Complexity of Holocene Climate as
Reconstructed from a Greenland Ice Core
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Glaciochemical time series developed from Summit, Greenland, indicate that the chemical
composition of the atmosphere was dynamic during the Holocene epoch. Concentrations
of sea salt and terrestrial dusts increased in Summit snow during the periods 0 to 600,
2400 to 3100, 5000 to 6100, 7800 to 8800, and more than 11,300 years ago. The most
recent increase, and also the most abrupt, coincides with the Little Ice Age. These
changes imply that either the north polar vortex expanded or the meridional air flow
intensified during these periods, and that temperatures in the mid to high northern
latitudes were potentially the coldest since the Younger Dryas event.

Ou ability to predict the environmental
consequences of anthropogenic emissions
first requires a thorough understanding of
natural atmospheric and climatic variabili-
ty. Records from Summit, Greenland, ice
cores reveal that climate variability was
markedly more subdued during the Holo-
cene epoch of the Cenozoic era than it was
during the last glaciation (I-3). Despite
this, the Holocene is known to have signif-
icant climatic diversity (4~6). By examin-
ing the glaciochemical time series devel-
oped from the Greenland Ice Sheet Project
2 (GISP2) ice core, Summit, Greenland
(72.6°N, 38.5°W, 3200-m elevation), we
reconstructed a precisely dated, continuous
chronology of atmospheric and environ-
mental change for the high northern lati-
tudes during the Holocene.

The Holocene is defined in the GISP2
ice core as beginning at the termination of
the Younger Dryas (YD) event ~11,600
years before present (years B.P.) (7). We
determined chemical concentrations for the
5114 Holocene samples by ion chromatogra-
phy (8) at an approximate biannual sam-
pling interval. These concentrations were
used in a statistical model to estimate chang-
es in the fluxes of marine [sea salt (ss)Na,
ssCl, ssMg, ssK, ssCa] and terrestrial [non—
sea salt (nss)Na, nssMg, nssK, nssCa] species
on the basis of the relative abundance of

S. R. O'Brien, M. S. Twickler, S. |. Whitlow, Glacier Re-
search Group, Institute for the Study of Earth, Oceans,
and Space, University of New Hampshire, Durham, NH
03824, USA.

P. A. Mayewkski, Glacier Research Group, Institute for
the Study of Earth, Oceans, and Space, and Department
of Earth Sciences, University of New Hampshire,
Durham, NH 03824, USA.

L. D. Meeker, Glacier Research Group, Institute for the
Study of Earth, Oceans, and Space, and Department of
Mathematics, University of New Hampshire, Durham, NH
03824, USA.

D. A. Meese, Cold Regions Research and Engineering
Laboratory, Hanover, NH 03755, USA.

*Present address: Paragon Environmental Services, Inc.,
153 Washington, East Walpole, MA 02032, USA.
+To whom correspondence should be addressed.

1962

each species in sea water (9) (Fig. 1).

Changes in chemical flux values are be-
lieved to represent changes in the atmo-
spheric composition over Summit. On the
basis of previous investigations of the
GISP2 glaciochemical series (3, 10), a
greater atmospheric aerosol loading of ma-
rine and terrestrial source species existed
during the YD event and during glacial
portions of the record than during the Ho-
locene (see ssNa profile in Fig. 1). In addi-
tion, relative to the glacial portion of the
record, GISP2 chemical variations during
the Holocene are of lower magnitude.
These variations are, however, still suffi-
cient to detect significant changes in envi-
ronmental conditions.

We used an empirical orthogonal func-
tion (EOF) decomposition (11) to quantify
the common behavior among Holocene
marine and terrestrial source species. In pre-
vious GISP2 investigations covering the
last 41,000 years of record, it was proposed
that EOF1 (the first and dominant EOF)
reflects a well-mixed “background” atmo-
sphere representing 92% of the total vari-
ance in species behavior over Summit (3).
The time series describing the behavior of
the well-mixed atmosphere (represented by
EOF1) is referred to as the polar circulation
index (3) and is believed to provide a mea-
sure of the relative size of the polar vortex
and the overall intensity of polar atmo-
spheric circulation.

The Holocene EOF1 (Fig. 1) represents
36% of the total variance in the chemical
assemblage that includes ssNa, nssNa, nssK,
nssCa, nssMg, and NH,. Less than 10% of
the variance in the NH, series is explained
in EOF1; NH, is therefore addressed sepa-
rately by Meeker et al. (12). Because the
Holocene EOF1 represents notably less
variance than is represented in our analysis
of the last 41,000 years of record (3), we
assume that changes in source area, source
strength, and atmospheric circulation are
more complex in the Holocene.

