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sea salt and terrestrial dusts increased in Summiit snow during the periods 0 to 600,

2400 to 3100, 5000 to 6100, 7800 to 8800, and more than 11,300 years
and also the most abrupt, coincides with the Little loe Age. These

recent increase,
es mply that e the norh polar vt
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that temperatures in me mwd
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expanded or the meridional air flow
to high norther

latitudes were potentially the coldest since the Younger Dryas

Or ability o predice the environmental

. t, Greenland, ice
corss peveal dar clima, varablicy was
maxmx sbdued dusng che Holo

Cenozoic era than it was
g the e wlmam.\ (1-3). Despiee
this, the Holocene is known to have signif
icant climatic diversicy (4-6). By exarin-
ing the glaciochemical time series devel-
oped from the Greenland lce Sheet Project
2 (GISP2) ice core, Summit, reenland
(726N, 385°W, 3200-m elevation), we
reconstructed a precisely dared, continuous
chronology of atmespheric and environ-
mencal change for the high northem lsci-

years before present (years BP) (7). We
determined chemical concentrations for the
5114 Holacene samples by ion chromatogra-
phy (8) at an approximate biannwal sam-
pling inerval. These concenrrations were
used in a satistical model to estimate chang-
es in the fluxes of marine [sea salt ()Na,
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each species n sea water (9) (Fig. 1).

‘Changes in chemical flux values are be-
lieved to represent changes in the atmo-
spheric compasiion over Summic. On the

locene {see ssNa profile in Fig. 1). In addi-
tion, relative to the glacial porcion of the

* record, GISP2 chemical variations during

the Holocene are of lower magnivude.
These variations are, however, still suffi-
it to derecr significant changes in envi-

ronperial condions

sed an empirical orthogonal func-
tion (EOF) decomposition (11) o quantify
the common behavior lolocene
marine and teretral source specics. n pre-
vious GISP? investigacions covering the
Tast 41,000 years of record, it was proposed
that EOF1 (the firsc and dominant EOF)
eflecs 3 well-mixed “background” aumno-
sphee represcnting 92% of the toral vari-
ance in species behavior over Summit (3).
The time series describing the behavior of
the well-mixed atmosphere (represented by
EOFL) i referred t0 s the polar cireulution
e 3) s el 0 povee s e
sure of the relative size of the polar vortex
ind che overal inensiey of polar atmo-
ssherie crlion

e Holocen FOF (. 1) represens
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 sep-
sarely by Meeker et al. (12). Because the
Holocene EOFL represencs notably less
variance than i represented in our analysls
of the last 41,000 vears of record (3), we
assume chat changes in source area, source
strength, and armospheric »mulanon are
more complex in the Holocen
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The EOF1 profile decreases toward the

< niiCs and My profles s beived

repeeene » ol donese i
exposed contineatal shelves as sea level rose

Gutng the Folocene (B ) (1, 1. The
thermal contrast between seasons also de-
creased during the Holocene (milder winters
and cooler summens; Fig. 1). This wead may
have influenced the glaciochemical trends. 31
For anpl, changes in ko heaing
(resuling from changes in insolation) repart-
iy e e conions i he o
em Medirerranean region ~6000 and ~9000 ¢
years BP. (15, 16) such that condiions at |

0 years B.P. were even drier than those at
6000 years BP. (17). Such arid conditions
likely increased dust deflation and enhanced |
aumospheric duse loading over the Norchen |
Hemisphere (as observed at Summit).

Noticeable increases in Holocene EOFL
values oceur at O to 610, 5000 to 6100, and

species in parcicular increased
during hese fve periods (Fi. 1) Some
‘models have
culation was more zonal when ice sheets
wete present over North America (18).
However, Lamb has suggested that ammo-
heric circulation pattems during the Lic-
de lee Age (LIA) were more merid:
than parterns today (19). Furthermare, che.
enland

that cooler climaes reoccurre
2600-year_incervals during the Holocene

of these events, the!
I:«ed o circu-
the

(Fig. 1), The oldesc
>11,300-year increase,

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 norch polar vortex contraction;
or weaker meridional circulation (22), oc
curred at about 610 to 960, 1500 to 2700,
630010 7900, and 93001 10,600 yeas P4
Cold events identified in our glacios
chemical series correspond in timing ta!
records of worldwide Holocene glacier ads!
vances (4) and to cold events in p:beoclh
mate records from Earope, Notrh A
20 the Southem Hemisphere (3), o detes
mined by combining glacier advance, oxy:
gen isotope (31%0), pollen count, tree ring
width, and ice core data (Fig. 2). led
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periods idencified in the GISP2 record also
cortespond in timing to periods of low solar
output, as identified in residual wee cing
radiocarbon (54C) age measurements (23).

