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Penny Ice Cap Cores, Baffin Island, Canada, and 
the Wisconsinan Foxe Dome Connection: 

Two States of Hudson Bay Ice Cover 
David A. Fisher, Roy M. Koerner, Jocelyne C. Bourgeois, 

Greg Zielinski, Cameron Wake, Claus U. Hammer, 
H. B. Clausen, N. Gundestrup, Sigfus Johnsen, 

Kumiko Goto-Azuma, Takeo Hondoh, 
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Ice cores from Penny Ice Cap, Baffin Island, Canada, provide continuous Holocene 
records of oxygen isotopic composition (S180, proxy for temperature) and atmospheric 
impurities. A time scale was established with the use of altered seasonal variations, some 
volcanic horizons, and the age for the end of the Wisconsin ice age determined from the 
GRIP and GISP2 ice cores. There is pre-Holocene ice near the bed. The change in 6"0 
since the last glacial maximum (LGM) is at least 12.5 per mil, compared with an expected 
value of 7 per mil, suggesting that LGM ice originated at the much higher elevations of 
the then existing Foxe Dome and Foxe Ridge of the Laurentide Ice Sheet. The LGM 6180 
values suggest thick ice frozen to the bed of Hudson Bay. 

T h e  Penny Ice Cap on C~unberland Pen- 
insula, Baffin Island, is the southernmost 
major ice cap in Canada. During the Wis- 
consin Ice Age, the ice cap was connected 
to Foxe Dome (1, 2) (Fig. 1A). Field evi- 
dence suggests that during the Holocene, 
the position of the central ridge of the 
thicker southeastern part of the Ice cap was 
stable (3). Presently, the central r~dge has a 
maximum surface elevation of 1900 meters 

D. A. Fisher, R. M. Koerner, J. C. Bourqeo~s. Terrain 
Sc~ences D~v~s~on ,  Geological Sutvey of Canada, 601 
Booth Street, Ottawa, Ontario K I A  OE8, Canada. 
G. Z~elhnsk and C. Wake, Glacier Research Group, Morse 
Hall, Universty of New Hampshre, Durham, NH 03824- 
3525, USA. 
C. U. Hammer, H. B.  Clausen, N. Gundestrup, S. 
Johnsen, N~els Bohr lnst~tute, Department of Geophys- 
cs .  Un~versity of Copenhagen. Rockefeller Complex, 
Juliane Mar~es Vei 30, Copenhagen 0, Denmark DK- 

above sea level (masl) (Fig. 1B). 
In spite of relatively high melt (4) ,  we 

established Holocene chronologies for 6180 
and ice chemistry. The proximity of the 
core to Baffin Bay and the major glaciolog- 
ical changes that occurred during the Ho- 
locene make this core an important record. 
The Wisconsinan ice has sections of low 
6180 and high calcium concentrations. In 
particular, the episode attributed to the 
LGb1 [18 thousand years ago (ka)] suggests 
origins deep inland on the Foxe Dome and 
~ o x e    id^; of a Laurentide Ice Sheet dorn- 
inated by Hudson Bay ice frozen to its bed. 

Two ice cores 16 km apart reached the 
bed of the Penny Ice Cap. The 333.78-m 
P95 core was drilled on the central ridge 
(1900 masl) (Fig. 1B); we analyzed 6180, 
calcium and sodium concentrations, and 
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The value of 6180 (5) in precipitation is 
negative and is related to a site's location in 
the water cycle (6,  7). For high-elevation 
polar ice masses, the site's air temperature 
plays a role, as can its elevation. Time series 
derived from ice-core 6180 have the flow 
effect included, whereby older (deeper) ice 
originated from higher up a flow line, which 
may have been evolving. Presently, P95 and 
P96 are close to or at the local highest point 
(Fig. 1B), so recent ice has local origins in 
both cores. ECb1 is a measure of solid-ice 
conductivity (8) and is mainly controlled 
by pH. Calcium (concentration [Ca2+], 
measured in nanograms of Ca2+ per gram of 
ice) is mostly from airborne mineral dust, 
and the sodium (concentration [Nat]) is 
primarily from sea salt (9, 10). 

