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ABSTRACT. The 320 kyr climatic record from the 2503 m Dome Fuji (Antarctica) ice
core was analyzed using two electrical methods: AC-ECM and ECM (electrical conduc-
tivity measurements). AC-ECM is a method to detect the complex admittance between
electrodes dragged on the ice surface with mm-scale resolution and uses 1 Vand 1 MHz.
The ratio of the real to imaginary part of the admittance is the AG loss factor, which responds
linearly to the amount of sulfuric acid and hydrogen ions. Both the AC loss factor and the
ECM current respond to acid, but the ECM signal tends to saturate at high acidities.
Dome Fuji ice was measured to be highly acidic, with background values of 2—7 uM, and
had > 500 major peaks with acidities of up to 90 uM. This ice-core evidence and earlier
snow-chemistry survey around the dome region indicates that Dome F may have a better
connection to the stratosphere than have sites at lower altitude, which allows more strato-
spheric aerosol and gases to reach the snow surface Acidity tends to be high in interglacial
periods, but correlation between acidity and 30 is not straightforward. Electrical sig-
nals decreased and smoothed out, with increasing depth; the diffusion coefficients deduced
from this smoothing were 10-10” times greater than in solid ice. The ice core exhibited

electromechanical effects and expelling effects from sulfate peaks.

INTRODUCTION

Ice-core records can reveal climate history over time-scales of
up to 10° years. By resolving ice-core records, we can extract
information on past climate, such as temperature, precipi-
tation rates, atmospheric composition, chemical compon-
ents, and solid material transported to polar regions. In ice-
core studies, researchers are often interested in annual or
seasonal-scale variations as well as far longer-scale variations
such as glacialfinterglacial cycles. Detection of such vari-
ations from typically km-long samples is time-consuming
work that often requires 10°-10” samples.

Usually, electrical conductivity measurements (ECM) are
performed first because such methods are relatively fast and
can quickly locate positions of climatic events on the ice cores.
The ECM method measures the direct current between two
electrodes separated by 10—15 mm with an applied voltage of
350-2000V (Hammer, 1980; Neftel and others, 1985). These
electrodes are moved along a freshly prepared, smooth sur-
face of ice. ECM indirectly measures the acid distribution in
ice, although calibration must be done for each measurement
system and each ice core. Another method that hasbeen used
1s dielectric profiling (DEP; Moore and others, 1989; Wolff and
others, 1995). Unlike the ECM method, DEP does not drag
electrodes along the surface. It measures the high-frequency-
limit conductivity and complex permittivity with a spatial
resolution of 5>—20mm. The applied voltage is typically
1-3 V. The high-frequency-limit conductivity responds to the
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amounts of acid, ammonium and chloride in ice cores (Moore
and others, 1994; Wolff and others, 1997). Sugiyama and others
(1995, 2000) tested a third method, AG-ECM. Sugiyama and
others (2000) reported that the conductance at the ice-core
surface increases linearly with the concentration of sulfate
ions and hydrogen ions. AG-ECM detects high-frequency-
limit conduction with an effective spatial resolution of about
10—15 mm, which is the same as ECM. The energy dissipated
in the ice by the ECM method was about 10° times that from
the AC-ECM method because the voltage was 10° times great-
er. Although AC-ECM signals correlate to sulfuric acid and
hydrogen ions (Sugiyama and others, 1995, 2000), possible
effects from chloride or ammonium found in another AC
method, DEP (Moore and others, 1994; Wolff and others,
1997), are still unknown.

From 1992 to 1998, the Japanese Antarctic Research
Expedition (JARE) conducted a deep ice-coring project at
Dome Fuji (hereafter Dome F), the second highest dome
summit in East Antarctica. The location is 77°19'S,
39°40'E (3810 m a.s.l), and the ice thickness is 3028 £15 m
as measured by radar sounding. The annual mean tempera-
ture 10 m below the surface is —=586°C. The project team
recovered ice down to 2503 m, which contains climatic data
going back 320 kyr or more (Watanabe and others, 1999).

