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16°C Rapid Temperature 
Variation in Central Greenland 

70,000 Years Ago 
C. Lang,'" M. Leuenberger,'" J. Schwander,' S. Johnsen2s3 

Variations in  the 29N2/28N2 ratio of air bubbles trapped in  polar ice cores and 
their relation t o  variations of the '80/160 of the ice allow past surface tem- 
perature variations and ice age-gas age differences t o  be determined. High- 
resolution measurements of 29N2/28N2 in  Dansgaard-Oeschger event 19 
(around 70,000 years before the present) in ice from Central Greenland show 
that at the beginning of the event, the ice age-gas age difference was 1090 i 
100 years. Wi th the use of a combined firn densification, temperature, and gas 
diffusion model, the S180i,,-temperature coefficient a was determined t o  be 
0.42 ? 0.05 per m i l  per kelvin. This coefficient implies a mean surface tem- 
perature change of 16.0 kelvin (between 14.3 and 18.1 kelvin), which differs 
substantially from values derived from borehole temperatures and modern 
spatial S180i,,-surface temperature correlations. 

Dansgaard-Oeschger (DO) events are charac- (Greenland Ice Sheet Project 2) methane and 
terized by rapid increases in the stable oxygen S180i,, records, Schwander et al. suggested 
isotope composition of the ice [S1801ce ( I ) ]  in (on the basis of the calculated Aages) an a of 
ice cores of the last glacial period to high values 0.4 to 0.5 per mil/K for the DO events be- 
that persist for several hundred to several thou- tween 40,000 and 20,000 years before the 
sand years. When these increases were discov- present (yr B.P.) (7 ) .  Using the same ap- 
ered [in Camp Century ice (2)], it was not clear 
whether they reflected drastic changes in Arctic 
(or even Northern Hemispheric) climate, local 
effects, or stratigraphic disturbances in the core. 
Their climatic relevance was shown by their 
widespread geographic extent (3), and they are 
now interpreted as warmer interstadial periods. 
Several attempts have been made to estimate 
these temperature variations, with the contem- 

proach with nitrogen isotope ratios, Severing- 
haus et al. (8)  obtained a value of about 0.30 
per mil/K for the transition at the end of the 
Younger Dryas cold period, in agreement 
with the borehole temperature studies. 

Here we present a reconstruction of the 
surface temperature change in Central Green- 
land during DO 19 (70,000 yr BP), based on 
high-resolution measurements of nitrogen iso- 

porary surface temperature-6180ice correlation, topes on the GRIP ice core. This reconstruction 
borehole temperature measurements, and dif- provides us with an estimate of the relation 
ferences between gas age and ice age (Aage) between temperature and S180ic, for a DO 
based on S180ice-methane and S15N-S180,,, event. We chose DO 19 because it is one of the 
correlations. The correlation of modem mean larger events during the glacial, with a S1801ce 
annual surface temperature and the mean change of $6.7 per mil (uncertainty of 0.05 per 
S180,,, of precipitation at various sites in mil). If the present-day spatial relation (a  = 
Greenland (spatial correlation) leads to a coef- 0.67 per m i K )  is applied to the S180io change, 
ficient, a (= AS180icJAT, where T is temper- a temperature shift of 10°C is expected. With 
ature), of 0.67 per mil/K (4). Deconvolutions of the glacial-Holocene borehole sensitivity (0.3 to 
borehole temperatures show that a may vary 
over climatic cycles, with similar values during 
the Holocene (a  = 0.53 to 0.67 per m i K )  and 
different values for the last glacial termination 
(a  = 0.3 to 0.33 per mil/K) (5, 6 ) ,  although no 
analogous conclusions can be drawn for the 
relatively short DO events. Studying the 
GRIP (Greenland Ice Core Project) and GISP2 
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University of Bern, Sidlerstrasse 5, Bern CH-3012, 
Switzerland. 'Niels Bohr Institute, Department of 

0.33 per mil/K), this S1801ce change would 
correspond to a far larger 20' to 22OC temper- 
ature shift. 

