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Volcanic aerosol records and tephrochronology of the
Summit, Greenland, ice cores

Gregory A. Zielinski,! Paul A. Mayewski,! L. David Meeker,! Karl Gronvold,?
Mark S. Germani,? Sallie Whitlow,! Mark S. Twickler,! and Kendrick Taylor?

Abstract. The recently collected Greenland Ice Sheet Project 2 (GISP2) and
Greenland Ice Core Project ice cores from Summit, Greenland, provide lengthy
and highly resolved records of the deposition of both the aerosol (H2SO4) and
silicate (tephra) components of past volcanism. Both types of data are very
beneficial in developing the hemispheric to global chronology of explosive volcanism
and evaluating the entire volcanism-climate system. The continuous time series
of volcanic SO4%~ for the last 110,000 years show a strong relationship between
periods of increased volcanism and periods of climatic change. The greatest number
of volcanic SO42~ signals, many of very high magnitude, occur during and after the
final stages of deglaciation (6000-17,000 years ago), possibly reflecting the increased
crustal stresses that occur with changing volumes of continental ice sheets and
with the subsequent changes in the volume of water in ocean basins (sea level
change). The increase in the number of volcanic $O42~ signals at 27,000-36,000 and
79,000-85,000 years ago may be related to initial ice sheet growth prior to the glacial
maximum and prior to the beginning of the last period of glaciation, respectively. A
comparison of the electrical conductivity of the GISP2 core with that of the volcanic
S042~ record for the Holocene indicates that only about half of the larger volcanic
signals are coincident in the two records. Other volcanic acids besides H;SO,4 and
other SO42~ sources can complicate the comparisons, although the threshold level
picked to make such comparisons is especially critical. Tephra has been found
in both cores with a composition similar to that originating from the Vatnadldur
eruption that produced the Settlement Layer in Iceland (mid-A.D. 870s), from the
Icelandic eruption that produced the Saksunarvatn ash (~10,300 years ago), and
from the Icelandic eruption(s) that produced the Z2 ash zone in North Atlantic
marine cores (~52,700 years ago). The presence of these layers provides absolute
time lines for correlation between the two cores and for correlation with proxy
records from marine sediment cores and terrestrial deposits containing these same
tephras. The presence of both rhyolitic and basaltic shards in the Z2 ash in the
GISP2 core and the composition of the basaltic grains lend support to multiple
Icelandic sources (Torfajokull area and Katla) for the Z2 layer. Deposition of the
72 layer occurs at the beginning of a stadial event, further reflecting the possibility

of a volcanic triggering by the effects of changing climatic conditions.

1. Introduction

Since the pioneering work of Hammer et al. [1980],
the records of past volcanic activity available in ice
cores continue to expand on the global chronology of
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explosive volcanism and to increase our understanding
of the atmospheric and climatic impact of past erup-
tions. The advantage of using ice cores in this line of
research over other records is the ability to develop con-
tinuous time series that at least can extend through the
last glacial/interglacial cycle at a resolution that can
be subannual to several decades per sample. Although
marine records are continuous and lengthy, their best
resolution is of the order of decades, the coarsest reso-
lution often available in ice cores. Terrestrial records are
not continuous except in the cases of lake sediment and
possibly bog records. Volcanic records developed from
these sources inevitably are much shorter than ice-core
records. Most importantly, ice cores provide the oppor-
tunity to directly detect and measure both the widely
distributed (hemispherically to globally) climate-forcing
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aerosol component (H,SQ4) and the silicate component
(tephra). This contrasts with other sources (e.g., tree
rings) that record a climatic effect of the eruption, not
the eruptive products themselves. Further, it is only
the silicate component that is available in marine and
terrestrial records.

Two different parameters measured in ice cores are
used successfully to develop records of past volcanism
through the time series of volcanic aerosol deposition.
The earliest volcanic records in ice cores were based on
the electrical conductivity method (ECM), as correlated
with pH measurements, and thus a direct measurement
of the acidity of the ice [e.g., Hammer, 1980; Hammer et
al., 1980; Clausen and Hammer, 1988]. Higher conduc-
tivity values reflect greater acid deposition. In the case
of the deposition of volcanic aerosols, this is commonly
the H3SO4 component, although other volcanic acids
(HCl and HF) may be contained in the ECM signal
le.g., Taylor et al., 1992]. More recently, complete suites
of major ion concentrations have been measured in ice
cores, including SO42~, thereby yielding a direct mea-
surement of the Hy5O4 component [e.g., Legrand and
Delmas, 1987; Mayewski et al., 1993]. Other sources
of SO4%~ (sea salt, continental salts, biogenic SO42-)
complicate interpretation of this signal. Despite these
and other potential problems in developing a volcanic
signal from ice cores [Robock and Free, 1995], these are
still the most lengthy and continuous records of a direct
eruptive product presently available. Moreover, regard-
less of whether the ECM or major ion records are used,
the results can ultimately lead to an estimate of the
amount of atmospheric loading resulting from a partic-
ular eruption and its climatic impact [e.g., Clausen and
Hammer, 1988; Delmas et al., 1992; Zielinsk:, 1995].

The location and identification of tephra in ice cores
raise the significance of the volcanic records available
in this medium to much greater levels. Determining
the source volcano of the tephra, through a match of
the chemistry of the volcanic glass found in the ice core
with that from the particular eruption [e.g., Palais et
al., 1991; Gronvold et al., 1995], can verify the erup-
tion responsible for the volcanic aerosol signal observed.
The presence of two distinct glass populations can indi-
cate the presence of aerosols from multiple eruptions or
provide evidence of the eruptive processes for a known
eruption [Zielinski et al, 1995]. The ability to reli-
ably identify the eruption(s) responsible for a particular
signal provides the information needed to clearly as-
sess the climatic-forcing capability of a particular erup-
tion/volcano and the particular type of eruption (e.g.,
a plinian versus fissure type of eruption). Further, the
presence of tephra from a known eruption provides an
absolute time line for developing the depth/age scale of
the ice core. Even if the source eruption is not known,
volcanic glass in an ice core can allow for correlation
among ice cores and, importantly, the direct correlation
of the ice-core paleoclimatic records with those available
in deep-sea sediment cores [Gronvold et al., 1995] and
terrestrial records (especially continuous lake and bog
records) containing the same tephra.
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This paper presents results from paleovolcanic stud-
ies on the two deep ice cores recently collected from the
summit of the Greenland Ice Sheet, Greenland Ice Sheet
Project 2 (GISP2) and Greenland Ice Core Project
(GRIP). Initially, we will summarize the time series
of volcanic aerosol deposition in the GISP2 core avail-
able in both the continuous glaciochemical (i.e, SO427)
and ECM records. We will present the 110,000-year
record of volcanism derived from the SO42~ time series
and the Holocene record of volcanism derived from the
ECM record. This discussion will help place the vol-
canic record in perspective to climatic change over the
last 110,000 years and to other parameters measured
in both ice cores and presented in this special issue.
Complete details of the entire GISP2 volcanic SO42~
record are presented elsewhere [Zielinski et al., 1996a].
The continuous volcanic record in the GRIP core for
the last 4000 years, as developed by ECM, is presented
in this volume [see Clausen et al., this issue].

