seismic phases, is not possible for core-diffracted
waves because of the rapid loss of high frequencies
during diffraction. A linear regression through the
times of the wave peak maxima is the common
means of determining the apparent slowness (78, 27)
[J. C. Mondt, Phys. Earth Planet. Inter. 15, 46 (1977);
A. Souriau and G. Poupinet, ibid. 84, 227 (1994)], and
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this has been shown to be as reliable as using a
multiwaveform cross-correlation [M. E. Wysession
and E. A. Okal, Geophys. Res. Lett. 16, 1417 (1989)].
31. M. E. Wysession, L. Bartko, J. Wilson, /. Geophys. Res.
99, 13667 (1994).
32. We thank the many people with the IRIS PASSCAL
and DMC programs who helped with the MOMA
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Sediments from Lunkaransar dry lake in northwestern India reveal regional
water table and lake level fluctuations over decades to centuries during the
Holocene that are attributed to changes in the southwestern Indian monsoon
rains. The lake levels were very shallow and fluctuated often in the early
Holocene and then rose abruptly around 6300 carbon-14 years before the
present ("*C yr B.P.). The lake completely desiccated around 4800 “C yr B.P.
The end of this 1500-year wet period coincided with a period of intense dune
destabilization. The major Harrapan-Indus civilization began and flourished in
this region 1000 years after desiccation of the lake during arid climate and was
not synchronous with the lacustral phase.

The southwestern Indian monsoon is critical for
understanding past global and regional mon-
soon variations (/-3). The few records of Ho-
locene monsoon variations from the areas that
border the Arabian Sea in southern Asia have
been based on pollen assemblages associated
with the deposits of Lunkaransar, Didwana, and
Sambhar paleolakes from northwestern India
(4). These records, although based on limited
dating, have been used extensively in regional
compilations, in analysis of relations between
summer insolation and the monsoon, and in
paleoclimatic models (2—7) as well as to deter-
mine the relations between paleoclimate and
Indus Valley civilizations (8, 9). Here, we
present more detailed Holocene chronology of
Lunkaransar based on analyses of the lacustrine
laminated deposits, age dating, and geochemi-
cal analyses.

Lunkaransar (/0) is a small, closed, dry
basin surrounded by dunes at the northeastern
margin of the Thar Desert (Fig. 1). The basin
receives input from groundwater and direct rain
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and no input from streams. The water table is
currently 2.4 m below the dry lake bed, and this
water is saline with a composition that includes
Na, Ca, Mg, CI, SO,, and HCO,. Incoming
sediments are only eolian sand from local dunes
and eolian clay silt dust (/7). Normally, the lake
basin is totally dry, but heavy rainfall can form
a temporary pool of water that evaporates dur-
ing the dry season.

Trenches were excavated into the lake bed
down to a thick, hard, carbonate layer at a depth
of 3 m. The sedimentology of the upper 240 cm
above the water table (Fig. 2) was documented
at submillimeter-to-millimeter scales in both
the field exposures and in the continuous, over-
lapping box cores in the laboratory. We ob-
tained 15 radiocarbon dates (Table 1). The se-
quence was divided into four zones (Fig. 2) on
the basis of characteristics of the deposits. Zone
4, dated at 4800 '*C yr B.P. to recent, has no
primary laminar structure and contains mud
cracks, silt, and sand; it is interpreted as a dry
lake basin that episodically was inundated by
ephemeral lakes. Zones 1 to 3 (Figs. 2 and 3)
are composed of two types of thin beds: (i) silt-
and clay-rich detritus laminae with carbonate
and in some cases thin gypsum laminae at
boundaries, and (ii) gypsum laminae with some
thin silt and clay laminae. We separated the
entire sequence into four sedimentary facies (II
to V) according to the dominant type and the
thickness of the various beds (Fig. 3E) and
inferred relative water depths
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Field observations show that the maxi-
mum lake stage did not reach 5 to 7 m. The
ability of the basin to sustain even this level
(facies IV and V) through successive years
varied significantly throughout the Holocene
(Fig. 3E).

