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Summary

Amphibolite-facies para- and orthogneisses near Dulan, in the southeast part of
the North Qaidam terrane, enclose minor ultra-high pressure (UHP) eclogite and
peridotite. Field relations and coesite inclusions in zircons from paragneiss sug-
gest that felsic, mafic, and ultramafic rocks all experienced UHP metamorphism
and a common amphibolite-facies retrogression. SHRIMP-RG U-Pb and REE
analyses of zircons from two granitic orthogneisses indicate magmatic crystalliza-
tion at 927 + 7 Ma and 921 + 7 Ma. Zircon rims in one of these samples yield
younger ages (397-618 Ma) compatible with partial zircon recrystallization during
in-situ Ordovician-Silurian eclogite-facies metamorphism previously determined
from eclogite and paragneiss in this area. The similarity between a 2496 + 18
Ma xenocrystic core and 2.4-2.5 Ga zircon cores in the surrounding paragneiss
suggests that the granites intruded the sediments or that the granite is a melt of
the older basement which supplied detritus to the sediments. The magmatic ages
of the granitic orthogneisses are similar to 920-930 Ma ages of (meta)granitoids
described further northwest in the North Qaidam terrane and its correlative west
of the Altyn Tagh fault, suggesting that these areas formed a coherent block prior

to widespread Middle Proterozoic granitic magmatism.

Introduction

Metamorphism at ultra-high pressure (UHP; coesite stability field, P>27 kbar)
conditions in continental subduction-collision belts has been documented from

more than 15 localities (e.g., Liou et al., 2002). Typically, evidence of UHP meta-



morphism is preserved as rare mineral inclusions or relict mineral assemblages
within host rocks that equilibrated at crustal conditions. Lower-pressure rocks
that predate the UHP metamorphism but preserve pre-UHP mineral assemblages,
textures, and isotopic compositions (e.g., Lappin et al., 1979; Tilton et al., 1997;
Krabbendam et al., 2000; Wain et al., 2001) have been interpreted to indicate
either tectonic juxtaposition after UHP metamorphism (“exotic”), or widespread
metastability of lower pressure assemblages during in-situ UHP metamorphism
(e.g., Griffin et al., 1985; Austrheim, 1987; Cong et al., 2000).

Granitic orthogneiss in the North Qaidam HP/UHP terrane of western China
(Fig. 1) encloses eclogite, yet lacks mineralogic evidence of UHP metamorphism.
These relations have been interpreted to indicate a metamorphic and tectonic his-
tory for the orthogneiss separate from that of the adjacent HP /UHP rocks: Song
et al. (2003a) proposed that although the orthogneiss may have provided detritus
to the protolith of the adjacent, coesite-bearing paragneiss, the orthogneiss itself
may not have experienced UHP metamorphism, requiring an “exotic” origin for
the eclogite layers enclosed by the orthogneiss. Gehrels et al. (2003a) interpreted
high-pressure metamorphism to predate granitic intrusion, requiring continental
collision during or prior to mid-Proterozoic time rather than in the early Paleo-
zoic as previously proposed (Song et al., 2005; Yang et al., 2001a, b, c¢). Here
we present SHRIMP-RG U-Pb geochronology and REE geochemistry of zircons
from two granitic orthogneisses near Dulan (Fig. 1), in the southeast part of the
North Qaidam terrane, to clarify the relation between the orthogneiss and adjacent

HP/UHP rocks.



Geologic Background

The northwest-southeast trending North Qaidam terrane records early Paleozoic
continental collision, and is bounded on the southwest by the Qaidam Basin, and
on the northeast by the Qilian terrane (Fig. 1; Yang et al., 2001c). The basement
of the North Qaidam terrane is the Proterozoic Dakandaban Group gneiss, which
is overlain by Paleozoic metasediments, and intruded by granites. The Dakanda-
ban Group includes paragneiss, orthogneiss, marble, amphibolite, migmatite, and
locally eclogite and garnet peridotite (Yang et al., 1994, 1998, 2001a, c). Eclogite
has been discovered over a distance of 350 km, in the Liiliang Shan, Xitie Shan,
and near Dulan (Fig. 1). The eclogite and peridotite occur as blocks, boudins or
layers in the host para- and orthogneiss, and typically are 10’s to <1m across. Zir-
con U-Pb ages from gneiss, eclogite, and peridotite of the North Qaidam terrane
have been interpreted to record peak metamorphism between 423-497 Ma, similar
to Sm-Nd garnet-omphacite-whole rock isochron ages from eclogite (Yang et al.,
2001b, ¢, 2002; Song et al., 2003a, 2005; Zhang et al., 2005b).