The second part of the paper will present the results
of the detailed study of three tephra layers found in
each of the two cores. This does not mean that these
are the only three layers found in each core but that
these are the only three that have been sampled to
date. The three layers are believed to be equivalent
to the Settlement Layer in Iceland, the Saksunarvatn
ash, and the deep marine Z2 ash layer. The Saksunar-
vatn and Z2 equivalents are visible to the naked eye,
whereas the Settlement Layer was not. All three tephra
have an Icelandic source, but we have found tephra from
other volcanic regions of the northern hemisphere [e.g.,
Palais et al., 1992]. We also will discuss the implica-
tions of finding these three layers both in relation to
eruptive processes and in terms of their importance as
a stratigraphic marker for correlation among records in
the North Atlantic region.

2. Methodology

The glaciochemical record of the GISP2 core was de-
veloped by continuous sampling over the entire length
to develop a time series of major ions including SO,2-
[Mayewski et al., this issue]. Concentrations of individ-
ual ions were determined with an ion chromatograph
[Buck et al, 1992]. The deposition of volcanically de-
rived SO42~ is noted by the presence of large SO42~
spikes much above background levels. The coincidence
of these spikes with the timing of known explosive vol-
canic eruptions supports this concept. We previously
presented the first 9000 years of the volcanic record
in the GISP2 core by using the residuals over a ro-
bust spline smoothing of the raw SO42~ data and a
discriminant analysis of the complete chemistry suite
[Zielinskz et al., 1994]. At 9000 years ago, baseline lev-
els for SO4°~ changed. During the glacial the added
input from continental salts (e.g., CaSO,4) makes a di-
rect detection of volcanic SO42~ by the presence of large
SO42~ spikes much harder. To alleviate this problem,
we used an empirical orthogonal function (EOF, i.e., a
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type of discriminant analysis [Mayewski et al., 1994]) to
identify peaks due to the deposition of volcanic aerosols.
A good correlation between the volcanic record devel-
oped by the EOF analysis and that produced in our
initial work for the last 9000 years supported the EQOF
time series for the 110,000-year record. Specific details
on how the EOF was used in developing the volcanic
record are presented by Zielinsk: et al. [1996a).

Sampling for the glaciochemical record was at a bi-
yearly resolution through the Holocene (~11,700 years
ago). Sampling resolution then decreased to 3-5 years
~11,700-14,800 years ago, 8-10 years ~14,800-18,200
years ago, and between 10 and 15 years from 18,200
to about 51,000 years ago, with a gradual decrease to
about 50 yr/sample around 90,000 years ago. This
decrease in temporal resolution with time results in
a decrease in the number and magnitude of volcanic
signals with time. By sampling a section of core at
both a biyearly sampling resolution and at the coarser
sampling resolution (in this case about 12 yr/sample)
[Zrelinski et al., 1996a], we were able to determine that
the change in sampling reduced the number of events
with a volcanic SO42~ concentration >75 ppb by 3
times for every 5 times decrease in sampling resolution
relative to the Holocene. A SO42~ concentration >75
ppb is similar to that associated with historical equa-
torial and midlatitude northern hemisphere eruptions
known to have perturbed climate [e.g., Self et al., 1981].
Using that ratio we projected the number of eruptions
per millennium that we may have missed in our record
for the past 110,000 years [Zielinskz et al., 1996a]. That
is also presented here for comparison. Details on the de-
velopment of the depth/age scale for the GISP2 core are
presented by Meese et al. [1994] and are discussed else-
where in this volume. Error estimates for ages within
the GISP2 core are generally more conservative than
those for the GRIP core.

The electrical conductivity method [Hammer, 1980;
Hammer et al., 1980; Taylor et al., 1992] was used to
determine the acidity of the ice. The direct current
flowing between two electrodes with a potential differ-
ence of 2100 V was measured every millimeter along
the core. Unlike an aqueous solution where all the ions
in solution are sufficiently mobile to conduct an elec-
trical charge, in ice the majority of ions are bound in
the ice lattice and do not contribute significantly to the
conduction of a direct current. The flow of direct cur-
rent in ice has been shown to be nonlinearly related
to the concentration of mobile protons (H*) associated
with strong acids [Hammer et al., 1980; Moore et al.,
1992]. Volcanic eruptions and other sources of acids
will increase the concentration of mobile protons and
increase the ECM. Similarly, a decrease in neutralizing
material will also increase the concentration of mobile
protons and increase the ECM. A strength of the ECM
is that it is able to resolve acidic features in the core
that are less than a centimeter thick. In the Holocene
portion of the core this yields 20 to 200 samples/yr, al-
lowing short-duration features to be well resolved. This
can be important for resolving smaller volcanic events
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that influence the sulfate record for less than a year.
Eruptions which influence the chemistry for more than
2 years should be well recorded on the sulfate record.
Corrections have been made to minimize the influence
of unavoidable differences in ice temperature that ob-
tained while the ECM measurement was being made.
The presence of large amounts of alkaline dust in the
stadial portions of Greenland ice cores neutralizes the
acids in the cores and reduces the ECM by about 2
orders of magnitude. Because exceptionally high lev-
els of acids are required to overcome the high levels of
neutralizing alkaline dust which occur during stadial pe-
riods, only the Holocene portion of the ECM record is
considered in this paper.

The original ECM record is recorded as microamps
of current flowing between the two electrodes. The
ECM record has been processed to enhance the vol-
canic signatures in the record. A 10-year running aver-
age was calculated to determine the time-varying back-
ground level of the ECM. The difference between the
ECM record and the background record was calculated,
and the standard deviation of this difference was deter-
mined. The ECM results reported here are the num-
ber of standard deviation units that the ECM record is
greater than the background ECM record.

We identified sections of the ice core that may con-
tain volcanic glass by first pinpointing sections that con-
tain volcanically derived aerosols as are available via the
chemical or ECM records. Tephra grains can help scav-
enge acidic aerosols [Rose, 1977], although they appar-
ently will rarely act as nuclei for H;SQ4 aerosol forma-
tion in the stratosphere [Sheridan et al., 1992]. Visible
bands of debris were obvious in the lower parts of the
core, although almost all of the visible sections analyzed
in this study had high SO42~ or ECM spikes associated
with them. Meltwater samples from all of these sec-
tions were first filtered or evaporated onto a cellulose
membrane for examination with a scanning electron mi-
croscope (SEM). Upon locating volcanic glass, we then
analyzed individual particles to determine major oxide
compositions using a JEOL JXA-8600 automated mi-
croprobe in the case of the GISP2 core [Palais et al.,
1992; Fiacco et al,, 1993] and a Cambridge Stereoscan
in the case of the GRIP core.