Thin-section and x-ray diffraction analy-
ses indicate that the clastics are allochthonous
silicate minerals (quartz, plagioclase, potassi-
um feldspar, clays such as chlorite and mica,
and some hornblende), carbonate minerals,
and some gypsum. Gypsum is the only evap-
orite mineral detected. The clay fraction (<2
wm) includes illite-smectite, illite, chlorite,
and palygorskite. The palygorskite is authi-
genic and is indicative of intense evaporation
episodes (/2) at pH ~ 8.5.

The concentration of clastic grains in sepa-
rate laminae and the parallel orientation of the
platy and elongated minerals indicate that the
clastic grains were derived from dust storms
(11) and they settled in water. The gypsum
laminae contain fine authigenic crystals and
abraded, sand-sized gypsum crystals. The
abraded gypsum grains are most common in
facies II and were probably blown in from
drying mudflats at the margins (/3) of
Lunkaransar lake during periods of low lake
levels.

The rise and fall of the water table at
Lunkaransar reflect the regional precipitation
over the basin. A lake is formed in Lunkaran-
sar when the water table rises above the
surface. Our data show that between about
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Fig. 1. Location map of Lunkaransar (L) and Did-
wana (D) dry lakes in the Thar Desert (shaded
area) showing 250- and 500-mm/year isohyets.
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10,000 and 4800 '“C yr B.P. the lake did not
dry, and therefore the water table was always
above the basin floor. Since 4800 *C yr B.P.,
the water table has been below the surface.
Because of deposition in the basin, the ele-
vation of the present-day water table at 2.4 m
below the surface can be identical to the
elevation of its levels during the low stands of
the early Holocene lake. The early Holocene
monsoon rains were not able to maintain a
stable lake in this area for more than a few
decades at a time, although there is no evi-
dence of complete desiccation at any time
before 4815 = 75 “C yr B.P. (Fig. 3E). The
only period when a sustained high-lake stand
is evident in this basin during the Holocene
was from 6300 to 4800 '“C yr B.P. (zone 3)
(Fig. 3E). Few to no evaporite layers exist
between the silt laminae in the deposits from
this period, indicating that the relatively high
lake levels persisted year round and did not
decline annually during the winter dry sea-
son, as is evident in other parts of the section
where gypsum laminae alternate with each of
the submillimeter clastic dust layers.

The values of 8'3C of organic carbon (/4)
in the lake show two dramatic shifts during the

Depth (cm)
C-14 Age
0 -Zone 4 (4.8-0 ka) ] (yrs BP)
Dry playa& | n305165
episodic lakes 5785175
% 423055
i 4815+75
Zone 3 Drving 5010+100
50~ Max. Lake 605560
(no gypsum) 5925+125
. -| 6235180
Abrupt rise 6300+75

100 Zone 2 (8.3-6.3 ka)

Fluctuating
shallow lake
with extremes
8375+85
150~ 8640480
8200480
Zone 1 (10-8.3 ka)
Fluctuating
shallow lake 8430190
without
extremes 9180185
200-

| 9615475

Base = ~ 300 cm Avd

weakly laminated
sandy silt

laminated gypsum-
vich and clay silt

radiocarbon date

laminated clay/silt
with/without
gypsum at Jaminae

boundaries

E] ceramics A

Fig. 2. Four stratigraphic zones of the Holo-
cene deposits of Lake Lunkaransar. Detailed
documentation of the cores is available at
www.sciencemag.org/feature/data/985056.
shl. There is not much difference between our
dates and Singh's (4) three dates. The use of
depositional rates led him and others to a
different chronology.
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Holocene (Fig. 3A). 8'°C,,, decreased from
—14 per mil to —20 per mil around 6300 '“C yr
B.P. and returned abruptly at about 5500 to
5000 '“C yr B.P. (Fig. 3A). The sudden drop
could reflect an abrupt increase in the relative
abundance of C, versus C, vegetation trans-
ported into the lake during a period of increased
precipitation. Such an explanation, however,
implies an extremely rapid change in the re-
gional environmental conditions of the Thar
desert.

