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AGE AND DURATION OF ECLOGITE-FACIES METAMORPHISM,
NORTH QAIDAM HP/UHP TERRANE, WESTERN CHINA

C. G. MATTINSON*, J. L. WOODEN**, J. G. LIOU*, D. K. BIRD*, and C. L. WU***

ABSTRACT. Amphibolite-facies para-and orthogneisses near Dulan, at the southeast
end of the North Qaidam terrane, enclose minor eclogite and peridotite which record
ultra-high pressure (UHP) metamorphism associated with the Early Paleozoic continen-
tal collision of the Qilian and Qaidam microplates. Field relations and coesite
inclusions in zircons from paragneiss suggest 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 four eclogites yield weighted
mean ages of 449 to 422 Ma, and REE patterns (flat HREE, no Eu anomaly) and
inclusions of garnet, omphacite, and rutile indicate these ages record eclogite-facies
metamorphism. The coherent field relations of these samples, and the similar range of
individual ages in each sample suggests that the �25 m.y. age range reflects the
duration of eclogite-facies conditions in the studied samples. Analyses from zircon
cores in one sample yield scattered 433 to 474 Ma ages, reflecting partial overlap on
rims, and constrain the minimum age of eclogite protolith crystallization. Inclusions of
Th � REE-rich epidote, and zircon REE patterns are consistent with prograde
metamorphic growth. In the Lüliang Shan, approximately 350 km northwest in the
North Qaidam terrane, ages interpreted to record eclogite-facies metamorphism of
eclogite and garnet peridotite are as old as 495 Ma and as young as 414 Ma, which
suggests that processes responsible for extended high-pressure residence are not
restricted to the Dulan region. Evidence of prolonged eclogite-facies metamorphism in
HP/UHP localities in the Northeast Greenland eclogite province, the Western Gneiss
Region of Norway, and the western Alps suggests that long eclogite-facies residence
may be globally significant in continental subduction/collision zones.

introduction
Ultra-high pressure (UHP) metamorphism, defined by the pressure-temperature

conditions of the coesite stability field (P � 27 kbar, depths � 80 km), is a product of
continental subduction and collision. Since the discovery of metamorphic coesite
(Chopin, 1984; Smith, 1984) and diamond (Sobolev and Shatsky, 1990), UHP terranes
have been documented from more than 15 localities (for example, Liou and others,
2002). Typically, evidence of UHP metamorphism is preserved as rare mineral inclu-
sions or relict mineral assemblages within host rocks that equilibrated at crustal
conditions. Rapid exhumation from UHP conditions is commonly invoked (for
example, Gebauer and others, 1997; Cong and others, 2000; Brueckner and van
Roermund, 2004) to preserve the unusual UHP assemblages from thermal overprint-
ing (Hacker and Peacock, 1995). Careful geochronological studies, linked to P-T
conditions, have documented rapid (cm/a, similar to horizontal plate velocities)
exhumation in several localities (for example, the Alps: Gebauer and others, 1997;
Amato and others, 1999; Liati and Gebauer, 1999; Rubatto and Hermann, 2001;
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Rubatto and Scambelluri, 2003; Kokchetav: Hermann and others, 2001; Hacker and
others, 2003b; Norway: Terry and others, 2000; Carswell and others, 2003; Hacker and
others, 2003a; Betic Cordilleras: de Jong, 2003; Papua New Guinea: Baldwin and
others, 2004, 2005; the Bohemian Massif and the Himalaya: Massonne and O’Brien,
2003).

Multiple metamorphic or igneous events, which may be individually of brief
duration, are proposed to explain the significant range of ages observed in some
localities (for example, Rubatto and Scambelluri, 2003; Brueckner and van Roermund,
2004; Hacker and Gans, 2005), but evidence for protracted (several to 10s of m.y.)
residence at high-pressure conditions preserved in other areas (for example, Hacker,
unpublished data; Hacker and others, 2000; Lapen and others, 2003; Kylander-Clark
and others, 2005; McClelland and others, 2006) requires an alternative to the model of
rapid subduction immediately followed by rapid exhumation, such as slow subduction
or refrigeration by continued, structurally deeper subduction (for example, Hacker
and others, 2000). Relatively few studies have constrained the rate and duration of
subduction and prograde metamorphism, but both fast subduction rates (for example,
Liati and Gebauer, 1999; Kaneko and others, 2003; Leech and others, 2005), similar to
modern subduction rates of oceanic crust (England and others, 2004), and slow (�5
mm/a; Rubatto and others, 1999; Lapen and others, 2003) subduction rates have been
reported.

