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Electrical measurements on the Greenland Ice Sheet Project 2
Core

Kendrick C. Taylor,! Richard B. Alley,> Gregg W. Lamorey,! and Paul Mayewski3

Abstract. The Greenland Ice Sheet Project 2 (GISP2) electrical conductivity
measurement (ECM) record is an indication of the concentration of H+ in the core. The
ECM detected seasonal variations in the nitrate concentration of the core which were
used to assist in dating the core by annual layer counting. Volcanic eruptions that produce
acidic aerosols are recorded in the ECM record. Evidence of biomass burning is detected

by the ECM because fire-related ammonium emissions neutralize the acids in the core.
Rapid climate transitions associated with the Younger Dryas and Dansgaard/Oeschger
interstadial events alter the concentration of alkaline dust and are detected by the ECM.
The ECM has been used to develop stratigraphic ties between the GISP2 and the
Greenland Ice Core Project cores. Users of the data should be aware of some instrument-

related artifacts in the ECM record.

The Greenland Ice Sheet Project 2 (GISP2) ice core con-
tains a stratified sequence of precipitation which has been used
to obtain paleoclimate information. A wide variety of measure-
ments have been made to determine the physical, chemical,
and isotopic characteristics of the ice, particulates, and gases in
the core. The electrical conductivity measurement (ECM)
measures the direct current between two electrodes with a
potential difference of several thousand volts [Hammer, 1980;
Taylor et al., 1992]. The electrodes are moved along the surface
of the core, and a continuous measurement of the ECM cur-
rent along the core is obtained. In an aqueous solution, all the
ions can participate in the conduction of an electrical charge.
In ice the movement of the ions is restricted by the ice lattice
which reduces the ability of the ions to conduct a direct cur-
rent. The direct current is conducted by the movement of
protons associated with the H+ of strong acids; hence the
ECM current is considered to be a measure of the acidity of
the ice [Hammer, 1980; Moore et al., 1992; Taylor et al., 1992].
The ECM has a spatial resolution of <10 mm yet is rapid
enough that it is practical to measure it continuously along the
entire core. These attributes make the ECM ideally suited for
investigation of short-duration phenomena which influence the
acid/base balance of the ice.

Two-meter sections of the core were passed under a hori-
zontal band saw to remove a 50-mm-wide slab along the axis of
the core. A rail-mounted microtome knife or milling machine
was used to shave the saw cut surface to remove surface con-
tamination and surface irregularities. A computer controlled
the motion of electrodes along the axis of the core and re-
corded the ECM current for each millimeter of travel [Taylor
et al., 1992]. The operator used a hand switch to identify por-
tions of the measurement which where invalid. Examples of
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this include data from locations within 10 mm of a fracture in
the core or when large surface irregularities prevented proper
preparation of the ice surface. Data from these locations were
removed from the data set. Fractures that did not penetrate
through the core and had never had any exposed surfaces or
open spaces did not seem to adversely influence the data and
were included in the data set. The system used at the Green-
land Ice Core Project (GRIP) [Wolff et al., 1995] was similar;
however, the electrode geometry and voltage were different.
This resulted in higher currents in the GISP2 ECM record than
in the GRIP record. Intercomparisons of cores demonstrated
that despite the different absolute values, the relative response
of features is the same for the two systems.

Annual layer counting was used to date the most recent
40,000 years of the GISP2 core [Alley et al., 1993; Meese et al.,
1994]. Several methods were used to identify annual layering,
including visual observation of stratigraphy [Alley et al., 1993],
aqueous phase particle concentration [Ram and Illing, 1994],
optical properties of the ice [Ram and Koenig, this issue],
concentration of major ions [Mayewski et al., 1993a], oxygen
isotopes of the ice [Grootes et al., 1993], and ECM [Taylor et al.,
1992]. Of these properties, only the visual stratigraphy and
ECM are available for the entire core with a spatial resolution
suitable for the investigation of annual layering. All available
properties were used in a combined fashion to develop the
age/depth scale for the core [Alley et al., 1993; Meese et al.,
1994]. The current annual ice accumulation rate at the site is
0.24 mpyr [Alley and Koci, 1990]. Lateral ice flow thins the
annual layers at greater depth, resulting in annual layer thick-
ness of less than 2 cm at a depth of 1900 m [Meese et al., 1994].
There is a pronounced seasonal variation in the chemistry of
the precipitation, which influences the acid/base balance of the
core [Mayewski et al., 1993a; Taylor et al., 1992]. In the Holo-
cene portion of the core the dominant seasonal influence on
the ECM current is seasonal variations in the nitrate budget
(Figure 1a) [Neftel et al., 1985; Taylor et al., 1992]. In the stadial
portion of the core, seasonal variations in dust dominate the
ECM (Figure 1b), visual stratigraphy, and dust concentration
measurements. Because these measurements are measuring a
different attribute of the same seasonal phenomena (the dust
concentration), they are not completely independent. Any me-
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Figure 1. Annual layering is detectable in ice from (a) the Holocene and (b) portions of the Wisconsin.