3. Volcanic Aerosols

We present two time series of volcanic aerosols from
the GISP2 core to assess the relationship between cli-
mate change and volcanism. This relationship can take
on two scenarios: one being the nature of the forcing
of volcanism on climate as is often addressed [e.g., Self
et al., 1981; Rampino et al, 1988] and a second rela-
tionship being the potential for the results of a shift in
climate (i.e., crustal isostatic adjustment with deglacia-
tion) forcing volcanism [e.g., Grove, 1976; Rampino et
al., 1979]. The amount of sulfur emitted from a vol-
canic eruption, which eventually forms H,SQO4 aerosols
in the stratosphere, is the essential component that de-
termines whether a particular eruption can impact cli-
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Figure 1. Relationship between volcanic SO42~, as
represented by EOF-5 (see text and Zielinski et al.
[1996a] for discussion), and Ca2*t time series for the last
110,000 years. Age is years before A.D. 2000. Prob-
able signals for some of the major volcanic eruptions
discussed in text are shown: P, Phlegraean Fields erup-
tion/Campanian Ignimbrite; Z2, Z2 ash layer; T, Toba.

mate. First, we summarize the 110,000-year record of
volcanic SO42~ followed by a discussion on the impli-
cations of this record for the volcanism-climate system.
Next, we present the Holocene ECM record as com-
pared to that of the GISP2 volcanic SO42~ record and
the implications of this comparison in paleovolcanic re-
search. However, because this is a single ice core, in-
dividuals must be aware of the possible limitations in
the data set [see Robock and Free, 1995; Zielinski, 1995],
although comparisons of the ECM record may be made
directly with the GRIP core over the last 4000 years
[Clausen et al., this issue].

3.1. GISP2 Volcanic SO4%~ Record: 110,000
Years
The complete 110,000-year volcanic SO4%~ and Ca?t

records are presented on Figure 1. The Ca?*t record
reflects continental dust deposition and is a proxy for
climatic conditions, with high concentrations occurring
during colder periods and low concentrations occurring
during warmer periods [Mayewski et al., 1994, this is-
sue]. There are several interesting aspects of the vol-
canic SO42~ record that we highlight here given the
relationship between these two time series. More de-
tailed discussion on the 110,000-year record is given by
Zrelinski et al. [1996a], although we add discussion here
on the significance between our record and changes in
glacioeustatic sea level.

Foremost is the large number of signals that occur
between 6000 and 17,000 years ago and especially be-
tween 7000 and 13,000 years ago (Figure 1). Even after
compensating for the decrease in temporal resolution of
sampling, this period, which spans the final stages of
deglaciation and the early Holocene, consistently con-
tains the greatest number of signals per millennium (as
well as some of the largest signals) in the entire record
(Figure 2a). The second period of extensive volcan-

ZIELINSKI ET AL.: VOLCANIC RECORDS, GREENLAND ICE CORES

a) 50 ||||||l||||||||||||||||||||||I|I|||VI||||||||||||||||||I||||l||I||||||1|II||HI|IIII|I1II|IIII|HII
g
% s
=2 30 F
25 f_
TR | 2
25 E i H H F
o ] i H F
= 3 i E
T I ; :
_E i i it jhu 'M?H oy _

0 |||||'|||||||||| ||||||I||||I|||||H| |i|||||||||||| ||||||| |||| ”l] ”l”]

IIII|IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIIIIIIIIilllI|I|II|III||I||||DI|I|IIH|IIII|IIII|III|

O
S—
N
o

0 -
1} [
S g r
g 207 //‘\7/
LF -40] C
5= g
w - - -
35 o0 :
Q- 807 3
%) 3 -
& 100 -
G 311 2 3 -
-120 E
_140 ||||| ||||||||I||||||||||ll|||||l|||||||||||||||l||||||||||||l|||ll||||||||||| |||||| |||||||I||||

0 20,000 40,000 60,000 80,000 100,000

Years Ago
Figure 2. (a) Number of eruptions per millennium

exceeding a volcanic SO4?~ concentration of 74 ppb
as recorded in the GISP2 core (dashed line). Because
of the decrease in temporal resolution with depth, the
SO42%~ record given in Figure 1 does not record all erup-
tions, thus the continual decrease in eruptions per mil-
lennium with time (dashed line). However, we used the
technique of Zielinski et al. [1996a] to produce a record
of the projected number of eruptions (solid line) that
may have occurred given a similar sampling resolution
as to that for the Holocene. These two lines coincide for
the first 12,000 years. (b) Relationship between periods
of enhanced volcanic signals in the GISP2 core (periods
1-3) and glacioeustatic sea level change after Meyewsk:
et al. [this issue].

ism occurs from around 27,000 to about 36,000 years
ago (Figure 1). Although this is a longer period of in-
creased volcanism than occurs during deglaciation, the
number of events per millennium is generally lower than
that during and immediately after deglaciation once
the adjustment is made for sampling resolution (Fig-
ure 2a). The period 27,000-36,000 years ago is char-
acterized by increasing Ca?* concentrations leading to
the last glacial maximum (Figure 1). The third most
continuous period of enhanced volcanism occurs from
79,000 to 85,000 years ago (Figure 2a), which coincides
with the initial stadial periods prior to the beginning of
the last glaciation (Figure 1). It is projected that sev-
eral millennium in the early stages of glaciation (about
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70,000-78,000 years ago) may have had a greater num-
ber of eruptions than the period 6000-17,000 years ago,
but these periods of elevated volcanism do not remain
at such levels for more than 1 or 2 millennium, unlike
during deglaciation.

The last aspect of the 110,000-year SO42~ record
that we discuss is the relationship between the periods
of high volcanic activity and sea level change. Others
have proposed that there is a positive relationship be-
tween changing sea level and increased volcanism [e.g.,
Matthews, 1969; McGuire et al.,, 1995]. Consequently,
we placed the timing of the three most continuous peri-
ods of enhanced volcanism on a plot of glacioeustatic sea
level taken from Mayewski et al. [this issue] (Figure 2b).
The increased volcanism from 6000 to 17,000 years ago
(period 1 on Figure 2b) coincides very well with the pe-
riod having the greatest rate of sea level rise following
deglaciation. Furthermore, the other two periods of en-
hanced volcanism (periods 2 and 3 on Figure 2b) occur
at the beginning of the two periods whereby sea level
was starting to fall with ice sheet growth prior to a ma-
jor glacial period (i.e., corresponding to the Stage 2-3
and Stage 4-5 transitions of the marine isotope record,
respectively).

