 (91.28-92.15m) SW2, CW, SPS2 mig b1y big A0 offset
measurement date measurement date (unitless)  (unitless) (%0) (%0) (per meg)
1 September 2020 1 September 2020 1.0163 1.0068 45250 —1.6133 —13
1 September 2020 2 September 2020 1.0094 0.9999 44551 —1.6766 -9
2 September 2020 2 September 2020 1.0094 0.9999 44551 —1.6766 -6
4 September 2020 4 September 2020 1.0089 0.9996 44396 —1.6892 1
8 September 2020 9 September 2020 1.0132 1.0040 45910 —1.5211 -25
15 September 2020 15 September 2020 1.0065 0.9971 42982 —1.9084 8
25 September2020 25 September 2020 1.0058 0.9966 44130 —1.6878 19
9-10 October 2020 10 October 2020 0.9983 0.9908 4.2542 —1.8581 9
10 October 2020 10 October 2020 1.0054 0.9967 44621 —1.5888 5

ments made during this study, we use 47 continuous 3 h mea-
surements of SW2 and 40 continuous 3 h measurements of
SPS2. All analyses include measurements for 8170, s180,
and 8D. Calculations of d and A!”O were obtained from the
calibrated & values as given in Egs. (1) and (2), respectively.
Calibration for A'70 is more completely described below.

The calibration data used for all measurements are gen-
erated from adjacent measurements of SW2 and SPS2 that
meet the screening criteria above; calibration data and the
sequence of CFA—-CRDS measurements are provided in Ta-
ble 2. For each calibration of CW or ice-core data, we employ
the nearest measurements of SW2 and SPS2 for the calibra-
tion. The calibration is performed separately for §!70 and
8180: using a least-squares approach, we fit a linear equation
to the uncalibrated average measurements so that the cali-
brated SW2 and SPS2 measurements match their known val-
ues. The calibration equation therefore becomes

Scalibrated = M X Suncalibrated + b, 3

where 8 represents either §!70 or 8'80. An account of m
and b for both 870 and §'80 is shown for all measurements
in Table 2. Finally, A'70 is calculated from the calibrated
values of §'70 and §'%0:

A17Ocalibrated =In (8 17Oca]ibrated + 1)
—0.5281n (6" Ocatratea + 1) )

The mean and standard deviation of all CW measurements
of A'70 during the analysis period are 254 12 per meg
(n =53). The subset of CW measurements with the most
consistent CFA operations — and therefore the lowest vari-
ability for 8180 (o < 0.06 %) — had corresponding A'7O val-
ues of 25 £ 6 per meg (n = 36). Low variability among refer-
ence water measurements gives confidence in the use of this
system for this study of replicate ice-core measurements.
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3.5 Processing CFA-CRDS A'70 data

After assigning approximate depth values and calibrating the
~ 1 Hz data, we discretize the CFA—CRDS data by binning
the calibrated data into prescribed depth intervals and aver-
aging across the entire interval. This enables a direct com-
parison between the continuous CFA-CRDS time series and
the discrete CRDS measurements. Small differences in the
instantaneous melt rate cause some variability in the data-
averaging duration for each reported measurement; the typ-
ical instantaneous melt rate was ~ 0.3 cmmin~!, but rates
ranged from ~0.1 to ~0.4cmmin~' during analysis. We
report our CFA—-CRDS measurements with 1.39 cm resolu-
tion to match the resolution of our discrete CRDS measure-
ments. We also explore the effects of depth resolutions that
range from 0.5 to ~40cm, given that increasing the averag-
ing window of the ~ 1 Hz spectroscopic measurements re-
duces instrumental noise (e.g., Werle et al., 1993; Gkinis et
al., 2010, 2011; Steig et al., 2014, 2021; Schauer et al., 2016;
Jones et al., 2017a).

4 Results and analysis

Our isotope measurements capture a period of approximately
2 years of precipitation, as expected for a Greenland ice core
from the depth we analyzed (discussed in Sect. 3.2). The sea-
sonal cycle of 8!80 is shown in Fig. 4. We estimate that our
depth assignments are accurate to <7 mm throughout the
core by determining the variability in depth assignments at
all inflection points; this allows us to compare CFA—-CRDS
measurements of A'70 at the ~cm scale, an appreciably
finer resolution than has previously been reported. Our com-
parison quantifies the reproducibility of our measurements
and identifies sources of variability among these CFA—-CRDS
A0 data.
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Figure 4. Comparison of discrete CRDS ice-core measurements
(black) with calibrated CFA—CRDS data averaged over 1.39 cm in-
tervals (blue). Corresponding 8180 and d data are shown for sea-
sonal context. Discrete CRDS measurements are shown with the
root mean square error of corresponding reference water measure-
ments (grey shading), and CFA-CRDS measurements are shown as
the mean of nine measurements with the standard error (blue shad-
ing). Note that 880 and d are reported in %o and that A0 is
measured in per meg; each vertical axis uses different scaling.

4.1 Seasonal A'70 variations in replicated CFA and
discrete measurements

We compare our CFA-CRDS data for A'70 with discrete
CRDS measurements to evaluate the CFA—CRDS method.
We present the mean value and standard error of all repli-
cate measurements in Fig. 4 with 1.39 cm averaging (rep-
resenting approximately 270s of data per interval for each
individual CFA—-CRDS replicate); Fig. 4 also shows the dis-
crete CRDS measurements with the root mean square error
of the corresponding discrete reference water measurements.
The mean of all CFA-CRDS measurements (representing
more than 2000 s of data per interval) is well correlated with
the discrete measurements (r =0.52, where 0.28 <r <0.69
with 95 % confidence), especially in the upper 50 cm of the
core (r =0.74, where 0.54 < r < 0.88 with 95 % confidence).
Both the CFA—-CRDS data and the discrete CRDS data show
clear seasonal A0 variations at this measurement resolu-
tion that are matched in magnitude and timing.

4.2 Error attribution for CFA—-CRDS A170
measurements

Next, we characterize the variability observed among our
nine CFA-CRDS measurements. In addition to the depth
alignment errors discussed above, sources of variability in-
troduced by the CFA-CRDS method may include high-
frequency instrumental noise, calibration errors, and smooth-
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ing or bias generated by mixing within the CFA gystem.
High-frequency, high-amplitude noise (~ 1 %o) in the uncali-
brated CRDS data is inherent to the instrument and can cause
large aberrations from the true value of A'70, especially
over short averaging times; long averaging times (> 1000 s)
are typically used when measuring A!’0O by CFA-CRDS
to minimize instrumental noise. Calibration errors in A'70
occur when measurement treatment differs between calibra-
tion standards and samples or between calibration standards;
this can cause fractionation to occur in the uncalibrated §'70
and 8'80 measurements, leading to biased calibration slope
and intercept information. Despite efforts to stabilize vapor-
izer system conditions prior to ice-core sample analysis and
to measure ice-core samples with the same treatment, it is
likely that some calibration errors persist in our ice-core data
because it is not possible to measure the standards and the
sample at the same time. Finally, CFA measurement error
for A'70O may result from mixing isotopically distinct wa-
ters during CFA processing or from other processing issues
that affect the internal variability (i.e., perceived seasonality)
of the continuous ice-core measurement.

Typical CRDS characterization studies have used repeated
measurements of reference waters to identify measurement
error; for this study, we instead use repeated measurements
of an ice core to characterize the sources of the measure-
ment error. By measuring reference waters, it is possible to
approximate the precision of the uncalibrated measurements
by determining the effect of averaging time on the intrinsic
noise of the measurement; it is also possible to quantify the
variance of the calibrated, averaged data. Our best data for
CW were measured at 25 £ 6 per meg, but without additional
information, it is not straightforward to identify whether the
error associated with this measurement is caused by instru-
mental limitations, calibration bias, or other CFA processing
effects. Our replicate CFA—CRDS measurements provide an
opportunity to identify the source of CFA—CRDS errors be-
cause we can separately analyze the variability internal to
each time series (e.g., due to the seasonal cycle of A0 or
due to CFA errors) and the variability between the mean val-
ues for each ice-core replicate (e.g., due to calibration off-
sets); further, we can compare this variability with instrument
expectations at different averaging times

To isolate the error imparted by the calibration strategy,
we processed the data in two ways: first, we calibrated the
data as described in Sect. 3.4, and second, we set the mean
values of all calibrated CFA measurements equal to the mean
value of the discrete CFA measurements in order to consider
only the variability internal to each measurement. Steig et
al. (2021) demonstrated that making a linear adjustment to
the calibration intercept for §'70 and §'80 could reduce the
noise of their CFA—-CRDS measurements for A0 in the
SPC14 core. They exploited additional reference water in-
formation taken before or after the CFA measurement to de-
fine an adjusted calibration intercept value. Here, we can in-
stead use the mean value of the CFA—CRDS measurements
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themselves, further eliminating uncertainty around this cor-
rection by setting the mean of each calibrated CFA—-CRDS
time series equal to the mean value of our discrete ice-core
measurements; in this way, we are able to eliminate offsets
in calibration and examine the variability within each contin-
uous measurement. We define the calibration-adjusted A70
data as below:

17 17
A" Oygdjusted CFA = A" Ocalibrated CFA

1 n
17 ;
+ ; X E A" Ocalibrated discrete (i)

i=1

1 n
— = x Y A7 Ocqiibrated cEA (D). &)

L

where the value of n, which represents the number of data
points per meter, varies as a function of the depth resolution.

The calibration offset error is therefore A”Oadjusted CEA —
A7 Ocatibrated cra- Equivalently, A Oygjusiedcra can be ex-
pressed in terms of §'70 and §'80 using calibration correc-
tion information that is based on the differences between av-
erage 8'70 and §'80 values for the discrete and continuous
datasets. That is,

17
A" Oygdjusted CFA =

In (m17 x 8" Ouncalibrated cFA + 17 4+ b17_corr + 1)

—0.5281n (115 x 8" Ouncatibatea + b1s + b1s_com + 1) . (6)

where the correction values b17 corr and big_corr are defined
by the difference in mean 6 for CFA and discrete measure-
ments. This calibration adjustment method is analogous to
that used in Steig et al. (2021).

Evaluating both A7 Ocgiprated cFa and A7 Oygjusted cra al-
lows us to disentangle the calibration offset error from other
sources of measurement error. We discretized the CFA-
CRDS data to a series of depth-resolution schemes that
ranged from 1.39 to 43.75 cm; the data are provided for three
different depth resolutions in Fig. 5. We calculated the stan-
dard error for all depth intervals across all measurement reso-
lutions. The total error for the A7 Ocyjibrated CEa and the error
for the A”Oadjusted CFA are approximated by the blue and red
lines in Fig. 6, respectively. The region between the two solid
lines is the fraction of the total error that can be attributed to
the calibration offset. Figures 5 and 6 indicate that the cali-
bration offset noise is essentially indistinguishable from the
instrumental noise at short averaging times, so the calibration
offset adjustment does little to improve the measurement for
the best-resolved data. The results show that the total error is
< 10 per meg for all data. The total error is ~ 5 per meg at
averaging times longer than ~ 3000 s, which corresponds to
depth averages of ~ 15 cm at the melt rates we used. Figure 6
also shows that the error that arises from differences in inter-
nal variability (i.e., the CFA error) for the CFA-CRDS data is
< 2 per meg by ~ 3000 s and that the total error is dominated
by calibration offset error at long averaging times.

Atmos. Meas. Tech., 15, 7337-7351, 2022

Finally, we directly compare the variability of owCFA—
CRDS data with the variability of reference waters measured
by CFA-CRDS, which is determined by an Allan variance
analysis. An Allan variance analysis quantifies the relation-
ship between signal noise and integration time (Allan, 1966;
Werle et al., 1993); for CRDS data, this analysis of reference
water measurements is commonly used to approximate the
measurement precision of the system for any given measure-
ment duration (Gkinis et al., 2010; Steig et al., 2014). We
determine the Allan deviation (square root of the Allan vari-
ance) from a long continuous analysis (~ 8.5 h) of the SW2
reference water made during our analysis window (see Ta-
ble 2); the result is shown in Fig. 7. Differences between the
Allan deviation and the standard deviation of our measure-
ments should confirm whether the magnitude and timing of
the variability are as precise as during reference water mea-
surements, or if there are other changes imparted by the CFA
system or calibration that may degrade CFA—CRDS data
quality. We find the standard deviation O ujiprated CEA—A70
among all nine A O qlibrated CFA datasets averagéd over in-
tegration windows that vary from 5Smm to 43.75cm. This
analysis compares the variability of the final, calibrated mea-
surements along the depth of the core sample with the vari-
ability of the reference water measurement, and ultimately
quantifies the reproducibility of our CFA—-CRDS measure-
ments. We track the analysis time associated with each aver-
aging interval and overlay the measured o ,jiprated CFA—A170
with the corresponding mean integration time for each depth
interval on Fig. 7a.

Figure 7a shows generally good agreement between
Ocalibrated CFA—A170 80d Oajjan_a17g at integration times less
than 400 s, but the 6jipraed craa170 data asymptotically ap-
proach a limit of 10 per meg at longer averaging times in-
stead of following the stability trend expected by the Allan
variance analysis. To evaluate to what extent this mismatch
between expected and observed o can be attributed to errors
arising from the calibration offset (as shown in Fig. 6), we
repeat this analysis for the A”OadjustedcpA data. Figure 7b
shows excellent agreement between o0,4.4eq crA—a170 and
O Allan— A 170t all integration times; this demonstrates that the
drift in 0 yj;prated cFA—A170 Shown in Fig. 7a can be entirely
attributed to calibration effects and not to the CFA process di-
rectly. Figure 7 suggests that reducing the error of calibrated
CFA-CRDS measurements is not limited by the CFA process
— nor by the CRDS instrument — but rather by the quality of
the calibration information, which depends on the treatment
and frequency of reference water measurements.
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Figure 5. Average A'70 with standard error and all CFA—CRDS measurements, shown for three different depth resolutions. Dots and blue
error envelopes indicate A”Ocalibrated CFa, and X symbols and red error envelopes indicate A”Oadjusted cra- All data are plotted at the
upper depth of the depth interval that they represent. Note that the upper panel is expanded such that all three vertical scales are identical.
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Figure 6. Standard error of all replicate CFA measurements as a
function of measurement integration depth. The blue line shows the
mean of the standard error of A”Ocalibrated CFA as calculated for
each depth interval; the shaded blue area indicates the minimum
and maximum values of the standard error across all depth inter-
vals. The red line and shaded area show the relationship between
the standard error in A 17Oadjusted CFa and the measurement resolu-
tion. The area beneath the total error line is highlighted to indicate
error attribution.
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5 Discussion and conclusions

5.1 Comparison of CFA—-CRDS A'70 measurements
with other A170 measurements from Greenland

Our work complements previous studies that have examined
the seasonal cycle of A!70 in the polar regions, and good
agreement with earlier work validates our measurements.
Consistent with previous measurements from Greenland, the
A0 signal in our data is anticorrelated with d and anti-
correlated with the seasonal cycle in 880 (Landais et al.,
2008). The measurements presented here were made from a
core that represents approximately 2 years of ice accumula-
tion from the 1760s (Hastings et al., 2009). The measured
magnitude (peak to trough) of the seasonal cycle in A0 is
~ 45 per meg at 1.39 cm resolution in our data (Fig. 4), which
is in excellent agreement with the magnitude of the sea-
sonal cycle reported previously for Greenland. Specifically,
Landais et al. (2012b) reported seasonal magnitudes of ~ 25
per meg from a shallow firn core at NEEM (in northwestern
Greenland) that represented accumulation periods between
1962-1963 and between 2003-2005; when we coarsen our
measurement resolution to 3.6 cm — which approximates the
~ monthly (5 cm) measurement resolution in the NEEM core
(detailed in Steen-Larsen et al., 2011) — the magnitude of the
seasonal cycle in our data is ~ 30 per meg. Low errors be-
tween replicate values and the good agreement with previous
studies strengthen confidence in the CFA—CRDS approach
for high-resolution A'70.
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Figure 7. Comparison of Allan deviation of continuous reference water measurements and standard deviation of nine duplicate CFA ice-core
measurements. In both panels (a) and (b), the Allan deviation line (solid grey) for a long measurement of SW2 is overlain by the standard
deviation of the CFA—CRDS ice-core measurements (crosses) and the mean of the standard deviations for each integration time (dashed line).
The A Ocatibrated CEA and A17Oadjusted CFA data are shown in blue and red similarly to Figs. 5 and 6. The standard deviation on the left is
calculated from calibrated replicate CFA-CRDS measurements and shows the total variability between CFA—CRDS replications along the
depth of the core. The standard deviation information in the right plot is calculated from calibration-adjusted datasets so that the effect of the
calibration offset error is removed; this analysis is still dependent upon instrumental noise, CFA errors, depth registration errors, and natural

variability within the core.

Our results reinforce the use of the CFA—CRDS method
for high-precision, high-resolution measurements of A70
in ice cores. CFA—CRDS methods are valuable for detecting
detail in A'7O variations in deep ice layers, for measuring
A0 in ice from sites with low accumulation rates, or for
measuring A'70 in any glacial ice where high depth resolu-
tion is desired.

5.2 Addressing CFA-CRDS calibration errors in A’0

Because the error of all A'7O measurements by CRDS de-
pends on the calibration, the importance of establishing a ro-
bust calibration strategy for CFA—CRDS cannot be under-
stated. We iteratively revised our CFA—CRDS system and
designed our calibration strategy as recommended below.
First, the CFA—-CRDS configuration must be capable of
stable operations that span the total duration of the ice-core
and reference water measurements. System stability for a
given CFA system should be characterized with an Allan
variance analysis. We have chosen to measure calibration
standards immediately before and after ice-core measure-
ments to improve the likelihood of measuring the calibration
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standard under the same system conditions as the ice-core
sample. Additionally, limiting system memory and reducing
the transition time between reference waters maximize the
useful fraction of reference water data, allowing measure-
ments of longer duration or measurements of more reference
waters to be made within a period of consistent CFA opera-
tions.

Next, quantifying the drift in calibration information over
time can allow an operator to determine the physical controls
on fractionation within a CFA—CRDS system. The change in
calibration information can be used to inform system mainte-
nance schedules or operational sequences. For example, we
have observed that after operating our CFA—CRDS system
for several weeks, the fractionation responses for §!70 and
8180 diverge, degrading the quality of calibration data for
A'70. Cleaning the vaporizer fittings appears to “reset” the
calibration response, suggesting that the fractionation that
occurs over long timescales is a result of physical effects
within the vaporizer itself, likely owing to visible precipitate
formation.

https://doi.org/10.5194/amt-15-7337-2022
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Though our system is capable of high-precision measure-
ments for A70, our analysis suggests that calibration bias
persists in our data, which is unsurprising when considering
previously published work on similar methods. The largest
offsets (shown in Table 2) were associated with poor CFA
stability due to a dirty vaporizer chamber. Large errors in
A'70 were occasionally observed during the analysis of the
South Pole ice core (SPC14); Steig et al. (2021) attributed
these errors to calibration differences and performed a cor-
rection by shifting the mean value of their measurements
based on the offset identified by a calibrated reference water
measurement, similarly to Eq. (6). Our work supports the at-
tribution of these errors to the calibration, and it also supports
the calibration adjustment method. We recommend the use of
additional reference water measurements to account for cal-
ibration offsets in A170, and we also recommend that CFA
systems are designed to ensure complete vaporization with
flow conditions that are stable over long timescales. In our
vaporizer, we observe that precipitate coatings can change
the geometry of the vaporizer chamber and lead to incom-
plete vaporization over time, which degrades the quality of
the calibration over time. When there is clear evidence of
inconsistent vaporization (as in Fig. 3), we observe large cal-
ibration errors in A!70 by this method (tens to hundreds of
per meg). Such issues likely also influence the vaporization
process in other CFA systems, though they will not be readily
detected in measurements of §'80 or 8D if the water vapor
has homogenized before reaching the analyzer.