The purpose of this paper is to report details of the elec-
trical measurements and our analyses of the core. First, we
describe the methods, the physical meaning of the signals,
and how the treatment of the core affects measurement qual-
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Table 1. Experimental conditions for AC-ECM and ECM

Core Depth Time lag between core Temperature range of ice" Average AC loss factor Estimated absolute errors®
section processing and AC-ECM Jor AC-ECM Sor ECM at—25°C
m °C °C

1 112.65-229.0 4-5 months —31to —38 —23 to —32 0.161 0.015

11 229.01-310.90 3—4 months —28to—33 —23 to —32 0.174 0.030°

111 310.90-551.46 9 months —22to —24 —18 to —26 0.131 0.015

v 551.46-85000" None® —23 to —32 Same 0.124 0.015

A% 850.00-2251.40 None —18 to —23 Same 0104 0.015

VI 2251.40-2503.07 None —25 to —32 Same 0.035" 0.020

* Ice temperature was measured using an infrared radiation thermometer.

Error is the standard deviation that appears as systematic error due to errors in calibration for each measurement. This is an absolute error. However, for

each individual measurement, errors in variation of signals within a run are about 0.005.

“This larger error occurred due to insufficient calibration at the beginning stage of the measurement.

4 This depth range includes most of the brittle zone which ranges from 500 to 870 m. Ice core was processed at lower temperatures.

¢ AC-ECM and ECM were measured at the same time.

" Average loss factor was from depths between 22514 and 2380 m.

ity. Second, we present detailed features of the electrical data
of the entire ice core. Finally, we present our interpretation in
terms of climatic records. We found that the Dome F core is
characterized by highly acidic ice presumably from transport
of gas and aerosols from the upper troposphere and strato-
sphere. Also, the combined use of AC-ECM and ECM
revealed new implications about electrical conduction in ice,
which we discuss in Fujita and others (2002b).

MEASUREMENTS
Methods

After equilibrating for 1 day at the cold-room temperature at
Dome F all core sections, which were 93 mm in diameter
and about 1.7 m long, were cut parallel to their central axes
into 60% and 40% portions by volume. The cut surfaces of
the 60% portions were further finished with a microtome
knife to make fresh, smooth surfaces. Further details of the
processing are in Fyjita and others (2002a) Immediately
after a surface was cut and finished, two AC-ECM elec-
trodes were dragged along the surface with a IMHz, 1V
signal. Within a few minutes, two ECM electrodes were
dragged along the same surface with a 1250 V d.c. potential
difference. The entire ice core from depths of 112.65 to
2503.07m was covered by the measurements using both
methods. Although the signal was sampled every 2 mm, we
plot only 10 mm running averages of the data to remove
noise. The AC-ECM electrodes were manually dragged
along the ice at about 1cm's ', whereas the ECM electrodes
were manually dragged along the ice at about 25 cms .
The AC-ECM system consists of two coaxial electrodes
and an auto-balance bridge (HP model 4284 A precision
LCR meter). It measures the complex admittance Y* = G
+ Bi, where G is the conductance and B is the susceptance,
at the surface of ice using frequencies between 20 Hz and
1 MHz. Yor further details, see Sugiyama and others (1995,
2000). We primarily used 1MHz to detect the high-
frequency-limit conductance of ice; here high-frequency-
limit means frequency well above the Debye dispersion
only, and below the dispersions that exist above the micro-
wave region. The electrodes were aligned perpendicular to
the core axis and 15 mm apart, and the contact area of each
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electrode was about 1.0 mm®. The effective resolution of the
electrodes approximately equaled the distance between the
electrodes (15> mm); based on a physical principle that the
electrical field decreases inversely proportional to the dis-
tance from a given location to each electrode, this effective
resolution applies both for a.c. and d.c. Within this distance,
about 65% of the lines of electrical force cross. The load on
the electrodes was of the order of 5 x 10° Pa. Because the AC-
ECM needs careful calibration of the auto-balance bridge,
cable and electrodes, we calibrated the admittance to measure-
ments on three reference materials: dry air, aluminum and
Teflon. We found that insufficient calibration would double
the estimated error in the AC loss factor that is shown inTable
1. The AC conductance at —20°C is proportional to the con-
centration of sulfuric acid and hydrogen ions (Sugiyama and
others, 2000). Further details of the AG-ECM measurement
method are in Sugiyama and others (1995, 2000).

