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ABSTRACT. A 480year record of the oxygen-isotope ratios, dust content,
chemical species and net accumulation from ice cores drilled in 1989 90 on Dyer
Plateau in the Antarctic Peninsula is presented. The continuous analyses of small (sub-
annual) samples reveal well-preserved annual variations in both sulfate content and
5'%0, thus allowing an excellent time-scale to be established.

This history reveals a recent pronounced warming in which the last two decades
have been among the warmest in the last five centuries. Furthermore, unlike in East
Antarctica, on Dyer Plateau conditions appear to have been fairly normal from AD
[500 to 1830 with cooler conditions from 1850 to 1930 and a warming trend
dominating since 1930. Reconstructed annual layer thicknesses suggest an increase in
net accumulation beginning early in the 19th century and continuing to the present.
This intuitive conflict between increasing net accumulation and depleted §'%0 (cooler
climate) in the 19th century appears widespread in the peninsula region and
challenges our understanding of the physical relationships among moisture sources, air
temperatures and snow accumulation. The complex meteorological regime in the
Antarctic Peninsula region complicates meaningful interpretation of proxy indicators
and results in a strong imprint of local high-frequency processes upon the larger-scale
climate picture.

INTRODUCTION

A co-operative glaciological climatological ice-core dril-
ling program was conducted on Dver Plateau
(70°40°16"S; 64752'30" W; 2002ma.s.]l.; mean annual
temperature: —21°C) between 1988 and 1992. The
program draws upon the expertise of each group to
establish a 480 year paleoenvironmental history of the
Antarctic Peninsula region (Fig. 1). In 1988-89, a
geophvsical program was initiated and two ice cores
were drilled to a depth of 108 m at a location 6 km west of
the divide. In 1989 90, two cores were recovered I m
apart on the crest of Dyer Plateau (core 1 —233.8m and
corc 2—235.2m) and two 50m cores were drilled 4 km
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cast of the divide. In 1989-90, the geophysical measure-
ments were expanded to encompass the new core
locations as well as potential future drill sites {paper in
preparation by C. Raymond and others). Ice-core quality
varied from excellent (long, continuous pieces) in the
upper 112 m to very poor {fractured and wafered) helow
190 m. The history presented here is from the top 112 m of
core 1 (AD 1761-1990) and the lower part (112-190m) of
core 2 (AD 1504-1760). The complementary sections of
both cores are being analyzed at the British Antarctic
Survey (BAS) as part of this joint project.

The Antarctic Peninsula area is a climatically complex
and sensitive region which extends northward across the
cirum-polar trough (Schwerdtfeger, 1984}. This is a
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Fig. 1. The location of the Dyer Plateau drill site in the
Antarctic Peminsula region is illustrated along with other
geographic features mentioned in the text.

major area for sca-ice production and thus meteorological
conditions are strongly affected by variations in sea-ice
cover over the adjacent occans and the Weddell Sea. This
project 1s part ol a continuing effort to construct a global
climate synthesis for the last 1000 years. with special
emphasis upon the character and temporal synchroneity
of the “presumed” most recent Neoglacial event often
called the “Little Tee Age” (LIA)". Identifying and
understanding the linkages between climatic variations in
lower latitudes and those in the polar regions should
enhance our ability to identify and understand the
mechanisms responsible for globally significant climate
fluctuations. The Antarctic Peninsula is a key site for
climatic and environmental reconstructions {rom ice cores
and provides a critical link between records from the
interior of Antarctica and those emerging from South
Amecrica. First, a comprehensive climate history for the
peninsula region must be reconstructed—a formidable
task given the meteorological and oceanic complexity of
the area.

