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ABSTRACT gin of serpentinites and to assess their possible
In eastern Ladakh, northwest Himalaya, serpentinite layers occur in close association with role in the exhumation of eclogites. Our findings
eclogites. The occurrence of metamorphic olivine and talc in serpentinites suggests that the semay have relevance to many orogenic meta-
pentinization and eclogitization took place under similar conditions (600 °C, 20 kbar). The morphic belts where serpentinites are commonly
serpentinites and eclogites show similar deformation, including the direction of normal shear- associated with ultrahigR+ocks.
ing. The highly refractory nature of the serpentinite protolith, as shown by the composition of
bulk rocks and chromite and the concentrations of Re and platinum group elements, indicatesGEOLOGIC SETTING
their derivation from mantle wedge. We propose that the serpentinites formed by hydration of ~ The Ladakh area is considered to be a subduc-
the mantle wedge as a result of dewatering of the subducted slab. The serpentinites then faciltion complex that was active from the middle
tated exhumation of the subducted rocks by acting as a lubricant. At shallow depths, sedimentCretaceous to the late Paleocene (Honegger et al.,
are generally considered to be the lubricant for the exhumation, but serpentinites may com-1982). The Ladakh calc-alkaline batholith, the
monly take over this role at greater depths. Under sediment-poor conditions, serpentinites maylndus suture zone, and the Tso Morari unit are
contribute to the exhumation even at shallower depths. This may explain the close spatial ass@xposed from north to south (Fig. 1). The suture
ciation of serpentinites and partially hydrated peridotites with many well-known high-pressure zone consists of the Tertiary Indus clastic sedi-
to ultrahigh-pressure metamorphic belts worldwide. mentary rocks, the Nidar arc complex, and a tec-
tonic melange, the latter containing continental
Keywords: serpentinite, PGE, platinum group elements, ultrahigh pressure, exhumation, subdusgoimentary rocks and volcanic rocks of oceanic

Himalaya. island origin (the Drakkarpo and Ribil units;
de Sigoyer, 1998). The suture zone is separated
INTRODUCTION (P <20 kbar; <500 °C) rocks (Cloos and Shrevefrom the eclogitic Tso Morari unit by the Zildat

Various processes have been proposed to €¥988). At greater depths, sediments are less aburermal fault, along which serpentinite layers
plain the exhumation of blueschist and eclogitidant and would not play the role as a lubricant for100 m thick are boudinaged to discontinuous
rocks (Platt, 1993), and the upward flow of rockshe exhumation of ultrahigR- (>20 kbar, lenses, 100 x 1000 m in size. The Tso Morari unit
in an accretionary wedge is most commonly ad>500 °C) rocks. Serpentinites and partiallyis a 100 x 50 km block of ultrahigR-+ocks
vocated (Cloos and Shreve, 1988; Allemand anuydrated peridotites are spatially associated witlormed from Indian continental margin during its
Lardeaux, 1997). However, this process requirgsany ultrahighP rocks (Table 1), suggesting thesubduction in the late Paleocene (de Sigoyer,
lubricating layers in exhumation zones. Hydrategossible role of serpentinites in the exhumatioh998). The serpentinites on the northern margin
sediments in accretionary wedges may act aéultrahighP rocks. To evaluate this possibility, of the Tso Morari unit are intensely deformed,
lubricant for the exhumation of high-pressurave collected serpentinites intimately associate@ind the style of deformation, including top-to-

with the ultrahighP Tso Morari unit in eastern
Ladakh in the northwest Himalaya. For compai
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the-northeast normal shearing, is identical to that19.2 wt% (Fig. 2). The ¥ values (atomic ratio Rhenium and PGEs

in the Tso Morari unit (Fig. 1). Mg/[Mg+Fe**])) are similar (0.33-0.41) in all  The contents of PGEs and Re show two pat-
samples. A plot of X vs. Xvig shows that the terns, samples with low Os and Ir (CH52C and

