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Abstract

Antarctic blue ice areas (BIAs) cover about 1 % of  Antarctic surface area.  The BIAs 
are known to have very old ice at the surface. This ice could be of  great value for 
paleoclimatic purposes but the dating of  the surface blue ice is demanding. Only few 
BIAs have been studied for paleoclimatic purposes although the temporal resolution 
in paleoclimatic data collected from the surface of  a BIA can be higher than those of  
any of  the vertical Antarctic ice cores. 

In this study, we focus on Scharffenbergbotnen, a blue ice area in Dronning 
Maud Land, Antarctica. Surface mass balance, ice flow velocities, and age gradient of  
the surface blue ice are determined by stake, ground penetrating radar, and differential 
GPS measurements. We estimate the surface age gradient and the age of  our blue ice 
samples by adjusting a flowmodel to match with radiocarbon ages of  the ice samples 
from the same area. The age gradients estimated by the flowmodel, by following iso-
chrones with a ground penetrating radar, and by high resolution isotopic analysis are 
rather consistent.

An isotopic analysis of  a limited set of  snow and blue ice samples can pro-
vide a fast and easy way to make a first estimation of  the age of  a BIA. A 101-
m long continuous surface profile was also analysed for stable water isotopes from 
Scharffenbergbotnen BIA. According to the dating model the time period sampled 
is about a 500-year span of  the mid-Holocene. The isotopic analysis imply that the 
mid-Holocene samples in Scharffenbergbotnen originate from a cooler climate period 
than the present. Furthermore, comparison with 10500 year old ice shows that the 
modern climate is about 1.0±0.3ºC warmer than the early Holocene climatic optimum 
in Scharffenbergbotnen. 

Many of  the BIAs in mountainous areas of  Dronning Maud Land are of  
Holocene origin. Changes in ice sheet thickness control the existence of  the BIAs in 
the mountainous areas. Scharffenbergbotnen BIA was much smaller in the last glacial 
maximum than it is today. However, there are significant differences between the ice 
sheet elevation history in the mountainous areas of  Dronning Maud Land and in cen-
tral East Antarctica and Transantarctic mountains.

This work emphasises that geophysical data must be combined with ice core 
analysis to get a reliable paleoclimate record. Although dating can be demanding, 
BIAs can provide high resolution paleoclimatic data that cannot be extracted from 
anywhere else. 

Keywords: Antarctic blue ice area, geophysics, paleoclimate, surface mass balance, GPR, GPS 
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� Introduction

1 INtRODUCtION

Antarctica plays a significant role in the global climate system. To understand the sig-
nificance of  current climate change, and to potentially predict future changes in atmos-
pheric circulation and temperature, we need to examine climate series that are longer 
than available instrumented records. As global climate is complex it is important to have 
site-specific paleoclimatic data. Traditionally, paleoclimate has been studied from the 
analysis of  deep ice cores. There are only few deep drilling projects, however, covering 
tens or hundreds of  thousands of  years of  climate history in Antarctica (Epica com-
munity members, 2004; Petit and others, 1999; Watanabe and others, 2003), and these 
projects are very expensive and time-consuming. 

Antarctic paleoclimate data are available not only from the deep ice cores but also 
from the surface of  Antarctic blue ice areas (BIAs). Many of  these BIAs are known to 
have very old ice at the surface (Whillans and Cassidy, 1983; Bintanja, 1999). The sur-
face blue ice provides also higher temporal resolution than deep ice cores (Moore and 
others, 2006; Sinisalo and others, 2007). Thus, shallow or horizontal surface cores from 
BIAs may complement the deep ice cores to get an insight to the climate history (Sinis-
alo and others, 2007; Moore and others, 2006; Custer, 2006; Popp and others, 2004). 

The first scientific description of  an Antarctic BIA was given by Schytt (1961) 
though there is a good general introduction by Giaever (1954) concerning the first ex-
pedition to visit a BIA. The expedition members discovered the amazing stability of  the 
snow-blue ice boundary by placing match sticks at the boundary –many of  which were 
still in place and not buried several months later. Schytt (1961) noted that crystal size of  
the blue ice indicated a deep source for the ice. Crary and others (1961) first described 
the surface characteristics of  BIA and discussed formation of  BIAs by horizontal com-
pressive forces with katabatic winds removing snow accumulation.

Much of  the early scientific interest in Antarctic BIAs was due to their nature as 
meteorite collectors (Cassidy and others, 1977; Whillans and Cassidy, 1983; Nishiizumi 
and others, 1989). The initial discovery of  meteorites was made in the Yamato Moun-
tains (Fig. 1) by Yoshida and others (1971) in 1969. Since then, more than 25 000 me-
teorites have been found on Antarctic BIAs (Harvey, 2003). Consequently, the ice flow 
regime was studied and ice flow models were published for several BIAs to explain the 
meteorite findings (Naruse and Hashimoto, 1982; Whillans and Cassidy, 1983; Azuma 
and others, 1985).  When researchers started to understand the flow regime of  the BI-
As, they got also interested in the paleoclimate record stored on the surface of  BIAs 
(Bintanja, 1999; Moore and others, 2006; Sinisalo and others, 2007; Custer and others, 
2006; Popp, 2004). 
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Several studies have been made on the mass balance of  various BIAs (e.g. Jonsson 
and Holmlund, 1990; Jonsson, 1992; Sinisalo and others, 2003a, Faure and Buchanan, 
1991; Schultz and others, 1990), on the meteorological conditions of  BIAs (e.g. Bintanja 
and van den Broeke, 1995a; Bintanja and van den Broeke, 1995b; Bintanja, 2000; Bin-
tanja and Reijmer, 2001), on the blue ice surface properties (Bintanja and others, 2001), 
and on the moraines in the BIAs and their surroundings (Lintinen and Nenonen, 1997; 
Hättestrand and Johansen, 2005). 

The dating of  the surface blue ice is demanding since the traditional ice core dat-
ing methods cannot be easily applied for the BIAs where the layering is far from hori-
zontal. Previously, blue ice samples from various BIAs have been dated by meteorite 
terrestrial ages found on their surface (e.g. Nishiizumi and others, 1989; Whillans and 
Cassidy, 1989), by 14C dating of  ice (van Roijen, 1995; van der Kemp and others, 2002), 
by radiometric dating of  tephra layers found at the surface of  BIAs (Wilch and oth-
ers, 1999), and by stratigraphic comparison with well-dated ice cores (Moore and oth-
ers, 2006). There are several BIAs  in e.g. Yamato mountains,  and Allan Hills (Fig. 1) 
where the surface blue ice is estimated to be tens or hundreds of  thousands of  years 
old (Nishiizumi and others, 1989; Whillans and Cassidy, 1989; Welten and others, 2000).  
However, there are still only a few paleoclimate records from BIAs although the tem-
poral resolution in such data can be higher than those from any of  the other Antarctic 
ice cores (Moore and others, 2006; Sinisalo and others, 2007).

Fig. 1. Some Antarctic 
BIAs of  scientific interest. 
SBB=Scharffenbergbotnen, 
YM=Yamato Mountains, 
Mt.M=Mt. Moulton, 
AH=Allan Hills, 
FM=Frontier Mountain. 
SBB also indicates the lo-
cation of  Heimefrontfjella 
mountain range.
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The main objectives of  this work are 
- To understand better the dynamics of  the Antarctic BIAs;
- To investigate possibilities to extract climate proxies from the surface of  

the BIAs;
- To understand better the temporal stability of  Antarctic BIAs.

The easily recoverable ancient surface ice of  the BIAs could be of  great value for 
paleoclimatic purposes if  the dynamics and the internal structure of  the BIAs were bet-
ter known (Bintanja, 1999). Despite the studies introduced earlier in this chapter there 
are still many open questions related to the Antarctic BIAs remaining, for example their 
general stability under different climate regimes, and the surface age gradient of  indi-
vidual BIAs of  interest.  

2 ANtARCtIC BLUE ICE AREAS (BIAs)

In this section, we shortly introduce the Antarctic BIAs that have been of  primary in-
terest of  the scientific community, and summarize the current scientific knowledge, and 
the latest results that have been published concerning these areas. We also summarize 
the review of  BIAs by Bintanja (1999), and update the scientific research of  Antarctic 
BIAs since then.

2.1  Definition
BIAs are bare ice fields that the wind keeps clean of  snow, and their area can vary from 
a few hectares to thousands of  square kilometres. Blue ice extent may vary because of  
weather changes, seasonal effects, and climate change although these changes are usu-
ally not well defined.   Bintanja (1999) defines BIAs as areas where 

- surface mass balance is negative,
- sublimation forms the main ablation process, and
- surface albedo is relatively low.

BIAs appear blue (Fig.2) as does all ice of  sufficient thickness due to the strong 
absorption of  the red band of  the solar radiation spectrum by the ice. However, blue ice 
is normally less dense than solid ice, and the presence of  air bubbles makes the colour 
lighter than that of  the bubble-free solid ice due to their relatively uniform scattering 
of  light (Bintanja, 1999).
 
2.2  Geographical distribution
BIAs cover about 0.8-1.6 % of  Antarctic surface area (Winther and others, 2001). They 
are scattered widely over the continent appearing mainly in the vicinity of  mountain 
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ranges and nunataks as they are likely to form at locations where ice flow is dammed 
by outcropping nunataks or slowed down by subglacial bedrock ridges (e.g. Faure and 
Buchanan, 1991), precipitation is low and the annual mean wind speed relatively high 
(Van den Broeke and Bintanja, 1995). These phenomena explain why Antarctica is the 
only place on Earth where BIAs exist. 

There are only few BIAs that have been studied in detail. They are located (see Fig. 
1) in the vicinity of  Yamato mountains (e.g. Moore and others, 2006), the Allan Hills 
(e.g. Faure and Buchanan, 1991; Schultz and others, 1990, Spikes, 2000), Mt. Moulton 
(e.g. Wilch, 1999), and Heimefrontfjella mountain range in Dronning Maud Land (e.g. 
Bintanja 1999; this publication). In addition, there are other BIAs, such as Frontier 
Mountain BIA (Perchiazzi and others, 1999) that have been studied less intensively (Fig. 
1). Meteorites have been collected mainly from Yamato mountains (Yoshida and others, 
1971; Nishiizumi and others, 1989), Allan Hills (Cassidy and others, 1977; Nishiizumi 
and others, 1989) and Transantarctic mountains in general (Welten and others, 2000); 
and paleoclimate data from Yamato Mountains (Moore and others, 2006), Mt. Moulton 
(Custer, 2006; Popp and others, 2004), and Scharffenbergbotnen in the Heimefrontfjel-
la mountain range (Sinisalo and others, 2007).

Fig. 2. A BIA in the Scharffenbergbotnen valley surrounded by mountains. 
Photo: FINNARP/Anna Sinisalo
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2.3  Ice flow 
The definition of  the BIAs leads to a net upward component in the ice flow pattern in 
those areas. Thus, old ice layers originally buried deep in firn flow up to the surface and 
consequently there is very old ice at the surface of  the BIA (Fig. 3).

Ice flow regime is very complex at many large BIAs located at mountain ranges 
where bedrock topography and outcropping nunataks mix the flow. This is the case e.g. 
at many locations of  Yamato Mountains and Allan Hills (e.g. Moore and others, 2006; 
Grinsted and others, 2003). On the other hand, current flow regime may also be simple 
as e.g. in Scharffenbergbotnen (Grinsted and others, 2003; Sinisalo and others, 2004; 
and 2007). The flow history may also have varied significantly over a climatic cycle at 
each location which makes dating of  surface ice more complicated. The oldest surface 
ice used for paleoclimate purposes vary from Holocene ice (Sinisalo and others, 2007; 
this publication) up to about 150 000 years (Popp and others, 2004). 

2.4  Meteorology
The formation and maintenance of  the BIAs is facilitated by specific meteorological 
conditions induced by nearby mountains (Bintanja and Van den Broeke, 1995a and 

Fig. 3. A sketch of  ice flow in a BIA. The flow direction is from left to 
right. Equilibrium line (ELA) separates the snow covered accumulation 
area from the ablation area i.e. the BIA.  The isochrones that represent 
an individual annual layer come up to the surface of  the BIA eventually 
resulting in near-vertical layering.  The oldest ice layers are found at the 
surface at the end of  the BIA on right. 
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1995b). According to Bintanja and Reijmer (2001), the meteorological conditions over 
the BIA differ from those over the snow covered surroundings due to 

1) differences in surface characteristics, such as albedo, extinction charac-
teristics for solar radiation, and surface aerodynamic roughness, between 
blue ice and snow, and 

2) differences in topographic setting or nearby orography.
The air over the BIA is warmer and the relative humidity is lower than over a snow 
site, and these conditions contribute to the significantly higher sublimation rates over 
BIAs than over snow (Bintanja and Reijmer, 2001).  They can be attributed to adiabat-
ic warming of  the descending katabatic flow, aided by diabatic warming due to radia-
tion and by entrainment of  warm air from aloft into the boundary layer (Bintanja and 
Reijmer, 2001). The surface winds over BIAs are generally more gusty than those over 
adjacent snow fields but the average wind speeds are comparable with each other (Bin-
tanja, 1999).

2.5  Surface characteristics
Antarctic BIAs have special surface characteristics such as low albedo, and aerodynamic 
smoothness in comparison to the surrounding snow and ice covered areas. These char-
acteristics aid formation and maintenance of  the BIAs (Bintanja and Van den Broeke, 
1995a, 1995b; Bintanja and Reijmer, 2001). 

The surface of  BIAs is generally rippled (Fig. 4; Bintanja and others, 2001). Bin-
tanja and others (2001) suggest that the only possible mechanism for blue-ice ripple 
formation is sublimation, occurring whenever there is wind forcing. The orientation 
of  the crests of  the ripples is perpendicular to that of  the direction of  the strongest 
winds. The measured wave-heights in different BIAs vary between 2 and 10 cm, and 
the wave-length between 5 and 24 cm (Bintanja and others, 2001; Mellor and Swithin-
bank, 1989; Weller, 1968).  The annual average-wave height does not vary over time. 
The wave-height increases in the summer as the troughs of  the ripples experience more 
sublimation than the crests, but the increase is compensated in winter (Bintanja and 
others, 2001).

Dust or tephra bands (Fig. 4) are found in the surface of  many BIAs where they 
usually appear perpendicular to the ice flow (Bintanja, 1999). However, dust bands in 
the  Allan Hills and the Yamato Mountains have been observed to curl back as much 
as 180º in some cases (Koeberl, 1990). Koeberl (1990) found that the dust bands at 
the Antarctic BIAs are mostly of  volcanic origin and may be correlated with individual 
Cenozoic volcanoes in Antarctica and sub-antarctic regions. When volcanic eruptions 
disperse large quantities of  volcanic dust over Antarctica, where it falls on snow accu-
mulation areas. It will be buried under new snow layers and incorporated in the ice, and 
transported to the ablation zones with the ice flow. Such dust bands on the surface of  
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the BIAs constitute isochronous layers. Grain size is usually smaller for volcanic debris 
than bedrock debris. 

There are also other possible sources for soluble and insoluble impurities than vol-
canoes. The most important other sources according to Koeberl (1990) include

1) material from subglacial bedrock debris scraped up from the ground by 
the movement of  the glacier, 

2) cosmic particles falling as micrometeorites or meteorite ablation spher-
ules, and 

3) continental and marine dust and aerosols transported by wind. 

Cryoconite holes indicate melting and they can be found on low altitude BIAs 
(Bintanja, 1999). They are round-shaped, transparent patches of  ice (Fig. 4) that form 
due to absorption of  solar radiation by dark particles or stones, causing their tempera-
ture to rise above the melting point (Bintanja, 1999). The stone will slowly sink into the 
ice until a depth where shortwave heating is diminished and equals conductive cooling.  
Bintanja (1999) suggests that depth to be a few decimetres.

Fig. 4. Surface characteristics of  a BIA. Dust bands can appear as distinct narrow 
stripes (left) or as more than metre wide bands at the surface of  a BIA. Supraglacial 
moraines and cryoconite holes are visible on the dust band on the right. Photo: Left: 
FINNARP/Anna Sinisalo, right: FINNARP/Aslak Grinsted
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2.6  Classification of blue ice areas
BIAs can be divided according to their flow regime (Grinsted and others, 2003) into 

1) open type of  BIAs, and 
2) closed type of  BIAs. 

This division is relevant to the possible surface-age distribution of  the BIA. The ice 
flow in an open type of  BIA is not dammed by mountains, nunataks or bedrock topog-
raphy but ice flows through the BIA and the oldest layers of  ice do not come to the ice 
surface at all. The dipping angles of  the outcropping isochrones are smaller than at the 
surface of  the closed type BIA. Closed type of  BIAs are located at mountain ranges 
where their flow is dammed and the oldest layers of  ice will be found in the surface 
closest to the mountains as if  the layers had climbed up the mountain slope (Fig. 3). For 
example, the Yamato mountains that form the largest known BIA is an open-type of  
BIA, and Scharffenbergbotnen is a closed-type of  BIA.

Bintanja (1999) divided BIAs into four types that were based on the geographical 
setting and ice flow characteristics of  the BIA. This classification of  BIAs into Type I-
IV was originally presented by Takahashi and others (1992). 

1) Type I BIAs are associated with mountains protruding through the ice. 
They are situated in the lee of  an obstacle, which acts as a barrier for 
snowdrift. The length of  these BIAs can be estimated to be roughly 50 to 
100 times the height of  the obstacle relative to the ice surface (Takahashi 
and others, 1992). This is the most common type of  BIA (Bintanja, 1999). 
Scharffenbergbotnen is an example of  the type I BIAs

2) Type II BIAs are located on a valley glacier. The descending katabatic 
winds cause net erosion of  the surface and a local divergence of  snow-
drift, eventually leaving bare blue ice. 

3) Type III BIAs are located on relatively steep slopes without mountains 
protruding through the ice.  The increasing surface slope accelerates the 
downslope katabatic winds, causing a divergence of  snowdrift transport 
similar to type II (Takahashi, and others, 1992).  The Yamato mountains 
is of  this type.

4) Type IV BIAs are situated at the lowest part of  a glacier basin. Accelerating 
katabatic winds in the basin remove the snow from the surface.

Winther and others (2001) divided the BIAs according to their spectral reflectance 
in satellite imagery into 

1) melt-induced blue ice areas, and
2) wind-induced blue ice areas.

Melt-induced BIAs have generally higher concentration of  ice-bound snow crystals 
at lower elevations than in the wind-induced BIAs due to repeated melt-freeze cycles 
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(Winther, 1994). They are located on slopes in coastal areas where climate conditions 
together with favourable surface orientation sustain conditions for surface and near-
surface melt whereas wind-induced BIAs occur near mountains or on outlet glaciers, 
often at higher elevations (Winther and others, 2001). Bintanja’s (1999) definition of  
BIAs  (see chapter 2.1.), however, excludes type 1 BIAs as sublimation is the dominant 
ablation mechanism of  a BIA, and it is clear that only the wind-induced BIAs can be 
useful for paleoclimate studies.

