for the average cheilostome species to generate
a progressively greater skeletal mass than the
average cyclostome species. This could result
from a gradual trend toward relatively larger
colony sizes within cheilostomes (/7), a greater
number of colonies per cheilostome species, or
both.

These data suggest that multiple mea-
sures of biotic change through time are
necessary for a rich understanding of bio-
spheric evolution. As in contemporary bi-
otic communities, taxonomic diversity cap-
tures only limited aspects of the complexity
of the biota (/8). Multiple measures of
biotic systems-provide greater insight into
history and processes and a better basis for
predicting future biodiversity.
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In Situ Observations of a
High-Pressure Phase of H,O Ice

I-Ming Chou,* Jennifer G. Blank, Alexander F. Goncharov,
Ho-kwang Mao, Russell J. Hemley

A previously unknown solid phase of H,O has been identified by its peculiar
growth patterns, distinct pressure-temperature melting relations, and vibra-
tional Raman spectra. Morphologies of ice crystals and their pressure-temper-
ature melting relations were directly observed in a hydrothermal diamond-anvil
cell for H,O bulk densities between 1203 and 1257 kilograms per cubic meter
at temperatures between —10° and 50°C. Under these conditions, four different
ice forms were observed to melt: two stable phases, ice V and ice VI, and two
metastable phases, ice IV and the new ice phase. The Raman spectra and crystal
morphology are consistent with a disordered anisotropic structure with some

similarities to ice VI.

The manifold ways in which the water mol-
ecules may link through hydrogen bonding
give rise to a remarkably rich phase diagram

I. Chou, 955 National Center, U.S. Geological Survey,
Reston, VA 20192, USA. J. G. Blank, A. F. Goncharov,
H. Mao, R. J. Hemley, Geophysical Laboratory and
Center for High Pressure Research, Carnegie Institu-
tion of Washington, 5251 Broad Branch Road, NW,
Washington, DC 20015, USA.

*To whom correspondence should be addressed.
tPresent address: Department of Geology and Geo-
physics, University of California, Berkeley, CA 94720,
USA. .

(1-5). Enhancing this complexity is the exis-
tence of both proton-ordered and -disordered
forms as well as metastable crystalline and
amorphous phases (3, 6). Though evidence
for additional phases in the system has been
obtained in the past [for example, (7)], infor-
mation about them has been very sparse, if
not controversial, because previous studies
have relied principally on quench techniques
or limited in situ probes (7-10). Here we
document the existence of another H,O phase
from in situ microscopy and Raman spectros-
copy at 0.7 to 1.2 GPa. The phase exhibits an
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unusual crystalline morphology and shows
evidence of significant proton disorder.

Five liquidus phases of ice have been
documented to 2 GPa; four are stable phases
(ices Th, 111, V, and VI) and one is metastable
(ice IV) (11). The pressure-temperature (P-7)
melting relations of these phases are shown in
Fig. 1. These phases, including both stable
and metastable variants, are evident by their
distinct melting curves (7, 8, 10). Ice IV was
inferred by Bridgman (2), and was subse-
quently confirmed to be a metastable phase
that formed in the stability fields of ice V (8)
and ice VI (/2). Evidence of metastable phas-

20

8 New Ice
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Fig. 1. Phase diagram of H,O. The boundaries
for the stable phases (thin lines) are from (26).
The heavy lines are melting curves for ice IV
(72) and the new phase (this study). The melt-
ing of ice VIl occurs at much higher P-T condi-
tions. The maximum estimated uncertainties in
the calculated pressures at the 7, of ice V and
VI were less than *3%.

Fig. 2. Morphologies and
growth patterns of ice V
(panels A, B, and C), ice VI
(panels D and E), and the
new phase (panels F, G,
and H). (A and B) Ice V in
water at 9.8°C and 855
MPa (T, = 10.1°C; densi-
ty p = 1226 kg/m?). (C)
Ice V in water at 9.4°C
and 845 MPa. The ice V crystals in
(A), (B), and (C) were grown from
the same crystallite seed in sequen-
tial warming-cooling cycles, and
the temperature readings shown at
lower right corners were 0.2°C low-
er than the respective true temper-
atures. (D) Two ice VI crystals in
water at 40.9°C and 1241 MPa (T,
= 42.6°C; p = 1268 kg/m3). (E) The
same two crystals of ice VI as in
(D), but which were cooled from
40.9° to 40.3°C in 29 s. (F) The new
phase in water at 7.7°C and 774
MPa (T,, = 8.1°C; p = 1212 kg/m?).
(G) The same crystal as in (F), but
which was cooled from 7.7° to
7.0°Cin 9 s. (H) The growth pattern
of the new phase when cooled rap-
idly from 7.9° to 7.2°C in a fraction
of a second. Note the crystals in (F),
(G), and (H) were grown from the
same crystallite nucleus in sequen-
tial warming-cooling cycles.