ICE-CORE ANALYSES

Visual stratigraphy and density (Fig. 2) were measured
immediately in the field. The borchole temperature
profile was determined using two thermistors with
calibration resistances at 0°, —153°, —30° and -30°C.
Borehole temperatures, measured 1 year after retrieval
of the core, range from a minimum of —21.36°C at 53 m
to a maximum of —19.89°C at 230 m (Fig. 2). All ice cores
were returned [rozen for physical and chemical analyses

" The term Little Ice Age (LIA) is controversial as the
event has not been demonstrated to be global, although
evidence of cooling does exist away from the North
Atlantic where the LIA is a promincnt feature in
climate records. The term is uselul as it generally
indicates a cool period between ~= AD 1500 and 1900,
although timing and intensity are quite variable.
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in the laboratories at the Byrd Polar Research Center
(BPRC) and the British Antarctic Survey.

Samples were cut continuously along the entire length
of the core and each sample was analyzed [or microparticle
concentration (MPC) and size distribution, oxygen-
isotopic ratios (6'%0), liquid conductivity (LC) and
concentrations of selected inorganic anions. MPC, §'%0,
LC and anions were measured at BPRC. All measure-
ments except 6'°0 were conducted under Class 100 Clean
Room conditions. The concentration and size distribution
of particles with diameters > 0.63 umml™" sample werce
measured using a model TA-II Coulter Counter
(Thompson, 1977). Conductivity of liquid samples was
measured with a Beckman model RC-16C conductivity
bridge. The concentrations of the major anions of chloride
(C1'Y, sulfate (SO,*) and nitrate (NO; j were determined
with a Dioncx model 20101 chromatograph equipped with
an AS4A anion separator column,

Total 3 radioactivity is routinely used to identify
known time-stratigraphic horizons associated with past
atmospheric thermonuclear tests (Crozaz, 1969). Samples
with masses between 250 and 350 g were cut from the
upper 30 m of the core. These were acidified, melted and
pumped through ion-exchange filters, after which total 3
radioactivity was measured by a Tennelec LB 1000 Series
low-background 3 counting system. When identified,
these radioactive horizons allow verification of seasonally
varying parameters and provide confirmation of the
dating of layers younger than 1954 (Picciotto and
Wilgain, 1963). Figure 3 illustrates the 3 radioactivity
profile along with SO,* and 6'®0 for each sample in the
upper 40 m of core 1 which encompass the last 53 years.
Note that the first major increase in 3 radioactivity occurs
in 1963-64, coincident with 1964 identified by counting
annual variations in SO, and §'%0.

The high annual accumuladon rate of 0.44m (water
equivalent) allowed each annual layer to be cut into an
average of 15 samples near the top and six samples at
181 m. This sampling scheme resulted in 4136 samples
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Fig. 2. The temperature profile was measured in the 1989—
90 Dyer Plateau borehole and denstties were measured lo
100m along core 1.

421


https://doi.org/10.3189/1994AoG20-1-420-426

Thompson and others: Climate change on Dyer Plaleau, Anlarctic Peninsula

-1 2.
B (dph kg ) 8°0 (%) S0, {ueq.I'!)
0 200 400 -30 25 20 0 1 2 3
0 1990 1990
10 1980 | 1980
7 - -
% 15 ] =] :
@ - -
E - z
® 1970 1970
Q z -
o 201 1 o z
£ z -
E - -
& 1963/64 z -
8 251 1 1960 | 1960
30 1 - J -
1950 1950
351 1 2 - -
1940 1340
40 . S -

Fig. 3. 'The continuous analyses (Jf(SlgO’

O (ueq. "y NOy (neq.1)
0 2 46 8100 051015200

Particles per ml
4000 8000

| _ _

SO, , 1, NOs |, and insoluble particulates (diameters >0.63 um) are

lustrated for the upper 40m (1937-90) of core 1 on Dyer Plateau. The excellently preserved seasonal variations in §'%0
and SOL2 | confirmed by the 196564 3 horizon, provide a precise time-scale to AD 1500.

each for MPC and 6'°0 and 3850 samples for anions.
These analyses reveal well-preserved, annual variations in
both SO,
straightforward. Figure 3 illustrates that SO,* shows
the better seasonality than 60 and the lack of well-

and 6O which make dating the core

defined scasonality in the concentrations of CI7, NOg~
and dust content. Identification of known volcanic events
{discussed later) lends further support to the time-scale. A
precise time-scale 1s the {irst step in developing high-
resolution histories of atmospheric dust content, 8'%0,
atmospheric chemistry and net annual accumulation.