Finally, though it is perhaps impractical to measure repli-
cate ice-core samples as we have done here, the average of
our nine CFA-CRDS measurements shows that, like dual-
inlet IRMS operations, stacking the CFA—CRDS data effec-
tively averages over calibration inconsistencies. The results
are comparable to highly resolved discrete CRDS or IRMS
measurements. While CFA-CRDS measurements resolved
to the centimeter scale still require long measurement times
to achieve precise A'70 data (> 1000s for 10 per meg pre-
cision), stacking CFA—-CRDS measurements is an effective
way to increase analysis time. Typically, achieving long mea-
surement times while maintaining high depth resolution ne-
cessitates a reduction of melt rates. In practice, reduced melt
rates may be incompatible with other measurement goals
(such as trace gases) during an ice-core measurement cam-
paign; reduced melt rates may also prevent the measurement
of both ice-core samples and calibration standards within
a period of stable system operations. We show that stack-
ing multiple CFA—-CRDS measurements provides a viable
alternative strategy; stacking replicate CFA—CRDS measure-
ments improves the accuracy of the measurement by averag-
ing over the calibration offset noise, and it improves the mea-
surement precision or measurement resolution by increasing
the total analysis time for a given depth interval.

https://doi.org/10.5194/amt-15-7337-2022

7349

6 Summary 39

We measured A'”O in nine replicate ice-core samples using
a continuous-flow analysis (CFA) system combined with a
cavity-ring down laser spectrometer (CRDS). We measured
a 10th replicate sample by discrete CRDS methods. We show
that CFA—CRDS can reliably capture centimeter-scale vari-
ability of A'70 in ice-core samples; we identified seasonal
fluctuations of ~ 45 per meg in A'7O from an ice core repre-
senting the preindustrial period in Greenland that agree with
the discrete CRDS data and also with previously published
measurements of seasonal A'7O variability in Greenland.

Our work shows that using CFA—-CRDS methods can be
valuable when high-precision and highly resolved measure-
ments are desired. Our results show that mixing within the
CFA system does not jeopardize CFA—CRDS measurements
of A'70, even at centimeter-scale resolution. The mean of
our stacked measurements exhibits neither a time lag nor any
amplitude smoothing in comparison to the discretely pre-
pared CRDS measurements. Rather, we show that the total
error (~ 5 per meg for analysis times > 3000 s) is dominated
by calibration bias. We note the importance of developing ro-
bust calibration strategies for A!7O when making measure-
ments by CFA-CRDS, but we demonstrate that when cali-
bration is accounted for, CFA—CRDS for A'70 is highly re-
producible and can be tailored for high-resolution and high-
precision measurements.
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2.3 Advances in triple oxygen isotope analysis and applications for ice-core
paleoclimate science

A brief publication resulting from the work presented in Section 2.2 is reprinted from Past

Global Changes, below.
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Advances in triple oxygen isotope analysis and
applications for ice-core paleoclimate science ™

Lindsey Davidge

Stable water-isotope measurements from ice cores reflect paleo-atmospheric thermodynamics along upstream

moisture pathways. New analytical methods simplify the measurement of triple oxygen isotopes, which will improve

measurement resolution and provide more complete information about the past atmosphere.

Water isotopes in ice cores (870, 820,
8D, deuterium excess, and 7O excess)
reflect past climate conditions

Stable water-isotope measurements (e.g.
880 and 8D) from ice cores reflect tempera-
ture and other thermodynamic conditions
of the past atmosphere. As atmospheric
moisture moves poleward from evaporative
source regions to eventual precipitation sites,
mass-dependent fractionation processes
progressively distill its isotopic composi-
tion. First-order, temperature-dependent
equilibrium fractionation during precipita-
tion is the dominant control on the observed
ratio of heavy-to-lightisotope abundance
(i.e. 870, 8'®0, or 8D) at the ice-core site,
and the water-isotope paleothermometer
has consequently been a cornerstone of ice-
core paleoclimate science for decades (e.g.
Dansgaard 1964).

However, even these conventional applica-
tions of the water-isotope temperature proxy
rely on quantitative models of upstream
fractionation pathways. In other words,

even though the condensation temperature
exhibits large control on the water-isotope
signal of the precipitation, the isotopic
composition of the air parcel that condenses
is predetermined by all upstream thermo-
dynamic processes (e.g. Merlivat and Jouzel
1979). Modeling many unknown upstream
fractionation processes (e.g. evaporation,
atmospheric transport, and precipitation)

is improved by the inclusion of additional

water isotope observations that reflect those
processes.

Second-order water-isotope quantities like
deuterium excess (d) or 7O excess (A”0)

- which are defined by the relationships
between 8D and 880 (d) or 87O and &'*0O
(AV0) as indicated in Figure 1a-b -, are domi-
nated by these upstream kinetic fractionation
events, and they can therefore provide in-
formation about the integrated history of an
air parcel that has reached an ice-core site.
While d and A”7O both depend on tempera-
ture and humidity variations in the atmo-
sphere, the sensitivities of d and A”O during
fractionation are different, e.g. the relative
effect of evaporation temperature is more
important for d, and the relative effect of
evaporation humidity is more important for
A0 (e.g. Uemura 2010). Therefore, measur-
ing d and A7O together should provide the
most complete information about the past
hydrosphere. The differences between d and
A0 are highlighted in Figures 1c-f, which
show seasonally resolved measurements of
d and A”O from three ice-core sections from
Greenland.

Despite the theoretical potential for A7O

to be a complementary tracer to d, tradi-
tional ice-core work has not included &0
or A”O due to measurement limitations.
Most commonly, 8'®0O and d have been used
to reconstruct past condensation-site and
evaporation-source temperatures, but this

method is imperfect because, in addition to
the evaporation temperature, d is also influ-
enced by other thermodynamic conditions
during evaporation, atmospheric transport,
and precipitation (Merlivat and Jouzel 1979).
Including corresponding measurements of
A0 would provide an additional constraint
for reconstructing the water-isotope fraction-
ation pathways, and it is therefore desirable
to produce records of AVO and to develop
climate models that account for A7O (e.g.
Markle and Steig 2022; Schoenemann and
Steig 2016). The following sections describe
recent improvements to A”O measurement
methodology and present existing ice-core
records of A7O.

Recent advances in instrumentation
improve temporal resolution of A"”7O from
ice cores

Although d has routinely been measured on
ice cores for decades, measuring A7O has
only been possible for about 20 years (e.g.
Barkan and Luz 2005), and observations

of AVO are limited in spatial and temporal
resolution. However, new analytical methods
have the potential to simplify the measure-
ment of AO - which, when measured at

all, is typically determined separately from
other water-isotope quantities by discrete
isotope-ratio mass spectrometry (e.g. Barkan
and Luz 2005). Unlike d or 8O, which vary in
meteoric water by several or tens of "per mil"
(%o, or parts per thousand), respectively, the
natural variability of AVO in precipitation is
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Figure 1: The relationships between 8D or 870 and 8'®O - which define d and A7O - are provided in (A) and (B), respectively. Formal definitions of d and A”7O are given by
the equations in (C) and (D). (C) and (D) provide seasonally resolved records of d and A"”O from NEEM (Landais et al. 2012a) and Summit (Davidge et al. 2022), both ice-core
sites in Greenland. The decade of the measured ice-core layers is provided in the legend - see the original publications for dating methodologies. All data were aligned

to the seasonal cycle of corresponding 8'®O measurements to highlight seasonal patterns in d and A'’O. Corresponding histograms of these same data are binned by the

typical analytical uncertainty and highlight the differences in d (E) and A'O (F) distribution observed at these sites.
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Figure 2: Corresponding measurements of 8'°0 (A) , A”O (B), and d (C) for available Antarctic ice-core sites, whose locations are mapped in (D). Continuously measured data
from the South Pole is averaged to show 50 cm resolution for all isotope values (from Steig et al. 2021). All discrete data are shown at their measured resolutions. Details about
data normalization protocols for A7O, and source information for all discretely measured data, are available from Schoenemann et al. (2013) and Schoenemann et al. (2014),

respectively.

only tens of "per meg" (or parts per million),
which exacerbates measurement difficul-
ties. However, recent advances in cavity
ring-down laser spectroscopy (CRDS) enable
the simultaneous measurement of all stable
water isotopes (i.e. 870, §'®O, &D, A0,

and d) with precision that meets or exceeds
that of traditional methods (see Steig et al.
2014). CRDS is an appealing method not only
because it can measure all water isotopes at
once, but also because it can be combined
with continuous sample melting strategies
that are already in use for other ice-core
analyses. Over the last 10 years, continuous-
flow analysis (CFA) has been widely adopted
by ice-core laboratories, and measurements
of 80, 8D, and d by CFA-CRDS are already
routine for ice-core measurement campaigns
(e.g. Emanuelsson et al. 2015). Recent work
(Davidge et al. 2022; Steig et al. 2021) dem-
onstrates that CFA-CRDS for all stable water
isotopes can greatly reduce the analysis
time for A”O and it can therefore improve
the time resolution of A”O measurements.
CFA-CRDS methods will be useful for improv-
ing the temporal and spatial resolution of
A0 to characterize the natural variability of
meteoric AVO.

Recent work demonstrates that CFA-CRDS
for AVO can indeed improve the resolution
of A”O observations with high precision (<10
per meg), especially when CFA for A”O is de-
veloped with specific attention to calibration
strategies (Davidge et al. 2022; Steig et al.
2021). Steig et al. (2021) measured the lower
1200 m of the South Pole ice core by CFA-
CRDS for all stable water isotopes, revealing
significant millennial-scale variability in A”O
that is not observed in coarser records of
AVO from other ice-core sites, but that is co-
incident with other climatic events recorded
by d and 80 (Figs. 2a-c). However, they also
identify the importance of frequent (i.e. daily)
data calibration against multiple reference
waters, adopting a new calibration method
that utilizes more reference water measure-
ments than typical CRDS strategies. Davidge
et al. (2022) demonstrated that CFA-CRDS for
A0 performs as well as discrete methods by
measuring replicate sections of an ice core

from Greenland; annually resolved data from
that study are provided in Figure 1c-d. They
also found that, though small, the greatest
source of uncertainty for A”O by CFA-CRDS
is the calibration technique. Both studies
suggest that the measurement resolution de-
pends on the desired precision for A”O and
the rate of the continuous melter. Continuing
to develop and implement CFA-CRDS
methods so that more existing ice cores can
be measured for A”O will improve the spatial
and temporal resolution of A”O, which is

a critical step for studying atmospheric
controls on second-order water-isotope
quantities and refining interpretations of the
paleoclimate record.

A0 data varies on seasonal,

millennial, and glacial timescales

Utilizing CFA-CRDS to characterize the full
range of variability in both d and A7O - and
the differences between them - should allow
the decoupling of equilibrium and kinetic
fractionation during evaporation, which

will improve reconstructions made from
water-isotope measurements. Because the
signal-to-noise ratios for both d and A0 are
generally quite small, quantifying the rela-
tionship between them will be most straight-
forward on timescales and at locations where
variability is greatest. Existing ice-core
records of AVO from both Greenland and
Antarctica are provided in Figures 1 and 2.
Figure 1c-d shows the seasonality of A7O
and d in Greenland glacial ice and indicates
a seasonal magnitude of 40-50 per meg

for AO. Similar seasonal magnitudes have
been observed over Antarctica (e.g. Landais
etal. 2012b; Schoenemann and Steig 2016).
Figure 2 presents deep ice-core records

of AVO, d, and 80 from Antarctica, where
the observed increase in A7O between the
last glacial period and the Holocene range
from four to five per meg at some coastal
sites (e.g. Taylor Dome or Siple Dome) to
more than 20 per meg at inland locations like
Vostok. The amplitude of millennial-scale
variations observed in the CFA-CRDS record
from the South Pole is more than 30 per meg
(Steig et al. 2021). Efforts to pinpoint the
specific controls on d and A”O by comparing

measurements with climate reanalysis prod-
ucts (e.g. Landais et al. 2012a) or isotope-
enabled climate simulations (e.g. Ditsch et
al. 2019; Schoenemann et al. 2014) will be
facilitated by corresponding, high-resolution
measurements of all first- and second-order
water-isotope quantities, and CFA-CRDS
techniques provide a method for developing
those data.

ACKNOWLEDGEMENTS

Special thanks to Spruce Schoenemann, Andrew
Schauer, and Eric Steig for their thoughtful improve-
ments to this article.

AFFILIATION

Department of Earth and Space Sciences, University of
Washington, USA

CONTACT
Lindsey Davidge: Idavidge@uw.edu
REFERENCES

Barkan E, Luz B(2005) Rapid Commun Mass Spectrom 19:
3737-3742

Dansgaard W (1964) Tellus 16: 436-468
Davidge L et al. (2022) Atmos Meas Tech 15: 7337-7351

Diitsch M et al. (2019) Quantifying different climatic
controls on d-excess and 7O-excess in Antarctic
ice cores with the isotope-enabled Community
Atmosphere Model (iCAM). 2019 AGU Fall
Meeting, San Francisco, USA

Emanuelsson BD et al. (2015) Atmos Meas Tech 8:
2869-2883

Landais A et al. (2012a) Geochim Cosmochim Acta 77:
304-316

Landais A et al. (2012b) J Glaciol 58: 725-733
Markle BR, Steig EJ (2022) Clim Past 18: 1321-1368
Merlivat L, Jouzel J (1979) J Geophys Res 84: 5029-5033

Schoenemann SW, Steig EJ (2016) J Geophys Res: Atmos
121: 11215-11247

Schoenemann SW et al. (2013) Rapid Commun Mass
Spectrom 27: 582

Schoenemann SW et al. (2014) J Geophys Res Atmos 119:
8741-8763

Steig EJ et al. (2014) Atmos Meas Tech 7: 2421
Steig EJ et al. (2021) Frontiers in Earth Sci 9: 640292
Uemura R(2010) Geophys Res Let 37: L04402-L04406

CC-BY

PAGES MAGAZINE - VOLUME 31 - NO 2 - OCTOBER 2023

PA(®ES



38

2.4 Implementation of CFA for water isotopes for COLDEX

Research from this chapter was critical in the development of the integrated continuous-
flow analysis (CFA) system that has been operational in the COLDEX collaborative labo-
ratory space at Oregon State University since 2024. In the COLDEX laboratory, a Picarro
L.2140-7 laser spectrometer measures water isotopes from a sample processing line which is
similar to the system described in Section 2.2. Additional streams of water from the contin-
uous melter are partitioned into other instrument lines that measure CHy, CO, and dust; a
final meltwater stream is sampled by a discrete fraction collector for asynchronous, discrete
water chemistry analysis (see Hudak et al., 2024, for additional details on the combined CFA
instrumentation).

Integrating multiple CFA lines enables the simultaneous measurement of water isotopes
alongside atmospheric gases and other ice-core proxies. However, because operational de-
mands differ between analyses, some key differences exist between the water-isotope CFA
instrumentation described in Section 2.2 and the CFA instrumentation installed in the
COLDEX lab. Critically, the COLDEX CFA melt system must operate at a rate that is
high enough to prevent gas loss at the melt head, which is important for obtaining accurate
measurements of CH,; and CO. COLDEX CFA operations in 2024 used a melt rate of about
3.7cm/min, which is similar to other integrated CFA systems (e.g. Chappellaz et al., 2013)
but notably faster than the 0.3cm/min rate used in Section 2.2. The effect of this change is
reduced residence time within the spectrometer and a lower-resolution water-isotope record
— especially for A7O, which requires a long data integration time (>17 minutes) to produce
a sufficient signal-to-noise ratio. With minor changes related to these operating conditions,
a duplicate CFA system in the COLDEX lab measured 68 m of Allan Hills core ALHIC2201
in 2024, and it will continue to be used to measure COLDEX cores in coming years. A plot
highlighting the improved detail of the CFA record relative to the sub-meter-resolved drilling
chips data for ALHIC2201 is shown in Figure 2.1.
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resolution.
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Chapter 3

REPRODUCIBILITY OF WATER-ISOTOPE SIGNALS AT
KILOMETER AND CENTIMETER SCALES IN THE ALLAN
HILLS
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3.1 Overview

Ice as old as 6 Ma has been recovered from the Allan Hills BIA, thus extending the
ice-core record by several million years. However, existing records from the Allan Hills rely
on absolute dating of stratigraphically disturbed layers; neither the scale of stratigraphic
disturbance nor the amount of time represented by any individual sample is known, which
complicates both the selection of new core sites and the interpretation of data produced
from disturbed ice. Here, I investigate the scale of stratigraphic disturbance both between
core sites and within a single core by examining the reproducibility of stable water-isotope
records. Recent work has demonstrated that over long timescales, the water-isotope record in
the Allan Hills is correlated with age, likely owing to the cooling trend in Earth’s climate over
the last several million years (Shackleton et al., submitted); I leverage this direct relationship
between water isotopes and age to investigate large-scale stratigraphic disturbances in the
Allan Hills with new and published water-isotope data from seven core sites. I evaluate
the repeatability of water-isotope values at all sites, and I cross-correlate four water-isotope
records from cores along a flow-line transect up to distances of 140 m. Significant correlations
among these isotope records (0.27 < r < 0.80) demonstrate that meter-scale averages contain
isotopically similar packets of ice along this transect, but with notably dipping layers and
asymmetrical thinning. Furthermore, evidence of layer thickness changes between core sites
indicates nonlinear thinning along the modern flow line, including additional material at the
top of the ALHIC1503 column and approximately 20 m of ablated materials missing from
the top of the ALHIC2201 column.

In addition, I present new 1-cm vertically resolved data for a 24-cm-diameter ice core
with disturbed stratigraphy; these measurements indicate the first evidence of isotopic pat-
terning akin to glacial-interglacial fluctuations in disturbed blue ice. A replicate dataset
from the same sections, but laterally separated by 17-24 c¢m, demonstrates that this high-
frequency patterning is reproducible across the core (0.46 < r < 0.99). We find evidence of

steeply dipping internal layers (up to 43°) and asymmetrical layer thicknesses. Layer dip and
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asymmetry is similar at both centimeter and 100-meter scales, and could reflect the bedrock
topography and thinning along the flowline.

Parts of this chapter were completed collaboratively with former undergraduate re-
searcher Haley Lowes-Bicay, whom I mentored through the COLDEX REU program and as
an independent study student from 2022-2024.

3.2 Introduction

Paleoclimate records from marine sediments show that there was a transition in the
characteristic timescale of climate variations from 40,000 year to 100,000 year periods during
the mid-Pleistocene (approximately 1250-700 ka), although the cause of this transition (“the
MPT”) is unclear (Roe and Allen, 1999; Clark et al., 2006). Possible explanations rely upon
ice-sheet growth feedbacks or instabilities (e.g., Gregoire et al., 2012; Bintanja and van der
Wiel, 2008; Marshall and Clark, 2002), erosion of subglacial regolith (Clark and Pollard,
1998), changes in sea-ice extent (Gildor and Tziperman, 2000; 2001), or changes in ocean
circulation and greenhouse gases (Willeit et al., 2019; Kéhler and Bintanja, 2008). Ice cores
that extend beyond 1 Ma could provide additional evidence needed to evaluate the cause
or causes of the MPT because they contain a direct archive of past atmospheric gases and
meteoric water, and can therefore be used to generate corresponding histories of temperature,
greenhouse gases, and other observations that could elucidate causes of this climatic shift.

In the Allan Hills blue ice area (BIA) of Antarctica, exhumation of very old ice is
caused by ablation and net vertical advection (Sinisalo and Moore, 2010; Spaulding et al.,
2013; Higgins et al., 2015; Shackleton et al., submitted; Yan et al., 2021). Several cores have
been retrieved from the Allan Hills in the last decade, including cores with ice that is 4-6 Ma
at the bed (Shackleton et al., submitted). Shackleton et al. (submitted; 2024) and Marks
Peterson et al. (2024)) produced composite ice-core records from multiple Allan Hills sites;
those data imply regional cooling over the last 6 Ma that is commensurate with expectations
from benthic records (i.e., Westerhold et al., 2020), and mean CH, and COs values as old as
3 Ma.



43

However, ice stratigraphy in this region is complicated by the deformation history of blue
ice: the region is characterized by very low regional accumulation rates (<1 cm/year; Dadic
et al., 2015), extreme thinning (10ka-1Ma/m; Shackleton et al., submitted), and complex
ice flow (e.g. Spaulding et al., 2012; Kerhl et al., 2018), yielding ice that is stratigraphically
disordered and mixed at scales that are not known. Shackleton et al. (submitted) identified
several reversals in the age-depth relationship at site ALHIC1901 (see Figure 3.1), indicative
of recumbent folding over scales of several meters. Radar stratigraphy from the Allan Hills
identifies local large-scale nonconformities at some sites and internal layers that dip as much
as 45°, roughly following the steep topography of the underlying bedrock (e.g. Kerhl et al,
2018, Yan et al., 2019). However, internal layers identified by ice-penetrating radar — which
are often interpreted as continuous time horizons due to the similarity of electrochemical
properties of same-age snow at deposition — could also be caused by glaciological mixing or
the entrainment of debris over time, so additional information is needed to understand the

spatial continuity of ice layers and the amount of time represented by an individual sample.

