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Abstract.  Volcanic signatures in ice-core records provide an exotleeans

to date the cores and obtain information about accumulattes. From sev-

eral ice cores it is thus possible to extract a spatio-tealpgmrcumulation pat-
tern. We show records of electrical conductivity and suffom 13 firn cores

from the Norwegian-USA scientific traverse during the Insgional Polar Year
2007-2009 (IPY) through East Antarctica. Major volcaniapions are iden-
tified and used to assess century-scale accumulation chafilge largest changes
seem to occur in the most recent decades with accumulatientbe period 1963—
2007/08 being up to 25 % different from the long-term recdriere is no clear
overall trend, some sites show an increase in accumulatientbe period 1963
to present while others show a decrease. Almost all of tles sibove 3200 m
above sea level (asl) suggest a decrease. These sites alg@ significantly
lower accumulation value than large-scale assessmertisidaothe period 1963

to present and for the long-term mean at the respectivediiés. The spatial
accumulation distribution is influenced mainly by elevat@nd distance to the
ocean (continentality), as expected. Ground-penetratidgr data around the

drill sites show a spatial variability within 10-20 % ovewnseal tens of kilo-
meters, indicating that our drill sites are well represtveafor the area around
them. Our results are important for large-scale assessnoémntarctic mass

balance and model validation.
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1. Introduction

The mass balance of the Antarctic ice sheet is a crucial petearn climate researci\[ley
et al, 2005;Vaughan 2005] and is constantly under debat@jighan et al.1999;Giovinetto
and Zwally 2000;Arthern et al, 2006;van de Berg et al.2006;Horwath and Dietrich 2009]
and a conclusive outcome is not yet reached, despite new ramaging results and satellite
techniques. For examplBavis et al.[2005] report growth of the Antarctic ice sheet over the
time period 1992-2003. Recently, a study\tslicogna[2009] found a net mass loss over the
time period 2002-2009 with an accelerating trend, basedata flom the Gravity Recovery
and Climate Experiment (GRACE) satellite mission. Yet intetal variations are large as are
the uncertainties and there is no conclusive trend for iddad drainage basingd{orwath and
Dietrich, 2009]. Rignot et al.[2008] use radar interferometry and a climate model to a@sses
recent Antarctic mass changes and obtain also a total msssvith increases during the most
recent decade. In addition to gravity missions, altimetayadgive information about mass
changes, derived from elevation changes. However, arsabfsepeat altimetry measurements
and accumulation pattern showed that observed elevatianges are largely determined by
accumulation variability Davis et al, 2005], especially near the coastdlsen et al. 2008],
while little is known about the impact on a continent-widalsc Especially the East Antarctic
interior is to a large degree uncovered by ground-basedurgagnts and in situ data are scarce.
Turner et al.[2009] review recent results of Antarctic mass balance arttthiat East Antarctica
seems to be mostly quiescent with local exceptions. Thdtsagported bylurner et al.[2009]
range from zero to slightly positive values for the masstedaof East Antarctica, but again the

error bars are large and errors can be as high as the vayiatself. Moreover,Turner et al.
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[2009] conclude that studies on Antarctic mass balance @ glaciological field data, e.g.
Vaughan et al[1999], give the most reliable result&enthon and Krinnef2001] explain that
especially the regions devoid of field observations intoedarge errors in modeled assessments
of a continent-wide accumulation pattern. Thus, it is int@ot to obtain ground-truth for large-
scale estimates of Antarctic mass changes.

The Norwegian-USA scientific IPY 2007-2009 traverse thiokgst Antarctica aims to con-
tribute a set of field data comprising among others firn-ceords and ground-penetrating
radar (GPR) data and thus help understanding the status @&asteAntarctic ice sheet and
its changes on scales of a few decades to more than one millenThe traverse went from
Norwegian Troll Station to South Pole in the austral sumn@7208 and back on a different
route via the Recovery Lakes area in 2008/09 (see Figure 1)wilVeefer to the route taken
in 2007/08 as the first leg and the route from 2008/09 as thenskleg in this paper. Together
the two consecutive traverse legs covered large parts ahtbgor of Dronning Maud Land.
Along the route shallow (20—30 m) and intermediate-deptr-8® m) firn cores were drilled
of which we present 13 records in total (9 shallow and 4 intatiate-depth). All the drill sites
were linked by GPR datafuller et al., 2010].