The ECM system had the same electrode contact areas
and separation as the AC-ECM system, although the pres-
sure on the ice was 10 times greater and the applied voltage
was 1250 V. The independent laboratory measurements that
assess both a.c. and d.c. signals are reported in Fujita and
others (2002b).

Measurement history and quality

ECM measurements are known to be affected by the storage
age of the ice cores (Hammer, 1983); furthermore, we found
that the AC-ECM measurements were affected by the room
temperature through the effect of temperature on ice brittle-
ness. Hence, we document the processing conditions here. Ice
cores were recovered from July 1995 to December 1996, then
the cores were processed and ECM measurements were per-
formed at the coring site from November 1995 to June 1997.
AC-ECM was used only from March 1996, that is, 4 months
after the processing started; during these 4 months, we had
made ECM measurements down to 551.46 m depth. There-
fore, all ECM measurements used freshly prepared smooth
surfaces, whereas the AC-ECM measurements for depths
shallower than 551.46 m could not be performed on the same,
freshly prepared surfaces. For these shallow samples, we simply
shaved 0.1-0.2 mm of ice off the surface with a microtome
knife; hence, the AC-ECM measurements were performed
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Fig. 1. An example of raw data from the AC-ECM and ECM. (a) Susceptance ( dotted lines) and conductance ( solid lines) from
the AC-ECM. The ordinate uses a logarithmic scale. The graph shows consecutive measurements on three cores, each about 1.5m
long. Core ends are indicated by “CE” because edge effects caused increases of both susceptance and conductance. (b ) AC loss factor
defined by Equation (1) (linear scale). (¢) ECM current (right axis) and d.c. conductance (left axis). The ordinate uses a
logarithmic scale. The d.c. conductance is the ratio of ECM current to the applied voltage.

on a surface that was 0.1-0.2 mm within the ice as compared
to the surface used for the ECM measurements taken 3—9
months previously (see Table 1). Therefore, we cannot treat
equally the a.c. data at depths shallower and at depths deeper
than 55146 m. In addition, we could not strictly control the
temperature in the ice-core processing room, for technical
reasons. We corrected all the measured data to values at a
temperature of —25°C assuming activation energies of 0.25 V
for AC-ECM parameters (Sugiyama and others, 2000) and
0.23 V for the ECM current, but possible errors in activation
energies could cause systematic errors. Therefore, to deter-
mine if core aging or the measurement temperature affected
the results, we classify the data into six depth regions (I-VI
inTable 1) based on storage age and measurement tempera-
ture. In addition, the error estimate of the AC-ECM is
affected by its calibration; these error estimates are also
shown in Table 1. Most measurements were performed at
temperatures between —20° and —30°C. The error estimate
in Table 1 does not include possible errors in the activation
energies. This error can be larger for measurements at lower
temperature; for example, an error by 10% in activation
energy for a measurement at —35°C causes about 4% error
when corrected to —25°C.

Removing an edge effect

Through a number of measurements at Dome F, we found
that both the real (G) and imaginary (B) parts of the com-
plex admittance increased near the core ends, yet their ratio
was not significantly affected by this edge effect (Fig. 1). The
edge effect is explained by the surface admittance of the
core ends. Although the effective resolution was 15 mm,
about 35% of the electric field lines exist outside of this reso-
lution. These lines detect the surface admittance at the core
ends. The observed features agreed well with the theoretical
calculation. o remove the edge effect from the data, we
introduce and plot the AC loss factor d:

5:%. (1)

This ¢ is dimensionless; physically, it measures the energy
loss due to electrical conduction in the vicinity of the ice sur-

face during a cycle of the electrical field. Calibration for the
AC loss is discussed in Fujita and others (2002b). Figure 1b
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shows 0 calculated from measured values of G and B in
region V. The edge effect was removed from the signals in
Figure la. Apparently, the edge effect only changes coupling
of the electrodes to ice: it does not affect the energy loss 0. In
contrast, the ECM signal does not show an obvious edge
effect (Fig. 1c). ECM current always shows smoother and
more nearly uniform features than the AC loss.

RESULTS
The entire record

Figure 2a—d show the entire AC-ECM and ECM records
for the 2503 m Dome F ice core. This paper deals with data
from ice deeper than 11259 m. ECM data for ice shallower
than 112.59 m are in Watanabe and others (1997).

