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[1] 2*®*U->*°Th disequilibria and Sr, Nd, and Pb isotopic and chemical data for young (<120 ka)
trachyandesites from the Ashikule Basin (AKB) in northwestern Tibet provide constraints on the origin of
magmas produced within this region of continental collision. Compared to lavas from both continental and
oceanic settings, the AKB samples show large excesses of 2°Th with respect to *>*U (up to (**°Th)/(***U) =
1.36). Partial melting of garnet-bearing lithologies (garnet peridotite, garnet pyroxenite, or eclogite) could
be responsible for these 2°Th excesses and could plausibly occur either in the lithospheric mantle or in the
lower crust. Small porosities (<0.4%) and slow melting rates (<10~* kg m > yr™ ') are required in the case
of a garnet peridotite residue, although larger porosities (up to 18%) and melting rates (>10"> kg m >
yr~') are permitted in the case of an eclogitic residue; hydrous metasomatic phases, if present, would
lower these limits further. The source of the AKB magmas has probably been enriched in incompatible
elements relative to bulk Earth since at least the middle Proterozoic (>1 Ga), likely via metasomatism by a
relatively dry silicate melt, and, if the ultimate source of the lavas is mantle lithosphere, concentrations of
incompatible trace elements in the source could be similar to those of xenoliths and massifs. The
2072380 disequilibria provide additional information to evaluate the methods previously proposed to
explain melt generation beneath northern Tibet. The measured *°Th enrichments are uncharacteristic of
melts generated by subduction but could potentially be produced during shear heating of the uppermost
lithospheric mantle, by convective removal of the lower lithosphere and heating of the remaining
lithospheric mantle, or by decompression during extension across a releasing bend of a strike-slip fault.
The diversity of mechanisms that could be responsible for these relatively small-degree melts suggests that
the cause of melt production may have varied over time and/or over space in northwestern Tibet and
therefore that timing of volcanism may not be directly related to any single tectonic event.
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1. Introduction

[2] Postcollisional volcanic activity on the Tibetan
Plateau is volumetrically limited but geographi-
cally widespread [e.g., Deng, 1993; Turner et al.,
1996]. The Tibetan plateau is the site of ongoing
continental collision, differing in that respect from
the lithospheric thinning and asthenospheric
upwelling that characterize many settings of con-
tinental volcanism. In north-central Tibet, the mid-
dle portion of the 55—60 km thick crust has been
inferred to be partially molten based on an anom-
alously high Poisson’s ratio [e.g., Owens and
Zandt, 1997; Kosarev et al., 1999]. Several mech-
anisms have been proposed to explain the enig-
matic magmatism associated with the Tibetan
plateau, including fluid-induced melting related to
intracontinental subduction [Arnaud et al., 1992,
Hacker et al., 2000; Tapponnier et al., 2001],
heating and melting of the lithospheric mantle as
a result of catastrophic removal or thermal erosion
of the lower lithosphere (i.e., the mechanical boun-
dary layer) [Arnaud et al., 1992; Molnar et al.,
1993; Turner et al., 1993], and shear-induced
heating leading to melting of the uppermost litho-
spheric mantle during deformation [Kincaid and
Silver, 1996]. The chemical characteristics and
timing of postcollisional volcanism on the Tibetan
plateau have been used as evidence of the thermal
and compositional structure of the lithosphere, and
the timing and process of plateau growth [e.g.,
Arnaud et al., 1992; Turner et al., 1993, 1996;
Tapponnier et al., 2001]; thus, a better understand-
ing of the process of melt generation is an impor-
tant constraint for tectonic models.

[3] Trachyandesites from the Ashikule Basin
(AKB) of northwestern Tibet are chemically and
isotopically similar to other Tibetan lavas [cf.
Turner et al., 1996; Miller et al., 1999], which

are generally potassic, strongly enriched in incom-
patible elements, and have Nd and Pb isotope ratios
suggesting that enrichment in incompatible ele-
ments is a characteristic of the source of the
magmas [e.g., Arnaud et al., 1992; Deng, 1993,
1998; Turner et al., 1996]. In this paper, we present
28U-2°Th disequilibrium and other isotopic anal-
yses for these trachyandesites, virtually the only
lavas on the Tibetan plateau known to be young
enough (<~400 ka) to preserve U-Th disequilibria
[Deng, 1998]. The magnitude of disequilibria in
volcanic rocks between the activity (conventionally
denoted by parentheses) of ***U and its long-lived
radioactive daughter **°Th is controlled by, and
thus may be used to extract information about, the
processes of melt generation and transport. There-
fore, melting constraints inferred from disequilibria
in the AKB lavas may exemplify those responsible
for melt generation in other areas of northern Tibet,
and potentially other continental volcanic rocks in
similar structural settings (e.g., potassic mafic to
intermediate lavas along the North Anatolian Fault
zone in Turkey) [Adiyaman et al., 2001]. In addi-
tion, the common spatial association of Tibetan
volcanic rocks and faults raises the possibility that
melt generation is causally connected to fault
motion and we assess the possibility that melting
occurs as a result of extension across releasing
bends in strike-slip faults.

2. Tectonic Setting

[4] The AKB is located within the western Kunlun
Shan, an actively deforming mountain belt that
forms the northwestern margin of the Tibetan
Plateau (Figure 1). The basin contains several
silicic domes (450-500 and 250-300 ka) and
trachyandesitic flows (250—-300 and 66—120 ka)
[Dunbar et al., 1996]. The trachyandesites have
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extremely high abundances of incompatible ele-
ments (e.g., La concentrations are 164—196 ppm,
~450—600 times chondritic values; Table 2), and
are chemically similar to other mafic volcanic rocks
from northwestern Tibet [Arnaud et al., 1992,
Turner et al., 1996], and elsewhere on the plateau
[Coulon et al., 1986; Pearce and Mei, 1988;
McKenna and Walker, 1990; Turner et al., 1996;
Miller et al., 1999].

[s] The structural history of the western Kunlun
Shan is complex. The area roughly corresponds to
the intersection of three major strike-slip systems:
the Altyn Tagh, the Karakax, and the Ghoza-
Longmu Co (Figure 1) and, in a broad sense,
represents a boundary between the Tarim litho-
spheric block to the north and the terranes which
make up the Tibetan plateau to the south. Colli-
sions of lithospheric blocks in the area that is now
the western Kunlun Shan occurred at approxi-
mately 450-380 and 180 Ma [Matte et al.,
1996; Mattern et al., 1996; Yin and Nie, 1996;
Yin and Harrison, 2000; Cowgill, 2001]. Further-
more, the Tarim lithosphere may currently be
subducting southward beneath the Tibetan plateau
[Lyon-Caen and Molnar, 1984], in which case the
AKB may be underlain at depth by Tarim litho-
sphere. Whatever its affinity, the lithosphere
underlying the AKB is likely Precambrian in age
[Sengor, 1985; Dewey et al., 1988; Yin and Nie,
1996].

3. Results

[¢] We measured Th, Pb, Nd, and Sr isotopic ratios
and Th and U concentrations in samples from the
younger episode of mafic volcanism in the AKB.
Analyses were performed by TIMS at UCLA;
analytical methods, including typical blanks (negli-
gible considering the sample size and high abun-
dance of trace elements in AKB samples), are
described in de-tail elsewhere [Reid, 1995; Reid
and Ramos, 1996]. Values for the standards are
reported in Table 1. External reproducibility of Th
isotope analyses for these samples can be assessed
by duplicate analyses in Table 1 and was better than
2% (20); reproducibility of U/Th ratios is estimated
to be better than 2% [Reid and Ramos, 1996].
Major and trace element analyses of the same

powders were performed at the New Mexico Insti-
tute of Mining and Technology (Table 2).