2.7  Dating
The principal problem in interpreting blue ice samples has been dating the ice. Dating 
of  blue ice samples is much more problematic than that of  deep cores. The surface age 
has been estimated by various methods for many Antarctic BIAs. The individual meth-
ods, however, do not provide a reliable continuous dating over the surface of  a BIA but 
represent either dating of  a specific layer as e.g. dating of  tephra layers, or an estimate 
of  the age distribution of  the overall surface as in most of  the modelling efforts.

Age estimates of  the BIAs have been made based on the terrestrial age of  mete-
orites collected from the surface of  BIAs (Cassidy and others, 1992; Corti and others, 
2003; Delisle, 1993),  analysis of  radioactive compounds in ice samples (Fireman, 1986; 
Van der Kemp and others, 2002; van Roijen, 1996), and on dating englacial tephra layers 
(McIntosh and Dunbar, 2004). Other methods include ice flow modelling using differ-
ent sets of  parameters (e.g. Grinsted and others, 2003), stable isotopic values (Sinisalo 
and others, 2007), and electrical measurements of  blue ice in comparison to the records 
analysed from well-dated deep cores (Moore and others, 2006).  It is clear, that the best 
results can be obtained by combination of  methods as one method alone cannot usually 
provide an unambiguous estimate. 

2.7.1  Meteorites
The terrestrial ages of  meteorites found on a BIA can be used as a measure of  the age 
of  the surface blue ice. The terrestrial ages of  Antarctic meteorites determined using 
radioactive cosmogenic nuclides have been up to more than two million years (Welten 
and others, 1995; Scherer and others, 1997) but are usually less than 500 thousand years 
(Welten and others, 2000).

Meteorites have been found from the surface of  many Antarctic BIAs, most of  
which are located in the Transantarctic mountains (Whillans and Cassidy, 1983; Cassidy 
and others, 1992; Corti and others, 2003; Delisle, 1993; Welten and others, 2000). Usu-
ally the meteorites have fallen on the snow accumulation areas that are much larger that 
the actual BIAs. Then they are transported englacially to the BIA where they come to 
the surface along the flow. The meteorites remain at the surface as ice around them ab-
lates away. Thus, the blue ice around the meteorites is of  same age or younger than the 
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meteorites, and the meteorite age provides the upper limit for the age of  the blue ice 
around it assuming no direct infall of  meteorites to the BIA’s surface. 

The accuracy of  dating meteorites is still about 30 ky at its best (Welten and others, 
2000). The main uncertainty in dating surface blue ice using meteorite terrestrial ages, 
however, is due to possible past changes of  ice flow.  Goldstein and others (2004) sug-
gested that the old meteorites found on the surface of  a BIA have experienced a multi-
stage history of  ice accumulation and/or ice flow and the ice found at the surface of  
the BIA is significantly younger than the youngest meteorites dated in the area (Nishii-
zumi and others, 1989). In some cases, the meteorite concentrations have also been re-
ported to form by direct infall to the BIA surface (Huss, 1990). Then the terrestrial age 
of  meteorites is a measure of  the minimum age of  the BIA since it gives an indication 
of  how long the BIA has acted as a meteorite accumulation area as the meteorites have 
not ever been buried in snow. Small meteorites may also have been blown downstream 
from their original place by wind, and as a result, meteorites accumulated on blue ice are 
younger than the ice around them.

No meteorites have been found in the mountainous BIAs in Dronning Maud 
Land. The possible explanations for the lack of  meteorites are: 

1) young age of  the BIAs (Sinisalo and others, 2007; this publication); 
2) meteorites may have melted back into the blue ice forming cryoconite 

holes (Fig. 4) during the high insolation days during summer; or  
3) meteorites may be “hidden” by supraglacial debris on the surface of  a BIA 

(Fig. 2; Hätterstrand and Johansen, 2005). 

2.7.2  Radiodating
Van Roijen (1996) developed a method for dating blue ice by measuring 14C concen-
trations from air trapped in the ice. This was originally made by Fireman and Norris 
(1982). In Van Roijen’s method, measured 14C depth profiles in blue ice are translated 
into carbon ages with a correction made for in situ produced 14C.  The radiocarbon 
ages can be further converted to calendar ages using a radiocarbon calibration curve by 
Reimer and others (2004). The first 14C ages had large uncertainties of  up to several 
thousands of  years (Van Roijen, 1996). Van der Kemp and others (2002) improved the 
method and managed to decrease the uncertainty of  a carbon age to ±400 years. This 
method, however, requires large ice samples and does not provide an age span but an 
average age for the ice analysed.

2.7.3  Isotopic dating
The ratios of  heavy to light atoms of  both oxygen and hydrogen in ice and snow, ex-
pressed as δ18O and δD values, respectively, provide a simple method to determine 
whether the samples at a given site were deposited during a glacial or an interglacial sim-
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ply from the isotopic composition. Different climatic periods have different signatures 
in stable water isotopes (e.g. Petit and others, 1999), and a rapid, relatively large change 
of  in δD or δ18O in Antarctic ice is an indicator of  a change between interglacial and 
glacial climates (e.g. Masson and others, 2000).

The isotopic analysis methods and corrections needed to compare the isotopic 
values of  ice and snow samples of  different ages are discussed in section 3.6, and the  
paper by Sinisalo and others (2007).  The limitation of  this method is that it can only 
be used to make the division between samples of  glacial and interglacial origin as de-
scribed above.

2.7.4  Dating of tephra layers
Volcanic ash or tephra layers have been radioisotopically dated by using uranium-series 
and cosmogenic nuclide age data collected from the surface of  BIAs in the Allan Hills 
(Goldstein and others, 2003; Fireman, 1986), Yamato Mountains (Nishiizumi and oth-
ers, 1979), and at Mt. Moulton (Wilch, 1999; McIntosh and Dunbar, 2004) (see Fig. 1 
for the locations). In addition, the grain size analysis of  volcanic ash fragments can pro-
vide information about the distance to the source area (Nishio and others, 1984)

There are problems, however, in this method as the tephra bands tend to disap-
pear over hundred metre scales, and it may be difficult to follow the tephra layers from 
a large enough deposit to date to the place where a core is taken. Large differences in 
results of  uranium-series dating were also found for similar blue ice samples from Allan 
Hills (Goldstein and others, 2004; Fireman, 1986). The reasons are not entirely clear but 
the main difference appears to be in sample processing (Goldstein and others, 2004).

2.7.5  Geomorphology
The supraglacial moraine structures can provide useful information about the age of  
a BIA. Hättestrand and Johansen (2005) studied moraines in Scharffenbergbotnen 
BIA, and found that supraglacial moraines were deposited during last glacial maximum 
(LGM). They concluded that the survival of  these moraines in the area until present day 
indicates that there was a local ablation centre, and probably a BIA in Scharffenberg-
botnen at LGM. The moraines on the slopes of  surrounding nunataks suggest that the 
surface elevation of  the BIA has been higher during last glacial maximum, and striae 
and gouges in the outcropping bedrock indicate past ice flow directions (Hättestrand 
and Johansen, 2005). Similarly, old supraglacial moraines and ice flow indicators in the 
bedrock in other BIAs can be used for reconstructing the former ice flow, and exist-
ence, surface elevation, and extent of  the BIA.

2.7.6  Ice flow modelling
First modelling efforts on BIAs were made to explain the meteorite findings on the 
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surface of  BIAs. Nasure and Hashimoto (1982) made a simple flow model to date a 
BIA upstream of  a nunatak in Yamato Mountains based on the continuity equation 
(Nye, 1953). Azuma and others (1985) produced a much more sophisticated model for 
a South Yamato BIA near another nunatak, and Whillams and Cassidy (1983) modeled 
the flow in Allan Hills BIA with similar assumptions. Since then various flow models 
have been applied for Antarctic BIAs (e.g. Van Roijen, 1996; Spikes, 2000).

In this work, we use the model by Grinsted and others (2003). It is a volume con-
serving model which assumes constant ice sheet geometry over time, i.e. steady state 
flow. In addition to Scharffenbergbotnen, this model has been applied to Allan Hills 
(Grinsted and others, 2003) and to Yamato Mountains (Moore and others, 2006). The 
modelling efforts of  Scharffenbergbotnen show that it is important to combine other 
geophysical data with the modelling (Grinsted and others, 2003; Sinisalo and others, 
2007). 

2.7.7  Combination of methods
It is clear that the best confidence in dating blue ice can be reached by combining many 
dating methods together. Generally, this means tuning flow models with other methods. 
First, a flow model can be used to gain an initial expectation of  plausible surface age 
distribution, vertical age span, and the source region of  the ice. Other dating methods, 
such as radiocarbon dating, meteorite terrestrial ages, or tephra layer dating should be 
used to check on the model plausibility in the areas where these kinds of  data are avail-
able. 

After adjusting the ice flow model to match with the other dating methods, high-
resolution records of  ice chemistry, gas composition, and isotopic values in ice, or elec-
trical stratigraphy, can be used for matching the data with records from other ice cores. 
However, the forest of  peaks in such records, and the flexibility in surface age and age 
span means that the method must be used with caution and strong constraints (Moore 
and others, 2006). Ice crystal size data have also been found useful for confirming an 
age span for a blue ice core (Moore and others, 2006). 

Various data available can be used with the model in an iterative way to estimate 
the age distribution in a BIA. The flow modelling can also provide other useful infor-
mation about the study area, such as the surface age distribution along the flowline over 
the whole BIA, temporal changes in the size of  the BIA, and ice flow velocities, and 
constrain modeled elevation changes and accumulation patterns over the region (Moore 
and others, 2006; Sinisalo and others, 2007). 

2.8  Blue ice areas and climate
The relations between blue ice extent and climate are not straightforward. Blue ice ex-
tent has varying sensitivity to climatic parameters, and climate change will affect the 
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processes creating blue ice in several ways (Orheim and Lucchitta, 1990). Changes in air 
temperature will affect energy available for surface ablation, and changes in precipita-
tion, and wind direction and strength will affect accumulation (Orheim and Lucchitta, 
1990). 

It is clear that large reductions in exposed BIA are more likely than large increases, 
and that increasing a BIA can be expected to take a longer time than decreasing it (e.g. 
Bintanja, 1999; Brown and Scambos, 2004). As a BIA cannot expand onto a nunatak 
area, aerial increase must take place into adjacent snow fields by the relatively slow proc-
esses of  either dry snow metamorphosis, or exposure of  sub-surface ice (Orheim and 
Lucchitta, 1990). Additionally, present day BIAs above 2000 m have remarkably similar 
ablation rates (Bintanja, 1999), which implies that changing climate does not affect ab-
lation rates of  high elevation BIAs greatly.  A decrease of  the BIA, on the other hand, 
can happen quickly as a result of  increased accumulation or possibly of  changed wind 
patterns (Bintanja and Van den Broeke, 1995a). Seasonal, and even annual variations in 
BIA extent due to snow accumulation events may be large and significant area reduc-
tions may occur (Brown and Scambos, 2004). Minimum in the BIA extent is reached in 
winter (Brown and Scambos, 2004). Snow may accumulate over a long time period but 
then rapidly removed by a large storm in a few days.

When a BIA has formed, it tends to persist due to two conservative feedback proc-
esses. These processes may enable BIAs to persist and possibly expand in the down-
wind direction. Firstly, the relatively low albedo of  the blue ice increases the absorption 
of  solar radiation, which increases the energy available for sublimation. Secondly, the 
smooth blue ice surface prevents drifting snow from becoming attached, resulting in 
zero accumulation in the longer term. (Bintanja, 1999)

Although BIAs seem to be rather stable under different climate regimes due to the 
feedback mechanisms described above, climate change also affects ice flow patterns and 
may even change the ice flow direction in some areas.  This can have a significant influ-
ence on the BIA extent in a long term (Bintanja, 1999; Sinisalo and others, 2007). 

There have been attempts to estimate areal changes in individual BIAs (Brown 
and Scambos, 2004; Spikes, 2000; Orheim and Lucchitta, 1990), and the total extent of  
Antarctic BIAs using satellite images (Winther and others, 2001). Increasing accumula-
tion leading to a general decrease in blue ice can be easily detected, whereas increased 
ablation is more difficult to observe and requires more permanent change before it will 
be noticed. Since the possible permanent changes in blue ice extent are very slow and 
satellite images exist only over some decades, there has not been any change observed 
that could be interpreted as a climate signal. However, satellite imagery shows potential 
to be a useful tool in the future.
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3 MEtHODS

During this work we have performed various geophysical measurements on BIAs in 
DML, Antarctica.  We used differential GPS, and ground penetrating radar (GPR) for 
ice flow, and mass balance studies. The relevant details of  the methods, such as measur-
ing parameters, and equations applied, are provided in the papers I-IV.  The data were 
used in an ice flow model by Grinsted and others (2003). Firstly, the model was used 
with higher resolution for blue ice/firn transition zone in Scharffenbergbotnen BIA 
(Sinisalo and others, 2004), and secondly, it was adjusted with other dating methods and 
applied in the whole Scharffenbergbotnen BIA (Sinisalo and others, 2007). Mass bal-
ance and flow modelling studies were made to estimate the stability of  the BIA. The 
GPR studies of  internal structure of  accumulation areas, and differential GPS meas-
urements of  the ice flow were made to learn about the dynamics of  the BIAs, and to 
estimate the surface age distribution of  the blue ice with flow modelling and isotopic 
data of  surface blue ice. 

3.1  Precise GPS
We used two antenna-receiver systems in all GPS measurements (Javad Positioning Sys-
tem with a Hiper antenna-receiver or Legacy E antennas and receivers).  A base station 
was established on a fixed point on bare rock in the vicinity of  the study areas (Fig. 5), 

Fig. 5. JPS Legacy E antenna on a stake (left) and the base station with a Hiper an-
tenna-receiver placed on a fixed point on the bedrock (right). The base station was con-
nected to a solar panel. Photos: FINNARP/Anna Sinisalo.
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and all the other positions were then measured relative to the fixed point.
The GPR technique involved driving the profile lines on a snowmobile carrying 

a differential GPS. In addition to the positioning of  the GPR profiles, the differential 
GPS was also used for static stake measurements of  the horizontal ice surface velocity 
(Sini-salo and others, 2003b; Sinisalo and others, 2004), kinematic surface profiling of  
the BIAs, and to determine exact positions of  various ice and snow sampling points.

The recording time for static point measurements varied from 2 minutes up to 
15 minutes. The accuracy of  the relative measurements is in order of  millimetres.  The 
main error source in the stake measurements was the accuracy of  measuring the stake 
height, that we estimated to be ±0.5 cm. 

3.2  Ground penetrating radar (GPR)
We used a commercial RAMAC GPR (Malå Geoscience) with 800 MHz, 100 MHz, 
and 50 MHz antennas (Sinisalo, 2003b; 2004). The radar technique involved driving 
the profile lines on a snowmobile carrying a differential GPS. The radar transmitter 
and receiver antennas for the 50 MHz measurements were mounted on a non-metallic 
sledge, which was pulled 7 m behind the snowmobile (Fig. 6). The radar control unit 
and computer were mounted on the snowmobile together with the roving GPS receiver. 
The 800- and 100-MHz antennas were shielded units and could be pulled closer behind 
the snowmobile – the 100-MHz system was pulled about 5 m behind in its own sealed 
housing, the 800-MHz system was pulled about 2 m behind the snowmobile using rigid 
struts to keep it at a fixed distance. 

GPR data were collected on a laptop computer. Post-processing of  the data was 
done using the Haescan program (Roadscanners Oy). Amplitude zero-level correction 
was applied, background noise was removed and vertical high pass and low pass filter-
ing in time domain was performed.

computer
GPS

radar

distance min. 7 m

Fig. 6.  Setting of  GPR measurements performed with the 50 MHz antennas.
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3.3  Mass balance studies
Stake measurements are the simplest way to determine the mass balance at a location 
(Sinisalo and others, 2003a). The disadvantage is that a stake represents a point meas-
urement and mass balance can strongly vary over short distances. 

The stake measurements were supplemented by ground penetrating radar (GPR) 
studies (Sinisalo and others, 2003b; Sinisalo and others, 2004). They can be used to inte-
grate the separate short time series from stake data into more reliable mass balance pro-
files.  First, the radar isochrones tracked with the GPR must be dated to study the mass 
balance variability. We modeled the densification rate and age-depth and radar travel-
time depth relations by using the densification model of  Herron and Langway (1980) 
and an empirical equation by Robin (1975) (Sinisalo and others, 2003b; 2004).  A correc-
tion for strain thinning of  layers with depth was made in order to calculate the age of  
the isochrones at each depth by using the simple model by Nye (1963). The measured 
GPR mass balance profiles were then extrapolated to produce a mass balance map over 
the study area (Sinisalo and others, 2004).

3.4  Dip angles of isochrones and surface age gradient in BIAs
The GPR was used to determine the surface age gradient of  the blue ice and to study 
the dip angles of  the isochrones at the firn/blue ice transition zone (Sinisalo and oth-
ers, 2004). The dating method is described in the previous section and in more detail 
in Sinisalo and others (2004). The GPR isochrones were followed from the accumula-
tion area to the firn/blue ice transition zone where these layers come up the surface. 
The GPR data were migrated to obtain true angles for the dipping horizons assuming 
a constant permittivity for the firn pack above the layers.  The surface-age distribution 
in the firn/blue ice transition zone was determined by following three dated GPR iso-
chrones to the surface. 

3.5  Blue ice, firn, and snow samples
Blue ice cores can give a better temporal resolution of  paleoclimatic data than deep 
ice cores from the low accumulation continental interior due to their different kind 
of  geographic location and flow history than in-situ accumulated and horizontally lay-
ered deep cores (Moore and others, 2006; Sinisalo and others, 2007).  We collected a 
101-m long horizontal ice core from the surface of  a BIA (Sinisalo and others, 2007). 
This ice core was collected by electric chain saws along the flowline in austral summer 
2003/2004. In this work, we also use results of  isotopic analysis of  previously collected 
shallow blue ice cores, firn samples and a 52-m vertical blue ice core drilled by a Dutch 
field party in 1997/1998 (Bintanja and others, 1998).
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3.6  Isotopic analysis
We made use of  the ratios of  heavy to light atoms of  both oxygen and hydrogen ex-
pressed as δ18O and δD values, respectively.  δ18O is defined as the deviation of  a 
sample from the composition of  the Vienna Standard Mean Ocean Water (V-SMOW) 
standard:

	 	 	 	 	 	 	 	 (1)

The δ18O and δD are both presented with respect to the international consensus 
VSMOW-SLAP scale (Gonfiantini, 1984). On this scale, δ18O is defined as the devia-
tion of  a sample from the composition of  the Vienna Standard Mean Ocean Water 
(VSMOW) calibration material in which the laboratory-specific normalisation factor f  
is chosen such that an analysis of  Standard Light Antarctic Precipitation (SLAP) would 
yield the assigned value of  -55.5‰. Similarly, the assigned value for δD is -428 ‰. The 
normalisation factor f is close to unity, but still its value, and therefore the procedure 
matters especially for isotopically light samples, such as the Antarctic ice in this study. 

