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Shoshonites in Southern Tibet Record Late Jurassic Rifting
of a Tethyan Intraoceanic Island Arc
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A B S T R A C T

Detailed field mapping combined with a petrologic and geochemical investigation of the Zedong terrane within the
Yarlung Tsangpo suture zone provides insights to the evolution of now mostly subducted portions of Tethys during
the Late Jurassic. The terrane is dominated by volcanic rocks of shoshonitic affinity, which were erupted in a submarine
oceanic island arc setting. The volcanic island arc was built on a basement of oceanic crust, and the shoshonites
locally overlie a thin section of pillowed island arc tholeiites and red ribbon–bedded radiolarian cherts. Geochemistry
of the shoshonites suggests that their development occurred in a setting analogous to that of Late Miocene to Early
Pliocene Fiji and was associated with an arc rifting. We speculate that this event may have been a far-field response
to developments associated with Gondwana breakup.

Online enhancements: tables, appendix tables.

Introduction

Potassic igneous rocks are known from a variety of
tectonic settings, including within-plate, oceanic
(island) arcs, postcollisional arcs, and continental
arcs (Müller et al. 1992). They have been reported
from numerous locations across the Tibetan Pla-
teau (Arnaud et al. 1992; Turner et al. 1993, 1996;
Miller et al. 1999; Williams et al. 2001, 2004; No-
made et al. 2004; Chung et al. 2005). Previously
reported rocks are all of continental affinity, and
most are Late Cenozoic. Their development has
typically been discussed in terms of their signifi-
cance with respect to the India-Asia collision, the
timing of Tibetan Plateau uplift, and the onset on
east-west extension of the plateau (Turner et al.
1996; Chung et al. 1998). Other Late Mesozoic ex-
amples, however, appear to postdate earlier conti-
nental collision events, such as that between the
Qiangtang and Lhasa terranes (Pearce and Mei
1988; Chung et al. 1998; Li et al. 2002). We present
the first report of shoshonitic series rocks of oce-
anic affinity from Tibet. The rocks are part of a
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terrane containing Late Jurassic (Oxfordian to Kim-
meridgian) volcanic rocks that is preserved be-
tween India and Asia along the Yarlung Tsangpo
suture zone (YTSZ). Their development signifi-
cantly predates any continental collision event and
thus provides clues to the history of a now sub-
ducted oceanic basin. It is one of the few occur-
rences where an oceanic island arc origin can be
clearly demonstrated for ancient shoshonitic rocks.

Geological Setting

The Zedong terrane (Aitchison et al. 2000; Mc-
Dermid 2002; McDermid et al. 2002) crops out be-
tween the Lhasa and Indian terranes within the
YTSZ, which marks the trace of Neotethys. Frag-
ments of one or more ancient submarine volcanic
edifices are preserved within the terrane. It is best
exposed SE of Lhasa along the southern side of the
Yarlung Tsangpo (Yarlung River) either side of the
township of Zedong, in Shannan Prefecture (fig. 1).
The geology of this area has been mapped in detail
(Badengzhu 1979; McDermid 2002), with various
aspects having been discussed further by different
authors (Yin et al. 1999; Harrison et al. 2000;



Figure 1. Simplified geological map of the Zedong area (after Badengzhu 1979; McDermid 2002) showing the distribution of rocks assigned to the Zedong
terrane. Abbreviations in inset map showing location of study area in Tibet: Boundary Thrust; Tibet Detachment system;MBT p Main STDS p South

Tsangpo suture zone; -Nujiang suture.YTSZ p Yarlung BNS p Bangong
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McDermid 2002; Aitchison et al. 2003). Detailed
mapping permits the recognition of a distinctive
stratigraphy (McDermid 2002; McDermid et al.
2002) with an overturned succession that includes
mostly igneous rocks together with volumetrically
subordinate sedimentary lithologies, such as chert,
limestone blocks, tuffs, crystal-rich sandstones and
mudstones, red siltstones, and volcaniclastic sand-
stones. Volcanic breccias, most of which are au-
toclastic, dominate the terrane, and the total pre-
served stratigraphic thickness locally approaches
1500 m. The terrane is bounded by south-dipping
faults. To the north, it is thrust over Lower Miocene
Luobusa (Gangrinboche) conglomerates, which un-
conformably overlie a basement of southern Lhasa
terrane rocks (Aitchison et al. 2002, 2003). The
southern margin of the terrane is delineated by a
steep south-dipping fault along which Zedong ter-
rane rocks lie in the footwall with serpentinized
harzburgites in the headwall. This structure is in-
terpreted to have originally been a low-angle nor-
mal fault, which together with the entire Zedong
terrane stratigraphic succession is now overturned.