SAMPLING AND ANALYTICAL samples are similar to those of arc cumulateES18C) and the rest with overall high PGEs. The

METHODS (Kepezhinskas et al., 1993; Arai, 1992), includindatter group shows flat, primitive mantle-normal-

The samples TS18c and CH35a come from thkose from southeast Alaskan complex (Bird anized patterns with a depletion of Re and enrich-
lower part of the Nidar ophiolite (Fig. 1). SampleClark, 1976) and the Jijal complex in Pakistament of Pd (Fig. 3). The moderate enrichment of
CH52C is from the Drakkarpo unit. SamplegNiida et al., 1998; Fig. 2). The chromite in ourPd may be attributed to serpentinization because
CH98a, CH98b, CH146, and CH187 are from theamples has a composition distinctly differenPd is relatively mobile in saline fluids. The con-
Zildat normal fault, which is in contact with the from those in abyssal peridotites (shown as theentrations of PGEs and ratios of Pd/Ir and Pt/Ir
Tso Morari eclogites. Major and minor elemenbceanic mantle field in Fig. 2; Dick and Bullen,are all similar to those of mantle nodules (e.qg.,
concentrations were determined using Philips P\W984). One of the Zildat samples (CH98b) con€hou et al., 1983) and ultramafic massifs, such as
2400 X-ray fluorescent spectrometer and are availins olivine (~Fg;) and talc in serpentine. The Baldissero and Finero in the Ivrea zone and
able from the GSA Data RepositdriRhenium Mg content is higher than that of mantle olivineRonda and Beni Bousera (Gueddari et al., 1996;
and PGEs were determined by the isotopic diluhat are <Fg, (e.g., Bonatti and Michael, 1989). Garuti et al., 1996). The PGE data therefore sup-
tion technique using spikes BfRe and a mixed Moreover, this olivine is not in equilibrium with port a refractory mantle origin for the samples.
spike of19%Pd, 19%0s, 19, and1®4Pt. Rhenium the associated chromite (Arai, 1992). ConsiderinBhenium is incompatible during partial melting
was separated using anion resin after digestionthfe apparent equilibrium texture between thée.g., Roy-Barman and Allegre, 1994), and the
samples in HF-HNQ PGEs with spikes were olivine and surrounding serpentine, we concludeoncentration of Re in melts is high even for those

concentrated into a Ni bead and dissolved in cothat this olivine is a metamorphic product. derived from a depleted mantle (Roy-Barman and
centrated HNQ The analytical procedures are Allegre, 1994). Thus the low Re suggests that
similar to those by Ravizza and Pyle (1997). MaBulk Chemical Composition these samples represent a mantle residue. The

ratios were determined using an Elan 6000 Most of our samples (Zildat samples andamples have high Os and Ir and low Al contents,
ICP-MS from Perkin-Elmer Sciex. Typical blanksCH35a) contain high Cr (>2000 ppm), Ni (>2000and plot in the field of mantle residue (Fig. 4).
were 0.04-0.1 ng Re, 0.002-0.007 ng Ir/g fluxppm), and MgO (>41 wt%), and low Al20  Samples TS18C and CH52 have low Os and Ir
0.002-0.006 ng Os/g flux, 0.07—16 ng Pt/g flux(<1.0 wt%) and CaO (<1.0 wt%). The composiand high Pd and Pt (Fig. 3). Incompatible Re, Pt,
and 0.03-0.9 ng Pd/g flux. The blanks are negligtions are consistent with the original rocks beingnd Pd may be enriched in magmas, whereas
ble compared to the amounts in the samples; thdanite or harzburgite from mantle residue (Ishicompatible Os and Ir remain in the mantle. There-
blank corrections were not applied to the resultgt al., 1992). In contrast, samples CH52C anfibre, crustal rocks and even cumulates are gener-
Mineral compositions were determined using @S18C contain low Ni and MgO, and high®,  ally low in Os and Ir. Examples include ultramafic
Cameca CAMEBAX SX100 microprobe with a(9.4-19 wt%) and CaO (3.6-5.1 wt%), consiseumulates of boninites at Heazelwoodite (Peck
counting time of 10 s/element, 20 kV acceleratingent with the occurrence of chlorite and relicet al., 1992), dunite and wherlite of the Talkeetna
potential, and 20 nA sample current. Standargsiagioclase. Because Ca and Al are incompatib&c in Alaska (Hattori and Hart, 1997), and the
used were albite (Si), MgO (Mg), A, (Al),  during partial melting, the data suggest their oriohistan arc in Pakistan (Hattori and Shirahase,
Cr, 0, (Cr), FgO4 (Fe), TIMNG, (Ti, Mn), vanadi-  gin as crustal cumulates. Sample CH52C cori997). Highly fractionated PGE patterns from
nite (V), NiO (Ni), and Co metal (Co). tains high Y (34 ppm) and Zr (81 ppm), value§'S18C and CH52C are consistent with a crustal

