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magnetite within the pyroxene; however, these ap-
pear to have been formed on the fracture surfaces at
the same time as the magnetite and Fe-sulfide phas-
es associated with the carbonate globule.

J. L. Kirschvink, in Biomagnetism: An Interdiscipli-
nary Approach, S. Wiliamson, Ed. (Plenum, New
York, 1983), pp. 501-532.

The intact sample was mounted at one end of a
quartz-glass fiber 15 cmlong and 1 mm in diameter,
which had been cleaned in concentrated HCI. It was
attached to this fiber using cyanoacrylate cement
that had been passed through a 0.2-um syringe filter
to remove ferromagnetic impurities (Fig. 1A). The
opposite end of the fiber was attached to the vertex
of aflat quartz-glass triangle, such that the open face
of the carbonate layer on the fracture surface was
aligned parallel to the triangle’s surface. The edge of
the triangle opposite from the fiber attachment was
fused to an elongate hook, allowing the assembly to
be suspended vertically on a thin (~200-g test) nylon
fishing line U-loop. This loop was wound on a Teflon
spool attached to a small computer-controlled step-
ping motor mounted on the ceiling of the clean-lab
facility, and held directly above the room-tempera-
ture access port of the superconducting magnetom-
eter. With this assembly, the sample could be raised
and lowered smoothly from the sample loading po-
sition to a pair of computer-controlled solenoids for
the demagnetization and rock magnetic experi-
ments, and to the center of a three-axis supercon-
ducting moment magnetometer {a 2G Enterprises®
model 570, with DC-biased SQuIDs). A horizontal
arrow marked on the quartz triangle was aligned with
the +X direction of the superconducting moment
magnetometer; vertical down was +Z, and the +Y
direction formed the third axis of a right-handed or-
thogonal coordinate system. We were able to obtain
replicate measurements to better than 1% intensity,
and 0.5° in direction, on magnetic moments as weak
as 10712 Am~2, equivalent to the saturation rema-
nence produced by ~20 picograms of single-do-
main (SD) magnetite.

This separation was done using a 150-um-thick di-
amond-impregnated copper wafering saw. The flat
surface of the carbonate-bearing grain was first
glued to a thin Pyrex cover slip such that it was
parallel to the surface of the quartz-glass triangle.
The magnetic moment of this new assembly was
indistinguishable from that measured prior to addi-
tion of the cover slip and the additional cement, con-
firming that they were both nonmagnetic. The other
surface of the Pyrex cover slip was then bound to the
surface of a cylindrical brass stub with a tempera-
ture-sensitive adhesive that had been filtered in ace-
tone to remove ferromagnetic contaminants. The
orientation of the quartz fiber was marked on the
brass surface. Shortly after we began our first cut,
the bond between the cyanoacrylic cement and the
cover slip gave way. This left a small notch in the
sample at the boundary between the pyroxene
grains (Fig. 1A). By remeasuring the NRM of the
sample after this step, we were able to calculate by
difference the NBM vector that had been held by the
material removed in the cut. Next, we fixed the flat
surface of the carbonate-bearing layer directly to the
brass stub with the adhesive, which held properly
during the remainder of the wafering process. This
last cut was adjusted slightly so that most material
was removed from the larger grain, leaving a 2.2-mg
fragment of the small pyroxene grain on the brass
stub (Fig. 1D). While it was still bound to the stub,
we then used the cyanoacrylate to cement a sec-
ond quartz-glass triangle and fiber assembly to the
this new fragment, with a relative orientation iden-
tical to that of the first sample. It was then freed
from the brass stub by heating briefly to 110°C, and
washed with filtered acetone to dissolve traces of
the adhesive. The sawing procedure left a2 1.6-mg
fragment of the carbonate-bearing grain attached
to the larger pyroxene grain. After measurement of
the NRM, we were able to break this free with a
nonmagnetic ceramic scalpel blade, and by re-
measuring the NRM vector, were able to recover by
difference the NRM vector of this small chip. The
final weight of the pyroxene grain was 12.7 mg,
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implying that a total of 3.4 mg of the sample was
lost in both sawing operations.
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Low-Temperature Carbonate Concretions in the
Martian Meteorite ALH84001: Evidence from
Stable Isotopes and Mineralogy