Stratigraphy and Petrography

Detailed mapping allows recognition of the former
stratigraphic succession within the Zedong terrane
(fig. 2). The base of the terrane is faulted with a
thin section of tholeiitic plagioclase � olivine �

-phyric pillow basalts (a few tens ofclinopyroxene
meters thick) locally preserved at Luong la, Nuri,
Lulang, and near Gongbari. The pillow lavas are
overlain by up to 20 m of red ribbon–bedded radi-
olarian chert. This basal succession indicates that
the oldest rocks preserved in the Zedong terrane
formed in an oceanic setting. The cherts developed
as a result of pelagic sedimentation below the car-
bonate compensation depth after the cessation of
tholeiitic volcanism.

Most of the terrane is, however, dominated by a
thick section (up to 1500 m) of autoclastic basaltic
volcanic breccias that overlie the tholeiitic basalts
and cherts. Basalts and basaltic andesites that typi-
cally occur as autoclastic breccias (as well as hyalo-
clastites) are also locally present as pillow basalts,
sheet flows, and dikes. Dacite, rhyolite, and shallow-
level subvolcanic intrusions comprise most of the
remaining section.

Igneous rocks, including clasts within the brec-
cias that occur stratigraphically above the cherts,
are typically porphyritic, with hornblende, plagio-
clase, and clinopyroxene being the dominant phe-
nocryst phases; olivine and quartz phenocrysts
are rare. Volcanic rocks include basalt, basaltic-

andesite, dacite, rhyolite, and the shoshonite series
equivalents (absarokite, shoshonite, banakite) of
these rocks. The breccias are locally intruded by
numerous hornblende-phyric, apatite-bearing ab-
sarokite dikes, rare dacite dikes, and hornblende
gabbro, diorite, and quartz diorite.

Petrographic examination of the autoclastic brec-
cias and dikes permits further discrimination of
three types of absarokite on the basis of phenocryst
assemblages. Hornblende absarokite is dominated
by hornblende with little or no feldspar. Other
types of absarokite are dominated by feldspar and
clinopyroxene with little or no hornblende or have
few phenocrysts. It is likely that some high-K ba-
salts are altered absarokites because they contain
microphenocrysts of apatite and bear strong pet-
rographic similarity to the other hornblende absa-
rokites. Hornblende-phyric absarokite lavas are
abundant above the lowermost stratigraphic levels
in the terrane. Phenocrysts of euhedral to anhedral
hornblende, up to 4 mm long, comprise 30%–50%
of the total rock volume. Smaller subhedral cli-
nopyroxene phenocrysts are subordinate. Acces-
sory phases include apatite and opaque minerals.
Some hornblende phenocrysts have inclusions of
clinopyroxene, and crystal margins are locally al-
tered to opaque minerals or chlorite. The ground-
mass is either microcrystalline or devitrified with
glass variably replaced by quartz, epidote, chlorite,
and albite. Plagioclase absarokites are dominated by
plagioclase phenocrysts set in a pervasively altered
groundmass of microcrystalline albite, quartz, and
calcite with rare phenocrysts of clinopyroxene, and
euhedral hornblende is locally present.

Pillow basalts that occur together with hyalo-
clastites near Gongbari are, on the basis of stratig-
raphy, inferred to be younger than those of tholei-
itic affinity, which occur at the base of the Zedong
terrane. They are shoshonitic and consist of rare
(!5% of the total rock volume) variably altered phe-
nocrysts of euhedral plagioclase and subhedral cli-
nopyroxene set in a fine-grained devitrified glassy
to microcrystalline groundmass of plagioclase mi-
crolaths and rare pyroxene. Calcite locally replaces
glomerocrysts, probably of pyroxene. Opaque min-
erals have cubic, triangular, and hexagonal sec-
tions. Irregular and bubble-shaped amygdales filled
with secondary minerals, including quartz, prehn-
ite, albite, calcite, epidote, or pumpellyite, account
for 10%–30% of the total rock volume. Thin calcite
and quartz veins are common.