A more plausible explanation is that the
3'3C,,, within the lake itself changed. During
its earlier history (before 6300 B.P.) the lake
was likely a shallow pan covered by extensive
microbial (algal) mats. Remnants of mats are
evident in all parts of the Lunkaransar cores.
Productive mats can deplete a shallow water
column of its dissolved inorganic carbon (DIC)

(15). This depletion in turn drives an influx of
atmospheric CO,, which yields DIC with a
negative (typically —6 per mil) 8!3C value (15,
16). In deep water, the mat photosynthesis will
not be able to deplete the DIC and the 8'3Cpy;
will rise. The commonly used proxy, the isoto-
pic composition of CaCO, (3'°C_,,), is mis-
leading in this case (Fig. 3B) because it repre-
sents mainly wind-blown carbonates, whereas
8'°C,,, represents genuine autochthonous or-
ganic matter (/7). In this model, the time of
maximum insolation of the early Holocene
(<6300 '*C yr B.P.) is associated in Lunkaran-
sar with rather high 8'°C,,, representing mat
growth in extremely shallow water (10 to 40
cm); the noticeable shift in 813C°rg at about
6300 *C yr B.P. indicates, according to this
model (8), a rise in lake level to >50 cm. The
absence of gypsum at this zone (Fig. 2) sup-

Table 1. Lunkaransar radiocarbon analyses: s, sediment; c, charcoal. Calibration was done according to

(22). PDB, Pee Dee belemnite standards.

Material ~ 3"3C (per 14C date Calibrated age
Sample  Laboratory Depth (cm) dated mil, PDB) (yr B.P.) (10) (yr B.P.)
LU-8 AA-11116 17 to 18 s —-17.4 2325+ 65 2430 to 2160
LU-9 AA-22005 26 to 28 s —16.8 3785+ 75 4270 to 3990
LU-34  AA-28411 30 c —24.7 4230 £ 55 4860 to 4650
LU-10  AA-11117 34.5 to 35.5 s —20.7 4815+t 75 5640 to 5460
LU-11 AA-11118 41 to 42 s —-17.2 5010 = 100 5900 to 5640
LU-14 AA-22006 53.5 to 54.5 S —-13.8 6055 £ 60 7000 to 6810
LU-30  A-7302 61 to 67 s —-13.8 5925 *+ 125 6900 to 6620
LU-18  AA-11121 715 to 725 s —15.8 6235+t 80 7210 to 7010
LU-19  AA-11122 78.7 to 79.7 s —13.6 6300 £ 75 7270 to 7160
LU-24  AA-11123 142.5 to 144 s —10.6 8375+ 85 9450 to 9260
LU-31 A-7303 147 to 150.5 s —-12.8 8640 £ 80 9800 to 9490
LU-25  AA-11124 156 to 157.5 s —14.1 8200 = 80 9230 to 9000
LU-27 AA-11125 177 to 178.5 S —-13.9 8430 = 90 9490 to 9360
LU-28  AA-11126 196 to 197 s —-13.4 9180 = 85 10,280 to 10,040
LU-32 AA-12207 216 to 221 s —13.8 9615+ 75 10,910 to 10,570
A B (o D E  Facies
"c 0 0102 0 10 20 1 i uw v v jjdusvalley
ORg————————]YRS BP T—— —— - Harappan
Sand>125um F=~-. Laminated Phases (20)
20} ) Not analyzed 2325465 | as fraction — . silts ———Late
t/ 13780475 of sample = ~Mature
/ 14815+75 = ~Early
'5010£100 e ——
601 1805580 Max. Lake
{e555ka6° (Fig. 2)
6300+£75 —
5 100} - —
= =
o e —
Q L
Q 140 . 18375185
864080 ———
7820080 .‘ -
180} +8340+90 =
19180+85 777 —
2201 19615+75 L
24 -22 -20-18-16-14 -12 42 01