RESULTS

As with any ice core, these histories reflect a combination of
local, regional and larger-scale processes. Of most interest
are the regional and larger-scalc componcents which ideally
should be integrated with other Anlarctic Peninsula
histories to ascertain a hroader picture of the climate
history of the region. Comparing records from an array of
sites also highlights spatial differences which may reflect
more localized processes. A recent paper by Jones and
others {1993) discussed the complexity of the meteorolo-
gical regime in the peninsula region, the large spatial
variability of climate parameters such as temperature and
the mediocre relationship between 680 and temperature
(R~0.5). The annual averages of 6'°O from two Dyer
Plateau cores, the 1989 -90 OSU core drilled at the plateau
crest and the 1988-89 BAS core drilled 6 km west, arc
illustrated in Figure 4. Included are the annual (August to
the following July) average temperatures from Halley Bay,
located on the coast to the east across the Weddell Sca.
These three histories are smoothed with a 5 year Gaussian
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filter and reveal that in general the average §'°0 records
do capture much of the large-scale features of the
temperature history at Halley Bay (see R® values given
in Table 1). Jones and others noted the necessity to analyze
additional cores from the peninsula and to include the
analyses of hoth §'0 and 6D in future studies.

The Dyer Platcau record presented herc provides
information from an additional site which is 6° further
south and 360 m higher than James Ross Island, 1600 and
870 m higher than Dolleman Island or the Gomez site,
respectively, and 6.5-3.5°C colder {annual average) than
any other peninsula drill site (Peel, 1992). At this time 6D
measurements have not been made but are planned in the
near future.

Table 1. Coefficients of determination ( R®) for a linear
relationship among annually averaged 60 from two Dyer
Plateau we cores and mean annual temperatures at Halley
Bay. All annual averages were smoothed with a 5 year

Gaussian filler
N
Parameter 80— 0SU 80— BAS Halley
T°C

60~ 0OSU 1.000 0.688 0.178
{99.9%) (98.0%)

810 —BAS 1.000 0.413
{99.9%)

Halley (T°C) 1.000
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Fig. 4. The 1958-89 annual averages of §'°O from two Dyer Plateau cores, the 1989-90 OSU core and the 1988-89 BAS
core, are compared with the annual average lemperatures ( August to the following Fuly) from Halley Bay. All three records
were smoothed with a 5 year Gaussian filter. The OSU core was drilled at the plateau crest and the BAS core was drilled

6km to the west.

In 1985 a 302m core was drilled at Siple Station
{75°55"S, 84°153 W, 1054ma.s.l.) at the basc of the
Antarctic Peninsula (Fig. 1). As on Dyer Plateau the
excellent preservation of seasonal changes in 6'°0 and
SO,* (Mosley-Thomson and others, 1991) provided a
550 year history of environmental conditions (Mosley-
Thompson and others, 1990). To cxpand our view of the
climate and environment of the peninsula area, the Dyer
Plateau records are presented with comparable ones from
Siple Station. This comparison highlights more regionally
extensive trends dominated by larger-scale processes and
also isolates diffcrences.