Hornblende gabbro and diorite form a minor
(∼10%) component of the terrane intruding the up-
per portion of the succession. Hornblende exhibits
single twins, is rarely zoned, exhibits green to pale



Figure 2. Reconstructed stratigraphic sections compiled from mapping traverses across the Zedong terrane (McDermid 2002), showing the stratigraphic levels
from which samples were collected.
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green pleochroism, and locally contains small cli-
nopyroxene or plagioclase inclusions. Some are eu-
hedral, whereas other phenocrysts have irregular
edges. Secondary minerals include quartz, sericite,
chlorite, saussurite, serpentine, epidote, and chlo-
rite. Hornblende gabbros contain 40%–65% horn-
blende phenocrysts, which enclose plagioclase and
clinopyroxene crystals defining a poikilitic texture
or fill interstices between euhedral plagioclase.
Hornblende is accompanied by plagioclase (35%)
and clinopyroxene (1%–5%) phenocrysts with ac-
cessory titanite and opaque minerals. Diorites and
quartz diorites consist of altered plagioclase and
alkali feldspar (55%–70%) hornblende (5%–30%)
and quartz (10%–25%) with accessory green bio-
tite, zircon, apatite, titanite, and opaque minerals.
Their textures range from anhedral granular to sub-
hedral granular. Rare hornblende crystals are en-
closed by quartz in quartz diorite samples. Else-
where, rare megacrysts of hornblende up to 10 cm
long are present.

Although uncommon, porphyritic dacites and
rhyolites occur among the breccias in the upper-
most part of the terrane. Phenocrysts (0.5–3.0 mm)
are moderately abundant to rare and include eu-
hedral to anhedral feldspar (5%–30% of the total
rock volume), subhedral hornblende (1%–20%),
minor quartz (!5%), and rare clinopyroxene. Feld-
spar is variably altered and is commonly sericitized.
Hornblende margins are altered to chlorite or
opaque Fe oxides.

Other lithologies that are present in minor quan-
tities include sedimentary rocks deposited during
periods of relative vent quiescence. Carbonate oc-
curs as limestone blocks in the fine-grained tuffs
and is interpreted to have accumulated in shallow
marine areas during vent quiescence. The blocks
may have been dislodged and then redeposited to-
gether with ash during renewed tectonic activity
associated with the volcanic edifice. Rare mon-
omict volcanic breccias possibly represent resedi-
mented hyaloclastites.

Age

Radiolarian biostratigraphy and geochronology
both indicate that the Zedong terrane is late Middle
Jurassic–mid Late Jurassic. A well-preserved Bath-
onian to lower Callovian radiolarian fauna that in-
cludes Stichocapsa robusta was recovered from
near the top (youngest portion) of the red ribbon–
bedded chert. This chert overlies the pillowed is-
land arc tholeiite (IAT) lavas and is succeeded by
shoshonitic volcaniclastic breccias. Stichocapsa ro-
busta constrains the cherts to an interval between

the upper Bajocian–lower Bathonian and lower Cal-
lovian (Unitary Associations: figs. 5–7 of Baum-
gartner et al. 1995). The radiolarian fauna thereby
constrains the timing of formation of the IAT vol-
canic rocks and cherts at the base of the terrane to
the late Middle Jurassic (McDermid 2002; Ziabrev
et al. 2003a).

Radiometric dating (laser 40Ar/39Ar step heating
and U-Pb ion microprobe) of mineral separates from
the overlying volcanic pile (McDermid et al. 2002)
indicates shoshonitic volcanism occurred in the
Late Jurassic between 161 and 152 Ma (Oxfordian
to Kimmeridgian), with intrusion of hornblende
gabbro and quartz diorites between 163 and 155 Ma.
Absarokite dikes intrude these rocks, indicating
that shoshonitic magmatism and pluton emplace-
ment were at least partly coeval.

