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The India-Asia suture zone of southern Tibet exposes Lower Cretaceous Xigaze ophiolites and radiolarian
cherts, and time-equivalent Asian-derived clastic forearc sedimentary rocks (Xigaze Group). These
ophiolites have been interpreted to have formed in the forearc of the north-dipping subduction zone
below Tibet that produced the Gangdese magmatic arc around 15-20°N, or in the forearc of a sub-
equatorial intra-oceanic subduction zone. To better constrain the latitude of the ophiolites, we carried
out an integrated paleomagnetic, geochronologic and stratigraphical study on epi-ophiolitic radiolarites
(Chongdui and Bainang sections), and Xigaze Group turbiditic sandstones unconformably overlying the
ophiolite’s mantle units (Sangsang section). Detrital zircon U-Pb geochronology of tuffaceous layers from
the Chongdui section and sandstones of the Xigaze Group at the Sangsang section provides maximum
depositional ages of 116.5 +3.1 Ma and 128.8 & 3.4 Ma, respectively, for the Chongdui section and an
Asian provenance signature for the Xigaze Group. Paleomagnetic analyses, integrated with rock magnetic
experiments, indicate significant compaction-related inclination ‘shallowing’ of the remanence within the
studied rocks. Two independent methods are applied for the inclination shallowing correction of the
paleomagnetic directions from the Sangsang section, yielding consistent mean paleolatitudes of 16.2°N
[13°N, 20.9°N] and 16.8°N [11.1°N, 23.3°N], respectively. These results are indistinguishable from recent
paleolatitude estimates for the Gangdese arc in southern Tibet. Radiolarites from the Chongdui and
Bainang sections yield low paleomagnetic inclinations that would suggest a sub-equatorial paleolatitude,
but the distribution of the paleomagnetic directions in these rocks strongly suggests a low inclination
bias by compaction. Our data indicate that spreading of the Xigaze ophiolite occurred in the Gangdese
forearc, and formed the basement of the forearc strata.
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1. Introduction oceanic lithosphere (ophiolites) (Hébert et al., 2012) and a thick se-
quence of clastic sedimentary rocks derived from the Lhasa terrane
forming the Xigaze Group (e.g., Wu et al., 2010; An et al., 2014;
Orme et al,, 2014). The oceanic crust of the ophiolites of south-
ern Tibet formed in the Early Cretaceous above a subduction zone
that accommodated India-Asia convergence, and the closure of the

Neotethys Ocean (e.g., Searle et al., 1987; Yin and Harrison, 2000).

The Yarlung Zangbo suture zone, which separates the Lhasa
terrane of Asia to the north from the India-derived Himalayan
fold-thrust belt to the south, contains remnants of Neotethyan
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Geochemical constraints suggest that these ophiolites formed in
an upper plate above a subduction zone (Hébert et al, 2012).
Following a long-lived subduction history, these ophiolites em-
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placed onto the northernmost continental margin strata of the
Indian plate (i.e. the Tibetan Himalaya) (e.g., Ding et al., 2005;
Guilmette et al., 2009; Hu et al., 2014).

The Xigaze ophiolite belt, exposed between Dazhuqu to the
east and Sangsang to the west (Fig. 1), represents the largest,
most complete, and best-studied Yarlung Zangbo ophiolites of
southern Tibet. Contrasting views exist, however, on the loca-
tion of the subduction zone above which these ophiolites formed,
and on the timing of their emplacement onto the Tibetan Hi-
malaya. Searle et al. (1987) and Corfield et al. (2001) argue for
a ~70 Ma emplacement age for the Spontang ophiolite, assum-
ing that mafic debris in the Tibetan Himalayan strata of this age
was ophiolite-derived. Paleomagnetic constraints show that the Ti-
betan Himalaya arrived at equatorial latitudes shortly after 70 Ma
(Patzelt et al., 1996; Dupont-Nivet et al., 2010b) and such an
old emplacement age would thus be consistent with an equato-
rial paleolatitude of this inferred intra-oceanic subduction zone
(e.g., Aitchison et al., 2007). In contrast, Garzanti and Hu (2014)
showed that chromium spinels in the mafic debris had a geo-
chemical signature that is not consistent with a derivation from
ophiolitic rocks, but from an (an-orogenic) mantle plume source
instead. Base on the first arrival of chromium spinels with a com-
position consistent with the ophiolites in the Tibetan Himalaya
strata, an early Eocene first erosion age of the ophiolites was
suggested instead (Garzanti and Hu, 2014; Hu et al., 2014), con-
sistent with the late Paleocene - early Eocene collision age of
the Tibetan Himalaya with Tibet (e.g., Dupont-Nivet et al., 2010a;
Najman et al., 2010; DeCelles et al.,, 2014; Lippert et al., 2014;
Orme et al, 2014). This would rather suggest that the Xigaze
ophiolite represents the basement of the forearc of the long-
lived Gangdese arc that formed on Lhasa terrane due to subduc-
tion below the southern Tibetan margin (e.g., He et al., 2007;
Lee et al., 2009).