13 o
8'% Corg (%2) 818 Coarp (%o)

CaCOg (%)

Fig. 3. 3"3C of organic matter (A) and of the carbonates (B). Grains coarser than 125 pm are shown
as a fraction of the total sample (C). (D) Percent CaCO,. Note the increase and decrease in the sand
fraction and CaCO,, respectively, during 5500 to 4800 yr B.P. Occurrence of the various sedimen-
tary facies along the core (E) can be interpreted as a relative lake depth. The only zone without
gypsum in Fig. 2 is reflected here in a continuous facies V. Zone 4 was not analyzed because it
represents present-day playa conditions and destroyed primary sedimentary structures.
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ports the suggested depth increase and the di-
lution of the water.

The final decline of the lake high stand was
associated with many minor lake-level fluctua-
tions and an increase in eolian sand coarser than
125 pm (Fig. 3C) and containing subangular
quartz grains derived from the surrounding
dunes. This increase in sand coincides with a
decrease in the CaCO, percentage and the pres-
ence of broken, reworked calcic concretions
from soil horizons developed in eolian sands.
The increased transport of material from the
dunes indicates destabilization of the surfaces
of the dunes. No similar input of sand into the
lake basin occurred during the previous 5000
years. This sudden pulse of eolian sand implied
that there was a major environmental change in
the surrounding dune field that is unprecedent-
ed in the earlier Holocene.

Our data indicate -that the environment
and climate of the past 5000 '“C years were
similar to those of the present. This long
period of relatively low water table was punc-
tuated by a few episodes of inundation of the
dry bed of the playa lake as shown by the thin
beds of weakly laminated fine silt observed in
zone 4; two of theses beds are dated at
3785 + 75 and 2325 *+ 65 '*C yr B.P. None
of these beds are lacustrine deposits, which
may indicate short episodes of heavy rains
during a few consecutive years.

The lack of evidence for secondary playa
processes that destroyed the laminated deposits
and the dates from Lunkaransar indicate that a
middle Holocene lake existed from 6300 to
4800 'C yr B.P., and that the highest lake stand
probably ended before 5000 B.P. and not 3500
B.P., as previously suggested (4). The record
implies that Lunkaransar lake rose abruptly
around 6300 '“C yr B.P. (5000 B.C.), persisted
with minor fluctuations for the following 1000
calendar years, fell abruptly to the range of 10
to 40 cm of water at about 5500 “C yr B.P.
(4200 B.C.), and dried completely by 4800 4C
yr B.P. (3500 B.C.). A zone of ceramics and
associated charcoal indicates that humans occu-
pied the dry lake bed by 4230 + 55 '“C yr B.P.
(2894 to 2643 B.C.) (Fig. 2). Therefore, the
final drying occurred earlier than 4200 B.P.
Extrapolation from the deposition rates of the
lacustrine phase to the boundary between zone
3 and zone 4 indicates that the final drop of the
water table below the surface occurred around
4600 B.P.

This drying phase precedes by 800 to 1000
years the rise of the Early and Mature Harappan
phases of the Indus civilization from 4100 to
3500 '“C yr B.P. (2600 to 2000 B.C.) (19) (Fig.
3). This contradicts the climate-culture hypoth-
esis for northwestern India and Pakistan (8, 9).
Improved climatic conditions did not lead to the
rise of this major urban civilization, as has been
suggested (8, 9). The collapse of the Indus
culture in 3400 to 3300 '4C yr B.P. (1700 to
1900 B.C.) has been attributed to a change to a
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more arid climate at the end of the middle
Holocene wet period (4, 8, 9). Our chronology
indicates that there is no relation between the
proposed drought that caused the desiccation of
the lakes and the collapse of the Indus culture,
as the lakes dried out >1500 years earlier. The
wet climate—Indus civilization relationship was
previously challenged (20), but it remains a
prime example of a climate-civilization rela-
tionship [p. 208 in (9)]. The Indus civilizations
flourished mainly along rivers (20) during times
when northwestern India experienced semiarid
climatic conditions that are similar to those at
present.