Geochemistry

The geochemistry of 50 rocks from the Zedong ter-
rane was examined (tables 1 and 2 available in the
online edition and from the Journal of Geology of-
fice). Whole-rock samples were taken from the
least-altered outcrops and are considered to be rep-
resentative of the major lithologies in the terrane.
Sample locations as recorded by GPS are given in
table 1, with the relative stratigraphic positions of
samples depicted on reconstructed stratigraphic
columns determined from north-south traverses of
the terrane (fig. 2). The samples were cut with a
diamond-impregnated brass blade, crushed in a
steel jaw crusher that was brushed and cleaned
with deionized water between samples, and pul-
verized in agate mortars in order to minimize po-
tential contamination. Major oxides for Zedong ter-
rane rocks (HKU1871-1895) were obtained by
wavelength-dispersive X-ray fluorescence spec-
trometry (WD-XRFS) on fused glass beads using a
Philips PW2400 spectrometer at the University of
Hong Kong or by inductively coupled plasma
atomic emission spectrometry at the Australian
Laboratory Services (HKU 1896-2519). Trace ele-
ments, including rare earth elements (REEs), were
determined by inductively coupled plasma mass
spectrometry (ICP-MS) of nebulized solutions using
a VG Plasma-Quad Excell ICP-MS at the University
of Hong Kong after a 2-d closed beaker digestion
using a mixture of HF and HNO3 acids in high-
pressure “bombs” (Qi and Gregoire 2000; Zhou et
al. 2004, 2006). Pure elemental standard solutions
were used for external calibration, and BHVO-1 and
SY-4 were used as reference materials. The accu-
racies of the XRFS analyses are estimated to be
�2% (relative) for major oxides present in concen-
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Figure 3. Plot of subalkaline rocks from the Zedong
terrane using a K2O-SiO2 diagram. The boundaries of ab-
sarokite, shoshonite, and banakite follow those of Ewart
(1982). All samples are plotted on an anhydrous basis.

trations greater than 0.5 wt% and �5% (relative)
for minor oxides present in concentrations greater
than 0.1 wt%. The accuracies of the ICP-MS anal-
yses are estimated to be better than �5% (relative)
for most elements (Zhou et al. 2004).

Aside from rare pillowed tholeiitic basalts locally
preserved at the base of the terrane, the Zedong
terrane is dominated by a 1500-m section of au-
toclastic basaltic volcanic breccias. Geochemistry
permits discrimination of three broad magmatic as-
sociations among this succession: a shoshonitic
series, a high-K calc-alkaline series, and a low-K
tholeiitic series (fig. 3). The geochemical trend up-
section is from tholeiitic at the base of the terrane
to shoshonitic in the upper part of the terrane
(McDermid 2002).

The pillow basalts at the base of the terrane
exhibit trace element and petrographic character-
istics of arc tholeiites. The mid-ocean ridge basalt
(MORB)–normalized pattern for sample HKU1896
(fig. 4D) is enriched in large ion lithophile elements
(LILE) and depleted in the high field strength ele-
ments (HFSE; Zr, Ti, Hf, Y) and has Nb values !1
typical of oceanic arc tholeiitic series basalts. How-
ever, both (Th/Nb)n and (Ce/Nb)n values are 11,
which, coupled with the consistent LILE enrich-
ment, suggests that this lava is best classified as an
arc tholeiitic basalt.

Shoshonitic Series. Much of Zedong terrane
(145%) is composed of shoshonitic series rocks.
Most of these rocks are absarokites (45%–52%
SiO2), with some more evolved shoshonites and
banakites (HKU1878, 2513) also present. Major el-
ement concentrations for absarokites, aside from
K2O, are similar to those for island arc basalts. They
also show a rapid increase in K2O as silica increases
from 45% to 52%. As mentioned earlier, pheno-
cryst assemblages allow the discrimination of horn-
blende, plagioclase, or pyroxene-phyric absarokites.
Shoshonites and banakites are more evolved with
higher K2O and Al2O3 and lower MgO, TiO2, and
FeO. They are dominated by feldspar and subor-
dinate clinopyroxene phenocrysts with hornblende
as a minor phenocryst phase. The presence of am-
phibole phenocrysts and accessory apatite indicates
that, although altered or devitrified, parent magmas
were indeed shoshonitic (Crawford et al. 1992). Two
samples (HKU 1872, 2479) with very high K2O con-
tents (3.82–4.06 wt%), which are markedly more
altered than most other samples, are included in
the data set in order to provide a representative
suite of samples from all stratigraphic levels. They
were collected from the lowest breccia horizon in
the section on the eastern side of Lulang valley.

Hyaloclastites collected from Gongbari (HKU
2455, 2468, 2469) plot in the high-K calc-alkaline
and shoshonitic fields. Other petrographically sim-
ilar samples (HKU 2467, 2454) are most likely
shoshonites from which K has been removed by
hydrothermal alteration processes. Alteration of
glass to silica-chlorite-albite assemblages is com-
mon and often results in partial or extensive de-
pletion of K2O (Crawford et al. 1992). In all samples,
phenocrysts are rare, and plagioclase is now re-
placed by carbonate. Microphenocrysts of apatite
occur as an accessory phase. In comparison with
the other absarokites, these sparsely feldspar-
phyric samples have lower MgO (∼3%) and ∗FeO
(5%–9%) and higher CaO (8%–13%) and P2O5

(0.5%–0.8%) values and are best classified as
shoshonites.