Another factor that has contributed to the debate about the
origin of the Xigaze ophiolite is that its contact with Xigaze
forearc strata is in many/most places a strand of the north-
directed Miocene Great Counter thrust system (e.g., Yin et al.,
1999). Aitchison et al. (2003) argued that the contact was every-
where a thrust along which thousands of kilometers of conver-
gence may have been accommodated between the ophiolites and
Xigaze forearc strata. Other authors, however, reported an uncon-
formable, or interfingering depositional relationship between the
forearc strata and ophiolitic basement rocks or its radiolarian cover,
respectively (e.g., Pozzi et al., 1984; An et al., 2014). Assessing the
structural relationship between the forearc strata and the ophi-
olites, and determining the paleolatitude of the ophiolite’s cover
sediments (radiolarites) and the basal forearc sequence can thus
provide a primary control on the subduction configuration of the
Neotethys during India-Asia convergence.

So far, paleomagnetically constrained estimates of the paleo-
latitude of the ophiolites provided contrasting results. Pozzi et al.
(1984) estimated a paleolatitude of 10-20°N for radiolarian cherts
and limestones and thus suggested a near-Lhasa origin, whereas
Abrajevitch et al. (2005) reported results from radiolarites, mu-
drocks and volcaniclastic rocks, indicating a near-equatorial pale-
olatitude and therefore suggested that the ophiolites formed above
an intra-oceanic subduction zone unrelated to the Gangdese arc.
Both datasets are small, however, and do not allow assessment of
potential paleomagnetic and rock magnetic artifacts such as incli-
nation shallowing due to sediment compaction.

In this paper, we investigate three lower Cretaceous sedimen-
tary sections overlying the Xigaze ophiolite belt. Their field rela-
tionships with the ophiolites are described in detail. The age and
provenance of the lower Cretaceous units were determined by us-
ing U-Pb zircon geochronology. Paleolatitudinal estimates were ob-
tained from paleomagnetic analyses integrated with rock magnetic

experiments, and magnetic fabric analyses, including anisotropy of
magnetic susceptibility (AMS) and anisotropy of anhysteretic re-
manent magnetization (AARM). We specifically test for shallowing
of the paramagnetic inclination, calculate a corrected paleolati-
tude and discuss the implications for plate reconstructions of the
Neotethys.

2. Geological background and sampling

The studied Xigaze ophiolite is part of the ophiolite belt that
stretches for ~2000 km along the Yarlung Zangbo suture zone
(Fig. 1a). These ophiolites structurally overlie an ophiolitic mélange
to the south, and are variably structurally or depositionally overlain
by sedimentary rocks of the Xigaze Group to the north (Figs. 1b, c).
The Xigaze ophiolite belt is discontinuous, with the most com-
plete sections composed of serpentinized mantle peridotites, minor
cumulates, gabbros, sheeted sills and dikes, pillow basalts, and ra-
diolarian cherts. In most places, the ophiolite succession is incom-
plete, and the crustal section is thin or absent. Where ophiolitic
bodies are absent, the Xigaze Group is juxtaposed against ophi-
olitic mélange to the south (Figs. 1b, c). Based on zircon U-Pb
and hornblende %%Ar/*°Ar dating, the reported age of the mag-
matic ophiolite crust is 123-128 Ma (e.g., Guilmette et al., 2009;
Dai et al.,, 2013). This is consistent with a Barremian to Albian age
inferred from radiolarian biostratigraphy of the ophiolite’s cover
sediments (Aitchison et al., 2003; Ziabrev et al., 2003).

The base of the Xigaze Group comprises a marine, turbidite-
dominated clastic sequence with detritus derived from Jurassic-
Eocene igneous rocks of the Gangdese magmatic arc in southern
Tibet (e.g., Lee et al., 2009). It was deposited in a system of fore-
arc basins located between the arc and the associated trench (An
et al,, 2014; Orme et al., 2014).

We studied the ophiolite’s sedimentary cover at three main
localities: Chongdui, Bainang, and Sangsang (Fig. 1). The Chong-
dui section, near the village of Chongdui (GPS: 29.14575°N,
89.01295°E; Fig. 1b) consists of south-dipping overturned red-
greenish cherts intercalating with deep-marine sandy turbidites
interbedded with tuffceous sandstone layers (Figs. 2a-c). A late
Barremian-late Aptian age for the cherts was reported by Ziabrev
et al. (2003) based on radiolarian biostratigraphy. We collected
45 orientated hand samples (smooth planar bedding surfaces of
the blocks were oriented with a magnetic compass) from the red
chert layers in the field that were subsequently drilled to obtain
standard paleomagnetic cores. Two hand samples (CH-UP-1 and
CH-UP-3) were also collected from the tuffceous layer for U-Pb
geochronologic analyses.

A total of 50 oriented hand samples were collected from the
Bainang section (GPS: 29.15808°N, 89.26775°E; Figs. 1b, 2d-f)
exposing Aptian greenish cherts interbedded with dark-gray tur-
biditic sandstones and mudstones, unconformably overlying (or
interfingering with) pillow basalts. A total of 139 paleomagnetic
cores were drilled at the Sangsang section (GPS: 29.34388°N,
86.61663°E; Fig. 1c) and orientated with magnetic and sun com-
passes. Here, mildly deformed, steeply dipping sequence of deep-
marine brown-grew turbiditic sandstones interbedded with green-
ish thin-bedded mudstones unconformably overlies strongly de-
formed serpentinized peridotites (Figs. 2g-i). We collected sample
SSHO01132 from the base of this sequence immediately above the
unconformity to determine a maximum depositional age from de-
trital zircon U-Pb geochronology, and to test whether the zircon
age spectrum of these rocks is indicative of a Lhasa provenance.