[7] The rocks are potassic (K,O = 4.0—4.4 wt.%)
trachyandesites and basaltic trachyandesites. Age-
corrected (**°Th)/(***Th) ratios are near the lower
limit of those observed globally, and fall within the
range of values for continental basalts that elsewhere
have been attributed to derivation from lithospheric
mantle sources [Williams et al., 1992; Reid and
Ramos, 1996; Asmerom, 1999]. Notably, the ratios
do not overlap the fields for midocean ridge basalts
(MORB), ocean island basalts (OIB), or subduction-
related volcanic rocks (Figure 2). Age-corrected
(*°Th)/(***U) values for AKB lavas are relatively
high (1.07-1.36) compared to lavas from both
continental and oceanic settings, implying signifi-
cant fractionation of Th from U during magma
genesis. In general, age-corrected (**°Th)/(***Th)
and (3*°Th)/(***U) in the Ashikule samples decrease
with increasing eruption age (Tables 1 and 2). Pb,
Nd and Sr isotope data for the AKB mafic lavas
(Table 1) are similar to values reported for other
Tibetan lavas [cf. Arnaud et al., 1992; Deng, 1993;
1998; Turner et al., 1996]. High 2°’Pb/***Pb values
with respect to 2°°Pb/?**Pb suggest enrichment of the
Ashikule source during the Archean [cf. Turner et
al., 1996]. Time-integrated >*Th/***U in the source
calculated for >3 Ga of ingrowth of the Pb isotope
characteristics (k(Pb)), is ~4.1, somewhat lower
than >**Th/***U in equilibrium with initial (***Th)/
(**?Th) (k(Th) = 4.6—5.7; Table 1). The Ashikule
lavas have lower '**Nd/'**Nd and higher *’Sr/*°Sr
than oceanic island basalts (Table 1), characteristics
generally similar to the EMII end-member of Zin-
dler and Hart [1986] and consistent with derivation
from an ancient, large ion lithophile-enriched source.

4. Discussion

4.1. Melting Parameters for AKB Lavas

[s] Any source of magmas that has remained
closed to Th and U for more than ~400 kyears
will be analytically indistinguishable from secular
equilibrium, where the activity ratio (**°Th)/
(3®U) = 1. The strong Th enrichment of the
AKB lavas reflects fractionation of U from Th
and could have been produced during partial melt-
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ing or potentially during differentiation of the
lavas. Wholesale assimilation of crustal material
[cf. Reid, 1995] is unlikely to have increased
(**°Th)/(***U) in the AKB lavas because basement
rocks, including plutons as young as ~250 ka, will
be in or nearly in secular equilibrium. For the high
(**°Th)/(**®*U) in the liquid to be the product of
differentiation would require a fractionating phase
assemblage that preferentially sequesters U com-
pared to Th, which could be the case if a significant
proportion of zircon or apatite fractionated. How-
ever, zircon saturation temperatures calculated for
the AKB lavas (using the method of Watson and
Harrison [1983]) range from 785°C to 825°C, well
below apatite saturation temperatures of ~1050°C
which are more like expected eruption temperatures
for these compositions. In addition, Zr increases
with decreasing MgO in the sample suite (Table 2)
(N. Dunbar, unpublished data), the opposite of
what would be expected for significant zircon
fractionation. A large mass fraction of apatite
would have to be fractionated in order to greatly
change (**°Th)/(***U) in the residual liquid (e.g.,
5-10% fractional crystallization of apatite would
increase (**°Th)/(***U) in the residual liquid from
1.2 to 1.3), which would require an additional 2—4
wt.% P,Os in the parental liquid. Thus, we attribute
the high (**°Th)/(***U) of the AKB lavas to partial
melting, either that in the source of the magmas or
related to crustal assimilation.

[s] The degree of disequilibrium generated during
melting is a function of the mineralogy of the source
and the process of melt generation and thus, unless
greatly modified during transport, disequilibria in
erupted lavas contain important information about
melt genesis. Compared to other continental basalts,
the magnitude of Th enrichment in the AKB lavas is
quite variable. Sr, Nd, and Pb isotopic compositions
and incompatible element abundances between all

Ashikule trachyandesites are, however, quite sim-
ilar, which suggests the range of 2*°Th excesses is
not the result of variable contributions from isotopi-
cally distinct sources (e.g., mantle versus crust).
Time spent in a crustal reservoir would decrease
the disequilibria in the magmas through decay of
>39Th and may ultimately be responsible for the
lower (**°Th)/(**®*U) measured in some of the tra-
chyandesites. For this reason, in this section we
explore the conditions necessary to produce the
more extreme disequilibria measured in AKB lavas.

4.1.1. Melting Models

[10] A signature feature of the AKB trachyande-
sites is the extreme magnitude of Th enrichment
(Figure 2). In general, greater (**°Th)/(***U) can be
achieved by syn-melting **°Th ingrowth than by
fractionation during batch melting because decay of
238U, preferentially retained in the solid residue,
can continue to increase *°Th/***U in the melt
during the period of time where the melt is in
equilibrium with the residue [e.g., Elliott, 1997].
Dynamic melting models assume that melting
occurs due to adiabatic decompression, that some
critical melt fraction must be achieved before melt
segregation can occur, and that any additional melt
produced beyond the critical melt fraction is imme-
diately extracted from the source and pooled else-
where prior to eruption [McKenzie, 1985; Williams
and Gill, 1989; Zou and Zindler, 2000]. “Contin-
uous melting” [McKenzie, 1985; Williams and Gill,
1989] is similar to dynamic melting in that the
source maintains a finite residual porosity, but
differs in that the source is not upwelling. The
magnitude of **°Th-***U disequilibria produced in
these melting models is a function of the melting
rate and the critical melt fraction in the melting
region, as well as the bulk partition coefficients
(D’s) of U and Th in the source. Disequilibria

Figure 1.

(opposite) (A) Simplified geologic map of the area surrounding the AKB, modified from the work of

Cowgill et al. [2001, in preparation]; shaded areas indicate gneisses, metamorphosed sedimentary rocks, and
sedimentary rocks grouped by age. Heavy lines denote faults and dot-dash lines represent rivers. Blue box indicates
location of (B). The inset shows the major lithospheric blocks that make up the Tibetan plateau [Yin and Nie, 1996],
with the shaded area indicating the geographic boundaries of the Tibetan plateau and the box indicating the location of
(A). (B) ASTER satellite image of the AKB and surrounding areas showing location of Quaternary faults (heavy blue
lines; dashed where approximately located) and volcanic vents (arrows). Vents may be seen more clearly by zooming

in on the figure in the electronic version.
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Table 2. Major and Trace Element Data for AKB Samples