Firn and ice cores are a valuable climate archive, allowaigrgists to research climate vari-
ations as far back as 800000 yeakarbert et al. 2008]. For the purpose of determining
accumulation rates, mostly chemical species are usea, ioftonjunction with oxygen isotope
data and electrical conductivity. Since all of these restetid to show an annual variation, they
allow for identification of summer or winter peaks (depeigdan the species considered) and
hence annual dating. However, in very low accumulationsliga the East Antarctic interior,

an annual signal might not be preserved. Hence, identificati time markers is crucial in these
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areas for accumulation determination. Here, we focus omadiey data (sulfur and sodium)
and electrical conductivity to date the 13 firn cores by idgimg known volcanic eruptions.
This enables the calculation of accumulation rates ancliity for the time periods between

major eruptions.

2. Data and Methods

The firn cores NUS07-3, -4, -6, and -8 (Figure 1) from the fegtWwere analysed in the cold
laboratory at Norwegian Polar Institute in Tromsg usingdiedectric profiling (DEP) technique
[Moore et al, 1991;Wilhelms et al.1998]. From the measured capacitance and conductance we
derived dielectric permittivity and electrical condudiyv The records have been presented and
discussed irAnscliitz et al.[2009] where we also give some more details about the mewsuri
technique. The firn cores NUS07-1, -2, -5 and -7 were analjsedhemical composition
(Figures 2 and 3) at the Desert Research Institute (DRI) in RdB@, using a sophisticated
combination of continuous-flow analysis and mass spectimyricConnell et al, 2002]. The
record of NUSO7-1 has also been shownAmnscliitz et al.[2009] where sulfur, sodium and
electrolytical conductivity (i.e., the conductivity oféahmeltwater) are discussed for this core.
Note that this core is named "site I” linscliitz et al.[2009] due to a nomenclature of drill sites
used during the expedition. The name has since been changBiS07-1" for the sake of
consistency and we therefore also refer to this core as Nt13@fe.

From the second leg the firn cores NUS08-2, -3, -4, and -6 wealysed using DEP (Figure
4) and cores NUS08-4 and -5 for chemistry (Figure 5). Fromlaéinge amount of species
measured by the device at DRI we use sulfur and sodium heresddiem records were used
to calculate non-sea-salt (nss) sulfur (see @mgufetter et al[2004]) which differs less than

10 % from the total sulfur at these inland sites. In the follmywve will refer to the nss-sulfur
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data as the "sulfur records” only. The DEP and sulfur recailttsv for detection of volcanic
peaks as shown by several studies on Antarctic and GreeitlesdoresHofstede et a).2004;
Traufetter et al. 2004;Langway et al. 1995;Cole-Dai et al, 2000]. We follow the criterion
outlined byCole-Dai et al.[1997] and other authors for identification of a volcaniclpdarst,
the large peaks likely stemming from volcanic input were oged from the records. Second,
the mean (background value) and standard deviation wecalatéd. For a peak to qualify as a
volcanic eruption it has to fulfill two criteria: (1) the vadihas to be at or above two times the
standard deviation and (2) has to stay at that level for at l®a consecutive samples, in order
to exclude outliers in the measurement. As the electricadlaotivity increases with depth, we
followed the method outlined bigarlof et al.[2000] and other authors and normalized the DEP
data by first detrending the conductivity records and therditlig by the standard deviation.
Again, a peak has to be at or above two times the standardtidbeviar at least two samples.

In order to derive accumulation rates from the dated hoszarformation about density is
needed. We measured the bulk density in the field and fittedtcaghder polynomial to these
values Ren et al, 2010] to obtain a smooth density distribution. Often theyenga-based
density is used for accumulation calculation where DEP datameasuredAnscliitz et al,
2009; Hofstede et a).2004]. However, we do not have DEP data available for thencstey
cores, therefore the bulk density was used here. A compabistveen Looyenga-based density
and bulk density for the DEP cores yields an average diffterari 3—4 %, comparable to the
values reported biofstede et al[2004].

Error estimation follows the discussion Bnsclhiitz et al.[2009] andMuller et al. [2010]:
We assume an age uncertainty of three years between voleanions (discussed below in

more detail) Traufetter et al. 2004;Hofstede et a).2004], a depth error of two centimeters
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and a relative density error of 3.5 % of the respective dgnsilues Hofstede et al.2004].
From error propagation we derive an overall mean error ot#eulated accumulation rates of
4.8 % for the time periods considered here. Errors are gisa@bsaolute values for the respective
results in Table 3. The relative errors for the period 18T®+7208 are comparable with results
by Frezzotti et al[2005, 2007].

A reflection horizon at the corresponding depth of the Taraleyer (1815) was identified in
the GPR data based on the dating of the firn cores. In ordeatoae the areal representativity
of the firn core data, the layer was followed between two fines¢Figure 6). Uncertainties in
the GPR derived layer depth and conversion to accumulagi@s originate from uncertainty in
firn core dating, lateral density variability between the fiores, digitization of the GPR data,
and accuracy in layer picking. We estimate the combinedeffethese error sources to be up

to 8 % [Muller et al,, 2010].