Sections of the a‘*c record containing at
Jeast owo Maunder. cer-type digres-

sions [referted © a5 ol osllanons o1 T

2600-year pattem), in phase with HeCven
ations, has been identified by a number of

glacial moraines,
e . and tempera-

ture-sensitive tree ring widths (25).
Terestrial source species provide addi-

researchersexami

cional evidence of changes in amospheric
circularion. Concentrations of nssK and o a
lesser degree of nssCa track ssNa events,
which suggeses that chaniges in atmospheric
circulation affected marine and terrestrial
surfaces synchronously. However, air masses.
weaching S 010 110 s B2, and
~5200 t0 6000 years B.P. passed over terres-
trial regions that supplied more (A relative
o Mg (Fig. 1). These changes could repre-
s ly changing environments or

ice cores (26) and from inland USS. sites
(27). The greatest nssCamssMg ratio change:

o

Fig. 2. Pakocimate cold everts: GISP2 Hoo-
cono EOF; worowide glaoal exparsions ard
heir roatve magnituce (), syntnesis of varous
cimata proxy rcor
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was ~300 years ago, pechaps reflecting in-
creases in exposed terrain caused by
in agricultural pract
Comparison of ‘he Sisez glacuthml
other

), and accumulation record (29)
and the CH, record from the Greenland lce
Core Project [GRIP; 28 km cast of GISPZ
(30)] all indicare a notble period of envi-
ronmental change that oceurred ac ~8400
years BP. A glacial advance in Norsh Amer-
ica, che mkb\.m Stade (31), also bes

. However, at 5600
BP., cven though a disinet change is o
dent in the GISP2 accumulation and gacio-
chemical records and in the GRIP CH,
records, 1o change appears in the GISPZ
#1%0 record (32). Thus, although environ-
mental and climatic changes affected source
regions in the mid to high laciwdes @ish

After 3600 years B.P., there are few synchro-
‘nous anomalies among GISP? marine-terres-
ial species, accumlation rate, and 30
records and GRIP CH, records. For example,
accumulation rate does not vary signific
cantly over the LIA (29) cven though
‘GISP2 glaciochemical and 3'%0 series show

a distince L1A (32, 33).
ncluse chat as che Holocene pro

ity in Holocene climate makes distinguish-
ing narural from anthropogenically altered
climate 3 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*

to understanding magma flow at depth. Aluminum coordination has been predicted by
mineral pnase analysis and molecular dynaric calculations to change with increasing
ic:

pressure. Nuclear m

agne
provide dlear evidence for an increase in the average coordination of Al with pressure.

Meany igneous processcs are influenced by
the properties of molren aluminasilicates at
depth (1), The variation in melt demsicy
with depth compared with that of che sur-
rounding mancle will ultimately determine
the buoaney forces on Frther.
morc, d sscosity of he melt
with pressure will derermine the time scale
for melt implanarion, mineral crystallia-
tion and factioncion, and thermal

por. Ths b urc a e el o s,

mlower man 5 1052y (13, Ses leve 8 aporte 0
000

ceaneport properts o lominesicae mels
25 a function of pressure and temperacure.

Conising of a flly polymeried v
hedral nerwork, SiO, has a high viscasity.
Addution of a newwork modifier, such as
NaO, breaks the Si-O-Si linkages to form
SO+ Na®

BOs)

with extremely high viscosities. However,
the vacosty of some bighy sicc mels
decreases with increasing pressure, 5o
zhe\r ‘mobiliry at deprh can be several oldm
“megmivae grearer. A sk oo
Viscosty occun in boch natual and o
theic aluminosilicate mels, bracketing the

in crystalline aluminosilicate minezals at
high pressuzes (3). Subsequer

cordmarion chinge. Henc, th observed
osiry decrease was rationalized s bond
ekering due tobond gl chungs i he

10,
melis (Na,0:ALO, = 1) removes th

NBOs and reconsrructs the tetrahedral net-
work, increasing the viscosity. Aluminosili-
carte melts with a high silica content form
theee-dimensional  tetrahedral | networks
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bl rerwork (). An
ol ropor mggeed evndence forsx-coor.
dinate Al in ambient albite (NaAISi,Op)
glasses quenched from melts formed 2t 6 and
8P (5). This was later shown to be due o
a trace of high-pressure crystalline material
quenched into the glass simples. No defin-
itive evidence has been found in

nce (NMR)
sedies have revenled the presence of sub.
stantial amounts of high-coordinate Si (Si*
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