3. Geochronology

The three samples collected for geochronology were prepared
and analyzed using protocols at the Arizona Laserchron Center and
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are described in Supplement A. The analytical data are reported
in Table S1. We use five different methods to calculate the best
age for the youngest population of zircons from these samples:
(1) the peak age of the youngest distinct age group from the prob-
ability density function plot; (2) the weighted mean age calculated

Fig. 1. (a) Simplified geological map of the Himalayas, modified from An et al. (2014). MFT: Main Frontal Thrust; MBT: Main Boundary Thrust; MCT: Main Central Thrust; STDS:
Southern Tibetan Detachment System. (b) Geological map of the Xigaze ophiolite, between Xigaze and Bainang. (c) Geological map of the Xigaze ophiolite near Sangsang.

from the youngest cluster of ages; (3) the weighted mean age of
the tightest cluster of ages determined from the TuffZirc algorithm,
which rejects young and old ages, affected by Pb loss and inher-
itance, respectively; (4) the weighted mean age from the AgePick
algorithm, which accounts for potential Pb loss and the existence
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Fig. 2. Field observations of the Xigaze ophiolite and the sedimentary cover in the Chongdui, Bainang and Sangsang sections. (a-c) Depositional contact between the magmatic
units (serpentinized peridotite and pillow basalt) of the Xigaze ophiolite and overlying sedimentary rocks (chert and turbidite interbedded with tuffceous sandstone layer) in
Chongdui. The entire section is overturned. (d-f) Chert and turbidite overlie the pillow basalt unconformably in the Bainang section. Cherts are also found intercalated with
the pillow basalt. (g-i) Serpentinized peridotites are unconformably overlain by the Cretaceous turbidite sequence in the Sangsang section.

of discrete age subpopulations by using U concentration and U/Th
ratios; and (5) The mean age from the best-fitting Gaussian dis-
tribution from Isoplots unmixing algorithm. We find consistency
amongst all five approaches, producing statistically indistinguish-
able ages of 116.5 + 3.1 Ma and ~114.1 &+ 1.5 Ma, for CH-UP-1
and CH-UP-3, respectively (Figs. 3a, b).

The detrital zircon signature of sample SSHO01132 primar-
ily comprises pre-200 Ma zircons, with clusters at 500 Ma,
900-1200 Ma and 1600-1900 Ma age ranges; there are also sev-
eral Archean grains present in small quantities. Fourteen grains
from this sample define a youngest distinct age group in the prob-
ability density plot (Fig. 3c). Using Isoplots unmixing algorithm to
determine the age and uncertainty of this youngest age cluster, we
calculate a maximum depositional age (MDA) of 128.8 £+ 3.4 Ma.

4. Paleomagnetism: methods and results

Characteristic remanent magnetizations (ChRM) were isolated
using both thermal and alternating field (AF) demagnetization.
Thermal cleaning was carried out in a magnetically shielded oven
(ASC, model TD48-SC) for all red chert specimens (n = 41) from
the Chongdui section, 25 selected cores from the Bainang section,
and 68 cores from the Sangsang section. Thermal demagnetization
was achieved through 18 steps from 200 to 685 °C. AF demagne-
tization was applied to all the specimens from the Bainang and
Sangsang sections with an in-house developed robotized sample
handler attached to a horizontal pass-through 2G Enterprises DC
SQUID magnetometer (noise level 1-2 x 10~'2 Am?2) hosted in the

magnetically shielded room of the Fort Hoofddijk Paleomagnetic
Laboratory, Utrecht University (Netherlands). Samples were pro-
gressively demagnetized through 17 AF steps from 5 to 100 mT.

AF and thermal demagnetization diagrams from twin specimens
from the same core are comparable, although thermal demagne-
tization results are generally more erratic. Thermal demagnetiza-
tion resulted to be an effective cleaning treatment for the red
cherts of the Chongdui section. Remanence components were iso-
lated using principal component analysis (PCA) (Fig. 4). Two com-
ponents of magnetization were identified in most samples. The
low stability components were commonly removed at 250-300 °C,
or ~20 mT. Well resolved ChRMs were obtained from at least
five successive steps, were isolated in the interval 400-620°C for
the red cherts of the Chongdui section (Figs. 4a-c), and between
25-80 mT and 240-550°C in the Bainang section (Figs. 4d-f),
and between 20-80 mT and 280-520°C in the Sangsang section
(Figs. 4g, h, k, 1). In ~20% of the Bainang samples, and ~50% of
the Sangsang samples where a secondary component could not be
entirely removed during demagnetizations, the ChRMs were deter-
mined using the great circle approach (Figs. 4i, j). Only the best
resolved ChRMs characterized by a maximum angular deviation
(MAD) < 15° were considered for further analysis (Table S2). These
directions were additionally filtered using a fixed 45° cutoff before
calculating the site mean directions.