The ice temperature at a depth of 15 m 
measured by Holdsworth 2 km down-ridge 
from P95 was - 14.4'C (1 1 ) .  Under present 
conditions, the calculated bottom tempera- 
ture for P95 is -8OC (1 2 ) ,  so there is little 
chance that basal melting occurred during 
the Holocene. At  the P95 and P96 sites, 40 
and 80% of the accumulation, respectively, 
melts and refreezes (4). The accumulation 
rate at P95 as determined from the depth of 
the 1963 bomb layer is 0.37 m (ice equiv- 
alent) per year, and the rate determined 
from the depth of the volcanic layer depos- 
ited by the 1783 A.D. Laki event is 0.36 
miyear. The Laki-derived accumulation for 
P96 is 0.188 m/year. At P95, the modern 
6180 is -24.23 per mil; modern 6180 at 
P96, however, is -23.37 per mil. There is 
scouring of winter snow at the P96 site in 
half of the winters. If the cold (low 6) 
winters of P95 are numerically removed 
(13), the resulting stratigraphy resembles 
that for P96 (Fig. 3) ,  and the average 6 
shifts from -24.23 to -23.5 per mil, which 
is close to the average for the P96 site. The 
average accumulation at P95 drops 39% 
when the deep winters are numerically re- 
moved. This sort of episodic scour biases the 
differences between the sites to the cold 6 
years (Fig. 4). This episodic scour is differ- 
ent from the more continuous scour seen in 
drier snow areas (14). 
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Fig. 1. (A) Positions of the modem Penny and __ -- - - . - - - - 
Barnes ice caps superimposed on a computer * 

reconstruction of the extent of ice cover during the 
LGM assuming deformable beds under Hudson 
Bay (SHB model) (2). In this reconstruction, the 
highest point of origin for the flow line that goes to 
the present position of the Penny Ice Cap is at the 
top of the Foxe Dome (F), which is 2200 mas1 
(elevation contours are labeled in hundreds of 
meters with respect to present sea level). A similar 
reconstruction assuming that the bed is not de- 
formable under Hudson Bay (HHB model) pro- 
duces thicker ice, and the Foxe Dome becomes 
the end point of a long ridge that leads up to the I 
Keewatin Dome (K), which was then 3200 masl. ~ 
H, Hudson Dome; M, M'Clintock Ridge; and Q, 
Quebec Dome. (8) The east central part of the 
Penny Ice Cap showing the F'95 and F'96 drill sites 
and the automatic weather station site (AWS); el- 

-p~~--- 

evations in feet. 

The coreswere dated with the use of (i) 
the measured recent accumulation rate, (ii) 
major volcanic acid horizons like those 
from Laki in 1783 and 1259 A.D. and from 
Eldjga in 934 A.D. (8, 15, 16), (iii) the age 
for the Wisconsin-Holocene transition de- 
termined from the GRIP and GISP2 6l80, 
[Ca2'], and ECM records (Fig. 2), and (iv) 
"measured" annual layer thickness as a 
function of depth. 

Seasonal layers are apparent in parts of 
the P95 core, as in cores from Greenland 
(1 7), and can be used to obtain the annual 
layer thickness, but elsewhere in the core, 
the melt smoothed the seasonal variations 
in 6180 and chemistry either by vertical 
mixing resulting from melt transport or by 
diffusion. Because they are altered, these 
surviving seasonal variations are referred 
to as post-depositional annuals (PDAs). 
By experimenting with power spectra of 
depth series of sufficient resolution (1 
mm), we found that the three or four 
highest frequency power concentrations 
tracked what was left of the PDAs. With 
increasing depth, these (and other) peaks 
migrated to higher frequencies as the lay- 
ers were thinned by densification and ver- 
tical strain. The ECM record proved to be 
most useful because of its 1-mm resolution 
and because the ECM PDAs tend to be 
retained even in high melt (18). The spec- 
tral method works on any sequences of 
PDAs and does not require that they be 
continuously well defined. The method 
gave an age for the 1783 Laki deposit that 
was off by 3% and an age for the Wiscon- 
sin transition that was 8% too young. The 
four largest identifiable volcanic (ECM) 

6% (par mil) 

Fig. 2 Onsmeter averages of, the P95 core for solid DC conductivity (ECM), calcium concentration 
[C$+], and 8'80, and 50-cm averages for P96 8'80. Concentration is measured in parts per billion 
@pb). 

Flg.3.About30yearsofseasonal 
(PDA) 8'80 stratigraphy at (blue) 
PQ5 and (green) P96 (East Dome) 
on an ice equivalent scale. In the 
upper PQ5 trace, the winters are 
tagged with a "w." For the lower 
P95 trace, the deep (most negative) 
winters were numerically subtract- 
ed until the accumulations were 
equal. 

signals have ages within 15% of their ex- 
pected ages. The layer thickness ages were 11,550 + 70 years before present (1 9). measure annual layer thickness by any 
used back to 7900 years before present (at Because the P96 accumulation rate is means. The ECM record did yield a spec- 
3 19-m depth, where the annual layers are smaller, its annual melt percent is higher, tral layer thickness time scale. This time 
about 4 mm thick) and were then adjusted and the total thickness is less than that for scale placed the four large ECM peaks (the 
smoothly to the end Wisconsin age, P95, it is more difficult to identify and Katmai event of 1912 A.D., the Laki 
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event of 1783 A.D., and dated Greenland 
core events of 1259 A.D. and 50 B.C.) 
within 8% of the ages of the five largest 
ECM peaks found in Canadian and 
Greenland cores (8, 16) (the Eldjga event 
of 934 A.D. fell in a data gap). Annual 
layer thickness beyond the 50 B.C. event 
was too small to resolve, and the P96 ice at 
the Wisconsin-Holocene transition in the 
6180 record was assigned the GRIP-GISPZ 
age. Between the fixed points, the ages 
were interpolated according to a simple 
Nye model (20). 