100 pm
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es was also reported in the vicinity of the ice
V stability field (7). Kamb (13) predicted the
structures of additional phases on the basis of
the symmetries of the known phases. Recent-
ly, a metastable phase was reported below 0.6
GPa (14) and two phases were suggested at
higher pressures (to ~1.2 GPa) (/5), indicat-
ing that much remains to be learned about
H,O in this P-T region.

We used a hydrothermal-type diamond-
anvil cell (16) to study the phase diagram and
physical properties of ices in the complex
region of the phase diagram below 2 GPa. For
preparation of a sample, a drop of distilled
deionized H,O is loaded in the sample cham-
ber of the cell (a hole of ~500 pwm in diam-
eter in a 125-pum-thick Re gasket sandwiched
between two diamond anvil faces). After the
sample chamber is sealed, the total mass of
H,O remains constant, and the density of the
water p can therefore be adjusted by com-
pressing the diamond anvils and changing
the volume of the sample chamber. Once the
volume of the sample chamber is fixed, the
sample remains under isochoric conditions;
thermal expansion of various parts of the cell,
within the small temperature range of this
study, has a negligible effect on the sample
volume.

Typically, the water sample froze at about
—40°C (and ~600 to 800 MPa), and well-
formed crystals (Fig. 2) could be grown by
slow cooling right before the individual ice
grains melted (/7). Under isochoric condi-

tions with bulk sample densities between
1203 and 1257 kg/m3, up to three different
forms of ice were observed to melt: ice V, ice
VI, and an ice that could not be ascribed to a
known phase. We suggest that this marks a
new solid phase of H,O (Table 1). We occa-
sionally observed ice IV (12). For each mea-
sured melting temperature T, of ices V and
VI, we calculated the corresponding pressure
and water density from available data (I8,
19). The pressure at the melting temperature
of the new phase was then calculated [with
the equation of state of water (/9)] from the

Table 1. The measured melting temperatures of ice
polymorphs (7., in degrees Celsius ) and the calcu-
lated pressures (P, in megapascals) and water den-
sities (p, in kilograms per cubic meter) at the melting
points. Dashes indicate not determined.

New phase Ice V Ice VI

Experiment 1

21.4 - (1000) 141 974

214 1245 1023 30.7 1059
Experiment 2

94 1220 821 83 817

96 1221 831 87 827

96 1218 812 162 836
Experiment 3

123 1223 852 9.2 840

142 1228 886 10.4 871

16.5 - (925) 119 909

16.5 1231 918 235 944

17.1 - (927) 119 909

17.1 1231 920 235 944

263 1257 1131 374 1176

26.4 1257 1132 374 1176
Experiment 4

1.6 1222 840 88 830

116 1220 830 17.2 850
Experiment 5

3.0 1203 702 3.5 704

3.0 1203 706 3.7 708

53 1207 733 47 731

53 1207 735 48 733

88 1216 796 72 790

94 1216 798 72 790
Experiment 6

9.3 1215 793 70 785

93 1215 793 144 8N
Experiment 7

47 1205 723 43 722
Experiment 8

62 1210 752 5.5 749
Experiment 9

155 1230 908 230 936

155 1229 901 224 927
Experiment 10

81 1213 779 65 773

81 1212 775 13.0 792

* Under the isochoric condition of the experiment, these
densities were calculated from the melting P-T conditions
of either ice V or ice VI by using the equation of state of
water (79). t Calculated from T, and density by us-
ing the equation of state of water (79). Numbers in
parentheses are estimated values and were not used in
regression for the melting curve; their P-T conditions
exceed the extrapolation range of (79). 1 Calculated
from T, with the equations given in (78).
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density obtained for the isochoric melting of
ice V or ice VI (20).

Different polymorphs of ice can be iden-
tified by their distinct crystal morphologies,
growth patterns (Fig. 2), and melting curves
(Fig. 3). The P-T melting relations for the
new phase can be represented by the equation
P (MPa) = 665.1 (£9.1) + 12.73 (x1.15)T
+ 0.184 (£0.039)72, over the temperature
interval 0 < T < 30°C (a least squares fit to
the data listed in Table 1). The new phase has
poor crystallinity in our experiments; the
crystals are birefringent (27). The growth
patterns and melting P-T relations of the new
phase indicate that this phase is definitely not

40

Temperature (°C)
n w
(=) [=]

-
o .

