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Abstract. To extract climatically relevant chemical signals from the deepest, oldest Antarctic ice, we must first jnvestigate the

degree to which chemical ions diffuse within solid ice. Volcanic sulfate peaks are an, ideal target for such an investigation

because they are high amplitude, short duration (~3 years) events with a quasi-uniform structure. Here we present analysis of
the EPICA Dome C sulfate record over the last 450 kyr. We identify volcanic peaks and isolate them from the non-sea salt
sulfate background to reveal the effects of diffusion: amplitude damping and broadening of peaks in the time domain with

increasing depth and age. Sulfate peak shape is also altered by the thinning of ice layers with depth that results from ice flow.

Both processes must be simulated to derive effective diffusion rates. This is achieved by running a forward model to diffuse
idealised sulfate peaks at different rates while also accounting for ice thinning. Our simulations suggest a median effective

diffusion rate of sulfate ions of 2.4 = 1.7 x, 107 m*>yr'! in,Holocene ice, slightly faster than suggested by previous work. The

effective diffusion rate observed in deeper ice is significantly lower, and, Holocene ice shows the highest rate of the last 450
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kyr. Beyond the Holocene, there is no systematic difference between the effective diffusion rates of glacial and interglacial

periods despite variations in soluble ions concentrations, dust loading and ice grain radii. Effective diffusion rates for 40 to

200 ka are relatively constant and, of, the order 1 x 10 m? yr''. Our results suggest, that the diffusion of sulfate ions within

volcanic peaks is relatively fast initially, perhaps through an inter-connected vein network, but slows significantly after 40 kyr.
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In the absence of clear evidence for a controlling jnfluence of temperature on sulfate diffusivity with depth/age, we hypothesize

that the rapid decrease in effective diffusion rate from the time of deposition to ice of 50 ka age may be due to a switch in the
mechanism of diffusion resulting from the changing location of sulfate ions within the ice microstructure_and/or inter-

connectedness of veins and grain boundaries.

1 Introduction

Records of chemical impurities within ice cores are frequently used as climate proxies (e.g., Wolff et al., 2010) or utilised in
ice core dating via the identification of seasonal fluctuations (e.g., Sigl et al., 2016) or deposition from volcanic eruptions (Sigl

et al., 2013). The assumption that chemical impurity signals have not undergone, significant post-depositional alteration is

typically implicit in these applications. However, we know that post-depositional alteration of the chemical properties of ice

30 does take place and that this can become increasingly important as older, deeper ice is considered.
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In this study we focus on one post-depositional process, the diffusion of chemical ions driven by concentration gradients within
the ice structure. As we will explore, the strongest evidence for the diffusion of chemical signals in ice cores is seen in sulfate

records. Volcanic sulfate peaks located in deep, old ice are typically lower in amplitude and span a wider age range relative to

their recently-deposited counterparts (Fig. 1). Barnes et al. (2003) quantified the diffusion rates of sulfate and chloride ions in
the Holocene ice of the Antarctic EPICA Dome C (EDC) core as 3.9 x 10 m?* yr'! and 2.0 x 107 m? yr'! respectively. We note
that an, incorrect value for sulfate (4.7 x 10 m? yr'') was quoted in the abstract of their, study. Please see their Sect. 2.3 for

(ot

their results. Two mechanisms enabling solute diffusion along veins or grain boundaries were proposed, both linked to,

Jprocesses related to ice grain growth that promote, connections between veins. Here we consider ice grains to be surrounded

by grain boundaries that intersect at triple junctions, which are populated by veins (see Fig. 2e of Ng (2021)). Soluble, ionic,
impurities tend to be concentrated along grain boundaries and within veins (Barnes et al., 2003b; Bohleber et al., 2021;
Mulvaney et al., 1988), where liquids can exist at temperatures below zero. The eutectic temperature of sulfuric acid (the origin
of the majority of sulfate within polar ice) is -73°C, which is well below the coldest ice sheet temperatures on Earth, meaning
sulfate ions are likely to be mobile.