Oxygen-isotopic analyses

§'"®0 records reflect in varying degrees (1) the air

/

temperature at which condensation occurs, (2) atmo-

Oxygen Isotopic Ratio (%oo)

spheric processes occurring between the water-vapor

.

source {occans) and the deposition site, (3) local
conditions which dominate during firnification, and
(4) the surface elevation and latitude of the depositional
site {see Dansgaard and others, 1973; Bradley, 1985, for
review). The correlation of atmaspheric temperatures
with §'0 and its spatial representativeness are still under
discussion; nevertheless, "0 is used widely as a climate
proxy, particularly for temperature {Jouzel and others,
1983; Thompson and others, 1986, 1989); Johnsen and
others, 1992; Peel, 1992). As shown in Figure 4, the recent
6'%0 history appears to reflect the major temperature
trends in the Weddell Sea sector (Table 1).

The decadal averages of §'%O for Dyer Plateau and
Siple Station (Fig. 5) revecal the absence of a prolonged
cool period from 1450 to 1850, consistent with earlier
680 histories from James Ross Tsland (Aristarain and

Adjusted Annual Layer Thickness (m)

Decadal Average
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Fig. 5. Decadal averages of 'O and reconstrucied layer thicknesses on Dyer Plateau are illustrated with concurrent

Ave.= -29.6 Yoo

histories from Siple Station located al the base of the Antarctic Peninsula.
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Ave.=0.51m
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others, 1986) and Dolleman Island (Peel, 1992). This
climate scenario is different from that found in §'°O
records from East Antarctica or from sites removed from
the Weddell Sea sector (Mosley-Thompson, 1992) where
coolcr than normal conditions were more prevalent prior
to 1850. The Dyer Plateau 6'*O history suggests a marked
cooling between 1840 and 1830, after which cooler than
normal condiuons prevailed for a century. This century-
long cool period is not cvident at Siple Station at the base
of the peninsula. On the other hand, the Siple Station
5% record, like that from Dver Plateau, reveals no
prolonged cool period prior to 1850 (Fig. 5). The lack ol a
marked cool period on Dyer Plateau in the middle of the
peninsula and at Siple Station, along with those from
several lower-elevation, lower-latitude peninsula sites
{(Peel, 1992}, provides an emerging view of the climate
of the last half-millennium in the peninsula region which
is quite different from that in East Antarctica. The Dyer
Plateau 6'®0 record (Fig. 5} indicates an isotopic
warming beginning in 1930 and extending to the present
{the warming at Siple Station is more modest). On Dyer
Plateau the last two decades have been among the
“isotopically” warmest three decades (the other being
1831 40) in the last five centuries. Instrumental records
indicate that the warming since 1950 appears to be
regionally significant throughout the peninsula. For
example, from 1943 to 1992 temperatures at Faraday
have warmed nearly 2.5°C {Jones and others, 1993).
Further evidence of this warming is reflected in the rapid
disintegration of the Wordie Ice Shelf from =~ 2000 km? in
1966 to ~ 700 km? in 1989 (Doake and Vaughan, 1991).
Splettstoesser  (1992) reported the recent retreat of
Northeast Glacier on Stonington Island about 65 miles
[105 km| north of the Wordic Ice Shelf. These observa-
tions, along with 6'®0 (proxy) records, indicate a recent
and continuing warming trend in the peninsula region.

Annual layer thicknesses

Annual layer thicknesses provide a history of the net mass
accumulating in a given year but do not reflect
precipitation amounts directly. Unfortunately, layers
thin as they are buried by subsequent accumulation and
as they are stretched when the ice flows outward from the
crést of the plateau. One objective of the complementary
geophysical study is to provide information about the tlow
characteristics of the ice around the borehole to adjust
mecasured annual layer thicknesses for such thinning. One
Important assumption is that the surface vertical velocity
is equal to the short-term accumulation rate of 1.16 ma’
{mean density = 400kgm *) obtained from stake meas-
urements for the period 1989 92. Another assumption is
that the velocity and density profiles have remained
constant over time. A detailed discussion of the final
annual layer reconstruction is in preparation by C.
Raymond and others; however, the trend in these
reconstructed thicknesses (Fig. 5} is not expected to
change, although the final thicknesses may vary slightly.