All the isolated ChRMs have a normal polarity, which is con-
sistent with a primary remanence acquired during the Cretaceous
Normal Superchron (Gradstein et al., 2012). Site mean directions
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Fig. 3. U-Pb zircon dating of the collected tuff samples (a: CH-UP-1; b: CH-UP-3) from the Chongdui section and U-Pb detrital zircon dating of the sandstone sample
(c: SSHO01132) from the Sangsang section. Individual zircon analyses and their mean averages are presented. The plots were made using isoplot 3.60 (Ludwig, 2008).

were calculated using a Fisherian statistics of the virtual geo-
magnetic poles (VGPs) correspondent to the ChRMs (Deenen et
al,, 2011). At the Chongdui section the tilt corrected mean re-
manence directions resulted to have D + AD = 317.3 &+ 3.5°,
I+ AI=23.8+6.0° (n=38, K=47.7, Ags = 3.4°, Ags5min = 2.8°,
Ags max = 8.3°) (Table S2). The distribution of the ChRM direc-
tions reflects the contribution from paleosecular variation (PSV)
of the geomagnetic field (i.e. A95 included between Ags i, and
Ags max; Deenen et al., 2011). This indicates that PSV is adequately
sampled in our dataset, and that both sources of scattering (i.e.
tectonics) or remagnetization can be ruled out. The mean direc-
tion obtained at the Chongdui section is comparable with pub-
lished data (D =+ AD =297.1+4.8°, [ £+ Al =15.6 +8.9° (n=17,
K =57.8, Ags = 4.7°) documented from the same location (GPS:
29.15505°N, 89.04503°E) by Abrajevitch et al. (2005). We there-
fore combined the 38 single directions from our study with the
17 directions from Abrajevitch et al. (2005), treating the latter as
individual spot recordings of the magnetic field (k value of their
sites are generally >>100, indicating that PSV is strongly under-
represented; see Deenen et al. (2011)). The combined dataset pro-
vided a tilt corrected mean direction for the Chongdui section of
D+ AD =3108+£3.6° I £ Al =21.6+£6.4° (n=55, K =30.3,
Ags = 3.5°; Fig. 5a). The clustering of the tilt corrected directions
(k = 27.8) is much higher than the in site directions (k = 2.1),
suggesting a pre-tilt magnetization (Figs. 6a, b). A non-parametric
fold test (Tauxe and Watson, 1994) yielded a positive result (max-
imum clustering reached at 94-98% untilting; Fig. 6¢), confirming
the pre-tilt (and likely primary) origin of the remanence.

The mean tilt-corrected ChRM direction of the samples from
the Bainang section is D+ AD =337.5+5.8°, I+ Al =15.5+£10.9°
(n=41, K =16, Ags = 5.8°) (Figs. 5b, c). According to the Deenen
et al. (2011) criteria, PSV is adequately averaged in this dataset
(i.e. Agsmin < Ags < Agsmax; Table S2), excluding both within-
site rotations and remagnetizations. This scatter can be explained
by paleo-secular variation (for n = 41, Agsmin = 2.7°, A95max =
7.9°).

The Sangsang section yields a mean ChRM direction of D =+
AD =351+£3.6° £ Al =16.9+6.6° (n=117, K = 14.6, Ag5 =
3.5°, Agsmin = 1.8°, Agsmax = 4.1°) (Fig. 5¢). The distribution of
the ChRMs inferred from the Ags values indicates that the scat-
ter is consistent with PSV, and that the magnetization was ac-
quired during a sufficient time to average PSV. No remagnetiza-
tion or internal rotations enhancing that scatter are thus likely
(Deenen et al., 2011). Variable bedding attitude in the upper part
of the Sangsang section, few hundred meters away from the con-
tact with the ophiolite, allow us to perform a fold test. After
tilt correction the clustering of the ChRMs increases substantially
(kin situ = 1.3; Keilt corrected = 10.8) (Figs. 6d, e). The non-parametric
fold test (Tauxe and Watson, 1994) yielded a positive result with
best grouping reached at 99-106% untilting (Fig. 6f), indicating a
pre-tilt origin of the remanence.

5. Rock magnetism and magnetic fabric

We performed rock magnetic analyses, including thermomag-
netic experiments, hysteresis measurements, and component anal-
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steps in mT (millitesla) and °C, respectively.

ysis of the isothermal remanent magnetization (IRM) (Kruiver et
al.,, 2001), to identify the magnetic carrier(s) of the studied rocks.
Magnetic fabric of the sandstones from the Sangsang section was
also investigated with anisotropy of magnetic susceptibility (AMS)
and anisotropy of anhysteretic remanent magnetization (AARM)
measurements to allow inclination shallowing corrections. Detailed
description of the methods is presented in Supplement B.