The δ18O analyses and δD analyses of  the blue ice and firn samples were made in 
the Centre for Isotope Research, University of  Groningen, the Netherlands, and at the 
University of  Technology, Tallinn, Estonia. Details of  the analyses are given in Sinisalo 
and others (2007). 

When comparing isotopic values of  samples of  different ages, we corrected the 
measured values for elevation changes in the past, and the change in the isotopic com-
position of  ocean surface waters in the source area due to the deglaciation  (Sinisalo and 
others, 2007). For example, the change of  isotopic composition of  surface sea water  
due to deglaciation Δδ18OSW was about +1.1‰ at LGM compared with the present 
value (Labeyrie and others, 1987), and the decrease in surface elevation of  200-250 m in 
Scharffenbergbotnen after the last glacial maximum (Hättestrand and Johansen, 2005) 
corresponds to a change of  1.2-1.5‰ in δ18O using the present day altitudinal lapse 
rate for δ18O values (Isaksson and Karlén,1994). These corrections are especially im-
portant when the differences in isotopic values are not large, and they are used to esti-
mate past temperatures.

We used the present-day spatial dependence of  isotopic fractionation on tempera-
ture from Isaksson and Karlén (1994) as a surrogate of  the temporal dependence to 
interpret isotopic profiles (e.g. Delaygue and others, 2000). This allowed us to estimate 
the relative temporal temperature changes in the study area. Details of  the calculations 
are presented in Sinisalo and others (2007).
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4 StUDy AREA

For this work, we visited five BIAs located in the mountainous areas of  eastern DML 
(Fig. 7). Preliminary study of  the internal dynamics of  these areas was made with GPR, 
and several snow/firn and blue ice samples were collected from these areas. Based on 
the preliminary studies, we chose Scharffenbergbotnen (Fig. 7) for the main focus as it 
is the best-studied BIA from the glaciological point of  view, and it has a relatively simple 
flow regime (Sinisalo and others, 2004). In addition, we discuss GPR and δ18O data col-
lected from a high-elevation BIA in Slöret (Fig. 7) as reference data in the Chapter 5.  

Scharffenbergbotnen is a closed-type BIA (Fig. 8; Grinsted and others, 2003), and 
it represents type I BIA in the classification of  BIAs by Takahashi and others (1992) 
as mentioned earlier.  Slöret is an open-type BIA located at the edge of  the Antarctic 
plateau (Fig. 8) at about 2300 m a.s.l. where the ice sheet flows over the Kirwanveggen 
mountain range. Slöret is of  type III, and the other BIAs visited during the work are of  
type I (Fig. 7) according to the classification by Takahashi and others (1992).

Fig. 7. Locations of  five BIAs in Dronning Maud Land (DML) that were prelimi-
naryly studied during this work. Kibergdalen, Scharffenbergbotnen (SBB), and Mi-
lorgfjella are located in the Heimefrontfjella mountain range. Slöret is in Kirwanveggen 
mountain range and Borgmassivet is a BIA on a lee side of  a mountain area having 
the same name.
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Fig. 8. Left: Scharffenbergbotnen BIA. The 101-m horizontal ice core collected (SBB01H), 52-m 
vertical blue ice core (SBB01), the ice flowline used in the modelling (dotted line), and the place where 
ice from glacial period was found are marked. Right: Slöret BIA. The edge of  the Antarctic plateau 
and the biggest crevasses are marked. A 7-m blue ice core (SL7) is marked with a dot. The ice flow 
velocities in Slöret BIA could not be measured as they were too low to be significant during the two-
week measuring period. Based on surface slopes we can estimate that the main flow direction is from 
inland towards the edge (from bottom to top in the figure).

5 RESULtS AND DISCUSSION

5.1  Mass balance and dynamics of the BIAs (Papers I-IV)
Surface mass balance observations in Scharffenbergbotnen valley over a 14-year time 
period by direct stake measurements showed large spatial and temporal variations in the 
net balance without any clear trend (Sinisalo and others, 2003a). We found marginally 
significant increases in snow accumulation, and in ablation in the blue ice area farthest 
from the equilibrium zone (both at the 95% confidence level). However, the observed 
changes in mass balance gradient are small, especially when compared with large chang-
es observed elsewhere in Antarctica even relatively close to the BIA. 

To study mass balance over longer time periods, we compared three different GPR 
antenna frequencies (50, 100, and 800 MHz) for accumulation studies within the up-
permost 50 m of  the snow pack in Antarctica. We found that the lower frequencies are 
particularly useful when determining the accumulation rates further in the past or over 
longer time periods (Sinisalo and others, 2003b). The advantage of  using the higher fre-
quency antennas is the better resolution and capability to follow the near-surface layers. 
However, the low frequency signals have much greater depths of  penetration and they 
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tend to show only the strongest and most continuous reflectors that are useful when 
following the individual layers (Sinisalo and others, 2003b; 2004). 

With the GPR, large areas can be covered quickly, and the temporal and spatial 
variability in snow accumulation obtained. Moreover, the accumulation survey can be 
made even in the absence of  deep ice cores to directly date the radar layering (Sinisalo 
and others, 2003b). In that case, however, it is important to bear in mind the sensitivity 
of  the age model to the rather large interannual variability of  precipitation and the snow 
density. Using the radar layering proved to be a much better method of  estimating ac-
cumulation rate over a large area than a usually short series of  stake measurements. 

Sinisalo and others (2004) found that the surface mass balance in Scharffenberg-
botnen valley is negative, and the inflow through the northwestern gate should balance 
it if  the valley was in steady state. However, the recent observations do not support such 
a high inflow (unpublished data), and the net mass balance may remain negative in the 
valley. Our data indicate that the Scharffenbergbotnen BIA used to be much smaller 
than it is today (Sinisalo and others, 2007). Previous studies show that the surface of  
the BIA used to be 200-250 m higher at LGM (Hätterstrand and Johansen, 2005), and 
it is likely that lowering of  the ice surface in the valley started when the surface of  the 
surrounding ice sheet reached a point where the outcropping mountains made a barrier 
to ice inflow over the side walls of  the valley. There is no evidence, however, on when 
the lowering of  the ice surface in Scharffenbergbotnen actually started.

5.2  Paleoclimate data (Paper IV)
Only few blue ice cores have been studied for paleoclimatic purposes (Table 1). We 
analysed a 101-m long continuous horizontal stable isotope record from the surface 
of  the Scharffenbergbotnen BIA (SBB01H in Fig. 8) covering about a 500-year time 
period (Sinisalo and others, 2007). Before this work, the only horizontal stable isotope 
record from a BIA was extracted from Mt. Moulton  (76° S, 135° W, 2800 m a.s.l, Fig. 1) 
covering  about 140 000 years (Popp and others, 2004). However, that record does not 
include the Holocene since that part of  the BIA was covered by snow when sampling 
was done. Although the surface ice may be hundreds of  thousands of  years old at some 
Antarctic BIAs the blue ice samples dealt with in this work represent mostly Holocene 
ice (10 500 BP to present) that was formed after the last transition between glacial and 
interglacial periods (Sinisalo and others, 2007). 

The isotopic analysis of  the SBB01H shows that BIAs can provide high resolution 
paleoclimate data that cannot be extracted from anywhere else (Fig. 9; Sinisalo and oth-
ers, 2007).  It should be noted, however, that the high resolution sample of  the SBB01H 
was only 0.6 m long.
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In addition, we analysed the isotopic values from several other blue ice cores, and 
firn samples in Scharffenbergbotnen (Sinisalo and others, 2007). The differences in sta-
ble isotope values between blue ice and firn samples imply that the modern climate is 
about 1.0±0.3°C warmer than the early Holocene optimum climate in Scharffenberg-
botnen. Furthermore, the 10 500 year old SBB01 from the early Holocene (Fig. 8) origi-
nates from a warmer time period than SBB01H from mid Holocene. This work also 
emphasises that geophysical data must be combined with ice core analysis to get a reli-
able paleoclimate record.

5.3  Dating of surface blue ice (Paper III and IV)
We estimate the horizontal age gradient and the age of  our blue ice samples in Scharffen-
bergbotnen BIA by adjusting a flowmodel (Grinsted and others, 2003) to match the ra-
diocarbon ages (Van der Kemp and others, 2002; Van Roijen, 1996). The main limita-

Name Location Depth/ 

length 

(m)

Elev. 

(m a.s.l.)

Age 

(a BP)

Analyses Reference

Sy core

(yM)

72°05’S    

35°11’E

2150 101 (ver.) 55 000 – 

61 000

Gas, 

chemistry, iso-

topes

Moore and others, 

2006

SBB01 

(SBB)

74°35’S 

11°03’W

1173 52  (ver.) 10 500    

(+700, -300)

Isotopes Sinisalo and others, 

2007

SBB01H 

(SBB)

74°34’S 

11°04’W

1187 100  

(hor.)

4426 ±215* Isotopes M. Sigl and 

M. Schwikowski, 

Paul Scherrer Institut, 

personal communica-

tion

Mt. 

Moulton

(Mt.M)

76° S     

135° W

2800  600 

(hor.)

10 000 – 

15 000

Gas, chemis-

try, isotopes

Popp and others, 

2004

MBI#1

(Mt.M)

76°04’S, 

134°42’W

2820 ~30 (ver.) 115 000 –

135 000

Gas, 

isotopes

Custer, 2006

Table 1. Details of  Antarctic blue ice cores.  The drilling sites are indicated in Fig. 1 with the codes 
given in the first column under the name of  the core. 

*Age in the middle of the 100-m blue ice core. the age span of SBB01H is estimated to be about 500 

years (Sinisalo and others, 2007).
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tion of  the modelling was that temporal changes in geometry of  the BIA could not be 
modelled. However, figure 10 shows that the modelling results are rather consistent 
with the age gradient estimated by following isochrones with GPR (Sinisalo and others, 
2004), and high resolution isotopic analysis (Fig. 9; Sinisalo and others, 2007). The pow-
er spectrum of  the high resolution isotopic analysis of  SBB01H (Fig. 9) suggests a hori-
zontal age gradient of  about 5.4 a m-1 (Sinisalo and others, 2007), and the surface age 
gradient determined by dating of  internal radar reflection horizons close to the current 
blue ice/snow transition zone along the flowline is about 3-6 a m-1 (Sinisalo and others, 
2004). Very recent 14C dating of  the SBB01H give an age of   4426 ± 215 years for the 
middle part of  the horizontal ice core (Fig. 9; Michael Sigl, Margit Schwikowski, Paul 
Scherrer Institut, personal communication) that supports our dating based on the hori-
zontal age gradient obtained form the high resolution isotopic analysis of  SBB01H (Fig. 
10), and indicates that the age gradient between SBB01 and SBB01H is fairly linear.

Fig. 9. Clear annual cycles in the high resolution δD analysis of  the horizon-
tal ice core SBB01H (Fig. 8).  The annual layer thickness at mid-Holocene 
found at the surface of  Scharffenbergbotnen BIA is about 20 cm of  ice that 
corresponds to 160 mm w.e. (Sinisalo and others, 2007). 
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Fig. 10. Surface age relationship along the flowline of  Scharffenbergbotnen (marked in 
Fig. 8). Horizontal age gradient suggested by the power spectrum of  the high resolution 
isotopic analysis of  SBB01H (Fig. 9; Sinisalo and others, 2007; gray line), and by 
dating of  internal radar reflection horizons close to the current blue ice/snow transi-
tion zone along the flowline (Sinisalo and others, 2004; light gray). The model output 
with a linearly changing temporal and spatial surface velocity and accumulation rate 
reaching the present values in 11 000 years. The model was adjusted to match with the 
14C age of  a vertical blue ice core (SBB01). The error bars for SBB01 are calculated 
using a radiocarbon calibration curve by Reimer and others (2004). The middle part 
of  the SBB01H was very recently 14C dated to  4426 ± 215 years BP (Michael Sigl, 
Margit Schwikowski, Paul Scherrer Institut, personal communication)  The horizon-
tal distance is measured starting from the bottom of  the valley. The SBB01 (Table 1) 
is located at x = 400 m and the SBB01H at x = 1400 m. See Sinisalo and others 
(2004), and Sinisalo and others (2007) for more details.  
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5.4  On the age and stability of the BIAs (Paper IV)
We introduce a fast and easy way to make a first estimation of  the age of  a BIA. We only 
need a limited set of  snow/firn and blue ice samples for isotopic analysis. Snow/firn 
samples from the accumulation area of  a BIA represent the modern day isotopic values 
and isotopic values of  the surface blue ice samples indicate whether the BIA originates 
from glacial or interglacial period. We know the isotopic variability of  ice and snow in 
Holocene (e.g. Epica Community members, 2006), and can compare that with the meas-
ured difference between the samples. We have to take into account possible changes in 
the ice sheet thickness in the last glacial-interglacial cycle especially in the low elevation 
mountainous areas where the variations in the ice sheet thickness have been greatest 
(Pattyn and Decleir, 1998). 

Based on the isotopic analysis, we found that the major part of  the surface ice of  
two mountainous BIAs in Scharffenbergbotnen, and Slöret, Kirwanveggen mountain 
range (Fig. 8), are of  Holocene origin (Fig. 11). 

	
Fig. 11. The δ18O values from the Scharffenbergbotnen valley (left) and Slöret (right). The modern 
day values are measured from snow/firn samples collected in the accumulation areas of  the BIAs. 
The location of  the blue ice sample from Slöret is marked in Fig. 8 (SL7). Glacial ice was only 
found in Scharffenbergbotnen showing clearly lower δ18O values than the modern day samples (Sinis-
alo and others, 2007). 
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Our study supports the idea, that the changes in ice sheet thickness control the 
existence of  the BIAs in the mountainous areas (Sinisalo and others, 2007) as also sug-
gested by Bintanja (1999).  The ice sheet elevation changes at the glacial termination 
are likely to have been most pronounced in the low elevation nunatak areas (Pattyn and 
Decleir, 1998). The surface of  the major part of  the East Antarctic plateau ice sheet 
may have been about 100 m lower  (Ritz and others, 2001; Pattyn, 1999; Jouzel and 
others, 1989), but  in some places hundreds of  meters higher in the last glacial than at 
present (Näslund and others, 2000; Hättestrand and Johansen, 2005). We found that the 
decrease of  the surrounding ice sheet elevation after the LGM enabled Scharffenberg-
botnen BIA to grow (Sinisalo and others, 2007). Most of  the surface ice in the area is 
of  Holocene origin although it is evident that there was a BIA in Scharffenbergbotnen 
at the last glacial maximum (LGM) in agreement with Hättestrand and Johansen (2005) 
but it was much smaller than today (Sinisalo and others, 2007). 

Based on the δ18O analysis, the high-elevation BIA in Slöret also originates in 
Holocene (Fig. 11). It is plausible to assume that a decrease of  the ice sheet elevation af-
ter LGM is also responsible for the formation of  the BIA in Slöret although the mecha-
nism of  its formation is different from Scharffenbergbotnen. Delisle and Sievers (1991) 
found in their radio-echo sounding study in Allan Hills that BIAs can form if  ice thick-
ness is reduced to about 350 m or less. Our GPR results show that the current thick-
ness of  the Slöret BIA varies between 100 and 350 m. The ice flow over the nuntataks 
must have slowed down as the ice sheet elevation decreased after LGM allowing a BIA 
to form. Similar condition is likely to be required for all open-type of  BIAs. 

Bintanja (1999) suggested that many of  the type I BIAs currently existing in Dron-
ning Maud Land did not exist during at LGM. He found that the height of  the outcrop-
ping mountain in comparison to the ice surface height seems to be a critical variable that 
has a large effect on the temporal variations in the extent of  a type I BIA, as a thicken-
ing of  the ice sheet leading to submergence of  a nunatak will tend to make a type I BIA 
disappear. Our results show that also the type III BIAs can be sensitive to the changes in 
the ice sheet thickness. The area covered by blue ice and the number of  individual BIAs 
vary mainly on an ice sheet thinning-thickening timescale. It is also likely that the BIAs 
accompanying the highest nunataks being the most stable ones (Bintanja, 1999).

Interestingly, radar internal reflection analysis in central East Antarctica in the 
foreground of  the Transantarctic Mountains (Fig. 1) suggests that ablation may have 
been more prelevant during glacial periods than in present (Siegert and others, 2003). 
This indicates that in this part of  East Antarctica more and larger BIAs had existed 
in the last glacial.  This agrees with an overall Holocene increase in elevation of  the 
East Antarctic ice sheet due to increased Holocene accumulation rates (Ritz and oth-
ers, 2001), and highlights the differences between the ice sheet elevation history in 
the mountainous areas of  Dronning Maud Land and in central East Antarctica and 
Transantarctic mountains.
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5.5  Suggestions for future studies
In order to reach better accuracy for the surface age gradient over the whole BIA in 
Scharffenbergbotnen, more high resolution surface blue ice samples are needed for iso-
topic analysis. The length of  the high resolution section from SBB01H is only 60-cm 
long (Fig. 9), and further analysis must be made to determine whether the surface age 
gradient remains constant over the whole BIA as suggested by the flow model (Grin-
sted and others, 2003; Sinisalo and others, 2007).  A continuous 2.6 km long horizontal 
blue ice core was recovered for this purpose from Scharffenbergbotnen in austral sum-
mer 2006/07 but at this point we have no results

The isotopic dating method can be used to make an easy and quick estimate of  the 
age of  BIAs on glacial-interglacial timescales. For this method, only a few samples from 
the surface of  the BIA and from the surrounding accumulation area are needed. This is 
a simple method to make the age estimate of  a specific BIA.

The conditions at the glacier bed should be further studied in the BIAs in moun-
tain ranges. It is still unclear whether the bed of  such BIAs are frozen or not. The sur-
face velocities are not necessarily directly related to creep flow alone. The mountain 
BIAs are situated in the area of   the cold/warm transition at the bed as the ice sheet is 
cold based on the Antarctic plateau, while the ice is at the pressure melting point down-
stream of  the mountains bordering the East Antarctic ice sheet (Huybrechts, 1992). 
This is essential for modeling the evolution of  BIAs.