John W. Valley, John M. Eiler, Colin M. Graham,
Everett K. Gibson, Christopher S. Romanek, Edward M. Stolper

The martian meteorite ALH84001 contains small, disk-shaped concretions of carbonate
with concentric chemical and mineralogical zonation. Oxygen isotope compositions of
these concretions, measured by ion microprobe, range from §'80 = +9.5 to +20.5%.
Most of the core of one concretion is homogeneous (16.7 = 1.2%.) and over 5%o higher
in 380 than a second concretion. Orthopyroxene that hosts the secondary carbonates
is isotopically homogeneous (880 = 4.6 * 1.2%.). Secondary SiO, has 8'30 = 20.4%o.
Carbon isotope ratios measured from the core of one concretion average §'°C = 46 +
8%o, consistent with formation on Mars. The isotopic variations and mineral compositions
offer no evidence for high temperature (>650°C) carbonate precipitation and suggest
non-equilibrium processes at low temperatures (<~300°C).

Carbonate concretions in ALH84001 pro-
vide information on the nature of the an-
cient martian atmosphere and hydrosphere,
and aspects of their composition and mor-
phology have been proposed as evidence for
primitive life on Mars (1). The tempera-
tures of carbonate formation are uncertain,
but central to these questions. Mineral
equilibria and the morphology of magnetite
inclusions in carbonate have been used to
infer temperatures of over 650°C (2, 3), in
which case carbon-based life is unlikely. On
the other hand, oxygen isotope composi-
tions of carbonate and the magnetic prop-
erties of millimeter-scale subdomains in

ALHB84001 have been interpreted to indi-
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cate that the minerals formed at tempera-
tures of 0° to 110°C (4, 5); suggesting pre-
cipitation during weathering or alteration.
Such conditions would be permissive of life
as we know it.

The ALH84001 meteorite is composed
dominantly of igneous orthopyroxene
{(Mgg 7oFeq.27Cag ¢3510;) with minor cli-
nopyroxene, olivine, chromite, pyrite, apa-
tite or whitlockite, maskelynite (shock-pro-
duced feldspathic glass Anj; Abg;Or), and
SiO, (2, 6, 7). The sample is highly frac-
tured, probably from impacts while it was
still on Mars (6, 7). Secondary carbonates
are precipitated in some of these fractures
and as disseminated patches in brecciated
orthopyroxene (2, 6, 7).

We analyzed two carbonate concretions
for isotopic and chemical compositions
from a group of 14 that are approximately
co-planar within an area of 2 mm? (Fig.
1A). Concretion #1 appears to be two con-
cretions grown together, each of which has
concentric core-to-rim chemical variations
from Cay,sMgg 45Feq40CO; to nearly pure
MgCO; [Figs. 1C, 1D, 2, and figure 1 of
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(2)]. This variation is not continuous;
there is an abrupt compositional break
between the orange, continuously zoned,
Fe-rich core (X, = 0.7 in Fig. 2) and the
~10-pwm-wide mantle of nearly pure mag-
nesite (MgCO;, Mg-rich in Fig. 1D).
Thin, black, Fe-rich rims separate the core
from the mantle and the mantle from or-
thopyroxene. The Fe-rich character of the
rims derives, at least in part, from submi-
croscopic grains of Fe oxide (magnetite)
and sulfide that may also be trace constit-
uents within the orange carbonate (I).
The concretions are thin disks and the

Mantle

=

concentric zonation is seen optically only at
the outer perimeter of the disk. These obser-
vations suggest that the concretions grew
radially outward from the center along pre-
existing cracks. Some of the compositional
zones are offset or truncated by microfrac-
tures, demonstrating that a second fracturing
event postdated the precipitation of carbon-
ates (6, 7). A thin (1 to 10 pwm) vein of SiO,
cuts across concretion #1 (orange in Fig. 1E).
SiO, is also found as irregularly shaped grains
within orthopyroxene.