5.1. Thermomagnetic curves, hysteresis loops and IRM component
analysis

Magnetization variation during temperature increase in the red
chert samples from the Chongdui section show a progressive,
quasi-reversible decrease up to ~620°C, followed by a more rapid
decrease up to 680°C (Fig. 7a). The hysteresis loops are wasp-
waisted and not fully saturated at maximum fields of 1 T (Fig. 7b),
indicating a mixture of low and high coercivity magnetic minerals
(Roberts et al., 1995). The B, and B values are also very high (Ta-
ble S3). The analysis of the IRM acquisition curves (Kruiver et al.,
2001) show the presence of two magnetic phases contributing to
the remanence: mainly hematite, with minor occurrence of mag-
netite (Fig. 7c; Table S4).

For the greenish cherts from the Bainang section, the hyperbolic
shape of the thermomagnetic curves is indicative of a dominant
paramagnetic fraction component contribution (Fig. 7d). All the
analyzed samples show an irreversible decrease of magnetization
up to ~580°C (Curie temperature of magnetite). The hysteresis
loops are narrow and essentially saturated at 500 mT (Fig. 7e).

The B and B¢ values are also low, indicating a dominant low-
coercivity component (Table S3). The fitting of the IRM acquisition
curves are characterized by components 1 and 2 (Fig. 7f), indicat-
ing the predominace of magnetite in the rocks from the Bainang
section.

Rapid decay of magnetization in the range of 520-580°C
(Figs. 7g, j), saturation of the magnetization at ~500 mT (Figs. 7h,
k), and the IRM component analysis (Figs. 7i, 1) consistently indi-
cated the main occurrence of magnetite in all samples from the
Sangsang section. Two sub-groups of samples can, however, be
recognized: a first sub-group characterized by an increase in mag-
netization above ~430°C (Fig. 7g), likely due to the breakdown
of iron sulphides into magnetite; and a second sub-group show-
ing minor contribution of hematite, likely produced by weathering
(Fig. 71).

5.2. Magnetic fabric

Magnetic susceptibility of the Sangsang section varies from
7.8 x 107> SI to 4.1 x 10~* SI. AMS and AARM measurements
yielded consistent results, and showed a magnetic fabric charac-
terized by both prolate and oblate ellipsoids (Figs. S1a, d; Ta-
bles S5, S6). The anisotropy degree values (P) range from 1.006 to
1.034, with a mean of 1.018 (Fig. S1a; Table S5). The AARM analy-
sis, however, yielded much higher P values, ranging from 1.030 to
1.261 with a mean value of 1.116 (Fig. S1d; Table S6).

The in situ Kpax axes if both AMS and AARM show a consistent
near E-W orientation (Figs. S1c, g) that is parallel to the regional
strike of the Sangsang section (i.e. 265°N), thus suggesting ~N-S
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Fig. 5. (a) VGPs (left) and equal-area projections (right) of the isolated ChRM direc-
tions from red cherts of the Chongdui section in stratigraphic coordinates. Red dots
(circles) are rejected by the 45° cut-off criterion (Deenen et al., 2011). Purple dots
are results from cherts and mudstones in a similar section reported by Abrajevitch
et al. (2005). Large circles represent mean ChRM directions and 95% confidence
limit. (b) Same plots for the green cherts in the Bainang section. (c) Same plots
for the turbiditic sandstones in the Sangsang section.

shortening. After tilt correction, Kn, axes cluster near the vertical
with Kpax and Kjn: axes being dispersed on the horizontal plane
(Figs. S1d, h), indicating that the magnetic fabric is also related to
depositional compaction.

6. Inclination shallowing correction

The plaesomagnetic inclination shallowing effect has been fre-
quently documented in clastic sedimentary rocks (e.g., Jackson et
al., 1991). The two most common methods used to perform this
correction are based on the elongation/inclination (E/I) correc-
tion of the ChRM distribution (Tauxe and Kent, 2004), and the
anisotropy of susceptibility or remanence (Jackson et al., 1991;
Tan et al., 2003; Bilardello and Kodama, 2009; Kodama, 2009).

Comparative studies show that these two methods provide cor-
rection values that are comparable within error (e.g., Huang et
al.,, 2013). We applied both methods for the correction of the in-
clination shallowing affecting the sandstones in Sangsang section,
which is indicated by the strong ellipsoid distribution of the VPGs
(Fig. 5¢), as well as the well-developed magnetic fabric described
above (Fig. S1).

6.1. Elongation/inclination (E/I) correction

The E/I correction is based on the statistical paleosecular vari-
ation models of the geocentric axial dipole magnetic field (Tauxe
and Kent, 2004). After application of the E/I method on the dataset
of the Sangsang sandstones, the mean inclination is corrected from
16.9+6.6° to 30.2° with 95% confidence limits between 24.8° and
37.3° (Fig. 8a). This significant correction further indicates that the
ChRMs of the Sangsang sandstone do have a primary origin (i.e., it
has been acquired during or shortly after the deposition and was
subsequently fattened). A further estimate of the mechanism of
remanence acquisition for the Sangsang sandstones based on end-
member modeling of IRM acquisition curves (Gong et al., 2009) can
be seen in Supplement C and Fig. S2. It is unlikely that the rema-
nence isolated from Sangsang sandstones is induced by widespread
remagnetization events in southern Tibet (e.g., Huang et al., 2014,
2015).

