
tion is removed. The implication is that when

averaged over all Antarctica, the gravity sig-

nals from PGR and from ice variability are

closely coincident (with opposing signs), and it

underscores the importance of obtaining a

meaningful PGR uncertainty. Our uncertainty

accommodates all plausible PGR contributions,

and removing even the smallest such contribu-

tion still implies a loss of ice mass.

We also determined results for WAIS and

EAIS separately (Fig. 3). We estimated the er-

rors, the leakage, and the PGR contamination

of each signal, as described above for the entire

ice sheet. Both these ice sheets appear to have

lost mass at higher rates during 2002–2004 than

during 2004–2005; this is even more evident in

the total Antarctic results (Fig. 2).

By fitting a trend and annual and semiannual

terms to the WAIS and EAIS results, we find

that most of the Antarctic mass loss comes from

WAIS. After correcting for the hydrology

leakage and the PGR signal, we obtain a WAIS

mass loss of 148 T 21 km3/year. The EAIS mass

loss is 0 T 56 km3/year. Because of its relatively

large uncertainty, we are not able to determine

whether EAIS is in balance or not. The final

error bars for WAIS and EAIS, like those for

all Antarctica, are dominated by the PGR

uncertainty. The predicted PGR gravity signals

at individual points in WAIS are actually

somewhat larger than the PGR signals at EAIS

points. The overall EAIS mass error is larger

than that for WAIS simply because EAIS

covers an area almost three times larger, so

the EAIS averaging function is sensitive to the

PGR signal integrated over a much larger area.

For these individual ice sheets, but unlike for

all Antarctica, the PGR and ice mass signals do

not cancel one another. For EAIS, the un-

corrected GRACE trend is about equal to the

PGR signal, and so we find no significant trend

after removing PGR. ForWAIS, the uncorrected

GRACE trend and the PGR signal have about

the same magnitudes but opposite signs, so the

WAIS trend becomes even larger after PGR is

removed.

The GRACE result for total Antarctic ice

mass change includes complete contributions

from such regions as the East Antarctic coastline

and the circular cap south of 82-S, which have

not been completely surveyed with other

techniques. The comprehensive nature of this

result arises because a gravity signal at the

altitude of GRACE is sensitive to mass var-

iations averaged over a broad region of the

underlying surface, not just at the point directly

beneath the satellite. The main disadvantage of

GRACE is that it is more sensitive than other

techniques to PGR; in fact, our error estimates

are dominated by PGR uncertainties. As more

GRACE data become available, it will become

feasible to search for long-term changes in the

rate of mass loss. A change in the rate would not

be contaminated by PGR errors, because the

PGR rates will remain constant over the sat-

ellite_s lifetime.
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Seasonality and Increasing Frequency
of Greenland Glacial Earthquakes
Göran Ekström,1* Meredith Nettles,2 Victor C. Tsai1

Some glaciers and ice streams periodically lurch forward with sufficient force to generate emissions
of elastic waves that are recorded on seismometers worldwide. Such glacial earthquakes on
Greenland show a strong seasonality as well as a doubling of their rate of occurrence over the past
5 years. These temporal patterns suggest a link to the hydrological cycle and are indicative of a
dynamic glacial response to changing climate conditions.

C
ontinuous monitoring of seismic waves

recorded at globally distributed stations

(1) has led to the detection and iden-

tification of a new class of earthquakes associated

with glaciers (2, 3). These Bglacial earthquakes[
are characterized by emissions of globally ob-

servable low-frequency waves that are incom-

patible with standard earthquake models for

tectonic stress release but can be successfully

modeled as large and sudden glacial-sliding

motions (4). Seismic waves are generated in the

solid earth by the forces exerted by the sliding

ice mass as it accelerates down slope and sub-

sequently decelerates. The observed duration

of sliding is typically 30 to 60 s. All detected

events of this type are associated with mountain

glaciers in Alaska or with glaciers and ice

streams along the edges of the Antarctic and

Greenland ice sheets. The Greenland events are

most numerous, and we present new data in-

dicating a strong seasonality and an increasing

frequency of occurrence for these events since

at least 2002.