Because the isotope ratio of atmospheric 
nitrogen (SI5N) is constant over several hun- 
dred thousand years (9) ,  changes of this ratio 
in the air trapped in the ice reflect processes 
that occur in the firn. These are gravitational 
enrichment of the heavier molecules at the 
bottom of the firn column, which is propor- 
tional to the height of the diffusive fim col- 
umn (10, 111, and thermal diffusion effects , .  , 

Geophysics, University of Copenhagen, Juliane Maries due to temperature gradients between the sur- 
Vej 30, DK-2100 Copenhagen, Denmark. 3Science In- 
stitute, University of Iceland, Dunhaga 3, 15.107 Reyk- face and the bottom of the fim "lurnn> which 
iavik. Iceland. force the heavier molecules generally to mi- , . 
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ASI'N, = (% - 1) X 1000 per mil 

= [ (g) "'- I ]  x 1000 per mil 

where AT is the temperature difference be- 
tween the bottom (T,) and the surface (T,) of 
the diffusive firn column, R is the. isotope 
ratio compared with a reference (atmospher- 
ic) ratio R,, and a, is the thermal diffusion 
factor of 15N14N/14N,. We used a tempera- 
ture-dependent thermal diffusion factor of 
a, = 4.61 198 X X ln(Tl113.65 K) with 
a very small uncertainty of less than 0.1% 
(13, 14). This thermal diffusion effect en- 
ables us to quantify past temperature changes 
if the response of the bottom temperature to 
surface temperature changes is calculated. 

The air trapped in bubbles in ice is younger 
than the surrounding ice, because of the difi- 
sion of the air through the porous fim to the ice 
below, where bubbles are formed. This differ- 
ence between the age of the ice and the mean 
age of the gas, Aage, depends mainly on the 
advection velocity of the ice (which is a func- 
tion of accumulation rate) and the depth of the 
fim column (which varies with temperature and 
accumulation rate) but less on the diffusivity of 
the considered gas species. 

A plot of SI5N (15) versus ice age for the 
GRIP ice core (6) (Fig. 1) reveals that at 
about 71,000 years B.P., S1'N increases 
sharply by 0.17 + 0.02 per mil in 160 years 
and then decreases slowly. The maximum 
change in S1'N, assuming no change in the 
diffusive column height but corrected for 
modeled gravitational fractionation, is equiv- 
alent to a temperature difference in the fim of 
10.4 ? 1.6 K. The Aage is well represented 
by the shift between the SI5N and S180ic, 
curves. Because both records reflect varia- 

showed that increasing or decreasing the accu- 
mulation rate by 10% results in an opposite 8% 
change in the Aage. 

The coefficient that relates the oxygen iso- 
topic composition of water and surface temper- 
ature (a = AS180i,lATJ can be derived in two 
ways fiom nitrogen isotope data. First, it can be 
calculated from the magnitude of the S1'N 
change itself (13). Because this change reflects 
the temperature difference between the surface 
and the close-off depth, the heat diffusion 
through the ice must be calculated. Additional- 
ly, the gravitational fractionation needs to be 
considered, but that is of minor influence in the 
case of rapid temperature variations. Second, 
Aage can be used to derive a because Aage is a 
function of densification and air diffusion pro- 
cesses in the fim, which depend on accumula- 
tion rate and (less) on temperature (8). Calcu- 
lations for both methods were performed with 
the same combined temperaturelgas diffusion 
and fim densification model (7) for several a 
scenarios, that is, different temperature inputs. 
Firn temperatures and gas close-off depths and 
ages were determined with S180ic, record as a 
temperature proxy [AT, = (11a)AS180i,] and 
an empirical correlation between accumulation 
rate and temperature (based on the Clausius 
Clapeyron law) (6) as model input. On the basis 
of these values, thermal (12) and gravitational 
(11) enrichments of N, for different a scenarios 
were calculated ( k t  method). Although the 
accumulation rate increased considerably, from 
about 0.07 m of ice per year before DO 19 to 
about 0.21 m of ice per year at the maximum of 
DO 19 (6), the effect on the fim thickness was 
relatively small because thickening due to an 
increase of accumulation rate is largely com- 
pensated for by the thinning caused by the more 
rapid sintering associated with higher tempera- 
tures. Therefore, calculations of the gravitation- 
al enrichment (which was not independently 
measured) for several scenarios (a = 0.33, 

tions in the surface temperature [assuming a 
correlation between surface and cloud tem- 
peratures as has been shown for Antarctica 
(16)], the age difference between gas and ice 
can be calculated by matching the ice ages of 
the corresponding points of the two signals. 
By comparing the two midpoints of the in- 
creases, we obtained an age difference of G-36 
1090 2 100 years at the start of the event, E 