6.2. Anisotropy-based inclination correction

For the anisotropy-based method, the bulk anisotropies can
be AMS, AARM (for magnetite), or high-field anisotropy of IRM
(hf-AIR, for hematite). Individual magnetic particle anisotropy can
be measured directly using specialized laboratory equipment (e.g.,
Kodama, 1997); it can also be determined by least-squares curve
fitting of AMS, AARM (for magnetite) and AIR (for hematite) data
(Tan et al., 2003; Bilardello and Kodama, 2009; Kodama, 2009).
Our rock magnetic analyses and results of end-member modeling
have indicated that magnetite is the dominant magnetic carrier in
the Sangsang section. We therefore use the simplified method of
Kodama (2009) to estimate the individual particle anisotropy of
the magnetite in the Sangsang sandstone.

The theoretical expression to describe the particle anisotropy of
magnetite is:

tanlo/tanlc = [Kmin(@+2) — 1] /[Kmax(@+2) — 1], (1)

where I. is the corrected inclination, K, and Ky« are the max-
imum and minimum normalized eigenvalues, respectively and a
is the individual particle anisotropy, which can be either a, (for
remanence) or a, (for susceptibility). In effect, a,, and a, are es-
timated with a least-squares fit of the sample AARMs and AMS to
the theoretical anisotropy expression. Details of this method can
be found in Kodama (2009). In the least-squares fit, the root mean
square (rms) error decreases monotonically with decreasing values
of a, (Fig. 8b). The critical value of a, =1.40 is reached when
theoretical values calculated from the right-hand side of Eq. (1)
using lower a, values become negative for at least one sample in
the data set. Individual particle anisotropies lower than 1.40 will
make [Kmin(ay + 2) — 1] < 0 for samples having a lower Kpip,
which is incompatible with the range of measured anisotropies
for these samples (Kodama, 2009). When we applied the curve fit-
ting to our AMS dataset, no meaningful a, could be determined.
This is probably caused by the strong contribution of paramag-
netic/diamagnetic minerals to the measured AMS (Kodama, 2009;
Huang et al, 2013). This estimated a, = 1.40 is actually simi-
lar to the a, = 1.39 determined by the same approach on the
volcaniclastic rocks of the Linzizong Group in the southern Tibet
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Fig. 6. (a-c) Non-parametric fold test (Tauxe and Watson, 1994) on the samples from the Chongdui section after combining the results of Abrajevitch et al. (2005). Equal-area
plots of the individual ChRM directions from each specimen in geographic coordinates (a) and after tilt correction (b). Before tilt correction, the ChRM directions of samples
are in two different groups. After tilt correction, the two groups cluster together. Results of the fold test with bootstrapped statistics on the first eigenvalues (71) upon
progressive untilting. The 95% bootstrap error interval is indicated. Best grouping is reached at 94-98% untilting. (d-f) Similar non-parametric fold test (Tauxe and Watson,
1994) on the samples from the Sangsang section. Before tilt correction, the ChRM directions are scattered. After tilt correction, they are clustered. Results of the fold test with
bootstrapped statistics on the first eigenvalues (71) upon progressive untilting. The 95% bootstrap error interval is indicated. Best grouping is reached at 99-106% untilting.

(Huang et al., 2013). After application of a,, = 1.40 to the ChRM
determined from the Sangsang sandstones, we calculated a mean
direction of D =350.7°, [ =31.1° (n =64, K = 9.8, Ags = 6°)
(Fig. 8b). This direction is statistically indistinguishable from the
corrected direction by the E/I method.

7. Discussion
7.1. Where did the Xigaze ophiolite form?

In this study, we investigated three sedimentary sections that
overlie the Xigaze ophiolite. Our new zircon U-Pb geochronologic
results provide a maximum depositional age of the sedimentary
rocks at Sangsang of ~129 Ma (base of the Sangsang section) and
the depositional age of the Chongdui section of ~116-114 Ma.
These ages are consistent with previous radiolarian biostratigraphic
studies (Ziabrev et al., 2003) and detrital zircon U-Pb dating re-
sults from the Xigaze Group turbiditic sandstones (Wu et al.,
2010), and overlap with the ages of the magmatic units of the
Xigaze ophiolite of ~130-120 Ma (e.g., Guilmette et al., 2009;
Dai et al., 2013). The radiolarites of the Chongdui section that over-
lie the pillow lavas, interfinger with sandy turbidites that were
previously ascribed to the Xigaze forearc (e.g., Wu et al,, 2010).
The U-Pb age spectrum obtained from the basal sandstone in the
Sangsang section of the Xigaze Group is consistent with deriva-
tion from the Lhasa terrane, which is in agreement with the study
of the Xigaze forearc basin’s basal sediments published in An et al.
(2014). Moreover, the unconformable contact of these deep-marine
strata with the underlying serpentinized peridotites and the age
consistency between the ophiolites and the basal Sangsang sand-
stone suggest that the Xigaze Group was deposited onto mantle
rocks that were exhumed to the sea floor, perhaps along an oceanic
detachment fault immediately before deposition (Maffione et al.,
submitted for publication). This unconformable contact thus allows

us to constrain the paleolatitude of the spreading of the Xigaze
ophiolite through paleomagnetic study of their sedimentary cover.

