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ABSTRACT. A new deep ice-core drilling site has been identified in north Greenland
ar 73027 N, 42307 W, 316 km north-northwest (NNW) of the GRIP drill site on the sun-
mit of the ice sheet. The ice thickness here is 3085 m; the surface elevation is 2919 m. The
North GRIP (NGRIP) sitc is identified so that ice of Eemian age (115-130 ka P, calendar
years belore present) is located as far above bedrock as possible and so the thickness of the
Eemian layer is as great as possible, An ice-llow model, similar 1o the one used to date the
GRIPice core, isused to simulate the flow along the NNW-trending ice ridge. Surface and
hedrock clevations, surface accumulation-rate distribution and radio-echo sounding
along the ndge have been used as model mput. The surface ac Cumul’ltlorl rate drops from
023 m ice equivalent year ' at GRIP (o 019 m ice equivalent year '50km from GRIP,
Over the following 300 km the accumulation is relatively constant, before it starts de-
creasing again further north. Ice thicknesses up to 3250 m bring the temperature of the
basal ice up to the pressure-melting point 100° 200 km from GRIP. The NGRIP site is
located 316 ki [rom GRIP ina uuum where the hedrock 1s smooth and the accumulation
rate is (.19 m ice equivalent year . The modeled basal ice here has always been a [ew
degrees below the plwsur(:—nu‘:h.ing point. Internal radio-echo sounding horizons can be
traced between the GRIP and NGRIP sites, allowing us to date the ice down to 2300 m
depth (52 ka BP). An ice-llow model predicts that the Eemian-age ice will be located in the
depth range 27102800 m, which is 285 m above the bedrock. This 15 120 m further above

the bedrock, and the thickness of the Eemian layer of ice is 20 m thicker, than at the GRIP

1Ce-core site.

INTRODUCTION

I 199293, two deep ice cores were completed in central
Greenland; the Buropean GRIF ice core was located on
2607 N, 37.627 W, cleva-
tion 3232 m; Johnsen and others, 1992) and the American
GISP2 ice core was drilled 28 km west of the summit
(7267 N, 38.5° W, clevation 3200 m; Taylor and others, 1993).
These two deep ice cores provide paleoclimate information

the summit point of the ice sheet |

covering the last glacial period 11L5-115ka BY (calendar
years before present) with greater detail than previously
obtained [rom any ice core. The stable-isotape records from
the two ice cares agree in the top 90% of bath cores, even
(Dansgaard and others, 1993
Grootes and others, 1993; Taylor and others, 1993; Alley and
others, 1995). Below depths of 2700 m, however,
the Lemian (Sangamoman] interglacial period and the pre-
vious glacial, there are significant differences between the
two records. These differences are attributed o the distur-
bance of the simple ice-layer stratigraphy by flow patterns

for small-scale features
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unique to the hasal zone aof the ice sheet, such as folding
(Alley and others, in press; Thorsteinsson and others, in
press ).

Even though most of the visible disturbances seem to be

located below the Bemian ice in the GRITP core, the fact that

300

these two cores show different records raises doubts about
the integrity of the stratigraphic records through the
Femian interglacial,

Ice cores do provide the best opportunity to produce a
high-resolution Eemian record, so we should drill in a
location where the Eemian ice is as far above bedrock as
possible on the Greenland ice sheel

Anice core drilled on the Greenland ice sheet in a region
where the surface accumulation rate is lower than those at
GRIP and GISP2 would produce an icc core where the
location of the older ice 15 [urther [rom bedrock. Too low ac-
cumulation rates, however, would cause basal temperatures
to reach the melting point during the glacial, and should be
avoided. In this study the observations and modeling that
have led to the selection of a favorable drill site in north
Greenland, the North GRIP (NGRIP) site, meeting the
specilic criteria described above, will be discussed.