that are eight times those of primitive mantle. Theumulate origin for these two samples.
PETROGRAPHY AND GEOCHEMISTRY data are consistent with the oceanic island origin

OF THE SERPENTINITES of the Drakkarpo basalts (de Sigoyer, 1998). DISCUSSION
All samples are intensely sheared and consist Origin of the Ladakh Serpentines
predominantly of antigorite and Cr spinel + The mineral compositions, bulk compositions,

chrysotile. Sample CH52C is particularly richin =~ = =« = = = == ==mw=== = = == = and PGE concentrations of samples CH52C and
carbonates and chlorite. Two stages of serpe . L] :
tinization are recognized; the earlier is characte -.H )
ized by the crystallization of antigorite + magnetite -7
+ Mg-Ca carbonates and minor olivine and talc - .

=
and the later alteration formed chrysotile, chlorite £ : - !—:-.

: i R aCHIET | F - % A g A
and carbonate veinlets at low temperatures. Spir = aCHuL. - - H - L w4t
crystals in the Nidar and Zildat samples ar :, wlHIAS i .o &+ TR \'
100-200um in diameter and are commonly - —-Cifaka - = 1 - LRI, b

immed b d it id (H r: Wt
rimmed by secondary magnetite (50 wide). iy wCHI o o A e
Chromite has relatively high ¢, (48 to 58 wt%), : g 03 6 A 2 33 = - Tl
. . . - e L i A, N U S FERE
with variable X (atomic ratio of Cr/[Cr + Al]) g, el
ranging from 0.56 to 0.84 (Fig. 2) and low TiO . . I I f ne
(<0.2 wt%) and F, (3—10 wt%). The Cr spinels  Figure 2. Composition of cores of chromian
from the Nidar ophiolite have the lowestX spine_l; Xor= atomic ratio of Cr/(Czr++ Al), X = Fi_gure 3. Primitive mantle-normalized plot of
(~0.6), whereas those from the Zildat sample atomic ratio of_ Mg/(Mg + Fg ). Note that Ni, platln_um group glements_ _(PGE), and Re
. spinel compositions are in field of those contents in serpentinites. Primitive mantle val-
have higher X, of ~0.8 due to lower AD;,  from subduction zones (forearc Kohistan ues are 1960 ppm for Ni and 0.28 ppb for Re
e arc, Cascadia samples in diagram) and that (McDonough and Sun, 1995). Values for PGEs
1GSA Data Repository item 200022, Table A, Bulk they are distinctly different from those from in primitive mantle are 0.00725 times of chon-
Chemical Composition of Serpentine Samples, and Tableceanic mantle. Data sources: oceanic man- drite values of McDonough and Sun (1995):
B, Olivine and Chromite Compositions, is available ontle, Dick and Bullen (1984); Mariana forearc 3.55 ppb Os, 3.30 ppb Ir, 7.32 ppb Pt, and 3.99
request from Documents Secretary, GSA, P.O. Box 914Geamounts, Ishii et al. (1992); Cascadia zone, ppb Pd. They are similar to measured concen-
Boulder, CO 80301-9140, editing@geosociety.org, orBird and Clark (1976); Kohistan arc complex, tration of mantle rocks by Chou et al. (1983)
at www. geosociety.org/pubs/drpint.htm. Jan and Windley (1990). and Morgan (1986).
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Figure 4. (Ir + Os) vs. Al ,03 of serpentinites b
(solid diamonds) compared to ultramafic
cumulates of Jijal Complex in Pakistan and 110
Talkeetna arc in Alaska (shaded area) and
rocks of abyssal peridotite, Ronda and Beni Lulwsphee
B L 10 4
Bousera massifs (shaded area). PM, primitive - j.’;
mantle data sources: Jijal complex, Hattori i
and Shirahase (1997); Talkeetna complex, 171 s a-g,""
Hattori and Hart (1997); Ronda and Beni K o 1L hen
Bosera massifs, Garuti et al. (1996); abyssal - ,.-'r