whereas it is substantially lower during the ' 
DO 19 event (see model calculations in Fig. 1). -40 
The difference in depth between ice and gas 
signal is 4.20 + 0.08 m. As layer counting at * 
this depth is not possible or at least highly -a -44 

tentative, we used the GRIP SS09 age scale 
(I 7) with an approximate absolute uncertainty 
of 7% at 70,000 years B.P. The Aage, however, 
does not depend strongly on the absolute time 
scale but more on the relative timing, which is 

rn 

mainly dependent on the accumulation rate. A b 

sensitivity study performed with our model 

0.50, 0.67 per miVK) show little change in the 
gravitational enrichment. A maximum change 
of +0.05 per mil is found for a = 0.67 per 
miVK (+0.03 per mil for a = 0.33 per miVK), 
350 years after the onset of temperature in- 
crease. A sensitivity study performed with the f 
function calculation method (13) showed that 
these small gravitational enrichments have only 
a minor influence on a (50.03 per miVK). 

The S1'N changes were determined from 
measurements and modeling (Fig. 2). The 
best fit was obtained for a = 0.47 2 0.05 per 
miVK, resulting from linear interpolation be- 
tween the model results for a = 0.45 and 
0.50 per mil/K. Additionally, the measured 
mean S15N before the event, 0.47 per mil, is 
similar to the modeled one of 0.46 per mil 
(a = 0.45 per mil/K) but different fiom the 
values of the other scenarios, which are 0.58 
per mil (a = 0.33 per mil/K) and 0.38 per mil 
(a = 0.67 per miVK). One uncertainty in this 
method is the potential change in the size of 
the convective zone, which is difficult to 
determine. Estimated present-day values for 
the Greenland Summit are small, with an 
upper limit of 5 m (18). The good agreement 
of measured and modeled SI5N values before 
the DO 19 event (see above) indicates a 
similarly small convective zone for the stud- 
ied period. The results of the second method 
indicate that no large changes in the convec- 
tive zone occurred during this event (see 
below). A change in the convective zone of 
5 m would correspond to a temperature 
change of 1.8 K. 

The second method to derive a uses the 
Aages from the model. The Aages obtained for 
the start of the DO event 19 can be compared 
with the measured age differences (see Fig. 1). 
This method is independent of the convective 
zone depth, because the change in gas age at 
bubble close-off is negligible compared with 
the ice age change, and of uncertainties in the 

- - 
-0 d 
100 69,000 70,000 71,000 72,000 

Age of ice (years B.P.) 

Fig. 1. S15N (single values: +; 
mean values of two parallel 
samples: 0) and S1*OiCe, versus 
ice age [accordin to GRIP 
sSO9 age scale (l7)f.  Sl8OiCe is 
shown in full resolution 
(dashed line: -7 cm) and 
slightly smoothed (solid line: 
seven-value running mean). 
Because the gas and the ice 
signals are caused by the same 
temperature event (the onset 
of DO 19), the differences in 
the ice ages correspond to 
Aages. Aages from best-fitting 
model calculations are shown 
by the bottom curve. 
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extent of the 6lSN change but depends on the 
correlation between accumulation rate and tem- 
perature. Our 615N record (Fig. 3) is shown 
with curves for different scenarios of Aage and 
6180ice. The best agreement for the rise in 
6'*OiCe and 615N is found for a = 0.41 + 0.07 
per miVK. 

The slight disagreement between the two 
methods used to calculate a may result from a 
change in the height of the convective zone. 
The higher value of the f h t  method requires an 
increase of the size of the convective zone of 
about 5 to 6 m with increasing temperature to 
agree with the lower a value obtained by the 
second method. This is not consistent with ob- 
servations, because an increase in temperature 
is normally accompanied by lowered wind 
speeds (19), which should lead to lower wind 
pumping and therefore to a shallower convec- 
tive zone depth. It is more plausible that the 
accumulation ratetemperature relation may 
have been different from what we have as- 

sumed. The relation we used, derived by fitting 
a quadratic exponential hc t ion to accurnula- 
tion data and the corresponding 6180i, values 
calibrated with borehole temperatures (6), is 
uncertain because of the large scatter in the 
reconstructed accumulation rates and might be 
valid only over the long term and for mean 
values. A time-dependent relation has been pro- 
posed by Kapsner et al. (20). 