The North Qaidam HP/UHP terrane is a major, Early Paleozoic continental
suture zone in central Asia (fig. 1). Although existing geochronological constraints on
the age of HP/UHP metamorphism are limited, eclogite and garnet peridotite record

Fig. 1. (A) Map of China showing the location of this study (box) and the trends of major mountain
belts (dashed lines). (B) Schematic map of the Qaidam-Qilian-Altyn Tagh region showing major tectonic
units, and locations of eclogite and garnet peridotite. The box near Dulan (lower right corner) indicates the
location of figure 2. Modified from Zhang and others (2005a).
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a range of ages (423 – 497 Ma; Yang and others, 2001a, 2001b, 2002; Song and others,
2003a, 2005, 2006; Zhang and others, 2005b). Here we present SHRIMP-RG U-Pb
geochronology and REE geochemistry of zircons from eclogite near Dulan (figs. 1 and
2), at the southeast end of the North Qaidam terrane, to examine the age and duration
of their Early Paleozoic eclogite-facies metamorphism.

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 and others, 2001b). The basement of
the North Qaidam terrane is the Proterozoic Dakendaban Group gneiss, which is
overlain by Paleozoic metasediments, and intruded by granites. The Dakendaban
Group includes paragneiss, orthogneiss, marble, amphibolite, migmatite, and locally
eclogite and garnet peridotite (Yang and others, 1994, 1998, 2001b, 2001c). The
occurrence of marble and mature sediments such as biotite quartzite is consistent with
deposition in a passive margin environment, and the presence of Paleoproterozoic to
Late Archean zircons within paragneiss suggests that some sediments have a continen-
tal cratonal source. Eclogite occurs over a distance of 350 km in the Lüliang Shan, Xitie
Shan, and near Dulan (figs. 1 and 2). The eclogite and peridotite occur as blocks,
boudins or layers in the host para-and orthogneiss, and typically are 10s to �1 m across
(fig. 3A). Zircon U-Pb ages from gneiss, eclogite, and peridotite of the North Qaidam

Fig. 2. Geologic sketch map of the study area showing sample locations. Foliation in the Dakendaban
Group is dominantly northwest striking, steeply northeast dipping, locally modified by tight, northwest
plunging folds. Granite and granodiorite are part of the Yematan batholith (397 � 3 Ma; Wu and others,
2004). Magmatic ages of two Dakendaban Group granitic gneiss samples are from Mattinson and others
(2006). The town of Dulan is approximately 30 km southwest of map area. Modified from Song and others
(2003a) and Wu and others (2004).
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terrane have been interpreted to record peak metamorphism between 423 to 497 Ma,
similar to Sm-Nd garnet–omphacite–whole-rock isochron ages from eclogite (Yang
and others, 2001a, 2001b, 2002; Song and others, 2003a, 2005, 2006; Zhang and others,
2005b).

The granites cross-cut the regional foliation, and crystallized between 397 to 456
Ma, which is thought to be coeval with continental collision between the North
Qaidam and Qilian terranes (Wu and others, 2001, 2004; Gehrels and others, 2003a).
North of the North Qaidam terrane, granites in the southern Qilian terrane (fig. 1)
have I-type geochemistry, 425 to 496 Ma ages, and are interpreted to represent arc
magmatism (Wu and others, 2001; Gehrels and others, 2003a). 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 (Yin and Harrison, 2000; Yang and others, 2001b, 2002; Song and
others, 2006) and south-dipping subduction (Gehrels and others, 2003a, 2003b) 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) cross-cut the northwest striking amphibolite-facies foliation in the Dakendaban
Group gneisses (fig. 3B), and yield a U-Pb zircon age of 397 � 3 Ma (Wu and others,
2001, 2004). Song and others (2003a, 2003b) distinguish northern and southern
outcrop belts (fig. 2), and report peak P-T conditions for eclogites of 29 to 32 kbar, 631
to 687°C (north belt) and 29 to 33 kbar, 729 to 746°C (south belt). 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 and others, 2001a, 2001b, 2003b, 2006; Yang and others, 2001c). Retrograde
conditions are not quantitatively constrained for the north belt eclogites, but south
belt eclogites record granulite-facies (19 – 20 kbar, 873 – 948°C) and amphibolite-
facies (7 – 9 kbar, 660 – 695°C) retrogression (Song and others, 2003b). Two Sm-Nd
garnet–omphacite–whole-rock isochrons of eclogite from the north belt yield ages of
458 � 10 Ma and 459 � 3 Ma (Song and others, 2003a), in agreement with a 457 � 7
Ma zircon age from the same eclogite body (Song and others, 2006), but significantly
older than a 423 � 6 Ma zircon age from coesite-bearing paragneiss (Song and others,
2006). One Sm-Nd garnet–omphacite–whole-rock isochron of eclogite from the south
belt yields an age of 497 � 87 Ma (Song and others, 2003a). Granitic orthogneiss,
commonly distinguished by cm-size augen, is interlayered with paragneiss at 10s to 100s
of meter scale and both rock types share a common foliation. The original contact