SCIENCE e« VOL. 270 « 22 DECEMBER 1995

The EOF1 profile decreases toward the
present, primarily because of declining values
in the nssCa and nssMg series. This trend in
the nssCa and nssMg profiles is believed to
represent a gradual decrease in the area of
exposed continental shelves as sea level rose
during the Holocene (Fig. 1) (13, 14). The
thermal contrast between seasons also de-
creased during the Holocene (milder winters
and cooler summers; Fig. 1). This trend may
have influenced the glaciochemical trends.
For example, changes in landmass heating
(resulting from changes in insolation) report-
edly altered hydrologic conditions in the east-
ern Mediterranean region ~6000 and ~9000
years B.P. (15, 16) such that conditions at
9000 years B.P. were even drier than those at
6000 years B.P. (17). Such arid conditions
likely increased dust deflation and enhanced
atmospheric dust loading over the Northern
Hemisphere (as observed at Summit).

Noticeable increases in Holocene EOF1
values occur at 0 to 610, 5000 to 6100, and
>11,300 years B.P., and increases of lesser
magnitude occur at 2400 to 3100 and 7800
to 8800 years B.P. Concentrations of ma-
rine source species in particular increased
during these five periods (Fig. 1). Some
models have indicated that atmospheric cir-
culation was more zonal when ice sheets
were present over North America (I8).
However, Lamb has suggested that atmo-
spheric circulation patterns during the Lit-
tle Ice Age (LIA) were more meridional
than patterns today (19). Furthermore, the
modern-day peak of sea salt in Greenland
snow occurs in winter (20), when meridi-
onal air flow is intensified (21). Thus, win-
ter-like meteorological conditions (north
polar vortex expansion or enhanced merid-
ional circulation) appear consistent with
increased concentrations of sea salt species
in Summit snow. We suggest, therefore,
that cooler climates reoccurred at quasi—
2600-year intervals during the Holocene
(Fig. 1). The oldest of these events, the
>11,300-year increase, is related to circu-
lation patterns associated with the YD
event. The most recent increase in sea salt
concentration in our record corresponds in
timing to the LIA event. Notably, this has
the most abrupt onset of any in our Holo-
cene record (Fig. 1). Milder climates, asso-
ciated with north polar vortex contraction
or weaker meridional circulation (22), oc-
curred at about 610 to 960, 1500 to 2700,
6300 to 7900, and 9300 to 10,600 years B.P.

Cold events identified in our glacio-
chemical series correspond in timing to
records of worldwide Holocene glacier ad-
vances (4) and to cold events in paleocli-
mate records from Europe, North America,
and the Southern Hemisphere (5), as deter-
mined by combining glacier advance, oxy-
gen isotope (9'%0), pollen count, tree ring
width, and ice core data (Fig. 2). Cold
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periods identified in the GISP2 record also
correspond in timing to periods of low solar
output, as identified in residual tree ring
radiocarbon (9'*C) age measurements (23).
Sections of the 9'*C record containing at
least two Maunder- and Spérer-type digres-
sions [referred to as triple oscillations or T
events (24)] approximate the timing of cen-
tury-scale GISP2 glaciochemical increases
(Fig. 1). Although a 9'*C-climate link is
controversial, a Holocene climate quasi-cy-
cle of ~2500 years (close to our quasi—
2600-year pattern), in phase with 8'*C vari-
ations, has been identified by a number of
researchers examining glacial moraines,
9180 records from ice cores, and tempera-
ture-sensitive tree ring widths (25).
Terrestrial source species provide addi-
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tional evidence of changes in atmospheric
circulation. Concentrations of nssK and to a
lesser degree of nssCa track ssNa events,
which suggests that changes in atmospheric
circulation affected marine and terrestrial
surfaces synchronously. However, air masses
reaching Summit ~0 to 1700 years B.P. and
~5200 to 6000 years B.P. passed over terres-
trial regions that supplied more Ca relative
to Mg (Fig. 1). These changes could repre-
sent progressively changing environments or
gradual shifts in circulation paths. Although
data on the soluble components of Ca and
Mg derived from dust sources is limited, the
nssCa:nssMg ratios at Summit agree with
Ca:Mg ratios obtained from western Tibetan
ice cores (26) and from inland U.S. sites
(27). The greatest nssCa:nssMg ratio change
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Fig. 2. Paleoclimate cold events: GISP2 Holo-
cene EOF1; worldwide glacial expansions and
their relative magnitude (4); synthesis of various
climate proxy records from Europe, Greenland,
North America, and the Southern Hemisphere
showing cold periods (5); the Cockburn Stade
(87); and the YD event (70).

was ~300 years ago, perhaps reflecting in-
creases in exposed terrain caused by changes
in agricultural practices.