Dating stratigraphically disordered ice cores relies upon the absolute dating of atmo-
spheric “°Ar that is contained within bubbles in the core (Bender et al., 2008; Higgins et al.,
2015); this method provides an average age for each 0.2-0.6 kg sample of ice. While absolute
dating has identified similar ages of ice at the bed at geographically proximal sites (such
as from ALHIC1503 and ALHIC1901 in Yan et al., 2019 and Shackleton et al., submitted,
respectively — see Figure 3.1), it is not clear whether isochrons (i.e., same-age layers) are spa-
tially continuous between, or even within, different ice cores. This uncertainty complicates
the interpretation of measurements made from different samples of ice. However, studying

the internal deformation of blue ice by dating alone is not practical.

Shackleton et al. (submitted) showed that over million-year timescales, “°Ar and %0
from Allan Hills ice are correlated, such that water-isotope measurements could be used as a
general indicator of age over long timescales. Water isotopes (e.g., 880, dD) from ice-cores
are commonly measured due to their first-order relationship with local temperature during

deposition and subsequent utility as a paleothermometer (e.g., Craig, 1961; Dansgaard,



44

1964). Likely due to long-term cooling since the Miocene, a gradual reduction of more than
10 in §'80 is observed in Allan Hills ice since 6 Ma (Shackleton et al., submitted; 2024),
which suggests that 50 could be used as an indicator of temporal similarity between sites
over million-year timescales. By extension, water isotopes could be a useful indicator of layer
continuity and mixing, even when layer ages are not known.

Due to their relationship with temperature, 60 and 6D also fluctuate on glacial-
interglacial timescales. If glacial-interglacial information is preserved in Allan Hills cores,
the reproducibility of those signals could also provide insight into the scale of stratigraphic
disturbance over appropriate depth scales. Spaulding et al. (2013) found glacial and inter-
glacial water-isotope values at Site 27 (S27) between 90 and 250 ka, and most of the ex-
pected glacial-interglacial water-isotope variability was reproduced at ALHIC1503 for 1-Ma
ice (Higgins et al., 2015); this suggests that glacial-interglacial values could also be preserved
at other Allan Hills sites. The best-dated Allan Hills ice core is currently ALHIC1901, a 24-
cm-diameter core that was drilled near ALHIC1503 (see Figure 3.1). The layer thicknesses
implied by the age scale of Shackleton et al. (submitted) for ALHIC1901 suggest that glacial
cycles in ALHIC1901 are likely centimeters to tens of centimeters in depth, and therefore
potentially recoverable through higher-resolution sampling.

Here, we evaluate the reproducibility of water-isotope information between core sites
and within a single ice core to make inferences about the scale of stratigraphic disturbance
in this ice. We present new <1-m vertically resolved water-isotope data for three cores drilled
during the 2022-2023 and 2023-2024 austral summers. We evaluate the distribution of water-
isotope data at seven ice-core sites, and we cross-correlate the water-isotope signal between
the four closest cores to evaluate stratigraphic continuity between core sites. We also present
new, l-cm vertically resolved, same-depth replicate water-isotope measurements spanning
approximately 7 m of ALHIC1901. We identify patterned fluctuations within these samples
and cross-correlate the water isotope signal between the replicate measurements to evaluate
the disturbances across lateral distances of 17-24 cm. At both scales, we find evidence of

differential thinning and evidence of steeply dipping internal layers that generally follow the
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bedrock topography. Our results show that the isotopic similarity between cores generally
decreases with distance. We discuss implications for ice core handling and implications for

blue-ice flow conditions in the Allan Hills.
3.3 Measurement protocols and data comparison techniques

We prepared and measured two types of ice-core samples for this study that correspond
to the two spatial scales of focus: drilling chips from three new cores that are resolved to <1
m, and replicate samples from disturbed layers of ALHIC1901 that are vertically resolved
to 1 cm. Homogenized drilling chips are representative of the average isotope values for
each returned barrel (e.g. Rowell et al., 2023), and therefore represent an average of all
penetrated depths, even when ice is not recovered. This study presents new data from
drilling chips collected during the 22-23 and 23-24 austral summers, including from the
following cores: ALHIC1902 (135-162 m), ALHIC2201 (0-90 m/bedrock), ALHIC2301 (2-89
m (likely near bed)) and ALHIC2302 (0-143 m, first drilling season only). We compare
the isotopic composition from these new records with published data from site ALHIC1502
(Yan et al., 2019), ALHIC1503 (Higgins et al., 2015; Yan et al., 2019), and ALHIC1901 and
ALHIC1902 (Shackleton et al., submitted), all of which are shown in Figure 3.1.

To consider the signal reproducibility within a single core, we measured replicate samples
from ALHIC1901 between depths of 135 and 156 m. ALHIC1901 is a 24-cm diameter,
discontinuous blue ice core (core recovery 90%) that was drilled to bedrock (160 m). Ice
fracture during drilling resulted in short (14£10 cm for the measured interval) sections with
nonuniform shapes and variable ice quality; many pieces contain internal fractures and others
cleaved along oblique planes during drilling or in transport. Absolute ages were determined
by “°Ar dating by Shackleton et al. (submitted) with a median sample resolution of 28.5
cm (ranging from 14 to 63 cm). We measured ice from an interval with estimated ages
of 550-850 ka; we refer to this 135-142 m ice as “<900 ka ice”. We also measured one
section of ice approximately 5 m above the bed near ice of 1.3 Ma, which we refer to as

“>1 Ma ice”. For the <900 ka ice, we measured two replicate sample sets separated by a
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Figure 3.1: A) Map of Antarctica showing REMA coastlines and indicating the location of the
Allan Hills. B) Regional map of the Allan Hills, including all cores used in this study (pink
diamonds), approximate direction of modern ice flow (yellow arrow), and transect location
along cores ALHIC1502, ALHIC1503, ALHIC1901, and ALHIC2201 (orange line). Satellite
imagery is from LIMA and elevation contours are from REMA. C) Simplified schematic of
cross-sectional view following the transect in the direction of modern ice flow. Note that the
large-diameter (24-cm) core ALHIC1901 is indicated as a wider borehole, but that all core
dimensions are exaggerated. Bedrock depth is an estimate from Yan et al. (2019) and is not
in agreement with all core depths; see table 1.1 for more accurate depth details for each core.
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Figure 3.2: Water isotope cut plan for measured depths of ALHIC1901. Blue denotes the
reference measurement and red and purple indicate replicate measurement positions. A)
Water isotope cut plan for 135.51 m - 141.51 m (<900ka ice). B) Water isotope cut plan for
155.07 - 155.34 m interval (>1Ma ice).

horizontal distance of 22 c¢m; for the >1Ma ice, we measured three replicate sample sets that
are horizontally separated by approximately 24 cm and 17 ¢cm. The cut plan is shown in
Figure 3.2. Sample preparation, measurement protocols, and data analysis techniques for all

samples are described below.

3.3.1 Sample preparation and measurement by laser spectroscopy

Both drilling chips and ALHIC1901 core samples were subsampled and measured at the
University of Washington. Chips were recovered from each drill run and were homogenized in
the field by manual mixing within a large stainless steel bowl. Approximately 150-250 grams
of drilling chips were subsampled into polyethylene Whirl-Pak bags and shipped frozen to the
University of Washington. In the lab, the samples were homogenized again in a -17°C freezer
with a mortar and pestle. Approximately 10 cubic centimeters of re-homogenized chips were
subsampled into polyethylene bottles, and then transferred into a 4°C refrigerator to thaw.

ALHIC1901 core samples were cut by bandsaw within a -17°C freezer in accordance with
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Figure 3.2. The samples were melted in 10-ml polyethylene bottles in a 4°C refrigerator.
For all samples, 150 pli of sample meltwater were loaded into a glass vial with a conical
insert for autosampler analysis by Picarro L2130-¢ or Picarro L.2140-7 following Schauer et
al. (2016). Samples were measured in High Precision mode with 6-12 injections per sample
and were calibrated to three internal reference waters that have been calibrated against the
VSMOW-SLAP scale. The average root mean square errors associated with the calibrated
data used in this study are 0.14, 0.67, and 1.0% for §'%0, 6D, and degeess, Tespectively.
Vertical depths were assigned for all samples according to the field-logged sample depths.
Because drilling conditions varied in the field, the depth intervals represented by each chip
sample vary (see Table 1.2 for specific core details). The 1-cm resolved vertical depths for
ALHIC1901 were interpolated from field-logged depths. However, because many sections of
ALHIC1901 are characterized by angular fractures, the section lengths around the perimeter
of the core are not uniform; consequently, in our study, the length of each reference sample
does not necessarily correspond to the length of its replicate(s). Depth uncertainties asso-
ciated with these discrepancies are discussed in Section 3.3.3 and full list of ALHIC1901
sections used in this study (including the reference and replicate sample dimensions) is pro-

vided in Table 3.1.

3.3.2  Determination of similarity

We use multiple metrics to determine similarity between sample sets, depending on the scale

of the comparison. Details for each metric are described below.

Variability metrics for regional survey
We first consider the overall distribution of 6'¥0 and de,cess at seven sites across the
Allan Hills'. We expect that core sites that include layers of similar spatiotemporal origin —

even if no longer chronologically ordered — will contain a similar distribution of water isotope

INote that we do not include published cores S27 or ALHIC1903 (Spaulding et al., 2013; Carter et al., in
review) in these analyses because previous work has established that they are significantly younger than
other cores and because published S27 data does not include 680 or deyeess-
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Section ID | Reference Replicate Top Bottom Field-
Sample Sample Depth Depth Logged
Length Length(s) (m) (m) Length
(cm) (cm) (cm)
201-2 26 26 135.525 135.755 23
201-4 26 26 135.945 136.145 20
203-2 26 26 137.045 137.315 27
203-3 23 23 137.315 137.515 20
204-4 23 24 138.085 138.285 20
204-5 24 21 138.285 138.495 21
207-1 16 16 138.915 139.085 17
207-3 11 10 139.215 139.305 9
207-5 7 6 139.395 139.505 11
207-6 4 8 139.505 139.535 3
207-7 10 7 139.535 139.635 10
207-9 9 9 139.725 139.835 11
208-3 7 7 139.935 140.035 10
208-8 11 10 140.435 140.535 10
209-3 9 9 140.725 140.825 10
209-7 19 19 141.055 141.265 21
209-8 9 7 141.265 141.365 10
210-2 7 7 141.445 141.505 6
228-4 21 28, 24 155.065 155.355 29

Table 3.1: All sections of ALHIC1901 measured with 1-cm resolution for this study and

corresponding depth intervals.
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values, and we quantify this similarity between cores as the intersection of the integral of the
probability density function (PDF) for all isotope data at that site, as indicated by Equation
3.1.

Sia = /OO min (fl(:lr),fg(x)> dx (3.1)

where S 5 is the overlap between the distributions of §'®0 at any pair of ice-core sites, and
f(x) is an estimate of the probability density given by the kernel density equation (see, e.g.,
Silverman, 1986). This metric quantifies the percentage of isotopic (and possibly isochronal)
overlap between core sites, regardless of stratigraphic ordering.

For cores along the flow-line transect shown in Figure 3.1, we additionally consider
the cross-correlation of the water isotope profile with depth to determine if the ordering of
information is preserved over inter-core distances of 8 to 140 m. Because earlier work has
found the oldest ice layers near the bed at all sites (see, e.g., Yan et al., (2021); Shackleton
et al., (submitted)), we normalize the depths of all cores to align the measurements at the
bed. We align all core depths by 6'®0 to find the highest correlation coefficient for each pair
and adjust the sample depths as indicated by Equation 3.2:

depthadjusted = kscaling X (depthoriginal - depthbedrock> + depthnormalizedfbed + l&g (32)

where kgcqring is determined by maximizing the cross-correlation of 180, and cores are aligned
to within 5 m (maximum lag value) of an arbitrary normalization depth of 200 m. Here, the
Pearson coefficient quantifies the strength of the linear association between the §'¥0 profile
at any two core sites, and we interpret a positive correlation as evidence of repeated packets
of ice with similar ordering between core sites.

Variability metrics for 1-cm data
For 1-cm samples with variability greater than the analytical error, we also cross-correlate

the 0D signal to identify optimal values of kgcaiing and lag as described by Equation 3.3:
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depthadjusted = kscaling X depthoriginal + lag (33)

We primarily focus on 6D (rather than §'0) for these 1-cm data due to the slightly higher
signal-to-noise ratio. Here, we test a range of values for Kgqing (0.8 to 1.2) and a range of
values for lag. We allow lag to be £(total section length — 5cm) to ensure that at least 5 cm
of data remain for each correlation. We align the replicate measurements with the reference
measurements (which, unless otherwise noted, are indicated in blue as in 3.2) to optimize
the correlation coefficient. Where these metrics are insufficient due to low variability or
small section lengths, we assumed a scaling factor of 1 and identified the optimal signal
lag to reduce the residual differences between isotope values. In a few instances where no
overlapping isotope values were observed in the replicate sample set, such as in section 208_3,
the assigned adjustment reflects a minimum lag, not an optimal lag.

Because the azimuthal orientation of ALHIC1901 was not preserved or logged while
drilling, the sample sets used for this study do not represent spatially continuous data series
but rather randomized pairings of section samples with the horizontal spacing indicated in
Figure 3.2; that is, the reference measurement of one section has no fixed relationship to the
reference measurement of an adjacent sample (except where otherwise noted), but is always
17-24 ¢m along the horizontal plane from the corresponding replicate sample (as indicated by
Figure 3.2). In this way, our data are not biased toward a specific azimuthal position within
the core; instead the paired measurements represent a random distribution of horizontal

pairs. Because of this, we treat each set of measurements within a section independently.

3.3.3 Error estimation

We use the metrics described above to quantify the similarity between spatially sepa-
rated isotope records and then to use the depth differences between those records to infer
observations about the native blue ice environment such as the degree of layer dip or layer

asymmetry. To verify that these differences are glaciological observations and not errors im-
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parted during any step of the sampling or analytical process, we must carefully account for
the sample depth, especially for the 1-cm data. The estimated magnitudes of uncertainties

associated with these data are described below.

Sampling bias

As shown in Table 1.2, depth intervals and sampling intervals for these cores are nonuni-
form. While comparing the distribution between core sites, it is necessary to account for
possible bias in sampling frequency. To do this, we conduct a bootstrapping experiment to
determine a 95% confidence interval for the distribution. We randomly resample all datasets
1000 times, then bin and average all data before estimating the PDF for each core. The
overlap (S;2) calculated from these experiments uses the mean value of all resampled data

(n=1000).

Bandsaw cutting

While the bandsaw blade was set at 1-cm for all cuts, slight deviations in the band-
saw blade position could bias cut intervals larger or smaller than the intended 1-cm cut
dimensions. The cut uncertainty is smaller than L™!, where L is the section length, and
well-matched laboratory measurements of each section with the subsample counts verify

that our cutting tolerance was less than 0.04 cm during this study.

Depth interpolation

Differences between field-logged core dimensions and the subsample dimensions require
subjective interpolation choices that impart the largest uncertainty on initial depth assign-
ments. For example, due to sample asymmetry, section ALHIC1901_207_6 is logged at 3 cm,
but the reference measurement contained 4 1-cm samples and the replicate measurement
contained 8 1-cm samples. This means that the relative offset between the reference and
replicate measurements due to interpolation is 44 c¢m, which is the largest absolute error for

any data pair. The average of all such errors is 0.9 cm.

Oblique cuts along core
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A related source of uncertainty in depth assignments arises from the initial cuts of large-
diameter, non-cyllindrical core sections: when positioning each core section in the tray for
horizontal bandsaw cutting, it is possible that the core is not always positioned in perfect
alignment with the tray. A cut that deviates a few centimeters from the vertical axis of the
core could cut through isochronal layers at a different angle than the second cut, potentially
causing length discrepancies as described in the previous paragraph, and also causing ap-
parent stretching of internal layers and introducing error to kgcqing. This uncertainty also
decreases with sample length since it is related to an offset in the cutting angle, the likelihood
for which decreases as length increases. We calculate this uncertainty as cos(f) ™!, where 6 is
the angle of offset, and find that even with a relative offset as high as 20°, the scaling error
would be < 7%. Notably, we find some of the highest values of ki, in sections where the
sample length exceeds the diameter of the core, and where this magnitude of angular offset
is unlikely.

We interpret observations of scaling factors and vertical offsets (i.e. non-zero lags in
Equation 3.3) that exceed these estimated handling errors as meaningful quantification of

blue ice deformation.
3.4 Water isotope similarity at kilometer and centimeter scales

We find significant similarities between the water isotope averages observed at each core
site and we find that over small distances (i.e. centimeters to hundreds of meters) water
isotope signals can be matched in magnitude and pattern with corresponding samples from
similar depths off the bed in other locations. We show that blue-ice core samples at both
centimeter- and 100-meter-scales can be aligned and that significant horizontal heterogeneity

is likely due to the steeply dipping bed topography and complex up-gradient flow of ice.

3.4.1 Water isotope distribution

First we examine the water isotope distribution of all Allan Hills ice cores noted by Figure

3.1; data plotted by depth and the isotope distributions for §'*0 and degeess are shown in Fig-
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ure 3.3; the mean and standard deviation of all cores is provided in Table 3.2. Qualitatively,
we find that geographically similar core sites contain similar mean values, suggesting that ice
oriented along the indicated flow-line on Figure 3.1 is largely of similar meteorological and
glaciological origin. Notably, ALHIC2301 — which is geographically isolated from the other
core sites in the “cul de sac” area of the Allan Hills, is composed of more negative §**O and
higher degeess values, and site ALHIC1903 contains more negative values of both 6'¥0O and
dercess as well as significantly younger ice than the other cores examined (Carter et al., in
review). While ALHIC1903 is not included in this analysis, these values are shown in Table
3.2 for reference.

We quantify the similarity as S;2 in Equation 3.1, and provide a matrix that shows
all inter-core values in Figure 3.4. Because not all cores are sampled at all depths, we first
normalized all core data by local bedrock depth, such that the data are binned by. We then
restrict the comparison between any two sites to shared normalized depth intervals, and
calculate the overlap as in Equation 3.1. Figure 3.4 highlights similar PDF values at all sites
where overlapping adjusted depth intervals are available; values range from 27% to 89% in
580 and from 40% to 91% in dezeess, With a weak negative trend between the inter-core
distance and the isotope similarity. We also tested the correlations of these same data, but

none are statistically significant when data are binned as described.