peridotites, Snow and Schmidt (1998). Serpen-
tinite samples are plotted in field of refractory
mantle residue, whereas data from samples
TS18C and CH52C are similar to those of
crustal cumulates.

Figure 5. Schematic cross section of underplated Indian continental margin immediately prior
to exhumation of Tso Morari eclogite unit at 50—-55 Ma. Subduction of Tethyan oceanic crust
was followed by underplating of Indian continental margin at 55 Ma. Earlier eclogitization in
upper crust may cause upper crust to become stronger than lower crust, and may lead to de-
coupling of eclogitized crust and continued subduction of lower crust (Hacker, 1996). Detach-
ment faults with horst-graben structures are common on margin of continent and it is likely
TS18C suggest that they are.cr.ustal cumulates. that blocks of metamophosed rocks are isolated from rest of subducting slab. Such rigid
contrast, the other serpentinite _samples SNC piocks may be enclosed by ductile serpentinites and exhumed along subduction plane.
strongly refractory characteristics in bulk compo
sition, chromite chemistry, and PGE content
Chromite of similar composition may occur inoccurred (Honegger et al., 1982). The overlyingediments at these greater depths and act as the
cumulates of magmas, but the low Re and high inantle wedge was probably serpentinized by déibricant for the exhumation of ultrahidgh-

and Os contents rule out this possibility becausgydration of this oceanic crust and subsequentcks. In addition, the geometry of accretionary

ultramafic cumulates of arc magmas generallynderthrusting of continental crust. wedges varies, and in some subduction zones,
contain very little Os and Ir (Hattori and Hart, sediments may thin out at depths shallower than
1997; Hattori and Shirahase, 1997). Therefor&yvidence for Hydrated Mantle 50 km; in these situations, serpentinites may even

we conclude that the serpentinites represent sam-in a subduction zone, it is expected that mantieontribute to the exhumation of highrocks.
ples from a hydrated mantle wedge. Low Al angheridotites are serpentinized due to dewatering of Deformation experiments demonstrate that the
Ca contents suggest at least 25%—-35% previoogtasediments at depths of 5-20 km. These setrength of serpentinites decreases at temperatures
melting (Ishiwatari, 1985). pentinites may remain stable to depths of 200 kimetween 400 and 600 °C at various pressures
The occurrence of metamorphic olivine in th€UImer and Trommsdorf, 1995). The occurrencéMurrell and Ismail, 1976) and that the ductility in-
Zildat samples suggests that serpentinizatioof hydrated mantle has been suggested from loweases as pressure increases above 400 MPa at
occurred at a relatively high temperature. The caeismic velocities in mantle wedges and reducedom temperatures (Escartin et al., 1997). More-
existing forsterite, talc, and antigorite withoutfrictional stress along the subducting surfacever, hydration of peridotites reduces the shear
diopside and anthophyllite indicate metamorphidown to 70 km depth (Furukawa, 1993). This istress at high pressures equivalent to >40 km depth
temperatures ranging from 500 to 650 °C (Mysefurther supported by high electrical conductivity(Strating and Vissers, 1991). This also causes a