3. Results

The records of electrical conductivity and sulfur were uselentify volcanic horizons by
comparison with well-dated recorddfstede et a).2004; Traufetter et al. 2004]. Yet not all
peaks could be assigned to known volcanic eruptions. Hexéogus on some prominent peaks,
roughly one per century, in order to detect longer-term t{ogrscale) accumulation changes.
The volcanoes and depths of the respective DEP or sulfursgadke different cores are given
in Tables 1 and 2.

The DEP-signal responds to both enhanced acidity due te hatganic eruptions and en-
hanced sea-salt inputfoore et al, 1991]. In order to distinguish between conductivity peaks
from volcanic events and peaks from enhanced sea-saltrdpmie also looked at the sodium

data for the deep chemistry core NUSQ7-2 from the first legamdpared sodium peaks with
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peaks in electrolytical conductivity. A direct comparisbetween electrical conductivity and
sodium is not possible since we do not have DEP data for thes tieerefore we use the elec-
trolytical conductivity here. Figure 2 shows that some peiakthe electrolytical conductivity
record indeed seem to coincide with enhanced sodium. Haywnepeaks discussed here are
not linked to enhanced sea salts, at least not for this coveth&more Figure 2 shows that
peaks in sulfur and electrolytical conductivity coincidery well, strengthening also the dating
of the DEP records by comparison with the sulfur records.

The most prominent peaks served as time markers, like thelelpeak Tambora (Indonesia)
1815/Unknown 1809 that has been observed widely in AntaiczicoreslLegrand and Delmas
1987;Langway et al. 1995;Karlof et al, 2000;Cole-Dai et al, 2000;Hofstede et a).2004,
among others]. Thus, we used this double peak as an absiohgartarker to date the other
peaks in respect to the Tambora peak. Generally, a time lagaft one year between eruption
and deposition is assumed by most studies, however, depoddtes are usually less certain
than eruption dates, therefore all volcanic dates mentionehis paper are eruption dates.
Traufetter et al[2004] report an uncertainty in deposition dates betwegryear andt5 years
back to AD 1200. As has been already mentioned in the erraussson, we thus assume
an average age uncertainty ©8 years here, in accordance wilimsctliitz et al.[2009] and
Hofstede et al[2004].

One of the more recent peaks that is observed well in Antaici cores corresponds to the
eruption of Agung (Lesser Sunda Islands, Indonesia, 1988)nfias et al. 1985]. Although
the signal is not very large in most of our cores, we use thith@snost recent time marker.
The eruption of Pinatubo (1991), which would provide an ex@re recent time marker, is

not unambigously detected in our firn-core records. Krakéitadonesia) erupted in 1883 and

DRAFT July 19, 2011, 1:46pm DRAFT



158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

ANSCHUTZ ET AL:: ACCUMULATION VARIATION ON THE EAST ANTARCTIC PLATEAU X -9

has been detected in several ice cores around the contifanitfé¢tter et al. 2004; Hofstede
et al, 2004;Karlof et al, 2000]. The unknown peak from 1695 is reported by severicast
with slightly different dates, varying from 1693-169Rdn et al. 2010;Hofstede et aJ.2004;
Cole-Dai et al, 2000;Budner and Cole-D&i2003]. Here, we use 1695 as the eruption date in
accordance witiHofstede et al[2004] andAnsctliitz et al.[2009]. The subantarctic volcano
of Deception Island erupted in 164Arstarain and Delmas1998], however, some authors
ascribe a signal at that time to the eruption of Awu (Sangdtenids, IndonesiafStenni et al.
2002;Karlof et al, 2000] or Mount Parker (Philippinestple-Dai et al, 2000; Traufetter et al,
2004]. Most likely, the signal is an overlap of several elums. Since Deception Island is the
closest one to the Antarctic continent, we attribute thellpdak to this volcano. Another
unknown eruption occurred in 162Ripfstede et a).2004], and in 1600 Huaynaputina (Peru)
erupted, being also visible in several ice cokeéslp-Dai et al, 2000;Karlof et al, 2000;Budner
and Cole-Daj 2003]. Here, we use the Huaynaputina peak where it is dddlecand Deception
Island or Unknown 1622 for cores that do not quite reach back6D0. Before 1600 dating
is less certain due to the sparsity of historic documentadiovolcanic eruptionsTraufetter
et al, 2004]. However, some prominent peaks have been dated pedex cores and allow
us to assume reliable dating for several of our observedspaskvell. The eruption of Kuwae
(Vanuatu, southwest Pacific) in 1453 is easily identifiedce cores from both hemispheres
[Langway et al. 1995;Oerter et al, 2000;Karlof et al, 2000;Ren et al. 2010] and in some
studies it provided the largest peak in the entire rec@ad et al, 2006;Palmer et al, 2001].
The eruption of EI Chichon (Mexico) in 1342 is seen less ofteamtthe one of Kuwae, but some

authors report prominent peaks for this eruption as walidner and Cole-D&ai2003;Karlof
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et al, 2000;Hofstede et a).2004;Cole-Dai et al, 2000]. Here, it is not as large as the Kuwae
signal, but visible in all of the deeper cores.