The question arises of whether a relation 
between 6180ice and accumulation rate dur- 
ing DO 19 that is consistent with both a 
derivation methods exists. To investigate this, 
we applied an exponential relation between 
6180ice and accumulation rate (21) and per- 
formed some tests, changing values of the 
parameters of the exponential relation, con- 
sidering that (i) the present accumulation rate 
is correct and (ii) the age of DO 19 remains 
unchanged. The ice accumulation rate = 0.23 
X exp[0.142 per mil-' X (6180ice +34.83 
per mil)] (meters per year) is consistent with 

Fig. 2. Variations in S15N from - 
measurements (+) and model 
calculations (7). Three model '\ 
scenarios are shown for a = 
0.45 per miVK (solid black line), 
a = 0.33 per miVK (gray = 
dashed line), and a = 0.67 per 'E 
miVK (gray dotted line). For 
the accumulation-temperature 0.1 
relation of Johnsen et al. (6), a 
best fit is found for a = 0.47 2 
0.05 per miVK. The offset for 2 
the measurements, S15N0, es- 9 
sentially identical to the gravi- Z 
tational enrichment at the be- 0 -' 
ginning of the DO19 (a slight 
thermal nonequilibrium, origi- 
nating from the previous DO 

- 
event, has an additional influ- 
ence), is 0.47 per mil. For the -0.1 model results, it is 0.46 per mil I I I I 1 

(a  = 0.45 per miVK), 0:58 per 
mil (a = 0.33 per mil/K), and 

69500 70000 70500 
0.38 per mil (a  = 0.67 per Gas age (years B.P.) 
m i ~ ~ j .  Error bars represent the 
(conservative) laboratory reproducibility of 0.02%. (The deviation of the parallel samples is less 
than 0.01%.) The thin line corresponds to the change of the gravitational fractionation over time 
(a = 0.45 per miVK) referenced to 615N, 

Fig. 3. S15N data (gas age) 
plotted with Aages from 
model calculations for the 
accumulation rate of Johnsen 
et al. (6). The two extreme 
cases [a = 0.33 per miVK 
(thin solid line) and a = 0.67 
per miVK (thin dashed line)] 
and a fit of a = 0.40 per 
miVK (dots and solid line) are 
shown in comparison with 
the 6180ice signal at the top 
(ice age, lines types as in Fig. 
1). The shaded area marks 
the main increase in 6l8OiCe 
at the beginning of DO 19. 69500 70000 70500 

Age (years B.P.) 

both methods for a = 0.42 2 0.05 per mil/K. 
This relation implies a 10% higher accurnu- 
lation rate at full glacial conditions compared 
with the one given by Johnsen et al. (6). The 
range of the corresponding surface tempera- 
ture change for the a value of 0.42 per mil/K 
is 14.3 K to 18.1 K with an best estimate of 
16.0 K [this range results mainly from the 
uncertainty of the gravitational enrichment 
(-30%) and from the 6I5N measurements 
(-60%)]. This a is substantially different 
from the values derived from borehole tem- 
peratures (a = 0.33 per mil/K), which is, 
however, not surprising because the borehole 
temperatures reflect the long-term change 
from the Last Glacial Maximum (LGM) to 
the Holocene. One explanation for this dif- 
ference in a may be a different temperature 
change in the subtropical moisture region. 
Recent studies have indicated a tropical sea 
surface temperature change of about 5 K 
during the LGM-Holocene transition (22), 
which implies an even larger change in the 
subtropical moisture source region. During 
the DO 19, however, the record of atmo- 
spheric methane suggests a rather minor tem- 
perature change in the tropics and subtropical 
regions (23, 24). When we compare a 15 K 
cloud temperature change over Central 
Greenland for a situation with an approxi- 
mately constant moisture source temperature 
as assumed for DO 19 with a situation where 
the moisture source temperature increases by 
5 K during the climate change as we.suppose 
for the LGM-Holocene transition, a simple 
Rayleigh-type model (25) implies an a that is 
about 10 to 30% higher for the constant 
moisture source temperature situation. There- 
fore. the difference in the source temverature 
change may explain at least part of the dif- 
ference in a that we observe in comparison 
with the long-term borehole measured a ,  
which is valid for the LGM-Holocene transi- 
tion. An additional change in the circulation 
regime, a change in the distribution of sum- 
mer and winter snow, or a different change in 
cloud temperature may also play a role. 