Trace element patterns show enrichment in the
LILE (Cs, Rb, ) and depletion in Nb and TaBa ≤ 100
relative to the LILE and Ce (fig. 5). The HFSE (Zr,
Hf, Ti) and Y are depleted relative to N-MORB. The
implications of these shoshonitic series lavas in the
Zedong terrane will be considered following pre-
sentation of data for the other rocks with which
shoshonites are associated.

High-K Calc-Alkaline Series. Fourteen samples
plot in this series, including rhyolite, dacites, an-
desites, basaltic andesites, and basalts, with a few
samples plotting below the high-K to medium-K
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Figure 4. Mid-ocean ridge basalt (MORB)–normalized (Pearce 1982) trace element plots for samples from the Zedong
terrane analyzed by X-ray fluorescence (XRF) using pressed pellets. The values for Th and Ce are not plotted for some
samples because they were below the detection limit of the XRF.

divide, presumably because of limited K2O deple-
tion during low-grade metamorphic degradation.
High-K basalts have a phenocryst assemblage,
which includes � clino-plagioclase � hornblende
pyroxene � orthopyroxene � olivine. Trace ele-
ment patterns show enrichments in the LILE and
depletion in the HFSE (Ti, Y). High-K basaltic an-
desites and andesites exhibit broadly similar trace

element patterns; the LILE are enriched relative to
N-MORB, and the HFSE (Ti, Y) are depleted. Zr is
slightly enriched relative to MORB, similar to frac-
tionated calc-alkaline rocks. Apart from K2O, major
element concentrations are similar to those for is-
land arc basalts.

Four high-silica samples are also included with
the calc-alkaline group. Three (HKU 1888, 1890,
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Figure 5. Mid-ocean ridge basalt (MORB)–normalized (Pearce 1982) trace element patterns for samples from the
Zedong terrane analyzed by inductively coupled plasma mass spectrometry. Panels show rare earth element patterns
(Nakamura 1974).

2480) are dacites. The fourth (HKU 1892) is geo-
chemically a rhyolite, but because the groundmass
has been pervasively recrystallized, it is interpreted
to have originally been a dacite. The phenocryst
assemblage of high silica samples is plagioclase �

. Ap-alkali feldspar � hornblende � clinopyroxene
atite was not observed as an accessory phase. Da-
cites also show enrichment in LILE and depletion
in HFSE relative to MORB and are compositionally
appropriate for more evolved members of the high-
K calc-alkaline suite related by fractionation to the
less evolved andesites and basalts in this series.

A single sample (HKU 2446) of medium-K calc-
alkaline series affinity from stratigraphically lower
in the sequence than most of the shoshonitic series
samples is enriched in LILE and Ce and depleted

in Nb and the HFSE typical of the calc-alkaline
series. It is not as strongly enriched in the LILE and
may be interpreted as transitional to the higher-K
rocks.

Low-K Calc-Alkaline Series. Three samples (HKU
2437, 2462, 2487) plot in the low-K tholeiitic series,
with an additional sample assigned to this group
on the basis of petrography and trace element char-
acteristics. Low-K basalts are dominated by clino-
pyroxene and plagioclase, with hornblende either
absent or rare. Trace element patterns are similar
to the calc-alkaline series but with consistently
lower LILE contents than the high-K series lavas.
Two of these low-K calc-alkaline basalts (HKU
2437, 2487) occur low in the stratigraphy, with
stratigraphic position of the third sample (HKU
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2462) being indeterminate because it was collected
from an isolated outcrop.