SURFACE, BEDROCK TOPOGRAPHY AND AGCGU-
MULATION RATES IN NORTH GREENLAND

The surlace contour map of north Greenland based on Geo-
sat and ERS-1 satellite data, airborne radar alumewry and
airborne laser altimetry { Ekholm and others, 1995; Ekholm,
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1996) provides the most detailed surface topography avail-
able covering north Greenland. From the summit of the ice
sheet a north-northwest- (NNW. trending ice ridge is seen
to continue H50 km belore it bifurcates (Mg 1. A second
northeast-trending ice ridge also leaves the summit. Results
from the ERS-I synthetic aperture radar imagery (Fahne-
stock and others, 1993) show an ice stream extending from
the Swmmit region ta the north-northeast section ol the
Greenland ice sheet. The ice that has encountered ice-
stream flow 1s not suitable for the ice-core site, meeting the
criteria of the studies, because the temperature near the bed
is close to the melting point, The oldest ice can be melted
away and may have been subject to high shear stresses.
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Fig. 1 Map of north Greentand, showing suvface contours, and
the locations of GRIF, GISP2, NGRIPand the ice stream sug-
sested by Fahnesioek and others (1993). Locations where shal-
loww iee cores were drilled in 199483 are marked BI6—B30,
The four paralilel lines ave the airborne radio-echo fines meas-
wred in 1995 by NASA and University of Ransas { Chuah and
others, 1996). The 100 km long thick line east of the NGRIP

stte s the parlof this profile shown in Figure 5a, and the other

v

30 km long thick tine over NGRIP measured in 199615 shoren

i Figure 5b .

From the surface contour map, the preferred drill site is
on the NNW-rrending ice ridge. The 1ce here originally fell
as snow on the surface not far from the drill site. This simpli-
fies the interpretation. At the ice ridge the amount of shear
stress on the ice is reduced, which will help preserve the stra-
tigraphic lavering near the bedrock. A further restriction of
the aceeptahle arca ariscs from the criterion that the central
part of the ice sheet has undergone the simallest ice-thickness
changes under the past glacial. As the Lemian interglacial
period had a warmer climate than at present, the size of
the ice sheet may have been considerably smaller (Letré-
guilly and others, 1991a, b; Fabre and others, 1995). This will
introduce large ice-thickness changes, especially at sites far
from the central part of the ice sheet.

A minimum of bedrock topographic rehief should
further reduce the risk of bottom laver disturbance. We used
the bedrock topography of Letréguilly and others (19914, b)
together wirth more recent radar measurements of the bed-
rock in the Summit region (Hodge and others, 1990; Jacobel
and Hodge, 1993) and along the NNW ice ridge {Chuah and
others, 1996). In general the bedrock has undulations of up
10 200 m along the NN'W-trending ice ridge (Fig. 2), whereas
the region 170430 km NNW of the summit has undulations
smaller than 100 m.
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Fig. 2. (a) Surface and bedrock contours and observed radio-
echo layers { thick black curves) along the ice ridpe trending
NNW fivmee GRIP from which distances are measured. The
modeled internal layers ( gray) have the ages 4, 8.6, 14.5, 56,
44, 52, 113 and 130 ka Br { calendar years ). (b) Surface ac-
cumulation rales {m ice equivalent year {J‘ wsed wn the flow
NW-trending ice vidge starting at GRIP

{thin black curve ). 'The accumulalion vates are based on the

model afor:‘g the

observed accumulation rates from shallow ice cores o the
regton ( Clausen and others, 1988; Ohmura and Reeh, 1991;
Bolzan and Stroebel, 1994; Friedmann and others, 1995; per-
sonal communication fram S, Kipfstuhl, 1996). Fhe thick
hlack curve shows the aceumulation rates veconstvucted from
the upper observed isochyone (4033 years BP) in Figure Za.
The good agreement belween the lwo curves shows thal the ac-
cumulation rates have persisted for several thousand years.

The most crucial parameter, the surface accumulation
rate, is poorly known in north Greenland. The available
data have been compiled by Ohmura and Reeh (1991). Data
from the Summit region {Clausen and others, 1988; Bolzan
and Strocbel, 1994; Friedmann and others, 1995) and [rom S,
Kipflstuhl {personal communication, 1996), have heen used
to improve our knowledge of the accumulation rates along

the NNW-trending ice ridge (Fig. 2b). There 1s a decrease in

501



Journal of Glaciolagy

accumulation rates just north of the summit [GRIP site);
after this drop the accumulation rate stays relatively cons-
tant. Accumulationn rates vary significantly across the