Previous oxygen and carbon isotope anal-
yses of carbonate in martian meteorites have

Fig. 1. (A) Photograph of freshly broken surface of ALH84001 showing orange carbonate concretions
and host orthopyroxene. The dark crystals are chromite. Each concretion has thin black rims, rich in
magnetite and sulfides, on either side of a white magnesite mantle (7, 6, 7). Concretions #1 and #2 were
analyzed in situ for stable isotope ratio and chemical composition. FOV = 1.5 mm. (B and C) Back-
scattered electron (BSE) images of concretion #1 (C) and #2 (B). The locations of ion probe spots #1 to
6 are shown (other analyses were made deeper in the sample after repolishing). (D and E) Images of
chemical composition of the polished surface of carbonate concretion #1 and host orthopyroxene (Opx)
before ion probe analysis. Part of the concretion is covered by epoxy (toward top of picture). (D) shows
Mg and (E) shows Si. The rounded, composite shape of this concretion is best seen in the image of Mg
(D), the white band is the magnesite mantle that rims the concretion boundary with orthopyroxene and
divides this concretion into two nearly round subconcretions that have apparently grown together. The
left side of the concretion is nearly round and fully exposed, but only the lower half of the right side is
exposed. In (B) to (E) hot colors (white or yellow) indicate the highest concentrations or average atomic
numbers (BSE), and blue or black indicates the lowest concentrations. Field of view is = 256 pm.
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been made by chemical dissolution or ther-
mal decomposition of whole-rock powders or
mineral separates. For ALH84001, values
varied from 880 = -9 to +26%oyspow
and 313C = —21 to +53%oppg [Fig. 3 (4, 8,
9)], but most values were 380 = 17.5 =
2.7%o0 (1 SD,n = 7) and 8'>C = 36 * 10%o
(1 SD, n = 9). Both low 880 and low 8'*C
(<0%0) values have been reported (Fig.
3), although it is unclear which compo-
nents of the meteorite (or minor terrestrial
contaminants) these low values reflect,
whether they accurately measure a single
component of the meteorite, and to what
degree the meteorite is isotopically heter-
ogeneous on a microscale. The question of
homogeneity is important vis-a-vis the
thermal history of the meteorite. Chemi-
cal and isotopic gradients diffuse away
more quickly at higher temperatures and,
given knowledge of appropriate diffusivi-
ties, the presence or absence of such gra-
dients can be used as quantitative con-
straints on thermal history.

fon microprobe-secondary ion mass-
spectrometry (SIMS) permits in situ analy-
sis of oxygen and carbon isotope ratios in
small samples (5 ng, 20- to 30-wm-diameter
pits, 6 to 8 wm deep) of carbonate and
silicate minerals (10-14). Sample sizes are
10% to 10° times smaller than previous bulk
analyses, allowing us to analyze several spots
in a single concretion, the largest of which
measures 250 pwm in its greatest dimension
and is estimated to weigh less than 2 pg.
These in situ measurements can be corre-
lated with chemical, spatial, and textural
information.

We made 20 analyses of 8!30 and 4 of
33C in the meteorite. We also made over
500 analyses of 12 carbonate standards to
assess analytical precision, stability, and
standardization (12-14). We analyzed sev-
en spots for 880 in concretion #1 and two
in #2, and four spots for 3'°C in concretion
#1 (Table 1). All analyses are of orange,
Fe-rich magnesites in the concretion cores,
except analysis #4, which overlaps the
white magnesite mantle. The average
chemical compositions of analyzed spots
were determined using a focused electron
microprobe beam on the rims of ion probe
pits after analysis and are in good agreement
with defocused beam analyses from before
ion probe analysis (Table 1 and Fig. 2).

The average 8'3C value was +46 + 8%o.
This composition is based on data only from
the beginning of the four analyses because
heterogeneities present at depths of 1 to 4
pm were attributed to contamination or
reduced carbon in the sample (13, 14). The
resultant total counts for these analyses are
low and less precise than would otherwise
be possible. All four analyses agree within 1
SD of each analysis. The average value is at
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the upper end of the range of previously
measured values (Fig. 3). On Earth, values
of 813C in carbonates are typically near 0%o,
values above +20%o are rare for any min-
eral [in some cases forming in carbonates as
a result of bacterial methanogenesis (15)],
and we know of no values above +35%o
(15, 16). Thus, the carbon isotope ratios of
carbonate in ALH84001 are not consistent
with any known terrestrial materials and
indicate that they are extraterrestrial, as
concluded previously based on dissolution
measurements (4) and the presence of frac-
tures that are presumably of impact origin
that cross-cut the carbonates displacing
chemical zonation (I, 6, 7). These 3C
values, which are 40 to 50%0 higher than
average values on Earth, are consistent with
precipitation from or equilibration with a
reservoir having a 8°C value similar to that
estimated for the atmosphere of Mars (Fig.
3), which is thought to be 30 to 50%o higher
than on Earth (17, 18).