The "1200-sequence” of several peaks in the late 13th cgiganother obvious time marker.
This sequence has been detected in deeper cores from theethntdateau Hofstede et aj.
2004;Ren et al. 2010;Cole-Dai et al, 2000;Karlof et al, 2000] as well as some Greenland
cores Langway et al. 1995]. We picked the oldest and - in most cores - the largestal
these four peaks for our discussion. It is believed to hacemwed in 1259 where some authors
attribute it to El Chichon in Mexico and some prefer to callitunknown volcano. Since there

has not been a conclusive attribution to El Chichon, we stdly thie term "Unknown” here.

4. Discussion

4.1. Temporal variability

In light of sea-level change it is important to assess thesnmasiget of the Antarctic ice
sheet and determine accumulation rates and possible Ispadcidemporal changesAnsctiitz
et al. [2009] discuss temporal accumulation variability for soofiehe sites from the first leg
(NUSO07-3, -4, -6 and -8). They find a decreased accumulatieraged over the time period
1815-2007 in relation to the value for 1641-1815. They aige g comprehensive discussion
of temporal variability in other cores from East Antarcti¢dere, we present new results from
the chemistry cores of the first leg (NUS07-2, -5 and -7, Feg@and 3) and the DEP (Figure 4)
and sulfur records (Figure 5) of most of the cores from thesedeg (NUS08-2, -3, -4, -5 and
-6). We identified the eruption of Agung (1963) in all of thee® but NUS07-6 which enables
us to address the question of recent accumulation changegiaBly the Agung eruption is
not always very clear in the DEP profiles as they are genematise noisy than the sulfur data.

However, intercomparison of the records allows for a rédiatbentification also in most of the
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DEP cores. Where identification is somewhat questionableaueisy data or small peaks,
a question marked is depicted in the respective figures. drchiemistry cores from the first
leg the Agung peak is much smaller than the very prominerieegeaks like Tambora and
Kuwae. Thus, due to the scaling of the full record the Agungkp&oes not depict very well
and therefore we show in addition a figure of the top meterbi@dd records where Agung is
visible (Figure 3). The accumulation rates averaged owetitine periods between the respective
volcanic horizons are depicted in Figures 7 and 8.

All the data from the first leg exhibit a slight decrease inuswalation since 1963, with the
exception of the northernmost site NUS07-1 (Figure 7). NE}SGhows a very slight increase
over the period 1963—-2007 in comparison with 1883-1963 glvewy this increase is within the
range of uncertainty. For the majority of the sites (NUSQ742-5, -7 and -8) the accumulation
between 1963-2007 is the lowest in comparison to the othex periods considered in the
respective record. NUSO07-6 (depictedAnsclhiitz et al.[2009]) does not show the eruption
of Agung due to lower core quality in the top meters, therefonly the period 1883—-2007
is considered, which again reveals the lowest accumulatidhe entire record from this site
(Figure 7). These results show that virtually all of the leghelevation sites (above 3200 m)
reveal a decreasing trend of accumulation over the lastdgscaThis is in accordance with
the findings oflsaksson et al[1999] who report accumulation values from firn cores along a
traverse line from the grounded coastal area up to the Anamsksn plateau in Dronning Maud
Land. They find that accumulation has been decreasing oeetirtte period 1965-1996 for
sites above 3250 m and mostly increasing below. Hence, theglwde that an accumulation
increase as reported for instance Mgsley-Thompson et aJ1999]; Hofstede et al[2004];

Oerter et al.[2000] is not necessarily valid for the whole plateau areBrinning Maud Land.
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In the 17th century accumulation at the three sites NUSO4-8nd -6 seems to be consid-
erably higher than during the 20th century, whereas siteSOWR, -5 and -7 exhibit no such
changes (Figure 7). This shows that temporal accumulati@mges are site-dependent and
can vary significantly between sites spaced several huadrekilometers apart. The largest
changes in the long-term records from sites NUS07-2, -5 @odeur largely in the most recent
decades, as the accumulation rates over the period 1963-&280mostly lower than during
the other time periods considered here. This contrastsreshits from some other studies on
the East Antarctic plateau that found a recent increasedannaglation, for instanc&losley-
Thompson et alf[1999]; Frezzotti et al.[2005]; Stenni et al[2002]; Hofstede et al[2004].
However, distances between individual study sites arelargl observational time periods be-
tween the studies differ, rendering it difficult to compaharges in more detail.