3.4.2  Cross-correlation of cores along a flow line

Cores ALHIC1502, ALHIC1503, ALHIC1901, and ALHIC2201 were drilled within a
few meters of the transect shown in Figure 3.1. Figure 3.4 suggests that these cores have
especially similar composition, with PDFs capturing 58%-89% similar values for §'%0 and a
similar range for deycess. For these cores, we cross-correlate the 60 signal to find adjusted
depths and scaling factors as described by Equation 3.2. The optimal values of scaling
coefficients are provided in Table 3.3. These adjustments are applied to the distributions
and depth profiles shown in Figure 3.5, and the resulting relationships between each pair are

shown in Figure 3.6.
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Figure 3.3: 680 and dzcess data for Allan Hills cores containing ice >1 Ma. A) Estimated
PDF of 6'80 distribution (solid lines) with 95% confidence (shaded regions). B) Estimated
PDF of deyeess distribution (solid lines) with 95% confidence (shaded regions). C) 60
profile (binned and averaged to 1.5 m) by depth, shown with analytical uncertainty as colored
shading. D) dezeess profile (binned and averaged to 1.5 m) by depth, shown with analytical
uncertainty as colored shading.
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Figure 3.4: Similarity indicators for all pairs of cores, using data that have been binned
and averaged to 1-m intervals and adjusted to the bed elevation. Note that only depth
intervals that contain data for both cores are included in each analysis. A) Matrix of ice-
core pairs colored by the intersection of §'0 PDFs. B) Matrix of ice core pairs colored by
the intersection of deycess PDFs. Note that ALHIC1901/2302 and ALHIC1902/2302 do not
contain overlapping depth intervals and are therefore excluded from analysis.
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Figure 3.5: 60 and d.yeess data along the transect indicated by 3.1 A) Estimated PDF
of §'80 distribution (solid lines) with 95% confidence (shaded regions). B) Estimated PDF
Of depeess distribution (solid lines) with 95% confidence (shaded regions). C) §'80 profile
(binned and averaged to 1.5 m) by depth, shown with analytical uncertainty as colored
shading. D) degeess profile (binned and averaged to 1.5 m) by depth, shown with analytical
uncertainty as colored shading.
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Figure 3.6: Similarity indicators for paired cores along a flow line, using depths determined by
cross-correlation of §'80. (A) Matrix of ice core pairs colored by the intersection of 50 PDFs
for corresponding adjusted depths. (B) Matrix of ice core pairs colored by the correlation of
6180 for corresponding adjusted depth intervals. (C) Matrix of ice core pairs colored by the
intersection of deyeess PDF's for corresponding adjusted depths. (D) Matrix of ice core pairs
colored by the correlation of d,..ss for corresponding adjusted depth intervals. Note that
little overlapping information between the ALHIC1901/ALHIC1502 pair is available and it
is therefore excluded from this analysis.
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3.4.8  Cross-correlation of 1-cm measurements along ALHIC1901

At a smaller scale, we also find coherent isotope patterning between paired subsamples
of ALHIC1901. We apply a depth adjustment in accordance with Equation 3.3 to optimize

the Pearson coefficient, and then linearly interpolate along the depth,gjusted Vector such that

(SDoriginal = f(depthoriginal) and 5Dadjusted = f(depthadjusted) (34)

We highlight some examples of the cross-correlation process at this scale in Figure 3.7. Fig.
3.7 shows two end-member cases of < 900 ka ice and the > 1 Ma section. Fig. 3.7a-c
shows a section with notable isotope patterning (ALHIC1901 209_7) where a near-perfect
correlation is achieved at r = 0.99 (0.98 < r < 1.0, 95% confidence). Fig. 3.7d-f shows
two adjacent sections where, due to overlapping isochrons in the replicate data series, all
data from sections ALHIC1901_203_2 and ALHIC1901_203_3 were adjusted relative to the
reference measurement of ALHIC1901_203_2 before cross-correlating; the best correlation
was found to be r = 0.77 (0.54 < r < 0.83, 95% confidence). Fig. 3.7g-i shows the three
dimensions of ALHIC1901.228 4. All isotope-aligned data are presented in Figure 3.8, and
the lag and scaling factors are shown in Figure 3.9 and are discussed below.

Figure 3.8 demonstrates that high-frequency information is contained within this dis-
turbed blue-ice core, and shows that similar isotopic layers are observed across distances of
17-24 cm (r = 0.72 for all adjusted data in both 6D and §'®0). The correlation coefficients
and residuals for all sections are shown in Figure 3.9. Figure 3.9 also shows the reduction in

0D residuals between 0 Doyigina and 0 Dagjusted (Torigina=7-8%0 and oqgjustea=6.0%0).
3.5 Implications for layer dip, ice low, and sample handling

Water-isotope signal coherence shows that that same-age packets of ice likely extend
over hundreds of meters in the Allan Hills and that climatic information is generally repro-
ducible across a single core. The imperfect correlations and nonzero residuals of the aligned

datasets suggest that the horizontal heterogeneity cannot be explained by a simple linear
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Figure 3.7: Signal adjustments used to identify depth offsets for sections 209_7 (top row),
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2032 & 203_3 (middle row), and 228 4 (bottom row). Panels A, D, and G show the corre-
lation coefficients and data comparison using field-logged depths. Panels B, E, and H are
the same, but depths are adjusted for the “left” replicate and “center” replicate data to
maximize the correlation coefficient. Panels C, F and I are the same but allow for both
signal scaling and signal lags. Note that there is no change between panels E and F because
the optimal scaling factor is 1. Figure by Haley Lowes-Bicay.
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Figure 3.8: Isotope variations for all replicate sections of ALHIC1901. The shaded red boxes
show depth_original for the replicate data; the shaded gray box highlights depth_original of
section 203_2, where both samples were adjusted relative to the reference sample of section
203_3. The gray line at the bottom indicates all sections retrieved from this depth interval
(recovery = 72.7%); note that not all recovered sections were available for this study. Figure
by Haley Lowes-Bicay.
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offset of isochrons for either kilometer- or centimeter-scale data, which is evidence of more
complex deformation at these sites. Nonetheless, analyzing the discrepancies between paired

measurements provides insight into the deformation of blue ice in this region.

Regional heterogeneity

Allan Hills ice cores exhibit characteristically similar water isotope distribution at most
sites, with notable excursions in cul-de-sac core ALHIC2301 and downstream cores AL-
HIC1903 and S27. ALHIC2301 contains ice that is on average lower in 6**O and higher in
descess than most other sites; its unique isotope signature suggests that at least some ice in
that location is transported through different meteorological or glaciological pathways (or
both). The unique composition of ALHIC2301 is also apparent in Figure 3.3. Figures 3.3,
3.4, and 3.5 highlight the range and distribution of water isotopes in the Allan Hills, and
indicate that there is a weak relationship of isotope similarity with distance, especially along
the flowline. For 1-m averages along the transect, we find PDF overlap of 744:12% in 6%0;
this is reduced to 50%=%11% by 1.5 km and is similar at distances of 3.5 km.

Similarly, correlation coefficients between pairs of cores along the flowline (i.e. Figure
3.6 suggest a reduction in similarity with distance, from r=0.80 at 8 m separation (i.e.,
ALHIC1901 and ALHIC1503) to r=0.07 at 140 m separation (i.e., ALHIC2201 and AL-
HIC1502). The Kkgeqiing values along the transect highlight thinning of similar packets as
they move down the pressure gradient (i.e. uphill). However, it is worth noting that these
linear scaling factors fail to capture nonlinear distortion between paired sites; nonlinearities
can be observed in Figures B.1, B.2, B.3, B.4, and B.5, and could indicate instability in the
historical ice flow direction. Between ALHIC1502 and ALHIC2201, layers seem to thin as
they initially move towards the nunatak, but ablation from the top of the ice column com-
bined with compression could modulate thinning at sites closer to the nunatak. Table 3.3
indicates the estimated depth of the ALHIC1502 surface layer along the flowline calculated
from the thinning factors (i.e. Kseuing); as indicated, layers in ALHIC1503 and ALHIC1901

seem to thin more rapidly than the column thickness — suggesting that similar packets of
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Figure 3.10: 6*¥0 vs. degeess for Allan Hills core sites. Data sources are Yan et al., 2019
(ALHIC1502, ALHIC1503), Higgins et al., 2015 (ALHIC1503), Shackleton et al., submitted
(ALHIC1901), Carter et al., 2024 (ALHIC1903), and this study (all remaining cores). The
strong positive trend between most measurement pairs indicates a local meteoric water line
for the accumulation site. Several cores, including ALHIC1502, ALHIC1503, ALHIC2201,
and especially ALHIC2301, contain ice with isotopic values that fall above this line, and
perhaps accumulated in a different location from typical Allan Hills ice.
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Site 6180 mean (%o) 080 o (%0)  depeess mean (%o)  degeess o (%o)
ALHIC2301 -38.0 2.4 3.7 2.9
ALHIC2302* -37.6 0.7 0.5 1.2
ALHIC1902* -37.2 0.4 1.6 0.9
ALHIC2201 -37.5 1.5 1.3 2.1
ALHIC1502 -37.3 1.5 0.3 2.3
ALHIC1503 -37.0 1.2 0.3 1.7
ALHIC1901* -36.9 0.7 1.4 1.2
ALHIC1903 -40.1 2.1 -3.3 3.3

Table 3.2: Statistical data for all 1-m averaged ice core data compared by Figure 3.3 and
ALHIC1903. An asterisk indicates core sites where depth intervals are not representative
of the full ice column, leading to decreased variance. Ice cores are listed in order of their
position to highlight trends in ice composition, which are particularly apparent for de,cess-
Analytical error is approximately 0.1%o for 6'¥0 and 1%o for depcess-

ice at the ALHIC1502 surface are tens of meters beneath the surface by this location —
but ALHIC2201 layers are not significantly thinner despite its shallower bedrock conditions.
Further, an example of evidence of nonlinear flow or a change in flow over time is at the
top of the ALHIC1503 column, where we find approximately 31 m that are not isotopically
represented at the top of the ALHIC1502 column.

ALHIC1901 heterogeneity

Our data show evidence of steeply dipping internal layers and nonlinear deformation over
scales of several centimeters. After aligning all 1-cm data from ALHIC1901, we find that the
linear depth offsets range from -12 to 421 cm, including scaling factors ranging from 0.79 to
1.28 (see Figure 3.9). These values far exceed the errors estimated in Section 3.3.3, lending
confidence to our interpretation of these differences as evidence of glacial deformation. The
signal differences are similar in both <900 ka and >1Ma ice, suggesting that deformation

processes could be similar in the 135-142 m ice and at the bed, where the oldest ice samples



Core distance  from | thickness column estimated depth
ALHIC1502 (m) | relative to | depth (m) | of ALHIC1502

ALHIC1502 top layers (m)
(1/kscating)

ALHIC1502 | 0 100% 200 0

ALHIC1503 | 56 58% 147 +31

ALHIC1901 | 60 67% 160 +26

ALHIC2201 | 147 56% 90 -20
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Table 3.3: Table of core depth and thinning details along the transect. Distance is defined
as the lateral distance from the ALHIC1502 core site. Relative thickness is provided as a
percentage relative to ALHIC1502; a core with relative thickness of 50% would have layers
with one-half of the thickness of ALHIC1502. The column depth is the observed column
depth during coring or by geophysical observations, and the estimated depth of ALHIC1502
top layers is the theorized vertical position of the top of ALHIC1502 based upon on the
relative layer thicknesses provided in the second column, where depth beneath the ice surface
is defined in a positive direction. These calculations indicate ALHIC2201 layers with similar
layer thickness to ALHIC1503 and ALHIC1901, despite persistent ablation that has removed
20 m of ice from the top of the column relative to ALHIC1502.
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have been found (Shackleton et al., submitted). Linear offsets in depth can be attributed
to layer dip; we identify a maximum apparent dip of 43° in these sections, which is similar
to estimates of bedrock topography (Spaulding et al., 2012; Yan et al., 2019). Because
azimuthal orientation was not logged during drilling, differences in apparent dip throughout

these depths are not meaningful.

We interpret differences in signal scaling between the replicate sample sets (up to 28%)
as evidence of asymmetrical thinning of isochrons, and we find that for many sections (such as
228 4 in Fig. 3c) nonlinear scaling even within a single section would be necessary to improve
correlation values between cores. Although the magnitude of kyegiing in 1-cm ALHIC1901
samples is similar to the magnitude of kgeqing at the regional scale, it is not clear whether
they are reflective of the same large-scale flow regime. If so, we would expect to see the
largest values of Kgcqing in sample pairs that also experience the largest offsets; i.e. sample
pairs that in-situ were oriented along the direction of dip and ice flow. We find the largest
Escating values in sample pairs from ALHIC1901-201_-2 and ALHIC1901_228_4, both of which
also see an isochronal offset greater than 10 cm across the sampling interval (see Figure 3.9).
This leaves open the possibility that large-scale stress fields are imprinted upon layers at
the centimeter-scale, though asymmetric deformation caused by rheological differences like

boudinage, or more localized flow processes could also cause these changes.

These observations highlight the effects of three-dimensional deformation in blue ice
layers and suggests that even if layer dip can be accounted for throughout these cores,
developing high-resolution, multi-proxy records of same-age measurements will be nontrivial.
Tools like multi-track electrical conductivity measurements (e.g. Kirkpatrick et al., 2024)
and hyperspectral imaging (e.g. Garzonio et al., 2018; McDowell et al., 2024) will be useful
for identifying the direction and magnitude of layer dip. Accounting for layer dip alone will
correct for many of these discrepancies at the spatial scale that is required for the resolution
of most analyses, but aligning all measured samples by their water-isotope composition will

minimize alignment errors that arise from nonlinearities.
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3.6 Summary

We investigated the reproducibility of water-isotope signals in seven cores across the Allan
Hills region and in replicate measurements made from a 24-cm ice core. We demonstrate
that the variability of water isotope data across the Allan Hills is similar between most cores,
with notable differences observed at the geographically distinct cul-de-sac site ALHIC2301
and sites S27 and ALHIC1903. Along a flow-line transect, we find that the water isotope
values with depth are correlated (0.27 < r < 0.80) and that all cores are characterized
by essentially indistinguishable water-isotope compositions. This increases confidence that
samples along this transect have similar origins, although additional material at the top of
the ALHIC1503 column and missing material at the top of the ALHIC2201 column highlight
the complex regional flow and provide evidence of historical ablation near the nunatak. We
measured several sections of ALHIC1901 with 1-cm vertical resolution, establishing that
high-frequency information is preserved in Allan Hills blue ice. We cross-correlated replicate
cm-resolved water-isotope data to reveal steeply dipping layers (up to 43°) and significant
asymmetry (up to 28%) within the core. The magnitude of dip and asymmetry observed at
both scales is similar, suggesting that deformation at both scales is governed by ice flow over

steeply dipping bedrock topography.



Chapter 4

INSIGHTS ON ALLAN HILLS CLIMATE AND SIGNAL
PRESERVATION FROM A 4-MA, STRATIGRAPHICALLY
DISTURBED, BLUE-ICE CORE
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4.1 Overview

Blue ice cores from the Allan Hills region of Antarctica contain ice as old as 6 Ma, but the
ice is stratigraphically disturbed and the distortion of the climate signal by post-depositional
processes is not well characterized. Here, we consider whether high-frequency isotopic infor-
mation recorded in Allan Hills ice is consistent with glacial-interglacial signal expectations.
We present a new high-resolution (1-cm) water isotope record that spans 12 discontinuous
(i.e., both incompletely recovered and not chronologically ordered) meters of Allan Hills core
ALHIC1901 that have been dated at lower resolution by the “°Ar geochronometer to 500 ka
- 4 Ma. We compare these data with independent records from other ice cores and ocean
sediment cores. We align high-frequency water isotope fluctuations with expected climatic
variations based on the EPICA Dome C ice core record and the global benthic §'80 stack,
and demonstrate that the signal frequency is consistent with glacial-interglacial information
within the error of the “°Ar age scale. Confidence in this refined age scale is highest in ice 550
- 750 ka, where water-isotope variability is best preserved. We model the effects of sample
averaging and molecular diffusion for this interval and demonstrate that molecular diffusion
is necessary to obtain the degree of signal smoothing observed in ALHIC1901. Our data
provide new constraints on glacial-interglacial accumulation rate changes (approximately 7
times more accumulation during interglacials between 550 and 750 ka) and layer thinning
(>99.99% since deposition for ice 20 m above the bed). We show that the relationship be-
tween water isotopes in the Allan Hills and at Dome C has experienced a consistent rate
of change since about 725 ka, suggestive of local isotopic cooling >5°C in the Allan Hills.
We speculate that these changes could be attributed to an increase in snow redistribution
from katabatic winds, an increase in local or upwind scour site elevation, or a combination

of these processes.
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4.2 Introduction

Blue ice areas form near mountainous regions in Antarctica, where the local topography
slows ice flow and focuses katabatic winds, causing both net sublimation and flow of old ice
towards the surface (Bintanja, 1999). In the Allan Hills blue ice area (BIA), ice hundreds of
thousands of years old is found at the surface (e.g., Dunbar et al., 1995). However, depth-age
relationships in BIAs are complex and exhibit folding and other stratigraphic disturbances
that complicate the development of paleoclimate records (e.g., Petrenko et al., 2006; Sinisalo
and Moore, 2010; Baggenstos et al., 2017). Allan Hills cores S27 and ALHIC1903 preserve
chronological strata from the penultimate deglaciation (Spaulding et al., 2013; Carter et
al., 2024), but older ice tends to exhibit more complicated age-depth relationships (e.g.,
Shackleton et al., submitted).

Ice from the Allan Hills BIA has the potential to extend the ice-core record beyond 800
ka. Absolute dating of atmospheric “°Ar trapped in ice-core bubbles allows for the devel-
opment of paleoclimate records from stratigraphically disordered blue ice cores (Bender et
al., 2008; Higgins et al., 2015), yet considerable uncertainty remains in their ability to pre-
serve high-frequency climate variability. Recent measurements of Allan Hills blue ice cores
ALHIC1901, ALHIC1902, and ALHIC1903 demonstrate that long-term water isotope trends
up to 6 Ma from stratigraphically disturbed blue ice cores broadly agree with other temper-
ature proxies (Shackleton et al., submitted). However, the absolute age scale resolution is
sample-limited and relatively coarse; currently, ALHIC1901 has the best resolved “°Ar age
scale, with median sample spacing of 0.28 m, ranging from 0.06 to 3.23 m (Shackleton et al.,
submitted). The age scale highlights the stratigraphic complexity of blue ice, with frequent
age reversals and implied layer thicknesses that are highly variable; this irregular age-depth
relationship combined with the volume-intensive absolute dating technique contributes to
uncertainty in the amount of time represented by an individual sample. In addition, the
uncertainty of the average gas age for dated samples is approximately 11% (Shackleton et

al., submitted). Uncertainty in the average age assignment and limitations in the absolute
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dating resolution limit the interpretation of high-resolution paleoclimate records from blue
ice.

In addition to dating limitations, uncertainties in ice provenance and deposition con-
ditions complicate the interpretation of many measurements. Recent work on ALHIC1901
identified an interglacial preservation bias in CO, (Marks Peterson et al., 2024), which could
indicate that low glacial accumulation rates failed to capture glacial gases below bubble
close-off during past glacial periods. The modern accumulation rate in the Allan Hills is
estimated to be, at maximum, 0.0075 m a™! over the last 600 years (Dadic et al., 2015),
although large disparities in glacial-interglacial layer thicknesses (i.e., 1-2 orders of magni-
tude) are observed in Allan Hills ice cores 527 (Spaulding et al., 2013; Yan et al., 2021) and
ALHIC1903 (Carter et al., 2024). Uncertainties in the deposition conditions are particularly
problematic for the interpretation of the water-isotope signal because water isotopes reflect
the integrated thermodynamic conditions of their atmospheric trajectory and are sensitive to
evaporation, transport, and condensation site conditions (Merlivat and Jouzel, 1979; Jouzel
and Merlivat, 1984; Markle and Steig, 2021) in addition to post-depositional alteration (e.g.
Casado et al., 2018; Wahl et al., 2021). Interpreting the ice-core water-isotope record requires
knowledge of local meteorological and glaciological conditions, but the complex atmospheric
and glaciological flow conditions that cause the formation of BIAs also lead to accumulation
rates, post-depositional alteration, firn processes, layer thinning, and water-isotope diffusion
conditions that are not necessarily constant in time or space and are not well character-
ized in the Allan Hills. It is therefore not known whether or to what extent climate-scale
water-isotope variability is retained by blue ice cores from this region.

Here, we compare high-resolution (1-cm) water-isotope observations from a well-dated,
stratigraphically disturbed Allan Hills core (ALHIC1901) with the EPICA Dome C (EDC)
ice-core record (Jouzel et al., 2009; Landais et al., 2021) and the globally stacked benthic §**O
record (LR04; Lisiecki & Raymo, 2005), which provide estimates of climatic fluctuations as
recorded in East Antarctica and in marine fossils, respectively. We model post-depositional

thinning and diffusion and compare modeled results with ALHIC1901 observations to make



73

inferences about ice thinning, water-isotope diffusion, and depositional conditions likely af-
fecting water-isotope composition in the Allan Hills. We demonstrate that the amplitude of
water-isotope fluctuations observed in ALHIC1901 agrees with expectations for very thinned
(i.e., 1072 m ka™!'), 1-cm-resolved ice, but that a significant negative trend in Allan Hills
isotope data since ca. 750 ka likely reflects a change in local depositional conditions since

that time.
4.3 Developing water isotope records and regional expectations

We measure stable water isotopes (620, dD, and d) from approximately 500-800 ka ice
(135-142 m) and 1-4 Ma ice (155-160 m, terminating at bedrock) in ALHIC1901 and com-
pare our data with expectations derived from EDC (Jouzel et al., 2009; Landais et al., 2021)
and benthic 6'*0 (Lisiecki & Raymo, 2005). Our goal is to investigate whether and how
climatic information is archived in disturbed blue ice cores. We first refine the “°Ar-age scale
by aligning 6D and dege.ss With peaks in the global records within the error of the *°Ar-age
scale (Shackleton et al., submitted), and then comparing our high-resolution data with a
synthetic ice-core history based on a modified EDC record that has been subjected to thin-
ning, molecular diffusion, and 1-cm sample averaging. More details about the ALHIC1901

measurements and the synthetic Allan Hills core comparison are provided below.