600 800 1000
‘Pressure (MPa)

1200

Fig. 3. The P-T melting relations of ice V (solid
circles), ice VI (solid squares), and the new ice
phase (open circles and squares derived from
water densities based on the melting of ice V
and ice VI, respectively). Plotted are the data
from Table 1. Also shown are four isochores
(labeled by density) of water. The melting
curves for ice V and ice VI are from (78). The
melting curve for the new ice phase is described
by the equation given in the text.
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ices Ih, III, IV, V, and VI.

To characterize further the new solid
phase of H,0, we obtained low- and high-
frequency Raman spectra of the low-temper-
ature phases of ice, including measurements
as a function of temperature (Fig. 4). Taken
together, these spectra provide fingerprints
for each of the phases and confirm identifi-
cation by crystal morphology. The new phase
exhibits bands in the lower frequency region
at 192 em™ ! and 490 cm ™! (for example, at
the reference temperature of —30°C); these
are assigned to translational and rotational
(librational) excitations. In the higher fre-
quency (O-H stretching) region, a sharper
feature at 3215 cm™! and shoulder at 3410
cm~! were observed. The structure in this
spectral region is distinct from that of the
other ice phases. The lack of sharp structure
in the low-frequency translational and rota-
tional excitations indicates that protons (or
molecular orientations) are disordered in this
new ice, as found for ices Ih, V, and VII. The
spectra show that the new phase is distinct
from both low and high density amorphous
ice (6, 22). The low- and high-frequency
bands are similar to those measured for ice VI
(and ice III), but the additional structure at
lower frequency (bands at 145 and 157 cm ™!
inice VI) is absent (23). The presence of such
modes is a strong indicator of partial proton
order.

We propose that the new ice phase de-
scribed here is a disordered phase having a
density similar to that of ice VI (24). The
possible structural link between the new
phase and ice VI is indicated by the observa-

Fig. 4. Raman spectra of the new ice I

phase compared with ices |, I}, Ili, V, VI,
and water measured in situ in the
diamond cell. Ice | is proton disor-
dered; ice Il is proton ordered; ice Il is
partially proton disordered but has
a proton-ordered form (ice 1X); ice
V is partially proton disordered.
We suggest that ice VI is partially
ordered as well. The spectrum of
supercooled water is in good
agreement with previous work [for
example (27)]. Weak peaks <100
cm™1 in that spectrum arise from
spurious scattering. The tick marks
denote characteristic Raman peaks
discussed in the text: bands at 192,
490, 3215, and 3410 cm™" for the
new phase; 145 and 157 cm™! for
ice VI; and 95 and 190 cm~" for ice
Ill. Intensity is given in arbitrary
units. Detailed analysis of the
spectra of the additional phases
will be presented elsewhere.
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tion that ice VI crystallized during rapid iso-
choric cooling of the water sample immedi-
ately after melting of the new phase. Al-
though the morphology suggests an amor-
phous phase, the Raman spectra and
birefringence indicate the presence of long-
range order and structural anisotropy. The
locking-in of states of order and disorder to
produce new metastable phases may be a
general feature of ices in this complex region
of the phase diagram. Unusual shifts ob-
served in the melting curves of ices III and V
have also been interpreted as arising from the
formation of various degrees of proton order
and disorder (25). The new phase may also be
related to ice VI in the way that disordered
ice VII is related to ordered ice VIII. A better
analogy may be to ices VII and VII' formed
by pressure-induced crystallization of high-
density amorphous ice (6). Theoretical study
of these states of order and disorder should
lead to improved understanding of water and
hydrogen bonding in chemical, geological,
and biological systems.
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Evidence Against a Significant
Younger Dryas Cooling Event in
New Zealand

Christiane Singer, James Shulmeister,* Bill McLea

Pollen records of deglacial sequences from northwest Nelson, New Zealand,
demonstrate that there was no significant temperature decline associated with
the Younger Dryas in New Zealand. Records of glacial advances at this time were
either the product of increased snow accumulation under enhanced precipi-
tation regimes or random variation rather than the result of a regional thermal
decline. This finding supports those models of Younger Dryas initiation that
require neither enhanced westerly circulation nor significant thermal decline in

the Southern Hemisphere.

The Younger Dryas (YD) was a brief but in-
tense climatic deterioration that occurred
11,000 to 10,000 radiocarbon years before the
present (B.P.), during the termination of the last
glaciation. The New Zealand record of YD is
crucial to understanding the phenomenon on a
global scale, as only New Zealand and Chile
and Argentina possess mid-latitude glaciers in
the Southern Hemisphere that are likely to be
sensitive to atmospheric cooling, and the South
American record has proved inconclusive and
contradictory (/-3). In New Zealand, a signif-
icant advance of the Franz Josef Glacier .in
Westland has been dated to YD times (4).
Although the dating (5, 6) and the interpretation
that the advance relates to thermal decline (7)
are controversial, the record has been widely
cited (8—10) as evidence of the interhemispher-
ic influence of the event.