In Figure 2a, AC loss factor 6 ranged from 0 to 2. The
AC loss background level is about 0.1, but there are many
peak signals ranging from 0.2 to 2. These peak heights
decrease with depth and hence with the age of ice. Calibra-
tion for the ACloss is discussed in Fujita and others (2002b).
Based on linear relations between AC loss, high-frequency-
limit conductivity, acidity and the amount of SO,*" in ice,
which were measured on the Dome F core, Fujita and others
(2002b) derived a relation between AC loss at —25°C and
acidity in uM:

[acidity] = (42+£11)6 —1.0£0.4 (uM). (2)

Corroboration is provided later in this paper. The high-
frequency-limit conductivity in ice at =21 °C is, from Fyjita
and others (2002b),

o= (1346+48)6+27+1.0 (uSm™'). (3)

These relations between acidity and d, and between ¢ and o,
are compatible with the calibrations of DEP (Moore and
others, 1994; Wolff and others, 1997). We use Equations (2) and
(3) to show the estimated acidity and high-frequency conduc-
tivity based on the AC loss factor (Fig. 2a). This acidity scale
suggests that many peak signals have an acidity of 20—40 uM.
The largest signal was 88 +22 uM at 132.30 m depth and the
second largest was 52 £13 uM at 6359 m depth, both of which
are extremely large acidities compared with previously
reported acidity peaks in polar ice sheets. Peak heights seem
to decrease significantly with time and depth, which we
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Fig. 2. The entire records of AC-ECM and ECM vs depth of ice (top axis) and, equivalently, age of ice (bottom axis). (a) AC loss
Jactor (one of the right axes) corrected to values of —25°C using an activation energy of 0.25 eV. This was converted to acidity ( left
axis) using Equation (2), and to high~frequency conductivity (one of right axes) using Equation (3). Symbols I-VI indicate the
experimental conditions shown in Table 1. Data_from ice deeper than 2390 m were rejected due to a technical problem. (b) ECM
current corrected to values of —25° C'using an activation energy of 0.23 eV, (¢ ) Acidity calculated from the AC loss factor is the same as
in (a), but the density of data within a unit grid size of 10° years x 0.2 uM is shown as an arbitrary gray scale. The blackest regions
have the most data points for that particular 10° year period. This gray-scale image shows the mean tendency of the signal. The open
squares are data points from pH measurement of the ice core. Five 50 cm long core segments were used. (d) ECM current as in (b)
but plotted as a density plot with unit grid of 10° years x 0.1 uA. The density-plot style is the same as in (c). (¢) Oxygen isotope
profile (Watanabe and others, 1999). The temperature scale in the right axis was calculated from a present-day relation between
6" 0 and mean annual surface temperature on the plateau of east Dronning Maud Land ( Satow and others, 1999).

assume to be due to a process of diffusion from relatively con-
centrated regions of charge carriers leading to broader but
smaller peaks, particularly below 1700 m. Below about 2250 m,
peak signals in the J data are difficult to identify. We tenta-
tively estimated the diffusion coefficient from the decreases
of peak height in Figure 2a. The diffusion length was a few
centimeters in the top 1000 m, that is, for 50 kyr. Then the dif-
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fusion coefficient is of the order of 10 °~10"'® m”s ", This is
larger than the self-diffusion coefficient in ice at the same tem-
perature range (215-225K) (Ramseier, 1967) by one or two
orders of magnitude. This suggests that the charge carriers
are not migrating via self-diffusion in the ice lattice.

Figure 2b is the entire ECM record corrected to —25°C.
The activation energy of 0.23 eV was derived from the entire
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to show depth trajectories of data points ( lines connecting data at adjacent depths) at peaks in the AC loss factor. Contour lines are
drawn for the densities of 80% ,60% ,40% and 20% of the maximum density.