4.8.1 High-resolution measurements of ALHIC1901

We measured available sections of ALHIC1901 from 135-142 m and from 155-160 m by
laser spectroscopy (Picarro L2140-i (Steig et al., 2014) and Picarro 1.2130-7). Each section
was sampled with 1-cm vertical resolution, and the resulting 266 samples were melted in
sealed high-density polyethylene bottles at 4°C. After melting, a 200-pL aliquot of sample
water was pipetted into a glass vial with a septum. The vials were loaded alongside four
internal reference waters into an autosampler for high-precision measurement by laser spec-
troscopy (following Schauer et al., 2016) and data were calibrated to the VSMOW-SLAP

scale (Schoenemann et al., 2013). The root-mean-square errors of the fourth reference water
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0%%0 (%) 6D (%0)  deacess (o)
WW | -33.82 26830 2.3

WGW | -39.77  -318.82 -0.7
SPS | -46.96  -365.01 10.7
VW | -56.60  -438.65 14.2

Table 4.1: Table of internal reference water values used to calibrate data used in this study.
WW is meltwater from West Antarctic ice core WDCO6A. WGW is glacial meltwater from
the WDCOGA core. SPS is surface snow from the South Pole. VW is meltwater from the
Vostok ice core.?

are less than 0.1%o for 6'%0, 0.6%0 for 6D, and 1%o for deyeess. Calibration and reference
water details are provided in Table 4.1.

The analytical data are shown by depth in Figure 1. The data are generally in good
agreement with measurements from Shackleton et al. (submitted), which are larger samples
from distinct depth intervals; this agreement supports the application of the Shackleton et
al. (submitted) age scale to these data. Figure 4.1 establishes that there are high-frequency
water isotope fluctuations preserved in this very thinned, disturbed, and discontinuous blue

ice.

4.8.2  Age scale refinement

A shared age scale is necessary to compare ALHIC1901 and EDC data, but the avail-
able age-depth constraints for ALHIC1901 are not sufficiently resolved for direct application
to the ALHIC1901 1-cm data. At present, ALHIC1901 has the best resolved age scale for
disturbed ice in the Allan Hills, so these sections of 500-800-ka ice present the best oppor-
tunity for an age-constrained comparison with EDC. However, the scale of interest in our

samples (0.01 m) is much finer resolution than the existing age scale (where the mean+o

2Additional information about UW Isolab internal reference waters is available at
https://isolab.ess.washington.edu/resources/standards.php#water
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ALHIC1901, 155-160 m
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Figure 4.1: ALHIC1901 data by depth in meters. 1-cm vertically resolved measurements are
shown as filled circles colored by depth. Grey circles indicate isotope values of larger-volume,
dated samples presented by Shackleton et al. (submitted). A) §'80 for 135-142-m ice. B)
0D for 135-142-m ice. C) depeess for 135-142-m ice. D) §'¥0 for 155-160-m ice. E) 6D for
155-160-m ice. F) deyeess for 155-160 m ice.
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Figure 4.2: ALHIC1901 data by age, using a simple linear interpolation along the Shackleton
et al. (submitted) age scale. Data from this study are colored according to the depth profiles
provided in Figure 4.1. A) Allan Hills §D for 100-850 ka, including D from 135-142 m. 6D
for S27 is published in Spaulding et al., 2013. B) Allan Hills dezcess for 100-850 ka, including
depcess from 135-142m. degeess for ALHIC1903 is available from Carter et al., 2024. C) 6D
for 100-850 ka from EDC (Landais et al., 2021) (black line) and benthic 6'*O from Lisiecki
& Raymo (2005) which has been aligned to EDC §D according to Equation 4.3.1. D) Allan
Hills 6D for 1-4 Ma, including 6D from 155-160 m. E) Allan Hills deyeess for 1-4 Ma, including
degeess from 155-160 m. F) benthic §'®0 for 1-4 Ma from Lisiecki & Raymo (2005) which has
been aligned to EDC D according to Equation 4.3.1.

for our sampled interval is 31£31 c¢cm). A simple linear interpolation of our high-resolution
measurements along the Shackleton et al. (submitted) age scale is shown in Figure 4.2. Fig.
4.2 highlights the difficulty of interpreting high-resolution information from blue ice; while
climatic information is apparent, the timing and magnitude of the signal does not agree with

expected climatic fluctuations.

We align all water-isotope records from the Allan Hills with other global records and
note key differences in Allan Hills ice that must be accounted for in order to create a synthetic
climate history for the Allan Hills. Figure 4.2 shows new ALHIC1901 measurements alongside
existing data from ALHIC1901, ALHIC1902, and ALHIC1903 (Shackleton et al., submitted)
and from S27 (Spaulding et al., 2013; panel A) and ALHIC1903 (Carter et al., 2024; panel
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B). In addition, we show global climate records spanning both intervals in panels C and
F, including the EDC record for 6D and the benthic stack, which records both ice volume
and global temperature for the past 5 million years (Lisiecki and Raymo, 2005). Here, the
benthic %0 stack has been modified to approximate Dome C 6D by the following equation:

LRO4mogifiea = LROA x (—28.31) — 303.98%o (4.1)

where LR04 refers to the benthic §'®0 stack (Lisiecki and Raymo, 2005) and the slope and
intercept were determined by linear regression with EDC dD. The standard errors of the
slope and intercept are 0.7 and 3.1%o, respectively. For comparison of data older than 800
ka, we are primarily concerned with the timing of fluctuations and not the mean signal,
since we cannot assume that mean trends in benthic %0 and Antarctic §'*O are similar;
nonetheless, we find good agreement between LR04,,,04; ficq and Allan Hills 6D from 1 - 4 Ma.
For ice younger than 800 ka — where no trend is observed in the mean EDC D over time
— the Allan Hills data exhibit notably different behavior, especially for data younger than
about 700 ka; Allan Hills data are also about 100%g less negative in 6D than EDC. These
differences are discussed further in Section 4.3.3.

We refine the ALHIC1901 *°Ar-age scale by aligning isotope fluctuations within error
with a combined EDC-LR04 record that includes all data shown in Figure 4.2¢,f. Our age
scale relies upon several key assumptions about the depth-age relationship. First, we assume
that there are no large age excursions between “°Ar tie points; that is, we assume that the
ages of our samples fall between the adjacent, dated sections. We assume that the depth-
age relationship within each core section (typically <20 cm) can be approximated as linear,
and we linearly interpolate between the two depth-adjacent “°Ar tie points. Then, to bring
our data into best alignment with the EDC timescale, we shift our data within the error
of the age scale (£11% of age) to maximize the correlation between EDC and ALHIC1901
measurements of dD. Although there is some uncertainty in the peak assignments owing to
the similarity in scale between the age error and glacial periodicity, we reduce uncertainty

by using the magnitude of degeess to inform the direction of age-scale adjustments (i.e., we
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shift data such that the variance of deycess at a given age is minimized). The resulting age
scale yields data that are reasonably well correlated with expectations for 6D (r=0.67), 6**0
(r=0.67), and deyeess (r = 0.21) that are described in Section 4.3.3. The resulting records for

0D and deyeess are provided in Figure 4.4.3

4.8.3  Creating a synthetic Allan Hills core record

We create a synthetic climate history for the Allan Hills by modifying global records
to account for the observed difference in magnitude and the observed trend in mean value
in the Allan Hills; we then apply this climate history to a synthetic core and model layer
thinning and diffusion to explore possible pathways that could lead to the observed isotope
variability in ALHIC1901. The magnitude of Allan Hills water isotopes is indicative of a
warmer precipitation site than EDC. In addition, Figure 4.2 suggests a trend in the mean
value of Allan Hills water isotopes over time, likely indicating a change in the depositional
environment (e.g., perhaps due to cooling of the depositional site). To account for these
differences in our synthetic record, we begin by adjusting the magnitude of the blended
EDC-LR04 6D record to align with S27 (Spaulding et al., 2013). We then modify our
synthetic water-isotope history by assigning accumulation, thinning, and diffusion histories,

and compare the synthetic core record with our ALHIC1901 data.

Disentangling local and global climate signals

To establish a synthetic climate history for the Allan Hills, we first consider the effects of
local climatic changes on other ice-core records to establish a framework for treating the linear
trend observed in our data. Because the water-isotope composition of precipitation reflects
the deposition site, long-term ice-core water-isotope records reflect both global climate and
site-specific conditions. In the Allan Hills, disentangling local and global effects on the

water-isotope record is complicated by uncertainty about ice origins; the apparent long-term

3Note that we focus on the comparison of §D throughout this manuscript, rather than §'®0, due to the
availability of 6D data from Allan Hills ice core S27 that we use for both comparison and model calibration.
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trend in 0D shown in Figure 4.2 suggests that Allan Hills ice likely reflects both global and
local processes. While we expect that ice recovered from Allan Hills cores has traveled, at
minimum, about 20 km from the modern snow accumulation area (see Figure 3.1a; Spaulding
et al., 2012; Kerhl et al., 2018), it is possible that the conditions at that site (or that the site
itself) has changed over time, which complicates interpretation of the water-isotope signal.
In Figure 4.3, we consider the relationship between water isotopes at several ice-core sites
(including Allan Hills site S27) and EDC for records that span multiple glacial cycles. Figure

4.3 shows the difference in either 610 or §D calculated for each ice-core site as
A = d4ite — OEDC (4.2)

and includes details for the linear regression at each site and the standard error of both
slope and intercept. For cores drilled at or near ice divides, such as east Antarctic sites
Vostok (Petit et al., 1999) and Dome Fuji (Watanabe et al., 2003; Uemura et al., 2012;
2018) — and even in Greenland at NEEM (Gkinis et al., 2020) — there is no significant
trend in AJ over glacial timescales. However, the EPICA Dronning Maud Land (EDML)
core (shown in Figure 4.3e) was drilled on a gentle slope approximately 20 km downstream
from a local ice divide (Stenni et al., 2009), and therefore reflects precipitation from a
transient accumulation site that was warming (due to movement downgradient) throughout
the sampled time interval. Figure 4.3h shows the reduced trend in a ”corrected” 6**O record
for which Stenni et al. (2009) applied an ice-sheet elevation correction determined from a
glaciological model (Huybrechts et al., 2007). A trend in § data from Talos Dome is also
attributed to a decrease in elevation over time (Crotti et al., 2022). Figure 4.3a shows the
observed offset in 6D between Allan Hills site S27 and EDC over approximately 140 kyears.
In addition to a linear offset of 70-120%0, an age-dependent slope in the isotope residual
suggests evidence of local cooling in the Allan Hills during this interval. To account for
this local effect in our synthetic record, we begin with an age-dependent, linear adjustment
that approximates AdD in the form of Ad ~ m X age + b. The slope and intercept of the

adjustment are given by the linear regression shown in Figure 4.3a. We translate the blended
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Figure 4.3: Isotopic difference between six ice-core sites and EDC, including a linear regres-
sion of Ad residuals over time. 6D are shown in green and §'80 are shown in blue. A) S27
(Allan Hills), Spaulding et al., 2013. B) NEEM (Greenland), Gkinis et al., 2020. C) Vostok,
Petit et al., 1999. D) Dome Fuji, Uemera et al., 2018. E-F) Talos Dome 6D and §'80, Crotti
et al., 2022. G-H) EDML as measured and EDML after correction for modeled elevation
changes, Stenni et al., 2009.
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EDC-LR04 record to align with Allan Hills water-isotope data by combining dD from EDC
and from LRO04,,04;fiea With this adjustment:

5DEDC-LR04—adjusted = 5DEDC-LRO4 + 0.07 %o/kyear X age + 84 %O (43)

where d Dgpc.rrosa includes the combined records of 6D from EDC and from LRO04,,04ified,
and where the slope and intercept are defined by the linear fit of AdD shown in Figure 4.3a.
The resulting record is plotted with the standard error (i.e., m#£0.033 and b+6.2%0) as green
shading in Figure 4.4 and is also used in all synthetic core experiments described below.
While 0D gpe—rRro4—adjustea agrees in magnitude with the ALHIC1901 1-cm 0D data
presented by this study for ages less than about 725 ka, agreement worsens between 725-900
ka. In addition, there are no published values for 680 or dggeess from S27; while these data
exist for nearby core ALHIC1903 (Carter et al., 2024), they are limited to the penultimate
deglaciation between 127-148 ka and are too narrow in age distribution to assess a long-term
trend in 680 or deyeess. Therefore, we additionally consider differences between ALHIC1901
and EDC and find that the age-dependent relationship from AdDargrc1001 (135-142 m) is
within the uncertainty of the relationship provided by Equation 4.3 for AdDgo7. We use the
slope and intercept from a linear fit of AdD 47 mrc1901 and time to define a synthetic climate

history for the Allan Hills for ages <800 ka:

5Dsynthetic—core<800ka - 5DEDC—LR04 + 0053%0/kyear X age + 87%0 (44)

618Osyntheticfcore<800ka = 618OEDC + 0.00G%o/kyear X age + 12.3%0 (45)

where age is given in thousands of years. We find no trend in the relationship between
AdDarmrcioor (155-160 m) and LR04,,04ifica (>800 ka), so we apply a simple linear offset
for data >800 ka, which, combined with Equation 4.1 becomes

5Dsynthetic—core>800ka = 5DEDC-LRO4 + 117%0 - LRO4 X (—2831) - 187%0 (46)
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We also define an expectation for d,,..ss for ages less than 800 ka:

— 18
de:pcessfsyntheticfcore<800ka - 6Dsynthetic—cor61800ka —8x9 Osynthetic—core]BOOka- (47)

Synthetic climate histories for 0D and d,yccss are shown in Figure 4.4. We then assign these
synthetic isotopic histories to a synthetic ice coree and investigate the effects of accumulation

variability and thinning on signal damping within the synthetic core.

Estimating layer thicknesses in the synthetic core

Layer thicknesses dictate the frequency of climatic information in ice cores, which affects
both the sampling resolution necessary to recover full climatic variability and also diffusive
damping. Over time, diffusion reduces gradients in the water-isotope profile, reducing vari-
ability as the ice lattice deforms and molecularly reorganizes (Ramseier, 1967; Johnsen et al.,
1969). We consider the effects of sample averaging and isotope diffusion on our synthetic core
and specifically focus on ice from the 550-750 ka interval, where robust isotopic constraints
in the 135-142 m ice lead to reduced age-scale uncertainty and where isotopic agreement
between our measurements and synthetic history is greatest.

Variations in snowfall over time lead to differences in initial layer thicknesses within an
ice core, and layers also thin under compressional strain after deposition; modeling smoothing
due to molecular diffusion or sample averaging requires an estimate of accumulation rate and
relative layer thicknesses for the synthetic core. The best estimate of modern accumulation
at the Allan Hills is very low (0.0075 ma™; Dadic et al., 2015), although accumulation is
probably spatially heterogenous and possibly up to an order of magnitude lower during
glacial periods (Yan et al., 2021). Significantly thinned glacial layers during the penultimate
deglaciation in Allan Hills core S27 (Spaulding et al., 2013) and a notable interglacial bias in
gas data (Marks Peterson et al., 2024) are consistent with lower accumulation during glacial
periods. While initial accumulation rates are poorly constrained, the final layer thicknesses
can be inferred from the age scale.

At most ice-core sites, the accumulation rate is directly proportional to atmospheric

temperature, so we define synthetic core layers with temperature-dependent relative layer
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thicknesses. The Clausius-Clapeyron equation relates the saturation vapor pressure of water

vapor to atmospheric temperature and can be written in the following form:

AH,, 1

where e is the saturation vapor pressure, AH,,, is the heat of vaporization, R is the gas
constant, T is temperature in K, and c is a constant. We leverage the first-order relationship
between temperature and dD and the dependence of precipitation on atmospheric humidity
to define relative layer thicknesses for the synthetic core as a function of éD. To do this,
we use the empirical relationship between layer thickness and 6D during the penultimate
deglaciation at S27 in the form of Equation 4.8 to relate relative layer thicknesses to oD,
and then assign relative layer thicknesses to the synthetic core according to the Allan Hills
isotope expectations for dD:

2000 A) = —6647%0 x —— %z — 20 (4.9)

ln( m 5Dsynthetic core
where A is the thickness of an annual layer in m, = is a dimensionless multiplier that we use to
test the sensitivity to the slope, and the constants are empirically determined from S27 layer
thickness and 6D. Because this relationship assumes that no thinning has occurred in S27
since deposition (or that thinning has occurred equivalently at all depths), we expect that
this estimate could be an underestimate of (deeper) glacial accumulation values, such that
the relative A difference applied to our record leads to a conservative estimate of interglacial
biasing. Nevertheless, we test a range of relative layer thicknesses by testing slope multipliers
() ranging from 0.4 to 1.0 in 4.9 to approximate glacial-interglacial layer differences of
Ainterglacial = 3.5 X Aglacial 10 Ainterglacial = 26 X Agiacial-

Low accumulation and ice thinning in the Allan Hills result in layer thicknesses on the
order of 0.002 m ka' in <900ka ice from ALHIC1901, which is two orders of magnitude

thinner than same-age layers at EDC, and three to four orders of magnitude smaller than

estimated initial layer thickness in the Allan Hills (i.e., from Dadic et al., 2015; Spaulding
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et al., 2013; Yan et al., 2021); the deepest ice in ALHIC1901 is even thinner. All diffusion
experiments reported in this manuscript use a chronologically continuous synthetic core with

a final thickness that matches the observed layer thicknesses of ALHIC1901 samples.

Estimating diffusion within the synthetic core
Post-depositional diffusion reduces isotopic gradients throughout the ice column, smooth-
ing high-frequency climatic information over time. The effects of layer thinning and diffusion

on the isotope signal are approximated by one-dimensional, Fickian diffusion:

2
2 Dl - (4.10)
where 94 /0t is the change in water isotope composition (60 or §D), D, is the temperature-
dependent isotope diffusivity (discussed in more detail below), z is the depth position along
the core, and € is the vertical strain rate, which defines the layer thinning (Johnsen et al.,
1977). The cumulative effects of diffusion are sometimes quantified by the diffusion length,
which quantifies the average displacement of a water molecule from its original position in
the core (Gkinis et al., 2011; 2021). The diffusion length is typically considered to reflect
the combined effects of displacement in the firn (o), where water vapor molecules are
displaced along interconnected pore spaces near the surface, and displacement in solid ice
(0ice), Where water molecules are rearranged within the ice lattice (Johnsen, 1977; Whillans
and Grootes, 1985; Cuffey and Steig, 1998). Firn diffusion is the dominant mode of isotope
signal damping in typical ice cores, and diffusion in solid ice is generally thought to be less
relevant except in ice near the bed, where layers are thinnest and temperatures are warmest
(Johnsen et al., 2000; Grisart et al., 2022). However, diffusion lengths for water isotopes
at the bottom of the EDC core are estimated to be 16-60 cm (Pol et al., 2010; Grisart et
al., 2022); similar effects could cause significant damping or homogenization of the climate
signal in extremely thinned Allan Hills ice, where apparent glacial cycles span only a few

centimeters.