We feel that our results very much support the sug-
gestions presented by others that there is a link between
increased volcanic activity and the increased crustal
stresses that occur with changing volumes of continen-
tal ice sheets [e.g., Rampino et al., 1979; Kyle et al.,
1981; Sigvaldason et al., 1992] and with the subsequent
changes in the volume of water in ocean basins (ie.,
sea level change [Matthews, 1969; Nekada and Yokose,
1992; Paterne and Guichard, 1993; Rampino and Self,
1993; McGuire et al, 1995]). For instance, if we first
discuss the period of enhanced volcanism with deglacia-
tion (period 1, Figure 2b), we note that the increased
stresses with crustal unloading would probably have the
greatest impact on the extensive volcanic zones of the
northern hemisphere like Iceland and the North Pacific
Rim. In fact, the large magnitude of many of these sig-
nals in the GISP2 core could reflect the quick transport
of aerosols from proximal eruptions in Iceland and/or
from Alaskan and Kamchatka/Kurile Islands eruptions
immediately upwind of Greenland. Perhaps more sig-
nificantly, our results appear to strongly support the
idea that rate of sea level change and the associated
stresses exerted on coastal and island volcanic systems
may play the greatest role in inducing explosive vol-
canic activity [e.g., Nakada and Yokose, 1992; Paterne
and Guichard, 1993; McGuire et al., 1995]. McGuire
et al. [1995] noted that the Mediterranean volcanic re-
gion was especially active during the period of rapid
sea level rise between 8000 and 13,000 years ago, al-
most exactly congruent with the period of most frequent
and greatest magnitude signals in the GISP2 core. Pa-
terne and Guichard [1993] also noted that the period-
icity of volcanic eruptions in the Campanian area of
Italy corresponds well with orbital cycles and the sub-
sequent changes in glacioeustatic pressures. We pre-
viously noted the probable deposition of aerosols on
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Greenland from Mediterranean volcanoes like Vesuvius
[Zielinski et al., 1994; Zielinski, 1995] and the Campa-
nian area (Phlegraean Fields (see Zielinski et al. [1996a]
and below)).

The possible cause for the other two periods of con-
tinuously high volcanic activity (periods 2 and 3, Fig-
ure 2b) also may be related to the interaction be-
tween volcanism and the effects of climatic change. The
buildup of ice in the northern hemisphere leading to the
glacial maximum about 23,000 years ago (as reflected
in the maxima in Ca?* concentrations; Figure 1) may
lead to the same increase in crustal stresses as occurs
with a melting ice sheet. Kyle et al. [1981] previously
suggested that increased volcanism in Antarctica may
have been caused by an increase in the lithostatic pres-
sure on upper crustal magma chambers with ice sheet
thickening. Our data support the possibility of a simi-
lar scenario for northern hemisphere ice sheets. Because
the maximum impact of volcanism on climate may only
be of the order of decades [Rind and Overpeck, 1993],
we do not think the increase in volcanism is forcing
the climate change leading to ice sheet growth. How-
ever, it may enhance the growth to some extent (see
relevant discussion by Rempino and Self [1993]). The
short period of apparently enhanced volcanic activity
79,000-85,000 years ago also may be related to initial
ice growth following the last interglacial.

Of additional interest is the period between 56,000
and 73,000 years ago. This period is marked by several
millennia during which the projected number of erup-
tions is very high, although the periods of high volcanic
activity are discontinuous compared to the other three
periods discussed (Figure 2). Perhaps the lack of large
swings in sea level change during this roughly 17,000-
year period, given the existing glacioeustatic record
(Figure 2b), may have inhibited the development of an
extensive, continuous period of increased volcanism as
occurred during deglaciation. Nevertheless, this time
period of increased volcanic activity closely coincides
with the ~10,000-year glacial period from about 57,000
to 68,000 years ago as recorded in the Ca2* record (Fig-
ure 1). The 3000-year period from about 63,000 to
66,000 years ago (at the beginning of this glacial pe-
riod) contains the highest number of projected erup-
tions. These results further substantiate the suggestion
that ice sheet growth plays a role in forcing explosive
volcanism.

An aspect of the record that is not so clear is why
a large volcanic signal or group of signals occurs dur-
ing some of the interstadial/stadial transitions but not
during others (Figures 1 and 2). Three large volcanic
signals that may be related to known eruptions (Fig-
ure 1) fall into this category [Zielinski et al., 1996a).
These include the large Phlegraean Fields eruption in
Italy that formed the Campanian Ignimbrite (ice-core
signal 34,564 + 4000 years ago, eruption 34,000 +
3000 years ago [Castagnoli et al., 1995]), the Icelandic
eruptions that produced the Z2 ash zone in North At-
lantic deep sea cores (as discussed below), and the Toba
mega-eruption (ice-core signal 71,100 & 5000 years ago
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Figure 3. Holocene time series of ECM and volcanic
S042~ records in the GISP2 core showing numerous
short-duration increases that are associated with vol-
canic activity. To facilitate comparison, volcanic S0,42-
and ECM records are displayed in standard deviation
units. The dashed lines indicate thresholds that were
selected to make the comparisons discussed in the text.
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[Zielinski et al., 1996b], eruption 73,000 + 4000 years
ago [Chesner et al., 1991]). The presence of increased
volcanism during these transitions could be additional
evidence of the relationship between volcanism and cli-
mate, but it is not a consistent relationship. One could
infer that during some of these very rapid transitions
(i.e., of the order of decades), ice growth/decay is not
severe enough to enhance crustal stresses on magma
chambers, thereby increasing volcanic activity. How-
ever, this is only speculation. Nevertheless, our re-
sults appear to support the presence of a strong feed-
back mechanism in the volcanism-climate system and
a strong linkage among the lithosphere, hydrosphere
(both the cryosphere and oceans), and atmosphere.

3.2. GISP2 ECM Record: Holocene

The Holocene ECM from the GISP2 core shows nu-
merous increases in acidity with durations of less than
a few years (Figure 3). These short-duration events are
commonly considered to be of volcanic origin [Hammer
et al., 1980; Wolff et al, 1995]. For the purpose of
comparing the ECM and volcanic SO42~ records of the
Holocene, arbitrary thresholds were used to identify vol-
canic events. For the volcanic SO42~ record a value of
3 standard deviation units was selected, and for the less
chemically specific ECM a value of 4.5 standard devia-
tion units was selected. These thresholds are sufficiently
high that only the largest of volcanic events exceed the
thresholds. During the Holocene portion of the record
these thresholds were exceeded by presumably volcanic
events 60 and 56 times on the ECM and volcanic SO4%~
records, respectively. The thresholds were intentionally
selected such that the number of events exceeding the
thresholds during the Holocene would be nearly equal
on the ECM and volcanic SO42~ records. For both the
ECM and SO42~ records, slightly more than half (563%
and 57%, respectively) of the events that exceed these
thresholds occurred on the other record. This result is
insensitive to the values that are used as long as the
thresholds are selected such that they are exceeded an
equal number of times by the ECM and volcanic S042-
record.
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The fact that there is some discrepancy between the
ECM and volcanic SO42~ records is not surprising be-
cause of occasional poor core quality, analytical errors,
the different temporal resolution of the methods, and
the use of a simple two-class threshold classification.
Moreover, most of the discrepancies between the records
occur when one of the records is close to the threshold,
suggesting that much of this discrepancy is a result of
using a two-class threshold classification. In spite of this
the observed discrepancies are still greater than antici-
pated. This suggests there may be an additional cause
for a portion of the observed discrepancy between the
identification of volcanic events by the ECM and SO42~.
The events which exceed the threshold on the ECM and
do not exceed the threshold on the SO42~ record indi-
cate either a source of acids that are not associated
with SO42~ (such as volcanic HCI) or an episodic de-
crease in neutralizing compounds in the core (possibly
due to a short-duration decrease in wind-transported
alkaline dust). The events which exceed the thresh-
old on the volcanic SO4%~ record and do not exceed
the threshold on the ECM indicate either an unknown
nonacidic source of SO42~ or an abundance of neutral-
izing compounds deposited with S042~ from an acidic
source. With the limited present understanding of the
nonlinear response of the ECM it would be speculative
to use the available data to discriminate between these
possible interpretations, but the SO4?~ record is more
uniquely associated than the ECM with the sulfuric vol-
canic events of extended duration. Although ice cores
are among the best recorders of paleovolcanic events,
there is still much to be learned regarding how to ex-
tract detailed information on single volcanic events from
an ice core.