NNW-trending ice ridge, with a decreasing gradient of

0.07 m 1ce equivalent year : per 100 km toward the north-

Cast,

MODELING OF INTERNAL LAYERS ALONG THE
NNW-TRENDING ICE RIDGE

lo caleulate the depth of Tayvers of equal age [(isochrones]
along the NNW-rrending ice ridge starting at the GRIP
drill site, we use a model similar to that used to date the
GRIP ice core. We calculate the ice low using a modified
Dansgaard—Johnsen (1)) model (Dansgaard and others,
19931 where the vernical strain rate 1s assumed to he constant
from the surface S(x) t a height above bedrock hix). Tt
then decreases linearly o 0 at the bedrock Bla), The input
to the model is a 150 ka accumulation-rate history cal-
culated from the 6O measured in the GRIP ice core
{Dahl-Jensen and others, 1993; Johnsen and others, 1995b).
The flow model is used along the NNW ice ridge, and the
GRIP accumulation history is used along the ridge scaled
by the ratio ol the present accumulation rates at the site to
those at GRIP. Transversc horizontal velocities are assumed
to be zero along the line. The ice-divide ridge has a mean
slope of 1 %10 * along its 300 km length north of GRIP,
The horizontal velacities parallel 1o the sloping ice ridge
are helieved to be related 1o the surface slope. Simple calcu-
lations show that over the 1530 ka considered here, the hori-
zontal ice movement along the ice ridge was no more than
10 km, which daes not affect the projected location of the
isochrones shown in Figures 2a and 3a. The horizontal icce
movement along the ridge is thus ignored.

The isochrones in Figure 2a have been modeled so that
the upper one is aged 4033 years BP (2045 BC), the next
two are aged 8396 years BP (6608 BC) and 14.5ka BP
{the wransiton between the glacial period and the onset
ol the Bolling=Allerod period), then [ollow three layers at
GRIP depths of 2200, 2324 and 2421 m, corresponding to
ages of 36, 44 and 52 ka BE, which comeide with three very
prominent transitions in the interstadials {Johnsen and
others, in press). The two deepest modelled 1sochrones, at
115 and 130 ka BE, are chosen hecause they represent the top
and bortom of the Eemian ice, as seen in the GRIP wce core
(Dansgaard and others, 1993).

From Figure 2a it can be seen that the upper modeled
isochrones follow the surface with depths influenced by the
changing surface accumulation rates as shown in Figure 2h,
The deeper 1sochrones arce scen to follow the bedrock eleva-
tions, but they are influenced by surface accumulation rates
and ice thickness as shown in Figure 3a.

IMgure 3a shows the depths of the isochrones and the ice
thickness along the ridge. The depth of the 14.5 ka Br iso-
chrone 1s scen to decrease from 1750 m at GRIP o 1650 m
100 ki north of GRIP, because there is a drop in the surface
accumulation rate from 0.23 to 0.19 m 1ce equivalent year !
From 100 ta 350 km the depth of the modeled 1sochrone 1s

approximatecly constant. The elevation above bedrock of

the isochrones defining the top and bottom of the Eemian
layer and the thickness of the layer are shown as gray curves
in Figure 4a and b. The decreasing surface accumulation
rate increases both the height and the thickness of the
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Fig. 5. (a ) fee depths along the NNW ridge from GRIP. The
depiths of the modeled (gray) and observed { thick black )
wilernal layers also shown in Frgure 2a ave included. In order
for tf.k'ft!f(:i’.-n the ﬂli’.-f!&' hetroeen the ahsevoed and modeled .’.'.f{]-‘ffr.{
(shaded areas ). a refined model simulation of the internal
layers has been included as thin black curves. (b) The
modeled maximum basal temperatures ( gray ) veached during
the last 150 ka along the ice vidge, compared wwilh the frressire-
melting temperatures ( black ). When the basal lemperalures
have reached the melting point during the glacial, basal melt-
g has occwrred. (¢) Estimated amount of total basal melt
during the last 150 ka; the curve is seen to match the difis.