In a high profile study, Rempel et al. (2001) argued that ‘anomalous diffusion” of chemical ions along temperature gradients

can occur within veins_resulting in the vertical advection of chemical signals within the ice sheet while maintaining similar

amplitudes. The implication was that a an Eemian age chemical signal in the GRIP ice core could be displaced by as much as

50 cm depth relative to its location at deposition, Such a process would have consequences for cross-matching events, such as

volcanic eruptions, between ice cores for stratigraphic purposes. Ng (2021) revisited this hypothesis,and challenged the impact

of this phenomenon by noting that since soluble impurity loading does not appear to control ice grain size (Durand et al.,

the
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2006), and by extension ice vein density, the Gibbs-Thomson effect (related to surface energy) should cause vein radii to

change by producing solute concentration gradients that diminish bulk concentration anomalies. Ng argued,that chemical ions _

present in the veins (grain boundaries and grain interiors are not considered) quickly diffuse as a result. so that peaks will be

damped and broaden, For the ice core community, Ng’s revision means that chemical signals present in the veins will not be

displaced in age/depth, but they will be destroyed over time, provided they are free to diffuse unimpeded through inter-

connected veins towards low solute concentration regions.

In the context of international projects such as the Beyond EPICA Oldest Ice core (BE-OIC), which hopes to recover an

Antarctic ice core dating back 1.5 Ma (Lilien et al., 2021), it is,critical to further quantify the rate at which chemical diffusion

occurs in order to predict the fidelity, of signal preservation at depth. Further constraints on the rates of chemical diffusion

could be crucial to understanding the mechanism(s) of chemical diffusion in polar ice. However, we highlight upfront that our

current chemical measurement methods,on ice provide only bulk chemical concentrations and do not allow us to partition ions

by location within the ice structure, i.e., within grain boundaries, veins or grain interiors. New sub-millimetre scale

measurement techniques will undoubtedly help in the future (Bohleber et al., 2021).
In this paper, we analyse volcanic sulfate signals in the EDC ice core (EPICA community members, 2004) and quantify time-

dependent effective diffusion rates. This work extends the time interval considered by Barnes et al. (2003) to well beyond the
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Holocene, incorporating four glacial-interglacial cycles. In order to quantify diffusion rates, we also simulate the impact of ice (Deleted: 2
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Individual volcanic eruptions deposit,gulfuric acid on the ice sheets forming sharp, distinct
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a few months after a major volcanic eruption (Thomason et al., 2018). and decreases,to background levels over a period of ;
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in 1991 (Thomason et al., 2018). In both cases the loading of aerosol

eruption (Marshall et al., 2019)_ Modelling of the deposition of material on the Antarctic ice sheet from the large 1815 CE ,w" in the stratosphere increased rapidly to a maximum a few months
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of high snowfall, such as WAIS Divide in Antarctica, agree with these observations and model predictions_of deposition ) (DeltEted: on the Antarctic ice sheet )
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duration. Sulfate signals associated with the largest eruptions of the Last Millennium last for about 3 years (Koffman et al.,

2013; Sigl et al., 2013). In the EDC ice core, volcanic peaks within the firn seem to be slightly wider (in terms of time) than
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low snow accumulation rate. The Gaussian form of sulfate peaks, in ice cores, (as opposed to the skewed distribution in the

stratosphere) likely reflects a rapid process of sulfate movement occurring soon after deposition that could be investigated ‘

further.
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Barnes et al. (2003) already observed that volcanic sulfate peaks broaden (in terms of time) as they age and deepen through . CD eleted: the examples in
the Holocene in the EDC ice core. Here we extend our observations back to 450 ka. Figure 1 shows EDC volcanic sulfate (Deleted: snapshots
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Figure 1: Selected volcanic sulfate peaks in the EDC ice core showing changes in peak shape with depth. All peaks shown have a 0
total sulfate flux of 63.7-91.0 mg m? and in each case the x-axis spans a depth range of 1 m and the y-axis has the same scaling. The 2604 2604.2 2604.4 2604.6 2604.8
horizontal black bar on each plot indicates the depth range equivalent to 5 yr of ice accumulation at that depth in the core. Deleted Depth (m)
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Figure 1 also illustrates the impact of ice thinning. Although the sulfate ions in older peaks have clearly diffused,damping,and L5 ,gz::::::: ::mimng

broadening those peaks with respect to age, the width of the sulfate peaks in terms of depth does not alter much with depth/age . CDeIete )

in the EDC core (all the x-axes on Fig. 1 span 1 m). Typically, the peaks cover a depth range of about 20 cm of ice, Ice thinning . 7(.- leted: coverage

Jnarrows the depth range spanned by an individual chemical peak. However, it appears that at EDC, the combined action of (Deleted: to

peak broadening through chemical diffusion and peak narrowing via ice thinning results in a relatively constant peak width in ‘ (Deleted: en

the depth domain for the first 200 kyr. At other ice core sites, with different age-depth relationships and thinning functions, - (Deleted: » with a FWHM of about 10 om

the evolution of peak shape with depth will likely be different.