Fig. 3. (A) Eclogite layers in paragneiss, Dulan area, view to the northeast. The sample collection sites
for this study are to the left of the area shown in the photograph. (B) Truncation of foliation in paragneiss by
granite of the Yematan batholith.
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relationship (depositional, intrusive, tectonic) between ortho-and paragneiss is un-
clear, but inclusions of metasediments (Wan and others, 2006) and inherited zircons
(Mattinson and others, 2006) in orthogneiss, and similar 1.9 to 2.2 Ga Nd depleted
mantle model ages in both rock types (Wan and others, 2006) suggests an intrusive
relationship and that the orthogneiss may have been derived from partial melting of
the paragneiss. Our recent zircon U-Pb geochronology from Dakendaban Group
granitic orthogneiss near Dulan (fig. 2) indicates magmatic crystallization at ca. 925
Ma, and ages from zircon rims (397 – 618 Ma) are compatible with minor recrystalliza-
tion during in situ Ordovician-Silurian metamorphism (Mattinson and others, 2005,
2006). All rock types were subsequently uplifted and eroded during Cenozoic deforma-
tion associated with the India-Asia collision. Eclogite samples examined in this study
were collected in the northern outcrop belt (fig. 2) near the coesite-bearing paragneiss
and UHP eclogite described by Song and others (2003a, 2003b, 2006).

sample description
Four eclogite samples from two localities were collected for zircon U-Pb geochro-

nology (fig. 2). The eclogites occur as unfoliated or weakly foliated layers within
strongly foliated garnet (� kyanite � tourmaline) paragneiss. Eclogite D5A (collected
at N36°36.39�, E98°26.33�) contains garnet (1 – 4 mm), omphacite, minor epidote,
amphibole, rutile, and zircon. The omphacite is partially replaced by a symplectite of
sodic augite and plagioclase, and pale green amphibole occurs along garnet grain
boundaries. Veins of green amphibole, iron-rich epidote, and minor hematite, opaque
minerals, and andradite cut across the eclogite-facies assemblage; plagioclase, calcite
and minor chlorite in the vein centers appear to be the last-formed minerals. Zircon
occurs as inclusions in garnet, omphacite, and epidote associated with the eclogite-
facies assemblage. Several garnet cores contain blocky polycrystalline inclusions of
clinozoisite � amphibole (figs. 4A and 4B).

Eclogite D5B (collected at N36°36.39�, E98°26.33�) contains abundant garnet (5 –
10 mm, 70 – 80 vol%), omphacite, minor fine-grained intergrown muscovite and
biotite, probably pseudomorphic after phengite, pale gray amphibole, epidote, apa-
tite, rutile, and zircon. Minor symplectite replaces omphacite along grain boundaries,
and amphibole occurs along garnet grain boundaries. The eclogite-facies assemblage
is cut by veins similar to those in sample D5A. Zircon occurs as inclusions in eclogitic
garnet.

Eclogite D3F (collected at N36°36.35�, E98°26.24�) contains garnet (2 – 3 mm),
omphacite (mostly replaced by symplectite), quartz, epidote, rutile, and zircon. Zircon
occurs as inclusions in garnet and epidote associated with the eclogite-facies assem-
blage. Garnet cores commonly contain inclusions of pale brown amphibole and blocky
polycrystalline clinozoisite � amphibole (fig. 4D).