Sample AKB-1 AKB-2 AKB-4 AKB-5 AKB-6 AKB-10
Eruption

Age (ka)® 100 +3 83 +2 76 +£3 66 £ 1 72 £ 1 122 +8
SiO, 54.7 57.2 57.3 52.3 56.8 55.5
TiO, 1.91 1.81 1.89 1.72 1.95 2.19
AL O3 14.1 14.5 143 13.3 14.7 14.5
Fe,04 7.58 7.07 7.15 6.65 7.58 7.71
MnO 0.12 0.11 0.10 0.10 0.11 0.12
MgO 3.75 2.89 3.32 3.06 3.44 2.77
CaO 6.79 5.87 5.95 8.11 5.85 5.95
Na,O 241 2.32 2.88 2.77 3.02 3.13
K,0 4.02 4.29 437 4.01 431 4.01
P,0s 1.11 0.95 1.00 0.93 1.05 1.19
LOI 2.41 1.89 1.64 4.86 0.70 1.72
Total 99.89 98.86 99.93 97.84 99.47 98.76
Sc 11.08 9.62 - - - 9.4
Cr 64.7 323 - - 19
Co 345 30.1 - - 26.01
Zn 118 128.5 - - 139
As 3 3.5 - - 2.2
Br 2.7 1.42 - - 1.3
Rb 130 150 - - 147
Sr 1196 1201 - - 1274
Zr 485 557 - - 647
Sb 0.074 0.059 - - 0.033
Cs 3.14 5.32 - - 2.62
Ba 2164 2052 - - 2032
La 168.8 164.8 - - 196.7
Ce 330 328 - - 384
Nd 127 136 - - 146
Sm 20.04 19.42 - - 22.03
Eu 4.13 3.87 - - 428
Tb 1.409 1.414 - - 1.536
Yb 2.02 2.06 - - 2
Lu 0.23 0.233 - - 0.256
Hf 12.18 13.78 - - 15.12
Ta 2.46 2.6 - - 2.83
w 82 63 - - 48.3
Th 28.58 30.5 - - 29.08
U 4.5 5.81 - - 5.6

Major-element analyses (wt.%) were made with a Rigaku 3062 XRF instrument at New Mexico Institute of Mining and Technology. Errors, in
weight percent, based on replicate analyses of internal standard reference material are SiO, +0.16, TiO, £0.01, Al,O05; £0.03, Fe,05 £0.01, MnO

+0.04, MgO £0.04, CaO +0.11, Na,O +0.04, K,O +0.03, and P,O5 +0.01.

Trace element analyses were made by neutron activation analysis at New Mexico Institute of Mining and Technology. Analytical errors, in ppm,
based on replicate analyses of internal reference material are Ba £10, La +1.8, Ce +1.4, Nd +0.7, Sm +£0.07, Eu £0.14, Tb +£0.02, Yb +£0.07, Lu

+0.01, Hf £0.12, Ta +0.04, W £0.05, Th +1, and U +0.5.

?Eruption ages (+10) uncertainties (**Ar/*°Ar analyses of sanidine crystals) from W. C. McIntosh and N. Dunbar (unpublished data).

produced by dynamic and continuous melting mod-
els are similar at fast melting rates and/or small total
melt fractions, whereas at slower melting rates or
larger melt fractions a continuous melt will have
lower (**°Th)/(***U) than a dynamic melt under the
same conditions [Williams and Gill, 1989]. Because
it defines the most generous (i.e., maximum poros-
ity, minimum melting rate) conditions necessary to
produce the ?*°Th excesses measured in AKB

samples, we model dynamic melting explicitly here
[Zou and Zindler, 2000] even though not all con-
ceptual models of melt production beneath Tibet
require melting via adiabatic decompression (see
section 5.2).

4.1.2. Melting of Anhydrous Lithosphere

[11] Enrichment of *°Th relative to ***U requires
melting in the presence of a residual phase that
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Figure 2. 2°Th->*®U isochron diagram showing the data for AKB samples (large red diamonds); measurement
uncertainty is smaller than the size of the symbols and data are shown corrected for posteruptive decay of >*°Th. Also
shown are fields for MORBs (open triangles), OIBs (open squares), subduction-related lavas (ARC; crosses), and
other continental intraplate lavas (CONT; small black diamonds). The small group closer to the origin represents the
Gaussberg lamproites analyzed by Williams et al. [1992]; these are plotted separately because they are significantly
different both in bulk composition and in Th-isotope composition from the other continental lavas. Fine black lines
indicate (**°Th)/(***U) = 1 (the equiline) and (**°Th)/(***U) = 1.4 (labeled). Also shown along right-hand axis are
values for **Th/***U in equilibrium with (***Th)/(***Th) (x(Th)). Ingrowth of ***Th during melting will lead to
elevated (**°Th)/(***Th) compared to that in equilibrium with **U/***Th in the source, implying that if ingrowth has
occurred k(Th) will underestimate Th/U in the source. MORB data were compiled partly by using the PetDB database
(28 August 2001, http://petdb.ldeo.columbia.edu/petdb/query.asp) [Goldstein et al., 1989, 1991; Bourdon et al.,
1996a, 2000; Lundstrom et al., 1999; Sturm et al., 2000]. Other data from the following sources: Williams and Gill
[1992], Condomines and Sigmarsson [1993], Gill et al. [1993], Goldstein et al. [1993], Volpe and Goldstein [1993],
Chabaux and Allegre [1994], Asmerom and Edwards [1995], Condomines et al. [1995], Reid [1995], Sims et al.
[1995, 19991, Cohen et al. [1996], Reid and Ramos [1996], Huang et al. [1997], Pickett and Murrell [1997), Clark et
al. [1998], Claude-Ivanaj et al. [1998], Chabaux et al. [1999], Gauthier and Condomines [1999], Thomas et al.
[1999], Turner et al. [2000b], Zellmer et al. [2000], Cooper et al. [2001], and Pietruszka et al. [2001].

preferentially retains U compared to Th (i.e., Dy >
D1); the most likely candidate for this, considering
the large **°Th enrichments in the AKB lavas, is
garnet [Beattie, 1993; LaTourrette et al., 1993;
Salters and Longhi, 1999]. Garnet might be present
in both primary (i.e., peridotite) and secondary
(e.g., pyroxenite and eclogite) mantle assemblages
as well as in the lower crust. The results of dynamic
melting calculations for garnet-bearing mafic and
ultramafic lithologies are shown in Figure 3; the
curves in Figure 3A illustrate combinations of
maximum porosity and melting rate that will pro-
duce a given (**°Th)/(***U) ratio which, for the
AKB lavas, is 1.36, the maximum disequilibria
measured. Use of an equilibrium porous flow
model [Spiegelman and Elliott, 1993; Lundstrom
et al., 1995] will result in somewhat higher max-

imum porosities and/or melting rates than these
[e.g., Sims et al., 1999; Pietruszka et al., 2001].
Because radioactive decay during transport would
reduce (**°Th)/(***U), lower porosity and/or slower
melting could also be responsible for the lavas. For
a given source mineralogy there is a tradeoff
between the maximum critical volume porosity
and the maximum melting rate that will produce a
given (**°Th)/(**®U) ratio. For example, melting of
a garnet peridotite source at rates of >10"° kg m >
yr ' requires porosities of <0.4% to produce
(**Th)/(**®U) >1.36 in the melt. Because of their
higher modal percentage of garnet, pyroxenitic and
eclogitic sources are permissive of larger porosities
(e.g., 2%) and/or faster melting than a peridotite
source for a given set of partition coefficients [i.e.,
Salters and Longhi, 1999] (Figure 3). Use of
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different partition coefficients for clinopyroxene
[Lundstrom et al., 1994] and garnet [van Westrenen
et al., 1999], which may be more representative of
eclogitic bulk compositions [e.g., Stracke et al.,
1999; van Westrenen et al., 2001], permits even
larger porosities (up to 18%) and faster melting
rates. Thus, partial melting of either mantle or
mafic crustal assemblages could be responsible
for Th enrichments in the AKB lavas.