In concretion #1, five of the six 80
values of orange Fe-rich magnesite are indis-
tinguishable within analytical precision at
16.7 = 1.2%o (Fig. 3). The sixth spot yielded
a 880 value of 12.2 = 1.1%c. A seventh
spot (pit#4) overlapped onto the white mag-
nesite mantle and yielded the highest 880
value of 20.6 £ 1.3%o. The two analyses of
concretion #2 (9.5, 13.5%0) are within ana-
lytical precision of the one low 8'%0 spot in
concretion #1 (Fig. 3). The ion probe results
compare favorably with most of the previous
bulk analyses, but the spatial resolution of
the ion probe documents heterogeneity that
could only previously be inferred. No at-
tempt was made to analyze the magnesite
mantles because those in our specimen are
smaller than the size of the ion beam. How-
ever, the relatively high 830 value of the
spot that overlaps the magnesite mantle (#4,
Table 1) suggests that the mantle has an
even higher 880 value, consistent with the
results of Romanek et al. (4), who suggested
that the 8'80 of the magnesite is 9%o higher
than that of the core of the concretions on
the basis of stepwise acid dissolution experi-
ments. There is no correlation of 80 value
with chemical composition for the eight
analyses of orange carbonate. Although the
number of analyses is limited, our eight 380
values have a bimodal distribution (9.5 to
13.5%0 and 15.5 to 18.7%o).

On Earth, 8'80 values as high (=16%o)
as those that we have measured in
ALHB84001 carbonates are only found in
rocks that have interacted with isotope res-
ervoirs formed at low temperatures
[<100°C (16)]. A simple interpretation (4,
19, 20) would be that the §®0 values of
aqueous fluids on Mars are related by pro-
cesses of exchange to those of martian ig-
neous rocks, in which case the elevated
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380 values in carbonate concretions re-
flect low temperatures (<~100°C) of pre-
cipitation. However, this reasoning cannot
firmly constrain the temperature of carbon-
ate formation until the 880 of the martian
atmosphere or hydrosphere is known (21),
and we thus sought other evidence to de-
termine the formation temperatures of car-
bonates in ALH84001.

Ten analyses of 3'%0 in orthopyroxene
demonstrate that it is homogeneous (4.6 *
1.2%o). One analysis of SiO, from an irreg-
ular 40- by 50-um grain enclosed by pyrox-
ene yielded a 880 value of 20.4 *+ 0.9%o
(13). It is not certain if this SiO, grain is
related to maskelynite (or its precursor pla-
gioclase) or to other glasses predating car-
bonate (6, 7), or is related to the post-
concretion SiO, precipitating event that
formed the vein in Fig. 1E.

