iron sulfides are thought by some to be
energy sources for early life forms (25).
Nanometer-scale pyrrhotite and possibly
greigite were reported in the martian mete-
orite ALH84001 and were cited as evidence
for ancient life on Mars (26). As we found
neither pyrrhotite nor pyrite in terrestrial
magnetotactic bacteria, their presence in
ALHB84001 appears to be irrelevant to the
question of possible former biogenic activity
on Mars. Greigite, which was also men-
tioned as a possible phase in ALH84001
(26), is the most abundant sulfide in mag-
netotactic bacteria and could be the best,
although not an unambiguous, indicator of
past biogenic activity.

Both greigite and mackinawite convert
to smythite in hydrothermal ore specimens
(27). When heated above 238°C in vacu-
um, greigite breaks down to pyrrhotite (28);
in addition, in many marine sediments
mackinawite reacts to greigite and then to
pyrite (15, 29). Clearly, greigite can trans-
form into at least three different phases,
depending on its thermal and chemical en-
vironment. Characterization of sulfide min-
erals and morphologies, together with reli-
able knowledge about the thermal history of
the specimen, is needed to provide useful
information about a bacterial origin of Fe
sulfides in extraterrestrial samples.
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Clams As Recorders of Ocean Ridge Volcanism
and Hydrothermal Vent Field Activity

Stanley R. Hart and Jerzy Blusztajn

The clam Calyptogena magnifica lives at abyssal depths in association with hydrothermal
venting on midocean ridges. Analysis of strontium/calcium ratios in C. magnifica shells
provides a temperature proxy with submonthly time resolution. A 21-year strontium/
calcium record of two clams from 9°50’N on the East Pacific Rise captures the known
1991 and 1992 eruptive events, documents several additional events between 1992 and
1996, and demonstrates the absence of major hydrothermal episodes during the period
1974 to 1991. These clam archives can increase our understanding of the thermal and
chemical history of midocean ridge hydrothermal and volcanic activity on decadal time

scales.

Hydrothermal vent systems on midocean
ridges influence the chemistry of the oceans
in addition to acting as a semaphore for the
underlying magmatic activity that drives
them. The venting occurs as focused high-
temperature flow (>300°C “hot smokers”)
and diffuse low temperature (<50°C) flow.
The hot smokers exhibit temporal varia-
tions in activity and chemistry over time
scales that range from hourly (1) to millen-
nial (2). The diffuse-flow venting, which
accounts for 80 to 90% of the vent field
fluid fluxes (3, 4), is poorly documented in
temporal and spatial variability (5, 6). After
the 1977 discovery of deep-sea vent sys-
tems, oxygen isotope compositions of shells
of vent field clams were used to derive time
series information on vent field activity (7,
8). The trace element chemistry of clams
was investigated as a monitor of vent fluid
chemistry (9, 10). Using ion microprobe
techniques (11) we present Sr/Ca records

Woods Hole Oceanographic Institution, Woods Hole, MA
02543, USA.

with submonthly temporal resolution for
two C. magnifica shells from 10°N East Pa-
cific Rise (EPR), covering the period 1974
to 1996 (12). The records show a gradual
“warming” of activity in this area, culminat-
ing with the known 1991 and 1992 erup-
tion events.

The clam Calyptogena magnifica lives in
vent fields on midocean ridges, where it has
access to warm water and nutrients (sulfide)
associated with circulating hydrothermal
fluids. It typically lives rooted into cracks
and fissures within the basaltic flows where
warm (up to 20°C) diffuse venting occurs
(13). Calyptogena magnifica appears to be
only marginally mobile (14, 15) and com-
monly dies if crowded out of a fissure or if
the local venting shuts down (14, 16). The
clams have a fairly well-understood von
Bertalanffy-type growth modality (8, 17—
19). Initial growth rates of centimeters per
year slow to <1 mm/year as the clam ages.
Life spans of nearly 50 years have been
documented (20, 21); mortality results ei-
ther from extreme excursions of vent activ-
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ity or by the continuous carbonate dissolu-
tion of the unprotected shell of C. magni-
fica. Estimates of survival times of 15 to 25
years for shells of dead clams (7, 19) have
been extended to several centuries, provid-
ed the shells remain out of contact with
warm vent fluids (22). Time series records
of several decades should be possible with
live clams, and multicentury records are a
possibility in optimal situations.