Eemian layer over the first 100 km, after which it stays
nearly unchanged over the following 100 k.,

INTERNAL RADIO-ECHO SOUNDING REFLECTORS

Away toimprove our knowledge on the expected location of
ice in the ice sheet is to track internal layers observed from
radio-ccho sounding imagery over the Greenland e sheet,
Several sets of radiv-echo data have been collected [rom
north Greenland (Gudmandsen, 1975; Hempel and Thys-
sen, 1993; Jacobel and Hodge, 1995 Chuah and others,
[896), and all clearly show internal layering, The mternal
layers are recognized as internal reflecting surfaces of the
same age (i.e. isochrones). The cause of the reflections has
heen discussed by several researchers (Hammer, [98(0;
Moore, 1988; Hempel and Thyssen, 1993; Fujita and Mae,
1994, who conclude that changes in ice conductivily are
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Fig, 4. The modeled location of the Eemian layer is shown by
{a) the distance above bedrock of ice aged 115=50 ka BB and
(h) the thickness of this layer along the ice vidge from GRIP
trending NNW.'Fhe gray curves enclosing light shading rep-
resent the basie model results, while the black curves enclosing
dark shading show the vefined model vesults, In (a) the low-
est-lying internal radio-echo sounding reflector 15 included as
a thick black curve in the region close to the NGRIP site,
316 km_from GRIP The 115 ka top boundary of the Femian
Ffaver traces this reflector well, which gives us confidence in the
madel predictions.

respansible for the dielectric contrast producing these re-
flectons and that acidic fallout from volecanic cruptions
and changes in impurity concentrations, that accormpany
the sudden climatic transitions, are the most likely source
of these changes. In most of the radio-echo records, some
general structures can be identified that can be traced over
large distances.

Figure 5a und b show examples of the radio-echo sound-
ing profiles collected in 1995 and 1996 by NASA and Kansas
University (Chuah and others, 1996) along the flight-lines
shown i Figure 1. The profile in Figure 5a 1s along a line
50km east of the NNW ridge from 74.62° N, 40.51° W to
70837 N, 4219 W, which is approximately 200-400km
from GRIP The profile in Figure 5h is a 30 km long line
along the NNW ridge from 74.88° N, 41.90° W o 73.30° N,
42.48° W that passes just 2 ki east of the NGRIP site.

The depth interval 100-700 m has been blocked in data
processing to obtain the maximum possible resolution of the
deep-lying reflectors. The shallowest reflector identified
oceurs at @ depth of 700 m on most of the images and can
be recognized in the GRIP ice core as a volcanic horizon
4033 years BP (Clausen and others, in press). Another very
prominent reflector is found at a depth of 1300 m and is
believed o be a strong volecanic horizon 8596 years BR A
gap is observed beginning at a depth of 1600 m. The trans-
ition between the more promiment mternal reflectors and
the gap coincides with the onset of the Bolling Allerad
14.5 ka BP (Hammer, 1980; Hempel and Thyssen, 1993), The
gap with weak or no reflectors thus coincides with ice from
the cold Last Glacial Maximum. Three layers can be identi-
fied clearly 700-1100 m above bedrock. These have been dis-
cussed in Gudmandsen (1973) and Jacobel and Hodge (1995)
and can be tracked in most of the radio-echo data from
North Greenland (Rishejgaard, 1989). Gudmandsen (1975)
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Fig 5 (a) A 100 km section of the vadio-echo timagery col-
lLected in 1995 with the 150 MHz CARDs system ( Chuah
and others, 1996) along a profile 50 km east of the NNV
ridge (long thick line in Fig. 1) Here the accumulation rate
is reduced o 0.18m ice equivalent year ', and large vscilla-
tions of the internal layers are observed because the basal
temperatures apfproached the meliing point during the glacial
pertod. (B} A 30 km profile collected in 1996 with the same
svstem. The profile passes 2 kem east of the NGRIP sile ( short
thick line in Fig. 1). The reflectors can be dated by tracing them
to the dated GRIP ice core. In this way, the internal veflectors
date the ice in north Greenland at the depths where the
internal layers are observed.

and Hempel and Thyssen (1993) suggest that the reflectors
are sharp transitions associated with the interstachals. The
radio-ccho sounding reflectors can be traced back to the
GRIP site, where the ice core has been dated. In Figure 5b
some very weak reflectors are observed 300-500 m from the
bedrack. 'T'hese can be seen only on the radio-echo profiles
from 1996, so they cannot be tracked hack to the GRIP site.