Interpretation

Most of the Zedong terrane appears to have formed
in association with submarine volcanic activity.
Volcanic breccias, which dominate the terrane, are
remnants of one or more ancient submarine vol-
canic edifices. They record a drastic change in sed-
imentation (from radiolarian chert) that occurred
with the onset of volcanic activity. Autoclastic
breccias formed through the interaction of seawater
with coherent lava (quench fragmentation). This
process also gave rise to the components of sub-
ordinate epiclastic breccias that are interpreted as
having been deposited from debris and sediment
gravity flows on the flanks of a submarine volcano.
It is likely that tectonic activity or gravity acting
on unstable slope deposits initiated transportation
of these sediments. Stratigraphy and geochemistry
indicate that the shoshonitic lithologies, which
dominate the terrane, developed over a basement
of intraoceanic island arc crust represented by pil-
lowed IAT and chert. Shoshonitic and high-K calc-
alkaline rocks are exposed everywhere along strike.
Field relations indicate that development of the
shoshonitic series rocks was coeval with, and may
locally have postdated that of, calc-alkaline series
rocks. For example, near Jasa, plagioclase absaro-
kite intrudes high-K dacite dikes, and near Nuri,
high-K dacites occur at the same stratigraphic level
as shoshonitic dacite (banakite) breccia. A distinct
group of shoshonitic hyaloclastites that are sparsely
feldspar-phyric and have lower MgO (∼3%) and

(5%–9%) and higher CaO (8%–13%) and P2O5
∗FeO

(0.3%–0.8%) values is exposed near Zedong at
Gongbari. The shoshonites have distinctive arc
trace element patterns, are enriched in LILE, and
are depleted in HFSE relative to N-MORB. Thus,
they differ considerably from other high-K rocks of
continental affinity reported from elsewhere in
Tibet.

Shoshonites are not common in oceanic arcs and,
where present, have been interpreted (Jakes and
White 1972; Morrison 1980; Stern et al. 1988; Gill
and Whelan 1989) in various ways, including as-
sociation with arc maturity, arc continent collision,
arc seamount collision, and arc rifting as well as
being indicators of depth to the Benioff zone. Of
these, an arc continent collision such as that ob-
served in Taiwan (Chung et al. 2001) can be ruled
out because geochemistry, sedimentology, and the
age of the Zedong terrane preclude its development
in this setting. The HFSE are noticeably more

strongly depleted than those in shoshonitic rocks
associated with arc continent collision. Calc-
alkaline subduction-related volcanism occurred
along the southern margin of Eurasia (Lhasa ter-
rane) from the Late Jurassic to Early Cenozoic, but
clastic units of the Zedong terrane lack any con-
tinental detritus that might indicate proximity of
the arc to a continent. If an island arc had collided
with Eurasia, any associated shoshonitic rocks
would be more likely to occur within the southern
Lhasa terrane. Had the Zedong terrane accreted to
the southern margin of Eurasia, it would also have
been intruded by Late Cretaceous to Early Cenozoic
magmas associated with the Gangdese batholith.

Settings in which shoshonitic volcanic rocks are
associated with intraoceanic arc rifting appear to
provide more likely analogs for the Zedong terrane
succession. The Izu-Bonin-Marianas (IBM) system
is a 2500-km-long arc system where the Pacific
plate is subducting beneath the Philippine Sea
plate. Shoshonitic magmas erupt along a 150-km
segment adjacent to the magmatic front in the
Northern Seamount Province (Stern et al. 1988;
Bloomer et al. 1989) in an area referred to as the
Alkalic Volcano Province (AVP). Generation of
these rocks has been variously interpreted to be
associated with arc rifting following collision of an
oceanic plateau (the Ogasawara Plateau; Stern et al.
1984; Honza and Tamaki 1985), development of a
new arc segment following arc rifting (Stern et al.
1988), or along strike extension of the arc/forearc
region as plate convergence becomes more oblique
(Fryer et al. 1997).

Shoshonites in the AVP co-occur with high-K
calc-alkaline volcanic rocks. They all are fraction-
ated with moderate to low MgO, Ni, and Cr con-
tents. They are unusual among IBM arc lavas be-
cause they are significantly enriched in LILE
relative to normal MORB and exhibit LILE and
HFSE fractionation more similar to that associated
with convergent margin magmas (Sun and Stern
2001). However, relative to continental shosho-
nites, the LILE and HFSE are depleted (fig. 6). Stern
et al. (1988) proposed that the AVP represented a
new arc segment built following rifting of an older
arc to form the Mariana trough back-arc basin. In
this model, the Mariana Trough spreading center
is propagating northward through the volcano arc.
Young arc volcanoes are expected where a back-arc
basin has recently formed because rifting ends the
previous cycle of arc magmatism and a new arc
begins on the trenchward flank of the rift (Karig
1971; Hawkins et al. 1984). Stern et al. (1988) also
used isotopic evidence to argue that the generation
of shoshonitic rocks reflects melting of unusually
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Figure 6. Mid-ocean ridge basalt (MORB)–normalized trace element patterns for shoshonitic series rocks from the
Zedong terrane (A) compared with those for shoshonites from modern postcollisional (C, E) and arc settings (B, D).