For the period January 1993 toOctober 2005,

we have found 182 earthquakes on Greenland by

analysis of continuous records from globally

distributed seismic stations (5). None of these

earthquakes are reported in standard seismicity

catalogs. We have modeled seismograms for

136 of the best-recorded events to confirm their

glacial-sliding source mechanism and obtain

improved locations (Fig. 1) (6, 7). This analysis

yields an estimate of the twice–time-integrated

active force couple at the earthquake source, a

quantity that can be interpreted as the product

of sliding mass and sliding distance (2, 8). All

events have long-period seismic magnitudes in

the range 4.6 to 5.1, corresponding to a product
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of sliding mass and sliding distance of 0.1 to

2.0 � 1014 kg m. The locations resulting from

our seismogram modeling have an uncertainty

of approximately 20 km. All 136 earthquakes

analyzed can be spatially associated with ma-

jor outlet glaciers of the Greenland Ice Sheet

(Fig. 1).

We investigate the seasonality of the glacial

earthquakes by counting the number of events

occurring in each month over the 12-year period

1993 to 2004. Greenland earthquakes occur in

each month of the year but are more frequent

during the late summer months (Fig. 2A). Sea-

sonal variations in background seismic noise,

with higher noise levels during winter months,

may influence the detection of seismic events.

A control group consisting of standard (non-

glacial) earthquakes located north of 45-N,
detected by the same method and in the same

magnitude range as the glacial earthquakes (4.6

to 5.1), displays no seasonality, indicating that

variations in the detection threshold are not the

cause of the observed behavior (9, 10). Summer

surface melting followed by transport of melt-

water to the glacier base and the consequent

lowering of the effective friction at the base

provide a plausible explanation for the sea-

sonal signal (11, 12). However, the occurrence of

events during the coldest months of the year

suggests that the influx of water accelerates the

events rather than controls them.

Summer melting of the Greenland Ice Sheet

has become more widespread during the past

decade (13), and many outlet glaciers have

thinned, retreated, and accelerated during the

same time period (14–19). We investigate

temporal changes in the frequency of Green-

land glacial earthquakes by counting events for

each year since 1993 (Fig. 2B). Detections for

2005 are for January to October and are based

on the subset of seismic data available in near-

real time. A clear increase in the number of

events is seen starting in 2002. To date in 2005,

twice as many events have been detected as in

any year before 2002. The control group of

detected events was used to determine whether

an improvement in the detection capability of

the seismic network could explain the observed

increase (9). No clear trend is seen in the

number of control events detected, indicating

that the observed increase in the number of

glacial earthquakes is real.

Recent evidence suggests that ice sheets and

their outlet glaciers can respond very quickly to

changes in climate, primarily through dynam-

icmechanisms affecting glacier flow (12, 15). The

seasonal signal and temporal increase apparent

in our results are consistent with a dynamic

response to climate warming driven by an in-

crease in surface melting and the supply of

meltwater to the glacier base. The number of

events detected at each outlet glacier using the

global seismic network is relatively small, and

it is therefore difficult to draw robust conclu-

sions about behavior at any single glacier.

However, both the seasonal and temporal pat-

terns reported here are observed for indepen-

dent subsets of the data corresponding to east

and west Greenland. The increase in number of

glacial earthquakes over time thus appears to be

a response to large-scale processes affecting the

entire ice sheet. We note also that a part of the

increase in the number of glacial earthquakes in

west Greenland is due to the occurrence of

more than two dozen of these earthquakes in

2000 to 2005 at the northwest Greenland gla-

ciers, where only one event (in 1995) had pre-

viously been observed.

Understanding the mechanisms of the dy-

namic response of ice sheets to climate change is

important in part because ice-sheet behavior

itself affects global climate, through, for exam-

ple, the modulation of freshwater input to the

oceans (20). Glacial earthquakes represent one

mechanism for the dynamic thinning of out-

let glaciers, providing for the transport of a

large mass of ice a distance of several meters

(e.g., 10 km3 by 10 m) over a duration of 30

to 60 s. Although the mechanics of sudden

sliding motions at the glacier base are not

known, the seasonal and temporal patterns

reported here suggest that the glacial earth-

quakes may serve as a marker of ice-sheet

response to external forcing. Continuous mon-

itoring of ice velocity at outlet glaciers, along

with regional seismic monitoring, would pro-

vide important insight into the nature of the

dynamic response of ice sheets to changes in

climate.
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The Preparation and Structures of
Hydrogen Ordered Phases of Ice
Christoph G. Salzmann,1,2* Paolo G. Radaelli,3,4 Andreas Hallbrucker,1