The evolution of volcanic sulfate peak shapes with depth therefore represents a convolution of the impacts of both the diffusion
of sulfate signals along concentration gradients and the thinning of the ice sheet in which a volcanic sulfate signal is hosted
(Table 1).

Table 1: Summary of impacts of diffusion and thinning on peak shape.

Peak height Peak width
Age domain Decrease Increase
Diffusion
Depth domain  Decrease Increase
Age domain No change No change
Thinning
Depth domain  No change Decrease
3 Methodology

Our aim is to constrain the effective diffusion rate of sulfate over time in the EDC core by modelling the evolution of volcanic
sulfate peak shapes with depth/age, accounting for the impacts of both chemical diffusion and ice thinning. To achieve this,
we first identified the volcanic peaks present in the EDC core, then generated equivalent unthinned, undiffused ‘input’ or

‘deposited” peaks assuming a Gaussian form. These peaks were fed into a forward model, which simultaneously diffused them

using a range of diffusion rates and thinned them according to a simple ice flow model. Comparison of each modelled (diffused

and thinned) peak with the peak preserved in the ice core (alsq,diffused and thinned) allowed the optimum diffusion rate to be
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selected for each peak. Figure 2a displays a flow chart of our methodology, which we describe in more detail in the following

sections, and Fig. 2b illustrates some of the key parameters involved.

B
(a)]  Remove background §
sulfate; generate signal Callculate input Peak
concentration and flux height (hgep), width
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hS e
l duration) ir:d o value
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Find the maximum sulfate

CIRE T TECE Forward model evolution
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sulfate diffusion
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s hY
Remove small peaks and

peaks impacted by data
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Repeat forward modelling
for 50 values of effective
diffusion coefficient (Def)

Difference between hy,, and hy.qe (3h) calculated for ‘
g every sulfate peak across range of Dy

D,y that produces best-fit between data and forward ‘
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Deposited peak Diffused and thinned peak

h,
dep —— lIce core data

—— Forward model

Sulfate conc. (ug kg™")

0 s

[
Age (yr) relative to peak centre

245  Figure 2: llustration of methodology. (a) Flow chart of methodology involving analysis of EDC sulfate data (blue boxes), generation
of equivalent deposited peaks and forward modelling (orange boxes), and data-model comparison to find effective diffusion
coefficient (purple boxes); (b) Example of a sulfate peak preserved in the ice core (right-hand side, black curve), its equivalent
deposited peak (left-hand side), and a peak produced by the forward model (right-hand side, red curve). In this example, the forward
model produces a peak that is lower in amplitude and broader than the ice core data peak, suggesting that the effective diffusion

250  coefficient used was too high. Key parameters defined in the text are labelled.
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3.1 Identification of volcanic sulfate peaks

The EDC sulfate concentration data measured by FIC have a typical resolution of 5-6 cm in the top 100 m, 3-5 ¢cm in the
interval to 770 m, and 2 cm from there to the base of the core. The long-term background signal was removed from the sulfate
data by subtracting a 200 yr moving median. Following Wolff et al. (2023), we multiply the residual sulfate concentrations
between 0 and 358.6 m by (1/0.7) to account for a calibration discrepancy identified between FIC and standard ion
chromatography measurements on EDC ice. Note that although this adjustment will impact our quantification of peak height

and peak area in this depth interval, there is no impact on the estimation of diffusion rate. To calculate the annual flux (4AF, ng

m~ yr'!) of sulfate,we multiplied the residual sulfate concentrations (C. 1g kg') by the accumulation rate (a, ke mz” vi;', values | (Deleted:
from Bazin et al,2013). . (Deleted: flux

" . -1
AF=CXxa 1) . (Deleted. orpugL

JTo identify high amplitude volcanic peaks in the residual concentration data, we used a peak-finding algorithm (MATLAB,

version 2020b findpeaks) with a peak height threshold linked to the level of background variability in each 10 kyr time bin and

aminimum time interval between adjacent peaks of 30 yr. For each volcanic sulfate peak identified and retained, we calculated
the total sulfate flux (F) by integrating the flux data with respect to time, between the peak edges set by local minima in the
background data. All sulfate peaks with a total flux < 25 mg m? were discarded (1027 out of 1618 events removed) to avoid
using small peaks that may result from background signal variability and to limit the bias towards larger magnitude events
with depth. This sulfate flux is just under half the magnitude of the Tambora 1817 CE eruption in the EDC record. Identification
of enough volcanic peaks for reliable analysis became difficult >450 ka.