4. Tephrochronology

The three tephra sections found in both the GISP2
and GRIP cores provide absolute tie points between
them at approximately 1100, 10,300, and 52,000 years
ago. We have already found more recent absolute time
lines in the GISP2 core via the identification of tephra
from two historical Icelandic eruptions (i.e., A.D. 1783
Laki [Fiacco et al., 1994]; A.D. 1362 Orafajokull [Palais
et al., 1991]) and an absolute correlation point through
the presence of tephra from the Icelandic Eldgja erup-
tion (mid-A.D. 930s [Zielinski et al., 1995]). Continued
analyses on each core in the near future should lead to
the identification of other correlative tephra layers. For
instance, several other layers containing tephra, thought
to be from the Katla system in Iceland, have been found
in the GRIP core [Gronvold et al., 1995], thus providing
guidance for future sampling in the GISP2 core. The
fact that the same ash layers found in both ice cores
are found either in the terrestrial record or in the ma-
rine record or in both types of media throughout parts
of the North Atlantic region means that we can now
provide absolute stratigraphic markers for many proxy
data sets at least into the middle of the last glacial cy-
cle. For each tephra layer, we first present and discuss



ZIELINSKI ET AL.: VOLCANIC RECORDS, GREENLAND ICE CORES

the aerosol record followed by a discussion of the tephra
component. The results presented here expand on the
work of Grénvold et al. [1995], who correlated some
of the tephra in the GRIP core with known ash lay-
ers in the North Atlantic region. Note that we present
the tephra compositions both in tabular form and on
ternary diagrams. It is important to realize that the
analysis of individual grains from ice cores (using energy
dispersive spectrometry (EDS)) and the normalization
to 100% can lead to more variability in the results com-
pared to polished sections from terrestrial deposits (us-
ing wavelength dispersive spectrometry (WDS)). Thus,
the average compositions of volcanic glass found in the
tephra layers (Table 2) may not appear to overlap as
well as the distribution of individual grains plotted on
ternary diagrams. Different instrumentation also can
lead to increased scatter in the data obtained from in-
dividual grain analysis on ice-core tephra.

4.1. Settlement Layer (~1100 Years Old)

The Settlement Layer is often used as a stratigraphic
marker and refers to a distinct ash layer in Iceland that
was deposited close to the time of the permanent Norse
settlement of the country. The source of the deposit is
the Vatnaoldur fissure in southern Iceland with part of
the fissure system located within the Torfajékull central
volcano [Larsen, 1984]. The eruption was very explo-
sive, simultaneously producing both basaltic (1.1 km?
dense rock equivalent (DRE) from the SW end of the
fissure system) and rhyolitic (0.1 km® DRE from the
NW end of the fissure system) tephra. Interestingly,
distribution of the basaltic tephra is generally symmet-
rical around the major eruptive cones within the main
fissure system and with a slight NW orientation to the
main axis of deposition, but the silicic tephra is con-
centrated on the west side of its source cones in the
southwest end of the fissure with a slightly greater NW
elongation to the ash dispersion. These trends are cer-
tainly favorable for immediate transport to Greenland.
Larsen [1984)] interpreted the tephra distribution and
the presence of silicic tephra at the base or in the lower
parts of the western deposits (i.e., a quicker deposition
of the silicic tephra) as being indicative of southerly
winds at the beginning of the eruption with a shift to a
more counterclockwise direction during the eruption.

4.1.1. Volcanic aerosol record and implica-
tions. Evidence of volcanic aerosol deposition on
Greenland comes from the SO42~ record in the GISP2
core, but it is not a large signal. The 200-year pe-
riod from 1000 to 1200 years ago (A.D. 800 to 1000)
shows several small to moderate SO42~ spikes including
the signal related to the Vatnaoldur (Settlement Layer)
eruption (Figure 4a). The exception is the very large
signal from the voluminous Icelandic Eldgja eruption
(Figure 4a) [Zielinski et al., 1995]. Subannual sampling
in the GISP2 core over the length of core thought to
contain debris from the Vatnaoldur eruption shows ele-
vated SO4%~ concentrations beginning early in A.D. 877
and extending through the summer into the fall (Fig-
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Figure 4. (a) Biyearly SO4?~ concentrations for the
200-year period from 1000 to 1200 years ago (A.D. 1200-
800) in the GISP2 core. S04%~ peak associated with
deposition of aerosols from the eruption that produced
the Settlement Layer (Iceland) is indicated as is the very
large Icelandic Eldgja eruption of ~A.D. 938 [Zielinski
et al., 1995]. (b) Detailed (subannual) SO42~ and CI-
time series for the section of core containing aerosols
from the eruption that produced the Settlement Layer.
The section from 286.25 to 286.40 contained volcanic
glass, as discussed in the text and on Figure 5. Arrows
indicate depth of midsummer of year shown.

ure 4b). A spike in Cl™ occurs just prior to the increase
in SO4%~. Volcanic SO42~ flux onto the ice sheet is cal-
culated to be 17 kg/km? over the roughly 0.75 years
of deposition. The biyearly sampling that included
this event yielded a volcanic SO42~ flux of 13 kg/km?
[Zielinski, 1995]. Considering the suggested wind pat-
tern from the NW distribution of tephra on Iceland, it
is probable that at least most of the early SO4%~ depo-
sition was from tropospheric transport. Thus the far-
reaching atmospheric impact of this eruption was prob-
ably minimal. Detailed glaciochemical studies across
this same section in the GRIP core showed a similar
pattern to the SO42~ and Cl~ signals, but the age of the
signal in the GRIP core is given as A.D. 871 [Grénvold
et al., 1995]). Nevertheless, the age of this layer with
suggested error overlaps that of the GISP2 core (Ta-
ble 1).
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Table 1. Depths and Estimated Ages of Icelandic Tephra Layers Found in Both

the GISP2 and GRIP Ice Cores

Tephra Layer® Depth, m®

Age (With Error)

(Probable Source) GISP2

GRIP

GISP2 GRIP

Settlement Layer 286.25-286.40

(Vatnaoldur)

Saksunarvatn ash 1586.46-1586.49

(Grimsvétn) 1586.74-1586.76
1586.96-1586.97
Ash Zone 72 2464.25-2464.30

(Torfajokull area, Katla)

269.22-269.50

1528.61-1529.01

2430.95-2430.98

AD. 877 (+ 4) AD. 871 ( 2)

10,318 (& 205)° 10,230 (£ 60)¢
10,322 (+ 205)

10,325 (+ 205)

52,682 (£ 5000)° ~52,000°

¢Name of equivalent ash layer that correlates to tephra found in the Summit ice cores.