[12] Recent work has shown that residual clinopyr-
oxene in the absence of garnet at pressures >1.5
GPa (e.g., partial melting of spinel peridotite) can
also produce melts with (**°Th)/(***U) > 1 [Wood
et al., 1999; Turner et al., 2000a; Landwehr et al.,
2001]. However, generating Th excesses compara-
ble to those measured in the AKB in melts of a
spinel peridotite source would require extremely
small residual porosities (0.001%) at slow melting
rates (107> kg m> yr '), even when the more
generous case of equilibrium porous flow is
assumed [Landwehr et al., 2001]. Therefore, we
consider garnet-bearing lithologies to be more
likely sources for the AKB magmas.

[13] Partial melts of intermediate to silicic lower
crustal assemblages are not included in Figure 3
because they are likely to be more evolved in
composition than the trachyandesites [e.g., Patifio
Douce and Beard, 1995; Patifio Douce and
McCarthy, 1998]. However, partial melts of such
lithologies could have contributed to the AKB
magmas, either in the melting region or by inter-
action of more mafic parental magmas with crust
during transport to the surface. Attributing the high
(**°Th)/(**®U) ratios in AKB lavas to such inter-
actions while maintaining their relatively mafic bulk
compositions would require an assimilant with both
higher concentrations of Th and U and significantly
higher (3*°Th)/(***U) than the AKB lavas. Although
residual garnet or zircon could potentially produce
silicic melts with (**°*Th)/(***U) > 1, no data have
been reported to date for rhyolites with (**°Th)/
(***U) > 1.36. Attributing the high (***Th)/(***U) in
the AKB magmas instead to assimilation of partial
melts of mafic crustal lithologies would require
even more extreme limitations on conditions of
melting than discussed above (Figure 3).

[14] The melting rate/porosity combinations shown
in Figure 3 are conservative maxima for dynamic
partial melting because (1) use of other D’s [e.g.,
LaTourrette and Burnett, 1992; Hauri et al., 1994;
Lundstrom et al., 1994; Wood et al., 1999; Landwehr
et al., 2001], mixing with spinel-peridotite melts,
and decay of **°Th during melt transport and
storage will all decrease (**°Th)/(***U) measured
in the volcanic rocks compared to our model param-
eters; (2) chemical exchange of melts produced by
dy-namic melting with the mantle or crust during
magmatic ascent [e.g., Spiegelman and Elliott,
1993] would likely reduce the disequilibrium
because the majority of the crust and mantle trav-
ersed would not contain garnet [e.g., Lundstrom et
al., 1995; Bourdon et al., 1996b]; and (3) disequi-
librium melting would also likely decrease (***Th)/
(***U) over that produced by equilibrium melting
unless Th diffusion in mantle phases is significantly
faster than diffusion of U [Qin, 1992]. Th and U
diffusivities in diopside appear to be similar and
quite slow [Van Orman et al., 1998] and, assuming
that this relationship holds for garnet as well, it is
likely that chemical equilibrium will be attained only
in cases of very slow melting. Therefore, within the
context of the dynamic melting model, the only
conditions under which larger porosities and/or
faster melting rates would be allowed would be at
total melt fractions less than the values at which
quasi steady state is reached (~1-2%; see Figure 3).
In any case, the curves shown in Figure 3 are
probably representative of relative differences in
melting rate and porosity between different source
mineralogies for a given (**°Th)/(***U) ratio.

[15] Also plotted in Figure 3 are curves representing
the conditions that would be required to produce the
magnitude of U-Th disequilibria measured in
MORB and Hawaiian basalts by melting of garnet
peridotite. The ranges of (***Th)/(***U) measured in
both MORB and OIBs are very large and overlap
significantly (see Figure 2) but most MORB samples
measured have relatively low (**°Th)/(***U) ratios
(mean 1.09, 80% of analyses <1.25 in the compila-
tion used here; see Figure 2 for references) whereas
alkaline OIB in general have higher (***Th)/(***U)
ratios (mean value of 1.17 and 80% of analyses
<1.35). Reference to Figure 3 shows that the AKB
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lavas must represent some combination of lower
residual porosity, lower melting rates, and/or greater
influence of melts produced in the presence of garnet
in their source region relative to the conditions and
sources of melting beneath Hawaii or midocean
ridges, although conditions of melting beneath other
ocean islands (notably Grand Comore [Claude-Iva-
naj et al., 1998]) could be similar.

4.1.3. Effects of Hydrous Phases

[16] Judging by the variety of subduction-related
events that could have affected them, the mantle
lithosphere and lower crust of northwestern Tibet
may have been metasomatized by hydrous or
carbonic fluids or by silicate melts and previous

work [Turner et al., 1996; Miller et al., 1999] has
attributed origin of the Tibetan lavas to melting of a
phlogopite-bearing source. Mineral/melt partition
coefficients of U and Th in phlogopite and amphib-
ole are very similar [LaTourrette et al., 1995], such
that equilibrium melting in the presence of refrac-
tory phlogopite or amphibole would require extrac-
tion of partial melts formed at even lower melting
rates and/or porosities than those inferred for melt-
ing of an anhydrous assemblage. For comparison, a
curve for modal melting of peridotite with 6%
phlogopite [cf. Turner et al., 1996] is also plotted
in Figure 3A. A higher modal percentage of phlo-
gopite in the assemblage and/or nonmodal melting
where mica is preferentially melted would require

Figure 3. (opposite) (A) Results of forward modeling of **°Th->**U disequilibria produced during dynamic melting.
Curves shown indicate combinations of maximum porosity and melting rate that will produce (***Th)/(***U) = 1.36,
the maximum disequilibria measured in the AKB lavas, by partial melting of a specific lithology; lower porosity and/
or slower melting result in higher *°Th excesses. Curves were calculated using the equations of Zou and Zindler
[2000]. The general behavior of the model is that the highest disequilibria are generated at very low melt fractions
(<1%); as melting proceeds, the disequilibrium in the melt will decrease until a quasi steady state is achieved (at ~2%
total melt extracted). After this point, (**°Th)/(**®U) in the melt will remain constant until either Th or U is entirely
extracted from the melt. However, the absolute concentrations of Th and U in the melt will decrease by dilution as the
fraction of melt extracted increases [cf. Zou and Zindler, 2000]. Curves shown are for extracted melt fractions of 3%
(garnet and phlogopite peridotite and pyroxenite) or 25% (eclogite), broadly consistent with the melt fractions
expected to produce basaltic to andesitic bulk compositions. As expected for steady state, curves for 5% or 10% melt
extracted are virtually identical to those shown, differing only slightly at low porosities’high melting rates. Source
lithologies have the following modal percentages (garnet/cpx/opx/olivine): garnet peridotite (solid orange line;
8:8:30:54), garnet pyroxenite (solid blue line; 30:70:0:0), eclogite (solid green line; 50:50:0:0), and phlogopite
peridotite (dotted line; 7.5:7.5:28:51, the same relative proportions as in the anhydrous peridotite plus 6% phlogopite).
Curves labeled “SL” are based on partition coefficients for clinopyroxene and garnet from high-pressure experiments
of Salters and Longhi [1999] and phlogopite from experiments of LaTourrette et al. [1995]; partition coefficients for
olivine and orthopyroxene were assumed to be zero. Curves for eclogite and pyroxenite labeled “vW” were
calculated using partition coefficients of van Westrenen et al. [1999] for garnet and of Lundstrom et al. [1994] for
clinopyroxene, which are likely more representative of the composition of these phases in pyroxenitic or eclogitic
bulk compositions [e.g., Stracke et al., 1999; van Westrenen et al., 2001]. (B) Comparison between the maximum
melting rate/porosity combinations necessary to produce disequilibria measured in AKB samples, Hawaiian tholeiite,
and alkalai basalt (dashed lines) [Sims et al., 1999, Pietruszka et al., 2001] and in average of MORB data (dot-dash
line) (see references in Figure 2). Mineralogy is assumed to be garnet peridotite using modal mineralogy and partition
coefficients as described for (A). (C) Fractionation of Sm and Nd (asng, defined as (Sm/NA)per/(SM/Nd)source)
[DePaolo, 1988] predicted under the same melting conditions as calculated for Th and U using analogous equations
appropriate for modeling the behavior of stable elements [Zou, 1998]. In contrast to the short-lived U-series isotopes,
fractionations of Sm and Nd are a function only of the overall melt fraction extracted and residual source porosity.
Source lithologies are the same as in (A). Curves labeled “gt peridotite (SL)” and “gt pyroxenite (SL)” calculated
using partition coefficients for garnet, cpx, and opx from the work of Salters and Longhi [1999] and for olivine from
the work of Dunn and Sen [1994]. Curves labeled “gt pyroxenite (vW)” and “eclogite (vW)” calculated using
partition coefficients of van Westrenen et al. [1999] for garnet and of Lundstrom et al. [1994] for clinopyroxene.
Porosities used are 0.4% (gt peridotite (SL)), 1% (pyroxenite (SL)), 10.5% (pyroxenite (vW)), and 18% (eclogite
(vW)). Also shown (right axis) are depleted mantle model ages for the source that correspond to a given agm/Ngs
calculated using the depleted mantle Sm/Nd and '**Nd/'**Nd of Allégre et al. [1983] and the Sm/Nd and '**Nd/'**Nd
ratios measured in the lavas. For example, if the AKB lavas represent a 4% partial melt of garnet peridotite, Tpy of
the source would be ~1.3 Ga. All of these calculations assume steady state during dynamic partial melting; curves
shown at low melt fractions before steady state is reached (<1-2%) may overestimate Qgy/ng-
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even lower porosities and/or melting rates than
those shown. The presence of amphibole instead
of phlogopite in the source would have similar
effects.