10 mm averaged ECM data (2.4 x 10° points) of the Dome F
ice together with the ice-temperature measurements. We
were able to carry out this calculation because of the scatter
of temperatures as in Table 1. The fluctuation of the back-
ground level is much larger than that from the AC-ECM.
Also, peak magnitudes are significantly different from
peaks of AC-ECM: large peak signals in d are often small
in the ECM and vice versa. Although the peak signals are
always wider than AC-ECM peaks as seen in an example
in Figure 1, peak widths increase with increasing depth with
amounts comparable to those in the AC-ECM signal. This
means that the diffusion coefficients of the charge carriers
for the two methods have the same magnitude.

Figure 2c¢ uses the same AC-ECM data as in Figure 2a,
but the gray scale shows the probability of existence of a data
point at a given time to emphasize the background tendency.
Details are given in the figure caption. Figure 2¢ shows that
the interglacial periods tend to correlate with higher levels of
acidity. However, the relation between 6'*O and acidity is not
straightforward; within the glacial periods there are acidity
peaks just as large as those within the interglacial periods.
The mean value tends to decrease with depth below about
2200 m. The AC-ECM-based acidity in the background level
agreed with the five pH data points in the figure.

Figure 2d uses the same ECM data as in Figure 2b, but
the data are plotted as a density plot. The general tendency
1s similar to that of the acidity in Figure 2¢c, but at some
depth ranges there are significant differences, in particular
in region IV. The tendency is clearer in deeper (older) ice
because the signals are smoothed due to diffusion. Like the
AC loss factor, the mean values tend to decrease with depth
and with age of ice (see Fig. 4).

The depth/age calculation was done by H. Shoji and
others (personal communication, 2001) using a steady-state
flow model developed by Dansgaard and others (1993) for a
time-scale calculation of the dome summit ice core. The
original model was developed for Greenland, but it was
adapted to Dome F. The relation between 6O and the
annual accumulation rate was derived from the present-day
relation observed in east Dronning Maud Land around the
dome summit (Satow and others, 1999), and this relation was
assumed to hold in the past. Furthermore, a layer containing
volcanic dust at 1849.6 m was identified as a volcanic erup-
tion of 141kyrBP (Tujii and others, 1999) and it was used as
a fixed depth/age point.
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Relation between AC loss factor and ECM current

Studies of ECM profiles have suggested that the ECM current
responds only to the acidity of the ice (Hammer, 1980; Moore
and others, 1992; Wolff and others, 1997); however, this method
often showed inconsistent responses to the amount of acid in
the Dome I ice core (Fujita and others, 2002b). The AC loss
factor responds linearly to the amount of sulfuric acid and
hydrogen ions (Sugiyama and others, 2000). Chloride or
ammonium might have some unknown effects on AC loss, but
based on their contribution to the high-frequency-limit con-
ductivity (Moore and others, 1994), their influence on AC loss
is likely to be small for the chemical concentrations present at
Dome F. Therefore, the inconsistent ECM responses to the
amount of acid might explain the large amount of scatter
between the entire 10 mm averaged ECM current and the AG
loss in Figure 3a—c. At constant ECM current, the AC loss fac-
tor can vary from 0 to 1. We define a trajectory as a sequence of
data points with increasing depth. The trajectories in Figure 3
suggest that the ECM current increases rapidly along a trajec-
tory when the AC loss is small, but then saturates at larger AC
loss factors. These saturation ECM currents tend to be lower in
Figure 3a than in Figure 3b and ¢; in other words, AC loss can
increase without apparent increase of the ECM current at
shallower depths. Fujita and others (2002b) argue that the
scatter in Figure 3 is mainly due to non-linear and variable
response of the ECM current to acidity.

Peak widths of AC loss and ECM current

Peak widths of the ECM current ¢ are generally wider and
have longer tails trailing towards deeper depths than peak
widths of 6. An example is the 878.4 m peak labeled in Figure
lc. Even when the 7 peak has a long tail towards deeper ice,
the corresponding d peak sometimes decreases rapidly with
increasing depth. These sharp decreases are generally clearer
on the largest 0 peaks and were found only in the d data. The i
always showed different behavior near the peaks compared to
the 6. Fujita and others (2002b) describe three examples of 6
peaks from the Dome F core that are correlated only to sul-
furic acid. Several chemical studies from Greenland ice and
Antarctic ice have found that high concentrations of sulfate
ions expel other chemical species, presumably as a post-
depositional process (e.g. Wagnon and others, 1999). Although
finding the cause of the 6 drop requires comprehensive chemi-
cal analyses, we are interested in the displacement of several
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Table 2. Multiple regression analysis between AC loss factor
and major ions in the core section from 850 to 2250 m