Traversi et al. (2009) identified anomalous narrow, high amplitude sulfate peaks in the EDC record, speculated to result from

the migration of sulfate into specific horizons within the ice. Each of these peaks is,bordered by regions of relative sulfate

depletion, hence the hypothesis that sulfate has moved, even been “sucked”, into the peak horizon (see Fig. 3 of Wolff et al.
(2023)). Although Traversi et al. (2009) found these peaks first appeared beyond 2800 m depth (~450 ka), we found some

similar peaks during our analysis of shallower/younger ice. These, caused a problem for our analysis because they were

identified as volcanic events by our peak finding code but clearly did, not result from a diffused volcanic peak. In order to
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spikes in dust content. All sulfate peaks below 2100 m (204 ka) were checked for an anomalously high dust peak at the same

depth. If a coincident dust peak was found, then that sulfate peak was removed from analysis (43 in total).
Lastly, we removed any peaks that were impacted by data gaps due to missing samples. Peaks between 0 and 770 m with a

data gap >14 cm and peaks between 770 m and 2800 m with a data gap > 6 cm within its full width depth interval were

excluded (10 peaks). After all these filters were applied, we had 537 peaks remaining.
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3.2 Generation of input peak shapes (Move d (insertion) [2]

For a Gaussian function, the Full Width at Tenth Maximum (FWTM) is given by "‘,(Deleted: N
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To obtain the initial deposited peak (the input to our forward model), we assume that the total sulfate flux F (equivalentto 4 %" ‘(Delete e

in Eq. 3 and 4) of the peak has not changed since deposition and that the FWTM of the initial deposited peak was 3 yr (see \ ‘(Deleted:  where  is the peak height maximum.

Sect. 2). Rearrangement of Equation 4 then gives us the peak height maximum (/) of the initial peak in units of annual flux ' " (Deleted:

(ng m? yr'"), which can be used in Eq. 1, to give us the peak height maximum of initial peak (/) in units of concentration : T (Deleted: 2

that is an input to our forward model. The ice depth-equivalent in metres of 3 yr FWTM is calculated via, i (Deleted: This leads to a relationship between FWTM, / and 4:

FWTM (m) = 3 yr X,a / p, where p is ice density (917 kg m?). 5 \ Ez::::::: j

in order to obtain ¢ in units of m ice (Eq. 2). i -.,CDeleted: 3

The duration of volcanic sulfate peak deposition may vary by a few years, potentially impacting our estimate of the effective ’ i (Moved up [3]: AF=C*a—>———— S5 (d)Y

diffusion coefficient. For this reason, all peaks younger than 60 ka were additionally run through the forward model with input ‘(MOVEd (insertion) [3]

peak widths equivalent to 1 yr and 5 yr. Preliminary testing showed that the choice of input peak width had a negligible impact (Deleted: We have measurements of sulfate concentration (‘(ﬁ

on the estimated effective diffusion coefficient for older peaks. ‘ (Formatted: Font: Italic )
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3.3 Forward model of chemical diffusion and ice thinning (Demed: 4 )
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We modelled the change in concentration of sulfate ions (C) with time (7) along distance (x) from the centre of the frame of (r leted: * )

reference as ions diffuse along a concentration gradient according to Fick’s second law (Deleted: in )
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¢ = Derromz 'where Deyis the effective diffusion coefficient in units of m*yr™'. "(Q)' . (" leted: 5 ]

We can treat sulfate diffusion in the ice sheet as a 1D (as opposed to 3D) problem by assuming that the sulfate concentration ] (Deleted: the depth axis of sulfate peak (x) )

is constant across any given horizontal layer of the ice sheet. In our forward model the effective diffusion rate for each iteration ‘ L (Moved (insertion) [4] )

is constant with time and an additional term is introduced to the diffusion equation to describe the change in sulfate \ [Deleted: % = i{Deﬁ(t).%) ]

concentration over time due to ice thinning: (Deleted: > )

be_ 29 Deff.a_c +U(x).a_c o (Deleted: 95595 )

Dt ox ( 6x> ax (Deleted: 1 )