Alkaline dust in the stadial portions of the Wisconsin decreases the ECM value >100 times compared to
Holocene values. Visual observation of the layering in the Holocene portion of the core is possible because
of seasonal development of hoar frost, which influences the crystal size and fabric. The confidence of the
interpretation of visual layering is indicated on the figures as high (H), medium (M), and low (L). The dust
concentration in sections of the Holocene was determined by 90° scattering of laser light in a melted sample
(Figure 1a); the dust concentration in sections of the Wisconsin was measured by 90° scattering of laser light
by an ice sample (Figure 1b) [Ram and Illing, 1994]. Interpreted annual layers are indicated by “A.”

teorological or glaciological phenomena which adversely influ-
ence the seasonal dust signal will adversely influence all three
of these records. The high spatial resolution of the ECM
makes it well suited for identifying the annual layering. How-
ever, in some sections of the core the ECM is not well suited
for the detection of annual layering because nonseasonal fac-
tors such as volcanic activity, biomass burning, and other
poorly understood features reduce the clarity of the annual
signal. When the annual layering is less than 15 mm, the ECM
is unable to adequately resolve annual layering with sufficient
confidence to be useful for dating purposes. When the annual
layer is less than 15 mm, only visual stratigraphy was used for
identification of the annual layering. This occurred below
2510 m (56 kyr B.P.).

Volcanic activity that emits H,S and SO, will increase at-
mospheric levels of H,SO,. Precipitation which forms in an air
mass that has an elevated level of H,SO, will have a corre-
sponding increase in the concentration of H+. The elevated
H+ will increase the ECM current. The ECM current may be
elevated for several years, while the volcanic H,SO, aerosols
remain in the atmosphere. The influence of acidic volcanic
activity on the ECM is identifiable by a large increase in the
ECM current that extends for a period of less than a few years
(Figure 2). The sulfate concentration was measured on the
Holocene portion of the GISP2 core [Mayewski et al., 1993b;
Zielinski et al., 1994] with a temporal resolution of approxi-
mately 2 years. The identification of volcanic eruptions has
been used for developing stratigraphic ties between the GISP2
and GRIP cores and between the main GISP2 core and several
associated shallow cores. The sulfate record is well suited for
developing a record of volcanic activity because it is chemically
specific and hence is not influenced by nonsulfate-related pro-
cesses which can mask the volcanic H+ signal on the ECM
record. The ECM is not sensitive to increases in sulfate that
are not associated with H,SO, and has greater temporal res-

olution than the sulfate record. Occasionally, this allows the
duration of the increased sulfate loading to be more accurately
determined with the ECM than with the available biannually
sampled sulfate data. It also allows short-duration volcanic
events, which are attenuated in the biannual sulfate record, to
be identified. A composite record that has the advantages of
both the ECM and sulfate records can be developed. The
volcanic record from GISP2 preferentially records regional
volcanic eruptions, particularly those at high northern lati-
tudes. The southern hemisphere eruption of Tambora (1815)
was observed [Zielinski et al., 1994], and the eruption of Toba
71 kyr B.P. may have been identified [Zielinski et al., 1996].
Biomass burning introduces soot and other inorganic and
organic material into the atmosphere. The introduction of am-
monium into the atmosphere by biomass burning is of partic-
ular significance to the ECM. When precipitation occurs from
an air mass that has an elevated level of ammonium, the am-
monium level in the core will increase. This neutralizes some of
the H+ in the core or binds the H+ into a less conductive
state, which decreases the ECM current (Figure 3). The resi-
dence time for elevated ammonium levels associated with bio-
mass burning is typically less than a week [Hov and Hjgllo,
1994]. The decrease in ECM current is of short duration and
thought to be associated with deposition during a single storm.
The large-amplitude, short-duration reductions in the ECM
current associated with biomass burning during the Holocene
portion of the core can be used to develop a record of the rate
of occurrence of precipitation during periods when biomass
burning influenced the atmospheric chemistry. The GISP2 bio-
mass burning record is analogous to recording the number of
days a year an observer at the site would have noted storms
containing trace amounts of biomass burning byproducts. Al-
though biomass burning events are evident in both the con-
centration of soot in the core [Chylek et al., 1995] and ammo-
nium [Whitlow et al., 1994], these analyses were too labor
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Figure 2. Volcanic activity can result in elevated levels of atmospheric H,SO,, which increases the ECM and
sulfate concentrations in the core. Volcanic events identified by Zielinski et al. [1994] are indicated by “v.” The
volcanic events are not always as pronounced on the ECM as on the sulfate record because the ECM is
influenced by other species besides H,SO,. A combination of coincident, short-duration increases on both the
ECM and sulfate is an unambiguous indication of an increase in H,SO,.

intensive to be conducted with subannual resolution for the
entire Holocene portion of the core. The ECM method does
have the required subannual resolution and was used to sug-
gest a fire history for the presumed eastern Canadian source
area [Taylor et al., 1996].