COMPARISON OF OBSERVED AND MODELED
INTERNAL LAYERS

In Figure 5a the oscillations of the elevations of the three
deep-lying reflectors 700-1000 m abhove bedrock are un-
expected. These oscillatons are not generated by bedrock
undulations, as the bed is quite smooth here and no surface
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undulations support the internal oscillations, In addition,
the oscillations are less pronounced in shallower layers.
The oscillations could be caused by variations of the surface
accumulation rates or by variations of the dynamic velocity
ficlds along the ridge.

Variations of the surface accumulation rates could be
caused by movement in the east—west direction of the
NNW-gaing ice ridge back in time. The flow model
deseribed carlier 1s used to model the flow along the line
shown in Figure 5a, 50 km east of the NN'W ice ridge. The
surlace accumulation rate is known to he 018 m ice equiva-
lent year ' in this region, and the model results reveal that
the accumulation rate must vary between 0.4 and 0.19 m
ice equivalent year "along the line in order to generate
oscillations of the observed magnitude 700-800 m above
bedrock. This seems unlikely as the surface contours and
the accumulation pattern arc so smooth in this region, and
it would be difficult for ice-ridge movernents to produce this
pattern.

To explore the possibility of variations in the velocity
field along the ridge, we have calculated a 150 ka history
basal temperature using a thermodynamic wce-flow model
(Dahl-Jensen and others, 1993; Johnsen and others, 19954
driven by the surface temperature and accumulation-rate
histories generated from the GRIP stable-isotope record
{Johnsen and others, 1995a). Since the present surface accu-
mulation rate decreases towards the north, the accumula-
tion-rate history from GRIP is scaled at each site by the
present accumulation rate between that site and GRIP
The present surface temperature is nearly constant in this
considered region ol north Greenland, so the GRIP surlace
temperature history can be used over the entire flowline.
T'he modeled basal temperature increases as the surface ac-
cumulation rates decreasc, because less cold snow moves
down into the ice sheet. Where the present surface accumu-
lation rate is less than 0.18 m ice equivalent year ', the basal
ice reaches the pressure-melting point during the glacial for
an ice thickness of 3000m. Increasing ice thickness
increases the basal temperature by approximately 2°C per
100 m. The warmest basal temperatures are reached during
the glacial and are roughly 25°C warmer than the present
hasal temperatures. The radio-echo sounding profile shown
m Figure 5a i1s in a region where the present surface accu-
mulation rate is 018m ice equivalent year ' and the ice
thickness is fairly constant. Basal melting thus could have
ocenrred during the glacial.

When the basal ice is close o the pressure-melting point,
both botwom shiding and basal melting can occur. Both pro-
cesses drag the internal layers downward. Basal sliding
allows layer thinning right down to the bedrock, and basal
melting moves the layers right down to the bedrock, We can
match the observed oscillating internal layers by varying
fi(), the height above which the vertical strain rate is
assumed to be constant in the D] model, between 400 and
2000 m and allowing 10-70% of the herizental velocity to
be basal sliding and simulating sliding and non-sliding con-
ditions. Non-sliding is believed to have occurred where the
mternal layers are located furthest from hedrack, while slid-
g 1s believed to have dragged the layers downwards in the
remaining regions.

Sliding does not appear to have taken place everywhere
along the profile in Figure 3a. When the ice is close to the
pressure-melting point, small spatial variations in geo-
thermal heat flux could create the spatially variable sliding
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pattern, Geothermal flux would be expected to vary with
bedrock geology.,

We conclude that the second explanation of the internal
oscillations, as being a result of varying velocity fields, is
preferred. The first explanation is rejected because we
\’\-"U'Uld }J.'(l\"l‘.f Lo assurne UIII't‘ZlSUI]El}J]Y lk.ll'gﬁ \'-.'clI'IlElL;Ull.')' ill lllLf
surface accumulation rate. Also the internal osallations
generated by shding/non-shding conditions will inerease
with depth, while the oscillations generated by vartations
of the surface accumulation rate will decrease when bed-
rock is approached. For the selection of a drill site whose
prime objective is to study the deep-lying ice, it is very
important to avoid the zones where basal temperatures
approach the pressure-melting point.