enriched parts of the subjacent mantle wedge, a
consequence of the interaction between the prop-
agating back-arc rift and the mantle source of arc
magmas. The key point is that shoshonite series
lavas occur in a restricted section of the arc system

in the vicinity of the propagating tip of the Mariana
Trough back-arc basin spreading center. The same
relatively shallow lithosphere in the upper plate
has probably been sampled by partial melting be-
neath the shoshonitic volcanoes of the southern
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Figure 7. Zedong terrane sample data plotted on discrimination diagrams for potassic igneous rocks from different
tectonic settings based on simple ratios of immobile elements. Fields after Müller et al. (1992).

Kasuga cross chain volcanic belt that cuts across
the northern portion of the Mariana arc from the
trench axis to 60 km west of the magmatic front
(Fryer et al. 1997). These volcanoes range in com-
position from basaltic to dacitic, but both these and
the AVP shoshonites are significantly less LILE en-
riched than the Zedong shoshonites at any stage of
fractionation (Stern et al. 1988; Fryer et al. 1997;
Sun et al. 1998; Sun and Stern 2001).

In the Fijian islands, Pliocene shoshonitic mag-

mas are associated with fragmentation of the north-
east-facing Vitiaz island arc. This arc is situated on
the northeast margin of the Indo-Australian plate
under which the Pacific plate is being subducted.
Before rifting in the Pliocene, the Vitiaz arc was
composed of the now separated Lau and Vanautu
ridges. The Lau ridge is the remnant arc of the now
active Tonga Ridge. The formation of the back-arc
basins that separate Fiji from the active subduction
sites began during the late Miocene and early Pli-
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Figure 8. Zedong terrane sample data plotted on ternary trace element discrimination diagrams for potassic igneous
rocks. Fields and sample screening criteria after Müller et al. (1992).

ocene (Gill 1984; Gill and Whelan 1989; Rogers and
Setterfield 1994; Taylor et al. 2000). Shoshonitic
magmatism is interpreted to have begun in Fiji after
the formation of a traverse rift that broke the Vitiaz
arc across strike. Absarokites were erupted on the
remnant arc from 10 volcanoes between 6 and 3
Ma (Gill and Whelan 1989). They were erupted
along three lineaments along strike and up to 225
km away from the rift. Medium- and high-K calc-
alkaline volcanism was coeval with shoshonitic
volcanism. Continued rifting led to the fragmen-
tation of the arc lithosphere and establishment of
a back-arc basin spreading center.

Geochemical discrimination diagrams (figs. 7, 8)
suggest that the Zedong terrane formed in a late-
stage oceanic arc setting analogous to Fiji rather
than the AVP in the IBM system, which are erupted
along the magmatic front. These diagrams provide
a distinction between late-stage and initial island
arc settings, but the data for the latter are based on
only one modern example (Müller and Groves
2000). Our preferred interpretation is that the
shoshonitic volcanism in the Zedong terrane was
generated as a result of the rifting of arc lithosphere,
as in the case of the Fijian shoshonites.

Discussion

Formation of the Zedong terrane in an intraoceanic
setting is consistent with earlier models for devel-
opment of the YTSZ (Aitchison et al. 2000). How-

ever, improved age constraints from radiolarian bio-
stratigraphy and geochronology indicate that it
formed largely in the late Middle to mid-Late Juras-
sic. The occurrence of other intraoceanic supra sub-
duction zone rocks along the YTSZ, such as the mid-
Cretaceous ophiolites of the Dazhuqu terrane
(Aitchison et al. 2000, 2004; Ziabrev et al. 2003b;
Dubois-Cote et al. 2005; Dupuis et al. 2005a, 2005b),
and evidence from tomographic imaging for an ex-
tensive subducted slab beneath India (Van der Voo
et al. 1999) suggest the existence of a long-lived,
intraoceanic subduction system within Tethys.