A continuous record of 615N, providing 
temperature change information and Aages 
over a whole ice core, would not only give 
detailed information on the variation of the 
6180ice-temperature relation but would also 
help to improve ice core time scales. The 
latter requires fim densification and ice flow 
modeling. 
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Seismic Consequences of Warm 
Versus Cool Subduction 

Metamorphism: Examples from 
Southwest and Northeast Japan 

Simon M. ~eacock'" and Kelin wang2 

Warm and cool subduction zones exhibit differences in seismicity, seismic 
structure, and arc magmatism, which reflect differences in metamorphic re- 
actions occurring in subducting oceanic crust. In southwest Japan, arc volcanism 
is  sparse and intraslab earthquakes extend to 65 kilometers depth; in northeast 
Japan, arc volcanism is more common and intraslab earthquakes reach 200 
kilometers depth. Thermal-petrologic models predict that oceanic crust sub- 
ducting beneath southwest Japan is 300" to 500°C warmer than beneath 
northeast Japan, resulting in shallower eclogite transformation and slab de- 
hydration reactions, and possible slab melting. 

During subduction, variably hydrated basalts 
and gabbros of the oceanic crust transform to 
eclogite, a relatively dense rock consisting 
primarily of garnet and omphacite (Na-Ca 
clinopyroxene). The transformation of hy- 
drated metabasalt to eclogite releases sub- 
stantial amounts of H,O (I)  and increases the 
density of subducting slabs (2). Kirby et al. 
(3) proposed that dehydration reactions trig- 
ger intermediate-depth (50 to 300 km) in- 
traslab earthquakes and suggested that deeper 
intraslab earthquakes observed in cold sub- 
duction zones may reflect kinetic hindrance 
of eclogite formation. In a given subduction 
zone, the depth and nature of eclogite forma- 
tion and slab dehydration reactions depends 
on the pressure (P)-temperature (T) condi- 
tions encountered by the subducting oceanic 
crust. Temperatures at depth in subduction 
zones vary because of variations in conver- 
gence rate, thermal structure (age and sedi- 
ment thickness) of the incoming lithosphere, 
and possibly rates of shear heating (4). We 
present thermal models for the subduction 
zones of southwest (SW) and northeast (NE) 
Japan and examine the metamorphic evolu- 
tion of subducting oceanic crust. 

In many subduction zones, detailed seis- 
mic investigations reveal the presence of a 
thin ( < l o  km thick), low seismic-velocity 
layer coinciding with the zone of thrust and 

intermediate-depth earthquakes (3, 5, 6 ) .  The 
seismic velocity of eclogite is comparable to 
mantle peridotite, thus the dipping low seis- 
mic-velocity layer is generally interpreted as 
subducted oceanic crust that has not trans- 
formed to eclogite (3). Beneath SW Japan, 
subducted oceanic crust of the Philippine Sea 
plate is marked by a layer with low P-wave 
(V, = 6.6 to 6.9 km s-') and S-wave (V,  = 
3.8 to 3.9 km s-I) velocity which extends to 
60 km depth (7). Beneath NE Japan, the 
low-velocity layer, representing subducted 
oceanic crust of the Pacific plate, persists to 
150 km depth and has slightly higher V, - 
7.5 km s-' (5, 8). Beneath SW Japan, the 
maximum depth of intraslab earthquakes is 
-50 to 65 km (9). In NE Japan, inhaslab 
earthquake activity peaks at 125 km depth 
and extends to 200 km depth (3), and deep 
earthquakes occur down to 670 km depth (5). 

Abundant Holocene volcanism occurs in 
NE Japan (Fig. 1) with a well-defined volcanic 
front located - 100 km above the top of the 
subducting Pacific plate (5). Most NE Japan arc 
lavas exhibit calc-alkaline geochemistry, which 
reflects partial melting in the mantle wedge 
triggered by the infiltration of aqueous fluids 
derived from the subducting slab (10). In SW 
Japan, Holocene volcanism is relatively sparse. 
Andesite and dacite erupted at Daisen and 
Sambe volcanoes in SW Japan (Fig. 1) are 
geochemically similar to adakites (111, which . . 
are interpreted to represent partial melts of sub- 
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