Table 3. Regression coefficients of sulfate to explain AC loss
factor for the six examined depth ranges

Variable  Regression  Standard ~ Partial correlation — VIF” Average Core section Regression Standard Reciprocal of Number
coefficient error coefficient molarity coefficient error the coefficient of cases
uM ! UM uM ! %% uM
S0,” 0.025 0.001 048 1.4 1.6 1 0.042 14 24 157
Na* —-0.020 0.001 -0.37 33 23 11 0.059 5 17 132
Ca™ 0.015 0.003 0.12 3.1 0.5 111 0.044 14 23 241
cl 0.000 0.000 0.07 1.0 2.7 v 0.041 17 24 121
K" 0.031 0.016 0.06 1.7 0.1 A% 0.025" 4 40 1257
constant  0.107 0.003 VI 0.034 26 29 383

Notes: Total number of cases used for the analysis is 1257, each of which was
typically a 7-10 cm long ice-core segment used for chemical analysis.
Multiple-correlation coefficient is 0.57. For the other variables, such as
Mg®*, NO; , F and NH,", we could not find any statistically signifi-
cant coefficient to explain variations of the AC loss because the average
concentration is small and also because of the possible effect of multi-
collinearity among several variables. We made no measurement for the
H' concentration.

*Variance inflation factor (VIF) measures multicollinearity; that is, if VIF
is large, then there is a high correlation between independent variables.

chemical species expelled by sulfate to explain a number of
observed decreases at one or both sides of the peaks.

Electromechanical effect in the brittle zone

Electrical noise, presumably due to crack formation in the
core, occurred during the AC-ECM test at depths of 500—
870 m, which is mostly in the IV core range. This depth range
1s characterized as the brittle zone (see Fujita and others,
2002h, fig. 5). The complex admittance was unstable and
showed fluctuations in many parts of the ice cores. Electrical
noise can be caused by ice cracking (Fifolt and others, 1993).

DISCUSSION

In this section, we assess data quality and calibration for the
entire record. For the assessment, we used multiple-regression
analysis to see how AC loss correlates with chemical compon-
ents, in particular, with sulfate. Based on these assessments,
we discuss the interpretation of acidity measurements in
Dome Fice and its variation in climatic cycles.

Data quality, calibration and aging effect for AC loss
factor

Of all the core sections, the 1400 m long section V (Table 1,
85000-2251.4m) was measured under the best-controlled
conditions. Only this section had all of the following meas-
urement conditions: freshly prepared smooth surfaces for
both AC-ECM and ECM,; ice temperature remaining within
3°C of—20°C; and a good calibration. In contrast, conditions
were not consistent for sections I-IVand VI. For example, in
sections I-III, possible aging effect could have decreased the
AC loss factor. For section IV, the electromechanical effects
and possible error in the activation energy could have
affected the results. We examined possible effects from these
conditions using multiple-regression analysis on the AC loss
data and on the measured major chemical compositions of
the Dome I core from Watanabe and others (1999).

For the present data, the AC loss is primarily determined
by the sulfuric acid content (Sugiyama and others, 2000; Fujita
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*This value is from SO4>~ inTable 2.

and others, 2002b). Moore and others (1994) reported that
ammonium and chloride increase the high-frequency-limit
conductivity in the glacial-period part of Greenland ice cores.
For the multiple-regression analysis on section'V, the AC loss
factor was assumed equal to a summation of linear functions
of each chemical constituent. The results are listed in'Table 2.
The analysisrevealed that the most significant effects are from
SO,” first, with a positive regression coefficient, and second
is Na*, with a negative coefficient. In contrast, CI” ions and
NH,"
feature of those ions with little significant effect is that their

ions had insignificant influence on AC loss. A common

average molarity was small. This means that the effect was
possibly obscured by the dominant effects from SO,” and
Na”. However, Cl ions are an exception because they have
the largest average molarity but a regression coefficient of
zero. The variance inflation factors (VIF) in'Table 2 show that
multicollinearity with other ions cannot explain why Cl ions
do not have a significant effect on the AC loss factor.