Eclogite D3G (collected at N36°36.35�, E98°26.24�) is similar to D3F, but finer-
grained, and contains garnet (0.5 – 1 mm), omphacite (mostly replaced by symplec-
tite), quartz, epidote, rutile, and zircon. Garnet cores commonly contain inclusions of
pale brown amphibole and blocky polycrystalline clinozoisite � amphibole (fig. 4C).

analytical methods
Zircon U-Pb geochronology and trace element analyses were performed in

separate analytical sessions using the Stanford/USGS SHRIMP-RG (sensitive high-
resolution ion micro-probe reverse geometry) facility. Zircon grains separated from
the samples were mounted with zircon age standard R33 (Black and others, 2004) in a
2.54 cm epoxy disc and polished to approximate half-sections prior to reflected light
and cathodoluminescence (CL) imaging. Cathodoluminescence images were col-
lected using a JEOL 5600LV scanning electron microscope equipped with a Hamamatsu
photomultiplier tube. Locations of SHRIMP analyses were chosen to avoid cracks, pits,
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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 Jäger, 1977). The sample
was sputtered by a �5 nA O2

- primary beam focused to �30 �m diameter, and the mass
resolution was 6000 to 7000 at 10 percent peak height. Prior to analysis, the primary

Fig. 4. Backscattered electron (BSE) images and photomicrographs of the studied samples. (A) BSE
image (brightness proportional to average atomic number) of eclogite D5A showing blocky polycrystalline
clinozoisite inclusions in the core, and omphacite, (Ba, Sr)SO4, and (Cu, Fe, S; chalcopyrite?) inclusions in
the garnet rim. (B) Enlarged view of A showing different clinozoisite compositions within a single inclusion.
The bright area (labeled XFe � 0.14) contains REE (EDS analysis) and low Ca (fig. 9A), consistent with
REE � Sr incorporation. (C) Photomicrograph of amphibole and polycrystalline clinozoisite in garnet,
eclogite D3G. Partially crossed polars. (D) Photomicrograph of amphibole, polycrystalline clinozoisite, and
polycrystalline clinozoisite � amphibole in garnet, eclogite D3F. Partially crossed polars. Mineral abbrevia-
tions follow Kretz (1983).
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ion beam was rastered across the grain surface to remove the Au-coating and any
surface contamination. Each analysis comprised 6 scans of peaks corresponding to
90Zr2

16O, 204Pb, background, 206Pb, 207Pb, 208Pb, 238U, 232Th16O and 238U16O, with
count times of 2 to 20 s for each peak. The concentration of U was calibrated using
zircon standard CZ3 (U � 550 ppm; Pidgeon and others, 1994), and the Pb/U ratio
was calibrated using zircon age standard R33 (419 Ma; Black and others, 2004). The
calibration error for the 206Pb/238U ratios of R33 is 0.50 percent (2	; table 1), and is
included in the uncertainty for weighted mean ages, but not for individual analyses, as
all analyses are from a single analytical session. Estimates of common Pb compositions
use the two-stage Pb evolution model of Stacey and Kramers (1975). Individual ages
reported below are 206Pb/238U ages corrected for common Pb using 207Pb (Williams,
1998) unless otherwise noted, and errors for weighted mean ages from multiple
analyses are given at 95 percent confidence.

For trace element analyses, we selected one isotope to represent each element,
based on abundance and absence of significant interferences, similar to the approach
of Maas and others (1992). Each analysis comprised 3 scans of peaks corresponding to
30Si, 31P, 28Si16O2, 89Y, 96Zr, 139La, 140Ce, 146Nd, 147Sm, 153Eu, 141Pr16O, 157Gd, 163Dy,
166Er16O, 172Yb16O, 175Lu16O, 180Hf16O, 232Th, and 238U, with count times of 2 to 8 s
for each peak. Operating at �8500 mass resolution at 10 percent peak height, these
peaks are well resolved from LREE oxides and Zr, Si, O molecules. Primary beam
current and spot size were similar to those used for geochronology. Sri Lankan gem
zircon SL13 was analyzed as a concentration standard (fig. 5A; table 2), and after every
12 unknowns, Sri Lankan gem zircon CZ3 was analyzed to monitor instrument stability
(fig. 5B; table 2). The raw data were converted to ppm by normalizing average count
rates to 30Si, correcting for natural isotopic abundance, and calibrating concentrations
to trace element values for zircon standard SL13 reported by Hoskin (1998), except for
P, which was calibrated to NIST SRM 611 and 613 glass values reported by Pearce and
others (1997). Conversion of these concentrations to chondrite-normalized patterns
(Coryell and others, 1963) uses the recommended CI carbonaceous chondrite compo-
sition of McDonough and Sun (1995). The 40 analyses of CZ3 (fig. 5B; table 2) provide
a conservative estimate of the uncertainty of the trace element analyses. Standard
deviations of the REE are 10 to 15 percent, except for La (32%) and Pr (22%) due to
low abundance. Standard deviations of P, Y, Hf, Th, and U are 5 to 10 percent. The
consistency of the REE patterns suggests that part of this variability reflects true sample
variation. The agreement between U concentrations measured during U-Pb analysis
and trace element analysis (fig. 6) indicates that the trace element measurements may
be applied to the interpretation of the U-Pb measurements for most analyses.