The dynamics of  the Antarctic ice sheet can be studied using satellite image analy-
sis of  BIAs. Dated layers in deep ice cores may be geochemically correlated with tephra 
found in BIAs. Correlation of  individual tephra layers, or sets of  layers, in BIAs will also 
allow a better understanding of  the geometry of  the ice flow. The paleoclimate record 
obtained from surface blue ice samples can be extended over wide geographical areas, 
though at low resolution, by using satellite and aerial photographic images.  This can be 
made by identifying and dating visible horizons on BIAs using the stratigraphic records 
from  ice cores.  

Although the overall changes in the BIA extent seem to be slow, the possible areal 
changes in individual BIAs, and in the total extent of  Antarctic BIAs should be contin-
ued to be monitored by satellite image analysis.

BIAs located in different sectors close to Southern Ocean can also provide valu-
able information about the last glacial transition, as the Southern Ocean may trigger 
the transition into an interglacial mode of  circulation (Knorr and Lohmann, 2003). De-
tailed paleoclimate data should be collected from the surface of  the many BIAs that are 
much closer to the ocean than traditional deep coring sites.
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Abstract. Accumulation and ablation rates over an Antarctic blue-ice 
area spanning the 14 year period 1988–2002 are presented. Data were ob-
tained by direct stakemeasurements. Large spatial and temporal variations 
in the net balance were observed without any clear trend over the entire 
period. There are marginally significant increases in snow accumulation, 
and in ablation in the blue-ice area farthest from the equilibrium zone 
(both at the 95% confidence level). The snow/blue-ice transition zone 
shows no change over the entire period of  observation, andthe blue-ice 
area near the zone shows no change in ablation rate over the 14 year peri-
od.The mass-balance gradient in Scharffenbergbotnen may have increased 
during the period 1988–2002. However, the changes are small, especially 
when compared with the changes observed elsewhere in Antarctica even 
relatively close to the blue-ice area. This may indicate that the blue-ice 
areas are relatively stable to changes in accumulation rate, and possibly 
temperature.

INtRODUCtION

There is a need to improve our knowledge of  the flowdynamics and stability of  Ant-
arctic blue-ice areas in a changing climate (Bintanja, 1999). Blue-ice areas are known to 
have very old ice at the surface that can be a valuable resource for palaeoclimatic re-
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search (e.g. Naruse and Hashimoto, 1982; Bintanja,1999). However, to extract useful in-
formation from the ancient surface ice for palaeoclimate studies, or to study the stabil-
ity of  the Antarctic blue-ice areas as a part of  largescale mass-balance research, detailed 
mass-balance and concurrent ice-flow measurements are needed. The state of  balance 
of  blue-ice areas over a period could also be estimated from these measurements.

The longest mass-balance record knownto us froma blueice area is from Borgmas-
sif  in Dronning Maud Land where three stakes were measured over a 34 year interval 
(Brunk and Staiger,1986). Ablation rates have been measured by direct stake measure-
ments on several other Antarctic blue-ice areas, but most stake ablation records still on-
ly cover a relatively short period (e.g. BuδD,1967; Faure and Buchanan, 1991; Takahashi 
and others, 1994). The results are summarized by Bintanja (1999).We present accumula-
tion and ablation rates for a blue-ice area spanning a period of  14 years. The results are 
compared with previous, only partially published, field measurements (Jonsson,1992).
We discuss the error sources in the data, andestimate the state of  balance of  the blue-
ice area.

StUDy AREA

Scharffenbergbotnen is the best-studied blue-ice area in Antarctica, from a glaciological 

Fig. 1.The Scharffenbergbotnen study area close to the Swedish field station Svea 
(marked).The stakes located on snow are labelled in black, and the blue-ice stakes in grey.
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point of  view. It is located in northwest Sivorgfjella, Heimefrontfjella, with an ice inflow 
from the surrounding inland ice sheet (Fig. 1). The main influx comes from the north-
western entrance of  the valley (shown by the large arrow in Fig. 1).There are minor 
inflows from the shallow, narrow southwestern portal and from ice entering the valley 
from a 400 m high icefall at the eastern end of  Scharffenbergbotnen (shown by small 
arrows in Fig. 1). A visible boundary <1km from the icefall, in the ice at the bottom of  
the valley, restricts the small icefall flow (Jonsson, 1992).This boundary also marks the 
end of  a debris-covered area close to the mountains. Supraglacial till is found mainly at 
the eastern end of  the valley and on the southern side where stakes15, 16 and18 were 
located.Themass-balance data fromthese stakes appear typical of  blue ice. 

The surface topography of  the floor of  the valley, mapped in 2000, is presented 
in Figure 2.The main blue-ice area is located in a depression at the southeastern end of  
the valley. There is a smaller blue-ice field, in a depression upstream of  the main blue-
ice area, on the northern side of  the main entrance that is separated from the main 
blue-ice field by a snow ridge (stakes 4 and 17 in Fig. 1). Blue ice is also found above the 
Swedish research station Svea (stake 14 in Fig. 1). The ice transition between perpetual 
snow-covered areas and blue ice is a zone where snow patches are found on blue ice oc-
casionally situated >100 m from the continuous snow-covered areas. 

Figure 2 also shows the stakes that survived until 2000. Stake 28 was snow-covered 
between 2000 and 2002, but the rest of  the stakes plotted in Figure 2 were also found 
in 2002. The study area is described in more detail byJonsson (1992).

Fig. 2. Surface of  Scharffenbergbotnen mapped in 2000.The stakes and the firn/blue-ice 
transition line that were measured in the same year are plotted. Other stakes shown in Fig-
ure 1 survived at least until 1994.The flowline section in Figure 4 is marked.
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StAKE MEASUREMENtS 

Originally a net of  34 stakes was established in the study area in 1988 (Jonsson,1992).
The stakes were remeasured in 1990, 1992, 1993, 1994, 1998, 2000 and 2002. The mass-
balance results are obtained from direct measurements on 12 stakes over the full 14 
year period, and from 26 stakes over the 6 year period 1988–94. The positions of  the 12 
stakes and an additional 3 stakes installed in 1998 were measured with differential global 
positioning system (DGPS) in 2000 and 2002 (Javad Positioning System) to determine 
the ice-flow velocity.Two of  the additional stakes (Bi4/5 in Fig. 1) were also used for 
mass-balance measurements for the period 1998–2002. 

Table1. Net balance (mm w.e. a-1) for each stake in Scharffenbergbotnen valley for the observation 
period they survived. Error given is the standard deviation of  the mean

                  

                             Group 1: blue ice                                                     Group 2: snow

                                            Period                                                                     Period

StakeNo. 1988–94 1988–98 1988–2002 StakeNo. 1988–94 1988–98 1988–2002

50 –82±45 – – 4 75±60 – –

1 –138±43 – – 6† –11±75 – –2±75

2 –111±63 – – 7 –15±40 –8±40 2±46

3*,†  –55±41 – –30±41 8 –4±85 5±76 4±67

5* –50±46 –56±46 –8±62 9 27±89 – –

13* –35±32 –38±29 –33±38 10 –6±76 8±76 –

14* –42±56 –39±50 –21±54 11‡ –16 ±66 –9±60 –2±60

15 –100±56 – – 12‡ –5±73 –2±73 4±73

18** –65±62 – – 16 –17±73 – –

21* –103±76 – – 17 40±127 – –

23 –108±18 –98±18 – 24 –26±72 –21±65 –11±60

25 –85±47 – – 27 –1±97 6±87 14±87

26* –37±34 – –6±51 28 –36±161 45±161 –

All –78±48 –58±36 –20±49 All 0±84 3±80 1±67

* Stakes on blue ice except in 1990 and 2002.
† Not measured in 1998.
‡ Stakes in some years on ice.

** Stake located on changing surface, mostly on firn ice.
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RESULtS

We divided the stake data into two groups according to the surface conditions (Table 1). 
Group 1 consisted of  stakes that were on blue ice for the whole period, and also stakes 
that had snow around them in1990 and 2002 but were otherwise on blue ice. Group 2 
included a few stakes that were occasionally on blue ice but usually on snow, along with 
stakes that were on snow for the whole period. 

The cumulative net balance for each stake over the 14 year observation period is 
shown in Figure 3. Only 12 stakes survived the whole period, 5 of  which were on blue 
ice. Most of  the surviving stakes were located close to the equilibrium zone of  the main 
blue-ice area in the Scharffenbergbotnen valley or the smaller blue-ice area upstream 
from the main blue-ice area (Fig. 1). Thus they were not buried by snow accumulation, 
or ablated from the blue ice. The measurements show high spatial and temporal mass-
balance variability both within the two groups and, of  course, between the blue-ice 
and snow groups. The measured net balance for each stake is presented inTable 1. The 
range of  net balance values during the 14 year period along the main flowline is from 
–186±36mmw.e. a–1 at stake 1 at the eastern end of  the blue-ice area, to 208±132mmw.
e. a–1 at stake 17 on the snow ridge. 

Fig. 3. Cumulative net balances for 26 stakes in Scharffenbergbotnen. Group 1 
consists of  the blue-ice stakes, and group 2 includes the snow stakes. Only the stakes 
at sites that are close to equilibrium have survived the full 14 years. The highest ac-
cumulation rate is found on the snow ridge between the two blue-ice areas (stakes 4 
and 17).
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The variation of  the average annual net balance along a flowline ending near stakes 
2 and Bi4/5, close to the bottom of  the southeastern depression of  the main blue-ice 
field (see Fig. 2), is presented in Figure 4.The figure shows that net balance along the 
line is positive only at the snow ridge separating the main blue-ice field from the smaller 
blue-ice depression.The year-to-year variationin net balance expressed by the ratio of  
the standard deviationto the mean is also largest at the snow ridge. 

The areas of  observed net accumulation over the 14 year period are also those 
where snowdrift is transported by the dominant easterly winds (Bintanja,2000).The rela-
tive yearto- year variability in net balance is smaller on blue ice than on snow-covered 
areas (Table 1), perhaps because ephemeral snowdrift affects stake measurements on 
snow, but not on ice where snow accumulation is occasional.The highest annual varia-
tions in the net mass balance were observed on the western side of  the valley, and on 
the snow ridge separating the main blue-ice field from the small blue-ice depression.

Fig. 4. A6 km section of  the surface profile ofa flowline starting from the botto-
mof  the southeastern depression of  the main blueice field (see Fig. 2). A snow ridge 
separates the main blue-ice area from the smaller blue-ice field at the northwestern 
entrance to the valley.The stakes located close to the flowline are marked. The hori-
zontal distance between the stakes marked and the centre line varies between 30 and 
990 m, being 460m on average.The average annual net balance at the stakes over 
the period 1988–94 are shown with standard deviation of  the measurements.



47Paper I

tRENDS

We calculated the linear trend in balance for each stake over the entire period. For each 
stake we looked at the difference, at each measuring time, between the long-term lin-
ear trend and the actual value of  the ablation or accumulation, i.e. the residual balance. 
The residuals in each group of  stakes were fitted with the simplest non-linear function 
(a quadratic) with robust (or least-squares) estimation methods. Calculating 95% confi-
dence limits to the quadratic curve allows any significant changes in balance trend over 
the whole period to be investigated. Figure 5 shows the results inwater equivalent (w.e.) 
assuming a snow density of  400 kg m–3. Each group is now discussed in turn.

Fig. 5. 
(a) Residual ablation for 
ice stakes (and those most-
ly on ice) with a robust 
quadratic fit and 95% 
confidence interval. 
(b) Residual accumulation 
for snow stakes (actual ac-
cumulation minus linear 
trend at each stake) with 
a robust quadratic fit and 
95%confidence interval.
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Blue ice
The 1990 data were excluded from the analysis for stakes located on snow in that year, 
since the snow depth was not measured. Results of  the residual analysis are shown in 
Figure 5a and suggest no change in ablation rate with time for the stakes on blue ice.  

The mean ablationrate for the blue-ice stakeswas –78±48 mm w.e. a–1 (13 stakes) 
in 1988–94 and –20±12 mm w.e. a–1 (5 stakes) in 1988–2002 (Table 1). The difference 
does not indicate a change in ablation rate but is actually determined by the location of  
the stakes that remained until 2002. None of  the12 stakes that survived the whole14 
year period onblue ice are located in the most severe ablation area, which is at the bot-
tom of  the depression at the southeastern end of  the valley. Thus, the blue-ice ablation 
rate calculated for the whole period represents the ablation rate fairly close to the equi-
librium zone (see Fig. 2).

In an attempt to extend the observation period for the southeastern end of  the 
main blue-ice field, we also remeasured, in 2000 and 2002, a pair of  stakes installed in 
1998 in the vicinity of  stake 2 (Bi4/5 in Figs1and 2). Bi4/5 was about 360 m from stake 
2,690 m from stake 1 and about 510 m from stake 21 (Fig.1).The surface elevation of  
Bi4/5 was about the same as that of  stakes 2 and 21 (±5 m) and about10mhigher than 
that of  stake 1. Since the pair of  stakes were located only 2m apart and thus represent 
ablation almost at the same point, we use an average value for the ablation rate meas-
ured from them. The measured ablation rate for Bi4/5 for the period1998–2002 was 
–146±4 mm w.e. a–1.The ablation rate at stakes 1, 2 and 21 for the period 1988–94 was 
–111±28 mm w.e. a–1. This result suggests that the ablation rate at the southeastern 
end, i.e. in the area with the highest ablation rate in the main blue-ice field, may have 
increased during the 14 year observation period, while close to the equilibrium zone it 
remained constant. However, the errors are large and the difference is just about at the 
95% confidence level.

An inverse relation between the ablation rate and the icesurface elevation was 
found in Scharffenbergbotnen even though the variation in the blue-ice surface eleva-
tion is only 40 m (Fig. 6). The change in ablation rate was about 23 mm w.e. a–1 for a 
10m elevation change. Stake 50, located at the bottom of  the depression, and stakes 
Bi4/5 were excluded fromthe calculation. Stake 50 stands at a site where surfacemelt-
water gathers and refreezes, and Bi4/5 wasmeasured over a different observational pe-
riod.

Snow
The stakes on snow show a relative decrease in accumulation in the middle of  the ob-
serving period, and a significant increase over the latter part of  the period, particularly 
in the last 2 years (Fig. 5b).

Large temporal variations in net balance have been reported in the vicinity of  
the Scharffenbergbotnen valley (Holmlund and others, 1989; Jonsson, 1992; Isaks-
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son and Karlén, 1994). The net accumulation within 20 km of  Scharffenbergbotnen 
in 1988–89 was only one-third of  the value in 1989–90 (Holmlund and others, 1989; 
Jonsson, 1992). The 1990 increase in accumulation is also observable in the data from 
the Scharffenbergbotnen valley, when some of  the blue-ice group of  stakes were even 
found on snow. A similar thing was observed in 2002.

Four of  the snow stakes (stakes 6,11,16 and 24) show net ablation over their whole 
observation period. All these stakes are at the margins of  blue ice. The average net 
mass balance for them is –6±7 mm w.e. a–1. The proximity of  blue ice increases the 
sublimation rate on the snow, mainly because the surface temperatures are significantly 
higher on blue ice than on snow (Takahashi and others,1994; Bintanja and Van den 
Broeke,1995).Thus, the surface temperature is probably higher at the blue-ice/firn tran-
sition zone than on snow further away.The negative net balance on these snow stakes 
suggests that the area of  the blue-ice field will tend to grow. However, short-term fluc-
tuations in the extent of  one particular blue-ice area are believed to be an indication of  
changes in surface wind speed (Bintanja,1999).

Fig. 6.The annual net balance for 11 stakes in the main blueice field in Scharffen-
bergbotnen vs the surface elevation in the period 1988–94. Stakes 50 and Bi4/5 were 
excluded from the trend-line calculation. Refreezing of  the meltwater decreases the net 
ablation at stake 50. Bi4/5 was measured only in 1998–2002. The elevations for 
stakes that were not found and measured in 2000 are taken fromJonsson (1992).
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VELOCIty

The maximum horizontal flow velocity in the main blue-ice field was 30±2 cm a–1 at 
stake 3 close to the equilibrium line of  the main blue-ice field. At the southeastern end 
of  the blue-ice field the velocity is about half  this value. The velocities indicate a mass 
influx from the east/northeast, right outside the northwestern entrance of  the valley, 
where the horizontal velocity was about 117±2 cm a–1 from the east/northeast at stake 
6. The value is approximately twice as large as that reported earlier (Van Roijen,1996; 
personal communication from P. Holmlund, 1992). The reason for this difference is 
unclear.

The vertical velocities were not measured over the blueice area since they are too 
small to be observed by the DGPS in such a short time period. Even if  there was an in-
creased net ablation over the blue-ice area, a reduced upward velocity could lead to the 
disappearance of  the blue-ice area in the longer term through an increased transport of  
firn to the area. However, the time-scale for this kind of  process is probably somewhat 
longer than for mass-balance effects on blue-ice areas.

ERROR EStIMAtION

The accuracy of  each stake length measurement is ±5 mm. Year-to-year variations can 
be partially caused by variations in the length of  the measurement period, by temporary 
changes in the snow cover and by change in weather. The stakes could not be measured 
every year.When they were, logistical limitations sometimes prevented them from being 
measured at the end of  the summer period or at exactly the same time of  the year. For 
an individual year, this can lead to significant errors since the average summer ablation 
rates in blue ice are significantly higher than the average annual rates (Faure and Bucha-
nan, 1991; Bintanja and others, 2001). The results obtained from bare blue ice may also 
include an additional error due to the rippled surface typical of  blue-ice areas.The wave 
height of  the ripples increases throughout the summer, as most ablation occurs in the 
wave troughs (Bintanja and others, 2001). The stakes weremeasured in relation to the 
level of  the highest points of  the surrounding ripples. This method has been found to 
underestimate the true ablation on bare blue ice by 6–15% (Bintanja and others, 2001). 
Large temporary changes in surface snow conditions in the blue-ice areas have also 
been reported during the summer seasons, and at the ice/snow margin the surface con-
ditions may have changed from year to year. All these errors disappear, however, when 
many years of  data are considered.

Originally the stake net was well distributed in order to observe the general fea-
tures of  the mass balance and the average net balance in the area. However, stakes in-
stalled in the accumulation area and the area of  the highest ablation values are now lost, 



51Paper I

so the average net balance value of  the area now best represents the net balance in the 
areas close to the equilibrium line. 

DISCUSSION

There is a relation between annual ablation rate and altitude for various blue-ice areas 
(Bintanja, 1999). Scharffenbergbotnen is a blue-ice area at 1200 m a.s.l., and the ob-
served ablation rate is at the lower limit of  expected values for its altitude. An inverse 
relation between the ablation rate and the ice-surface elevation that has also been re-
ported from other blue-ice areas (Budd 1967; Faure and Buchanan,1991) is observed 
in the main blue-ice field in Scharffenbergbotnen. We observe a gradient of  about 25 
cm w.e. per 100 m elevation change (Fig. 6) compared with only about 2.5 cm w.e. per 
100 m observed by Faure and Buchanan (1991). The difference is probably due to the 
strong heating effect of  the steep rock walls around Scharffenbergbotnen. We also ob-
served that the distance to the rock correlates with the ablation rate for blue ice. In the 
Scharffenbergbotnen valley, the distance between most of  the stakes and the rock in-
creases with increasing elevation. Thus, it is difficult to estimate which part of  the de-
crease in ablation rate is due to the increase in elevation and which part to the increase 
in distance to rock outcrops. It seems likely that rock heating dominates in comparison-
with other blue-ice areas. 