[17] An important conclusion from the modeling
presented above is that according to our current
models for the behavior of U series nuclides during
melting, with the exception of anhydrous melting
of eclogite, it is quite difficult to produce melts
with (**°Th)/(**®*U) as high as 1.36, even in the
generous case of dynamic melting. If melt gener-
ation beneath Tibet is occurring by continuous
melting (i.e., without significant upwelling), the
required residual porosities and melting rates would
be even smaller [Williams and Gill, 1989]. Con-
ditions for genesis of the AKB lavas in the presence
of eclogite are less restrictive than those for garnet
peridotite, because of the combination of higher
mineral-melt partition coefficients and modal per-
centage of garnet in eclogite. However, it is evident
from the modeling presented above that both ultra-
mafic and mafic lithologies are viable candidates
for the source of the AKB lavas.

4.2. Evaluation of Possible Sources

4.2.1. Possible Source Lithologies

[18] The radiogenic Sr and Pb and unradiogenic Nd
isotopic signatures of northern Tibetan magmas,
including those of the AKB lavas, are features
identified with ancient continental crust and with
EMII-type mantle sources. EMII characteristics are
recognized in peridotitic xenoliths derived from the
subcontinental mantle lithosphere. They are also
found in plume-derived OIBs but the isotopic
compositions and high Th/U of the Ashikule mag-
mas (Figure 2) are much more extreme than those
of OIB [cf. Zindler and Hart, 1986]. Therefore, the
more likely source for the AKB lavas is enriched
lower crust or mantle that resides in the lithosphere
rather than in the deep asthenosphere. Significantly,
unlike the results for some basalts of the south-
western U.S. [e.g., Asmerom, 2000] but like those
for basalts from northwestern China (Zou et al., in
preparation), our data clearly show pronounced
239Th excesses in rocks derived from lithospheric
sources.

[19] The likely presence of garnet in the AKB
source(s), including that in possible contaminants,
precludes genesis of the AKB trachyandesites by
partial melting of metasedimentary lower crustal
rocks lacking garnet (for example, the xenoliths
described by Hacker et al. [2000]). It does not
however otherwise provide strict constraints on the
location within the lithosphere of the source region,
as garnet-bearing mafic or ultramafic rocks could
reside in both the mantle and lower crust. Garnet
pyroxenite and eclogite would plausibly be present
in both the lower crust and mantle [e.g., Hirsch-
mann and Stolper, 1996] and garnet peridotite
would be present in the mantle at pressures >2.5
GPa (i.e., deeper than ~80 km). In particular,
pyroxenite and/or eclogite veins or pods within
an upper mantle dominated by peridotite would
be a likely consequence of the accretion of tectonic
blocks. Melting of such a mixed source [e.g.,
Hirschmann and Stolper, 1996; Reiners, 2002]
would imply even lower porosities and/or melting
rates than for garnet pyroxenite alone (cf. Figure 3),
because melts of peridotite would have lower
(**°Th)/(**®U) than melts of the pyroxenite at
similar conditions.

[20] By analogy to other alkaline volcanic rocks,
the AKB trachyandesites likely represent differ-
entiates of small-degree (3—5%) melts of an ultra-
mafic source [e.g., Williams et al., 1992; Turner et
al., 1996; Miller et al., 1999; Sims et al., 1999] or
extracts of much larger-degree (20—50%) melting
of a mafic source [e.g., Sen and Dunn, 1994; Rapp
and Watson, 1995]. Experimental constraints on
melting of metabasaltic compositions indicate that
low to moderate-degree (<20-30%) melts are
much more silicic than the AKB trachyandesites
[e.g., Sen and Dunn, 1994; Rapp and Watson,
1995] but that larger-degree melting of amphibo-
lites can produce liquids with silica contents similar
to those of the AKB lavas (SiO, ~55-60%) in
equilibrium with garnet eclogite residues. Available
calculations and experimental data suggest that
pyroxenite solidus temperatures and derivative melt
compositions could vary widely depending on the
bulk composition of the pyroxenite, and melts
could include compositions that are broadly similar
to the AKB lavas [Hirschmann and Stolper, 1996;
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Hirschmann and Pertermann, 2000; Pertermann
and Hirschmann, 2000].

[21] Dynamic experiments on mafic crustal lithol-
ogies [e.g., Rushmer, 1995] have shown that melts
can be segregated in shear zones, such that even if
melt fractions in excess of the critical melt fraction
are not progressively removed, as formalized in the
modeling above, stepwise extraction of ~5% crus-
tal melts might be capable of producing U-Th
disequilibria in the resulting aggregated melts. It
is unclear, however, whether the duration of melt-
ing required at the melting rates permitted by the
measured >*°Th excesses is sufficiently short so
that appropriate volumes of melt (i.e., >25%) from
eclogite could be aggregated. Durations of melting
to produce 25% melt fractions of mafic sources
range from 1.8 Ma (at 5 x 10 > kgm > yr ") to 93
Ma (at 107> kg m > yr'); a magma reservoir of
the limited size suggested by the small volume of
erupted lavas in the AKB would be unlikely to
remain both molten and undisturbed by tectonic
events over these timescales. In contrast, 3—5%
melting (of an ultramafic source) at those same
rates would require a factor of ~10 less time.
Continuous melting would imply slower melting
and therefore even longer durations of melting,
again underscoring the difficulty of producing high
(**°Th)/(**®U) in the AKB lavas in the context of
current melting models.