Trace elements in biogenic carbonates
can be used as temperature proxies. The
content of a carbonate trace element, M, is
related to that in the coexisting water
through an exchange coefficient, Kp:

K= M)carbonatc (M)water
-la) /(e

where Kp, is typically a function of temper-
ature as well as of biological and growth rate
controls (usually lumped together as “vital
effects”). No calibrations of K, have been
done for Calyptogena; we have calibrated
Sr/Ca in an Arctica islandica (23) and use
this as a Calyptogena analog, in view of the
structural, morphologic (24, 25), and
chemical similarities (26) of these two bi-
valve genera.

Sample 2498 was collected live on 7
March 1992 from within the axial summit
trough (AST) and sample 3068F was col-
lected live on 19 April 1996 just east of the
AST (Fig. 1). The two localities are 50 m
apart and about 300 m from the nearest hot
smoker (Q vent). The AST on this segment
of the EPR experienced an eruption in
March/April 1991 (27) and a second erup-
tion in January/February 1992 (28).

The Sr/Ca time series for clam 2498

—9° 50.50'N

Bio9 vent
P vent

200 m

—9° 50.25'N

1
104° 17.50'W

Fig. 1. Location map of the EPR at 9°50’'N show-
ing the collection sites of C. magnifica specimens

(Fig. 2A)), with an estimated age of 23 years
(29), shows a long, relatively cool (<10°C)
and featureless early life period (around
1974 to 1984) followed by a trend of in-
creasing temperature, with marked variabil-
ity. The record culminates with a sharp
spike (at ~72 mm) followed by the begin-
ning of a second spike. Because this clam
was collected several months after the 1992
eruption, we interpret the final Sr/Ca in-
crease to reflect the thermal anomaly asso-
ciated with this eruption. The sharp spike at
72 mm is interpreted to mark the March/
April 1991 eruption.

The Sr/Ca record for the second clam
(Fig. 2B) is strikingly similar to that of the
first, starting with the stepwise jump in
St/Ca at 40 mm. This step is followed by a

long undulating but gradual decline, fol-
lowed by a rapidly increasing Sr/Ca, with
significant short-term variability, starting at
~55 mm in clam 2498 and at ~50 mm in
clam 3068F. The peaks in clam 2498 in-
ferred to reflect the 1991 and 1992 erup-
tions are also observed in clam 3068F at
54.4 and 56.3 mm. Because clam 3068F was
collected 4 years after clam 2498, the addi-
tional Sr/Ca record during this time period
shows one large and two smaller Sr/Ca
peaks (designated A, B, and C, Fig. 2B).
Much of the Sr/Ca range exhibited by
the last few years of the Calyptogena record
is higher than the range calibrated in the
Arctica (23). There is also a small change in
St/Ca of vent fluid correlated with temper-
ature (30). Extrapolation to the high Sr/Ca
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2498 and 3068F in relation to nearby hot smoker
vents and the walls of the AST (39). R, O, C,and S,
Rivera, Orozco, Clipperton, and Siguieros fracture
zones.

Fig. 2. Sr/Carratios (as #Sr/*2Ca ion ratios) versus height along an umbo (=0 mm) to ventral edge cross
section of the left valves of C. magnifica specimens 2498 (A) and 3068F (B). The oldest points are close
to the outcrop of the pallial myostracum (9). See (23) for temperature calibration. Specimens were
provided by D. Fornari and C. Cavanaugh.
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of the 1991 peak would infer temperatures
in excess of 45°C. This is higher than any
direct evidence regarding the temperature
limits of C. magnifica (13, 14), although
temperatures up to 55°C have been record-
ed for diffuse flow activity associated with
the 1991 eruption (31). It is known that
Calyptogena frequently live in flow environ-
ments where temperature gradients of 10°
to 20°C are present between anterior and
posterior ends (14). With the adopted tem-
perature calibration, it appears that these
clams spent most of their early lives at
temperatures close to ambient (1.8°C at
this locality); the segments at 35 to 40 mm
(Fig. 2A) and around 34 to 39 mm (Fig. 2B)
are equivalent to temperatures of 4° to 5°C.