We solve for the effects of diffusion by convolving a gaussian filter G(z) with our simu-
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lated core data, following the formulation below (Gkinis, 2011; Laepple et al., 2018; Gkinis
et al., 2021):

G(z) = Uz\l/%exp (-%) (4.11)

where z is the sample depth and o, is the diffusion length. The diffusion length is given by

o2(r) = S(r)? /0 9D ()S(1) 2 dt (4.12)

where 7 is the age of each layer, S(7) is the ice thinning function at each age, and Dj is
the water-isotope diffusivity in solid ice. Although accumulation rates, firn density profiles,
and firn column thickness over these timescales are poorly constrained, it is likely that solid-
ice diffusion governs signal smoothing in these samples, which are both near the bed and
several orders of magnitude thinner than typical ice-core samples. In the EDC core, ;.
begins to outpace the effects of oy;, at around 2000 m depth, where the temperature of
the ice is “30°C and the layer thickness is about 30% of its initial thickness (Grisart et al.,
2022). In the Allan Hills, observed layer thicknesses are orders of magnitude thinner than
estimated accumulation rates, which amplifies the role of o;... We therefore consider o,
to be negligible, such that o.(7) = 0;.(7). We also note that because are primarily looking
for evidence of diffusion (and not trying to use the diffusion results to invert for historical
conditions), even if oy, is not negligible, our interpretation would not be changed.

We adopt the conventional, empirically determined water isotope diffusivity given by

Ramseier (1967) in the form of the Arrhenius equation:

Dice = D(] exp (-%) (413)

where Dg=9.13cm? /s, Q=59.820 kJ /mol, R is the gas constant and T is the temperature
of the ice in K. We explore the effects of temperature, thinning rate, and differences in relative
layer thicknesses to evaluate whether the Allan Hills water-isotope observations are consistent

with glacial-interglacial transitions that have undergone diffusion.
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4.4 Comparison of ALHIC1901 data with regional expectations

The analytical data on the refined age scale and the full synthetic climate history are pre-

sented in Figure 4.4 alongside other ice-core data from the Allan Hills for context.

4.4.1 Isotope agreement with synthetic climate history

The synthetic climate history is consistent in magnitude and signal amplitude with the S27
core (Spaulding et al., 2013), and also approximates the timing, magnitude and variability
of available data from ALHIC1901, ALHIC1902, and ALHIC1903 for 6'80, 6D, and deycess
(from Shackleton et al., submitted; Carter et al., 2024; and this study). Perhaps surprisingly,
the full range of variability suggested by degcess_ synthetic—core<800ka 15 Observed in degcess from
the Allan Hills data, except for during marine isotope stage (MIS) 16 (approximately 650
ka). Variability in 6D and in 6**O (not shown) is slightly damped at all ages, capturing about
80% of the expected variability in ALHIC1901. Relatively constant 0D measurements from
750-900 ka (see Figure 4.1) and adjacent age-invariant measurements of “°Ar (see Figure
4.4a) suggest that either the ice above the recumbent fold is highly mixed or that ice at
these depths is sampled along an isochron. Fully recovered variability in the degcess signal
points to a combination of mixing and diffusion, which is thought to be similar for 6D and
6180 (Ramseier, 1967) and thereby less significant for deyeess. Amplitude reductions caused

by sampling bias and by diffusion are investigated in the next section.

4.4.2  Smoothing by sample averaging and molecular diffusion

We investigate sample averaging and water-isotope diffusion as possible causes of ampli-
tude reduction in the ALHIC1901 1-cm data. The dominant control on signal smoothing
due to sample averaging is the relative layer thickness, since layers that are thinner than
the sampling resolution will be mixed with isotopically distinct, adjacent layers during sam-
ple analysis. The dominant controls on signal smoothing from diffusion are relative layer

thickness, temperature, and layer thinning. Because historical information about these ice
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Figure 4.4: ALHIC1901 data for 6D and d....ss on a refined depth-age scale. All 1-cm data
from this study are colored according to the depth profiles shown in plots A and B (similar
to Figures 4.1 and 4.2). A-B) “°Ar-age and depth relationship (Shackleton et al., submitted;
black line) with uncertainty (grey shaded region). ALHIC1901 depths are plotted with
refined ages that have been adjusted within the measurement error as discussed in Section
4.3.2. Vertical error bars indicate one-half of the maximum isochron offset measured between
same-depth samples in 135-142 m ice (see Lowes-Bicay et al. (in preparation) or Chapter 3
of this thesis). C) Comparison of Allan Hills §D with dDgyntnetic-core- The gold shading shows
0D EDC—LROA—adjusted @S defined by Equation 4.3, representing an approximation of Allan Hills
isotope expectations derived from the time-AJ relationship shown in Figure 4.3a for residuals
between S27 and EDC. The black line represents the synthetic core history as described by
Equations 4.4 (younger than 800 ka) and 4.6 (older than 800 ka). Measurements from core
S27 (Spaulding et al., 2013) are provided in teal, and dated measurements by Shackleton et
al. (submitted) are provided as grey crosses. D) Same as C but for 1 Ma to 4 Ma. E) Allan
Hills degcess and degeess-synthetic core; @ described by Equation 4.7. Measurements from core
ALHIC1903 (Carter et al., 2024) are provided in teal, and dated measurements by Shackleton
et al., submitted are provided as grey crosses. F) Allan Hills deycess-
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conditions is limited, the diffusion model is poorly constrained; nonetheless, we solve for
diffusion of the synthetic core signal to explore the effects of each of control and to iden-

tify potentially relevant processes that could lead to the water-isotope values observed in

ALHIC1901.

Layer thickness assignments

Relative layer thicknesses control the depth-weighted smoothing of an ice-core record
and are determined by accumulation differences during snow deposition and subsequent
thinning. Yan et al. (2021) inferred an interglacial accumulation increase in the Allan Hills
up to an order of magnitude from the difference between gas and ice ages in S27 during
the penultimate deglaciation, although dating limitations lead to large uncertainty on this
estimate. Relative ice-core layer thicknesses observed from the same core define our synthetic
core layer thicknesses as described in Equation 4.9. We test a range of relative layer thickness
ratios (from approximate glacial-interglacial layer differences of Ajntergiacial = 3.5 X Agiaciar t0
Ninterglacial = 26 X Agiaciar), and consider both the diffusion of the synthetic history across these
layers and the smoothing caused by 1-cm sample averaging for the synthetic core. Diffusion
controls and experimental results for this test of relative layer thicknesses are provided in
Figure 4.5. Figure 4.5d-f shows the experimental controls, including the thinning history,
diffusion length for the spatially and temporally constant -35°C experiment, and the age-
depth profiles resulting from a range of relative layer thicknes assignments. Figure 4.5a-c and
g show the smoothed isotopic data resulting from the described diffusion and 1-cm averaging

tests.

Effects of layer thinning

While the final layer thicknesses of ALHIC1901 can be inferred from the refined age
scale, the history of layer thinning since deposition is not known in the Allan Hills. If
accumulation rates up to 0.0075 m a~! have persisted in time, thinning on the order of 10%-
105 would be necessary to achieve the exceptionally thinned layers observed in ALHIC1901.

However, because o;.. is a function of thinning, the thinning history has large influence on
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Figure 4.5: Effects of relative layer thickness on signal smoothing. A) Distribution of diffused
0D from a synthetic core diffusion experiment with all conditions held constant except the
relative layer thicknesses. B) Same as A, but the data have been binned and averaged at
1-cm intervals. C) Distribution of smoothed 6D from a synthetic core without diffusion,
where all smoothing is due to 1-cm sample averaging. D) Prescribed ice thinning history
over time. E) Diffusion length over time for constant -35° temperature forcing. F) Depth-age
relationship resulting from the prescribed layer thicknesses. GG) Observations from 135-142 m
in ALHIC1901 for 6D (black) compared with the smoothed synthetic core results over time.
Solid lines are smoothed by 1-cm averaging only; dotted lines are smoothed by diffusion only;
and colored dots represent 1-cm averaging of the diffused synthetic core signal.
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the molecular diffusion. In Figure 4.6, we test three different thinning histories that reduce
the synthetic 800-ka column to 2.5 m, which approximates the observed layer thicknesses.
These extreme thinning histories exhibit a dominant control on ;. over these timescales;
rapid thinning following deposition will allow more diffusion to take place (i.e., increase ;. ),
and slower thinning later in time will reduce the effects of diffusive smoothing (i.e., decrease
Oice). This is observed by the nonlinearities in the relationship between ;. and age in
Figure 4.6e. Figure 4.6 shows the results of the diffused and 1-cm averaged synthetic core

experiments with varying diffusion histories.

Effects of temperature

Because diffusivity is temperature-dependent, the ice temperature is another control on
0ice and controls the amount of diffusion between layers of an ice core. Borehole thermometry
at ALHIC1901 indicates a basal temperature of about -30°C (Manos et al., in preparation).
Assuming a uniform column temperature, we tested a range of temperatures to examine the
consequent smoothing. Results for an experiment with gradual thinning and constant layer

thickness (Aintergiacial = 7 X Aglaciat) are provided in Figure 4.7.

Combined diffusive effects

While each of these controls demonstrably smooths the water-isotope record in the direc-
tion of the observations, it is difficult to quantify the contributions of any individual pro-
cess due to the fundamentally unconstrained histories of this ice. However, the histograms
provided in Figures 4.6, 4.5, and 4.7 consistently show that 1-cm sample averaging of the
synthetic profile is insufficient for reproducing the distribution of observed values between
550-750 ka (i.e., the best-dated and most complete interval) and that smoothing due to dif-
fusion consistently produces a signal with the variability and bimodal distribution of our
ALHIC1901 observations. Additionally, because the size of each peak in the distribution is
controlled by the glacial-interglacial layer thickness ratio, our results provide new constraints
on the relative layer thicknesses, with a best-matched ratio of about Niptergiacial = 7 X Agiaciai

for the 550-750 ka ice. The general shape of the PDF is preserved by all thinning and tem-
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Effects of Thinning History on Signal Smoothing due to Diffusion and 1-cm Sample Averaging
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Figure 4.6: Effects of layer thinning history on signal smoothing. A) Distribution of diffused
0D from a synthetic core diffusion experiment with all conditions held constant except the
layer thinning history. B) Same as A, but the data have been binned and averaged at 1-cm
intervals. C) Distribution of smoothed 0D from a synthetic core without diffusion, where all
smoothing is due to 1-cm sample averaging. Note that because the thinning history affects
only diffusion (not smoothing due to sample averaging), all layer thinning history scenarios
overlap. D) Prescribed ice thinning histories over time. Equations for each history are
provided in the figure legend. E) Diffusion length over time for constant -35° temperature
forcing. F) Depth-age relationship resulting from the prescribed final layer thicknesses. G)
Observations from 135-142 m in ALHIC1901 for 6D (black) compared with the smoothed
synthetic core results over time. Solid lines are smoothed by 1-cm averaging only; dotted lines
are smoothed by diffusion only; and colored dots represent 1-cm averaging of the diffused
synthetic core signal.
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Effect of Temperature on Signal Smoothing by Diffusion and 1-cm Sample Averaging
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Figure 4.7: Effects of temperature on signal smoothing for a simplified time-invariant temper-
ature experiment. A) Distribution of diffused 6D from a synthetic core diffusion experiment
with all conditions held constant except the ice temperature. B) Same as A, but the data
have been binned and averaged at 1-cm intervals. C) Distribution of smoothed 0D from a
synthetic core without diffusion, where all smoothing is due to 1-cm sample averaging. Note
that because the thinning history affects only diffusion (not smoothing due to sample aver-
aging), all layer thinning history scenarios overlap. D) Prescribed ice thinning history over
time. E) Diffusion length over time for temperature forcings ranging from -40°C to -30°C. F)
Depth-age relationship resulting from the prescribed final layer thicknesses. G) Observations
from 135-142 m in ALHIC1901 for 6D (black) compared with the smoothed synthetic core
results over time. Solid lines are smoothed by 1-cm averaging only; dotted lines are smoothed
by diffusion only; and colored dots represent 1-cm averaging of the diffused synthetic core
signal.
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perature experiments for both diffusion scenarios, suggesting that the observed smoothing
is a consequence of diffusive history and not simply a limitation of our sampling resolution.
In addition, no synthetic information is lost when the diffused history is binned and aver-
aged at 1-cm intervals, suggesting that our current sampling resolution is likely sufficient for

capturing the full range of preserved variability in this ice.

Effects of diffusion throughout ALHIC1901

Our comparison suggests both extreme thinning and molecular diffusion are necessary to
damp the signal as much as is reflected by the ALHIC1901 observations, but specific controls
on that process cannot be determined from this analysis alone. We do not interpret these
data as evidence of any specific history, but choose one possible history of the 550-750 ka ice

to examine the effects of diffusion over longer timescales and in thinner layers.

Figure 4.8a-b show layer thicknesses inferred from ALHIC1901 alongside layer thick-
nesses for the synthetic core diffusion experiments; here, the relative layer thicknesses as-
signed by Equation 4.9 use 2=0.7 (Mintergiaciat = 7 X Aglaciar) and thinning to match layer
thicknesses observed in ALHIC1901. Glacial-interglacial changes for the 550-750 ka inter-
val highlight general agreement with the synthetic history, co-validating both our refined
age scale and also the layer thickness estimates for the synthetic core. Glacial-interglacial
changes in layer thickness are not apparent at other depths in the core, likely due to dating

imprecision and limited observations.

For this test, we consider whether diffusion conditions that produce the observed smooth-
ing in 550-750 ka ice can also produce the observed smoothing in 1-4 Ma ice. Figure 4.8c-d
shows the combined diffusive effects for a scenario that produces reasonable smoothing effects
for the 550-750 ka ice. We apply the same conditions to the full record for two layer thickness
scenarios that match the observed A for the two sampling intervals (i.e., the younger ice at
135-142 m, and the older ice at 155-160 m). Most core sections exhibit signal damping that
is well approximated by the closest end-member diffusion result, with notable exceptions in

the 135-138 m interval, where variability is lower than expected, and the 157-158 m interval,
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Figure 4.8: Comparison of ALHIC1901 6D data with synthetic core. A-B) Observed layer
thicknesses for ALHIC1901 (colored dots — see Figures 4.1 or 4.4 for colorscale by depth).
Simulated layer thicknesses that approximate thicknesses observed in the 135-142 m ice (blue
line) and the 155-160 m ice (red line). C-D) Comparison of Allan Hills §D data (colored dots)
with the diffused synthetic core profile. The blue and red dashed lines indicate diffused signal
for these two layer thickness scenarios. Diffusion conditions were chosen to best approximate
the 550-750 ka ice and include T=-35°C, Ajntergiaciat = 7 X Aglacial, and gradual thinning of
about 1072 since deposition.
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where variability is higher. Our results suggest that additional detail could be recovered from
ice at 157-158 m (specifically sections ALHIC1901_230-4 and ALHIC1901_231-3), but that
other sections are unlikely to contain higher-frequency water-isotope information because

the likely effects of diffusion exceed the current sample resolution.

4.5 Discussion

4.5.1 Implications for accumulation and layer thinning of Allan Hills ice

Figure 4.8 demonstrates good agreement between relative layer thicknesses in ALHIC1901
and the synthetic core, which suggests that significant glacial-interglacial changes in accumu-
lation rate persists through at least MIS 15-18 in the Allan Hills, and could be characteristic
of this region on longer timescales. Published ice-flow models applied to this region have used
relatively invariant accumulation inputs (i.e., Kehrl et al., 2018), but steep interglacial accu-
mulation increases implied by ALHIC1901 and S27 (Yan et al., 2021) over multiple glacial
transitions demonstrate a need for variable accumulation conditions in ice-flow models.

While it seems likely that the observed layer thickness gradient is a consequence of
accumulation differences, preferential thinning of glacial layers is also possible, if perhaps
inconsistent with the interglacial biasing of atmospheric gases reported by Peterson et al.
(2024). A three-to-five order-of-magnitude difference in the layer thicknesses observed be-
tween S27 and ALHIC1901 implies substantial thinning (up to 99.999%) has occurred within
ALHIC1901 layers since deposition, which is both unexplained by existing ice-flow models
and difficult to reconcile with meter-scale coherence of geochemical observations across tens
of meters (see Chapter 3). We speculate that regional extension of ice combined with com-
plex internal deformation to accommodate shear could lead to the conditions observed in the
vicinity of ALHIC1901.

Our layer thickness estimates of ice older than 750 ka are somewhat uncertain due
to low isotopic variability and limited dating constraints. Nevertheless, increased isotopic

variability over some intervals (e.g., 1.3-1.9 Ma and 2.8 Ma) coincides with increased layer



96

thicknesses inferred from available dating constraints (Shackleton et al., submitted); high-
resolution measurements of other Allan Hills cores, such as by continuous-flow analysis for
water isotopes (such as Jones et al., 2017; Gkinis et al., 2011; Davidge et al., 2022), will be

useful for identifying sections with best-preserved variability.

4.5.2  Global and local climate influence in the Allan Hills

Present-day snowfall in the Allan Hills is primarily delivered by synoptic events driven
by the Amundsen Sea Low and westerly winds (Cohen et al., 2013; Bertler et al., 2004).
Yan et al. (2021) interpreted abrupt accumulation changes in S27 during the penultimate
deglaciation as evidence of large-scale atmospheric reorganization, and Carter et al. (2024)
interprets a large increase in dg.ss at the same time to a collapsed West Antarctic Ice
Sheet (WAIS) and change in moisture source. While both are plausible, long-term coherence
between the synthetic core history, which is based on the EDC water-isotope record, and
all Allan Hills observations points to a longer-term process connecting archived Allan Hills
water isotopes to East Antarctic climate over longer timescales.

We demonstrate that a statistically equivalent relationship between time and Ad from
EDC is observed in all available Allan Hills data since about 725 ka, before which time the
age-dependent relationship is no longer supported by the data. This age-dependent slope
implies a local change in §'%0 of 4.4%¢ since about 725 ka, although the cause of this shift
is not immediately clear.

A simple explanation for the change in /D and §'®0 is an increase in distillation, such
as would be caused by an increase in elevation or a change in sea-ice extent; however, neither
mechanism is insufficient to cause the relationship observed between 6D and 6'*0. Using
a lapse rate of 1K/100m and isotope-temperature relationship of 0.88%0 §'80/K (Buizert
et al., 2021) from the nearby Talos Dome ice core site, we find that the magnitude of
temperature change is about 5°C, explainable by local ice sheet growth of 510450 m since
725 ka. However, this cannot account for the synchronous decrease in dgg.ess; increased

elevation and a cooler deposition site would extend the atmospheric distillation pathway and
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cause additional fractionation, thus leading to higher (not lower) values of deycess- Sea ice
is often considered a local influence on d.,..ss in coastal Antarctic sites, both because sea-
ice extent controls local moisture flux through increased evaporation from the open water
(e.g., Weatherly, 2004; Posmentier et al., 2011) and because moisture recycling from the
re-evaporation of isotopically deplete sea ice is known to alter the isotopic composition of
the atmosphere (e.g., Bonne et al., 2019). While a long-term change in sea-ice extent could
also increase the distillation of marine air masses arriving in the Allan Hills, this mechanism

is also insufficient in that it cannot explain the decrease in dggcess since 725 ka.

Observations of low dgzeess are common in the Allan Hills and nearby McMurdo Dry
Valleys (e.g., Dadic et al., 2015; Gooseff et al., 2006; Hu et al., 2022, Carter et al., 2024). Low
dercess 18 common in coastal sites due to the warmer conditions, reduced distillation (relative
inland sites), and ice cloud dynamics (e.g., Dutsch et al., 2019). However, Hu et al. (2022)
found that an isotope-enabled atmosphere model, iCESM (Nusbaumer et al., 2017; Brady
et al., 2019) was unable to reproduce the observed Allan Hills deycss surface values with a
moisture-tagging experiment, and interpreted the unusually low values as evidence of post-
depositional sublimation in the Allan Hills. Post-depositional sublimation in blue-ice settings
is likely on some scale due to the exceptionally windy conditions near the Antarctic coast.
Katabatic winds move dense air masses from the Antarctic plateau at high speeds (>30 m
s71, Nylen et al., 2004), allowing isotopic exchange in surface layers and driving ablation of
surface ice in the Allan Hills BIA. However, a theoretical increase in local sublimation due
to surface exchange with katabatic winds would decrease degeess and increase %0, which is

not consistent with the age-Ad relationship in ALHIC1901 and therefore also unlikely.