Erwin Mayer,1 John L. Finney4

Two hydrogen ordered phases of ice were prepared by cooling the hydrogen disordered ices V and
XII under pressure. Previous attempts to unlock the geometrical frustration in hydrogen-bonded
structures have focused on doping with potassium hydroxide and have had success in partially
increasing the hydrogen ordering in hexagonal ice I (ice Ih). By doping ices V and XII with
hydrochloric acid, we have prepared ice XIII and ice XIV, and we analyzed their structures by powder
neutron diffraction. The use of hydrogen chloride to release geometrical frustration opens up the
possibility of completing the phase diagram of ice.

W
ater molecules in all of the 12 known

crystalline phases (Fig. 1) are tetra-

hedrally hydrogen bonded to four

neighbors. A consequence of this connectivity

is that individual water molecules may adopt,

in principle, six different orientations. In ice

structures, the Bernal Fowler rules (1, 2) require

that one hydrogen atom participates in each

hydrogen bond. Therefore, the orientation of a

given molecule is restricted by its local envi-

ronment and cannot rotate to another hydrogen-

bonded orientation without its neighbors also

reorienting. In spite of these restrictions, a very

large number of nearly degenerate molecular

configurations, which are all related to each

other by cooperative reorientation, exist near

the true ground state. This is a consequence of

the inherent geometrical frustration of the ice

lattice, a particularly interesting aspect of these

hydrogen-bonded systems that is relevant for

other geometrically frustrated systems such as

protein folding and neural networks (3, 4). Fur-

thermore, there are important parallels with

frustrated magnetic systems (5), which them-

selves have been called Bspin ices.[
At high temperatures, water ices can explore

their configurational manifold thanks to the

presence of mobile point defects, which locally

lift the constraints of the geometrical frustration

(6–8). The two types of thermally induced point

defects uniquely found in ices are rotational

defects, in which either two (D defect) or no

hydrogen atoms (L defect) are found between

neighboring oxygen atoms, and ionic defects

(H
3
Oþ and OH

–
) (6). These defects can mi-

grate along chains of molecules through the

crystal structure leaving reoriented molecules

behind them, thus providing the mechanism for

collective reorientation in ice. The molecular

orientations found in the high-temperature,

liquidus phases of ice (Ih, III, IV, V, VI, VII,

and XII) are more or less random, so that the

space-time averaged structure of those phases is

hydrogen disordered (6, 7, 9, 10). As the tem-

perature is lowered, the tendency to occupy the

energetically most favored orientations increases.

However, for most phases, this ordering process

is hampered by the decreasing number density

and mobility of the point defects. Except for

disordered ices III and VII, intrinsic point defects

are not sufficient to facilitate phase transitions

from the hydrogen disordered phases, includ-

ing ice V (7, 9, 11–13) or ice XII (10, 14, 15),

to their energetic (hydrogen ordered) ground-

state phases. Instead, ergodicity is lost before

the long-range ordering transition, and the

hydrogen disordered structures are frozen-in.

For this reason, the hydrogen ordered ground

states of ices V and XII remain undiscovered

so far.

Point defects can also be introduced by

doping ices with impurities. However, the ef-

fectiveness of each particular dopant to pre-
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Fig. 1. The phase diagram of ice, in-
cluding liquidus lines of metastable ices IV
and XII (long dashed lines) and extrap-
olated equilibria lines at low temper-
atures (short dashed lines). The pathways of
preparation of DCl-doped ices V and XII are
indicated by arrows. Ice V was produced by
isobarically heating ice Ih to 250 K at 0.5
GPa. Pure ice XII was crystallized from high-
density amorphous ice by isobaric heating
at 1.2 GPa at 11 K minj1 to 190 K, which
is 10 K below the temperature where
transition to more stable ice VI would occur.
Both ice V and ice XII can be handled at
ambient pressure up to temperatures of
È150 K, where conversion to cubic ice Ic
occurs (19, 20).
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