The same multiple regression analysis was done for all of
the six core sections I-VI. The regression coefficients of
SO,*", which have greater correlation with AC loss, are
listed inTable 3. In sectionV, the result is from Table 2, and
the reciprocal of the regression coefficient for SO, is
40 £2 uM, which is well within the error of the coefficient
in Equation (2). This fact supports the validity of our AC-
ECM calibration for section V. The larger regression coeffi-
cients for sections I-1II suggest that the AC loss at the core
surface was more sensitive to sulfate ions in the ice core. We
cannot adequately explain this increased sensitivity at the
moment. As for section III in Figure 2c, the signal level is
lower than signal levels in sections I, II and I'V. We deduce
that the lower signals might be due to an aging effect that
occurred during the 9 month interval when the core was
stored, between the ECM measurements and the AC-ECM
measurements. Similar aging effects on ECM currents have
been reported (Hammer, 1983; Schwander and others, 1983).
In future analyses, we will carefully examine the meaning of
both the increased sensitivity and the possible aging effect.

Sources of uncertainty in measurements of core section
IVare relatively low temperatures and possible effects from
the electromechanical properties. The regression coefficient
is (0.041 £0.007) x 10° M " (Table 3), much larger than in
section V. In addition, the mean tendency in section IV in
Figure 2c is clearly different from that in Figure 2d.
Although we cannot adequately explain either the increased
regression coefficient or the difference between Figure 2c
and d, multiple-regression analysis showed that sodium
and chloride have greater correlation with AC loss than sul-
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Iig. 4. Decrease of the electrical signals with increasing depths.
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fate in sections III and IV. In contrast, sulfate has greater
correlation with AC loss in sections I, IT and V.

Decrease of signal level with depth

The background values of the AC loss and the ECM current
decreased with increasing depth. Although this trend is not
clear in Figure 2, Figure 4 shows that the AC loss factor and
the ECM current decreased with increasing depth. The
decrease of AC loss factor is —0.064 £ 0.011 (2500 m) ' vs depth
and —0.070 + 0,013 (300 kyr) ' vs age. Errors are the standard
deviation. The decrease of ECM current is —0.84 023
(2500m) " vs depth and 078 +0.23 (300kyr) '
addition, the average values of AC loss factor in Table 1
demonstrate the depth-related tendency. We cannot identify
the major cause by these numbers alone, so this trend should
be analyzed along with the electrical conduction mechanism.

vs age. In

Implication of unusually high acidity

Dome F ice has a background acidity derived from ¢ in the
range 2—7 M. Most peaks are 20-40 uM, but one peak is
nearly 90 uM (Fig. 2). The cross-check of the calibration for
section V and the several pH measurements for the back-
ground acidity (in Fig. 2¢) verified that these values are real.
These acidities are unusually high compared to other
reported values for Antarctic and Greenland ice cores. In the
Dome C Antarctic ice core, Holocene ice has a background
acidity of 1-1.5 uM and a peak acidity of about 8 uM (Wolft
and others, 1999). Many other Antarctic and Greenland ice
cores have similar values, although some peaks canbe as high
as 1520 uM. The annual accumulation rate at Dome C was
32 mmice eq. from 1955 to 1978 (Wolff and others, 1999), which
1s similar to that at Dome I, 28 mm ice eq. from 1995 to 1998
measured using a snow-stake farm. Therefore, the difference
in accumulation rates cannot explain the large difference in
acidities between Dome Fand Dome C. We conclude that the
acidity flux is unusually high at Dome F.