There is no textural evidence to indicate
equilibration of SiO, and other minerals, but
if SiO, is assumed to be in isotopic equilib-
rium with orthopyroxene, then the measured
8180 values indicate that the temperature of
SiO, precipitation was 144° = 14°C (22,
23). Equilibration of SiO, and the relatively
homogeneous core of concretion #1 would
indicate a temperature of 125° to 205°C
(24-27). Equilibration temperatures implied
by coexisting carbonate and orthopyroxene
are similarly low, but variable: ~170°C for
the dominant carbonate in concretion #1
and ~310°C for the average carbonate in
concretion #2. These temperatures only
have meaning if the various phases are in
isotopic equilibrium, yet the heterogeneity
among carbonates demonstrates a lack of
isotopic equilibration at the scale of less than
1 mm and the contact between the magne-
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Fig. 2. Compositions of carbonates in concretions #1 and #2 in the Ca-Mg-Fe system measured by
electron microprobe. Circles are analyses of 5-pm spots (beam focused to 1 wm), open squares are
analyses of 10 by 10 pm areas, and solid squares are average compositions of 20-um-diameter spots
analyzed for oxygen isotope ratio by ion microprobe. Carbonates are not stable above the lines shown
for 527° and 727°C (29).
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Fig. 3. Values of 8'80 and 8'3C measured in the martian metecrite ALH84001 in situ by ion
microprobe (solid symbols, this study), and in powders by acid dissolution, step-heating, or fluori-
nation [open symbols (4, 9, 44)]. Values shown in light type are suspected of contamination or
fractionation. Samples are: carbonate (circles), silicates (squares), and suspected crganic matter
(triangles). The vertical lines at 8'%0 ~ 7%o represent the value for carbonate or quartz in equilibrium
with orthopyroxene at high temperature (>600°C). The §'°C estimated for the atmosphere on Mars
and Earth are also shown (76-178).
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site mantle and orange carbonate may con-
tain a disequilibrium isotopic gradient over
distances of <10 pm [and possibly <1 um
(4, 7)1 In any case, the intermineral oxygen
isotope fractionations are not consistent
with equilibration at the high temperatures
previously inferred from the major element
chemistry of the carbonates (>650°C).

Two opposed hypotheses can be exam-
ined to determine if they explain the geo-
chemical and mineralogical features asso-
ciated with carbonate concretions in
ALHB84001: (i) Precipitation of carbonate
at high temperatures possibly over a short
time period. This might occur during a
meteorite impact and subsequent hydro-
thermal activity in which case a range of
equilibration temperatures could be repre-
sented by different carbonates (2). (ii)
Low-temperature nonequilibrium precipi-
tation, such that isotopic and chemical
disequilibrium during crystallization will
be maintained because rates of reactions
and solid-state diffusion are low.

The evidence favoring a high temperature
origin of the carbonate concretions comes
from major element analysis of mineral com-
position and mineral equilibria (2, 6), and
from textures in nanometer-scale magnetite
grains within the carbonate (3). Harvey and
McSween (2) estimated that the carbonates
precipitated at temperatures of aver 650°C on
the basis of their analyses of carbonates in the
calcite-magnesite- siderite system. This esti-
mate assumes that: (i) the minerals were in
chemical equilibrium at the time of forma-
tion, (ii) equilibrium compositions have been
preserved, and (iii) that the analyses represent
homogeneous phases. These assumptions can
be applied to other minerals in ALH84001 as
a test of the hypothesized high-temperature
origin for carbonate.

Most of our analyses of carbonate in

ALHB84001 fall within the two phase region
(solvus) of ankerite-magnesite immiscibility
at 700°C (Fig. 2). Our analyses and previous
studies (2, 6, 7) show that these more Ca-
rich compositions are common in the cores
of carbonate concretions. If the previously
reported compositions in the range of X, =
0.2 t0 0.3 (2) represent homogeneous phases,
equilibrium is only possible if carbonates pre-
cipitated at temperatures of >~1000°C (28,
29). These very high temperatures are incon-
sistent with several other features of the
concretions: First, pyrite is a primary mineral
in the meteorite (6). The equilibria, pyrite =
pyrrhotite + S, sets an upper temperature
limit for pyrite of 750°C (30). Second, mag-
nesite, forsterite-rich olivine, and enstatite-
rich orthopyroxene occur as touching phases
in ALH84001 [see figure 2 of (2)]. The
equilibria enstatite + magnesite = forster-
ite + CO, would be at 550°C (31) in the
presence of nearly pure CO, at P = 0.2 GPa
(equivalent to a depth of over 50 km on
Mars). This temperature is an upper limit.
Shallower depths or aqueous fluids could
reduce the stability of magnesite + SiO, to a
maximum of 300°C or less (31). Finally,
several other metamorphic reactions would
occur under conditions of high temperature
equilibration and a number of metamorphic
minerals that have not been reported in
ALHB84001 would be expected along grain
boundaries (for example, wollastonite,
zoisite, scapolite, grossular, diopside, tremo-
lite, anthophyllite, and talc). Thus, if equi-
librium is assumed, there is no self-consistent
interpretation, and this suggests either that
the carbonates are metastable or the analyses
represent mixtures of fine-grained phases.
The rates of fluid-hosted metamorphic
reactions are known to be rapid at high
temperatures, such that if carbonate compo-
sitions represent super-solvus temperatures,