Existing ideas of the controls on Allan Hills water isotopes assume that samples from
surface snow and ice originated as local precipitation. However, in a local climate charac-
terized by — and perhaps controlled by (Parish and Cassano, 2003; Nylen et al., 2004) —
high winds and surface scour, the roles of vapor exchange and snow redistribution are not
well understood. Katabatic controls over water-isotope composition at other coastal sites

has been observed over shorter timescales: in coastal Greenland, daily fluctuations in the at-
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mospheric water-isotope composition are driven by a reversal between continentally-sourced
air masses (with low 680 and high deyeess) at night and marine-sourced air (with high §**0
and 1ow degeess) delivered by sea breeze events as land temperatures increase (Kopec et al.,
2014). At another coastal Antarctic site, fluctuations in the intensity of continental katabatic
winds were shown to cause a similar reversal in coastal isotope values (Breant et al., 2019).
However, these mechanisms still cannot explain the simultaneous decreases in both §'*O and

dezcess OVer long timescales.

In order to explain long-term trends in §**0, 6D, and d.zcess, @ mechanism is needed
that simultaneously decreases all isotope values, which is not the typical relationship resulting
from either distillation or evaporation. While the mechanisms described above are insufficient
in isolation to explain the changes observed in Allan Hills water isotopes since about 725
ka, it is plausible that in combination, they could lead to the trend observed in our samples.
We propose that changes in the delivery of continental air masses to the Allan Hills could
cause the trend observed in water-isotope data since the MPT. Specifically, a combination of
wind scour from the high-plateau and sublimation of blowing snow can lead to simultaneous
decreases in %0 — as either more redistributed snow is incorporated or as the elevation site
of the scoured snow increases — and in dggeess, due to sublimation. This would imply an
onset of either stronger wind controls coincident with the MPT, increased ice-sheet elevation
at upstream scour sites, or both. While there is considerable need for additional studies of
snowfall, accumulation, and archival processes in the Allan Hills, a preliminary analysis of
local isotopic controls in snow supports the possibility of continental wind controls on isotopic
composition — more details about these preliminary observations are available in Appendix
C. The significant control exhibited by katabatic winds on water isotopes in other regions
and the perplexing relationship between water isotope data in the Allan Hills — perhaps best
explained as a response to those winds — highlights the need for a more thorough investigation

of wind redistribution and controls on the archival processes in this region.
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4.6 Summary

We detected high-frequency water-isotope variability in 1-cm samples from 0-25 m above
the bed in stratigraphically disturbed Allan Hills core ALHIC1901. We used the preserved
water-isotope patterning within each section to refine an age-scale interpolation that agrees
within error with the 1°Ar-age scale developed by Shackleton et al. (submitted), and com-
pared our measurements with the Dome C ice-core record (Landais et al., 2021) and globally
stacked benthic 60 data (Lisiecki and Raymo, 2005). We used observed layer thicknesses
within the core to constrain a diffusion experiment using a synthetic ice-core record developed
by modifying EDC and LR04 records, and found that diffusion can recreate the observed
variability and distribution of water-isotope data in 550-750 ka ice. We show that higher-
resolution sampling is unlikely to recover additional detail. We identify a few sections of ice
with superior signal preservation as targets for other analyses. Our data suggest that the
Allan Hills have experienced approximately seven-fold changes in accumulation rate during
glacial periods since at least 725 ka, and we suggest that our samples have been thinned
by an additional 3-4 orders of magnitude. To explain decreasing trends in all water iso-
topes since about 725 ka, we propose that Allan Hills ice could be significantly influenced by

plateau-sourced snow that is redistributed by katabatic wind events.
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Chapter 5

THE WATER-ISOTOPE SYSTEM IN A WARMER WORLD:
SENSITIVITIES TO GLOBAL CLIMATE IN MIOCENE ICE
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5.1 Overview

Ice-core samples from the Allan Hills have been dated to 6 Ma; basal ice that cannot be
dated by “°Ar due to low gas content is likely even older. While these samples extend the
ice-core water-isotope record through the Pliocene (2.6 - 5.3 Ma) and into the late Miocene
(5.3 - 23 Ma), interpreting the water-isotope data as a temperature record is complicated by
uncertainty in the temperature-isotope relationship on these timescales. Changes to Earth’s
mean climate state on multimillion-year timescales would theoretically alter the water isotope
system — with changes to the temperature-isotope relationship imparted by global changes
to atmospheric moisture gradients, ocean surface conditions, and isotopic composition of
source waters — but the magnitude and direction of these changes for the temperature-
isotope relationship of polar snow is not well characterized. This chapter offers an initial
investigation of the isotope response to Miocene-like atmospheric and oceanic changes at the
atmosphere-ocean boundary layer with a simple Rayleigh fractionation model. I show that
expected changes in Earth’s climatology shift polar isotopes in the direction of Allan Hills
observations, suggesting at least part of the observed isotope response is due to changes in
the global water isotope system and not local temperature. Higher-resolution atmospheric
models that more accurately reflect global moisture gradients could better resolve changes

to this relationship over time.

5.2 Introduction

Marine sediment records suggest a long-term cooling of Earth’s global climate from the
Miocene (23 - 5.3 Ma) and through the Pliocene (5.3 - 2.7 Ma), with variability in Earth’s
climate state caused by ice-sheet and oceanic changes (Clark et al., 2024). Oxygen isotope
records from benthic foraminifera have been critical for studying the growth cycles and his-
tories of modern ice sheets, but because benthic §'%0 reflects both local ocean temperature
and ice-sheet volume, disentangling these histories is complex (Langebroek et al., 2010). Cli-

mate records developed from Antarctic ice-core samples could provide more direct evidence
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of Antarctic climatic changes during this time period. Shackleton et al. (submitted) iden-
tified ice as old as 6 million years — and likely older — in basal material at Allan Hills core
site ALHIC1902, and developed a temporally discontinuous record of stable water isotopes

(6180, 6D, and depeess) from absolutely dated, chronologically disordered ice-core samples.

While the Allan Hills glaciological setting adds complexity to the interpretation of these
ice-core data, this new archive opens the possibility of interpreting ice-core water-isotope
records up to at least 6 Ma (Shackleton et al., submitted). Uncertainty in the glacial prove-
nance of Allan Hills ice and uncertainty in the age of basal materials add difficulty to in-
terpreting changes in isotope values. Within the bottom tens of centimeters of the >6-Ma
ALHIC1902 core, 680 and d.zeess both increase by approximately 5%c (Shackleton et al.,
submitted; see Figure 5.1), potentially indicating large transitions in climate, local glacio-
logical setting, or both during the associated time interval. Shackleton et al. (submitted)
speculate that the large increase in isotopic composition near the bed could be evidence of
a distinct volume of middle-to-late Miocene snowpack that was buried by the encroachment
of the growing East Antarctic Ice Sheet into this region during that time (Shackleton et al.,
submitted; Denton and Sudgen, 2005), and they approximate a temperature history for the
Allan Hills since 6 Ma using the modern relationship between water-isotope observations
and temperature (Masson-Delmotte et al., 2008). However, this method of temperature con-
version does not account for changes in the temperature-isotope relationship over time, and
is therefore highly uncertain (Shackleton et al., submitted; Jouzel et al., 2003). While the
modern spatial slope (0.80%0/K) is similar to the isotope-temperature relationship from the
nearby Talos Dome ice core (0.88%0/K; Buizert et al., 2021) — which extends in time beyond
300 ka (Crotti et al., 2021) — the stability of the temperature-isotope relationship deeper in
time is not known.

Differences in Earth’s mean climate state, such as the long-term cooling observed before
800 ka and its effects on ice-sheet configuration and sea level, are associated with changes in
Earth’s atmosphere and oceans that theoretically affect the water-isotope system, including

the temperature-isotope relationship (Boyle, 1997; Fricke and O’Neil, 1999; Botsyun et al.,
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2023). Pliocene and Miocene climate was warmer and more humid than present day, with
smaller ice sheets, warmer oceans, and a reduced sea-surface temperature (SST) gradient
(Fedorov et al., 2015; Zhang et al., 2014; Burls et al., 2021). These notable changes to
Earth’s climate would alter the distillation conditions experienced by atmospheric moisture,
but a framework is needed to explore the effects of a warmer world on the water isotope

System.

Recent efforts to model Miocene and Pliocene climate have advanced theoretical under-
standings of the relationships between Antarctic ice sheet configuration, ocean temperature,
and sea level changes, but implications for the water-isotope system are not well established.
Simulations of Miocene climate have been combined and compared through the MioMIP1
ensemble (Burls et al., 2021), although MioMIP1 ensemble members vary in both model
configurations and experimental design and vary widely in terms of atmospheric moisture
expectations (Acosta et al., 2023). Other modeling efforts have explored the water-isotope
system under different climate states with the goal of interpreting terrestrial (Botsyun et al.,
2022) or marine (Langebroek et al., 2010) water-isotope archives. Langebroek et al. (2010)
modeled the effects of ice-sheet volume on §'80 of seawater, and Botsyun et al. (2023) used
an isotope-enabled model to examine specific changes to the 60 of precipitation over Eu-
rope using middle-Miocene boundary conditions; both suggest that Miocene-like boundary

conditions could change the interpretation of water isotopes on these timescales.

Interpreting observed changes to basal water-isotope values in ALHIC1902 will be facil-
itated by a better understanding of these global temperature controls on the water-isotope
system. Basal ice from ALHIC1902 contains anomalously low gas concentrations, thereby
preventing absolute age determination (Shackleton et al., submitted) and limiting the num-
ber of geochemical records that can be developed from samples of basal material. Despite
this, existing Ny and O, data indicate the likelihood of refreezing after a thaw event and
alteration near the bed (Shackleton et al., submitted); despite the potential for melt and
refreezing processes to impact the water-isotope record, the basal samples from ALHIC1902

are not depleted in d.,.ss relative to the meteoric water line. In fact, they are enriched in
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dezcess Telative to the local meteoric water line observed in other Pliocene and late Miocene
samples from the Allan Hills (Figure 5.1), further highlighting the demand for additional
information about global temperature forcings on the distillation of polar water isotopes on
these timescales.

In this chapter, I verify the steep isotope increase in basal ice from ALHIC1902 by re-
measuring the ice with 1-cm resolution, and then I explore the response of water isotopes to
hydrologic cycle changes that are expected on multimillion-year timescales. I use a simple
water isotope fractionation model (SWIM; Markle and Steig, 2021) to quantify the strength
and direction of water-isotope changes in polar precipitation due to prescribed differences
in the global hydrologic cycle relative to modern conditions. I demonstrate that climate
conditions resulting from a warmer global temperature can cause an unambiguous shift
in polar water-isotope values that are especially pronounced for deyeess- This work builds
intuition for interpreting water isotopes from polar precipitation during warmer climatic

intervals in Earth’s past.
5.3 Confirmation of water-isotope relationship in basal ice

While steep changes to the isotopic gradient were observed by Shackleton et al. (sub-
mitted) in basal materials, only one measurement is available of isotopically distinct basal
materials. First, I confirm this result with higher-resolution measurements from the bottom
meter of ALHIC1902 ice. Approximately 50 cm of basal ice from <1m above bedrock at site
ALHIC1902 were sampled at 1-cm vertical resolution to confirm basal water-isotope values
and to investigate the nature of isotopic changes near the bed. Four samples from ALHIC1902
(including ALHIC1902_321-1, ALHIC1902_322-2, ALHIC1902_322-3 and ALHIC1902_324-1)
were cut by bandsaw into approximately 1-cm cubes and were melted in polyethylene bot-
tles inside a 4°C refrigerator. Approximately 200 pL of meltwater were aliquoted into glass
vials with conical inserts and clean caps with a septum; bottles were measured alongside
four internal reference waters by an autosampler with a Picarro L.2130-7 in agreement with

Schauer et al. (2016). Calibrated data are shown alongside measurements from Shackleton
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Figure 5.1: Water-isotope data for dated samples of ALHIC1901, ALHIC1902, and AL-
HIC1903 between 0 and 6+ Ma (colored triangles (ALHIC1901), circles (ALHIC1902), and
squares (ALHIC1903); Shackleton et al., submitted) and water-isotope data for 1-cm ver-
tically resolved subsamples of ALHIC1902 basal material (black stars). The oldest dated
sample is 64+0.6 Ma, and is labeled as “6-Ma ice” (ALHIC1902, mid-sample depth 205.65
m). The basal sample is not dated and is labeled as “beneath 6-Ma ice” (ALHIC1902, mid-
sample depth 206.45). 1-cm samples for this study span a (discontinuous) vertical range of
205.61 to 206.67 m.
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Reference Water 0D (%0) 6"0 (%o)  depeess(%0)

BW -156.87  -20.01 3.21
SW -75.63 -10.55 8.77
WGW -318.82  -39.77 -0.66
WWwW -268.3 -33.82 2.26

Table 5.1: Table of internal reference waters used to calibrate measurements of ALHIC1902
basal ice. BW is a mixture of Antarctic water from ITASE and Seattle tapwater; SW is
seattle tapwater; WGW is glacial meltwater from the WDCO6A core in West Antarctica,
and WW is meltwater from the WDCO6A core in West Antarctica. Data in this section were
calibrated to BW, SW, and WGW, and WW is used as a verification of the calibration.

et al. (submitted) in Figure 5.1; these data confirm a change in the 6'®0-dzcess relationship

within the bottom 40 cm of ice.

5.4 DModeling atmospheric distillation pathways

Numerical modeling of water-isotope distillation permits the quantitative interpretation of
water-isotope data as corresponding site and source temperatures. In this section, I simulate
the fractionation of water isotopes along a wide range of atmospheric distillation pathways,
and I specifically explore the model’s sensitivity to changes at the ocean-atmosphere bound-
ary that would be likely in a warmer climate state to quantify changes in precipitation-site
isotope values that result from otherwise identical distillation trajectories. This approach
quantifies the difference in isotope composition that could result entirely from ocean-surface
changes during a warmer climate state (i.e., not due to the precipitation-site climate), which
is important context for interpreting changes in ice-core isotope values over multimillion-year
timescales.

The observed increase near the bed of the ALHIC1902 §'¥O-dycess Slope is perhaps in-
dicative of increased distillation, which could be caused by an increased temperature gradient

between evaporation and precipitation sites (such as in the case of increased ice elevation or
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decreased ice temperature) or by fundamental changes to the conditions governing fraction-
ation along that gradient (as noted by Boyle (1997), Fricke and O’Neil (1999), or Botsyun et
al. (2023)). Disentangling influences from ice-sheet evolution, local temperature, and mean
climate state on these timescales is difficult because of large uncertainties in all three. As
an initial step towards building a theoretical understanding of isotopic changes in Antarctic
precipitation that are driven by changes to Earth’s mean climate state over multimillion-year
timescales, I use a simple Rayleigh fractionation model to isolate the isotopic response in

precipitation of changes during evaporation.

The isotope-to-temperature conversion of Miocene precipitation is a somewhat circu-
lar problem, as fractionation models rely upon many assumptions about the climate state
that the isotopes could provide insight into. Markle and Steig (2021) built a simple water-
isotope distillation model that defines a domain of pseudo-adiabatic temperature gradients
and models distillation along those pathways to determine the resulting composition of §%0
and dj,,'. The model relies upon modern climatological correlations to define thermodynamic
conditions along the atmospheric temperature gradient (Markle and Steig, 2021). For ex-
ample, reliance on modern statistical associations between air temperature and sea-surface
temperature permits the straightforward assignment of realistic sea-surface temperatures to
a prescribed atmospheric temperature pathway, which enables fairly accurate conversion of
modern isotopes to temperature with modern climate conditions (Markle and Steig, 2021).
While the applicability of these climatic relationships is less clear for multimillion-year-
old precipitation, investigating the sensitivity of the model’s isotopic response to climatic
changes can provide insight into possible influences on the water-isotope system in other

climate states.

Miocene-age changes to Earth’s climatology likely impacted the water-isotope system.

On shorter timescales, changes between glacial and interglacial climatology are known to alter

INote that in this section, we use the logarithmic definition of deuterium excess due to its incorporation
in the Markle and Steig (2021) fractionation model and demonstrated improvements in the quantitative
interpretation of dj,, relative to dezcess-
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the temperature-isotope slope (Boyle, 1997), and those effects are likely more pronounced
over longer timescales due to long-term changes in and above Earth’s oceans (Botsyun et al.,
2022; Burls et al., 2021). An increase in global mean temperatures during the Pliocene and
Miocene is associated with smaller ice sheets, decreased meridional temperature gradients,
and changes to Earth’s hydrologic cycle (Burls et al., 2021); these changes cause fundamental
differences in oceanic and atmospheric conditions affecting water isotope evaporation and
distillation. Increased global temperature is associated with smaller ice sheets and depletion
of mean ocean water 60 relative to modern values; warmer temperatures and differing
humidity conditions alter atmospheric distillation pathways.

In Figure 5.2a, I highlight the differences between the MioMIP1 ensemble mean (Burls
et al., 2021) and NCEP modern climatology. While the general global relationship between
2-m air temperature — which defines a distillation gradient initial condition — and the sea-
surface temperature, which is a control on evaporative fractionation, is similar in NCEP and
the MioMIP1 ensemble mean, 5.2d-i show the isotopic differences from results modeled with
NCEP. Isotopic anomalies are generally positive for dj,, and negative for 580 (except at the
warmest evaporation sites (i.e, > 20°C when the seawater composition is not changed from
modern), indicating a shift consistent with the direction of change observed in the Allan Hills
basal ice. This effect is exaggerated by depleted seawater values, leading to average changes
in 6180 of -1%0 6'8041e/0™ O sequater and average changes in d, >4%0 di—site /O searwater-
We note that the dj,, anomaly increases with decreasing evaporation temperature (Tspurce),
thus likely (and perhaps disproportionately) affecting Antarctic precipitation.

A few idealized tests to interrogate the cause of the relationship shown in Figure 5.2
are shown in Figures 5.3 and 5.4. First, we consider uniform warming of the sea-surface
temperature (SST) by 1°C. As shown in 5.3, the magnitude and direction of isotopic change
here is similar, but it does not account for the nonlinearity in either the Tgpypce effect (which
the MioMIP1 run is relatively insensitive to between 10-25°), nor the inversion of the T;.-
isotope relationship shown in Figure 5.2d. The result is also slightly more sensitive to the

seawater composition, leading to average changes in §'*0 of -1.3%0 6 Oye/08O0cawater
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and average changes in d,, >8%o0 din—site/0Oseqwater- The nonlinearity of the isotope-T ;e
relationship is reproducible by simulating a reduced meridional SST gradient, as shown in
Figure 5.4a. The similarity of isotope response for these runs to the MioMIP1 forcing suggests
that the nonlinear isotope response could be characteristic of a reduced meridional gradient,
although Antarctic precipitation is likely to be influenced by increased d;, and decreased

580 due to low evaporation temperatures.
5.5 Conclusions

While the scope of this preliminary work is limited, the Rayleigh fractionation modeling
results presented here link sea-surface evaporative changes that are expected in a warmer
climate state to notable enrichment of dj,, (of several %) in polar precipitation and a smaller
change in 6'80; these changes are especially pronounced for high-latitude evaporation sites
(i.e, at low evaporation temperatures) and for isotopically depleted seawater that is associ-
ated with smaller ice sheets and higher sea levels. Our results highlight the sensitivity of
water isotopes (especially dj,) to the mean climate state and suggest that at least some of the
change to the meteoric water line observed in basal ice from ALHIC1902 could be attributed
to these global hydrologic cycle changes. This preliminary work invites additional study of
the water-isotope system under Miocene and Pliocene conditions — especially to consider dif-
ferences in humidity gradients — and cautions against simple interpretations of depeess using
modern relationships, as the d....ss-temperature relationship has likely evolved with global
climate. This work does, however, suggest that the §'®O-temperature relationship is less

sensitive.
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Figure 5.2: Isotope response to MioMIP1 atmosphere relative to modern reanalysis data
from NCEP (southern hemisphere (SH) only). A) Relationship between air temperature
(at 2 m) and SST. The black line is from SH NCEP (1980-2010); the red line is from the
MioMIP1 ensemble mean temperature data Burls et al. (2021). B) Modeled precipitation-
site 5'*0 for MioMIP1 temperature conditions shown in panel A. §'%0 data are contoured
for the full domain of evaporation (Tsyue) and precipitation (Tg;e) conditions. C) Same as
panel B but for dj,. D) Inverted precipitation-site temperature surface shown as a function
of modeled precipitation-site §'*0O and dj,, anomalies; isotope anomalies are the difference
between modeled values for the MioMIP1 SSTs and modeled values for the SH NCEP 1980-
2010 climate. E) Same as D for evaporation source temperature at 2m. F) Same as D, but
the 680 of seawater has been decreased by 0.5%0 680 and 0%q d;,,. G) Same as E, but the
5180 of seawater has been decreased by 0.5%¢ 080 and 0%o dj,. H) Same as D, but the
§180 of seawater has been decreased by 1%0 6'*0 and 0%0 dj,. 1) Same as E, but the §¥0
of seawater has been decreased by 1%0 60 and 0% dj,.
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Figure 5.3: Isotope response to uniformly increased sea-surface temperature (SST) relative to
modern reanalysis data from NCEP (southern hemisphere (SH) only). A) Relationship be-
tween air temperature (at 2 m) and SST from SH NCEP (1980-2010); black line). The green
line is the same data, with all SSTs uniformly adjusted by +1°C. B) Modeled precipitation-
site 6180 for NCEP distillation conditions with SSTs uniformly increased by +1°C as shown
in panel A. §'80 data are contoured for the full domain of evaporation (Tsoumc) and pre-
cipitation (Ty;.) conditions. C) Same as panel B but for dj,,. D) Inverted precipitation-site
temperature surface shown as a function of modeled precipitation-site 6'¥0 and d;,, anoma-
lies; isotope anomalies are the difference between modeled values for the SST+1°C climate
and the modeled values for the unaltered SH NCEP 1980-2010 climate. E) Same as D for
evaporation source temperature at 2m. F) Same as D, but the §'80 of seawater has been
decreased by 0.5%0 680 and 0%o dp,. G) Same as E, but the §'®0 of seawater has been
decreased by 0.5%0 60 and 0%o d;,,. H) Same as D, but the §'80 of seawater has been de-
creased by 1% 60 and 0% dj,. 1) Same as E, but the §'80 of seawater has been decreased
by 1%0 680 and 0%o d;,,. .