Here vertical velocity (v) is estimated using a simple Nye model of ice flow (Nye, 1963). As the EDC core was drilled close '[Moved up [4]: % = %(DEff(t)'%) SaaaaaaaadO) ]

to the ice divide, ice flows radially from the site (Legresy et al., 2000) meaning the ice sheet dynamics can also be represented 7 (Deleted: Hereis (Eq. 6), where Dy is the effective diffusm“(ﬁ

by a 1D model (Parrenin et al., 2007). The Nye model predicts that layer thickness (1, m yi;'), equals the accumulation rate - ;:‘ (Deleted: estimated using a Nye model (Nye, 1963). This sin... [7
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(@jce.m ice yr'") at the surface and is zero at the bed, and changes linearly in between, i.e., the thinning rate is constant with

depth, as follows:,
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A _ E, where z is height above the ice sheet bed and H is the ice sheet thickness. (8) - {Moved (insertion) [5] )
Wicer X : Cr leted: )
The Nye model ignores density changes and assumes no melting at the bed. At steady state the vertical velocity will therefore (Deleted: > )
equal the layer thickness at any height in the ice sheet, ) (Moved up [5]: %:% 55 > (8)1 ]
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and the change in vertical velocity with height in the ice sheet.can be described by, N CDeleted: - )
v_ _ Qice (10) S ‘(Deleted: a : ]
8z H -~ - (Deleted: Equation 10 )
In order to generate the velocity (13) required in Eq. 7, we assume that 01/ dx is constantacross,the width of the peak, so that J ) (Deleted: then )
the velocity at any distance (x) relative to that at the centre of the frame of reference is simply given by, ‘ e (Deleted: s the change in vertical velocity with depth. )
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The Nye model was effectively tuned to the AICC2012 chronology (Bazin et al., 2013) by galculating the, value of g, for the _": L “(Deleted: d )
JDeight above the bed (z) and age (7) of each sulfate peak. 5 . (Deleted: vithin )
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3.4 Identification of effective diffusion rates

For each volcanic peak identified in the data, the forward model was run using 50 effective diffusion rates log-spaced between
10 and 10°m>yr'. As described above (Section 3.2), peaks <60 ka were run for 3 different values of input peak duration (1,

3 and 5 yr FWTM). For each individual simulation, the difference (9/: Fig. 2B) between the modelled maximum peak height

sulfate concentration (/model) and the peak height of the selected sulfate concentration data peak (/4aa) was calculated and
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saved, For each volcanic event, we find the effective diffusion rate that produces the best-fit between modelled peak and data

peak, the lowest value of Sh.

4 Results
4.1 Effective diffusion rates of sulfate in EDC ice

Our forward modelling provides an estimate of effective diffusion rate, that is, the time-weighted rate of diffusion over the
entire history of the peak, for every volcanic event identified in the EDC sulfate record. To minimize the effect of any one
peak, we have calculated the median effective diffusion rate across all the peaks in each 10 kyr or 20 kyr time bin (Fig. 3). The
median absolute deviation (MAD) of the effective diffusion rate across all the peaks in each time bin is calculated to provide
an uncertainty envelope (vertical bars on Fig. 3). Calculating the mean and standard deviation within each time bin produces

a similar result (Fig. S2). Effective diffusion rates range from 2.4 x,107 m*yr" for 0-10 ka to 1.6 x, 10 m*yr"' for 410-430

ka.
Our results suggest there is a significant decrease in effective diffusion rate with age in the EDC ice core. Median rates are

fastest in the Holocene ice (2.4 x,107 m?yr'') and decrease sharply to 1.7 x, 10" m?yr! by 40-50 ka. Effective diffusion rates

are significantly higher in the first 40 kyr of the EDC record relative to the remaining time. From 50 ka onwards, diffusion

rates are an order of magnitude lower than in the Holocene, remaining consistently around 1.0 + 0.3,x, 10 m? yr! until 200

ka.
Between 200 ka and 240 ka, the median effective diffusion rates appear to increase slightly, up to 1.8 x,10® m?yr!. This would
imply that diffusion rates in ice of this age are higher than in younger ice, which would surely require a concurrent change in

a controlling variable such as in temperature, chemistry or ice microstructure. This possibility will be explored in Section 5.1.

The overall trend from 240 ka to 450 ka is negative, implying that effective diffusion rates reduce with age/depth. However,
the relatively high spread of Deff values and subsequent high MAD values for several time bins, relative to the younger portion
of the core (Fig. 5) make it difficult to have complete confidence in this feature.