Taken together, the results indicate that there has been little trend in net balance 
over the period studied.This, however, may be a logical consequence of  the fact that 
survival of  stakes near the equilibrium line biases the data towards that region.What is 
most interesting, however, in terms of  blueice area sensitivity to climate change, is to 
study changes in the snow/blue-ice transition zone.There is some indication of  a re-
cent increase in accumulation in the snow-covered areas. Simultaneously, there appears 
to be an increase in ablation rates in the peak ablation area of  the blue-ice area, while 
no change has occurred near the equilibrium zone. Increased ablation is expected in a 
warmer climate since the sublimation rate increases with increasing incoming longwave 
radiation (Bintanja and Van den Broeke, 1995). The increased snow precipitation onto 
the blue ice can decrease the sublimation rate only temporarily since any snow on blue 
ice tends to be blown away efficiently by gusty winds (Bintanja, 2001). This enables a 
negative surface mass balance to be maintained on blue ice by sublimation. Since there 
are so few measurements onblue ice and none in the area of  highest ablation rates over 
the whole 14 year period, it is impossible to estimatewhether the observed slight in-
crease in the averagenet balance in snow in the Scharffenbergbotnen valley is balanced 
by the decreased values of  net balance in bare blue ice.

Large spatial and temporal variations in net accumulation have been observed in 
Dronning Maud Land. Isaksson and Karlén (1994) discuss snow-accumulation varia-
tions in Dronning Maud Land between 1975 and 1988. The observation point closest 
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in that period to Scharffenbergbotnen was 27 km to the northwest of  the valley, and 
showed a decreasing trend in the observation period. On the other hand, Isaksson and 
Karlén also found a 12% increase in accumulation from the period 1957–74 to 1975–
88. Sommer and others (2000) found no trend in accumulation rates in Dronning Maud 
Land for the last few decades, but variability on decadal time-scales was about 20%. 
Large accumulation trends have been reported in several other places in Antarctica, 
and both trend and decadal-scale variation may be related to the Antarctic Oscillation 
(AAO) index (Thompson andWallace, 2000). The large trend in the AAO over recent 
decades is presumably driven by the decrease in stratospheric ozone, intensifying the 
polar stratospheric vortex which leads to stronger westerly winds and to changing pre-
cipitationpatterns inmuch of  Antarctica.The rather striking changes due to AAO trends 
contrast markedly with the observations presented here, which seem to show only mi-
nor changesor none at all. Indeed the equilibriumzone appears to have undergone no 
change over the 14 year period of  the observations, during which the AAO has been 
declining at about 3% a–1.

CONCLUDING REMARKS

The mass-balance results for the Scharffenbergbotnen blueice area can be summarized 
as follows:

(1) Changes in accumulation and ablation rate have been slight.There is a 
marginally significant increase in snow accumulation over the latter part 
of  the 14 year observation period (at the 95% confidence level).

(2) There is a similarly marginally significant increase in ablation in the blue-
ice area farthest from the equilibrium zone. 

(3) The snow/blue-ice transition zone shows no change over the whole pe-
riod of  observation, and the ablation rate shows no change over the 14 
year period.

The results of  direct stakemeasurements suggest that the mass-balance gradient in 
Scharffenbergbotnen may have become steeper during the period 1988–2002, but the 
equilibrium line has not changed. This may indicate that the blue-ice areas are relatively 
stable to change in accumulation rate, and possibly temperature. Since there are only a 
few detailed mass-balance studies on Antarctic blue-ice areas and since the time series 
are still relatively short, it is important to continue the direct net balance studies in order 
to obtain a longer time series to verify this presumption. 
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Abstract. Snow radar profiles were measured in Dronning Maud Land, 
East Antarctica, in the vicinity of  the Finnish research station Aboa during 
austral summer 1999/2000. The aim was to study the annual layering in 
the upper 50 m of  the snowpack and to compare the results obtained by 
three radar antenna frequencies (50, 100 and 800 MHz). Intercomparison 
of  the radar profiles measured by the three frequencies shows that some 
individual internal layers are visiblewith different antennas. Sparse accu-
mulation-rate data from stake measurements and snow pits are compared 
with layer depths. The comparison reveals a great deal of  scatter due to 
the large interannual variability in accumulation patterns. Using the radar 
layers as isochrones together with a model of  depth–density–radarwave 
velocity allows the individual accumulation data to be integrated, and a 
better estimate of  accumulation patterns is obtained. Using the radar lay-
ering seems to be a much better method of  estimating accumulation rate 
in this region than using a short series of  stakemeasurements, even in the 
absence of  deep ice cores to directly date the radar layering.

INtRODUCtION

The mass balance of  Antarctica is insufficiently well known. More data are desirable 
in the context of  current and possible future changes in climate, and the concomitant 
response of  the Antarctic ice sheet. Significant progress has been made using various 
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remote-sensing methods including groundbased and satellite radar sounding, but a ma-
jor source of  uncertainty is the probable large variability in accumulation and possibly 
snow properties both spatially and temporally, especially in regions close to the coast 
and in mountainous terrain. Accurate snow-accumulationdata over these regions are 
required in order to obtain a reliable mass-balance estimate. Ground-penetrating radar 
(GPR) has been successfully used for snow-accumulation studies in Svalbard (Kohler 
and others, 1997; Pälli and others, 2002) and Antarctica (Richardson and others, 1997).
The advantage of  using GPR is that it is time-efficient; large areas can be covered 
quickly and the temporal and spatial variability in snow accumulation obtained. The 
disadvantage is that for the accumulation rates to be absolute rather than relative, the 
radar layers must be dated in at least one location (usually with an ice core). Once the 
depth–density profile is accounted for, and any layer thinning due to ice flow corrected 
for, the present and past accumulation rates can be found (e.g. Morse and others, 1998; 
Pälli and others, 2002). As we lack an ice core along our radar profile, we use the limited 
accumulationrate data from a few stakes and pits along the profile to estimate the age 
of  radar layers.

Snow-accumulation studies usuallyemploy high-frequency radars because of  their 
their high resolution (Richardson and others, 1997), but low-frequency radars (e.g. 50 
MHz) can also be effective (Pälli and others, 2002). The lower frequencies are particu-
larly useful for determining the accumulation rates further in the past or over longer 
time periods, as they have much greater penetration depths and tend to show only the 
strongest, most continuous reflectors. Few studies, however, have been based on the re-
sults obtained using different radar antenna frequencies. Fujita and others (1999) com-
pare pulse radar frequencies of  60 and 179 MHz within the topmost 100–700 m of  the 
surface of  the East Antarctic ice sheet, and discuss the various scattering mechanisms. 
In this paper, we compare three different antenna frequencies for accumulation stud-
ies within the uppermost 50m of  the snowpack in Antarctica. We used a commercial 
Ramac GPR (Malå Geoscience).

FIELD DAtA

A 5.5 km stake line (see Fig. 1) was measured with antenna frequencies of  50,100 and 
800 MHz in order to compare the reflection horizons and study the cause of  the reflec-
tions.The line started on the glacier about 6 km from the Finnish research station Aboa. 
The first 5 km are on level terrain, while the last 500 m ascend the slope of  the Basen 
nunatak toAboa.The bedrock drops quickly away from Basen to give an ice thickness 
of  300–400 m along the profile (Ruotoistenmäki and Lehtimäki, 1997). Two snow pits 
and a 10 m core (A2) were drilled along this profile (Fig 1). Snow-accumulation-rate 
data for 2 years are available from several stakes along the line, and from several earlier 
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sets of  stakemeasurements along the profile, which has been on the area’s main route 
southward for many years.

The radar technique involved driving the profile lines on a snowmobile carrying 
a differential global positioning system (GPS) (Javad Positioning System). The radar 
transmitter and receiver antennas for the 50 MHz measurements were mounted on a 
non-metallic sledge, which was pulled 7 m behind the snowmobile. The radar control 
unit and computer were mounted on the snowmobile together with the roving GPS re-
ceiver. The 800 and 100 MHz antennas were shielded units and could be pulled closer 
behind the snowmobile: the 100 MHz system was pulled about 5m behind in its own 
sealed housing; the 800 MHz system was pulled about 2 m behind the snowmobile us-
ing rigid struts to keep it at a fixed distance. No trace stacking was done, and data were 
collected on a laptop computer. Table1 shows the radar collection parameters. Post-
processing of  the radar data was done using the Haescan program (Roadscanners Oy). 
Amplitude zero-level correction was applied, background noise was removed and verti-
cal high-pass and low-pass filtering in time domain was performed.

We compare our radar accumulation-rate datawith those derived from snow-pit 
and core observations along the profile.The cores andthe snowpits were sampled to de-
lineate stratigraphy and density. Figure 2 shows the density profiles obtained from the 
A2 core and the 20 m C1 core obtained a few km to the west of  the profile.

Fig. 1. Map of  the Aboa area 
showing the radar transect and the 
location of  the cores, snow pits, 
stakes and surface velocity vectors 
(arrows) for theA2 and A4 stakes.
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Antenna 
frequency

MHz

Number of  
samples

Time window 
                     

ms

Trace interval 
                         

s

Average trace 
interval

m

50 2048 4.762 0.5 1.7
100 2048 2.286 0.5 1.7
800 1024 1.968 0.25 0.8

COMPARISON OF ANtENNA FREqUENCIES 

Vertical resolution in firn of  the 800, 100 and 50 MHz antennas estimated from their 
bandwidths is about 0.2, 1.4 and 2.5 m, respectively. Thus, the radar responsemeasured 
with the lower frequencies does not originate from individual layers, butmore likely it 
results from many reflectors as interference patterns (Moore, 1988; Kohler and others, 
1997). For the two lower antenna frequencies, the data showno response fromtheupper 
1–2 m due to the length of  the transmitted pulse.

Figure 3 shows the radar stratigraphy for the three frequencies along the profile 
line. To compare the various reflections seen at the different frequencies, we picked the 
strongest, most continuous reflecting horizons that are visible in more than one profile 
with different antenna frequencies. The amplitude of  the reflections varies from place to 
place, but we chose the layers that are generally visible throughout the profile. The large 
range in antenna properties means that only a few layers overlap, and we have picked 
out two layers that appear on more than one radar profile. We also marked layers 1 and 
4, which are only visible in the 800 and 50 MHz data, respectively, to indicate the range 
of  layering available with the different antennas.There are no single continuous reflect-
ing horizons in the 800 MHz profile, but what appear more like reflection bands. The 
high resolution of  the antenna and the relatively long horizontal trace interval (about 
0.8 m) probably explains this.The high resolution allows scattering from very thin, dis-
continuous and weakly reflecting layers to be observed, confusing the general picture. 
Many strong, continuous layers are visible in the 100 and 50 MHz profiles (Fig. 3).

The subsurface undulation of  the radar horizons is consistent in all the GPR pro-
files. It is widely accepted that the radar layers are isochrones (e.g. Richardson and oth-
ers, 1997; Morse and others, 1998; Fujita and others, 1999) and that their depth is there-
fore related to accumulation rates and also to the ice flow. The surface ice-flow velocity 
is almost perpendicular to the profile (Fig. 1), but at 5 ma–1, even ice that is 100 years 
old and 50 m deep will have originated only about 500 m away from the profile.The un-

Table 1. Measurement parameters for each antenna in the GPR survey
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dulations of  the radar horizons are clearly related to the surface topography along the 
profile (Fig. 4). There is a small surface hump at about 600–700 m along the profile. Fig-
ure 4 shows that the layers are shallowest near the top of  this surface hump, though the 
exact horizontal position of  this feature relative to the surface rise is to the north in the 
radar layers close to the surface and to the south in the deeper layers. The surface eleva-
tion is lowest in the beginning of  the profile (southern end), and there is another surface 
trough at 1000 m (Fig. 4). The local layer depth maximum is 200–400 m north of  the 
surface trough, and the depth maximum is further south in deeper layers.The horizontal 
displacement of  the layer depth maximum shows more variation than the layer depth 
minimum at the surface hump. Ruotoistenmäki and Lehtimäki (1997) provide a map of  
bedrock topography along the profile, showing a local rise that is about 100 m higher 
than the bedrock elevationwithin 1 km on each side of  it.This bedrock rise is in the vi-
cinity of  the observed surface hump, and must control the surface topography despite 
local accumulation-rate effects acting to smooth the topography.

Fig. 2. Density profiles from the 20 m C1 (solid line) and 10 m 
A2 (dashed line) cores.
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ACCUMULAtION RAtES

Accumulation rates along the line are available from two sources. Detailed snow-pit 
stratigraphy gives accumulation rates at 0.1 and 3.1 km distance (Fig. 4), and from repeat 
measurements of  stake exposure above the snow surface. We use density data fromthe 
two pits (at A5 and A2) to estimate water equivalent accumulation. Of  five stakes origi-
nally placed along the 5 km section of  line in January 1997 (personal communication 
from T. Ruotoistenmäki, 2000), two were not found (presumably they were buried, 
though they may have been blown away), so we have stake accumulation data spanning 
2 years at three sites A5,A4 andA2 (at 0, 0.98 and 2.98 km distance). The buried stakes 
also give minimum accumulation rates; we assume that 20 cm of  the stakes were above 
the snow surface but could not be seen (data at 1.94 and 3.88 km; Fig. 4).

It can be seen in Figure 4 that the accumulation rates follow the general pattern of  
highs and lows in the radar layering. However, a direct comparison requires conversion 
of  the radar layering to a real snow depth and then to an age to verify that the layer is at 
a depth consistent with accumulation rates and density structure at the particular place 
along the profile. We can neglect the differential layer thinning due to ice flow, as we are 

Fig. 3. The complete radar 
profiles at (top to bottom) 50, 
100 and 800MHz along the 
5.5 km profile. Layers 1–4 
are marked in the profiles, 
and ages are modelled at sites 
A5, A4 and A2 (Table 2). 
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Fig. 4. Four layers seen in the 
radar profiles (Fig. 3): 800 MHz 
data shown as solid lines in dark 
grey, 100 MHz data as dashed 
lines in light grey, and 50 MHz 
data as dashdot lines in black. Lay-
er 1 (top) is seen only in 800 MHz 
data; layer 2 in all data; layer 3 in 
50 and 100 MHz data; and layer 
4 only in 50 MHz data.The ac-
cumulation rates derived from the 
snow pits and stake measurements 
are shown as black squares with the 
error bars. Surface topography along 
the profile is shown at the top. 

concentrating on the top 50 m of  the 300– 400 m thick ice sheet. To comparehow well 
the accumulation rates measured from the stakes agree with the radar isochrones, we 
must model the densification rate and age–depth and radar-travel-time–depth relations 
at locations along the traverse. We do this using the densification model of  Herron and 
Langway (1980) which requires knowledge of  surface density, accumulation rate and 
10m temperature. We have good data to do this at 0 km, where we have stake accumula-
tion rates and densities from a snow pit, and at site A2 where we also have stake accu-
mulation rates, the ice 10m temperature fromthe borehole (–17°C) and density. Site A4 
(0.98 km) also has good accumulation-rate information, and we assume densities aver-
aged between snow pits. With the Herron and Langway (1980) densification model, the 
radar two-way travel time t to any layer depth can then be calculated from the empirical 
equation (Robin, 1975) 

	 	 	 	 	 	 	 	 	 (1)

where c is the speed of  light, ρ is the average snow density (relative to water) between 
the surface and a depth D, and la is the antenna separation (15 cm for the 800 MHz, 1 
m for the 100 MHz and 2 m for the 50 MHz system).We neglect wave refraction within 
the snowpack since density changes have a negligible effect on wave path length with 
such small antenna separations.

Table 2 compares the model ages of  the four prominent layers seen in Figures 3 
and 4 by each antenna at three locations. There is clearly a lot of  scatter in the ages de-
rived for the layer. It may be that the radar layering is not an isochrone, possibly because 



64 Sinisalo and others: Snow-accumulation studies in Antarctica

of  interference effects. However, the sensitivity to interference effects can be estimated 
by comparing the ages of  layers with the different antennas, which is the range shown 
in each cell for layers 2 and 3 in Table 2 and is no more than a few years. The degree 
of  scatter in the modeled ages is therefore largely due to the sensitivity of  the model 
to the accumulation rate at each site, which is affected by the rather large interannual 
variability of  precipitation and the snowdensity. Figure 2 shows that the density profiles 
of  cores in the region can differ in the upper few metres, and the pit at A5 has a near-
surface density of  464 kg m–3 compared with that at A2 of  402 kg m–3. Isaksson and 
Karlén (1994) report the 1988 and 1989 accumulation rates along an earlier stake line on 
the same route with about a 50% lower accumulation in 1988 than in 1989. A firn core 
from about 30 km south of  the profile spanning the years 1975–89 showed similar in-
terannual variations and a net decrease from about 45 to 25 cm w.e. a–1 over the whole 
time period (Isaksson and Karlén, 1994). However, Sommer and others (2000) report 
that decadal variability of  20% in accumulation is typical of  Dronning Maud Land, and 
Richardson and others (1997), on the basis of  radar estimates of  snow layering, con-
clude that the area exhibits generally static accumulation patterns with large year-to-year 
variations, probably due to variations in wind variability accentuated by the local nuna-
taks. These results highlight the errors possible in estimating accumulation rates from 
very short series of  measurements on stakes and on density data froma small number 
of  snow pits.

We may assume that accumulation rates have not changed significantly over the 
past 100 years at any particular place along the radar profile, and therefore the best age 
estimate of  the layers in Table 2 is the mean of  the ages at each site. This procedure al-
lows all the accumulation data to be utilized in a consistent way to derive a set of  ages. 

Table 2. Model ages (years) of  four layers at sites A2, A4 and A5.

Location   Layer 1   Layer 2   Layer 3  Layer 4

(distance in km in Fig. 3)

A5 (0)     15   42–43   69–73   120

A4 (0.98)   8   25–27   39–42   79

A2 (2.98)   9   29–31   47–50   97

Notes: Parameters used in the model: 10 m temperature = –17˚C; A5: b = 0.325 m a–1, 
ρsurface = 464 kg m–3; A4: b = 0.404 m a–1, ρsurface = 435 kg m–3; A2: b = 0.23 m a–1, 
ρsurface = 402 kg m–3.
Layer 1: 800 MHz only; layer 2: all antennas except no 800 MHz data at A5; layer 3: 50 and 100 MHz 

antennas; layer 4: 50 MHz only.
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From the layer ages, the accumulation is then immediately available along the profile, 
using the densification model with Equation (1). Using this procedure, the long-term 
accumulation rate at A5 is rather more than that found from the pit and stake measure-
ments fromthe last 2 years. If  the surface snowdensity were closer to that at A2 (or in-
deed to the other pits and ice-core sites in the area, such as C1), then the modeled layer 
ages would be about 15% less, putting them very close to the A2 estimates.