During cold conditions (i.e., the Younger and Older Dryas,
the Inter Allerod cold period, and the stadial portions of the
Wisconsin glaciation), high concentrations of calcium carbon-
ate dust altered the acid/base balance of the ice [Wolf er al.,
1995]. The increased levels of calcium neutralized all or most
of the H+ ions and caused a >100 times decrease in the ECM
current. The variations in wind-borne dust are associated with
variations in the atmospheric transport of dust, indicating sig-
nificant differences in atmospheric transport between stadial
and interstadial conditions. The transition in atmospheric
transport between stadial and interstadial conditions occurs
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Figure 3. Biomass burning can result in the deposition of
soot carbon [Chylek et al., 1995] and ammonium in the ice core.
The ammonium neutralizes the H+ ions and reduces the
ECM. Biomass burning episodes recorded in the core are
indicated as “B.”

rapidly, typically in less than 20 years. The calcium, accumu-
lation, and ECM records suggest that the rapid transitions
between climate states may be preceded by short-duration
climate excursions (“flickers”) (Figure 4) prior to the transition
to an alternate, more stable climate state. The multiyear ex-
cursions may be the result of increased climate instability
around the time of major climate transitions [Taylor et al.,
1993a]. The ECM record clearly resolves the pattern of Wis-
consin interstadial events which dominate the climate history
of the North Atlantic during the Wisconsin and Holocene
periods (Figure 5). The ECM record appears to indicate that
interstadial, Allerod, and Bolling periods had greater climate
variability than the Holocene. This artifact occurs because the
ECM during this time period is at a level that is particularly
sensitive to small changes in the acid/base balance.

The GRIP and GISP2 ice cores provide the opportunity to
compare the spatial variability of the ice properties at various
depths in the cores. Ice from a specific time period does not
occur at the same depth in both cores because of differences in
the accumulation rate and ice flow. Down to a depth of 2720 m
at GISP2 and 2690 m at GRIP (Figure 6), the two cores can be
unambiguously correlated by accounting for a slowly changing
depth offset between the cores. Features as small as 0.2 m
correlate unambiguously between the cores [Taylor et al.,
1993b]. For the next 150 m below these depths, various com-
binations of stretching, compressing, and, possibly, folding
must be invoked to develop a speculative correlation between
the two cores. The cores have not been successfully correlated
in the bottom 5%. Millimeter-scale overturned folds were first
observed at 2483 m at GRIP and 2437 m at GISP2. Layers
inclined at 20° to the axis of the cores were first observed at
2757 m at GRIP and 2679 m at GISP2 [Alley et al., 1995]. These
small features may be associated with larger-scale distortions,
which account for the poor correlation between the two cores
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Figure 4. The climate transition at the start of the Holocene is accompanied by a rapid decrease in the
concentration of calcium [Mayewski et al., 1994], which increases the ECM signal from the low value associated
with alkaline Wisconsin age ice. There is also a rapid increase in the accumulation rate accompanying the

climate transition [Alley et al., 1993]. The data suggest

that the climate underwent a brief excursion or “flicker”

(indicated by “F”) prior to stabilizing at Holocene conditions.

in the bottom 10% of the cores. Interpretation of the climate
signal in the lowest 10% of the cores must proceed with caution
because the records are not reproducible [Taylor et al., 1993b].

gate the internal structure of ice sheets. Ice from different time
periods has different chemical and hence electrical character-
istics. The different electrical characteristics create abrupt
transitions in electrical properties, which reflect radar signals.

Ice-penetrating radar has been used extensively to investi-
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Figure 5. The ECM record for the GISP2 core shows climate excursions during the Wisconsin. The low
ECM values are caused by increased levels of carbonate dust during the windy cold portions of the Wisconsin,

Dating is from Meese et al. [1994] and T. Sowers (personal communication, 1995).
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Figure 6. A comparison of the electrical and 'O isotopic records from the GISP2 [Taylor et al., 1993b;
Grootes et al., 1993] and GRIP [Dansgaard et al., 1993] cores demonstrates the excellent agreement of the
stratigraphy above 2720 m at GISP2 and 2690 m at GRIP. Below this depth the records are not reproducible.
The occurrence of visually observed stratigraphic features [Alley et al., 1995] is indicated. The magnitude of the
ECM is different for the two cores because of instrumentation differences.