et al., 1998). In subduction zones, such temperalong the tops of slabs (Wang et al., 1995). decrease in the viscosity, from?@as1to 1

tures are typically attained at depths between 50 Pars~!at 550 °C (Carter and Tsenn, 1987), and
and 70 km (Peacock, 1993). Therefore, serpefRole of Serpentinite in the Exhumation of would assist upward movement of eclogites.
tinization occurred under conditions similar toUltrahigh- P and High-P rocks Furthermore, the entire block composed of high-

eclogitization (20 + 2 kbar; 580 + 50 °C) for the The exhumation of metamorphic rocks redensity eclogite (3200 kg1—3) and low-density
Tso Morari unit (Guillot et al., 1997). The transi-quires a mechanically weak zone at the interfacerpentinite (2600 kgn3) is buoyant compared
tion from mafic blueschist to eclogite can occur abetween the subduction plane and the rigid mantle the surrounding dry peridotite (3200-kg3)
about 500 °C when the pressure exceeds 15 kbhaedge (Allemand and Lardeaux, 1997). At shaland is likely to facilitate exhumation. Therefore,
in a subduction zone (Hacker, 1996). Such eclogiew depths, <40-50 km, hydrated sedimentfor these physical reasons, soft serpentinites
tization is accompanied by the release of largeave a viscosity <I@Pa s (Cloos and Shreve, between the subducting plate and the rigid mantle
amounts of water, which may cause hydration df988) and can easily lubricate the interface bavedge at depths >40 km may commonly fuffill the
the overlying mantle wedge (Peacock, 1993ween the two plates to facilitate exhumation ofole that sediments do at shallower depths (Fig. 5).
Bebout and Barton, 1993). Focused fluid flow oveblocks of highP rocks greater than hundreds of Our proposed model is consistent with the
a 40 km width would have lasted more than 10 m.yneters in size, as documented in the Franciscalvse association of ultrahighrocks with ser-
at a subduction rate of 10 cm/yr (Peacock, 1993Lomplex (Cloos and Schreve, 1988). At greatgrentinites and hydrated peridotites in many active
In the Himalaya, the Tethyan ocean crust odepths, >50 km, accretionary wedges pinch ougnd former subduction zones (Table 1). Moreover,
>4000 km length subducted until collision andand sediment abundances decrease significanggrpentinite likely played an important role in the
underthrusting of the Indian continental margirSerpentinites may replace the role of hydrateeikhumation of high? rocks, considering their
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TABLE A. BULK CHEMICAL COMPOSITION OF SERPENTINE SAMPLES *
Sample CH35a CHS52c¢  CH98a CH98h CHI146 CHI87 TSI18¢