Mineral chemistry was determined with an automated JEOL 733A electron
microprobe at Stanford University with operating conditions of 15 nA beam current,
and 15 keV accelerating potential, calibrated on natural mineral standards. Raw counts
were collected for 20 s and converted to oxide weight percent by the CITZAF
correction procedure. Minerals were analyzed with a focused (�2 �m) beam. Energy
dispersive (EDS) analysis was used to assess the presence of Zr, REE, Th, Ba, Sr, and S,
which were not analyzed quantitatively. Analyses of inclusions in zircon that contained
detectable Zr are excluded from the figures and tables. The slightly low totals for some
analyses (table 3) probably reflects interference from the adjacent zircon that was
below the detection limit of EDS.

results

Eclogite D5A
Most zircons from eclogite D5A contain two or more concentric zones defined by

differences in CL brightness (figs. 7A and 7C). The innermost zone is typically a CL
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Table 1

Zircon U-P isotopic data, North Qaidam eclogite samples D5A, D5B, D3F, and D3G

Analysis  CL 

206Pbc

(%)
U

(ppm)
Th

(ppm) 232Th/238U

206Pb*
(ppm)

206Pb/238U
 Age* 

(Ma, ±1σ)

Total
238U/206Pb
(± % err) 

Total  
207Pb/206Pb
(± % err) 