It is clear that the accumulation-rate data given by each antenna are equally valid, 
so the difference between the antennas is about the trade-off  between resolution and 
depth of  penetration, as all seem adept at following layering that can give accumulation 
rates. Potentially the 800 MHz radar should reveal individual annual layers, but the vari-
ation in layer thickness along the profile in this mountainous region would require more 
closely spaced traces than are used here. 

CONCLUSIONS

Comparison of  radar profiles obtained at three different frequencies along a 5.5 km 
route highlights the complementary layering seen at each frequency. Fromthe practical 
viewpoint of  studying snow accumulation, the higher frequency (800 MHz) obviously 
gives the best resolution, especially in the upper few metres. However, the scattering of  
the radar energy from many individual points makes the snowlayering harder to follow 
with the high-frequency antenna. Probably the performance would have been better 
with a shorter horizontal trace interval. The 50 and 100 MHz profiles givemuch clearer 
layering, as they tend to smooth local variations in the snowpack, at the expense of  low-
er vertical resolution, and loss of  signal in the upper metres. However, the layering at 
all frequencies is consistent in terms of  its variability along the profile, and seems to be 
correlated with surface topography (reflecting bed topography) and with accumulation 
found from snow pits and stake measurements.

Using depth–density and depth–radar-travel-time relations, the age of  radar layers 
can be estimated based on surface estimates of  accumulation rate and temperature. We 
find that this gives ages with rather large scatter for continuous radar layers, which are 
known to be isochrones. However, the scatter is much more likely to be due to errors 
in the mass-balance data than to errors in radar interpretation caused by interference 
effects or lack of  resolution. Once the age of  a radar layer is determined, the accumu-
lation rate follows from the depth–density–travel-time model used. The radar accumu-
lation measurements have the advantage over traditional stake mass-balance measure-
ments that they can be used to integrate the separate short time series from stake data 
into more reliable mass-balance measurements by utilizing the fact that the radar layers 
are isochrones.
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Abstract. Ground-penetrating radar (GPR) surveys in Scharffenberg-
botnen valley, Dronning Maud Land, Antarctica, complement earlier, rela-
tively sparse data on the ice-flow dynamics and mass-balance distribution 
of  the area. The negative net surface mass balance in the valley appears 
to be balanced by the inflow. The flow regime in Scharffenbergbotnen de-
fines four separate mass-balance areas, and about 60 times more ice enters 
the valley from the northwestern entrance than via the narrow western 
gate. We formalize and compare three methods of  determining both the 
surface age gradient of  the blue ice and the dip angles of  isochrones in 
the firn/blue-ice transition zone: observed and dated radar internal re-
flections, a geometrical model of  isochrones, and output from a flowline 
model. The geometrical analysis provides generally applicable relation-
ships between ice surface velocity and surface age gradient or isochrone 
dip angle.

INtRODUCtION

Many Antarctic blue-ice areas (BIAs) are known to have very old ice at the surface 
(Whillans and Cassidy, 1983; Bintanja, 1999). However, the dating of  the surface ice is 
still problematic. The easily recoverable ancient surface ice could be of  great value for 
palaeoclimatic purposes if  the dynamics and the internal structure of  the BIAs were 
better known (Bintanja, 1999).

Scharffenbergbotnen is the best-studied Antarctic BIA from the glaciological 
point of  view. However, the flow regime and the surface age distribution of  the area are 
still partially unknown. Flow models and 14C analysis show that the age of  most of  the 
surface blue ice varies between 10 000 and 100 000 years (Van Roijen, 1996; Grinsted 
and others, 2003), but there are large differences in ages found by each method. No sig-
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nificant changes in surface mass balance have been observed over a 14 year measuring 
period in Scharffenbergbotnen (Sinisalo and others, 2003a). The temporal mass-balance 
record from the area therefore suggests that the BIA is relatively stable. However, there 
are large spatial variations in accumulation rates in the valley.

Ground-penetrating radar (GPR) has been successfully used to study the spatial 
accumulation distribution elsewhere in Antarctica (e.g. Richardson and others, 1997; 
Sinisalo and others, 2003b). In this paper, we use GPR to study the spatial mass-balance 
distribution and the internal ice dynamics of  Scharffenbergbotnen. We calculate the ag-
es for continuous reflecting horizons taking them to be isochrones, which are then used 
to complement the accumulation data in the valley. There have been several attempts 
to model the ice flow in Antarctic BIAs (Naruse and Hashimoto, 1982; Whillans and 
Cassidy, 1983; Azuma and others, 1985). The ice flow has been modelled in Scharffen-
bergbotnen by Van Roijen (1996) and Grinsted and others (2003). The latter model is 
tested here by comparing the modelled isochrones with those observed by GPR near 
the equilibrium line between the firn and BIAs.

FIELD SItE 

Scharffenbergbotnen, northwest Sivorgfjella, Heimefrontfjella, is a closed valley with an 
inflow from the surrounding ice sheet. There are two separate BIAs in the valley (Fig. 
1). Although the BIAs are characterized by ablation, the surrounding glacier firn areas 
present positive accumulation, with equilibrium lines that approximately follow the pe-
rimeter of  the BIAs. The large closed-type BIA dammed by the mountains covers the 
eastern part of  the valley. A smaller, open-type BIA where the ice flow is not stopped 
by mountains forms a surface depression at the northwestern entrance. Ice apparently 
flows into the valley from the wide northwestern and the shallow, narrow western en-
trances, and from an icefall at the eastern end of  the valley. The maximum ice thick-
ness is about 1000 m (Herzfeld and Holmlund, 1990). The area is described in detail 
by Jonsson (1992) and Sinisalo and others (2003a). The age of  the surface blue ice in 
Scharffenbergbotnen has been determined by 14C analysis of  shallow ice cores. From 
this analysis the surface ice appeared to be 1±5 kyr old, though occasionally >24 kyr 
(Van Roijen, 1996). However, the oldest surface ice is >100 kyr old according to the lat-
est flow model (Grinsted and others, 2003). 

MEASUREMENtS AND MEtHODS

The GPR survey (Fig. 1) with precise global positioning system (GPS) was made using 
a 50 MHz Malå Geoscience pulse radar and the same settings as described in Sinisalo 
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and others (2003b). The objective of  the survey was to track and date radar isochrones 
to map the mass balance in the valley, to determine the surface age gradient of  the blue 
ice and to study the dip angles of  the isochrones at the firn/blueice transition zone.
It is essentially proven that the continuous reflecting horizons detected by GPR repre-
sent isochrones in the firn pack (Eisen and others, 2003a, b; Sinisalo and others, 2003b). 
The two-way travel times ttw of  the radar wavelet are converted to the real depths D by 
using Robin’s (1975) expression

	 	 	 	 	 	 	 	 	 (1)

where c = 3 ×  108 ms–1 is the speed of  light in a vacuum,    is the mean density of  the 
firn calculated from the surface to the depth D and la = 2 m is the antenna separation.

A correction for strain thinning of  layers with depth must be made in order to 
calculate the age of  the isochrones at each depth. In general, the layers followed are not 
very close to the bed, and a range of  plausible layer-thinning models give very similar 
results. Hence, the layer thinning with depth is estimated using the simple model by Nye 

Fig. 1. Scharffenbergbotnen 
valley in western Dronning 
Maud Land, Antarctica. 
Map coordinates are Universal 
Transverse Mercator (UTM) 
zone 29C determined by pre-
cise differential GPS posi-
tions; the base map is based 
on Jacobs and Weber (1993) 
with map coordinates shifted 
by 75m eastward and 190m 
southward to match ground-
control points. The GPR lines 
used to determine the mass-bal-
ance distribution in the valley 
are plotted; the data shown in 
Figures 3 and 5 are from the 
thicker-line section.

‾ρ



72 Sinisalo and others: Scharffenbergbotnen blue-ice area dynamics

(1963) which predicts the age T at a depth Dwe (in water equivalent (w.e.)) via

	 	 	 	 	 	 	 	 (2)
	 	 	 	 	 	 	 	
where ac is the mean accumulation rate in m w.e. a–1, and H is the total ice thickness 
in mw.e. The method used to calculate the age of  a layer requires some knowledge of  
accumulation, which can be estimated from the relatively sparse and short-period stake 
measurements.

The mass-balance distribution was calculated from the stake measurements, firn-
core, blue-ice-core and snow-pit studies and the GPR measurements made in the valley 
(Jonsson, 1992; Grinsted and others, 2003; Sinisalo and others, 2003a). The stakes were 
also used to measure the horizontal velocity field in the valley (Van Roijen, 1996; Grin-
sted and others, 2003; Sinisalo and others, 2003a). The locations of  these are shown in 
Figure 1.

RESULtS 

Radar isochrone dating
To estimate the surface age gradient in the vicinity of  the BIAs from the GPR data the 
isochrones must be dated first. The density–depth profile was calculated from Herron 
and Langway (1980) assuming a constant average surface snow density of  400 kg m–3, 
which appears to be independent of  actual accumulation rates at many sites in Antarc-
tica (Spencer and others, 2001). Ice-thickness data come from Herzfeld and Holmlund 
(1990). To test the dating method, the age of  the same isochrone was calculated at its 
closest points to stakes 4 and 17 (Fig. 1) using the mean accumulation rates over a 6 
year period measured from these two stakes (Sinisalo and others, 2003a). The stakes are 
located on firn, between the two BIAs (Fig. 1). The parameters used and the calculated 
depths and ages are shown in Table 1. The layer depths obtained correspond to a mean 
permittivity of  2.8–3.0 over the thickness of  the firn pack above the layer. The error in 
the calculated age for the same layer at stakes 4 and 17 is about 6%. The result is sat-
isfactory when taking into account errors in stake measurements (Sinisalo and others, 
2003a).

Mass balance
It is essential to know the surface mass-balance gradient along the flowline in order to 
calculate the surface age gradient. The accumulation rates along the GPR profiles are 
calculated by tracking continuous layers. A 3 year mean of  the accumulation measured 
by a Dutch automatic weather station (Fig. 1; Reijmer, 2001) was also used with the 
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Table 1. Age–depth calculation at the locations of  stakes 4 and 17 and the Dutch automatic 
weather station (AWS) (see Fig. 1)

Note: the age and depth are calculated for the same layer at stakes 4 and 17 to test the dating method. 
the layer studied at the AWS is used to study the massbalance distribution outside of the valley and it 
is different from the one studied at the stakes.

GPR data to study the accumulation distribution outside of  the valley, where no direct 
stake measurements are available.

Equations (1), (2) and the density–depth profiles are solved iteratively using the 
mean of  the calculated ages for the layers at each GPR sounding along the GPR ground 
track. The ablation rates on the BIAs were found from stake measurements supple-
mented by rates from the 14C analysis of  ice cores (Van Roijen, 1996; Van der Kemp 
and others, 2002).

The surface mass-balance map based on the GPR, stake, snow-pit and ice-core 
measurements is presented in Figure 2a. This shows that the net surface mass balance 
in the valley is about –215 × 103m3 a–1 (Table 2).

The ice surface velocity is measured from stakes in the valley (Van Roijen, 1996; 
Sinisalo and others, 2003a) and then interpolated to cover the whole area. Figure 2b 
shows that the valley can actually be split into different massbalance zones based on 
the surface velocity data and on the moraine formations. The calculated inflow from 
the narrow western gate to area B is about 3.7 × 103m3 a–1. Thus, the net surface mass 
balance, –3.5 × 103m3 a–1, of  area B is almost exactly balanced by the inflow, and it 
can be said that area B is in steady state. The influx from the northwestern entrance is 
much more difficult to define due to sparsity of  surface velocity data measured from 
the stakes. However, the influx through the entrance to area A as outlined in Figure 2b 
would have to be about 211 × 103m3 a–1 to balance the net ablation in the valley. Area 
C is fed by local accumulation along the side-wall valley nunataks. The total ablation 
based on the stake measurements in area C is about 64 × 103m3 a–1 and it must be bal-
anced by the local accumulation if  the area is in steady state. No stake-balance or veloc-

Stake Accumulation 

rate
m w.e.

Ice thickness

m

two-way travel 

time
ns

Layer depth

m w.e.

Calculated age

years

4 0.075 240 527 37.1 542

17 0.040 800 286 19.2 486

AWS 0.284 1200 377 24.1 86
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Table 2. Mass-balance distribution in the valley

Notes: The areas of the mass-balance calculation are outlined in Figure 2b. Influx A is calculated as-
suming a steady state, and influx B is calculated with a mean velocity of 0.1 m a–1, mean depth of 
80 m and width of 460 m.

ity data are available for area D at the eastern end of  the valley. However, locations of  
the moraines and visible bands on aerial photographs (Jacobs and Weber, 1993) allow 
us to define the boundary between areas A and D. Calculating ablation rates for area D 
from stakes at the boundary between the areas gives a total ablation of  21 × 103m3 a–1 
which should be balanced by a flux from the accumulation area on the icefall itself  and 
outside of  the valley in steady state. If  the area is in balance, a surface velocity of  about 
0.20 m a–1 is needed across the equilibrium line in area D, which is similar to the other 
measured velocities in the valley. 

The visible features of  the moraine formations in the valley seen in the aerial pho-
tographs provide evidence of  flow behaviour in the past. The moraine ridge between 
areas A and C is well defined and thick. This moraine may indicate that the boundary 
between areas A and C has remained more or less stationary for a long time. In con-
trast, the boundary between areas A and B is less well defined and may remain fairly dy-
namic except for a short but thick moraine at the eastern end of  the boundary. This is 
consistent with changing inflow through the narrow western gate as ice-sheet thickness 
changed over time. The icesheet elevation was about 20–40 m higher than at present in 
the vicinity of  Scharffenbergbotnen about 6–12 kyr BP (Van Roijen, 1996; Näslund and 
others, 2000). This would increase flow by 50% through the gate assuming that the ice 
velocities were unchanged for the period. It would take about 10–20 kyr for this pulse 
of  increased influx to travel from the gate to the moraine between areas A and B. 

The ice velocities and mass balance inside the Scharffenbergbotnen valley are 
much lower than those typical for the area (Richardson and others, 1997; Näslund and 
others, 2000; Fig. 2a) and therefore are not simply related to the climate conditions out-
side of  the valley. The ice that enters the valley diverges as the flowline turns south, and 
slows considerably (Fig. 2b). The flow of  ice into the valley is regulated by the extent of  
the divergence, which is heavily influenced by the ice-sheet mass balance. Much of  the 
ice from the higher-elevation accumulation area does not flow into the valley, but passes 
across the northwestern valley entrance to the west. During periods of  ice-sheet thick-

Net surface acc.

103m3
Net surface abl.

103m3
total surface mass 

balance

103m3

Estimated influx

103m3

Area  A 144.7 –355.9 –211.2 211

Area B 17.9 –21.4 –3.5 3.7

total 162.6 –377.3 –214.7 215
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ening as modelled after the end of  the glacial period (Van Roijen, 1996; Näslund and 
others, 2000), more ice flows into the valley, thereby raising the surface, and eventually 
inhibiting ice inflow. During periods of  thinning, less ice flows into the valley until abla-
tion of  the BIA lowers the surface, thereby compensating for reduced influx.

Surface age distribution
The surface age distribution in the firn/blue-ice transition zone can be found in three 
ways: by the dated GPR isochrones, by considering the geometry of  the isochrones and 
by a flowline model of  Grinsted and others (2003).

Three dated GPR layers that were used to determine the surface age gradient are 
plotted in Figure 3. The ages for the layers were calculated from GPR data at the top of  
the snow ridge in the vicinity of  stake 17 where the layers are flattest and the accumula-
tion rate is higher than elsewhere on the snow area along the flowline. The isochrones 
were followed to the firn/blue-ice transition zone where they come up to the surface 
and allow us to determine the surface age gradient. 

The along-flow surface age gradient (dT/dx) in the vicinity of  the equilibrium line 
can also be found geometrically. In steady state 

where t is time and the horizontal velocity u is constant. We assume that

where w(x) is the vertical velocity gradient along the flowline, x is the distance of  the 
outcropping layer from the equilibrium line, and b' and a' are the ablation and accumu-
lation gradients along the flowline. Layer thinning can be ignored in the firn/blue-ice 
transition zone for the near-surface layers. In steady state it can be written

        (3)

If  the ablation-rate and accumulation-rate gradients are similar, the righthand side of  
Equation (3) reduces to ~2/u. From Figure 2 it can be seen that a' is perhaps 1–2 times 
b' along the flowline, giving an age gradient from Equation (3) of  7–10 years m–1 using 
a mean surface velocity of  0.2 m a–1 in the firn/blue-ice transition zone (Fig. 2b).

The flowline model (Grinsted and others, 2003) was used at very high resolution 
in the equilibrium zone and gave a surface age gradient of  about 8 years m–1, whereas 
the horizontal age gradient derived from the GPR data is about 3–6 years m–1 (Fig. 3). 
Thus, the flowline model and Equation (3) are very consistent, while the observed radar 
isochrones give a lower gradient. There are several possible reasons for the discrepancy. 
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Model input data of  accumulation rates are averaged over a larger area than is used in 
the age calculation for the GPR horizons near stake 17. The surface density doubles in 
the firn/blue-ice transition zone in a relatively short distance, so there is also a horizon-
tal gradient for the permittivity. However, without any detailed measurements this has 
been ignored in the migration of  the GPR isochrones. The equilibrium line may also 
have migrated over time, i.e. non-steadystate condition, though its impact is hard to es-
timate and appears contrary to recent observation (Sinisalo and others, 2003a). 

Dip angles of isochrones
The dip angles of  GPR layers can be compared with the dip angles from geometric ar-
guments, and also with those from the flowline model isochrones (Grinsted and others, 
2003). The GPR data were migrated to obtain true angles for the dipping horizons as-
suming a constant permittivity of  2.9, which is consistent with Table 1, and mean den-
sity of  800 kg m–3 for the firn pack above the layers. The angles are calculated from 
depths in mw.e.