Other evidence of Middle Jurassic to Early Cre-
taceous intraoceanic subduction is reported from
elsewhere along the suture. Ophiolitic rocks of
southern Ladakh, including the Spontang, Nidar,
and Karzog ophiolites, provide evidence of intra-
oceanic subduction in the Middle Jurassic and Early
Cretaceous. They have supra-subduction zone geo-
chemical signatures and REE patterns that suggest
that they may have been broadly cogenetic (Mahéo
et al. 2000). Zircons from a plagiogranite in the
Spontang ophiolite have yielded a 206Pb/235U age of

Ma (Pedersen et al. 2001). Arc rocks (Spong177 � 1
arc), which overlie the Spontang ophiolite, yield U-
Pb ages between 80 and 90 Ma (Pedersen et al.
2001). Further north, the Kohistan Island Arc ter-
rane is interpreted to have evolved over a south-
dipping subduction zone through much of Creta-
ceous time (Dietrich et al. 1983; Schärer et al. 1984;
Reuber 1989; Searle et al. 1999). Collision of the
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Figure 9. Postulated reconstruction of Gondwana at around 155 Ma. Gondwana stencil from the GMAP program
(Torsvik and Smethurst 1999) is positioned using the Besse and Courtillot (2002, 2003) pole for southern Africa; see
Ali and Aitchison (2005), particularly concerning “Greater India” (dotted area) and the Wallaby (W.P.) and Zenith
Plateaus (Z.P.). Heavy dashed lines represent rifting–early spreading boundaries that started up at about this time for
West Burma Block (W.B.B.) from NW Australia (Heine et al. 2004) and for West Gondwana from East Gondwana
(Schettino and Scotese 2001). Equatorial belt indicates the postulated position in which ophiolitic rocks associated
with the Zedong intraoceanic arc may have formed on the basis of the broad equatorial belt in which radiolarian-
bearing cherts have tended to form since at least the start of the Mesozoic. We note that this location lies above the
1325-km depth of the high-velocity mantle anomaly III of Van der Voo et al. (1999) interpreted to have been the
location of a long-lived zone of intraoceanic subduction with NeoTethys (Abrajevitch et al. 2005).

Kohistan arc with Eurasia to the north caused a
new north-dipping subduction zone to form on the
south side of this arc, leading to closure of Tethys
and India-Asia collision (Robertson and Degnan
1994; Khan et al. 1997). Data presently remain in-

sufficient to resolve whether single or multiple in-
traoceanic systems are preserved along the suture.

Although a Late Jurassic arc rifting event akin to
the Mio-Pliocene event observed in Fiji may have
been responsible for development of the Zedong
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terrane shoshonites, no other evidence that might
imply such an event is known from along the
YTSZ. It remains plausible, however, that major
events elsewhere in the vicinity or further afield
along connected plate margins involved in the de-
velopment of the Zedong terrane may have resulted
in changes in plate motion or poles of rotation that
could have triggered arc collapse. In this regard, we
note the temporal coincidence of significant events
along southern Neotethys during the Kimmeridg-
ian to Oxfordian. Around that time, a fundamental
change in plate motions was occurring, with a
change from spreading associated with a broadly
equatorial Tethys to the development of south-
westward-propagating spreading ridges that began
to carve up Gondwana. Of potential significance
are the Oxfordian rifting of the Argo-Burma terrane
from NW Australia (Stampfli and Borel 2002; Heine
et al. 2004) and initial separation of Madagascar/
Greater India from Africa, which also occurred in
the Middle to Late Jurassic (Coffin and Rabinowitz
1987; fig. 9).

In the Paleocene, once the oceanic lithosphere
between India and the intra-Tethyan subduction
zone was consumed, remnants of the intraoceanic
subduction system including Zedong terrane were
emplaced onto the Indian margin (Aitchison et al.
2000). Observations from extant intraoceanic arc
continent collision zones such as Taiwan and the-
oretical modeling of such collisions suggest that
much of an arc is likely to founder during collision
with a continent (Chemenda et al. 2001; Boutelier
et al. 2003). Although little of the intraoceanic sys-
tem is preserved, its collision is clearly recorded

along the suture zone in detrital sediments. Coarse-
grained clastic sediments derived from the north-
ern India and supra-subduction zone terranes ac-
cumulated within the collision zone (Davis et al.
2002) and obduction is heralded by the first arrival
ophiolitic detritus shed into latest Paleocene ma-
rine sediments on the northernmost margin of In-
dia (Ding et al. 2005; Zhu et al. 2005). Ophiolite
emplacement was also coincident with the devel-
opment of widespread melange along the northern
margin of India (Liu 2001). By the end of the Pa-
leogene, the Indian Plate, then carrying the extinct
intraoceanic arc, collided with the Asian margin
(Aitchison et al. 2000; Aitchison and Davis 2004),
initiating the Himalayan-Tibet orogeny.
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