The granites cross-cut the regional foliation; they crystallized between 397-456
Ma, and are thought to be coeval with continental collision between the North
Qaidam and Qilian terranes (Gehrels et al., 2003a; Wu et al., 2001, 2004). North
of the North Qaidam terrane, granites in the southern Qilian terrane (Fig. 1)
have I-type geochemistry, 425-496 Ma ages, and are interpreted to represent arc
magmatism (Gehrels et al., 2003a; Wu et al., 2001). The subduction polarity
responsible for convergence, magmatism, and subsequent collision of the North
Qaidam and Qilian terranes is unclear, and models involving both north-dipping

subduction ( Yang et al., 2001c, 2002; Yin and Harrison, 2000) and south-dipping



subduction (Gehrels et al., 2003a, b) have been proposed. Additional field and
geochronological work is required to resolve this problem.

Near Dulan, collision-related granite and granodiorite of the Yematan batholith
(Fig. 2) cut the northwest striking amphibolite-facies foliation in the Dakandaban
Group gneisses, and yield a U-Pb zircon age of 397 + 3 Ma (Wu et al., 2001,
2004). Song et al. (2003b) determined peak conditions of 631-746°C, 29-33 kbar
for eclogites near Dulan, and the discovery of coesite included in zircon from the
host paragneiss confirms that both the mafic/ultramafic rocks and the felsic host
gneiss were metamorphosed at UHP conditions (Song et al., 2001a, b, 2003b; Yang
et al., 2001a). Our recent zircon U-Pb geochronology from paragneiss, eclogite,
and amphibolite near Dulan indicate eclogite-facies metamorphism at 450-425
Ma (Mattinson et al., 2004, 2005). Zircon U-Pb ages of 932-1097 Ma have been
reported for granitic orthogneiss in the Dulan area (Song et al., 2001a, b; Yang et
al., 2001b). All rock types were subsequently uplifted and eroded during Cenozoic

deformation associated with the India-Asia collision.

Sample Description

Two samples of granitic orthogneiss were collected for zircon U-Pb geochronol-
ogy (Fig. 2). Both samples are medium-grained, with a well-developed foliation
defined by muscovite and biotite, concordant with the fabric in the surrounding
rocks. Granitic orthogneiss D7B contains quartz, microcline, sericitized plagio-
clase, muscovite, biotite, apatite, very minor garnet, and zircon. The sample
(collected at N36°31.07’, E98°36.75) is adjacent to a ~1km-long, variably serpen-

tinized peridotite, which contains layers of garnet clinopyroxenite. Small layers



of garnet amphibolite preserving eclogite relics occur within the orthogneiss and
the adjacent paragneiss. Granitic orthogneiss D15D contains quartz, microcline,
plagioclase, minor muscovite, biotite, apatite, very minor garnet, tourmaline, and
zircon. The sample (collected at N36°35.94’, E98°28.45") is adjacent to several

eclogite and amphibolite layers.

Analytical Methods

Zircon U-Pb geochronology and trace element analyses were performed in separate
analytical sessions using the Stanford/USGS SHRIMP-RG (reverse geometry) fa-
cility. Zircon grains separated from the samples were mounted with zircon age
standard R33 (Black et al., 2004) in a 2.54 cm epoxy disc and polished to approxi-
mate half-sections prior to reflected light and cathodoluminescence (CL) imaging.
Cathodoluminescence images were collected using a JEOL 5600LV scanning elec-
tron microscope equipped with a Hamamatsu photomultiplier tube. SHRIMP
analysis spots were chosen to avoid any cracks, pits, or inclusions identified in
CL and reflected light images. The sample was coated with high-purity Au, and
placed under high vacuum for one day prior to analysis to minimize interference
from gas species.