4.2.2. Nature and Timing of Source
Enrichment

[22] The small degree of melting inferred for an
origin of the AKB trachyandesites by melting of
garnet peridotite or garnet pyroxenite would imply
significantly higher concentrations of incompatible
elements in the melts with respect to those in the
source. Even if the trachyandesites are differenti-
ates of more mafic magmas, the compositional
difference between coexisting trachybasalts and
trachyandesites in northwestern Tibet [Arnaud et
al., 1992] suggests that parental magmas may have
trace element concentrations only a factor of 2
lower than those of the trachyandesites. Allowing
for this, estimates for the concentrations of repre-
sentative trace elements in various possible litho-
spheric lithologies can be calculated as a function

of melt fractions; these are shown in Figure 4. Even
at the smallest degrees of partial melting, the trace
element characteristics inferred for the sources are
enriched with respect to bulk Earth, qualitatively
consistent with previous findings [Turner et al.,
1996]. However, our modeling indicates, in gen-
eral, more fractionation of incompatible elements
during melting than was assumed previously, per-
mitting lower concentrations of incompatible ele-
ments in the source. Inferred source characteristics
assuming <5% melt fractions of garnet peridotite
are comparable to data for xenoliths and peridotite
massifs (Figure 4). Inferred source concentrations
assuming >10% melt fractions, on the other hand,
are much higher than the values measured in most
potential source analogs. The number of samples
representative of corresponding lithologies are too
few and too scattered to definitively distinguish the
possible roles of different source lithologies. Calcu-
lated concentrations of U and Th for gamet pyrox-
enite and garnet peridotite sources (not shown)
assuming melt fractions of >3% do not differ
significantly and Th/U ratios of >4 are required in
the mantle source for melt fractions of >1%. These
calculations suggest that if the AKB lavas represent
<5% partial melts of the mantle, the Tibetan mantle
lithosphere could contain similar abundances of
incompatible trace elements as do xenoliths and
massifs.

[23] Even though the source of the AKB lavas is
not required to have unusually elevated concentra-
tions of incompatible trace elements, the isotopic
characteristics of the lavas are those of an enriched
source. In the case of the mantle, this could be a
mixed pyroxenite-peridotite source. Other potential
agents for mantle enrichment are hydrous and
carbonic fluids. The observed enrichments of
29T relative to 2*®U are uncharacteristic of melts
produced by fluxing the mantle with such fluids, as
the incorporation of (typically U-enriched) hydrous
fluids during melting has been inferred to be the
cause of the U enrichments found in many arc lavas
[e.g., Gill and Williams, 1990; Condomines and
Sigmarsson, 1993; Chabaux and Allegre, 1994].
On the other hand, ancient metasomatic phases
precipitated in mantle rocks from hydrous or car-
bonic fluids may have contributed to the melts [cf.
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Figure 4. Curves illustrate Sm/Nd ratios and Nd concentrations in potential source rocks that would be in
equilibrium with melts parental to the AKB lavas if produced during dynamic melting under the same conditions as in
Figure 3. Tick marks along curves are labeled with melt fractions extracted (in %). In the case of garnet peridotite,
where primary liquids are likely to have been more mafic than those erupted, concentrations of Sm and Nd in the
primary liquid were assumed to be a factor of 2 lower than those measured in the erupted liquids. In the case of
eclogite, where the erupted compositions could potentially represent primitive melts, concentrations measured in
AKB-1 were used to calculate source concentrations. Two possibilities are presented in the case of pyroxenite melts:
small-degree melts of pyroxenite using partition coefficients of Salters and Longhi [1999] and Dunn and Sen [1994]
(SL) were assumed to have concentrations a factor of 2 lower than erupted lavas, whereas large-degree melts of garnet
pyroxenite using partition coefficients of van Westrenen et al. [1999] and Lundstrom et al. [1994] (vIWV) were assumed
to have concentrations like those in erupted lavas. Also shown are values measured in mantle xenoliths and peridotite
massifs [McDonough, 1990; Tatsumoto et al., 1992; Becker, 1993, 1996; Qi et al., 1995; Hirschmann and Stolper,
1996; Mukasa and Wilshire, 1997] and an estimate for bulk silicate Earth [McDonough and Sun, 1995]. All of these
calculations assume steady state during dynamic partial melting; curves at low melt fractions (<2%) may
underestimate the degree of fractionation of Sm from Nd and therefore underestimate Sm/Nd in the source. See text
for discussion. Data used to construct this diagram are available in the auxiliary material.

Turner et al., 1996] but, as discussed above, partial
melts of a phlogopite- or amphibole-bearing source
would have smaller **°Th excesses than would
partial melts of a similar but anhydrous source.
Alternatively, if precipitated not long (<~200 ka)
before melting, metasomatic phases could have
(**°Th)/(*®*U) >1 (e.g., Dry/Dy = 2.6 has been
measured for amphibole in equilibrium with
hydrous fluid) [Brenan et al., 1995]. In order for
metasomatic phases to have contributed to the high
(**°Th)/(**®U) signatures of the AKB lavas, they
must have had high concentrations of Th and U
relative to the anhydrous phases and/or have melted
preferentially such that they dominated the Th and
U budget of the resulting melts. Unlike the Gauss-

berg lamproites, however, for which large 2*°Th
enrichments have been attributed to disequilibrium
melting of phlogopite [Williams et al., 1992], the
bulk compositions of the Ashikule magmas are not
those expected of a melting mode dominated by
metasomatic phases. It appears therefore that, if
present, hydrous metasomatic phases must consti-
tute a relatively small proportion of the source of
the AKB lavas, suggesting that the main metaso-
matizing agent was relatively dry silicate melt.

[24] Turner et al. [1996] obtained an age of >1.2
Ga for the source based on Nd and Pb isotope
signatures. Such inferences are critically dependent
on the source lithology, melting process, and total
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melt fraction since these dictate the magnitude of
melting related Sm/Nd fractionation. As is illus-
trated in Figure 3C, agm/ng Values (Sm/Nd ratio of
the melt normalized to the Sm/Nd ratio of the
source [DePaolo, 1988]) could range from ~0.4
to ~0.75 for garnet peridotite or pyroxenite sources
and melt fractions of 3—5%, or from ~0.65 to 0.75
for larger degrees of melting of eclogitic or pyrox-
enitic sources. Based on this, the minimum dura-
tion of source enrichment is ~1 Ga, if the lithology
of the source is a peridotite (Figure 3C), but could
be much older for smaller-degree melting of a
garnet peridotite or garnet pyroxenite source. For
such ancient enrichments, a time-integrated Th/U
of ~4.1 can explain the Pb isotope signatures. Even
allowing for the possibility of *°Th enrichment
due to ingrowth during melting, the low (**°Th)/
(**?Th) ratios measured in AKB lavas correspond
to present-day ***Th/**®U ratios in their source(s)
of >4.5 (Figure 2). The fact that the two estimates
of Th/U are different could reflect decay of 2*°Th
during magma transport and differentiation or
could be the product of a multistage history of
lithospheric accretion and/or mantle enrichment. In
the extreme case, enrichment could have occurred
by silicate melts derived from sources foreign to the
lithospheric domain in which they now reside, in
which case neither the enriched Nd or Pb isotope
signatures would necessarily be longstanding fea-
tures of the source region.

5. Additional Considerations

[2s] The trace element and isotopic data discussed
above indicate that the source of the AKB mag-
mas is a garnet-bearing mafic to ultramafic assem-
blage that has probably been enriched in
incompatible elements relative to bulk Earth since
at least the middle Proterozoic (>1 Ga). This
combination of characteristics suggests that the
magma source region most likely resides within
the lithosphere. In this section, we consider how
these characteristics, together with the melting
rates inferred from the U-Th disequilibria, may
provide constraints on the tectonic setting(s) of
melt generation and whether they have bearing on
the interpretation of geophysical observations
within the crust.