The observed internal layers along the NNW-trending
ice ridge are included i Figures 2a and 3a as thick black
lincs. The upper reflector at 700m depth (4033 vears Br)
can be used o determine il reasonable accumulation-rate
values have been used in the calculations, as this layer is
ncarly unaflected by the bedrock and possible variations of
the veloeity fields. The reconstructed surface accumulation
rate from the upper internal layer is shown in Figure 2b as a
thick black curve. This curve, which represents the accumu-
lation during the last 4000 years, 1s seen to agree reasonably
with the accumulation-rate profile used in the calculations,
This confirms that the significant drop of the accumulation
rate 30 km north of GRIE as reported by Bolzan and
Strocbel (1994, who used 20 m deep shallow ice cores can-
taining firn from 20 years accumulation, has persisted for a
long time.

The age of the modeled isochrones shown in I'igures 2a
and Ja (thick gray curves) has been chosen so they have the
same age as the observed radio-ccho sounding reflectors
between the GRIP and the NGRIP drill sites. The reflectors
are seen o compare well with the modeled isochrones
except at 100-270 km from GRIP along the NNW-trending
ice ridge. Here all the reflectors dip simultancously up 1o
several hundred meters. The surface accumulaton rate 1s
0.19 m ice equivalent year "here, but the ice thickness can
be seen to ncrease to 3250 m 175 km [rom GRIDP where the
greatest dip 1s found. This 1ce-thickness merease will result
in basal temperatures reaching the pressure-melting point
during the glacial period. Figure 3b compares the maxi-
mum basal temperatures, which are reached during the
glacial, with the ice-thickness-related pressure-melting
point. In regions where basal temperatures reach the melt-
ing point the amount of ice that has been melted during the
last glacial is shown in ligure 3c. Basal melt occurs in
regions where the reflectors are seen to dip, and the amount
ol predicted basal icc melied shown in Figure 3¢ has the
same shape as the dips (shaded areas in Figure 3a). The
mternal layers may be dragged down here due to changes
of the velocity ficlds caused by basal melting conditions, as
discussed ecarlier, for the line lying 50 km to the cast (Fig,

Ha).

A refined modeling of the ohserved radio-echo reflectors
has been attempted by adjusting the dynamic velacity fields
to shiding and non-sliding conditions along the line, as dis-
cussed earlier. The refined modeled layers are shown as thin
black curves in Figure 3a. They are seen to match the oseil-
lations of the internal lavers at all depths except 150
200 km, where the layers dip most. Around the NGRIP site,
316 km from GRIP the refined model layers can be com-
pared with the deep reflectors (depths 25002750 m) from
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Figure 5b. The refined model dates these reflectors to 80—
100 ka BP. The top and bottom of the modelled Eemian
layers are shown as thin black curves in Figure 3a. The
amplitude of the small oscillations of the thin black curves
is seen (o agree well with that from the observed deep reflec-
tors, which gives confidence in the predicted location of the
Femian laver in the NGRIP ice core.

DISCUSSION
We are scarching for an ice-core site in Greenland where a

reduced accumulation rate raises and thickens the Eemian

ice layver while avoiding basal melting. The reglon upstream

ol the site should have Hlat hedrock to reduce oscillations of

the internal layers. The site shonld be on an 1ce ridge o
ensure minimum horizental veloeity and i the center part
ol the ice sheet to reduce possible ice-thickness changes back
n time,

Caleulanons with a thermomechanical flow maodel indi-
cate that when the surface accumulation rate drops helow
018 m ice equivalent year ') the pressure-melting point is
reached for an ice thickness similar to that found at GRIP

3027 m) The
ature, so an increase of 100m results ina 2
the basal ice.

Taken together, it is clear that we restrict favorable cor-
ing sites to a very small region. A poor sclection could result

ice thickness also aftects the basal temper-

in a site where the ice from the Eemian period has been
dragged down o the bedrock and the oldest 1ce 15 melted
away instead of being elevated.