Broadly speaking then, effective diffusive rates are relatively fast in the Holocene and into the Last Glacial Period but then
appear to stabilise or possibly continue to decrease at a much-reduced rate back in time. If we consider again that these rates
are the product of the evolution of diffusion rate over time, and assuming that all peaks are subjected to higher rates of diffusion
in the first 40 kyr of their history, the actual rate of diffusion occurring in older portions of the core must be considerably lower
than displayed on Fig. 3. A stabilisation or plateau in effective diffusion rate does not mean that zero diffusion is occurring in
ice of that age. It indicates that the diffusion rate has not changed since the last time window.

Looking only at our time-binned effective diffusion rates, there is no apparent systematic difference between ice deposited in
a glacial period versus an interglacial period (Fig. 3, red shading indicates interglacials). Excluding the 0-45 ka time interval,

the median effective diffusion rate for all the sulfate peaks in glacial periods is 8 + 4,%,10° m? yr'! (£ MAD). The median value
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is slightly higher for interglacial periods at 1.1 +0,4,x,10° m?>yr! (+ MAD) but the MAD envelopes overlap meaning there is

520 no significant difference between the two.
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Figure 3: Effective diffusion rates of sulfate in the EDC core. For each time bin, the median (black crosses) and median absolute
deviation (MAD, black vertical bars) of effective diffusion rates across all volcanic events are shown. For the first 6 time bins, median
and MAD of effective diffusion rates are also shown for volcanic peaks with FWTM of 1 yr (green) and 5 yr (blue). Varying peak
width has a negligible impact on results from older time bins. Time bins are 10 kyr duration except those >300 ka, which are 20 kyr
in duration. Light red shaded regions denote interglacial periods.

4.2 Model validation

Before further interpretation of our results, we validate our forward modelling approach by testing if the model can simulate
sulfate peaks similar to those in the EDC record using the effective diffusion rates calculated for the enclosing time bin (Fig.
4). The model performs well for the sulfate peaks shown at 68 ka, 294 ka, 394 ka and 437 ka. The range of peak heights
simulated by the model (between the upper and lower bounds) include the height of the sulfate peak in the ice core. For the
137 ka peak, the model appears to slightly overestimate the rate of sulfate diffusion that has occurred. However, the mismatch
is slight and if Fig. 4 is re-plotted using peak-specific effective diffusion rates calculated by the model (Fig. S3), the match

between model and data is excellent for every peak, as one would expect. Several of the modelled sulfate peaks, e.g., 394 ka,
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appear to be broader than the ice core sulfate peaks. As thinning does not impact peak width in the age domain (Table 1) this
suggests that diffusion is under-estimated, or more likely, that the distribution of sulfate is not strictly Gaussian.
We further validate our modelling approach by running it with effective diffusion rates derived from the literature (Sect. 5.2)

to observe the different peak shapes produced with a rate of Derr values, with (Fig. S4) and without (Fig. S5) the inclusion of

thinning.
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Figure 4: Comparison of sulfate peaks in ice core with peaks produced by forward model. EDC sulfate peaks (black) of different age
(indicated by bold titles) are compared to forward model simulations (red) produced using the median effective diffusion rate for 10
kyr time bin (or 20 kyr time bin if peak age >300 ka). Model upper- and lower-bounds (dashed dark red) are product of the median

+ MAD effective diffusion rate (as Fig. 3).

5 Discussion

This study suggests that the diffusion rate of sulfate at EDC is relatively rapid in the first 40 kyr and slows down to a quasi-

constant value from then onwards. Here we will discuss the various factors that could contribute to this temporal trend, compare

12



our results to previous work and discuss the implications of this temporal variation in diffusion rate for potential mechanisms

of sulfate diffusion.

5.1 Factors potentially influencing diffusion rate

555 At EDC sulfate ions can be dissolved in liquid within veins and at grain boundaries because the ice sheet temperature (Fig. 5d)

is always above the eutectic temperature of -73°C for sulfuric acid (Gable et al., 1950). Although some sulfate may be present (l‘ leted: o

within the ice lattice at East Antarctic sites (Ohno et al., 2005), it cannot account for the majority of sulfate at EDC because, CDeIeted: ph

NN

as Barnes et al. (2003) explained, self-diffusivity within ice is much slower than the effective diffusion rates we observe. The

borehole temperature at EDC increases with depth from -52°C at the surface to -12.7°C at 2800 m, the deepest ice considered

560 here, due to the geothermal heat flux, As diffusion is a temperature dependent process, we might expect effective diffusion (Deleted: from below

rates to increase with depth/age in the ice core but the opposite trend is seen in our effective diffusion data. One possibility is

that chemical reactions in the ice, for example the precipitation of salt as sulfuric acid reacts with dust to form the anomalous

peaks discussed in Section 3.1 (Traversi et al., 2009), remove sulfate ions from solution. The occurrence of these anomalous

peaks does appear to increase with depth/age and warrants further investigation.