D5A-1†  m 0.00 253 16 0.07 15.8 451.7 ± 1.9 13.8 ± 0.4 0.0560 ± 1.4 
D5A-2†  m 0.38 109 9 0.09 6.7 445.1 ± 2.8 13.9 ± 0.6 0.0589 ± 2.1 
D5A-3  d -- 648 90 0.14 39.5 441.8 ± 1.1 14.1 ± 0.3 0.0550 ± 0.9 
D5A-4†  b 0.18 12 0.2 0.02 0.8 457.9 ± 9.3 13.6 ± 2.0 0.0576 ± 7.3 
D5A-5  d -- 274 12 0.04 16.4 436.3 ± 1.7 14.3 ± 0.4 0.0553 ± 1.4 
D5A-6  c 0.07 146 37 0.26 9.4 464.7 ± 2.4 13.4 ± 0.5 0.0569 ± 1.8 
D5A-7†  m 0.19 53 7 0.14 3.3 444.0 ± 3.9 14.0 ± 0.9 0.0573 ± 3.1 
D5A-8†  m 0.13 59 2 0.04 3.7 452.6 ± 3.7 13.7 ± 0.8 0.0570 ± 2.9 
D5A-9†  m 0.19 62 2 0.04 3.7 440.0 ± 3.6 14.1 ± 0.8 0.0572 ± 2.8 
D5A-10† b -- 18 0.4 0.02 1.1 454.9 ± 6.9 13.7 ± 1.5 0.0545 ± 5.5 
D5A-11† m -- 140 10 0.08 8.7 451.8 ± 2.4 13.8 ± 0.5 0.0557 ± 1.9 
D5A-12  d 0.04 212 25 0.12 12.3 421.2 ± 1.9 14.8 ± 0.4 0.0556 ± 2.0 
D5A-13† m -- 132 11 0.09 8.2 450.8 ± 2.6 13.8 ± 0.6 0.0551 ± 2.0 
D5A-14† m -- 97 4 0.04 6.0 446.7 ± 3.0 14.0 ± 0.7 0.0546 ± 2.4 
D5A-15† m 0.04 184 2 0.01 11.3 445.2 ± 2.1 14.0 ± 0.5 0.0561 ± 1.7 
D5A-16  c 0.18 303 209 0.71 19.8 471.0 ± 1.7 13.2 ± 0.4 0.0580 ± 1.3 
D5A-17  m 0.16 71 10 0.14 4.1 416.0 ± 3.2 15.0 ± 0.8 0.0564 ± 2.8 
D5A-18† b 0.17 38 3 0.07 2.4 457.0 ± 4.7 13.6 ± 1.0 0.0575 ± 3.6 
D5A-19† m 0.33 100 10 0.10 6.1 442.0 ± 2.8 14.0 ± 0.6 0.0584 ± 2.2 
D5A-20  b 0.51 26 0.8 0.03 1.5 419.5 ± 5.5 14.8 ± 1.3 0.0593 ± 4.8 
D5A-21  c 0.10 674 97 0.15 40.3 433.2 ± 1.1 14.4 ± 0.2 0.0564 ± 0.9 
D5A-22  c 1.30 9 0.4 0.05 0.5 452.1 ± 10.2 13.6 ± 2.2 0.0666 ± 7.3 
D5A-23  c 0.09 545 189 0.36 34.6 459.5 ± 1.3 13.5 ± 0.3 0.0569 ± 0.9 
D5A-24  d 0.13 457 72 0.16 28.3 448.4 ± 1.4 13.9 ± 0.3 0.0570 ± 1.1 
D5A-25 m 0.04 53 3 0.06 3.4 462.4 ± 4.0 13.4 ± 0.9 0.0566 ± 3.1 
D5A-26† m 0.08 272 3 0.01 16.9 450.9 ± 2.0 13.8 ± 0.4 0.0566 ± 1.4 
D5A-27 d 0.18 186 42 0.23 10.5 410.3 ± 2.0 15.2 ± 0.5 0.0564 ± 1.7 
D5A-28† m -- 97 6 0.06 6.0 453.3 ± 3.0 13.8 ± 0.7 0.0537 ± 2.4 
D5A-29  c 0.03 425 165 0.40 27.9 474.2 ± 1.5 13.1 ± 0.3 0.0568 ± 1.1 
D5A-30  c 0.08 387 101 0.27 23.9 447.6 ± 1.5 13.9 ± 0.3 0.0565 ± 1.3 
D5A-31  c 0.47 195 58 0.31 12.4 457.8 ± 2.1 13.5 ± 0.5 0.0600 ± 1.6 
D5A-32  c 0.14 249 77 0.32 15.3 443.7 ± 2.0 14.0 ± 0.4 0.0569 ± 1.5 
D5A-33  b 0.28 22 1.2 0.06 1.4 451.7 ± 6.8 13.7 ± 1.5 0.0583 ± 5.3 
D5A-34  m -- 179 14 0.08 10.7 432.7 ± 3.2 14.4 ± 0.8 0.0553 ± 1.7 
D5A-35† b -- 17 0.2 0.01 1.0 447.8 ± 7.1 13.9 ± 1.6 0.0554 ± 6.2 
D5A-36† m 0.42 23 0.2 0.01 1.4 451.5 ± 5.9 13.7 ± 1.3 0.0593 ± 4.6 

              

D5B-1  m 0.28 179 18 0.11 10.3 418.7 ± 2.0 14.9 ± 0.5 0.0574 ± 1.7 
D5B-2†  b 0.00 34 0.9 0.03 2.0 432.0 ± 4.8 14.4 ± 1.1 0.0555 ± 4.0 
D5B-3†  m -- 162 22 0.14 9.9 443.5 ± 2.2 14.0 ± 0.5 0.0556 ± 1.8 
D5B-4†  m -- 160 12 0.08 9.8 443.2 ± 2.3 14.1 ± 0.5 0.0554 ± 1.8 
D5B-5†  m 0.00 146 17 0.12 8.8 436.0 ± 2.4 14.3 ± 0.5 0.0556 ± 2.0 
D5B-6†  d 0.22 238 59 0.25 14.1 427.8 ± 1.8 14.5 ± 0.4 0.0571 ± 1.5 
D5B-7  b 0.24 37 2 0.06 2.3 444.8 ± 4.8 14.0 ± 1.1 0.0577 ± 3.8 
D5B-8  d 0.10 243 15 0.06 14.1 420.6 ± 1.8 14.8 ± 0.4 0.0560 ± 1.5 
D5B-9  m 0.18 202 24 0.12 12.8 459.1 ± 3.9 13.5 ± 0.9 0.0576 ± 1.6 
D5B-10  b -- 46 5 0.10 2.9 453.5 ± 4.8 13.7 ± 1.1 0.0549 ± 3.4 
D5B-11  b 0.02 59 4 0.08 3.6 435.4 ± 3.8 14.3 ± 0.9 0.0558 ± 3.1 
D5B-12† b 0.01 50 3 0.06 3.0 435.8 ± 4.0 14.3 ± 0.9 0.0557 ± 3.3 
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dark, inclusion-rich core, surrounded by one or more medium to bright CL, inclusion-
poor zones, hereafter referred to as rims. A few grains are CL dark throughout (fig.
7E), but unlike the cores lack inclusions, and appear to comprise grain aggregates.