T'he madeled prediction of the height and thickness off

the Eemian layer (115130 ka BP) along the NNW-trending
ice ridge starting at GRIP is shown in Figure 4a and b as
gray curves. T'he major elevation and increase of thickness
happens during the first 30 km hecaunse the surface accumu-
lation rate decreases from 0.23 to 019 m ice equivalent
0 to 400 km there are small changes in the
location of the Eemian layer. There is a region 30-250 km

year ' From 5
from GRIP where the observed reflectors dip up to 200 m
when compared to their modeled positions. In this region
the ice thickness increases to 3250 m, causing the basal
temperature o approach  the  pressure-melling  point.,
Between 275 and 390 km north of GRIP the ice thickness
deercases and the modeled and observed internal lavers
agree again. Furcher north the accumulation rate drops, so
])si‘ull e st“:LJII el ])L, L\lJLLiL d Lo e cl(.,} l}](ﬂ p['{ﬂ.‘i.‘iult-fllchillg
point. A refined modeling of the position of the Eemian
laver [black curves in Figure 4a and b} allows us to match
the observed reflectors exeept between 150 and 200 km,
where the dip 15 greatest. The Eemian layer is first seen to
rise at 275 km distance from GRIP north of the region
where basal melting probably has ocenrred. The deepest
observed radio-echo sounding reflector is included ag a
thick black curve in Figure 4a because it demonstrates the
reliahility of the refined modeling of the position ol the
Femian layer around NGRIT.

The age depth profile for the NGRIP site, modeled by
the refined modtl 15 shown in Figure 6b. Here the stable-
isotope profile, %0, measured and dated on the GRIP ice
core (Iig 6al, has been transferred to the NGRIP site. The
radio-ccho layers discussed in the previous sections are also
shown, The wansiion from Holocene to glacial ice 1s pre-

(ll(".l.‘l‘l L ])L.' [}JL.IIIL’] al a L’ll’fpl.h l'][‘ 116[} 1. F{_JI‘ i[:".:f }'(Jl.ll]};l_‘]' L}l's.l[]
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Fig 6. Stmulations of the expected time-scale at NCRIP with
the refined madel T he 80 profile measured on the GRIP ice
core 5 plobted on the NGRIP time-scale. "The NGRIP
“elimale curve” (Fig. 6b ) is compared to the GRIP “climate
ewrve” ( Fig 6a ). The internal radio-echo reflectors that have
heen fraced hetiween the GRIP and the NGRIP site (14.5, 36,
44 and 52 ka BP) ensure that the predicted depth—age profile
at NGRIP is corvect down to 2500 m depth. The depth inter-
val where the deep refleciors are vhserved on ihe radiv-echo
imagery from 1996 ( g 56 ) demonstrates that the ice o5 still
lavered at depthis just above the femian ice al NGRIP

10 ka, laver thicknesses at NGRIP arc thinner than at
GRIP; the situation is reversed for older ice,

CONCLUSIONS

We suggest that a drll site should be located 275375 km
[rom GRIP along the NNW-trending ice ridge. The NGRIP
ice core 15 now being drilled in the region 751207 N,

42350°W (3I6 km from GRIP along the NNW-trending
ice ridge) where the surface clevation is 20919 m, 1ce thick-
ness 1s 3080 m and the surface accumulation rate is
0190 £ 0005 m ice equivalent vear ' The bedrock is
smooth in this region (Fig. dh).

The deepest layer that can be traced to GRIP is found
700 m above the bedrock at the NGRIP site, and has an
age of 52 ka. Because our modeled ages for all the traceable
layers agree well with the dates at GRITE we can confidently
use the flow model to date the deeper reflectors {Figs 5h and
3a) at 500-300 m above bedrock to 80100 ka, respectively,

Using these layers dated by the GRIP core, we have pro-
duced a depth age scale for the NGRIP core that is well
constrained by data 1o 52ka, and confidently dated o
100 ka by ow modeling (Fig 6). The layers confirm that
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the ice 300m above the bed has not been significantly
disturbed.

The ice from the Eemian period 115-135 ka B should be
found at depths of 2750-2850 m at NGRIP T'he secuence is
20m (23% ) thicker than the Eemian sequence at GRIP
T'he onset of the Ecmian period (135 ka BP) should be found
235 m above bedrock at NGRIP; this is 120 m higher above
the bed than the Eemian ice at GRIP Therefore, we expect
the NGRIP site to offer a significantly better opportunity to
recover an undisturbed Eemian sequence than the Summit
region (GRIP and GISP2), and possibly the best opportu-
nity anywhere in the Greenland ice sheet. The NGRITD dril-

]

ling commenced in 1996, and reached a depth of 354 m.
When then bedrock 1s reached, we will know!
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