The processed GPR layers come up from the accumulation areas towards the BI-
As at an angle of  1–7° relative to the surface (Fig. 4). The measured angles are corrected 
by a factor of  1/cos ø , where ø is the horizontal angle between the GPR ground track 
and the ice-flow vector, in order to obtain along-flow dip angles and to compare them 

Fig. 2. Same as Figure 1, but showing 
(a) mass-balance distribution (mm w.e.) 
in the valley interpolated from stake, 
GPR, snow-pit and ice-core data; and 
(b) velocity distribution in the valley 
interpolated from stake data and areas 
of  different ice origin. The modelled 
flowline (Grinsted and others, 2003) is 
shown as a dashed line in (b).
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with the modelled isochrones.
Ideally, a single layer should be followed through each transition zone in the GPR 

data. However, this cannot be done due to the gaps in the data when they cross BIAs, 
so instead we consider layers from approximately the same depth. The angles in Figure 
3 are calculated for two layers of  20 and 30 m maximum depth to give a range. For the 
layers at the northern entrance of  the valley, the dip angles are low, as may be expected 
from the high velocity in the area. The 2° angle seen at the western edge of  the main 
BIA is due to the very low ablation-rate gradient there rather than high velocities.

The dip angle of  an isochrone can also be calculated if  the horizontal velocity u 
and the ablation and accumulation gradients b' and a' are known. From the layer geom-
etry, we obtain for the dip angle α 

	 	 	 	 	 	 	 	 	 (4)

Equation (4) shows the linear dependence of  the dip angle on the horizontal dis-
tance x from the equilibrium line. This is consistent with the GPR data which show 
near-surface layers less steep than the deeper ones (Fig. 3). However, our goal here is to 
demonstrate the relative changes in the dip angles on different sides of  the BIAs with 
different flow velocities and mass-balance gradients, and this we can do using layers 
from a small depth range.

The GPR layers and the flowline-model isochrones in the snow ridge between 

Fig. 3. A GPR section over the snow ridge between the BIAs in the valley (see Fig. 1). The main 
BIA is on the left side of  the snow ridge, and the smaller BIA on the right side. Ice flows from right 
to left in the figure. Note that the data are not migrated, i.e. the dip angles of  the layers appear steep-
er than they actually are. The ages of  the marked layers are 504, 853 and 1122 years.  
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BIAs are plotted in Figure 5. The dip angles of  both the observed and modelled iso-
chrones are 3–5° at the firn/blue-ice transition zone of  the main BIA. There is a relative 
lack of  agreement in the length of  the isochrones, because the modelled flowline (Fig. 
2b) and the GPR profile (Fig. 1) do not overlap all the way over the snow ridge. They 
separate at about 4 km in Figure 5 where the modelled flowline makes a curve whereas 
the GPR profile directly crosses it. As the ice flows from the small BIA to the firn area 
on the right side of  the snow ridge in Figure 4, the layers dip more steeply, which is ex-
pected due to the lower surface velocity on that side of  the ridge (Equation (4)) and is 
also predicted by the flowline model of  Grinsted and others (2003). 

CONCLUSIONS

The net surface mass balance in the Scharffenbergbotnen valley is about –215 × 103 
m3 a–1 which appears to be balanced by the inflow. The inflow through two gates and 
an icefall, together with accumulation along the valley sidewalls, leads to four separate 
mass-balance areas in the valley that are delineated by moraine formations. The limited 
evidence indicates that the area is close to balance, in which case about 60 times more 
ice enters the valley from the northwestern entrance than via the narrow western gate.

The blue-ice surface age distribution was obtained by three methods: by dated 
GPR isochrones, by considering the geometry of  the isochrones and by a flowline 
model. They give values of  3–10 years m–1 for the age gradient along a modelled flow-
line near the equilibrium line. The dated GPR isochrones give lower values (3–6 years 

Fig. 4. Same as Figure 1, but 
showing the dip angles (°) of  
isochrones relative to the surface 
from migrated GPR profiles 
across the equilibrium line to 
demonstrate the relative differ-
ences in them due to different 
horizontal velocities and mass-
balance gradients. The angles are 
corrected for ice-flow direction to 
be true dip (see Fig. 2b).
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m–1) than are found from the calculations based on the geometry and the flowline 
model which are consistent with each other. The discrepancy may be caused by dif-
ferent accumulation rates used in the flowline model and in the age calculation for the 
GPR horizons. Some of  the assumptions made in the GPR data processing may also be 
responsible, although the extent of  their combined impact is difficult to estimate. The 
equilibrium line may have migrated over time, though its impact is also hard to estimate 
and appears contrary to recent observation (Sinisalo and others, 2003a). 

The flowline model was originally designed for broaderscale dating of  blue ice, but 
the comparison with observational data shows that it gives promising results even over 
small scales. Equation (3) can be used to make a first estimation of  the surface age gra-
dient of  a BIA if  the horizontal velocity and mass balance are known. Equations (3) and 
(4) can be used to estimate the ice velocity if  GPR data over the outcropping isochrones 
are available and the mass-balance gradients are known.
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Abstract. We show that it is possible to extract a high-resolution (an-
nual) paleoclimate record from the surface of  a blue-ice area (BIA). The 
variability of  the surface stable-isotope values suggests that almost all the 
surface ice in Scharffenbergbotnen BIA, East Antarctica, is of  Holocene 
age. The isotopic changes across the BIA show that the modern climate 
there is warmer than the climate in the early- Holocene optimum (11 kyr 
BP). A volume-conserving ice flow model for the BIA constrained by iso-
topic variability and layer thicknesses, and a series of  14C ages indicate 
both that the BIA has been smaller than now, and that the surface veloci-
ties were considerably smaller during the Last Glacial Maximum. Changes 
in ice-sheet thickness drive the BIA towards present-day conditions. The 
relatively young age of  the majority of  the BIA also explains the lack of  
meteorite finds in this area, and may be typical for many BIAs in low-el-
evation nunatak areas.

1. INtRODUCtION

Antarctic blue-ice areas (BIAs) are known to have old ice at the surface (e.g. Whillans 
and Cassidy, 1983; Nishiizumi and others, 1989; Bintanja, 1999). Ablation in Antarctic 
blue-ice areas above 1000m is overwhelmingly dominated by sublimation rather than 
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melting (Bintanja, 1999). Such ice is likely to contain a high-resolution paleoclimate 
record that is easier to access than traditional deep ice cores. The dating of  surface blue 
ice is, however, demanding. Previously, blue-ice samples from various BIAs have been 
dated by terrestrial ages of  meteorites found on their surface (e.g. Whillans and Cas-
sidy, 1983; Nishiizumi and others, 1989), by 14C dating of  ice (Van Roijen and others, 
1995; Van der Kemp and others, 2002), by radiometric dating of  tephra layers found at 
the surface of  BIAs (Wilch and others, 1999) and by stratigraphic comparison with ice 
cores (Moore and others, 2006).

Isotopic composition of  polar snow and ice has been regarded as a valuable tem-
perature proxy in East Antarctica for decades (e.g. Lorius and Merlivat, 1977). Here, we 
make use of  the ratios of  heavy to light atoms of  both oxygen and hydrogen expressed 
as δ18O and δD values, respectively. The deuterium-excess, d (d = (δD – δ)δ18O), is 
assumed to depend mainly on the physical conditions in the source area for mid- and 
high-latitude precipitation. Changes in d are traditionally used as indicators of  changes 
in the average temperature of  oceanic moisture sources (Merlivat and Jouzel, 1979; 
Petit and others, 1991; Vimeux and others, 2001). However, Helsen and others (2006) 
showed that the vertical gradient in d excess over the moisture source area and the ki-
netic fractionation along the transport path have a prominent influence on the observed 
d values. 

There are very few paleoclimate data records from Antarctic BIAs. The only con-
tinuous horizontal stableisotope record, i.e. a δ18O record extracted from an ice sam-
ple cut from the surface of  a BIA along the flowline, has been extracted from Mount 
Moulton (76° S, 135° W; 2800 m a.s.l.) and covers 140 000 years (Popp and others, 

Fig. 1. Locations of  the shallow 
blue-ice cores (B1–B5), firn core 
(B6), snow pit (BP1), the 100 m 
horizontal ice core (SBB01H) and 
the 52 m vertical core (SBB01) 
in Scharffenbergbotnen (SBB). 
Supraglacial moraines are marked 
in black, mountains in dark gray 
and blue ice in light gray. The ice 
flow is from northeast into the val-
ley (dotted line). The ice passes 
through a small BIA and then 
terminates in the main BIA close 
to SBB01. 
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2004). However, this record does not include the Holocene since that part of  the BIA 
was covered by snow when sampling was done. 

Here we focus on the surface blue ice in Scharffenbergbotnen BIA, Dronning 
Maud Land (DML), (74° S, 11° W; 1200 m a.s.l.), where there is some uncertainty in 
the dating. Some authors argue that glacial ice is present at the eastern end of  the val-
ley (Van Roijen, 1996; Grinsted and others, 2003), but others have suggested, in general 
terms, that BIAs in DML may have been an accumulation area during the glacial pe-
riod (Bintanja, 1999). In this paper, we show that almost all the surface ice in the area is 
Holocene, based on the variability of  the stable-isotope values. We study the spatial and 
temporal isotopic changes in the BIA in terms of  climate variability, and compare re-
sults with other East Antarctic sites. Finally, we show results of  a simple model on how 
the dynamics of  the BIA may have evolved since the Last Glacial Maximum (LGM).

2. BACKGROUND

2.1. Study area
Scharffenbergbotnen (Fig. 1) is the best-studied Antarctic BIA. It is a valley located in 
the Heimefrontfjella mountain range at the edge of  the Antarctic plateau about 350 km 
from the coast. Several studies have been made of  its mass balance (Jonsson and Hol-
mlund, 1990; Jonsson, 1992; Sinisalo and others, 2003), ice flow and surface age distri-
bution (Van Roijen, 1996; Grinsted and others, 2003; Sinisalo and others, 2004), on the 
blue-ice surface properties (Bintanja and others, 2001) and on the moraines in the area 
(Lintinen and Nenonen, 1997; Hättestrand and Johansen, 2005).

The meteorological conditions in the valley and surrounding area are described in 
detail by, for example, Bintanja and Van den Broeke (1995a, b), Bintanja (2000a, b), Bin-
tanja and Reijmer (2001) and Reijmer (2001). The annual average temperature is about 
–20°C and wind speed is ~7m s–1 (Reijmer, 2001). Scharffenbergbotnen is located in 
the lee side of  the nunataks, and geostrophically and katabatically forced winds blow 
from easterly directions (Bintanja, 2000b). The precipitation is characterized by a highly 
intermittent accumulation record (Reijmer and Van den Broeke, 2003) with large spatial 
variations in the valley (Sinisalo and others, 2003). The present-day moisture source area 
is in the southern Atlantic Ocean (Reijmer, 2001; Helsen and others, 2006).

The meteorological conditions over the BIA differ from those over the snow-cov-
ered surroundings as the air over the BIA is warmer and the relative humidity is lower 
than over a snow site (Bintanja and Reijmer, 2001). These conditions contribute to the 
observed high sublimation rates of  blue ice. Surface sublimation over the BIA is sig-
nificantly higher than over snow (Bintanja and Reijmer, 2001), being >0.1 m w.e. a–1 at 
the southeastern end of  the valley (e.g. Sinisalo and others, 2003). Slight surface melting 
occurs during a few high-insolation days in the BIA. The surface water film, however, is 
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subsequently refrozen and removed by sublimation.
The main BIA in Scharffenbergbotnen is of  the closed type, i.e. the ice has no 

outflow from the valley (Grinsted and others, 2003), and therefore it must have old ice 
at the surface if  it is in steady state. According to geomorphological studies of  Hät-
testrand and Johansen (2005), the difference between the surface elevation in Scharffen-
bergbotnen and outside the valley is greater today than when the ice sheet was thickest, 
which probably occurred during the LGM. The debris cover of  the supraglacial mo-
raines on the surrounding slopes in and outside Scharffenbergbotnen suggests that the 
ice surface in the valley was 200–250 m higher, and the elevation of  the surrounding ice 
sheet only 50–150 m higher, at the LGM than today (Hättestrand and Johansen, 2005). 
The elevation decrease in the valley probably occurred gradually after the surrounding 
ice-sheet elevation had decreased after the LGM and ice overflow of  the nunataks at the 
eastern end of  the valley became insignificant. A decrease in surface elevation relative to 
the surrounding nunataks results in stronger katabatic flow, which has a positive feed-
back to the extent of  a BIA (Van den Broeke and Bintanja, 1995). The moraine struc-
tures strongly suggest that the inner part of  Scharffenbergbotnen must have been a lo-
cal ablation area during the LGM; i.e. a BIA has long existed in the valley (Hättestrand 
and Johansen, 2005).

2.2. Sample locations
A 52 m long vertical ice core (SBB01 in Fig. 1) was drilled in the innermost part of  the 
valley close to the end of  the current flowline during the austral summer of  1997/98 
(R. Bintanja and others, unpublished information). A 100 m horizontal ice core (SB-
B01H in Fig. 1) was collected, using electric chainsaws, from the surface of  the BIA 1 
km upstream from SBB01 in 2003/04. Approximately the top 20 cm was cut off  from 
the samples in order to remove a possible refrozen meltwater layer in the high-insola-
tion period, and to avoid any other disturbances from surface processes that may have 
influenced the ice composition.

In addition, a 10 m firn core (B6) and five 3m shallow cores (B1–B5) were drilled 
in the austral summer 1999/2000 (Fig. 1). In the same field season, a 2m snow pit (BP1) 
was also sampled at the northwestern entrance to the valley (Fig. 1). The details of  the 
subsampling of  the blue-ice cores and snow and firn samples are collated in Table 1.

2.3. Previous dating of Scharffenbergbotnen blue ice
Several blue-ice samples were dated using the 14C method described by Van Roijen and 
others (1994) and Van der Kemp and others (2002) and converted to calendar ages us-
ing the radiocarbon calibration curve of  Reimer and others (2004). The surface ages at 
the main BIA varied between 4000 and 14 000 years along the flowline (Fig. 1). These 
ages, however, have large uncertainties of  up to several thousands of  years. The 14C age 
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for the uppermost 45 m section of  the SBB01 is 9300±400 years (Van der Kemp and 
others, 2002) which corresponds to a calibrated calendar age of  10 500 (+700, –300) 
years. Unfortunately, a vertical age span cannot be determined for the ice core from the 
14C data.

Van Roijen (1996) used a numerical model of  the ice flow in the valley based on 
the shallow-ice approximation and compared its results to the 14C dating of  the ice 
samples. He obtained surface ages of  up to 60 000 years at the end of  the flowline at 
the eastern end of  the valley using three different surface velocity and mass-balance 
scenarios. Grinsted and others (2003) modelled the ice flow in the valley with a volume-
conserving model which assumes constant ice-sheet geometry over time, i.e. steady-
state flow. The flowline (Fig. 1) was chosen based on the measured velocity data (Van 
Roijen, 1996; Sinisalo and others, 2003) and is more realistic than the flowline that Van 
Roijen (1996) used, although the differences are not crucial. Grinsted and others (2003) 
used the measured accumulation and surface velocities (Van Roijen, 1996; Sinisalo and 
others, 2003) as input parameters, and obtained very old ages (~100 000 years) for the 
ice at the end of  the flowline. The difference between the modelled ages is most likely 
due primarily to different grid resolutions at the end of  the flowline where the ages are 
highest.

3. MEtHODS

3.1. Isotopic analysis
The δ18O and δD analyses of  the SBB01H and SBB01 cores were made at the Centre 
for Isotope Research, University of  Groningen, The Netherlands. The δ18O measure-
ments were performed with a Sira-10 isotope-ratio mass spectrometer with an adjacent 
CO2–H2O isotopic equilibrium system. The δD measurements were performed using a 
continuousflow system, consisting of  a Eurovector chromium reduction oven coupled 
to a GVI Isoprime. The accuracy (combined uncertainty) of  δ18O analysis was ±0.06‰ 
and of  δD ±0.7‰. The δ18O analysis of  the 3m blue-ice cores, and the 10 m firn core 
and 2 m snow pit was performed at the University of  Technology, Tallinn, Estonia, us-
ing a Finnigan- MAT Delta-E mass spectrometer. Combined uncertainty of  the analy-
ses was better than ±0.1‰. The δ18O and δD are both presented with respect to the in-
ternational consensus Vienna Standard Mean Ocean Water – Standard Light Antarctic 
Precipitation (V-SMOW–SLAP) scale (R. Gonfiantini, unpublished information). The 
accuracy of  d excess is ±1.3‰.

3.2. Isotopic paleothermometer
We use the isotope record as an indicator of  local temperature change in Scharffen-
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bergbotnen and compare it with other sites from East Antarctica. Although the time-
spans of  the individual isotope samples from the blue-ice cores are not known, based 
on present-day accumulation rates (Sinisalo and others, 2003), it is plausible to assume 
that most of  our samples span time periods of  several years to centuries. Hence, the 
influence of  seasonal extreme isotopic and temperature values that could invalidate 
the classical temperature interpretation of  isotopic variability is minimized (Helsen and 
others, 2005). However, it is necessary to make corrections both for elevation changes 
in Scharffenbergbotnen during the Holocene and for different ocean surface isotopic 
composition in the early Holocene. Thus, we calculate a change in δ18O values due to 
temperature change, ∆δ18Otemp, as

∆δ18Otemp = δ18Om  – (∆δ18OEC + γm∆δ18OSW),	 	 	 (1)

where δ18Om is the difference between the average δ18O values measured at two sites 
of  different age (Fig. 1), ∆δ18OEC is the change associated with elevation change in 
time, ∆δ18OSW is the change in isotopic composition of  ocean surface waters in time 
due to deglaciation and  m (= 0.6) is the temporal sensitivity of  δ18O to the changes in 
marine isotopic composition (Vimeux and others, 2002; Kavanaugh and Cuffey, 2003).

In addition, there are other factors, such as changes in the water-vapor source area 
(Kavanaugh and Cuffey, 2003), changes in precipitation seasonality (Werner and others, 
2001) and changes in the strength of  the temperature inversion (Van Lipzig and others, 
2002), which may have influenced isotopic changes in the Holocene. We assume here 
that these factors are secondary and can be discarded. We justify this assumption for 
some cases in section 4.2.

The decrease in surface elevation of  200–250 m in Scharffenbergbotnen during 
the Holocene (Hä ttestrand and Johansen, 2005) corresponds to a change of  9.3–12‰ 
in δD (1.2–1.5‰ in δ18O) using the present-day altitudinal lapse rate for δ18O val-
ues of  5.8‰ km–1 (Isaksson and Karlén, 1994). This lapse rate is calculated for δ18O 
values measured from 10m firn cores covering 15–30 years of  accumulation along a 
traverse that crossed the Scharffenbergbotnen area. We calculate a standard error, EC, 
for ∆δ18OEC of  ±0.1‰. The ∆δ18OSW was about +1.1‰ at the LGM compared with 
the present value (Labeyrie and others, 1987), and it was still +0.2‰ at 10 000 years BP 
(Waelbroeck and others, 2002).