Table 1. Chemical composition measured by electron microprobe and stable isotope ratio measured by
ion microprobe of 20-wm-diameter spots in carbonate concretions #1 and #2 and silicate minerals from

ALH84001.
, . 3'%0 +18D

Analysis spot Xvig Xca Xeo Xun (%) (%)
1 concretion 1 0.598 0.084 0.312 0.006 15.9 1.3
2 concretion 1 0.522 0.121 0.343 0.014 17.2 1.0
3 concretion 1 0.546 0.110 0.335 0.009 12.2 11
4 concretion 1 0.747 0.062 0.188 0.008 20.6 1.3
12 concretion 1 0.627 0.071 0.299 0.003 15.9 1.2
14 concretion 1 0.507 0.127 0.350 0.015 15.5 1.2
15 concretion 1 0.586 0.085 0.285 0.034 18.7 1.3
5 concretion 2 0.578 0.094 0.317 0.011 9.5 1.1
6 concretion 2 0.566 0.104 0.323 0.008 13.5 1.2
SiO, 20.4 0.9

880 of orthopyroxene: 2.6, 3.1, 5.6, 4.9, 3.2, 6.4, 5.6, 4.7, 5.6, 4.0%0; average = 4.6 = 1.2%o

3'3C of carbonate: 49, 36, 45, 55%0; average = 46 = 8%o

*X = molar fraction of cations in carbonate.

FValues of 1 standard deviation (SD) dictated by counting statistics for

carbonate analyses #1 to 15. For multiple analyses (N > 1), external precision about the mean is reported.
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the above-discussed reactions could be ex-
pected to occur at grain boundaries over the
time scales of minutes to hours (32). Studies
of high-temperature carbonate precipitated
during terrestrial impact events confirm this
expectation, showing them to be intimately
associated with shock-produced glass and,
where carbonate touches silicate "in host
lithologies, the expected high-temperature
metamorphic minerals occur [for example,
clinopyroxene and larnite (33)]. The car-
bonates in ALH84001 show no similar reac-
tion relations with adjacent host phases.

If temperatures were high, then exchange
by diffusion would cause homogenization of
isotopic and chemical gradients (34). The
sharpest gradients documented in ALH84001
are in Mg/Fe ratios between the nearly pure
magnesite of the white concretion mantles
and the orange Fe-rich magnesite of the cores
[occurring over a length scale of ~1 pwm (7)].
The 880 value of pit #4 (20.6%o, Table 1)
suggests that there may also be large gradients
in 880 across magnesite mantles (Table 1).
A gradient of 9%o was inferred by dissolution
experiments (4). At 1000°C, experimental
data suggest that gradients in cation compo-
sition would homogenize in 1 to 100 days (35)
and the inferred differences in 8*0 would
homogenize in 10 to 2500 min (36). Howev-
er, at low temperatures (~100°C), composi-
tional contrasts will be preserved in the ab-
sence of recrystallization. On Earth, gradients
of 5 to 13%o over 10 to 400 um have only
been documented from diagenetic and low-
temperature (from <80° to 400°C) alteration
environments (10, 37, 38). For >650°C ig-
neous or metamorphic processes, measurable
diffusion gradients are typically less than 2%o
(10, 39). In addition, if temperatures were
high, then fluids forming high 8'30 carbon-
ates must also have had elevated 880 values
and would be expected to have exchanged
with the orthopyroxene along the boundary of
cracks causing heterogeneity that is not ob-
served. [t is evident from these considerations
that the mineralogy and isotopic values of the
carbonate concretions and their relations to
the host orthopyroxene cannot be reconciled
with high-temperature equilibration.