5.1. Implications for the Nature of
Midcrustal Fluid

[26] Various geophysical observations suggest the
presence, at least locally, of a fluid in the Tibetan
middle to lower crust. The fluid has been inter-
preted as a partial melt in the northern Tibetan
Plateau [Owens and Zandt, 1997; Wei et al.,
2001], and as either a partial melt [Nelson et al.,
1996] or a saline brine fluid [Wei et al., 2001] or
both [Makovsky and Klemperer, 1999] in southern
Tibet. Assuming that inferences about melting
process and source based on the AKB data can
be generalized to the widespread, chemically sim-
ilar mafic volcanic rocks of northern Tibet, the
following observations are pertinent: (1) silicic
volcanic rocks like those expected from crustal
melting are not common in northern Tibet [e.g.,
Deng, 1993; Turner et al., 1996], (2) widespread
pooling of crustal melts (such as would be neces-
sary to explain the geophysical observations)
would likely inhibit the passage of the mafic
magmas that are more common eruptive products
in northern Tibet, and (3) whereas the postulated
fluids could represent midcrustal pooling of mafic
melts derived from deeper crustal or mantle sour-
ces, by analogy to the AKB magmas residence
times in the crust are unlikely to be more than
tens of thousands of years based on the transient
nature of large *°Th excesses. Just as for the
volcanic rocks, the distribution of fluids is geo-
graphically widespread but localized, so that it is
difficult to explicitly test the relationship between
the two.

5.2. Tectonic Setting of Melt Generation

[27] The geochemical characteristics of Tibetan
magmas place constraints on models proposed to
explain melt generation in the tectonic context of
the Tibetan plateau. In particular, as argued above,
the Th isotope data indicate that the role of hydrous
metasomatic fluids or hydrous phases in melt
production is probably limited. Therefore, melting
due to fluid release during intracontinental subduc-
tion [e.g., Arnaud et al., 1992; Tapponnier et al.,
2001] seems unlikely. Moreover, subduction of the
Tarim basin beneath the Tibetan plateau [Lyon-Caen
and Molnar, 1984] would likely occur at a relatively
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shallow angle, and thus the position of the AKB,
~120 km behind the “trench” (as inferred from the
thickest sediment cover in the Tarim basement to the
north [Cowgill, 2001]), is likely to be above a
relatively shallow part of the downgoing slab, where
pressures and temperatures are likely too low for
dehydration of hydrous upper-crustal assemblages
to occur.

[28] One alternative mechanism for inducing
melting in the upper mantle lithosphere or low-
ermost crust is heating through viscous dissipa-
tion, as presented by Kincaid and Silver [1996].
Although their modeling suggests that it is
unlikely that the lower crust or upper mantle
would reach temperatures corresponding to the
dry peridotite solidus, temperatures could be
above the wet peridotite solidus or, by extension,
the pyroxenite solidus [cf. Hirschmann and
Stolper, 1996]. Partial melting of mafic (eclogitic
or pyroxenitic) assemblages could, as discussed
above, account for the **°Th-***U disequilibria
measured in the AKB samples. Besides mafic
lower crust, it is plausible that pyroxenite veins
or pods present within the lithospheric mantle
could be a source of melts through this mecha-
nism, and would be expected given evidence for
ancient and/or multiple enrichment events in the
Tibetan source.

[29] A commonly proposed mechanism for pro-
ducing melts in the lithospheric mantle is juxtapo-
sition of hot asthenosphere against the remaining
(upper) mantle lithosphere following convective
erosion of the thickened lower lithospheric mantle
[Molnar et al., 1993; Turner et al., 1996]. Studies
of shear wave splitting in the upper mantle beneath
northern Tibet suggest that the lithospheric mantle
can not have been completely removed [Lave et
al., 1996; Silver, 1996; Holt, 2000], consistent
with derivation of magmas from an ancient,
enriched lithospheric source suggested by our
and previous workers’ geochemical data [e.g.,
Arnaud et al., 1992; Turner et al., 1996]. Recent
work incorporating a temperature-dependent vis-
cosity of the mantle suggests that removal of
lithospheric mantle may be delayed with respect
to the onset of thickening, which may be problem-
atic when considering the mechanism for produc-

ing early Tibetan volcanism but not for the genesis
of the relatively recent volcanism on the Tibetan
plateau [Lenardic and Kaula, 1995; Conrad, 2000].
In this case, as well as the previous cases, melting
would be primarily the result of heat input, and
therefore residual porosities and melting rates
obtained from the dynamic melting modeling pre-
sented above would be maxima. Nevertheless, the
maximum melting rates obtained from dynamic
melting models could potentially be coupled with
modeling of the rates of temperature increase
expected during convective removal to provide a
test of this model.

[30] A striking feature of the distribution of vol-
canic rocks in northern and central Tibet, and one
that is not explicitly addressed by existing models,
is that they are spatially associated with strike-slip
faults. Moreover, the same relationship has been
noted for potassic volcanic rocks associated with
the North Anatolian Fault in Turkey [Adiyaman et
al., 2001] which are also enriched in incompatible
trace elements (although to a somewhat lesser
degree than the Tibetan lavas). The relationship
may simply be passive if the faults are conduits for
magma transport to the surface. When coupled with
the geophysical support for coherence between
surface deformation and deformation at depth
[Lave et al., 1996; Wittlinger et al., 1998; Holt,
2000] and geochemical evidence that the lavas may
be small melt fractions, however, this spatial asso-
ciation of magmatism and faulting warrants con-
sideration of a fault-related mechanism for melting
itself [Yin et al, 1995]. Even a small amount of
mantle upwelling and attendant decompression
produced by thinning of the lithosphere in releasing
bends along strike-slip faults [Yin et al., 1995]
could potentially induce small degrees of partial
melting, if the mantle was at or near its solidus
prior to extension (as may be the case if the
lithospheric mantle was metasomatized and then
thickened and heated).