The temperature change corresponding to a known ∆δ18Otemp can be calculated 
using the present-day spatial isotopic temperature gradient in Antarctica as a surrogate 
for the temporal isotopic temperature gradient (Delaygue and others, 2000; Masson and 
others, 2000; Jouzel and others, 2003). In this study, we use an isotopic temperature 
gradient of  1.16‰ K–1 from Isaksson and Karlén (1994). The gradient is greater than 
found elsewhere in Antarctica but it is calculated for samples drilled very close to our 
study area. We estimate that the error, σtemp = ±0.28‰ K–1.
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4. RESULtS AND DISCUSSION

The mean values of  the stable-isotope ratios, δ18O, and the population standard devia-
tions (in‰) for each core or pit are presented in Figure 2. The confidence interval (at 
95‰ level) was less than ±0.7‰ for all the δ18O mean values. Table 2 shows measured 
δ18O and δD values and the population standard deviations (in ‰) for SBB01 and 
SBB01H.

4.1. Age estimation of blue ice
Different climatic periods have different signatures in stable isotopes (e.g. Petit and oth-
ers, 1999). We determine whether the samples at a given site were deposited during a 
glacial or an interglacial period simply from the isotopic composition.

A rapid change of  ~40‰ in δD (5‰ in δ18O) in Antarctic ice is an indicator of  
a change between interglacial and glacial climates (e.g. EPICA Community Members, 
2006). Climate variability within the Holocene as measured along the EDML core (75° 
S, 0° E; 2900 m a.s.l.), the closest deep core to the study site in East Antarctica, caus-
es changes of  <2‰ in δ18O in the centennial-scale variability, and the maximum dif-
ference in decadal means of  δ18O is ~5‰ for Holocene ice (H. Oerter, http://doi.
pangaea.de/10.1594/ PANGAEA.264634). The standard deviation of  the δ18O values 
measured from B2–B5 in Figure 1 is <1.8‰, and the difference between δ18O values 
measured from B2–B5 and the present-day value of  –28.5‰, taken as an average from 

Core Depth/length

m

Number of 

samples

Sample length

cm

SBB01 25.9–31.1 25 1

23 3

10 18–26

SBB01H 100.4 87 45–140 (average 112)

0.6 27 2

B1–B5 2.7–3.0 4 2

B6 10.0 28 2–24

BP1 2.1 17 2–3

Table 1. Sampling depth/length, number of  subsamples (n) and length of  each 
subsample for the vertical blue-ice core B1–B5 and SBB01, for the firn core B6, the 
snow pit BP1 and the horizontal blue-ice core, SBB01H
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B6 and BP1, is <4‰. In addition, geomorphological evidence suggests the blue-ice 
samples B2–B5 originate from a higher elevation (Hä ttestrand and Johansen, 2005). 
The correction of  the elevation change would make the difference in δ18O values be-
tween the blue-ice samples and present-day samples even smaller. Thus, we simply con-
clude that most of  the main BIA in Scharffenbergbotnen is of  Holocene origin.

SBB01, dated at 10 500 years, is located close to the bottom of  the valley where 
the oldest surface ice along the current flowline occurs (Fig. 1). The most negative δ18O 
value measured in the valley is, however, from B1. It is 9.9‰ lower than the present 
δ18O value, which indicates that the ice in that particular sample, drilled from the south-
ern margin of  the main BIA (Fig. 1), originates from the glacial period. The oldest 14C-
dated sample was found in the same part of  the BIA (Van Roijen, 1996), with a cali-
brated calendar age of  more than 28 000 years BP.

In the high-resolution δ18O data of  a 60 cm long section from SBB01H we clearly 
see three annual cycles (Fig. 3).We determine, from the power spectrum of  Figure 3, 
that the horizontal age gradient at that location is ~5.4 years m–1. The result agrees with 
the surface age gradient of  3–6 years m–1 determined by dating of  internal radar re-
flection horizons close to the current blue-ice/snow transition zone along the flowline 
(Sinisalo and others, 2004). This was the only highresolution section of  the SBB01H. 
The flow model of  Grinsted and others (2003) gives an almost constant surface age 
gradient over the BIA. It is therefore reasonable to extrapolate this age gradient over 
the 100 m horizontal ice core, SBB01H. Thus we find that the horizontal ice core cov-
ers about 540 years. Similarly extrapolating over the 1km distance between SBB01 and 
SBB01H gives an age of  about 5000 years for SBB01H, as the SBB01 core is dated at 
10 500 years BP. This age is, of  course, a rough approximation and we shall return to it 
later in relation to the flow model.

Table 2. The mean values of  the stable-isotope ratios δ18O and 
δD and the population standard deviations (in %) for the vertical 
blue-ice core SBB01 and the horizontal blue-ice core SBB01H, the 
number of  the samples and calculated deuterium excess, d

aNumber of  δ18O samples.
bNumber of  δD samples.

Core Number of 
samples

Mean 
δ18O

%

Std dev. 
δ18O

%

Mean 
δD
%

Std dev. 
δD
%

Mean 
d
%

Std dev. 
d
%

SBB01H all 69a, 87b –31.9 0.9 -251.6 7.3 3.7 0.9

SBB01 all 58 –30.9 0.4 -238.5 3.0 8.6 1.1
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No significant periodicities were found in the highresolution isotopic data from a 
1m section of  the vertical core SBB01. We assume that the age–depth relationship is lin-
ear for the vertical ice core since the core penetrates only a small fraction of  the total ice 
thickness (Herzfeld and Holmlund, 1990). The isochrones in the BIA, according to flow 
models, are strongly inclined at the SBB01 drilling site, which is close to the bottom of  
the valley where vertical flow dominates (Van Roijen, 1996; Grinsted and others, 2003). 
This means that the vertical core is not perpendicular to the isochrones and the annual 
layers seem much thicker since the core cuts them obliquely. As the ice is relatively old, 
we can expect it to have experienced more strain thinning of  annual layers. We can also 
expect that diffusion will act to smooth high-frequency variability in the core, relative to 
the signals in SBB01H. Therefore it is not surprising that there are no high-frequency 
cycles present in the SBB01 core, and that the 5 m section of  ice used to extract the 
mean isotopic values (Table 2) samples a large number of  years.

4.2. Low-frequency changes
Several isotopic records from East Antarctica exhibit a clear early-Holocene optimum 
immediately following the end of  the last ice age from 11 500 to 9000 years BP (Mas-
son and others, 2000). Thus, it is plausible to assume that 10 500 year old SBB01 rep-
resents the early-Holocene optimum that is generally defined as the warmest climatic 
period during the Holocene. In Scharffenbergbotnen, however, our results show that 
the present-day climate is warmer than in the early-Holocene optimum. We use a value 
of  –28.5‰ (average from B6 and BP1; Fig. 2) for present-day δ18O in the valley. The 
change in δ18O between SBB01 (Table 2) and the modern level is 932.4‰(19‰ in 
δD). Equation (1) gives a ∆δ18Otemp value of  1.2±0.2‰ for ∆δ18OSW = 0.2±0.1‰ 

Fig. 2. Measured δ18O values for the 
shallow blue-ice cores (B1–B5), firn 
core (B6), snow pit (BP1), the 100 m 
horizontal ice core (SBB01H) and the 
52 m vertical core (SBB01) marked in 
Figure 1 with their population standard 
deviations. The samples are ordered by 
their relative age along the x axis from 
the sample with the oldest 14C age (B1) 
to the firn and snow samples (B6 and 
BP1) representing the present-day values 
in the valley.
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and an elevation change of  225 m. According to the isotopic temperature gradient 
(Isaksson and Karlén, 1994), this corresponds to a warming of  ~1.0±0.3°C since the 
early Holocene optimum.

In contrast to the measurements in Scharffenbergbotnen, Masson and others 
(2000) found an opposite change in several isotopic records in East Antarctica be-
tween the early-Holocene optimum and modern levels. The decreasing trends found 
elsewhere in East Antarctica are probably the result of  an overall Holocene increase in 
elevation of  the East Antarctic ice sheet (Masson and others, 2000), due to increased 
Holocene accumulation rates (Ritz and others, 2001).

The SBB01 core has a 1‰ higher mean value in δ18O (and ~13‰ higher δD) 
than the horizontal core SBB01H (Table 2). The δ18O values of  SBB01H are also lower 
than the present-day value of  –28.5‰ by ~3.4‰ (27‰ lower for δD). We know that 
there was an elevation decrease of  200–250 m in Scharffenbergbotnen between the 
LGM and the present day (Hättestrand and Johansen, 2005), and that the elevation must 
have changed gradually. Thus, we use ∆δ18OEC = 0.6‰ and ∆δ18OSW = 0 for mid-
Holocene and present-day values. From Equation (1) we find ∆δ18Otemp ≈  
–1.60.1‰ between SBB01 and SBB01H, and ∆δ18Otemp ≈ 2.80.2‰ between SBB01H 
and the present-day samples. These changes correspond to a cooling of  ~1.4±0.4°C 
and warming of  ~2.4±2.0°C, respectively.

There is a decrease of  11‰ in δD (1.4‰ in δ18O) in the last 40 m section at the 
downstream end of  the SBB01H isotope profile (Fig. 4b). Oerter and others (2004) 
found that changes in precipitation seasonality in DML can cause trends in the δ18O 
profile of  ~2‰ within a 200 year period. That and influences of  many source-region 
climate changes, however, are unlikely for the first half  of  the trend (60–80 m in Fig. 4) 

Fig. 3. Results of  the high-reso-
lution δD analysis measured from 
a 60 cm section of  the horizontal 
core SBB01H.
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as they are expected to cause anticorrelated changes in d excess with δD (Kavanaugh 
and Cuffey, 2003; Oerter and others, 2004). Thus, using Equation (1) we calculate that 
the change of  –4.6‰ in δD between 60 and 80 m (Fig. 4) corresponds to a tempera-
ture change of  ~0.5±0.2°C using the temperature–isotope relationship of  Isaksson and 
Karlén (1994). 

4.3. Changes in blue-ice dynamics since LGM
In this paper, we have shown that the BIA has not been in steady state throughout 
the Holocene. However, according to the moraine studies (Hättestrand and Johansen, 
2005), the inner part of  Scharffenbergbotnen was a local ablation area at the LGM be-
cause otherwise the supraglacial debris would have been transported from the valley.

The generally young age of  the surface ice is the result of  the past mass-balance 
and flow regime. We can explore some possible scenarios with a volume-conserving 
flow model that does accommodate temporally variable surface velocity, ice thickness 
and mass balance along the flowline with parameterized variation of  ice rheology with 

Fig. 4. The variability of  d 
excess (a) and δD values (b) of  
the horizontal SBB01H core: the 
d excess and δD records (gray), 
longterm trend as the first recon-
structed component of  the singu-
lar spectrum analysis (SSA) (e.g. 
Ghil and others, 2002) using 
an embeδDing dimension of  10 
(thick black line), and the partial 
reconstruction as the sum of  the 
first and second component of  the 
SSA (thick gray line). SBB01H 
is 100m long and oriented along 
the flowline (Fig. 1). The young-
est ice is found at x =0. Older 
ice, ~ 540 years, is found down-
stream at x = 100 m.
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depth to produce particle trajectories and isochrones (Grinsted and others, 2003). There 
is no unique solution for how the BIA has changed over the last glacial cycle as there are 
only very few constraints on the surface age. We study three simple cases that produce 
surface ice ages comparable to those calculated from 14C ages (Van Roijen, 1996; Van 
der Kemp and others, 2002). As the most accurate 14C age was measured for SBB01, 
we define it to be the most important age to match. The cases are:

i. different surface velocity in the past;

ii. different accumulation rate in the past;

iii. a combination of  cases i and ii.

In the following we discuss each case in turn.

i. Different horizontal ice velocity
There must have been less inflow through the northwestern gate to the valley (Fig. 1) 
at the LGM than today because the surface elevation difference between the valley and 
its surroundings was smaller. Additionally, there must have been inflow from other di-
rections as the ice flowed over the mountains, at least at the eastern end of  the valley 
(Hättestrand and Johansen, 2005), though there must have been a net inward flow to 
preserve the BIA. Thus, the surface velocities must have been lower at the LGM than 
today. 

It is not possible, however, to produce Holocene ages for SBB01 with the flow 
model using smaller surface velocities for the BIA in the past. On the contrary, the 
surface velocity would have to have been many times higher over the whole Holocene 
than the current measured velocity profile if  it alone was responsible for the measured 
Holocene age. It is clear that different surface velocity alone cannot explain the young 
surface ice in the BIA. 

The distance between SBB01 and the current equilibrium- line altitude, deter-
mined from the accumulation and ground-penetrating radar data, is ~2600 m (Sinisalo 
and others, 2004). Based on the geometry, the mean surface velocity needed for an age 
of  10 500 years BP for the SBB01 site is 0.5 m a–1, if  the surface velocities had been 
constant through time and the size of  the BIA had not changed. This is 70% larger 
than the maximum velocity (0.3 m a–1) that is measured in the valley (Sinisalo and oth-
ers, 2003), and contradicts the evidence for lower surface velocities in the past. With a 
current average surface velocity of  0.14 ma–1 in the valley (Sinisalo and others, 2003), 
the 10 500 year old ice in SBB01 would have originated only 1500 m upstream. This is 
inside the present-day ablation area, so we conclude that the equilibrium line has prob-
ably moved over time and that the BIA was smaller in the past.
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ii. Different accumulation rate
Many studies suggest increased accumulation in Antarctica during the Holocene in com-
parison with the LGM (e.g. Udisti and others, 2004). The results from the EDML core 
for the past 7000 years, however, show decreasing accumulation during the past 4000 
years (Oerter and others, 2004). It is only possible to produce an age of  10 500 years for 
SBB01 with the flow model by increasing the accumulation rate earlier in the Holocene 
from the present observations. We get the best fit to the calibrated 14C ages by adding 
a linear accumulation rate gradient of  2.2 × 10–5 m a–2 to the current measured accu-
mulation rates at all positions along the flowline, so that the accumulation rates reach 
the present values in 11 000 years (Sinisalo and others, 2003). The model output gives 
a nearly linear surface age gradient over the whole BIA of  about 4 years m–1, which 
suggests SBB01H is ~6600 years old. The horizontal age gradient of  5.4 years m–1 es-
timated from the SBB01H high-resolution data (Fig. 3) is in reasonable agreement with 
the 4 years m–1 considering that only three cycles were measured isotopically, and natu-
ral accumulation variability over 3 years may typically be 30% (e.g. Isaksson and others, 
1996; Sinisalo and others, 2003).

iii. Different ice flow regime in the valley
To model the scenario of  both lower velocity and higher accumulation rate as suggested 
by the results of  cases i and ii, we choose to linearly change the temporal and spatial 
surface velocity and accumulation rate for the flow model. We assume that the whole 
valley was an accumulation area in the glacial period (prior to 11 000 years BP) with an 
accumulation rate of  0.13 m w.e. everywhere along the flowline, and a starting velocity 
of  zero. We let the surface velocity and the accumulation rate change linearly over time 
so they reach the present values at 0 years BP. This leads to an ablation area, i.e. a BIA, 
with surface ages matching the 14C ages, even if  the whole valley begins as an accumu-
lation area and there is no inflow through the northwestern gate (Fig. 5). Of  course, 
this scenario is not modelled realistically as the flow model is purely prescriptive, but it 
is included here to suggest the possibility of  negligible ablation area in the last glacial 
period.

The best-fit model to the 14C ages gives a surface age gradient of  ~2.8 years m–1 
between SBB01 and SBB01H. This suggests that SBB01H is about 8000 years old (Fig. 
5). In general, the modelled surface age gradients agree with the earlier studies of  dated 
GPR reflection horizons that gave values of  3–6 years m–1 at the firn/blue-ice transi-
tion zone (Sinisalo and others, 2004).
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5. CONCLUSIONS

In this study we show that most of  the main BIA in Scharffenbergbotnen is Holocene 
ice, based on the δ18O values in blue ice and snow. The δ18O values in SBB01 support 
the previous 14C dating of  SBB01 and rule out the possibility that the ice close to the 
bottom of  the valley originates from the East Antarctic plateau or from a glacial pe-
riod.

The oldest surface ice in the valley was found close to the moraines on the south-
ern side of  the main BIA in Scharffenbergbotnen where the δ18O value was most nega-
tive (sample B1 in Fig. 1). The calibrated calendar age (Reimer and others, 2004) at that 
part gave an age >28 000 years BP (cf. Van Roijen, 1995: 14C age >24 000 years BP). 

Fig. 5. The calibrated 14C ages (Van Roijen, 1996; Van der Kemp and others, 2002) along the 
flowline (Fig. 1) and model output with a linearly changing temporal and spatial surface velocity and 
accumulation rate reaching the present-day values in 11 000 years. The starting accumulation rate 
was 0.13 m w.e. everywhere along the flowline and the surface velocity was zero. The error bars for 
SBB01 are calculated using a radiocarbon calibration curve of  Reimer and others (2004). Only 
those of  the other blue-ice cores (Van Roijen, 1996) that were located within 50 m of  the flowline 
were plotted. There is thus an error associated with projecting the measurements onto the flowline. The 
relationship between error and distance was estimated by fitting a straight line to the relative difference 
between two 14C measurements against their distance. The horizontal distance is measured starting 
from the bottom of  the valley. SBB01 is located at x = 400 m and SBB01H at x = 1400 m.
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The oldest ice may have remained at the southern margin ‘isolated’ from the main flow. 
However, there is no indication of  where this ice originates. We showed that it is pos-
sible to extract a high-resolution paleoclimate record from the BIA even with an annual 
resolution. However, we need a longer horizontal isotopic profile from the BIA in or-
der to study how the surface age gradient varies and to determine the age of  SBB01H 
reliably. 

The differences in stable-isotope values between blue-ice and firn samples im-
ply that the modern climate is about 1.0±0.3°C warmer than the climate in the early-
Holocene optimum in Scharffenbergbotnen. Further, the 10 500 year old SBB01 origi-
nates from a warmer period than the mid- Holocene SBB01H.

According to our simple flow modelling it is possible that the whole of  Scharffen-
bergbotnen was an accumulation area at the LGM. However, previous studies of  sup-
raglacial moraines and 14C dating, together with δ18O values at the southern margin of  
the main BIA, indicate that the BIA existed during the LGM. Therefore we suggest that 
the BIA was smaller than it currently is, and that the surface velocities were consider-
ably smaller at the LGM. The young age of  the major part of  the BIA also explains the 
lack of  meteorite finds in this area, and may be typical for many BIAs in low-elevation 
nunatak areas, where the ice-sheet elevation changes at the glacial termination are likely 
to have been most pronounced (Pattyn and Decleir, 1998). It is clear that the evolution 
of  the BIA requires a full diagnostic flow model, and we are presently setting up a fi-
nite-element scheme solving the full polythermal Stokes equations (Le Meur and oth-
ers, 2004).
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