112

Isotope Response to Reduced (90%) SST Gradient Relative to Modern Climate (NCEP)
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Figure 5.4: Isotope response to a reduced (90%) SST gradient relative to modern reanalysis
data from NCEP (southern hemisphere (SH) only). A) Relationship between air temperature
(at 2 m) and SST from SH NCEP (1980-2010); black line). The orange line is the same data,
with all SSTs multiplied by 90%. The green line is the same data, with all SSTs multiplied
by 90% and increased by +1°C. B) Modeled precipitation-site 50 for NCEP distillation
conditions with a reduced (90%) SST gradient as shown in panel A (orange line). §'%0
data are contoured for the full domain of evaporation (Ts,ure) and precipitation (Tge)
conditions. C) Same as panel B but for dj,,. D) Inverted precipitation-site temperature
surface shown as a function of modeled precipitation-site 6'*0 and dj, anomalies; isotope
anomalies are the difference between modeled values for the reduced SST gradient climate
and the modeled values for the unaltered SH NCEP 1980-2010 climate. E) Same as D for
evaporation source temperature at 2m. F) Same as D, but the §'80 of seawater has been
decreased by 0.5%0 %0 and 0%c dj,. G) Same as E, but the §'80 of seawater has been
decreased by 0.5%0 680 and 0%o dj,. H) Inverted precipitation-site temperature surface
shown as a function of modeled precipitation-site 6'**O and dj,, anomalies; isotope anomalies
are the difference between modeled values for the reduced SST gradient climate +1°C and the
modeled values for the unaltered SH NCEP 1980-2010 climate. I) Same as H for evaporation
source temperature at 2m. J) Same as H, but the 6'®0 of seawater has been decreased by
0.5%0 680 and 0% dy,,. K) Same as I, but the 630 of seawater has been decreased by 0.5%o
5180 and 0%0 dln-
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Chapter 6
SUMMARY
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This work explores the water-isotope system as recorded by discontinuous blue-ice cores
in the Allan Hills of Antarctica. The Allan Hills BIA is a very unconventional climatological
and glaciological setting for paleoclimate reconstructions from ice cores because it is not
possible to infer the glaciological history of chronologically discontinuous Allan Hills ice by
geophysical methods or computational tools. While these uncertainties are less relevant
for atmospheric gas measurements, which are generally thought to be globally averaged, it
presents considerable difficulty in interpreting water-isotope data from this region.

In the Allan Hills, strong katabatic winds ablate surface ice, inducing vertical ice flow and
shearing and folding of ice strata. Because the water-isotope signal in disturbed ice is affected
by both the climate during snow deposition and by subsequent glaciological processes, the
resulting climate record is an indication of both processes, and it is possible to infer both
climatological and glaciological information from disturbed cores. In this thesis, I present
several studies of Allan Hills water isotopes that investigate the integrated history of climate
and glaciology from Allan Hills ice.

In Chapter 2, I presented a measurement methodology for high-resolution water-isotope
analysis using continuous-flow analysis and laser spectroscopy. I demonstrated that CFA
can be used for all stable water isotopes (including §'70 and A'70) with errors that are
lower than or comparable to other methods. I investigated the causes of CFA errors and
showed that the largest source of error is a calibration offset, which can be prevented by the
measurement of additional reference waters. I showed that the CFA data agree with discrete
measurements both for an ice-core section from Summit, Greenland (Davidge et al., 2022)
and for a 68-m record of centimeter-resolved Allan Hills ice from ALHIC2201 (Hudak et al.,
2024). A similar system is now in use at the COLDEX CFA laboratory.

In Chapter 3, I consider what the distribution and patterning of water-isotope data in
the Allan Hills implies about ice-flow history and snow sources for geographically distinct
cores. I present four new records of Allan Hills drilling chips from sites ALHIC1902 (limited
interval), ALHIC2201 (full core), ALHIC2301 (full core), and ALHIC2302 (first drilling

season only); while not yet well-dated, these records introduce new geochemical information
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about the spatial distribution of isotopically similar ice that can provide insight into regional
flow. These data confirm the spatial trend in the isotope values, where downgradient sites
like S27 and ALHIC1903 are most negative, and ALHIC2301 (in the “cul-de-sac” region)
is the least negative d; this trend generally agrees with known age constraints and modern
ice flow conditions (i.e., the youngest ice is downstream from the fastest-flowing ice, and
ice in the cul-de-sac is, on average, the oldest), suggesting that this flow pattern has been
established for some time. I show that isotopes at several core sites are statistically similar,
suggesting similar spatiotemporal origins for many cores. In particular, four cores along a
flowline contain isotopically indistinguishable ice; I show that the isotopic profiles at these
sites can be cross-correlated, which suggests extensional flow towards the nunatak, where
ablation is most prevalent, with internal deformation of layers distorting the signal between
core sites at meter-length scales. 1 show that the farthest downstream core is missing tens
of meters of ice that are measured upstream, likely due to wind scour near the nunatak.

Chapter 3 also considers the reproducibility of the water-isotope signal within an indi-
vidual ice core.! We show that data are highly correlated on two different sides of a 24-cm
ice core, but that steeply dipping layers and asymmetrical thinning cause large vertical
isochronal offsets (up to 20 cm). Scaling factors and vertical offsets are comparable to the
large-scale average layer scaling and dip, which is suggestive of local bedrock controls on ice
distortion at all scales.

In Chapter 4, I show that high-frequency information recorded by ALHIC1901 can be
approximated by rapid ice thinning and diffusion of a statistically determined synthetic cli-
mate history. My data demonstrate that observed isotopic 0 and de...ss fluctuations can
be aligned within the °Ar-age scale error to expected global climatic fluctuations. While
thinning, temperature, and accumulation histories that govern the diffusion process are rel-
atively unconstrained, I demonstrate that thinning on the order of 103-10° and diffusion are

likely in disturbed Allan Hills ice and that the thinning history is a dominant control on the

I This is work that was conducted collaboratively with former REU student Haley Lowes-Bicay, whom I
mentored from 2022-2024.
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signal preservation. I infer that an interglacial accumulation rate about seven times higher
than glacial rates is necessary to match the distribution of smoothed isotope data in 550-750
ka ice.

Differences between the Allan Hills signal and other global records also highlight the
influence of local processes on the archival of snow in the Allan Hills. T identify a local
decrease in 6D, §'%0, and d.yeess Since about 725 ka in all Allan Hills isotope records, which
is inconsistent with simple fractionation mechanisms. I speculate that a combination of
upstream elevation changes and sublimation of blowing snow could cause the relationships
observed in our data, which is perhaps related to the growth of the ice sheet during the
MPT.

In Chapter 5, [ explore how ocean-atmospheree boundary differences during the Miocene
could influence atmospheric distillation pathways for Miocene precipitation logged in Allan
Hills ice cores. This preliminary work explores the isotopic response to differences in sea-
surface isotopic composition and temperature that determine the initial isotopic conditions
of a distillation trajectory. I use a simple water isotope model to isolate these influences and
demonstrate that, relative to modern distillation results, changes are in the same direction
as observed Allan Hills ice-core measurements. I show that the deyc.ss (modeled as dy,,) is
especially sensitive to changes at the atmosphere-ocean boundary during evaporation, which
is consistent with theory. The direction and magnitude of changes to both d;, and 680
are consistent with changes likely during a warmer climate state, and these changes are
potentially responsible for some or all of the observed change in the meteoric water line for

6-Ma basal ice in ALHIC1902.
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DETAILS ON INTER-LABORATORY COMPARISON AND
WATER ISOTOPE CORRECTION
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A.1 Inter-laboratory comparison

Water-isotope data used for analyses in this thesis were produced by two different labora-
tories: the Climate Change Institute (CCI) at the University of Maine, and the University of
Washington IsoLab (IsoLab). I conducted an inter-laboratory comparison of water-isotope
data, and identified a correction to adjust the offset between the two datasets; I have applied
this correction to all data produced by CCI to align all measurements to the VSMOW-SLAP

scale (Schoenemann et al., 2013).

Allan Hills ice cores measured prior to the establishment of the COLDEX STC were
measured for water isotopes by CCI in accordance with protocols listed here:
https://zenodo.org/records/11085053. Water-isotope data included in this thesis that were
generated by CCI include measurements from S27 (Spaulding et al., 2013; Yan et al., 2021),
ALHIC1503 (Higgins et al., 2015; Yan et al., 2019), ALHIC1502 (Yan et al., 2019), and
ALHIC1901, ALHIC1902, and ALHIC1903 (Shackleton et al., submitted; Shackleton et al.,

in review; Carter et al., in review).

Water-isotope data generated by the COLDEX STC have been measured by the Uni-
versity of Washington stable isotope laboratory (IsoLab) following methods established by
Schauer et al. (2016) — e.g., for 1-cm vertically resolved measurements of ALHIC1901, AL-
HIC1902, and for drilling chip measurements from ALHIC1902, ALHIC2201, ALHIC2301,
and ALHIC2302 — and by Davidge et al. (2022) — e.g., for the CFA campaign of ALHIC2201.

An interlaboratory comparison was warranted to ensure the validity of comparisons of
these datasets. An inter-laboratory comparison was conducted in 2023-2024 using drilling
chip measurements of ALHIC1902 and ALHIC2201 and internal calibration standards from

both laboratories.
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A.1.1 Measurement of ALHIC1902 and ALHIC2201 drilling chips and internal reference

waters

All drilling chip samples were shipped frozen in WhirlPak sample bags to the University
of Washington, where they were processed in a -17° C freezer. Drilling chips were transferred
into sealed polyethylene bottles and thawed at room temperature, and were then transferred
into duplicate bottle sets: 20-ml glass vials with conical polyvinyl inserts in the cap for
shipment to CCI, and 10-ml polyethylene bottles for analysis in IsoLab. In addition, three
calibration standards from IsoLab were sent to CCI (i.e., WW, SPS, and VW), and three
calibration standards from CCI were sent to IsoLab (i.e., ASS, LAP, and BBB).

115 samples for ALHIC2201 were measured by IsoLab, and 112 samples from AL-
HIC2201 were measured by CCI; the remaining three samples broke during transport. A
total of 44 samples from ALHIC1902 were measured by both labs.! Reference waters were

measured by both labs.

A.2 Data correction

Initial observations of all data indicate a consistent calibration offset, as highlighted by Ta-
ble A.2 and Figure A.1. To bring the measurements into alignment with the VSMOW-SLAP
scale, we measured the trio of CCI reference waters against internal IsoLab and international
reference waters. Data for CCI standards LAP, ASS, and BBB are provided in Table A.2.

Low errors in independently calibrated, repeated measurements of CCI reference waters
suggest a difference between the VSMOW-SLAP-calibrated values and the assigned values
of CCI reference waters. We therefore apply a correction based on these measurements to
align UW and CCI results. Water-isotope data are calibrated against reference waters of

known isotopic composition through a two-point linear adjustment:

dcct = Ouncatibrated X Mccor + boor (A1)

'Note that an additional 12 samples from ALHIC1902 were measured by IsoLab, but they were not
included in the interlaboratory comparison and are therefore not reported in this section.
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Figure A.1: CCI-Isolab water-isotope offset in ALHIC2201 drilling chips (orange). Differ-
ences are also shown after implementing an isotope correction, which is discussed in the
following section (green).

Reference 0D (%0), 0D  (%0), 680 (%), 680 (%0), depeess (%0),
ID CCI IsoLab CCI IsoLab IsoLab

LAP -323.98 -320.22 -40.3 -40.54 4.1

ASS -206.28 -204.28 -25.7 -25.84 2.4

BBB -58.45 -56.34 -8.5 -8.88 14.7

SPS -369.4 -365.01 -46.7 -46.96 10.7

WW -271.6 -268.30 -33.5 -33.82 2.3

VW -443.8 -439.24 -56.3 -56.61 13.7

Table A.1: Table of reference materials examined during the inter-laboratory comparison.
Waters LAP, ASS, and BBB are routinely used for calibration of water-isotope measurements
at CCI. SPS, WW, and VW are a subset of reference materials from IsoLab. IsoLab stan-
dards originate from South Pole snow, WAIS Divide WDCO06A core meltwater, and Vostok
meltwater. Note that CCI does not report degeess, and it is therefore not included in this
table. degcess Offsets between UW and CCI measurements are shown in Figure A.1.
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Reference ID | mean 6D (%0) o (%o) mean 60 (%) o (%) n

LAP -319.64 0.54 -40.52 0.07 27
ASS -204.19 0.37 -25.88 0.06 17
BBB -56.93 0.56 -9 0.06 19

Table A.2: Mean and standard deviation for all §'*0O and 6D measurements of CCI refer-
ence materials made in IsoLab, including data calibrated directly against IAEA and USGS
standards. The number of measurements is provided in the final column.

where mocr and boey define an analysis-specific calibration determined by the differences of
uncalibrated values for LAP, ASS, and BBB and the known isotopic composition. Published
dccr data have already undergone this linear calibration, but are offset from oy, by several
in 0D and d.geess and approximately 0.3 in 6'80. To “recalibrate” the published data, we

determine a secondary linear adjustment to align dccor with dvsyrow—srap.

dvsMow-sLAP = O0ccr X m + b (A.2)

for either 6O or §D.

The slope and intercept (& standard error) from all standards measured for the inter-
laboratory comparison are m=0.99914+0.002 and b=-0.312£0.17 for 680, and m=0.99254-0.002
and b=1.26+0.49 for §D. However, because the initial calibrated values of all reported dccy
data are calibrated only to LAP, ASS, and/or BBB, a linear regression of all data is biased
towards mgcr and boer used for the conversion of raw to reported values and the values
above are somewhat misleading. A better correction is derived from only the standards used
to determine mccr and booy for the original calibration of dy,caipratea- Therefore, we provide
a linear correction based only on LAP and BBB (i.e., the isotopically most negative and

least negative CCI reference waters). The corrections become:

5DVSMOW—S’LAP = 5DC’CI x 0.9894 + 0.90 (A?))
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and

(518OVSMOW—SLAP = 5180001 x 0.9912 — 0.57 (A4)

These corrections are applied to all CCI data discussed by this thesis. Additionally, we

calculate d,;..ss from published data as

deaccess - 5DVSMOW—SLAP —8x 6D (A5)

A.3 Error estimation

Errors in the water-isotope measurement are typically estimated by determining the error
of an additional reference water. However, calibration data are not available for published
measurements of docy. Therefore, we determine the external error of dcc as the root-mean-
squared error between 6y and docy for all data used in the interlaboratory comparison.

The correction reduces the RMSE for all isotopes, and is particularly important for 6D and

dexcess .

Measurement | RMSEyy_ccr (un- | RMSEyw_cor
corrected CCI) (corrected CCI)
5D (%) | 5.0 1.4
6180 (%) 0.3 0.2
Qexcess (00) | 6.4 L5

Updated calibration protocols at CCI reduce this error in reported values of D since

April of 2024 (see https://zenodo.org/records/11085053).
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Appendix B
SUPPORTING INFORMATION FOR CHAPTER 3
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Comparison of 680 for ALHIC1502 and ALHIC1503. R = 0.47 Comparison of dexcess for ALHIC1502 and ALHIC1503. R = 0.02
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Figure B.1: Comparison of binned and averaged data from ALHIC1502 and ALHIC1503 on
a normalized depth scale. Data have been aligned to maximize the correlation of §*¥0.

This appendix contains cross-correlated 6'¥0 and deyeess profiles for each correlated
pair of ice cores along the flow-line transect described in Chapter 3. All profiles have been
scaled and aligned by §'80. Because only the bottom 25 m of ALHIC1901 were analyzed
and because ALHIC1502 was likely not drilled to the bed, there is minimal overlapping
information between ALHIC1502 and ALHIC1901 and this pair is consequently not included.
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Comparison of 6180 for ALHIC1502 and ALHIC2201. R = 0.39 Comparison of dexcess for ALHIC1502 and ALHIC2201. R = 0.25
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Figure B.2: Comparison of binned and averaged data from ALHIC1502 and ALHIC2201 on
a normalized depth scale. Data have been aligned to maximize the correlation of 6*¥0.
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Figure B.3: Comparison of binned and averaged data from ALHIC1503 and ALHIC1901 on
a normalized depth scale. Data have been aligned to maximize the correlation of §%0.
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Figure B.4: Comparison of binned and averaged data from ALHIC1503 and ALHIC2201 on

a normalized depth scale. Data have been aligned to maximize the correlation of 6*¥0.
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Figure B.5: Comparison of binned and averaged data from ALHIC1901 and ALHIC2201 on

a normalized depth scale. Data have been aligned to maximize the correlation of §%0.
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Appendix C

ISOTOPIC OBSERVATIONS OF ALLAN HILLS SURFACE
SNOW



150

Characterizing modern surface snow in the Allan Hills is important for understanding the
water-isotope system in blue ice areas. Chapter 4 suggests that the climate signal recorded in
<725 ka Allan Hills ice reflects both global climate and also a linear, age-dependent change
in archived Allan Hills snow. Observed differences from EDC demonstrate that Allan Hills
ice is increasingly both “colder” in observed d composition — suggesting a longer atmospheric
distillation — and also more negative in d.,..ss, which is perhaps indicative of post-depositional
sublimation (e.g., Hu et al., 2022). In order for both long-term trends to be sustained over
>700 ky, a mechanism is required that connects these two processes for snow archived at the
Allan Hills.

To examine the variability in modern snowfall, snow samples were collected over a period
of two weeks during the 2022-2023 austral summer. While limited information is available
about site meteorological conditions during this time, samples were categorized as “blowing
snow” (collected from near the ground surface during wind events), ”fresh snow” (collected
from tent surfaces after precipitation events), or ”ground snow” (collected from the ground
in the absence of active accumulation events) (Yuzhen Yan, personal correspondence).

These samples were measured by COLDEX REU student Sara Akiba during Summer
2024 using a Picarro 1.2130-7 and calibrated against the VSMOW-SLAP scale using internal
reference waters that span the full range of isotope values. While somewhat inconclusive
due to the very short study interval and limited number of samples, these observations
demonstrate notable differences between wind-delivered and storm-delivered snow, both in
the range of observed isotope values and in the slope of the local meteoric water line. This
is consistent with a higher-plateau source for wind-blown snow, which is more distilled (i.e.,
more negative) than fresh snow while also exhibiting a different 6'®0-d,ycess relationship,

highlighting the different atmospheric pathways of these distinct types of accumulating snow.
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Figure C.1: Surface snow data from samples collected during the 2022-2023 austral summer,
including fresh snow, blowing snow, and ground snow. Ice-core data from Shackleton et al.
(submitted) are shown for context. Figure by Sara Akiba, COLDEX REU student during
Summer 2024.