A few paleoclimate records from the Arabi-
an Sea indicate an increase in the southwestern
monsoon activity 10,000 to 9500 years ago.
These records also show the decade- to century-
scale variations observed in Lunkaransar and
that the monsoon weakened about 5500 B.P. (7,
2). The Lunkaransar lacustrine record shows a
simultaneous weakening of the monsoon on the
Indian subcontinent, which is atmospherically
downstream of the Arabian Sea during the
southwestern monsoon. However, the contrast
in the nature of the early Holocene and the
middle Holocene lacustrine phases in
Lunkaransar indicates that the hydrological
conditions, and therefore the rainfall input, were
different then. These differences are supported
by records from southeastern Arabia (27). Two
observations support the idea that an additional
source of water beyond the summer monsoon
precipitation is required to produce a perennial
lake in Lunkaransar. First, the supposedly max-
imum summer monsoon rains (7) of the early
Holocene were not able to maintain a perennial
lake in Lunkaransar, such as existed 6300 to
4800 '*C yr B.P. Second, none of the lake
basins of northwestern India that currently ex-
perience 450 to 550 mm of summer monsoon
rains sustain perennial lakes; according to pol-
len analyses (6), this was the amount of precip-
itation that prevailed in Lunkaransar during the
lacustrine phases. Therefore, we postulate that
an additional source of rainfall must be identi-
fied for explaining the lake rise and stabilization
during the middle Holocene. We propose that
winter precipitation, which currently accounts
for only 20% of total precipitation (/0), is a
potential source (3-7). Winter precipitation
may have a much larger effect on percolation to
the subsurface hydrology that feeds the lake
than increased monsoon rains alone. The addi-
tional winter rains made the critical difference
between the early and middle Holocene hydro-
logic conditions. They eliminated the high-fre-
quency level changes and the drop of water to
gypsum deposition range and allowed for a
perennial lake during the middle Holocene.
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Clinoenstatite in Alpe Arami
Peridotite: Additional Evidence
of Very High Pressure

K. N. Bozhilov, H. W. Green II, L. Dobrzhinetskaya

Observations by transmission electron microscopy show that lamellae of cli-
noenstatite are present in diopside grains of the Alpe Arami garnet therzolite
of the Swiss Alps. The simplest interpretation of the orientation, crystallog-
raphy, and microstructures of the lamellae and the phase relationships in this
system is that the lamellae originally exsolved as the high-pressure C-centered
form of clinoenstatite. These results imply that the rocks were exhumed from
a minimum depth of 250 kilometers before or during continental collision.

In fresh samples of the Alpe Arami garnet
lherzolite of the Swiss Alps, the oldest genera-
tion of olivine contains up to 1% by volume
rod-shaped precipitates of FeTiO, parallel to
[010] of olivine and up to ~0.2% by volume
tabular chromite precipitates parallel to (100)
(1). These oxide precipitates are much more
abundant than reported previously (2) and sug-
gest much greater solubility of highly charged
cations than has been measured in mantle oli-
vine (3). These precipitates are older than the
dislocation microstructure (4) and therefore
predate the Alpine deformation. This older gen-
eration of olivine exhibits a unique lattice-pre-
ferred orientation (LPO) (5) that is incompati-
ble with the deformation mechanisms known to
operate in olivine in other naturally deformed
peridotites (6) and in the laboratory (7). Partial
recrystallization during Alpine deformation of
this peridotite has produced a younger genera-
tion of olivine that contains no oxide inclusions,
a normal LPO associated with a new foliation,
and a normal dislocation substructure (5).
These observations led Dobrzhinetskaya et al.
(1) to infer an extreme depth of origin (>300
km) of the peridotite, a proposition that has
been controversial because the high TiO, con-
tents of the olivine inferred from volume frac-
tion measurements of the precipitates could not
be confirmed by broad-beam electron micro-
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probe measurements (8). Here we confirm an
earlier report of clinoenstatite lamellae exsolved
from diopside in these rocks (9). Detailed anal-
ysis of these lamellae indicates that the phase
originally precipitated was probably the high-
pressure monoclinic polymorph of enstatite,
which is stable only at depths exceeding 250
km at upper mantle temperatures.