The alternative hypothesis is that carbon-
ates precipitated from a fluid at low tempera-
tures. Such conditions are common on Earth,
frequently forming minerals that are not
equilibrated, either isotopically or chemically
(37, 38). Fine-scale oxygen isotope heteroge-
neity is readily formed and easily preserved at
low temperatures where diffusion is slow, but
requires a complex process of precipitation
and rapid cooling if formed at high tempera-
tures. Delicate mineral overgrowths and reac-
tion textures such as observed in ALH84001
carbonates (6, 7) are common in low temper-
ature (=300°C) environments on Earth, and
in many cases, sharp contrasts in chemical
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and isotopic composition (37, 38) are pre-
served at the same scale as that seen in the
carbonate concretions.

There are well-documented situations
where low-temperature (from <100° to
500°C) carbonate veins cut minerals with-
out visible reaction, including orthopyrox-
ene-bearing lithologies (40) and samples
shattered by meteorite impact (41). It has
been suggested that nearly pure CO, and
high temperatures are necessary in order to
prevent hydration reactions involving py-
roxene at the time that carbonates were
precipitated (2). However, carbonates can
precipitate over a wide range of tempera-
tures and from water-rich fluids without
producing hydrated minerals (40).

Low-temperature carbonate minerals
commonly form in apparent violation of
equilibrium thermodynamics, including
aragonite, and high-magnesium calcites
and calcian dolomites (which are inside
the solvus). If these minerals were assumed
to form in stable equilibrium, one would
erroneously conclude that the Earth’s
oceans exist at temperatures over 500°C
and surface pressures of at least several
thousand atmospheres. The kinetic pro-
cesses that cause apparent disequilibrium
are not well understood and can be either
biogenic or abiogenic (42). The scale of
observation is another factor; some car-
bonates are actually complex submicro-
scopic mixtures that require high-resolu-
tion transmission electron microscopy for
proper characterization (43). It is not
known if all of the carbonates reported
from ALHS84001 are truly homogeneous
single phases at the submicrometer-scale,
and textures characteristic of low-temper-
ature growth may yet be found (43).

Thus, there are many well-studied and
common terrestrial analogs for low-tempera-
ture processes that could form carbonate con-
cretions, such as described in ALH84001. All
of the chemical, mineralogical and isotopic
evidence that we have presented are consis-
tent with such a model. In contrast: (i) the
isotopic data that we present are not consis-
tent with high-temperature equilibration in
ALHB84001; (ii) there is no mineral, chemical,
or phase equilibria evidence that indicates a
self-consistent high-temperature (>650°C)
genesis for the carbonate concretions in
ALH84001; (iii) and well-studied high-tem-
perature terrestrial analogs have features
clearly inconsistent with those observed in

ALHS84001.
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Vacuum Squeezing of Solids: Macroscopic
Quantum States Driven by Light Pulses

G. A. Garrett, A. G. Rojo, A. K. Sood,* J. F. Whitaker, R. Merlinf

Femtosecond laser pulses and coherent two-phonon Raman scattering were used to
excite KTaQ, into a squeezed state, nearly periodic in time, in which the variance of the
atomic displacements dips below the standard quantum limit for half of a cycle. This
nonclassical state involves a continuum of transverse acoustic modes that leads to
oscillations in the refractive index associated with the frequency of a van Hove singularity

in the phonon density of states.

Squeezing refers to a class of quantum me-
chanical states of the clectromagnetic field
and, more generally, of harmonic oscillators
for which the fluctuations in two conjugate
variables oscillate out of phase and become
alternatively squeezed below the values for
the vacuum state for some fraction of a cycle
(I). Thus, a squeezed electromagnetic field
provides a way for experimental measure-
ments to overcome the standard quantum
limit for noise imposed by vacuum fluctua-
tions. As such, the generation of squeezed
light with various nonlinear processes has
attracted much attention as a means of re-
ducing noise in optical interferometry and
light-communication networks (I).
Following the work on photons (1), a
variety of intriguing proposals were put for-
ward dealing with squeezed states of other
bosons—particularly those associated with
atomic vibrations in molecular (2) and con-
densed-matter systems (phonons) (3)—as
well as polaritons (4). In addition, squeezed
phonons were considered in variational ap-
proaches to the ground state of strongly
correlated electron-phonon problems (5).
Here, we report an experimental demon-
stration of phonon squeezing in a macro-
scopic system (6). We have generated a
squeezed mechanical state by exciting a

G. A. Garrett, A, K. Sood, R. Merlin, Center for Ultrafast
Optical Science, University of Michigan, Ann Arbor, Ml
48109-2099, and Department of Physics, University of
Michigan, Ann Arbor, MI 48109-1120, USA.