*Depth of sampled section of ice containing tephra.

¢Age in years before A.D. 2000. To convert to years before 1950, subtract 50 from this age.

4.1.2. Settlement Layer tephra and implica-
tions. Verification of the source of the aerosol signal
in each core comes from the presence of tephra that
matches the bimodal composition of the magma erupted
(Table 2, Figure 5) as found in terrestrial deposits in Ice-
land [Grénvold et al., 1995]. Our findings thus provide
a more closely limiting calendrical age for the eruption,
that is within the mid-A.D. 870s (Table 1). By locat-
ing Settlement tephra in the Summit ice cores, we also
provide insight into the source of a previously unknown
tephra found in peat bogs in Northern Ireland [Pilcher
et al., 1995]. Pilcher et al. found tephra in a section of
the bog that was radiometrically dated and calibrated
to a calendar year of A.D. 860 £ 20. The mean com-
position of that tephra does not match well with the
silicic component of the Settlement Layer ash (Table 2,
Figure 5). Further, Pilcher et al. did not find the more
basaltic tephra in the same sample. These results sug-
gest that the tephra found in Northern Ireland bogs
did not originate from the Vatnadldur eruption despite
a calibrated age that overlaps our ice-core age.

4.2. Saksunarvatn Ash (~10,300 Years Old)

The Saksunarvatn ash was first identified on the
Faroe Islands [Mangerud et al., 1986], southeast of Ice-
land, but more recently has been found at various sites
in Iceland [Bjorck et al., 1992; Pétursson and Larsen,
1992], Germany [Merkt et al., 1993], and in marine
sediments of the Norwegian sea [Sjoholm et al., 1991].
Thus it has become an important early Holocene time
marker in the North Atlantic region including its pres-

ence in the GRIP core [Gronvold et al., 1995]. It is
basaltic and easily differentiated from other late Pleis-
tocene/early Holocene marker horizons in the North At-
lantic (e.g., Vedde ash [Mangerud et al., 1984, 1986]).
The Grimsvétn volcanic system is believed to be the
source of the Saksunarvatn ash. If the Grimsvotn sys-
tem is the source, then it is likely the eruption was
subglacial, which could contribute to its explosiveness
and the presence of a visible ash layer on the summit of
Greenland. It is the youngest visible ash layer in both
the GISP2 and GRIP cores.

4.2.1. Volcanic aerosol record and implica-
tions. The aerosol signal of the Saksunarvatn erup-
tion in the GISP2 core is one of the three large SO42-
spikes over the 2000-year period from 10,000 to 12,000
years ago (Figure 6a). The difference in the estimated
age of the Saksunarvatn ash and that of the I THOL-1
tephra found in Lake Torfadalsvatn, Iceland [Bjorck et
al., 1992], is 300 years, meaning that the 140-year dif-
ference between the two youngest spikes on Figure 6a
is similar enough to suggest that the second spike is
related to the I'-THOL-1 eruption (i.e., 10,454 + 220
years ago). To the best of our knowledge, the largest
spike in this section of core does not readily correlate
to a known eruption.

Interestingly, a more detailed plot of the relationship
between layers where tephra was found and the volcanic
SO42~ record over the 11-m (17 year) section of core
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Figure 5. FeO (total iron)-K,0-CaO + MgO plot for
the mean composition of individual glass shards for the
eruption of Vatnadldur, Iceland (which produced the
Settlement Layer), as observed in the GRIP and GISP2
ice cores and various sites in Iceland. Compositions for
the GRIP core and Icelandic sites are from Gronvold
et al. [1995]. Mean composition of glass shards in a
tephra layer (source unknown) found in Sluggan Bog,
Northern Ireland, with an age of A.D. 860 + 20 [from
Pilcher et al., 1995] is also shown for comparison.

containing Saksunarvatn tephra (Figure 6b) shows that
the large SO42~ spike only corresponds to the dark vis-
ible layer that contained tephra (C in Figure 6b). The
other two layers containing tephra (A and B in Fig-
ure 6b) were only cloudy in appearance with no visible
dark tephra grains. Those two layers are not associated
with a large SO42~ spike. One possibility is that this is
a similar situation to that found in Antarctica ice cores,
whereby some visible tephra layers were not associated
with a large acid signal [Palais and Kyle, 1988]. The
interpretation of that scenario was that volcanic glass
neutralized the volcanic acid. In the case of the GISP2
core, this would mean that the tephra layers contain-
ing smaller sized grains (i.e., not visible to the naked
eye) had the capability to neutralize the acid (maybe
because of a greater surface area) but that neutraliza-
tion did not occur where the glass shards were bigger.
The second possibility is that more alkaline dust was
deposited at the same time as the ash in the upper two
tephra layers (A and B, Figure 6b), thereby neutralizing
the volcanically produced acid.

The flux of volcanic SO42~ associated with the large
spike in the detailed section of the GISP2 core is 88
kg/km? for the 2 years covered by this sample. This
value is ~b times that of the Vatnaoldur eruption of the
mid-A.D. 870s and similar to that of the Icelandic Laki
(A.D. 1783) and Eldgja (A.D. 930s) eruptions [Zielinski,
1995], the two largest known historical fissure eruptions.
These numbers imply that the Saksunarvatn eruption
had a significant impact on northern hemisphere cli-
mate, as did the Laki [Fiacco et al., 1994] and possibly
the Eldgjd eruption [Zielinski et al., 1995]. However,
the large amount of ash deposition in Greenland associ-
ated with the aerosol signal of the Saksunarvatn erup-
tion could be a result of a high degree of quick scaveng-
ing of the HsSO4 aerosols from the eruptive plume and
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Figure 6. (a) Biyearly SO4%~ concentrations for the

2000-year period from 10,000 to 12,000 years ago in
the GISP2 core. All ages are years before A.D. 2000.
Subtract 50 from these values to get years before 1950.
SO4%~ peak associated with deposition of aerosols from
the eruption that produced the Saksunarvatn ash is
indicated as is the peak that may be associated with
the Icelandic eruption that produced the I'THOL-1 ash
found in lake sediments in Iceland. (b) Biyearly SO,%-
and Cl time series, shown in more detail, for the sec-
tion of core that contains volcanic glass correlative to
the Saksunarvatn ash. Tephra was found at the depths
indicated by the arrows labeled A, B (cloudy bands),
and C (visible dark band). Lines at top of Figure 6b
represent the midsummer for the 18 years covered by
the ~1.5 m shown here. Note that vertical scale is 5
times that of Figure 4a.

thus a smaller climatic impact compared to the Laki
eruption.