Twenty diopside’ crystals from specimens
that also contain olivine exhibiting extensive
precipitation of oxides were chosen for exami-
nation by analytical transmission electron mi-
croscopy (TEM) (Z0). The diopsides were se-
lected from two microenvironments: within and
adjacent to garnets and scattered in the oli-
vine + enstatite matrix. The latter group of
diopsides shows a nearly perfect substructure
other than widely spaced retrograde lamellae of
amphibole (/7). The former exhibit abundant
clinoenstatite lamellae and ubiquitous thin
(010) amphibole slabs (Fig. 1, A and B) (/2).
Locally, these diopsides also contain numerous
chromite exsolution lamellae and rare orthoen-
statite lamellae (/7). The density of clinoensta-
tite lamellae varies from about 1 to 5% by
volume (Fig. 1A).

The clinoenstatite lamellae [space group
(SG) P2,/c] and diopside host (SG C2/c) share
the b axis, with their ¢ axes subparallel at an
angle of about 2° (Fig. 1D). The lamellae are
oriented approximately parallel to (401) of di-
opside, making an angle of 20° to 24° with the
(100) planes of both phases (Figs. 1C). Bright-
field images exhibit blotchy contrast within the
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lamellae on a wavelength of a few nanometers,
which is not observed in the diopside host (Fig.
1C). Darkfield imaging of the lamellae with
h + k = even reflections shows the same
mottling; alternating darker and lighter contrast
regions are elongated across the lamellae (Fig.
2A). In contrast, imaging with # + k& = odd
shows generally equidimensional domains that
are smaller and exhibit much higher contrast
(Fig. 2B). High-resolution TEM (HRTEM) im-
aging down the b axis (Fig. 3) clearly shows
that the contrast is mottled within the lamella
and that the spacing between (100) planes of the
primitive lattice of the clinoenstatite lamella is 9
A (SG P2, /c) as compared to the ~4.5 A lattice
fringes in diopside (SG C2/c). Examination of
Fig. 3 also shows that the dark/light mottled
contrast that was visible in both brightfield and
h + k = even imaging is a result primarily of
elastic distortion of the lattice. Closer examina-
tion, however, shows numerous places where
the (100) lattice fringes are systematically offset
by a/2. Many of these sites of lattice offset are
at the margins of the regions of alternating
contrast, but others do not show such correla-
tion (/3). The arrays of lattice terminations
generally border domains with apparent' ~4.5
A spacing rather than forming sharply defined
interfaces. These could be either true relict do-
mains of C2/c pyroxene or, more likely because
of their small size, regions where the surfaces of
lattice offset are inclined with respect to the
beam direction [010], causing partial overlap of
neighboring domains. These observations, cou-
pled with the marked differences in darkfield
imaging with # + k = odd or even, are consis-
tent with the interpretation that regions of lattice
fringe offset constitute antiphase boundaries,
and the regions between them are antiphase
domains related by displacement vector 1/2(a
+ b). Examination of the interfaces between
lamellae and host on all scales shows that they
lack misfit dislocations; they exhibit crystallo-
graphically controlled steps accompanied by
small adjustments of the lattice fringes as they
cross the boundary (Fig. 3). Thus, the bound-
aries are coherent.

The compositions of the studied crystals
as determined by analytical electron micros-
copy are as follows: host diopside,
(Cay o4Na, Mg, s4F e 05Crg 03ALg 04 Tig 01)-

2 APRIL 1999 VOL 284 SCIENCE www.sciencemag.org