The GISPZ and P95 sea-salt sodium 
records (9, 10) (Fig. 5B) are presented for 
the purpose of substantiating the time scale. 
The general trends are similar, as are the 
details, when allowance is made for the 
errors in the Penny time scale. To assess 
how much signal there is in time series from 
high-melt sites, a third core (89 m in 
length, designated P95.2) was drilled 2.5 m 
from P95. It was cut at a resolution of eight 
samples per calculated year and measured 
for 6180. Correlation between P95.2 and 
P95 (five samples per year) over about 220 
common years allowed estimation of the 
signal and noise in the series. Using a time 
scale based on the Laki eruption of 1783 
A.D., we calculated the annual time series. 
The overall correlation coefficient for an- 
nual series of 6180 is 0.80 (Fig. 4). The 
annual 6"0 series correlation between P95 
and P95.2 is what is expected for a low- 
latitude site that does not suffer major ver- 
tical cross-year mixing of water (21). The 
correlation between 40-year segments of 
the P95 and P96 annual 6180 series is from 
0.3 to 0.5 (Fig. 4), which is typical for sites 
separated by 10 km. 

The ice age parts of the P95 and P96 ice 
cores (Fig. 6) are identified by the high 

[Ca2+] and low 6180. In a general sense, the 
pre-Holocene sections strongly resemble 
the pre-Holocene sections from the Agassiz 
(22, 23) and Devon (24) ice caps. Howev- 
er, the size of the jumps in 6180 (present - 
LGM) in P95 and P96 are much larger than 
expected for their latitude (25). Penny 
might be expected to have a 6180 step close 
to that of the Dye3 core from south Green- 
land (7 per mil) (25) instead of a value of 
12.5 per mil. When allowance is made for 
molecular diffusion of the isotopic signal, 
the P95 value increases to 14 per mil (6, 
26). Only the Barnes Ice Cap on Baffin 
Island has a similarly large value (15 per 
mil) (27); the value for Barnes has been 
attributed to climate-related changes (7 per 
mil), recent (Holocene) melt effects (3 per 
mil) due to summer runoff of accumulation, 
and a higher point-of-origin elevation (5 
per mil). 

The higher elevation hypothesis sug- 
gests that the LGM Barnes ice originated 
high up on the then-existing Foxe Dome 
(Fig. 1A). There is no fractionation due to 
melt-water runoff on Penny Ice Cap. The 
12.5 per mil change in 6180 for the Penny 
transition may then be divided into 7 per 
mil for climatic change and 5.5 per mil for 
point-of-origin elevation change. 

Steady-state reconstructions of the 
LGM Laurentide ice cover connect the 
Foxe Dome and the Cumberland Peninsu- 
la ice with a saddle-free ridge (2) (Fig. 
1A). Two reported reconstructions are (i) 
a Laurentide Ice Sheet with a deformable 
(soft) bed under Hudson Bay and basal 
temperatures at the melting point (SHB) 

(Fig. 1A) and (ii) a Laurentide Ice Sheet 
with an undeformable (hard) Hudson Bay 
bed where basal temperatures are below 
freezing (HHB) (2). 

The calculated Foxe Dome elevation for 
the SHB case is 2200 masl, and for the 
HHB case, 22400 masl (2). The present 
P95 site elevation is 1900 masl. Therefore, 
allowing for a sea level that was 100 m 
lower during the LGM, and assuming a 
standard relation between elevation and 
6'80 of -0.6 per mil per 100 m (6), the 
SHB and HHB reconstructions give 6180 
shifts (due to elevation) of 2.4 and 3.6 per 
mil, respectively. Ifi the HHB reconstruc- 
tion, the Foxe "Dome" is part of a long ridge 
running eventually to the Keewatin Dome 
(2). A shift of 5.5 per mil would require the 
LGM ice to originate from 2700 mad. This 
elevation is consistent with an origin on the 
long Keewatin-Foxe Ridge of the HHB re- 
construction. The SHB LGM reconstruc- 
tion does not produce high enough surface 
elevations (Fig. 6D). 