The sites from the second leg are all located more westedytlower elevations compared
to the ones from the first leg and the temporal accumulatidgterrais quite different. Sites
NUSO08-2 and -4 show a decrease and sites NUS08-3, -5 and rRéraase over 1963—2008. At
sites NUS08-3 and -6 the recent accumulation (1963—2008)fact the highest in the entire
record for the time periods considered here (Figure 8).s%ildS08-4 and -5 are only spaced
55 km apart, yet the temporal accumulation pattern is radifesrent for the recent decades.
NUSO08-5 shows a slow, but continuous decrease of accumnlsitice 1600 with the exception
of the most recent period (1963-2008). NUS08-4 shows aaimécrease since 1622, but here
the decrease continues also over 1963-2008.

The changes between the periods 1883-1963 and 1963—-20@#{0Between +26 % at site
NUSO08-3 to -22 % at site NUS07-2. When compared with the l@ngrtrecord for the respec-

tive core, the changes range from +17 % to -25 % (Table 3 anat&sg7 and 8). Even though
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the Agung peak is not as certain in some of our DEP cores axé&ngle the Tambora peak,
the overall picture as discussed above remains valid, wdwnemulation seems to have mostly
decreased for the sites of the first leg and mostly increaseitié second leg.

Ren et al[2004] report accumulation values from snow pits alongeetrse line from Zhong-
shan Station to Dome A. They find that higher-elevation gg®ve 3400 m) show a decrease
in accumulation for the recent decades whereas sites bélaietevation show an increase.
This fits well with our findings from both traverse legs.

In summary, there is no consistent trend over the area ofatbdraverse legs and different
sites show a different temporal pattern. Yet for some of ifes she most recent changes seem to
be the largest. This might implicate that recent changemdeet occurring over different parts
of the East Antarctic plateau, even though the directionhainges (decreasing or increasing)
does not exhibit the same trend for all sites.

As for the earlier time periods, there is no evidence of thdd_ice Age in our deeper cores:
the accumulation averaged over the period 1453-1815 between the eruptions of Kuwae
and Tambora, results as 32.6 kgtma! at site NUS07-2, 25.7 kg mi a~! at site NUSO07-
5, 29.2 kg m? a! at site NUS07-7 and for the second leg 35.5 kg?m~! at NUSO08-

5. All these values differ only insignificantly from the lottgrm accumulation rates and the
values over the period 1815 to present at the respective Jitble 3).Li et al. [2009] report
sharpely reduced accumulation rates for the period 1458B-&8m a drill site to the east of our
investigation area in Princess Elizabeth Land (core DT26%82.5’S, 7701.5’E and 2800 m
asl). A comparison with their results stresses that a d@iffetemporal accumulation pattern over
different parts of the East Antarctic plateau persisted fis earlier time periods and evidence

of the Little Ice Age is not necessarily found in all coresward the continent.
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4.2. Spatial variability

The South-Pole Queen Maud Land Traverses (SPQMLT) wentgfréarge parts of Dron-
ning Maud Land in the 1960%jcciotto et al, 1971] and some of their sampling sites are rela-
tively close to our drill sites (see Figure 1). They detemdmccumulation rates from snow-pit
stratigraphy and at selected sites additionally from messmsants of radioactivity, discovering
fallout from nuclear tests in the 1950s and 196@sscliitz et al.[2009] compare accumu-
lation values from the first leg with SPQMLT data and find thetwanulation in this area is
lower than reported by SPQMLT. For sites close to the aragedisluring the second leg of the
traverse Picciotto et al.[1971] report an accumulation value of 38 kg'hma~! for their site
SPQMLT-2-12 which is 31 km from our site NUS08-5 and 33 km fidkdS08-4. The value of
37.6kgnr?a! atsite NUS08-5 thus is in good agreement, whereas NUS08wissh slightly
lower value of 36.1 kg m? a~!. For their site SPQMLT-2-16, 22 km from our site NUS08-6,
Picciotto et al.[1971] obtain 35 kg m? a~!. Here, our results are higher with 49.2 kgtha!,
yet this is one of the sites where a recent accumulation asereccurs. The 200-year mean of
39.2 kg nt2 a! is in better agreement with the resultsRitciotto et al.[1971]. However,
one should bear in mind that comparison is limited due todagatial distances and different
time periods. MoreoveiMagand et al[2007] demonstrate that older data sets, like some of the
SPQMLT data, are often biased and tend to overestimate adatiom on the polar plateau.