Accepting the identification of the 1991
and 1992 eruption peaks and the known
harvesting dates for both clams, we can
calculate growth rates for various time in-
tervals. For the interval between the 1991
and 1992 eruptions, clam 2498 grew 1.3
mm/year and clam 3068F grew 2.1 mm/year.
For the interval between the 1992 eruption
and the collection date of clam 3068F, the
growth rate was 0.9 mm/year. Accepting
the step increase in both clams at 40 to 42
mm as isochronous, clam 2498 grew twice
as fast as clam 3068F between this time and
the 1991 peak. Probably no single growth
curve is applicable to both clams, because
C. magnifica relies on sulfide in the vent
fluids for nourishment (via the chemosyn-
thetic endosymbionts hosted by the clam).
The thermal variability recorded by the Sr/
Ca proxy is necessarily accompanied by
variability in the nutrient supply, assuming
that temperature and sulfide behave conser-
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vatively during mixing of seawater and hot
smoker fluid.

Although C. magnifica require warm sul-
fide-laden water for growth, there may be a
limit where further increases in temperature
adversely affect growth rates, despite the
still increasing sulfide supply (sulfide may
reach a level where the clams become un-
able to detoxify blood sulfide levels by com-
plexation) (32, 33). This may be the expla-
nation for the slower growth rate of clam
3068F between the “step” and the 1991
eruption peak; during this interval clam
3068F is recording temperatures in the 10°
to 25°C range, and clam 2498 is residing in
a cooler (<10°C) environment. We tenta-
tively place the optimal temperature and
nutrient range for C. magnifica somewhere
around 10° to 15°C.

The higher average temperatures record-
ed by clam 3068F from 1979 to 1991 are
also reflected in its greater extent of disso-
lution. The surface “outcrop” of the pallial
myostracum (8) (where the older outer
shell layer is completely dissolved) is much
closer to the ventral edge in clam 3068F
than in clam 2498 (53% versus 28% of the
height). This may reflect both the greater
undersaturation of carbonates in warm acid-
ic vent fluids and the kinetic effect of tem-
perature on dissolution rates (a temperature
increase from 5° to 20°C increases calcite
dissolution rates by a factor of about 2.7)
(34).

Assigning absolute time scales to the
growth records of these clams will be diffi-
cult until precise radiometric dating is
available (20, 21). Based on the height of
clam 2498, the two bounding growth mod-
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Fig. 3. Temperature records from the Bio9 (Fig. 1) and Biomarker 141 areas of the EPR. Biomarker 141
is within the AST about 830 m south of Bio9. Temperatures were derived from miniloggers (6) deployed
on the basaltic pavement in areas of diffuse flow venting. Recorders s/n 125 and s/n 124 were 10 cm
apart. Data from Fornari et al. (40) [see also Shank et al. (5)].
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els of Lutz et al. (19) suggest ages of 10.7
and 23.0 years. The growth model of (8)
gives an intermediate age (15.5 vyears).
When the measured growth rate between
the 1991 and 1992 eruptions is used ages of
22 and 28.5 years are calculated for the
bounding growth models of (19). If we as-
sume a single growth model throughout its
life, the height and 1991 to 1992 growth
rate of clam 2498 can be combined to spec-
ify a new growth model with a unique so-
lution for age at capture of 30.9 years (35).
We consider this age a maximum, as the
1991 to 1992 growth rate is likely to be
lower than normal rates because of the
higher temperatures during this period.