The reflectors can be profiled with surface or airborne radar
systems so that a view of the internal structure of the ice can be
developed. It is difficult to use the ECM to compute the radar
reflection coefficients of the ice stratigraphy because the ECM
only measures part of the frequency dependent complex elec-
trical properties. This is particularly true in the alkaline ice,
where the electrical conductivity is reduced by orders of mag-
nitude more for the direct current used in the ECM than at the
tens of megahertz used in radar measurements. A comparison
of the ECM to the airborne radar measurements [Jacobel and
Hodge, 1995] (Figure 7) shows that there are prominent radar
reflections in the Holocene portion of the ice sheet associated
with the transitions between alkaline and nonalkaline ice. In
the alkaline ice, which can be identified by a low ECM, there
are no prominent radar reflections. In the Summit region this
produces a pronounced set of reflections probably associated
with the Dansgaard/Oeschger interstadial events and a lack of
prominent reflections immediately below the Allerod/Bolling
periods. This attribute makes the radar useful for spatially
mapping the depth of ice associated with these time intervals,
which will be useful in stratigraphic studies and selecting future
drilling sites. The ECM indicates that the contrasts in electrical

properties, which generate the radar reflections, continue to
the bed. The recorded reflections become much weaker near
the bottom due to a decreasing signal to noise ratio associated
with signal attenuation at greater depths or due to folding of
the layer contacts which reduces the reflected signat coherency.
This makes it difficult to use available radar data to investigate
the stratigraphy of the bottom 10% of the ice sheet where the
stratigraphic discrepancies occur between the GISP2 and
GRIP cores [Jacobel and Hodge, 1995].

In intervals below 2800 m, some crystals exceed 50 mm in
length. The crystal boundaries could be visually observed on
the surface of the core due to differences in sublimation rate.
The crystals were sufficiently large that the electrodes fre-
quently were several centimeters from a crystal boundary and
would also cross distinct contacts between two crystals. The
crystal boundaries were not associated with any notable feature
in the ECM record, indicating that the crystal boundaries were
not significant preferred paths for electrical conduction.

Instrument-related artifacts adversely influence some as-
pects of the GISP2 ECM record. The ECM current is influ-
enced by the temperature of the ice when the measurement
was made, A correction based on the surface temperature of
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Figure 7. A comparison of the GISP2 ECM and airborne radar [Jacobel and Hodge, 1995] shows the strong
reflections associated with the Dansgaard/Oeschger interstadial events from 2100 to 2500 m. Signal attenu-
ation or scattering associated with folding obscures reflections from the strong contrasts in electrical conduc-
tivity below 2500 m. There are no detectable reflections from within the alkaline ice at the end of the
Wisconsin. Ice containing the Younger Dryas period is too thin to produce a consistently identifiable signal.

the ice was made to determine what the ECM current would be
at a temperature of —20°C [Taylor et al., 1992]. When an ice
core was undergoing a temperature transition, the surface tem-
perature did not represent the temperature of the volume
being measured. There may be sections 2-50 m in length that
have a several percent variation from the correct ECM current
because of the temperature uncertainty. We now hold the ice
at a constant temperature for 24 hours prior to measurement
to avoid this complication. An error of several percent over
hundreds of meters may have occurred due to variations in the
surface conditions of the electrodes. The electrodes are now
filed daily to assure a consistent surface condition. Between
1100 and 1400 m the core quality was low and there were
numerous small pieces of ice per 2-m segment of core. There
was also an intermittent problem with the electrical grounding
of the system. Both of these factors reduced the data quality in
this section. The preamplifier was changed at a depth of
2250 m, which appears to have altered the response of the
ECM instrumentation at levels below 0.1 microamps. This
results in an artifact which incorrectly suggests that stadial
periods have a slightly lower ECM current above 2250 m than
below 2250 m. The design of the preamplifier has been stabi-
lized to prevent this from recurring. No attempt was made to
calibrate the response of the GISP2 ECM record to the acidity
of the core. This was not done because only the relative re-
sponse of the ECM was required for the interpretation ap-
proaches we employed.

The ECM played a significant role in the interpretation of
the GISP2 core. The high spatial resolution allowed the ECM
to provide data on a spatial scale that most other measure-
ments were unable to obtain. An additional benefit of the
ECM was that it gave results in real time during the core
processing. This allowed investigators to modify sampling pro-
tocols to optimize the sampling when particularly significant
sections of the core were being processed.
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