In general, the spatial representativity of point measer@sisuch as firn-core records can be
assessed by GPR data. For the first kagscliitz et al.[2009] show 5.3 GHz-GPR data around
the sites NUSO07-4 and -6 and find a general variability of ad@+20 % over several tens

of kilometers for the Tambora layeMdller et al. [2010] follow GPR layers over an 860 km
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long profile of the first leg and find a mean accumulation of Z% ™2 a~! over the period
1815-2007 with a standard deviation of 4.7 kg?ma~! or 20 % over the entire GPR profile.

Figure 6 shows a radargram between NUSO08-5 and -6 with thddearayer highlighted.
The system used is an ultrawideband FMCW-radar with a cergquéncy of 1.75 GHz and
a bandwidth of 2.5 GHz. System parameters and processipg ate discussed in detail by
Muller et al.[submitted]. The layering over some parts of this stretolery smooth. Yet espe-
cially in the northern part (towards NUS08-6) the amplitadiéayer variation is larger (Figure
6). The average accumulation over the time period 1815-20088this 170 km long stretch is
36.8 kg2 a~! with a standard deviation of 3.6 kgrha ! or 10 %. This is on the lower edge
of the values reported b&nscliitz et al.[2009] andMuller et al.[2010] for parts of the first leg.
Our results of spatial variability of GPR layers are in goggeement with the findings from
Richardson and HolmluniL999]. Even though the core sites are thus representativiné
area around them, comparison between individual sitedliBratted by large spatial distances
and spatial variability between them. However, a genertiepais obvious, as accumulation
decreases with increasing elevation and distance to th& ¢oantinentality). This has been
reported in various studie¥fughan et a].1999;van de Berg et al.2006;Mduller et al,, 2010;
Isaksson et al.1999] and is confirmed by our results as well.

Table 3 shows accumulation values for the most recent decastleraged over the period
1963 to present, based on the detection of the eruption ohdguror comparison, we also
give the 200-year mean values, based on the eruption of Tamibd 815 and the respective
long-term mean for the individual cores. As explained abdve Tambora eruption was used
as an absolute time marker, and the 200-year mean should giviiciently long time interval

to obtain a stable accumulation result where possible @geadiations are smoothed out. Ac-
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cumulation is mostly higher for sites on the second leg thathe first. This is clearly related
to elevation differences (Table 3). The accumulation owatgof the Recovery Lakes area
(NUS08-4 and -5) is in the range of the higher values of thélgigs In general, accumulation
is very low on the high East Antarctic plateau, for parts @ffinst leg even lower than expected
[Ansctliitz et al, 2009] which fits the results from some other studies as waJl Genthon et al.
[2009].

Several large-scale assessments have been carried odemtorderive a spatial pattern of
accumulation for the entire Antarctic ice sheet, e.g.Vayghan et al[1999]; Giovinetto and
Zwally [2000]; Arthern et al.[2006]; Monaghan et al[2006]; van de Berg et al[2006]. Even
though a detailed comparison is limited due to the resatuicthese studies (typically around
50-100 km or more), it is interesting to compare values feratea around our drill sites based
on the large-scale assessmemtascliitz et al.[2009] discuss accumulation at sites NUS07-3,
-4, -6 and -8 for the period 1815-2007 in comparison to thelteby Monaghan et al[2006]
andArthern et al.[2006]. They find lower in-situ values than these two studisller et al.
[2010] derive accumulation averaged over the time periatb32007 along an 860 km GPR
profile for the first leg and likewise find lower values comphre the studies bjvlonaghan et
al. [2006], Arthern et al.[2006] andvan de Berg et al[2006]. They conclude that this might
support the suggestion that accumulation has been inogeémi much of the East Antarctic
plateau over the last 50 years, as the studieg\tiiern et al.[2006] andMonaghan et al.
[2006] represent largely this time period. This finding i sopported by our firn-core data
from the first leg, highlighting again the complexity of tlertporal accumulation behavior and

the difficulties to draw conclusions for a large area frongkardrill sites.
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Furthermore it is important to be aware that the values tegdyyAnscliitz et al.[2009] and
Muller et al.[2010] are point measurements and twodimensional proféspectively, and are
averaged over a 200-year period, whereas the other studesargal averages and look at more
recent time periods of a few decades.