The analytical routine for U-Pb geochronology followed Williams (1998), and
age calculations were performed using the Isoplot and Squid programs (Ludwig,
2001, 2003) and IUGS recommended decay constants (Steiger and Jager, 1977).
The sample was sputtered by a ~5 nA O primary beam focused to ~30 pum
diameter, and the mass resolution was 6000-7000 at 10% peak height. Prior to

analysis, the primary ion beam was rastered across the grain surface to remove



the Au-coating and any surface contamination. For each analysis, 5-6 scans of
peaks corresponding to *°Zr,1°0, 2*Pb, background, 2°Pb, 207Ph, 208ph, 238U,
B2Th16O and #22U0O were collected, with count times of 2-16 s for each peak.
The concentration of U was calibrated using zircon standard CZ3 (U = 550 ppm;
Pidgeon et al., 1994), and the Pb/U ratio was calibrated using zircon age standard
R33 (419 Ma; Black et al., 2004). Zircons from the samples were analyzed over
two sessions: three analyses of each sample were conducted in a reconnaissance
session (not included in Fig. 3 or concordia age calculations) for which the R33
206 /2387] calibration error was 0.46% (20; Table 1); the remaining analyses were
conducted in a second session for which the R33 2°°Pb /233U calibration error was
0.66% (207; Table 1). Common Pb compositions were estimated using the two-stage
Pb evolution model of Stacey and Kramers (1975).

For trace element analyses, we selected one isotope to represent each element,
based on abundance and absence of significant interferences, similar to the ap-
proach of Maas et al. (1992). Peaks selected were: 28Si'60,, %Zr, 139La, 10Ce,
Mipy N 147Gy 1BlEy, 157G, 63Dy, 166Ep160), 172YHI6Q0). 17514160, SOHfI6(0),
232Th, and 238U. Operating at ~10,000 mass resolution at 10% peak height, these
peaks are well resolved from LREE oxides and Zr, Si, O molecules, but due to an
unresolved °CeH interference on '*'Pr, Pr abundances are not included in Fig. 3
and Table 2. Primary beam current and spot size were similar to those used for
geochronology. A complete analysis of four scans, with count times of 8 s for the
LREE, 4 s for the HREE, Th, and U, and 2 s for Si, Zr, and Hf takes approx-
imately 15 minutes, including the time required for peak centering and magnet
settling. After every five unknowns, NIST SRM 611 and SRM 613 glasses (Pearce

et al., 1997) were analyzed to monitor instrument stability. Sri Lankan gem zircon



SL13 was analyzed as a concentration standard. The raw data were converted
to ppm by normalizing average count rates to silicon, correcting for natural iso-
topic abundance, and calibrating concentrations to trace element values for zircon
standard SL13 reported by Hoskin (1998). These concentrations were converted
to chondrite-normalized patterns (Coryell et al., 1963) using the recommended
composition for CI carbonaceous chondrites of McDonough and Sun (1995).
Geochronology, chondrite-normalized REE patterns, and representative CL im-
ages of zircons from two orthogneisses (sample locations shown in Fig. 2) are
described below and are shown in Fig. 3. Individual ages reported below are
206Ph /238U ages corrected for common Pb using 2°"Pb ( Williams, 1998) unless
otherwise noted. Ages calculated from multiple analyses are expressed as concor-
dia ages (Ludwig, 1998) corrected for common Pb using 2°Pb, and errors are given
at 95% confidence. The concordia age utilizes all radiogenic Pb/U and Pb/Pb ra-
tios, and provides a quantitative assessment of both equivalence and concordance,
and is therefore a more rigorous statistical treatment of the data than a weighted

mean of 2°°Ph /238U ages alone (Ludwig, 1998).

Results

Most zircons from granitic orthogneiss D7B display oscillatory zoning in CL (Fig.
3c, analyses 5 and 19), with or without a dark CL core (Fig. 3¢, analysis 14), and
several grains contain a luminous, unzoned rim (Fig. 3c, analyses 3 and 10). Six-
teen analyses of the oscillatory zoned interior yield 386-1392 ppm U, and Th/U =
0.06-0.53 (Fig. 3e; Table 1). The concordia age (Ludwig, 1998) of 926.6 + 6.9 Ma