4.2.2. Saksunarvatn tephra and implications.
The compositions of the tephra (Figure 7) found in each
of the two ice cores match very well with each other and
with compositions from other sites in the North At-
lantic region (Table 2, Figure 8). An interesting aspect
of the nature of the tephra record in the GISP2 core is
that tephra was found in layers spanning about 7 years
of record. (The GRIP core sample was larger, so we
are not able to determine if this scenario holds true in
that core.) Intuitively, this implies that the Grimsvdtn
volcanic system was active at several times during this
7-year period. If this is true, then the characteristics of
the Saksunarvatn eruption would have been comparable
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Figure 7. Microphotographs of typical basaltic glass
shards found in layers A-C (Figure 6), 1586-1587 m in
the GISP2 core.

to an upscaled version of the Krafla eruptions between
A.D. 1975 and 1984. However, we cannot rule out the
possibility that the deposition of the two younger lay-
ers resulted from eolian deposition following storms that
picked up fresh tephra grains in the years following the
eruption. The lack of a volcanic SO4%~ signal associ-
ated with the two younger layers (A and B in Figure 6b)
could support the latter interpretation as opposed to
the former whereby abundant alkaline dust may have
been transported to Greenland at the same time as the
tephra grains, resulting in neutralization of the acid sig-
nal. For now, we cannot say definitively either way.

In addition to identification of the Saksunarvatn ash
in both ice cores, Grénvold et al. [1995] found tephra
that matches that of the Vedde ash, another critical
time marker in the North Atlantic region. We are now
in the process of locating this same horizon in the GISP2
core. Similarly, we are searching in both cores for tephra
from the German Laacher See eruption (11,000 & 50 *C
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Figure 8. FeO (total iron)-K;0-CaO + MgO plot
showing the composition of individual glass shards and
the mean composition for layers between 1586 and 1587
m in the GISP2 core and the mean composition of
the equivalent layer in the GRIP core. Glass composi-
tion from each ice core matches with the eruption from
the Grimsvotn system, Iceland, that produced the Sak-
sunarvatn ash found on the Faroe Islands. Mean com-
position of the correlative ash layer from other sites in

the North Atlantic region is also shown (as given by
Grénvold et al. [1995]).

yr, ~12,920 years ago [Bogaard and Schmincke, 1985}).
Identification of this tephra as well as that from other
known eruptions during the final stages of deglaciation
will provide the paleoclimatic community with unsur-
passed isochrons for establishing environmental condi-
tions in the North Atlantic region at this time of dra-
matic climatic shifts.

4.3. Ash Zone Z2 (~52,000 Years Old)

Many marine cores in the North Atlantic region con-
tain a visible tephra layer, designated the Z2 ash zone,
with an interpolated age around 57,500 years ago based
on the deep-sea 120 record [e.g., Ruddiman and Glover,
1972; Kvamme et al., 1989; Bond et al., 1993]. In addi-
tion, a visible ash layer in the Dye 3 ice core, southern
Greenland, was found to correlate to these ash layers in
the deep marine cores, but the section of ice containing
this layer is in the lower, disturbed parts of the Dye 3
core [Ram and Gayley, 1991]. This prevented a reliable
improvement on dating of the Z2 layer using the Dye 3
findings. More recently, Grénvold et al. [1995] showed
that a visible layer in the GRIP ice core also correlated
to the rhyolitic component of the Z2 ash zone. De-
tailed dating of the GRIP core at that depth has yet
to be undertaken, but the age of this tephra layer ap-
pears to be closer to 52,000 years ago. Thus this layer
is a key marker horizon for correlation of paleoclimatic
proxy records across the North Atlantic region during
the middle of the last glacial cycle [Bond et al., 1993],
and it is critical to obtain a firmer age for the erup-
tion(s) and more thoroughly evaluate the eruption(s)
responsible for this tephra layer.
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Figure 9. Time series of SO42~ concentrations for
the 2000-year period from 52,000 to 54,000 years ago
in the GISP2 core, emphasizing the large signal asso-
ciated with the deposition of aerosols from the erup-
tion(s) responsible for deposition of the Z2 ash layer
equivalent in the GISP2 core. Ages are as in Fig-
ure 6. High SO42~ baseline values reflect colder condi-
tions during glacial/stadial times, whereas low SO42-
baseline values reflect warmer conditions during inter-
glacial/interstadial times. Note that vertical scale is
twice that of Figure 4a.

4.3.1. Volcanic aerosol record and implica-
tions. To obtain more information on the eruption(s)
responsible for the Z2 ash layer, we evaluated the glacio-
chemistry and tephra found in the visible ash layer at
the 2464.25- to 2464.30-m depth in the GISP2 core. The
continuous SO42= time series across the section of core
between 52,000 and 54,000 years ago shows a very large
spike corresponding to 52,680 £ 5000 years ago (Fig-
ure 9). Volcanic SO42~ flux for this signal is about 100
kg/km? over the 21 years represented by this sample,
without taking into account layer thinning. Flux values
would probably be an order of magnitude greater on
an annual basis during the time of the eruption and
correcting for thinning. Nevertheless, this is one of
the larger volcanic signals in the core (Figure 1), but
undoubtedly, there is a significant tropospheric com-
ponent to the signal. As was probably the case for
deposition of aerosols with Saksunarvatn tephra, the
high SO42~ signal associated with the visible Z2 layer
could be due in a large part to the absorption of H3SO4
aerosols onto tephra grains during the eruption. On
the other hand, as we proposed for the eruption re-
sponsible for the Saksunarvatn ash, if just half of the
aerosols produced during the Z2 volcanic event reached
the stratosphere, there probably was a significant cool-
ing of northern hemisphere climate during the years fol-
lowing the eruption(s). Also, the timing of the erup-
tion(s) comes at the beginning of the roughly 200-year
stadial event (as indicated by high SO42~ baseline con-
centrations) between ~52,600 and 52,400 years ago. As
we stated earlier, the timing of these eruptions may be a
direct result of increased crustal stress conditions in the
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Figure 10. Microphotographs of typical glass shards
found in the visible ash layer at 2464.25-2464.30 m
in the GISP2 core. Note the two different morpholo-
gies that characterize the rhyolitic glass (top two pho-
tographs); morphology of the basaltic grains (bottom
photograph) is not variable.
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Figure 11. FeO (total iron)-K,0-CaO + MgO plot
showing the composition of individual glass shards
and mean compositions from 2464.25-2464.30 m in the
GISP2 core and the mean composition of the equivalent
layer in the GRIP core. Glass composition from each
ice core closely matches that of the Z2 ash layer found
in marine sediment cores from the North Atlantic re-
gion. Mean compositions of the ash layer found in the
Dye 3, Greenland ice core, V23-81 marine core, and the

Kirkjufell region of Iceland are also shown (as given by
Grénvold et al. [1995]).