Recognizing the nonuniqueness of these
age estimates, we will adopt the 21°N
growth model (29) for clam 2498 as a first
approximation. The age at capture is then
23.0 years, the birth date is 1969.2, the date
of the step increase at 42.0 mm height is
1979.0, and the beginning of the period of
increasing temperatures (~56 mm) is
1984.0.

For clam 3068F, the step increase at 40
mm becomes 1979.0 (by correlation with
clam 2498). Using the 21°N growth model
for the pre-1979 record, the birth date for
this clam is 1969.8 (~0.6 years younger
than clam 2498). The average growth rate
from birth to the 1979 step is 4.3 mm/year,
from 1979 to the 1991 eruption it is 1.2
mm/year, between the 1991 and 1992 erup-
tions it is 2.1 mm/year, and from the 1992
eruption to collection it is 0.9 mm/year.
Approximate age assignments of the three
post-1992 temperature spikes (A, B, and C,
Fig. 2B) are 1993.2, 1994.3, and 1994.8.
The prominent valley between peaks A and
B, with temperatures of only 8°C, dates to
about 1993.7.

Temperature recorders in the region
9°50’N recorded (Fig. 3) an abrupt step
increase from 4° to 23°C at Bio9 vent on
5 July 1994 and farther south a diffuse flow
temperature peak of 17°C was recorded in
August 1994 (5). This timing correlates
with either peak B or C. Another temper-
ature increase (to at least 24°C) was re-
corded in October 1995 (Fig. 3); this does
not appear to cotrelate with the Sr/Ca
record, although this time period was only
a few months before collection of clam
3068F. Peak A (~1993.2) cannot be di-
rectly corroborated as there were no tem-
perature recorder deployments or Alvin
dives during this time period. Based on the
size of peak A relative to the 1991 and
1992 eruption-related peaks, we postulate
that a third magmatic/tectonic event oc-
curred in early 1993 that affected the hy-
drothermal system but has not been rec-
ognized in the geomorphic or observation-
al record. The low-temperature valley be-
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Pressure-Induced Amorphization and Negative
Thermal Expansion in ZrW,O,

C. A. Perottoni and J. A. H. da Jornada®

It has recently been shown that zirconium tungstate (Zrw,0,) exhibits isotropic negative
thermal expansion over its entire temperature range of stability. This rather unusual
behavior makes this compound particularly suitable for testing model predictions of a
connection between negative thermal expansion and pressure-induced amorphization.
High-pressure x-ray diffraction and Raman scattering experiments showed that Zrw,0O4
becomes progressively amorphous from 1.5 to 3.5 gigapascals. The amorphous phase
was retained after pressure release, but the original crystalline phase returned after
annealing at 923 kelvin. The results indicate a general trend between negative thermal
expansion and pressure-induced amorphization in highly flexible framework structures.

ZrW,QOgq exhibits isotropic negative thermal
expansion over its entire range of stability,
from 0.3 to 1050 K (6, 7). This property
makes zirconium tungstate an ideal candi-
date for investigating the relation between
contraction on heating and pressure-induced
amorphization in framework structures.

The crystal structure of ZrW,Og at am-
bient conditions can be described as a
framework of corner-sharing ZrO, octahe-
dra and WO, tetrahedra. In each WO,
tetrahedron, one of the oxygen atoms is
bonded to only one tungsten atom, result-
ing in a structure with great flexibility. This
compound undergoes a structural phase
transition at about 430 K, from space group
P2,3 to Pa3, which hardly affects the neg-
ative thermal expansion coefficient (6, 7).
Recently, Evans and co-workers showed
that upon compression above 0.2 GPa, cu-
bic ZrW,Oq transforms to a quenchable
orthorhombic phase (space group P2,2,2,),
which also exhibits negative thermal ex-
pansion, although reduced by one order of
magnitude (8).

The great flexibility of the ZrW,0Oq
framework seems to be the key to its unusu-
al properties (9). Because of this high flex-
ibility, some low-energy vibrational modes
can propagate through the structure with-
out distortion of the ZrO, and WO, build-
ing blocks. These vibrational modes, called
rigid unit modes (RUMs), have been suc-
cessfully applied to the study of properties
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