565 Increasing temperature with depth in the ice sheet impacts the ice microstructure in which sulfate ions are present because
higher temperatures promote the growth of larger ice grains via normal grain growth (Durand et al., 2009). Barnes et al. (2003)
proposed two mechanisms for sulfate diffusion that would both result in an increase in effective diffusion rate with increased
grain growth rate. However, a gradual transformation from <I mm to >5 mm grains, with no marked change in overall grain

growth rate, is observed through the section of EDC core considered here (Fig. 5b). Our analysis does not extend to the region

|570 of the ice in which grain evolution is dominated by migration recrystallisation, which begins at ~3000 m when borehole (Deleted: with

temperatures rise above -10°C (Durand et al., 2009).

| The process of normal grain growth is also fhought to be impacted by impurities, in particular insoluble particles, that (Deleted: known
effectively pin the grain boundaries and limit the rate of grain growth (Durand et al., 2006). This grain boundary pinning is the
reason for the sharp decreases in grain radius observed at EDC at each transition from low-dust interglacial ice to relatively
575 high dust glacial ice (Fig. 5 b and c). Barnes et al. (2003) speculated the high dust concentrations of glacial periods would
translate to reduced sulfate diffusivities due to the reversals in ice grain growth rate. In addition, Barnes et al. (2003) also
speculated that sulfate ions would be less soluble and therefore less mobile in glacial periods relative to interglacials because

sulfuric acid would be neutralised through reaction with [carbonate-rich] dust particles. As stated in Sect. 4.1, we don’t observe

any significant difference between the effective diffusion rates calculated for glacial and interglacial ice, bar the Holocene. ,CDeIeted: 1
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age interval. Between 0-200 ka (~0-2000 m) the interglacial-glacial contrast in grain radius is ~< 0.5 mm, whereas in the 200 (Deleted: -
450 ka interval (~2000-2800 m) the raw data show repeated variations on the order of 4 mm. Even if the raw grain radius data (Demed: -
could be compared to our Defr values, it is unlikely there would be a statistically significant relationship;however, it seems fair (Deleted: .
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to suggest that this marked increase in the variability of grain growth rate with depth/age likely contributes to the increased - Ebeleted
- ( Deleted: ,
range of Derr values predicted for ice >200 ka. ‘CDeIete d: but
Finally, we examine whether or not the magnitude of the sulfate peak impacts any bias or trend in our results (Fig. 5a). There
is no relationship between the total flux of sulfate and Derr. Overall, it is difficult to attribute the variation in EDC sulfate
effective diffusion rate observed with depth/age to any of the above factors.
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Figure 5: Effective diffusion rate estimated for each EDC volcanic sulfate peaks compared to grain size and dust loading. (a) Effective
diffusion coefficient (D) estimated for each individual volcanic sulfate peak, colour-coded according to magnitude of total sulfate
flux (see legend). Median D values and MAD range for each time bin are also plotted (blue crosses and vertical bars, as Fig. 3). (b)
EDC grain radius (EPICA community members, 2004). (¢c) EDC dust flux (Lambert et al., 2008). (d) EDC borehole temperature
profile (Buizert et al., 2021). Light red shaded regions denote interglacial periods.
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Our model predicts a median effective diffusion rate of 2.4 £ 1.7 x, 107 m?yr"! in Holocene ice (0-10 ka) with values for CDeIeted: x

individual events ranging from 1 x,10° to 5.2 x, 10 m*yr''. The previous estimate for the effective diffusion rate of sulfate in | CDeIeted: X

Holocene ice at EDC is 3.9 + 0.8 x,10" m?yr'! (Barnes et al., 2003). This is significantly lower than both our median value for (Deleted: *

the 10 kyr interval and the rates implied by volcanic peaks around 10 ka only (Fig. 5): our median effective diffusion rate for (Deleted: -

9-11 ka ice is 1.6 £ 0.5,%,107 m*yr'' (n = 7). Fudge et al. (2016) estimated an even lower Holocene ice effective diffusivity (Deleted: 4