I'igure 5 illustrates the decadal averages of the
reconstructed annual laver thicknesses (A,) for both the
Dyer Plateau and Siple Station cores. No long-term
(480 year) trend is evident at either site, although several
short-term (multi-decadal) trends appear to be synchro-
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Table 2. Coefficients of determination ( R2)™ are given for
a linear relationship between measured ice-core constifuents
in a core from Siple Station and one from Dyer Plateau,

Antarctica
Parameter Particulates 680 Excess S0 Ay
Particulates 0.475
(99.9)
8180 0.01
NS
Excess SO, 0.583
(99.9)
Ay 0.247

(99.0)

R? indicates the fraction of one variable that is
cxplained by the other and the level of significance of
the relationship is given in parentheses. An R? of 1.0
indicates a perfect relationship. NS implies that R? was
not significant at any acceptable level.

nous {R? =0.247, significant at the 99% level, Table 2;.
From AD 1300 to ~ 1700, A, increased slightly at hoth
sites after which A, decreased to a minimum at 1750. This
minimum is more pronounced at Dvyer Plateau than at
Siple Station. Since 1750, Ay has increased gradually at
both sites although more strongly at Dyer Plateau than at
Siple Station. This net accumulation increase since 1750 is
in general agreement with those on James Ross and
Dolleman Islands (sec Peel, 1992; Jones and others, 1993).
As noted by Jones and others (1993), in this region, the
8'%0 and A, histories are not correlated as expected
assuming precipitation increases with temperature. The
680 and A, records from both Dyer Plateau and Siple
Station further support this inconsistency; specifically, an
isotopically cool period (= 1800-1930) is associated with
increasing net accumulation. This pattern, apparently
widespread in the peninsula, indicates a more complex
relationship among moisture sources, atmospheric tem-
perature and humidity, and net snow accumulation than
is commonly assumed. As the peninsula is a meteorolog-
ically complex region, it poses a great challenge for
accurate interpretation of ice core proxy data.

Dust content and excess sulfate

The 480 year histories of dust deposition at Dyer Plateau
and Siple Station {Fig. 6) are quite similar {R* =0.475,
significant at the 99.9% level; Table 2) with consistently
low concentrations from AD 1500 until the mid-19¢h century.
There are two prominent dust features at both sites: {1}
the gradual increase in dust content since 1850 and (2)
the prominent dust event {rom 1598 to 1600. The increase
in dust since 1830 is perplexing in view of the concurrent
decrease in temperature (6'%0) and increase in net
accumulation. These observations raise the question
whether the increased dust reflects: (1) a more dustv
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Fig. 6. Decadal averages of total dust content (diameters
>0.63umml") and excess sulfate (EXS$ on Dyer
Plateau are tllustrated with concurrent histories from Siple
Station located at the base of the Antarctic Peninsula.

atmosphere, resulting from (a} more effective entrainment
processes, (b) Increased source area as ice retreat in the
peninsula region exposed more bedrock or {c) a semi-
permanent displacement of primary circulation featurcs
which resulted in the southward advection of dust, and/or
(2} entrainment of dust in the more porous upper firn
lavers during drilling and transportation. The lack of a
similar increase in the concentrations of the three major
anions (ClI, SO,” and NOs3") suggests that the dust
increase is probably not associated with contamination
but does reflect a real increase in atmospheric dustiness.

As particulates arc deposited by both wet and dry
processes, it is diflicult to separate their contributions
without a contnuous, multi-year, in situ snow and air
sampling program. Previous studies in East Antarctica
{Mosley-Thompson, 1992) and South America {Thomp-
son and others, 1986) reported increased particulate
deposition during cooler periods.