[31] In order to assess whether lithospheric thin-
ning across a releasing bend in a strike-slip fault
could produce melts with U-Th disequilibria like
those of the AKB lavas, we modeled melting
associated with pure-shear lithospheric deforma-
tion produced by such extension. The results of
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Figure 5. (A) Sketch illustrating relationship between model parameters. Assuming an initial step in a strike-slip
system of length L, (map view sketch), dashed lines enclose the surface area affected by extension. Cross sections
show geometry of extended and uplifted areas in the case where all extension at the surface is transmitted vertically
downward (rectangle) or where the extension affects a broader area at depth than at the surface (trapezoid). See text
and Appendix A for discussion. (B) Melt fraction extracted (in %) related to surface extension (S). S is the stretch or
degree of extension, defined as the length of the offset at time t after initiation of extension (L?) relative to the initial
length (Ly): S= L/Ly= 1+ (tU,/Ly) [cf. Leeman and Harry, 1993]. Shaded field indicates models with rectangular
geometry and ruled area indicates trapezoidal geometry. Numbers next to lower and upper bounds on fields indicate
initial lithospheric thickness (in km). (C) Melting rate versus extension. The melting rate relative to degree of
extension is a function of the melt productivity, the initial aspect ratio of the lithospheric section (z,/L,), and the
extension rate (see Appendix A), assuming a negligible change in solid density (p,) due to upwelling. Fields as in (B).
All models shown assume slip rate of 12 mm yr ', with the exception of the dashed line (slip rate 23 mm yr ).
Numbers next to lower and upper bounds on fields indicate zy/L, from 6.7 (e.g., zy = 200 km and Ly = 30 km) to 2.5
(e.g., zo = 100 km and Ly = 40 km). Model parameters in (B) and (C) are estimated from the following sources:
Lithospheric thickness of 100—200 km [e.g., Brandon and Romanowicz, 1986; Holt and Wallace, 1990; Silver, 1996;
Owens and Zandt, 1997], slip rates on the Altyn Tagh fault of 12—23 mm yr' [Ryerson et al., 1999], and melt
productivity during adiabatic decompression of 0.4% km ™' [e.g., Langmuir et al., 1992]. Increasing the slip rate will
increase both melting rate and degree of melting (see equations (1), (2), (3), and (4) in Appendix A). Decreasing
productivity to 0.1% (a likely minimum) [Hirschmann and Stolper, 1996] will decrease both melting rate and degree
of melting (see (C)) by a factor of 4.
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this simple model are illustrated in Figure 5, and
the model is explained more fully in Appendix A.
Melting parameters obtained from the dynamic
melting modeling presented above would be
directly applicable in this case. Other variables
controlling lithospheric thinning and melt produc-
tion are not well known but we can delimit the
likely range of melting rate and total melt produced
by considering a reasonable range of values for
melt productivity, the initial aspect ratio of the
lithospheric section (zy/Ly) and the extension rate
(see Figure 5). Ratios of initial surface length to
length at depth of 1 (rectangular geometry) to 3
(trapezoidal geometry; see Figure 5A) were used
because recent tomographic evidence suggests that
the Altyn Tagh fault near the Qaidam Basin
extends as a shear zone to at least 140 km depth
[ Wittlinger et al., 1998], and shear wave anisotropy
in the mantle shows a correlation with surface
structures, implying that the lithosphere is verti-
cally coherent during deformation [Lave et al.,
1996; Wittlinger et al., 1998; Holt, 2000]. Diffu-
sive heat loss from the source rock is assumed to
be slow relative to advective transport. Using this
range of parameters, <30% extension across a
releasing bend in a strike-slip fault (S < 1.3) is
capable of producing the 3-5% melt fractions
consistent with the bulk composition of Ashikule
magmas and corresponds to melting rates of
approximately 1 x 107* to 2 x 107 kg m
yr~'. This range of melting rates overlaps the range
(albeit at the high end) of the maximum melting
rates consistent with the Th enrichments measured
in the AKB lavas.

[32] In summary, a number of mechanisms could
potentially produce the small-degree melts erupted
as the AKB and other Tibetan lavas, as long as the
lower-crustal or mantle source is near its solidus.
Given the scale and complexity of the Indo-Asian
collision, it would not be surprising if the different
melting mechanisms proposed for volcanic rocks of
northern Tibet are operating simultaneously across
the plateau, or even at different depths within the
lithosphere beneath one region. An important impli-
cation of a diversity of permissible melting mecha-
nisms, including the possibility of fault-related
melting, would be that the magmatism need not be

directly related to lithospheric thickening or mantle
delamination and therefore to uplift of the plateau.

6. Summary

1. Potassic trachyandesite and trachybasalt lavas
in the AKB of northwestern Tibet are characterized
by excesses of **°Th relative to *®U, up to a
maximum (**°Th)/(***U) of 1.36, by large enrich-
ments in incompatible trace elements compared to
bulk Earth values, and by radiogenic Sr and Pb
isotope ratios and unradiogenic Nd isotope ratios.
These geochemical characteristics are similar to
other Tibetan volcanic rocks, and therefore mechan-
isms of melt generation that can account for the AKB
lavas may exemplify those for other Tibetan lavas.

2. *°Th excesses of the magnitude observed for
the AKB lavas are unlikely to be produced during
differentiation of a magma, instead reflecting
partial melting of mantle or crustal assemblages.
Modeling of dynamic melting indicates that partial
melting of a garnet-bearing source is required in
order to produce (**°Th)/(***U) > 1.36. Small
porosities (<0.4%) and slow melting rates (<10~*
kg m > yr ") are required in the case of a garnet
peridotite residue, although larger porosity (up to
18%) and melting rates (>10"> kg m > yr ') are
permitted in the case of an eclogitic residue.

3. Potential source lithologies could plausibly
reside either in the mantle or in the crust. To be
consistent with melting constraints inferred from
the 2*°Th excesses, concentrations of incompatible
elements in the source may be somewhat higher
than bulk Earth, but could be similar to those
measured in xenoliths and peridotite massifs.
Unless the Nd, Pb, and Th isotopic characteristics
of the AKB magmas reflect metasomatism of the
lithosphere by silicate melts derived from other
sources, the source of the melts has been enriched
in incompatible elements with respect to bulk Earth
since at least the middle Proterozoic (>1 Ga), and
may have experienced a multistage enrichment
history.

4. A number of mechanisms could potentially
account for the geochemical characteristics of the
AKB magmas, including shear heating during
deformation, convective removal of the lowermost
lithospheric mantle and heating of the remaining
lithosphere, or upwelling associated with extension
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along releasing bends in strike-slip faults. Melting
due to fluid release during intracontinental subduc-
tion is, however, inconsistent with the geochemical
data.

Appendix A

[33] For a vertical lithospheric section of initial
thickness z, undergoing pure-shear thinning due
to horizontal extension (Figure 5) the mass fraction
of melt (F) produced during uplift of the base of the
lithosphere will be given by

o oI I

where (dF/dz) is the melt productivity (%/km) and S
is the stretch or degree of extension, defined as the
length of the offset at time ¢ after initiation of
extension (L,) relative to that initially (Ly): S=L,/Ly=
1+ (tU,/Ly) [cf. Leeman and Harry, 1993]. The rate
of extension (U,) is assumed to be constant, and for
offsets of parallel fault segments, is equal to the slip
rate. For a given value of S, melt fraction is therefore
only a function of the initial lithospheric thickness.
Assuming that all thinning is expressed as uplift at
the base of the lithosphere (i.e., no isostatic
compensation; including Airy isostasy in the equa-
tions makes virtually no difference in the calculated
melt fractions or melting rates), the melting rate dF/
dt (kgm > yr~ ') is a function of the rate of uplift, dz/
dt, and can be expressed as

£ O -BAE o

The simple geometry of the foregoing discussion
assumes that the lithosphere behaves as a vertically
coherent block, in keeping with the observations of
recent work [Lave et al., 1996; Wittlinger et al.,
1998; Holt, 2000]. In addition, it implicitly
assumes that deformation at depth is confined
entirely to a vertical column below the surface
expression of the fault. Relaxing these conditions
poses a problem that is beyond the scope of this
paper, the full treatment of which, given the present
uncertainties in the parameters of the model, is not
likely to lead to significantly better constraints on

the conditions of melting. Nevertheless, the
qualitative behavior of the system as described
above is likely to be robust. To illustrate this, we
examine the effect that a trapezoidal geometry,
representing broadening of the deformation zone at
depth, may have on the rates of uplift at the base of
the lithosphere and therefore on the melting
dynamics. The expressions analogous to equations
(1) and (2) for a trapezoid are:

(@0
- ()60 ()

where C is a constant relating the initial length of
the top and base of the trapezoid such that the
length of the base By = CL, (see Figure 5A). The
value of C depends on the rheology of the mantle
and is a measure of how efficiently the surface
extension is transmitted through the mantle at
depth. As could be anticipated, the qualitative
effect of allowing the area affected by deformation
at depth to be larger than that at the surface will be
to decrease the uplift and therefore the degree of
melting as well as the melting rate for a given
degree of surface extension (Figure 5).
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