S10; (wt.%) 38.68 2955 3505 40.15  40.59 39.39 38.09

TiO, 0.02 0.374 0.03 0.015 0.024 0.023 0.032
Al;04 0.49 16.72 0.54 0.37 0.77 1.09 8.44
Fex0; (t)y** 7.58 5.55 6.83 7.54 7.59 8.99 8.19
Mn(Q 0.1 0.277 0.127 0.1 0.093 0.105 0.107
Mg0 38.56 29.65 39.97 41.82 36.65 38 30.59
CaO 0.65 4.41 0.64 0.29 1.05 0.33 3.22
Na,O <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 0.16
K,O <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 0.005
P05 0.004 0.081 0.005 0.006 0.004 <0.001 0.003
LOI*** 13.8 14.7 17 9.8 13.1 11.8 11.1
Cr (ppm) 2121 32 2718 2604 2581 2778 3159
V 28 48 19 18 34 37 27
Co 107 <10 97 110 93 113 04
Zn 49 21 51 54 30 32 45
Ni 2222 l6 2255 2825 2260 2393 1387
Ga <10 13 <10 <10 <10 <10 <10
Zr <5 69 <5 <5 <5 <5 <5
Y <5 29 <5 <5 <5 <5 <5
Sr 10 28 24 12 17 5 36
Pb 140 <10 450 111 <15 315 15
Th <10 <10 14 <10 <10 11 <10
U <10 <10 30 <10 <10 17 <10
Os {(ppb) 2.2 0.08 3.77 1.4 3.0 1.6 0.27
Ir 2.25 0.041 1.53 2.95 1.39 2.83 0.187
Pt 2.1 1.2285 1.4635 6.8075 5.0735 5.467 2.03
Pd 8.36 11.8 2.23 4.69 2.84 201 5.82
Re 0.013 0.013 0.012 0.020 0.027 0.20 0.078

Total (wt.%) 100.33 101.32 100,70  100.65 10036  100.26 100.40
* The concentration of major and minor elements was determined on fused disks using a
Philips PW-2400 X-ray fluorescent spectrometer in Ottawa.
** Fe total is expressed as Fe,Os
The contents of Rb Nb La, Ce, Nd and Ba are below detection limits,< 5 ppm for Rb
and Nb and 50 ppm for the rest of elements.
*** [ oss of ignition, determined after heating samples for >1hr at 1050 C
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TABLE B. OLIVINE AND CHROMITE COMPOSITIONS

Mineral Olivine Olivine chromite chromile chromite chromite chromite
Sample CH98b CHOS8b CH35a CHO%a CH98b CH146 CH187
Si02 42,73 4267 S102 .03 0.02 0.00 0.0¢ 0.04
Ti0Z 004 Q.04 TiOoZ2 010 0.04 0.04 0.19 0.07
FeQ 395 3.81 Al203 18.80 8.82 9.29 6.66 0.82
Cr203 0.00 0.00 Cr203 42.67 57.07 58.74 53,49 55.90
MgQ 5483 35478 Fe203 7.33 382 2.92 9.94 4.48
MnO 025 016 FeOQ 27.45 22,90 21.70 23.00 21.98
NiO 0.00 000 MgO 7.88 6.74 7.92 6.30 7.42
Ca0 002 003 MnO (.68 0.00 0.00 0.00 0.00
NiO 000 000 NiO 0.09 0.03 0.05 0.05 0.00
ZnO  0.02 0.00 0.16 0.29 0.21

Total  101.82 10148 total 100.25 99.64 100.84 106.13 100.40

Calc. based on 4 O Calc. based on 32 O
Si 1.00 1.00 Si 0.00 0.00 0.00 0.00 0.01
Ti 0.00 .00 Ti 0.00 0.01 0.01 0.04 0.01
Fe 0.08 0.07 Al 5.77 2.85 2.94 2.17 3.13
Mg 1.91 1.92 Cr 878 12.36 12,46 11.71 11.95
Mn 0.00 0.00 Fe3d+ 144 0.79 0.59 2.07 091
Ni 0.00 0.00 Fe2+ 4.77 5.24 4.87 5.33 4,97
Al 0.00 0.00 Mg2+ 3.06 2.75 3.09 2.60 2.99
Ca 0.00 000 Mn2+ (L]5 0.00 0.00 0.00 0.00
Total  3.00 3.00 Ni2+ 0.02 0.0 0.1 .01 0.00
Znz2+ 0.00 0.00 0.03 0.06 0.04

%Fo 9611 96.25
Cr#t  0.60 0.81 .81 0.84 0.79
Mg# 0.39 0.34 0.39 (.33 0.38
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