In Table 3 we compare our accumulation values over the per@&8 to present with the
results byArthern et al.[2006]. It is evident that the drill sites of the first leg shawmuch
lower accumulation (up to 50% lower) compared to the studpttigern et al.[2006], whereas
the results from the second leg mostly fit well, with deviaitoetween 2—12 %. The differences
might be due to scarcity of in-situ observations availabletifie compilation byArthern et al.
[2006] as well as the reasons mentioned above, namely efiff¢éime periods and resolution of
this large-scale assessmektonaghan et al[2006] andvan de Berg et al[2006] both report
values of 20-50 kg ¥ a~! for our area of investigation with the exception of the aneaind
South Pole where accumulation reaches 50-100 k§an' in both compilations. Thus, our
in-situ values are largely on the lower edge or even below #ssessments, especially for the
sites of the first leg.

Our results show that some parts of the plateau with elevataiove 3200 m exhibit less
accumulation than obtained by large-scale assessment$ Whs important implications for

the determination of the overall mass balance of the Antaicet sheet.

5. Conclusions

In total 13 shallow and intermediate-depth firn cores from Bast Antarctic plateau have
been analysed for electrical conductivity and sulfur t@eksh a volcanic chronology and as-
sess accumulation rates. The spatial accumulation distribis influenced by elevation and

continentality, fitting the expected pattern well. Spat@iiability derived from GPR data is in
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the range of 10-20 % over several tens of kilometers which &cordance with other studies
from the interior of East AntarcticaRichardson and HolmlundL999;Frezzotti et al. 2005].
The accumulation results for the high elevation sites al3@@® m are lower than values by the
large-scale assessmentiathern et al[2006], yet the sites at lower elevations are in reasonably
good agreement.

The temporal pattern does not show an overall clear trenslever, most of the sites of the
first leg, i.e., the more easterly and higher elevation sitegeal a decrease in accumulation
over the period 1963—-2007. For the second leg (the more westes at comparatively lower
elevations), there are some sites that show an increas¢hiséime period in accordance with
other results from East Antarctichpsley-Thompson et all999;Hofstede et a).2004;Frez-
zotti et al, 2005]. The largest changes seem to have occurred in thereuesit decades, with
the longer-time pattern being mostly rather stable. Redesmiges deviate from the long-term
mean of the respective core by up to 25 %. No clear indicatfdheLittle Ice Age could be
found in our data.

Our study shows that temporal variability differs stronggtween different sites, rendering
difficulties to obtain a conclusive outcome for Antarcticsa&hanges based on individual ice-
core studies. Hence, our results can serve, together waiifasistudies, as a valuable input for
large-scale models and obtaining ground truth for sagelidsed estimates of the mass balance

of East Antarctica.
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Table 1. Snow depths of volcanic peaks in the cores from the first ldgdeépth units are in meters

and the date refers to the year of eruption as this is moraindftan the year of deposition (see text).

volcano

year NUSO07-1 NUSO07-2 NUSO07-3 NUSO07-4 NUSO07-5 NUS07 NUSO07-7 NUSO07-8
Agung 1963 6.44 3.49 3.00 2.37 2.72 3.39 3.22
Krakatau 1883 14.44 10.48 7.62 6.93 7.66 5.63 9.1 9.22
Tambora 1815 20.70 15.24 10.98 10.33 11.62 8.98 13.42 13.57
Unknown 1695 22.96 16.98 16.03 18.12 13.76 20.37
Deception Island 1641 26.02 20.34 16.92 20.10 17.03 23.21
Unknown 1622 27.27 22.49 20.39 - 20.32
Huaynaputina 1600 28.96 25.33 22.77 25.29 -
Kuwae 1453 36.19 - 29.36 32.55
El Chichon 1342 42.29 - 34.72 36.39
Unknown 1259 46.75 - 38.44 42.01

Table 2. Snow depths of volcanic peaks in the cores from the secondledepth units are in meters

and the date refers to the year of eruption.

volcano

year NUS08-2 NUS08-3 NUS08-4 NUS08-5 NUS08-6
Agung 1963 7.19 5.51 4.92 4.76 7.33
Krakatau 1883 18.10 12.17 11.70 11.39 14.31
Tambora 1815 26.91 17.84 16.83 16.32 18.02
Unknown 1695 25.85 25.19 24.25
Deception Island 1641 29.27 28.43 27.61
Unknown 1622 29.71 28.86
Huaynaputina 1600 29.94
Kuwae 1453 38.05 -
El Chichon 1342 - 43.98
Unknown 1259 48.40 -
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Table 3. Accumulation over the most recent decades, 200-year mehioag-term mean in the NUS-
cores, compared with the results Aythern et al.[2006]. The 200-year values for sites NUS07-1, -3,

-4 and -6 have been taken frofmscliitz et al.[2009].