The paleolatitude inferred for the Xigaze ophiolite by Pozzi et
al. (1984) was only based on one site (radiolarites; n = 14) near
Chongdui and one site (limestones; n =9) from the Xigaze Group,
and were used to calculated a paleolatitude of 10-20°N. Given
modern statistical criteria (Deenen et al., 2011), these datasets are
quite small to define a reliable paleolatitude, and certainly too
small to test for inclination shallowing. Our paleomagnetic results
of the Chongdui section are comparable to results from cherts and
mudstones in a section of similar age reported by Abrajevitch et
al. (2005) near Qunrang (Fig. 1b), and combined datasets yield an
inclination that would suggest a paleolatitude of 11.2°N [7.7°N,
14.9°N]. We cannot apply neither the E/I method (Tauxe and Kent,
2004), nor the anisotropy-based correction method (Tan et al.,
2003; Bilardello and Kodama, 2009) to assess the magnitude of
inclination shallowing in these rocks due to the limited number of
isolated ChRM directions and the unavailability of magnetic fab-
ric data. The strongly elongated distribution of the VGPs (Fig. 5a),
however, is a firm indication that inclination flattening has played
a significant role. Our paleomagnetic results from the Chongdui
section, including those from Abrajevitch et al. (2005), should be
treated as a minimum value for the inclination and paleolatitude.
We observe a similar elongated distribution of the VGPs from the
cherts from the Bainang section (Fig. 5b), indicating that incli-
nation shallowing is likely a fundamental problem in radiolarian
cherts, as previously shown by Collombat et al. (1993). These pa-
leomagnetic results, without correcting the shallowing bias, should
therefore not be used for paleolatitude studies.

Our geochronological, paleomagnetic and rock magnetic studies
on the sandstones from the Sangsang section demonstrate their
immediate deposition above the Xigaze ophiolite, the primary ori-
gin of the remanence and the existence of the inclination shal-
lowing of the remanence. The applied E/l method has yielded a
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Fig. 7. Typical rock magnetic results of red chert samples from the Chongdui section (a-c), green chert samples from the Bainang section (d-f) and sandstone samples from
the Sangsang section (g-1). For each group, a representative high-field thermomagnetic run with thin (thick) lines representing the heating (cooling) curves; hysteresis loop,
and IRM component analysis results are shown. Methodological descriptions of the analyses can be found in Supplement B. IRM component analysis was applied following
Kruiver et al. (2001). Three components are required to fit the IRM acquisition curves: component 1 with very low By, (the field at which half of saturation isothermal
remanent magnetization (SIRM) is reached) of ~10 mT and dispersion parameter (DP) of ~0.30 (log units) is interpreted to be thermally activated component 2 particles;
component 2 with Bq,2 of ~55 mT and DP of ~0.30 typically represents magnetite; component 3 has high By, of ~340 mT and is interpreted to represent hematite.

corrected mean inclination of 30.2° [24.8°, 37.3°] (Fig. 8a), corre- likely occurred upon collision of the Tibetan Himalaya with the
sponding to a paleolatitude of 16.2°N [13°N, 20.9°N]. This is indis- Xigaze forearc (i.e. along the Gangdese thrust (Yin et al., 1999)),
tinguishable from the AARM-based correction, yielding a mean in- and the obduction of the forearc basement (i.e. the Xigaze ophi-
clination of 31.1° 4 9.6° (Fig. 8b), corresponding to a paleolatitude ~ olite) onto the Tibetan Himalaya. Previous paleomagnetic analy-

of 16.8°N [11.1°N, 23.3°N]. These corrected paleolatitudes values  ses argue for an initial collision of the Tibetan Himalaya and the
are both statistically indistinguishable from the Early Cretaceous  Lhasa terrane by 49.5 & 4.5 Ma, using the paleolatitude of the
(~120 Ma) paleolatitudes of the Lhasa terrane of 14.7 & 5.5°N southern Lhasa margin as marker (e.g., Dupont-Nivet et al., 2010a;
and 18.6 + 2.1°N (Fig. 9; Table S7), determined from 30 and van Hinsbergen et al., 2012; Lippert et al., 2014), consistent with
51 lava sites, respectively (Chen et al, 2012; Ma et al, 2014; stratigljaphic studies (e.g., Nfajmal_l et al 201.0). Adding _the original
Yang et al., 2014). Together with U-Pb detrital zircon age spectrum V-5 Width of the forearc will shift this timing of collision to 52 %
of the sandstone unconformably covering the Sangsang serpen- 5 Ma (LTppert et al, ,2,0]4)' in line with recent stratigraphic stud-
tinized peridotites, our paleomagnetic data demonstrate that the 15 arguing for a collision around 58-56 Ma (DeCelles et al., 2014;
Xigaze ophiolite formed immediately adjacent to the Lhasa terrane Garzanti and Hu, 2014; Orme et al,, 2014).

in the forearc of the Gangdese arc.