The second prominent dust feature is an abrupt and
large dust increase from 1598 to 1600. In 1599, dust
content increased by nearly a factor of 10 at both Dyer
Plateau and Siple Station. Figure 6 also illustrates for
both cores the excess sulfate (EXS) or non-sea-salt sulfate
(NSS), adjusted using C1™ to estimate the sea-salt com-
ponent (Dai and others, 1991). EXS is substantially
elevated [rom 1599 to 1601, suggesting that the sulfate
arrived at both sites 1vear after the particulates. The
origin of this event is unknown. Although the 1600
eruption of Huaynaputina in southern Peru is prominent
in the Quelccaya records (Thompson and others, 1986)
and has been noted in EXS in Greenland (these authors)
it is unlikely that these particulates originated from
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Huaynaputina. Given the large concentrations, their
origin is probably local. It is possible that Huaynaputina
contributed to the elevated EXS in 1601 but it cannot be
the source for EXS which first arrived in 1598,
Huaynaputina has vet to be identified conclusively in
Antarctic ice-core records. Ascertaining whether the dust
is of volcanic origin is a logical next step as well as
inspecting other Antarctic records for this potential
“marker horizon”. The EXS historics from Dyer Platcau
and Siple Station (R? =0.583, signilicant at the 99.9%
level; Table 2} along with EXS histories from (ireenland
will contribute to the development of a global volcanic
history for the last five centuries.

The EXS histories for Siple Staton and Dyer Platcau
{Fig. 6) reveal a number of known volcanic events as well
as some unidentified events. Identification of known events
provides time-scale confirmation. In addition, the recent
background concentration of EXS may be compared with
that from the pre-industrial era to determine whether
Antarctic snow is vet contaminated by Northern Hemi-
sphere industrial activities. To make this comparison,
years of known volcanism (Fig. 6) were removed from the
record prior to averaging. In the Dyer Platcau corc the
ratio of excess SO,° from 1851 to 1990 to that from 1600
to 1850 is 1.18/1.15 {peqL™') suggesting virtually no
change in the EXS source since 1830. A similar calculation
for EXS at Siple Station gives a ratio of 1.32/1.24
indicating a slight increase in EXS since 1850; however,
this difference (0.09 peq Tf‘) is very near the analytical
precision of the analyses and may be meaningless.

CONCLUSIONS

The ecmerging palcoclimate history from Dyer Plateau is
providing further insight into the regional history of the
Antarctic Peninsula. When viewed along with a compar-
able history from Siple Station, certain regional char-
acteristics become evident. These include relatively
normal conditions {e.g. no LIA) from 1500 to 1850 with
cooler conditions from 1850 to the mid-20th century.
Cooler conditions were associated with a gradual increase
in the flux of insoluble dust and an increase in nct
accumulation. No major increase in excess sulfate acrosols
is found which suggests no anthropogenic contribution to
snow in this region.

The prominent warming since 1950 on Dyer Plateau is
consistent with other obscrvations in the region, particu-
larly those on the western side of the peninsula. This
warming in the last few decades is not evident in §'°0
histories from the East Antarctic plateau. These regional
differences are not unlike those one would find in the
meteorological histories of globally dispersed stations. A
comparison of the decadal averages for the last 500 years
from different ice cores reveals marked differences.

Figure 2 in Thompson and others (1993} compares
five such histories: Camp Century, Greenland; Dunde ice
cap, China; Quclceaya ice cap, Peru; and Siple and South
Pole Stations, Antarctica. These five, in addidon to the
Dyer Plateau record presented here and another record
emerging from the Guliya ice cap in western China
(Thompson and others, 1993; and unpublished data),
reveal that the rccent warming has been most pro-
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nounced at the high elevation, non-polar sites {Dunde,
Guliva and Quelccaya ice caps) and in the Antarctic
Peninsula. Up to 1980, no warming was evident at the
South Pole. At Siple Station the cooler conditions in the
last century have been replaced by a warming trend in
the last two decades which is rising just above the long-
term average. Thus, the rccent “globally averaged
warming” is not evident at all latitudes. These ice-core
histories are particularly valuable as they provide a
longer-term perspective from which the significance of
any recent changes may be evaluated.
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