core name lat. long. elevation acc. 1963-2007/08 acc. 182@87/08 long-term acc. acc. fronArthern et al. [2006]
masl.  kgm2al kgm—2a-1 kgm—2a-1 kgm—2al
NUSO07-1  7343'S 0P59'E 3174 55.9-3.9 52.6£2.0 - 58
NUSO07-2 7604’ S 2228'E 3582 28.&2.0 33.6:0.7 33.3+1.2 42
NUS07-3  7700'S 26603'E 3589 23.%1.7 22.6t0.5 27.8:1.0% 40
NUS07-4  7813'S 3251'E 3595 17.81.2 19.6t0.5 20.9+0.8 36
NUSO07-5 7839'S 3538 E 3619 20.%1.4 24.6:0.5 26.0+0.9" 37
NUSO07-6 8047'S 4#51'E 3672 - 16.60.4 21.10.7 32
NUSO07-7 8204'S 5#53'E 3725 26.%1.9 29.4+-0.6 29.5+1.0 30
NUSO07-8 8411'S 5332'E 3452 30.&2.1 32.6t1.2 - 40
NUS08-2 8751'S 01°48''W 2583 63.4:4.2 67.4£2.6 - 65
NUS08-3  8408'S 21°54' E 2625 45.33.1 40.H1.0 38.8-1.4* 43
NUS08-4  8249'S 1854'E 2552 36.1+2.1 36.40.9 37.241.3 34
NUS08-5 8238'S 1P52’E 2544 37.6:2.3 35.6t0.8 35.5+0.8" 34
NUS08-6 8242'S 08°34'E 2447 49.23.4 39.2t1.5 - 41

11259-2007/08
21600-2007/08
31622-2007/08
41641-2007/08
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Figure 1. Map of the traverse route 2007/2008 (green line) and 2008/ ZBlue line) with drill
sites from both legs indicated (NUS07-X and NUS08-X). That8d’ole Queen Maud Land Traverse
routes Picciotto et al, 1971] are indicated by the yellow-orange lines and relestations in the area of
investigation are shown as well. Other dots indicate s@eataps along the traverse routes not relevant
for this paper but shown for the sake of completeness. Etgvabntour lines are in 100 m intervals.

The map was compiled by K. Langley and S. Tronstad (NorweBi@ar Institute).
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Figure 2. Records of chemistry data for the cores NUS07-2 (a: nssfsbifelectrolytical conductiv-
ity, c: sodium), NUSO07-5 (d: nss-sulfur) and NUSQ7-7 (e:-ssur). The two-fold standard deviation
is indicated by the grey line in the sulfur records. A: Agurfd, Kr: Krakatau 1883, T: Tambora
1815, Ul: Unknown 1695, H: Huaynaputina 1600, Ku: Kuwae 1433: El Chichon 1342, U3: Un-
known 1259. Note that only the top 50 m are shown here as tHgydover the time period we are

concerned with here.

DRAFT July 19, 2011, 1:46pm DRAFT



ANSCHUTZ ET AL:: ACCUMULATION VARIATION ON THE EAST ANTARCTIC PLATEAU X-29

60 ‘
a
4OWW\W\/WN
2 | | | | | | | | |
15 2 25 3 35 4 45 5 55
60 ‘
b
Q
g 40
[7)]
(%))
2 20 Il Il Il Il Il Il Il
1 15 2 2.5 3 3.5 4 45 5
100 T T T T T T T T
c
50+ 1
0 Il Il Il Il Il Il Il Il
1 15 2 25 3 35 4 45 5 55
depth (m)

Figure 3. The Agung eruption in the deep cores from the first leg. a) NLIJ30b) NUS07-5, c)
NUSOQ7-7. Since the peak in NUS07-2 is just at the two-foldd#ad deviation (see Figure 2) and also

less clear than in the other cores, it is displayed with atipesmark here.
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Figure 4. Normalized DEP-based conductivity for the cores NUS082;4 and -6 from the second
leg. The volcanoes discussed in the text are indicated. B¢eption Island 1641, U2: Unknown 1622;
other abbreviations see Figure 2. The negative spikes iis pathe records are due to varying core

quality and slightly differing diameter and are not elintedhere completely as full elimination would

induce data gaps.
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Figure 5. Sulfur data for the cores NUS08-4 (a) and NUS08-5 (b) fromsimond leg. The two-fold
standard deviation is indicated by the grey line. Same afdirens as in Figure 2. Note that only
the top 50 m of NUS08-5 are displayed here, covering the gdvaxk to about 1250 AD that we are

concerned with in this paper.
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Figure 6. Radargram of the stretch between NUS08-5 and -6. The Tamagea is highlighted by

the red dashed line.
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Figure 7. Temporal variability of accumulation rate in the cores frtma first leg. Top: DEP cores;

bottom: chemistry cores.

Figure 8. Temporal variability of accumulation rate in the cores frttma second leg. Top: DEP cores;
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bottom: chemistry cores.
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