0f 2.2 x,10® m? yr'! in the WAIS Divide ice core, which is a warmer location. (Deleted: x
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ka ice of 5+ 2 x 10 m? yr'! proposed by Fudge et al. (2024) and our uncertainty ranges don’t overlap. However, if our more - (Deleted: N

variable estimates for effective diffusivity in >200 ka ice are included, then our median effective diffusivity for the entire 50— CDeIeted: 2
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to 93% of its original width (Bazin et al., 2013), meaning the sulfate concentration gradient will be steepened slightly, with CDeIeted: T

the potential for faster diffusion.
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than those we obtain for the relatively young (Holocene) volcanic peaks because their ‘starting” peaks have already undergone

significant diffusion. ,

5.3 Implications of results_for sulfate diffusion mechanism(s)

It is clear initial rates of sulfate diffusion following deposition are fast. One possible nechanism js that the high concentrations
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of sulfate deposited from volcanic events are predominantly located within well-connected veins (as speculated above) and

o CDeleted: for the high initial diffusion rates,

undergo, “Gibbs-Thomson” diffusion, as modelled by Ng (2021), when first deposited. Ng predicts instantaneous diffusion

rates for ions in the veins that are rapid (2.1 x,10"° m? yr'"), an order of magnitude faster the time-averaged effective diffusion

rates,we observe in Holocene ice. Ng’s model would predict that larger magnitude sulfate peaks should diffuse faster and this
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is not what we observe, although we admit that there are a limited number of events to consider in the Holocene.

Why does the diffusion rate decrease with depth/age? Perhaps, Gibbs-Thomson diffusion (or other mechanism) is so efficient

that the sulfate concentration gradient within the veins is quickly reduced, leaving only diffusion along two-grain boundaries;

alternatively, the veins that are initially well-connected and conducive to diffusion become less so over time. The lack of bias

of larger sulfate flux events towards higher diffusion rates within Holocene ice or elsewhere, does imply that the diffusivity is %

not limited by the magnitude of the sulfate concentration gradient (as in Ng’s model) butyather by the degree of connectivity : !

within the ice microstructure.

As mentioned above, Barnes et al., (2003) presented two different mechanisms for sulfate movement in ice, a ‘connected’ vein

or grain boundary model and a ‘disconnected’ vein or grain boundary model. Both predicted diffusion rates on a similar order

to the rates we estimate in the older (>50 ka) ice: 5-7 x, 10 m* yr' for the connected model and 3 x, 10 m? yr for the

disconnected model. Without knowing more about the ice microstructure EDC, and the location of sulfate ions within it, it is

difficult to favour one model over another. But both offer a viable mechanism for the slow diffusion regime and both can
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(according to Barnes et al. 2003) operate in the veins or along grain boundaries.

We hypothesize that several different mechanisms of sulfate jnovement may operate across the depth/age range at EDC and

that the predominance of one process over another is dependent on partitioning of sulfate within the ice microstructure. As

such, it is the balance of rapid diffusion in the veins, potentially following Ng’s Gibbs-Thomson model, when sulfate is first

deposited versus slower Barnes-types diffusion options at grain boundaries that dictates the evolution of effective diffusion

rate with depth/age of the ice, Ice temperature does not appear to be a controlling factor on diffusivity of sulfate at EDC.
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5 Summary

Our results suggest that if a sulfate signal deposited at EDC survives the relatively fast initial diffusion (Holocene ice median

Derr= 2.4 + 1.7 x,107 m>yr") it will experience a much-reduced diffusion rate on the order of 1 x,10"* m? yr'! (or less) from

then on,until at least 450 ka. The high variability in our estimates >200 ka makes it difficult to determine if the diffusion rate

- Del d: , rather than any environmental factor such as the rate of
grain growth or temperature
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stays constant or continues to decline with age from 200 ka. In the absence of clear evidence for a controlling factor on sulfate
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diffusivity with depth/age, we hypothesize that the rapid decrease in diffusion rate from the time of deposition to ice of 50 ka
age may be due to a switch in the dominant mechanism of diffusion resulting from the changing location of sulfate ions within

the ice microstructure and/or change in the inter-connectedness of veins and grain boundaries. Future work could explore this

by building time-varying diffusion rates into the forward modelling.

Our findings need to be confirmed by analysis of high resolution sulfate datasets from other ice cores. It will be interesting to
compare the effective diffusivity profile of EDC with profiles from other cores that have similar or contrasting temperature
profiles, chemical variations and ice microstructure variations. Finally, sulfate is just one chemical ion of interest in deep ice.

There is an urgent need to constrain effective diffusion rates for additional chemical ions, including Cl and Na.
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