A. G. Rojo, Department of Physics, University of Michi-
gan, Ann Arbor, MI 48109-1120, USA.

J. F. Whitaker, Center for Ultrafast Optical Science, Uni-
versity of Michigan, Ann Arbor, MI 48109-2099, USA.

*On leave from Department of Physics, Indian Institute of
Science, Bangalore 560 012, India.
1To whom correspondence should be addressed.

1638

crystal, KTaO;, with an ultrafast pulse of
light. The measurements were performed
with the standard pump-probe setup (Fig.
1). Second-order coupling of the photons
with the lattice vibrations [specifically,
transverse acoustic (TA) modes] amounts
to an impulsive change in the phonon fre-
quency that gives rise to squeezing; this
mechanism is closely related to that used to
generate two-photon coherent states in
quantum optics (7). We monitored the
squeezed state by measuring the transmis-
sion of a second (probe) pulse that is sensi-
tive to changes in the refractive index aris-
ing from the modulations in the mean
square displacement of the atomic posi-
tions. Our state comprises a continuum of
modes, but the probe transmission is domi-
nated by a single frequency associated with
a van Hove singularity in the phonon den-
sity of states.

The Hamiltonian relevant to our prob-
lem is H = 3 (H_ + U,), where H_ (P2
+ QZ QZ )/2 is the harmomc contnbutlon
to the lattice energy and (8, 9)

U. =

q

(1)

1
- ;r?p Q) FQ;

Fig. 1. Schematic snapshot

Hess mounted and carefully polished the sample. J.
Fournelle, T. Patterson, S. Burgess, and P. Hill assisted
in electron microprobe analysis. M. Diman drafted the
figures and B. Barker aided in photography. G. Ross-
man and R. Reeder donated carbonates as potential
standards. We thank three anonymous reviewers for
prompt, helpful comments. This research was support-
ed by NSF, NASA, DOE and NERC.
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Here, Q, is the amplitude of the phonon of
frcqucncy ), and wave vector q, P, is the
associated canomcal momentum, F is the
magnitude of the electric field, # =
>, quele],@ {q) is the second-order polariz-
ablhty tensor associated with Raman scat-
tering (RS), and e = F/F is a unit vector
(for clarity, we omit the phonon branch
index). Equation 1 describes an effective
interaction between two phonons of oppo-
site momenta and two photons and reflects
the quadratic term in an expansion of the
electronic susceptibility in powers of atomic
displacements (10).

The generation of the squeezed state is
best understood at temperature T = 0. Let
E denote the pump field, and consider the
assumption, valid in our experiments, that
the period of the relevant phonons is large
compared with both the time it takes for
the pulse to cross the sample and the
optical pulse width 7, that is, we ignore
the dependence of the field on position
and approximate F? = EZ(t) (4mly/
nge)d(t) in Eq. 1 (I, is the integrated
intensity of the pulse, ny is the refractive
index, c is the speed of the light, and & is
the Dirac delta function). Then, if U,
the wave function (the ground state) of a
given mode at t = 0~ immediately before the
pulse strikes, integration of.the Schrod-
inger equation gives the wave function at

= Q"

o (g0Ql
Yy = expl =7, (2)
where & = (ml,P/2enz Q) and £ is

Planck’s constant divided by D, It follows
that (Qq( t)) = O (the brackets denote ex-
pectation value). We use the equation of
motion for szl and the initial conditions
from Eq. 2 to obtain the variance

diagram of the experiment
(not to scale). The stronger
pump pulse drives the sam-
ple into an excited time-

Delay rail

varying state, which per-
turbs the weaker probe
pulse that follows behind.
Here, the signal of interest is

Laser

Beam
splitter

Modulator

Saﬁ'\ple

the transmitted intensity of the probe beam as a function of the time delay =, as measured by the relative

distance between the two pulses.
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