Kamiyama and others (1989) discovered that surface
snow samples from the inland high plateau in east Dronning
Maud Land are characterized by high acidity accompanying
the high electrical conductivity, so that the dominant ion is
hydrogen, which also couples with chloride and nitrate ions.
They reported that the chemical composition differs sharply
from that of sea salts. In the inland high plateau, the tritium
content increases in the vertical profile of snow pits at depths
that correspond to the snow deposition in 1966. This increase
is stronger at elevations above 3600 m. All their results sug-
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gested that most of the ions contained in snow samples from
the inland high plateau, especially higher than 3600 m a.s.1.,
are not brought directly through the troposphere from the sea
around Antarctica but from the upper atmosphere. Further-
more, these ions are affected by physico-chemical reactions
occurring in the upper atmosphere. Similarly, the extremely
high peak acidities at Dome F are also explainable by the
transport of stratospheric aerosols and gases. Large volcanic
eruptions can put a lot of sulfate into the stratosphere. Histori-
cal eruptions provide sulfate gas and aerosols to both Arctic
and Antarctic regions, and thus provide common time-mark-
ers in both Antarctic and Greenland ice cores (Langway and
others, 1995). Considering the unusually high acidities at
Dome Fand the spatial distribution in the vicinity as reported
by Kamiyama and others (1989), the Dome Fregion may have
abetter connection to the stratosphere than havessites at lower
altitude, which allows more stratospheric aerosol and gases to
reach the snow surface. Generally, researchers have argued
that gas and aerosols transport to Antarctica from both hemi-
spheres (e.g. White and Bryson, 1967, Yamazaki and Chiba,
1992), but there seems to be no report that the gas/aerosol
transport is particularly concentrated in air sinking on dome
summit regions.

These observational facts and interpretations increase the
importance of understanding how the Dome F ice core has
recorded global-scale environmental changes. Dome F, because
itislocated at the 3810 m summit, presumably has a better con-
nection to the stratosphere than have sites at lower altitude.
Therefore, the core signals reveal climatic records of strato-
spheric transport. This point should be kept in mind in
further interpretations of the Dome F ice-core records.

Climatic changes and acidity

The density plot of acidity derived from the AC loss vs oxy-
gen isotope levels in Figure 5 shows how acidity depends on
the atmospheric temperature when the ice first formed. In
interglacial periods, acidity tends to be high. But in glacial
periods, the relation is not straightforward, as shown in Fig-
ure 2a—e. This plot for Dome F contrasts with similar plots
for the Greenland ice core (Wolff and others, 1995, figs 17
and 18). In Greenland, ice is acidic in interglacial periods
but alkaline in glacial periods; the changes of acid concen-
tration are very large. In contrast, ice is always acidic at
Dome F, and typical changes of acidity between glacial
and interglacial periods are 2 #M according to the é meas-
urements and Equation (2). An important difference
between Dome Fand Greenland is that the former is located
in the Southern Hemisphere, which is mostly ocean,
whereas the Northern Hemisphere is dominantly covered
by continents. The calcareous and other mineral particles
tend to neutralize the ice in Greenland. The source for dust
in Greenland is supposed to be Asia. The excess dust in
Greenland must be due to circumstances at the source and
transport paths. Such transport of alkaline dust from possi-
ble source areas seems much weaker in Antarctica than in
Greenland. Thus, difference in acidity between these
locations is basically explained by difference in locations in
the global circulation system, but a more complete under-
standing requires detailed statistical analysis that includes
the various chemical constituents and dust components.
This should be examined in the future.
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Fig. 5. Plot of acidity derived from the AC loss vs oxygen isotope
record. Data points are shown in gray. Contour lines are drawn
Jor every 10% of density, with 100% representing the maxi-
mum densily in the graph. The tentative lemperature scale in
the top axis is the same as in Figure 2.

CONCLUDING REMARKS

We have discussed general features of the electrical profiles
of the 2503 m ice core including a number of new features. A
new measurement method, the ACG-ECM, provided signifi-
cant information for understanding and interpreting the
electrical properties of the Dome F ice-core record. The
AC-ECM also served to clarify some features of the ECM
current that had not been noticed in the latter method’s two-
decades-long history. However, further examination should
be carried out to better understand the electrical conduction
mechanism. Although we did not provide insights about
specific climatic events or volcanic events, the general infor-
mation presented here is an important basis for using electri-
cal signals to better understand such events.

We detected extremely high acidity in the Dome F ice.
This fact, with the earlier observations by Kamiyama and
others (1989), emphasizes the importance of Dome F ice as
a record of stratospheric transport of gas and aerosols. The
statistical examination and individual examination of the
>500 peak signals will be developed elsewhere. The
observed electrical phenomena, together with the diffusion
process and the electromechanical effects found in the brit-
tle zone, will be examined in the future.
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