(from nine analyses; Fig. 3a; Table 1) excludes three analyses with minor reverse



discordance, and younger analyses which we interpret to have experienced Pb-loss.
The chondrite-normalized REE patterns (Fig. 3c) contain prominent negative Eu
anomalies [Eu/Eu* = Eu,/(Sm,xGd,)"® = 0.02-0.16; the subscript indicates
chondrite normalization to the values of McDonough and Sun (1995)], and are en-
riched in HREE (Lu,, = 1000-4400; Fig. 3c and Table 2), consistent with magmatic
zircon co-crystallized with feldspar. Several core analyses that yield younger ages
contain slightly elevated common Pb levels (Fig. 3a; Table 1, analyses 2, 9, and 20)
compared to the other analyses. Analyses of the luminous rims (Fig. 3c, analyses 3
and 10) yield 397618 Ma ages, 175-408 ppm U, Th/U = 0.006-0.06, and slightly
elevated common Pb levels compared with the oscillatory-zoned interiors (Figs.
3b and e; Table 1). Trace element analyses of two rims contain less pronounced
Eu anomalies, flatter LREE slopes, and lower HREE concentrations (Eu/Eu* =
0.16-0.33, Lu,, = 100-1000; Fig. 3c and Table 2, analyses 1 and 3).

The zircons from granitic orthogneiss D15D display euhedral, oscillatory CL
zoning, with brighter CL euhedral cores surrounded by darker CL rims (Fig. 3f,
analyses 1, 2, and 5), without obvious metamorphic overgrowths. Seventeen anal-
yses yield 115-1418 ppm U (increasing from core to rim), and Th/U = 0.07-0.45
(Fig. 3e; Table 1). The concordia age (Ludwig, 1998) of 921.4 + 7.0 Ma (from 11
analyses; Fig. 3d; Table 1) excludes younger analyses which we interpret to have
experienced Pb-loss. The REE patterns contain prominent negative Eu anoma-
lies (Eu/Eu* = 0.06-0.20), and are enriched in HREE (Lu, = 600-6900; Fig. 3f
and Table 2), similar to D7B. Several analyses that yield younger ages contain
slightly elevated common Pb levels (Fig. 3d; Table 1, analyses 5, 6, and 13), and a
REE pattern of one analysis (Fig. 3f, analysis 5; Table 2) contains elevated LREE

and a flatter LREE slope compared to the other analyses. A few grains contain



bright CL, rounded cores; analysis of one core (Fig. 3f, analysis 17; Table 1) yields
a slightly discordant 2496 + 18 Ma 2°"Pb/?**Pb age (corrected for common Pb

using measured 2%Pb).

Discussion

We interpret orthogneiss samples D7B and D15D to record magmatic crystalliza-
tion at 926.6 + 6.9 Ma and 921.4 4+ 7.0 Ma, respectively, based on euhedral os-
cillatory zoning in CL (e.g., Hanchar and Miller, 1993; Corfu et al., 2003), Th/U
ratios (e.g., Williams et al., 1996; Mojzsis and Harrison, 2002; Rubatto, 2002;
Hoskin and Schaltegger, 2003; but see also Maller et al., 2002), and REE pat-
terns (e.g., Maas et al., 1992; Schaltegger et al., 1999; Rubatto, 2002; Hoskin and
Schaltegger, 2003; Whitehouse and Kamber, 2003). This interpretation is consis-
tent with sparse muscovite, biotite, and plagioclase inclusions in zircon, identified
by electron microprobe. The prominent negative Eu-anomalies (Figs. 3c and f;
Table 2) are typical of zircon equilibrated with feldspar, even in the absence of a
whole-rock Eu anomaly (Rubatto, 2002; Rubatto and Hermann, 2003), due to the
preferential incorporation of Eu in feldspar ( Philpotts and Schnetzler, 1968).

We interpret younger analyses of the oscillatory zoned cores to have been af-
fected by Pb-loss, so they are not included in the calculation of the concordia
ages. Several of the younger ages are marked by slightly elevated common Pb
levels, and one REE analysis shows elevated LREE (Fig. 3c and Table 2, analy-
sis D15D-5). Elevated zircon LREE has been attributed to growth or alteration
under hydrothermal conditions, and LREE incorporation may be enhanced by ra-

diation damage (e.g., Maas et al., 1992; Whitehouse and Kamber, 2002; Hoskin,

10



2005; Rayner et al., 2005). Elevated common Pb may also be incorporated in
zircon during hydrothermal growth or alteration (Watson et al., 1997; Rayner et
al., 2005). We therefore suggest that similar processes, probably accompanying
Ordovician-Silurian metamorphism, may be responsible for the Pb-loss observed
in our samples.