Eight analyses of the CL dark cores and one analysis of a bright CL core yield 9 to
674 ppm U (most analyses �300 ppm), Th/U � 0.05 – 0.71, and 433 to 474 Ma ages
which do not form a coherent group (figs. 7A, 7B and 8B; table 1). The REE patterns
(fig. 7A) are characterized by steep HREE slopes (Lun/Gdn � 40 – 154; most analyses
�90) and negative Eu anomalies (Eu/Eu* � Eun/(Smn 
 Gdn)0.5 � 0.26 – 0.62; figs.
7A and 8A; table 2). Three analyses with Eu/Eu* � 0.89 – 0.99 have anomalously
elevated LREE, and probably reflect overlap on LREE-rich inclusions (for example, fig.
7A, analysis 29). Inclusions in the zircon cores include epidote, rutile, and garnet. One

Table 1

(Continued)

Analysis  CL 

206Pbc

(%)
U

(ppm)
Th

(ppm) 232Th/238U

206Pb*
(ppm)

206Pb/238U
 Age* 

(Ma, ±1σ)

Total
238U/206Pb
(± % err) 

Total  
207Pb/206Pb
(± % err) 

D5B-13† d 0.05 201 46 0.24 12.2 440.5 ± 2.0 14.1 ± 0.5 0.0561 ± 1.6 
D5B-14† m 0.18 140 8 0.06 8.5 439.6 ± 2.5 14.1 ± 0.6 0.0572 ± 2.0 
D5B-15† m 0.23 52 2 0.05 3.1 431.0 ± 4.1 14.4 ± 0.9 0.0573 ± 3.3 
D5B-16  b 0.12 75 6 0.08 4.4 424.0 ± 3.3 14.7 ± 0.8 0.0562 ± 2.8 
D5B-17† m 0.08 151 20 0.14 9.0 434.9 ± 3.1 14.3 ± 0.7 0.0562 ± 1.9 
D5B-18 m 0.01 191 3 0.02 11.9 453.4 ± 2.2 13.7 ± 0.5 0.0561 ± 1.7 
D5B-19† m -- 240 23 0.10 14.7 444.4 ± 2.1 14.0 ± 0.5 0.0548 ± 1.5 
D5B-20† b 1.49 35 2 0.06 2.1 429.4 ± 5.5 14.3 ± 1.2 0.0675 ± 4.4 

            

D3F-1† m 0.37 9 0.4 0.04 0.5 417.5 ± 14.1 14.9 ± 3.4 0.0581 ± 9.7 
D3F-2† m 0.70 19 0.7 0.04 1.1 419.6 ± 8.8 14.8 ± 2.1 0.0608 ± 5.6 
D3F-3 m 1.03 8 0.4 0.04 0.5 434.5 ± 13.3 14.2 ± 3.0 0.0639 ± 8.5 
D3F-4† m 0.12 24 0.6 0.02 1.4 416.8 ± 7.7 15.0 ± 1.8 0.0561 ± 5.5 
D3F-5 m 0.83 19 3 0.15 1.2 437.6 ± 7.3 14.1 ± 1.7 0.0624 ± 4.7 
D3F-6† m 0.56 8 0.1 0.02 0.5 417.1 ± 10.9 14.9 ± 2.6 0.0597 ± 7.6 
D3F-7† m 0.37 30 1.4 0.05 1.7 424.4 ± 5.2 14.6 ± 1.2 0.0583 ± 4.4 
D3F-8† m -- 22 0.4 0.02 1.3 430.7 ± 6.1 14.5 ± 1.4 0.0538 ± 6.3 
D3F-9† m -- 15 1.3 0.09 0.9 426.0 ± 7.2 14.7 ± 1.7 0.0532 ± 6.2 
D3F-10† m 0.78 28 0.9 0.03 1.6 415.0 ± 5.3 14.9 ± 1.2 0.0614 ± 5.6 
D3F-11† m 0.96 15 0.2 0.01 0.9 431.7 ± 7.6 14.3 ± 1.7 0.0632 ± 7.8 
D3F-12† m 0.30 20 0.4 0.02 1.2 417.0 ± 6.1 14.9 ± 1.4 0.0575 ± 5.1 