Supporting evidence of cooling in the New

cial ages do occur, there is no concentration of
ages in the YD Chron (/I, 12). The other
primary source of climate data from New Zea-
land are pollen studies, but these have consis-
tently shown a pattern of ongoing afforestation
from 14,000 to 10,000 radiocarbon years B.P.
This is interpreted as a stepwise warming with
no trend reversals (/3); however, only a few
sites covered the YD Chron in detail, and there
were no sites near the glaciers. We present a
pollen record, from a climatically sensitive site,
that covers the YD.

The Cobb Valley in northwest Nelson lies
about 300 km north of the Franz Josef Glacier
(Fig. 1), close to the west coast of the South
Island. It has the same regional climate as West-
land. The mountains of northwest Nelson were

the relation, if any, between the new phase and the
one recently found at lower pressures by Lobban et
al. (14).

25. . M. Chou, in Workshop on Hydrogen Bonds at High
Pressure {Japan Science and Technology Corporation,
Gifu, Japan, 21 to 23 August 1997), p. 11.

26. H. T. Haselton Jr., I. M. Chou, A. H. Shen, W. A,
Bassett, Am. Mineral. 80, 1302 (1995).

27. G. D’Arrigo, G. Maisano, F. Mallemace, P. Migliardo, F.
Wanderlingh, J. Chem. Phys. 75, 4264 (1981). R.
Bansil, J. Wiafe-Akenten, J. L. Taaffe, ibid. 76, 2221
(1982); Y. Yeh, ). H. Bilgram, W. Kanzig, ibid. 77,2317
(1982).

28. We thank W. A. Bassett, H. T. Haselton Jr., E. Karmon,
and V. V. Struzhkin for assistance with experiments,
and P. B. Barton Jr. and R. R. Seal for reviews. Sup-
ported by the U.S. Geological Survey (Deep Conti-
nental Studies Program), NSF (D.M.R. and E.AR.), and
NASA.

13 March 1998; accepted 15 June 1998

less extensively glaciated than the main ranges
of the Southern Alps, because they are at lower
elevations, but small piedmont caps and wide-
spread valley glaciation occurred. Terminal and
lateral moraines, roche moutonée fields, and
other evidence of valley glaciation are present
in the Cobb Valley and on a plateau north of the
valley. Associated with the terminal moraine
complexes are a series of kettle holes formed by
the melting out of large blocks of stagnant ice.
These kettles have subsequently infilled with
lake sediments and peats. The oldest of these
kettles started filling soon after the Last Glacial
Maximum (LGM; ~18,000 radiocarbon years
B.P.), and it is almost certain that a valley
glacier still occupied the lower Cobb Valley
during the deglaciation.

We obtained three pollen records (Fig. 2)
from different kettle holes that extend back
beyond the YD. All three records show consis-
tent trends. At full glacial times, the residual
vegetation in the Cobb consisted of grasses,
daisies, other herbs, and low shrubs (Fig. 2A).
Rapid revegetation occurred 13,000 radiocar-
bon years B.P. [({2) and Fig. 2C], and the
herbaceous flora was replaced by a low shrub-
land dominated by Phyllocladus (a dwarf podo-
carp). Soon thereafter another montane podo-
carp, Halocarpus, and a Nothofagus (southern
beech)—represented by fuscasporites-type pol-
len, probably mountain beech (N. solandri var
cliffortiodes)—expanded. At all sites, the dom-
inant vegetation associations until after 10,000
radiocarbon years B.P. comprised mixes of
these taxa. Halocarpus and N. solandri gradu-

Table 1. Radiocarbon dates from Cobb Valley and adjoining areas.

Zealand region d1'1ring the YD has been elusive. Code Age* Aget Core (depth Material Notes
Some other glacial advances in the Southern (conventional) (calibrated) in meters)
Alps may be coeval, but adequate dating con- 757771 351172 3870-3643  CV1(0.98) Peat Arrival of silver beech
trol is lacking; where dated sequences of degla-  Nzago32  9991+76  11,630-11,005 CV1(1.93) Peat Termination of YD

NZA6325 11,195 = 95 13,214-13,000 CV1 (2.06) Peat Onset of YD
Research School of Earth Sciences, Victoria University, =~ NZA7198 13,200 = 85 15,904-15,578  LS1(2.95)  Rootlets  Onset of postglacial flora
Post Office Box 600, Wellington, New Zealand. NZA8033 17,720 £100  20,531-20048 CV3 (3.91) Fine LGM

organics

*To whom correspondence should be addressed. E-
mail: james.shulmeister@vuw.ac.nz

*Age in conventional radiocarbon years B.P. tCalibrated age range in years B.P. {79).
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