. . . . . 7.2. Implications for intra-oceanic subduction within the Neotethys
Constraining the original N-S dimension of the oceanic forearc

of the Gangdese arc is beyond the accuracy of paleomagnetism. It The previous paleomagnetic arguments of Abrajevitch et al.
was previously noted that the Gangdese volcanic arc is presently  (2005) for a near-equatorial supra-subduction zone derivation of
located along the southern margin of the Lhasa terrane, imme-  the Xigaze ophiolite is supported by seismic tomographic images
diately adjacent to the suture, suggesting that significant short-  of subducted lithosphere below the Indian plate, where high-
ening of the forearc must have occurred (e.g., Yin et al., 1999; velocity mantle anomalies appear to exist at equatorial latitudes

van Hinsbergen et al., 2011). Typical forearc dimensions today (e.g., anomaly III of Van der Voo et al. (1999), see also van Hins-
are 166 + 60 km, which is well within the paleomagnetic error bergen et al. (2012)). In the light of Abrajevitch et al. (2005),
bars of our analysis. The removal of this forearc by shortening the Xigaze ophiolite was previously taken as geological evidence
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for the existence of a northward dipping equatorial intra-oceanic
subduction zone and island arc system within Neotethys (e.g.,
Abrajevitch et al., 2005; Hébert et al., 2012; van Hinsbergen et al.,
2012). Our results, however, demonstrate that the Xigaze ophiolite
can no longer be viewed as a geological archive of near-equatorial
subduction within the Neotethys. Additional support for a near-
equatorial ophiolite emplacement onto the Tibetan Himalaya was
previously inferred from the arrival of mafic magmatic debris in
the Maastrichtian-Paleocene stratigraphy of the Tibetan Himalaya
(e.g., Ding et al., 2005), but we note that recent provenance anal-
ysis suggests that this debris was not derived from ophiolites,
but from hotspot-related volcanic rocks instead (Garzanti and Hu,
2014).

Our study does not necessarily argue against intra-oceanic sub-
duction within the Neotethys, but we conclude that the evidence
from the Xigaze ophiolite cannot be used to support its former
existence. Geochemical studies have indicated a variety of com-
positions and geochemically inferred geodynamic settings in the
Yarlung Zangbo ophiolite belt (Hébert et al., 2012). Our paleomag-
netic results, as well as the stratigraphic and sedimentary evolu-
tion of the Xigaze ophiolite’s cover presented in An et al. (2014),
suggest that this geochemical complexity should somehow have
evolved during the extensional fragmentation of the Gangdese
forearc that culminated in the formation of the Xigaze ophio-
lite, and led to their dismemberment (see also Dai et al., 2013;
Maffione et al., submitted for publication).

8. Conclusion

Our study based on stratigraphy and sedimentary provenance
confirms a depositional contact between the Xigaze ophiolite and
the overlying forearc sedimentary rocks from the Xigaze Group.
The oldest depositional age of the sedimentary cover with Lhasa
provenance was dated at ~129-114 Ma. New paleomagnetic data,
after correction of the inclination shallow bias of the sedimen-
tary rocks, yielded a robust paleolatitude of the Xigaze ophiolite
at ~16.5°N.

The Xigaze ophiolite demarcates the India-Asia suture zone
and exposes Lower Cretaceous ophiolites and radiolarian cherts,
and time-equivalent Asia-derived clastic forearc sediments (Xigaze
Group). These ophiolites, frequently in tectonic contact with the
forearc sediments, were previously interpreted as either formed
in the forearc of the subduction zone below Tibet that produced
the Gangdese arc around 15-20°N, or, alternatively, in the fore-
arc of a sub-equatorial intra-oceanic subduction zone. Our study
based on stratigraphy and sedimentary provenance demonstrates
that the Xigaze group turbiditic sandstones, with a maximum
depositional age of 128.8 + 3.4 Ma, are in unconformable con-
tact with serpentinized peridotites exhumed to the sea floor in
the Sangsang ophiolite. In addition, Xigaze Group turbidites in-
terfinger with radiolarian cherts and tuffaceous sandstones (max-
imum depositional ages of 116.5 + 3.1 Ma and 114 4+ 1.5 Ma) in
the Chongdui section on the Xigaze ophiolite. We present pa-
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Fig. 9. Paleolatitudes of a reference site (29°N, 88°E) located on the present-day position of the Yarlung Zangbo suture zone in Eurasian, Greater Asian, Tibetan-Himalayan,
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Cretaceous paleolatitudes of the Lhasa terrane.

leomagnetic data that after correction of the inclination shallow
bias of the sedimentary rocks, yield a robust paleolatitude of the
Xigaze ophiolite at 16.2°N [13°N, 20.9°N] and 16.8°N [11.1°N,
23.3°N] (based on two shallowing correction methods), statisti-
cally indistinguishable from time-equivalent paleolatitudes of the
Gangdese arc of southern Tibet. Our new data show that the pre-
vious evidence for an apparent sub-equatorial formation latitude
of the Xigaze ophiolite resulted from compaction-induced inclina-
tion shallowing. Thereby, conclusive geological evidence for a the
widely-accepted, Cretaceous intra-oceanic subduction and island
arc system within the Neotethys between India and Asia, which
may find support in seismic tomographic studies, remains to be
found.
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