Iceland region related to rapid isostatic adjustments at
the close of the ~10,000-year glacial period that ended
about 53,200 years ago and the small stadial event be-
ginning around 52,600 years ago.

4.3.2. Z2 layer tephra and implications. We
identified two distinctly different tephra populations in
the 5-cm-thick visible layer in the GISP2 core (Fig-
ure 10). The most abundant population is rhyolitic
(glass A, Table 2, Figure 11), with two distinct mor-
phologies characterizing individual shards: one having
a distinct flat, bubble-wall morphology, and the second
being more blocky and vesicular (Figure 10). The sec-
ond population is basaltic (glass B, Table 2, Figure 11),
although only 5% of the grains are of this composition.
The brown color of the basaltic grains under refracted
light in a standard optical scope contrasted greatly with
the clear appearance of the rhyolitic grains. Composi-
tion of the rhyolitic glass very closely matches with that
from the GRIP core and other deposits thought to be
correlative to the Z2 layer. However, the basaltic glass
was not observed in the GRIP core, which could be a
function of the apparently small quantity deposited in
the Summit region. The slight difference between the
basaltic compositions from the GISP2 core and those
from deep-sea core V23-81 (B glasses, Figure 11), as
well as the slight differences between the GISP2/GRIP
and other rhyolitic glasses, are very likely a function of
the EDS technique used on the GISP2 particles and the
WDS used in the analysis of tephra from the deep-sea
cores.

The possible source of the Z2 layer has been briefly
discussed by Gronvold et al. [1995] and in slightly
more detail by Kvamme et al. [1989], who compared
individual shard compositions from a series of marine
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sediment cores in the North Atlantic. Several possible
sources have been proposed for this layer. One pos-
sibility is the Torfajokull region of southern Iceland,
given the similarity of the mean composition of the rhy-
olitic component of the ash layer in the ice and marine
sediment cores with that from the Kirkjufell formation
in Iceland [Gronvold et al, 1995] (Figure 11). How-
ever, Kvamme et al. [1989] suggested that there could
have been multiple eruptions responsible for deposition
of the Z2 layer based on the slightly different compo-
sitions of the basaltic components found within the Z2
zone. These possible sources include the major volcanic
zones of the Grimsvotn and Veidivétn systems as well
as the major volcanoes of Hekla and Katla. The ba-
sis for the differentiation is covariation between TiO,
and FeO/MgO compositions with higher FeO/MgO ra-
tios (i.e., between 2.5 and 4) being more characteristic
of the Hekla and Katla volcanoes. Of those two, Katla
has the higher FeO/MgO ratio for a given TiO, compo-
sition. FeO/MgO ratios between 3 and 4 for the basaltic
component in the GISP2 core may support the idea that
two simultaneous eruptions were responsible for the Z2
ash zone, that is, eruptions from both the Torfajokull
area and Katla volcano.

5. Conclusions

We presented three different records from the re-
cently collected GISP2 and GRIP ice cores, Summit,
Greenland, useful in the evaluation of past volcanism.
The 110,000-year time series of volcanic aerosol depo-
sition in the GISP2 core, as developed from continuous
SO4%~ measurements, suggests a very strong relation-
ship between explosive volcanism and the effects of cli-
mate change. The greatest number of signals and the
overall greatest magnitude signals occur from 6000 to
17,000 years ago, during and after the final stages of
deglaciation. This finding supports the concept that
increases in the stress placed on magma chambers with
isostatic adjustment to glacial unloading may be suf-
ficient to enhance volcanic activity particularly in the
midlatitudes of the northern hemisphere (i.e., Iceland,
North Pacific Rim). Further, the coincident increase in
volcanism during this time period with the rapid rise
in sea level during deglaciation lends further credence
to previous ideas that crustal stresses associated with
the increase in crustal loading from greater meltwater
flow into ocean basins can significantly increase explo-
sive volcanism in island arc and coastal volcanic sys-
tems. Slightly lower numbers of lesser magnitude sig-
nals occur 27,000-36,000 and 79,000-85,000 years ago,
leading up to the last glacial maximum and the ini-
tial buildup of ice prior to the beginning of the last
glacial period, respectively. Moreover, some of the sta-
dial/interstadial transitions are marked by the presence
of a large, single volcanic signal or set of signals. These
relationships further substantiate a strong volcanism-
climate feedback system and a strong linkage among
the lithosphere-hydrosphere (cryosphere and oceans)-
atmosphere.
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Comparisons between the ECM record of volcanism
and the volcanic SO42~ record for the Holocene showed
that about 50% of the larger signals are found in both
records. However, most of the differences in this case
could be tied to the thresholds chosen for demarcat-
ing the presence of a signal at a particular time. In
our case it was a single threshold for each time series.
Other causes for the discrepancy can be the presence
of other volcanic acids (e.g., HCI and HF) and different

sources for the SO42~. Although a better relationship
between these two measurements was expected, these
results show that we still do not have a complete under-
standing of the variability of volcanic signals recorded
in ice cores.

Finally, we evaluated the tephra deposited from three
separate eruptions recorded in both ice cores. Tephra
was found in each core with compositions similar to
that of the Icelandic Vatnadldur eruption (mid-A.D.
870s) that produced the Settlement Layer in Iceland,
the Saksunarvatn ash (thought to originate from the
Grimsvotn volcanic system about 10,300 years ago),
and the Z2 ash (~52,700 years ago) found in marine
cores throughout the North Atlantic region. The com-
position of all of these tephras closely matched that of
samples from either terrestrial deposits or marine sedi-
ment cores. The presence in the GISP2 core of both a
rhyolitic and basaltic glass in the section correlative to
the Z2 ash and the composition of the basaltic compo-
nent appear to lend support to the possibility that two
simultaneous eruptions in Iceland produced the Z2 ash
zone. QOur findings suggest that both the Torfajokull
area and the Katla volcano are possible sources for this
ash layer. By identifying all three of these ash layers in
each of the two ice cores, we now are able to identify
absolute, instantaneous time lines for correlation be-
tween the two cores and especially for correlation of the
ice-core proxy climatic records with those from marine
cores and terrestrial records.

In conclusion, this paper provides several illustrative
examples of how ice cores are used in paleovolcanic and
paleoclimatic research. The limitations in the use of
volcanic records produced from single ice cores must be
acknowledged; however, the ability to match the vol-
canic records developed from two (as herein) or more
cores increases the confidence one has in their reliabil-
ity. The greatest advantages of these records are their
length (110,000 years in these cases), high resolution
(subannual to annual to decadal), and preservation of
both the aerosol and silicate (tephra) components of
past eruptions. Thus, ice cores provide the most com-
prehensive means available to reconstruct chronologies
of past volcanism, to evaluate the volcanism-climate
system including both the climatic impact of volcanism
and the possible impact that the effects of changing cli-
matic conditions have on volcanism, and to definitively
correlate proxy records developed from ice cores with
those developed from marine sediment cores and ter-
restrial records containing the same tephra layers.
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