Comparison of the GISP2 glaciochemical
series with other Summit, Greenland, ice
cores reveals interesting similarities and dif-
ferences. The GISP2 chemical record, 92O
record (28), and accumulation record (29)
and the CH, record from the Greenland Ice
Core Project [GRIP; 28 km east of GISP2
(30)] all indicate a notable period of envi-
ronmental change that occurred at ~8400
years B.P. A glacial advance in North Amer-
ica, the Cockburn Stade (31), also began at
~8400 years B.P. However, at 5600 years
B.P., even though a distinct change is evi-
dent in the GISP2 accumulation and glacio-
chemical records and in the GRIP CH,
records, no change appears in the GISP2
9180 record (32). Thus, although environ-
mental and climatic changes affected source
regions in the mid to high latitudes (GISP2
terrestrial and marine source regions) and in
the mid to low latitudes [CH, source regions
(30)], no substantial change in temperature
occurred at Summit (3'¥0 source region).
After 5600 years B.P., there are few synchro-
nous anomalies among GISP2 marine-terres-
trial species, accumulation rate, and 90
records and GRIP CH,, records. For example,
the accumulation rate does not vary signifi-
cantly over the LIA (29) even though
GISP2 glaciochemical and §'®0 series show
a distinct LIA (32, 33).

We conclude that as the Holocene pro-
gressed, environmental change increasingly
occurred on a regional basis. This complex-
ity in Holocene climate makes distinguish-
ing natural from anthropogenically altered
climate a formidable task.
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Al Coordination Changes in
High-Pressure Aluminosilicate Liquids

J. L. Yarger,” K. H. Smith, R. A. Nieman, J. Diefenbacher,
G. H. Wolf, B. T. Poe, P. F. McMillan*

Understanding the effect of pressure on aluminosilicate glass and liquid structure is critical
to understanding magma flow at depth. Aluminum coordination has been predicted by
mineral phase analysis and molecular dynamic calculations to change with increasing
pressure. Nuclear magnetic resonance studies of glasses quenched from high pressure
provide clear evidence for an increase in the average coordination of Al with pressure.

Many igneous processes are influenced by
the properties of molten aluminosilicates at
depth (I). The variation in melt density
with depth compared with that of the sur-
rounding mantle will ultimately determine
the buoyancy forces on the melts. Further-
more, the change in viscosity of the melt
with pressure will determine the time scale
for melt implantation, mineral crystalliza-
tion and fractionation, and thermal trans-
port. This has spurred a great deal of interest
in understanding the thermodynamic and
transport properties of aluminosilicate melts
as a function of pressure and temperature.
Consisting of a fully polymerized tetra-
hedral network, SiO, has a high viscosity.
Addition of a network modifier, such as
Na,O, breaks the Si-O-Si linkages to form
Si-O~ +++Na* [nonbridging oxygens
(NBOs)] and lowers the viscosity. In con-
trast, the addition of Al,O; to alkali-silicate
melts (Na,0:ALO; = 1) removes the
NBOs and reconstructs the tetrahedral net-
work, increasing the viscosity. Aluminosili-
cate melts with a high silica content form
three-dimensional  tetrahedral networks
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with extremely high viscosities. However,
the viscosity of some highly silicic melts
decreases with increasing pressure, so that
their mobility at depth can be several orders
of magnitude greater. A similar decrease in
viscosity occurs in both natural and syn-
thetic aluminosilicate melts, bracketing the
entire composition range from andesitic to
basaltic magmas (2). This anomalous be-
havior was first attributed to a pressure-
induced increase in the Al coordination
and a resultant weakening of the Al-O
bond strength, analogous to that occurring
in crystalline aluminosilicate minerals at
high pressures (3). Subsequent spectroscop-
ic experiments on glasses quenched from
high-pressure melts showed no evidence of
coordination change. Hence, the observed
viscosity decrease was rationalized as bond
weakening due to bond angle changes in the
aluminosilicate tetrahedral network (4). An
early report suggested evidence for six-coor-
dinate Al in ambient albite (NaAlSi,Og)
glasses quenched from melts formed at 6 and
8 GPa (5). This was later shown to be due to
a trace of high-pressure crystalline material
quenched into the glass samples. No defin-
itive evidence has been found in subsequent
work for high-coordinate Al sites in (high-
silica) aluminosilicate glasses quenched from
pressures up to 10 GPa (6).

Nuclear magnetic resonance (NMR)
studies have revealed the presence of sub-
stantial amounts of high-coordinate Si (SiV