Analyses of the high CL rims in sample D7B do not yield a coherent age group,
in part due to minor overlap with cores, complicated by elevated common Pb levels.
The ages are similar to 425-450 Ma zircon ages of eclogite-facies metamorphism
in adjacent eclogite and paragneiss (Mattinson et al., 2004, 2005), suggesting that
zircon rims in orthogneiss formed during the same event. As noted above, the flat
LREE patterns and elevated common Pb levels may indicate that rims formed
by fluid-mediated growth or recrystallization (e.g., Maas et al., 1992; Watson et
al., 1997; Whitehouse and Kamber, 2002; Hoskin, 2005; Rayner et al., 2005). The
euhedral external crystal faces (Fig. 3c) are compatible with either recrystallization
of preexisting zircon or resorption followed by new growth.

The luminous CL rims of sample D7B contain variable Th/U ratios lower than
those in the oscillatory zoned cores (Fig. 3d; Table 1). Metamorphic recrystalliza-
tion of zircon releases trace elements such as U, Th, Pb, and REE, and the less
compatible Th will be expelled preferentially relative to U (Pidgeon, 1992; Pid-
geon et al., 1998; Hoskin and Black, 2000). The Th/U ratio is commonly used as a
discriminant between igneous and metamorphic zircon, but this criterion must be
applied cautiously, as low Th/U may also result from fluid composition or coex-
isting Th-rich minerals (Keppler and Wyllie, 1990; Hermann, 2002). In this case,
the variable Th/U is best explained by incomplete recrystallization. The analy-

sis with the lowest Th/U ratio also has the lowest REE concentration (analysis

11



3), consistent with a recrystallization origin (Pidgeon, 1992; Pidgeon et al., 1998;
Hoskin and Black, 2000). The low HREE concentration in analysis 3 may also
reflect equilibration with minor garnet in the sample (e.g., Schaltegger et al., 1999;
Rubatto, 2002; Whitehouse and Platt, 2003).

The ages we obtain are similar to previously reported 932-1097 Ma orthogneiss
ages from the Dulan area (Song et al., 2001a, b; Yang et al., 2001b). However,
based on the absence of metamorphic overgrowths visible in CL, Song et al. (2003a)
concluded that the Dulan orthogneiss may not have experienced UHP metamor-
phism. The metamorphic rims in sample D7B (Fig. 3¢, analyses 3 and 10; Table 1)
support our conclusion, based on field evidence, that both para- and orthogneisses
share a common metamorphic history, including UHP metamorphism. Song et al.
(2003a) also concluded, based on the similarity between CL textures in paragneiss
detrital cores and orthogneiss grains, that the orthogneiss may be a source for the
sedimentary protolith of the paragneiss. However, the presence of a 2496 + 18
Ma xenocrystic core in one orthogneiss zircon (Fig. 3¢, analysis 17), similar in age
to zircon detrital cores in adjacent paragneiss, suggests that the granite intruded
the sediments or that the granite is a melt of the older basement which supplied
detritus to the sediments. Of 15 paragneiss grain cores analyzed, 5 are 2.4-2.5 Ga,
including 3 analyses that are <10% discordant, and the youngest analysis <30%
discordant is 1.45 Ga; no 920-930 Ma ages were obtained (Mattinson et al., 2004,
2005, unpubl. data).

Middle Proterozoic (meta)granitic plutons similar in age to those presented
in this study have been described to the north, in the Qilian terrane (Gehrels et
al., 2003a), to the northwest, in the Liilliang Shan (Gehrels et al., 2003a; C.A.

Menold, pers. commun., 2005; J.X. Zhang, pers. commun., 2005), and northwest

12



of the Altyn Tagh fault, near Xorkol (Gehrels et al., 2003a, b), and near Bashiwake
(C.G. Mattinson and J.X. Zhang, unpubl. data; for locations see Fig. 1). These
data support the conclusion of Gehrels et al. (2003a, b) that much of the North
Qaidam and Qilian terranes, and their presumed western extensions across the

Altyn Tagh fault formed a coherent crustal fragment by Middle Proterozoic time.
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