The Penny ice-age core sequence is com- 
promised by discontinuities caused by flow. 
In the Devon Island (24), Agassiz (23), and 
Greenland surface-to-bed ice cores (28), 

Fig. 4. Signal and noise in the upper few centuries 
of the high-resolution records. Annual averages of 
6l80 obtained by averaging two high-resolution 
records from cores P95 and P95.2 (blue), which 
are 2.5 m apart, and for the P96 core (green), 16 
km from P95. Also plotted is the correlation coef- 
ficient function between the two P95 annual 6'80 
series (blue) and between the averaged P95 an- 
nual series and P96 (green). The time scale is 
tuned slightly to place the 1783 A.D. Laki ECM 
peak at its exact date. 

SCIENCE 
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Fig. 5. The Holocene record. (A) Penny P95 and 
P96 S180 and Agassiz (Ellesmere Island) 6180 
and melt records for the Holocene. The Agassiz 
records (14) are an average of two cores, A84 and 
A87. (6) The Penny P95 and GISP2 (9, 10) sea salt 
sodium concentrations (ssNa). Uncertainty in the 
dating of the Penny P95 record is indicated by the 
temporal error bars. The Agassiz dating is god to 
210%. 
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Fig. 6. Bottom detail for Penny cores: (A) Ca2+ 
concentration for P95, (6) 6'80 for P95, (C) 6180 
for P96, and (D) 6180 record for P95 corrected for 
molecular dision using a difkision length of 2.2 
cm (26'). Section a is over-represented in P96, 
because of boudinage, and corresponds to a 
much smaller section of the core in P95, whereas 
section b is similar in both cores; the discontinuity 
at c in P96 possibly matches P95 where indicat- 
ed. The elevation scale in (D) (in meters above sea 
level) uses the standard 6'80-elevation relation for 
Greenland to assess the height of origin of the ice. 
The shading refers to the possible elevation rang- 
es explainable with the SHB and HHB glacial re- 
constructions (2). 



there are flow discontinuities in the bottom 
5 to 10% of the depth. There are also 
possibly boudinage distortions such as found 
in the Renland core (29). 

Comparison of the P9i and P96 bottom 
records of 6% (Fig. 6, B and C) deinon- 
strates that there is one section with signa- 
tures common to both cores (section b) .  In 
add~tion to having a similar shape and av- 
erage, they share the characteristic low- 
ECM signature found in Northern Heini- 
sphere late glacial ice (23. 3C). There ap- 
pears to be an example of boudinage in P96, 
where one section (section a) is much nar- 
rower in PBT. There are also examples of 
sections unique to only one core: Disconti- 
nuity c is unique to P96. 

Although there is not a strong Younger 
Dryas (YD) signal in e~ the r  P9i or P96, 
there is a hint of one in P9i (Fig. 6D). 
The Allergd-Bmlling warm period (higher 
6)  that gives definition ,to the subsequent 
YD in Greenland and Devon ice cores has 
possibly been partly masked in the S1'O 
changes because of the transition from 
flow off of the Foxe Dome to local flow 
withln the Penny Ice Cap. It is also pos- 
s~ble  that the signal is missing In both 
cores because of flow-induced discoiltinui- 
ties or boudinage thinning combined with 
molecular diffusion. 

The Agassiz melt and 8'" Holocene 
records (14, 23. 31. 32) are shown with 
those from P95 and P96 (Fig. 5'4.). The 
Agassiz data show an early Holocene max- 
i~n~uin for 6 '80  and melt (temperature) (33) 
followed by a persistent long-term cooling 
trend until about 150 years ago. The P95 
record shoa,s a 6180 change of only 1.2 per 
mil from the early Holocene to present (Fig 
i A ) ,  compared with a change of 2.2 per mil 
in the Agassiz cores. If we use the Green- 
land 6'80-elevation relatlon (34), then the 
gentler SIQ gradient on Penny Ice Cap 
would be attributable to a cooling trend 
that has been partly offset by ice cap thin- 
ning after the LGM that persisted into the 
Holocene. Much the same arguments have 
been used to "correct" the Holocene GRIP 
S J 8 0  values for Greenland (35). To recon- 
cile the P9i and Agassi: ice cap S J 6 0  
records, the early Holocene ice on Penny 
Ice Cap would have to have originated 
about 170 m higher than the early Holo- 
cene sea level [about -40 mas1 (36)], or 
130 m higher than the present site. This 
higher point of origin could have been on 
the disintegrating Foxe-Cumberland ice 
ridge, or simply on a thicker local ice cap at 
this time. 

The argument for a substantial change 
in Penny Ice Cap thickness in the early 
Holocene takes support from a comparison 
between the P96 and P9i 6180 records. In 
the early Holocene (11.55 to 8 ka), the 
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