            

D3G-1 m 2.37 4 0 0.03 0.2 394.6 ± 15.4 15.5 ± 3.8 0.0737 ± 13.2 
D3G-2 m 3.27 3 0 0.04 0.2 438.9 ± 18.6 13.7 ± 4.1 0.0821 ± 13.1 
D3G-3 m 5.70 1 0 0.02 0.05 416.3 ± 31.3 14.1 ± 7.2 0.1012 ± 19.5 
D3G-4 m -- 6 0 0.05 0.3 418.4 ± 11.9 15.0 ± 2.8 0.0484 ± 11.6 
D3G-5 m 8.30 1 0 0.01 0.05 450.3 ± 37.1 12.7 ± 7.8 0.1232 ± 18.4 
D3G-6 m 24.9 13 1 0.05 1.0 415.9 ± 32.8 11.3 ± 1.6 0.2562 ± 16.0 
D3G-7 m 1.37 1 0 0.01 0.04 355.8 ± 29.3 17.4 ± 7.8 0.0647 ± 37.3 
D3G-8 m 2.13 8 0 0.05 0.5 412.7 ± 9.8 14.8 ± 2.3 0.0722 ± 7.4 

Note: Abbreviations: b, bright CL; c, dark CL core; d, dark CL whole grain; m, medium CL; Pbc and Pb*
denote the common and radiogenic portions, respectively. Samples were analyzed 30 June–1 July 2004, for
which the error in standard calibration was 0.50% (2	). The error in standard calibration is not included in
the errors listed above, but is required when comparing data from different sessions, or with other
geochronological data.

*Common Pb corrected by assuming 206Pb/238U–207Pb/235U age-concordance (207Pb correction,
Williams, 1998).

†Analysis included in weighted mean age calculation.
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albite inclusion occurs within a crack and may be secondary, and a large epidote
inclusion which nearly reaches the edge of the same zircon has a composition (two
analyses in the upper right part of fig. 9A; table 3) similar to vein epidote, and probably
reflects secondary growth or alteration. Two other zircons contain epidote inclusions
with similar compositions to epidote/clinozoisite in the matrix as well as inclusions in
garnet cores (fig. 9A; table 3). One garnet inclusion has a composition similar to
garnet porphyroblasts, but is slightly higher in iron.

Nineteen analyses of the medium to bright CL rims yield 12 to 272 ppm U,
Th/U � 0.01 – 0.14, and a weighted mean age of 448.9 � 2.2 Ma (from 17 analyses,
MSWD � 2.0, probability � 0.008; figs. 7C, 7D, and 8B; table 1). The REE patterns (fig.
7C) are characterized by flat HREE slopes (Lun/Gdn � 2–55; most analyses �10) and
lack Eu anomalies (Eu/Eu* � 0.84 – 1.15; figs. 7C and 8A; table 2). Concentrations of
Hf are similar in cores and rims, but rims contain lower P and Y (table 2). Sparse
inclusions include garnet and omphacite. Analysis of one garnet inclusion yields a
composition similar to that of garnet porphyroblasts (fig. 9B; table 3). None of the
omphacite grains were large enough to analyze without overlap on the surrounding
zircon.

Five analyses of the CL dark grains yield 186 to 648 ppm U, Th/U � 0.04 – 0.23,
and 410 to 448 Ma ages which do not form a coherent group (figs. 7E, 7F, and 8B; table
1). The REE patterns are characterized by relatively steep HREE slopes (Lun/Gdn �
39 – 86, except for one analysis), but differ from cores in their lack of Eu anomalies
(Eu/Eu* � 0.98 – 1.21; figs. 7E and 8A; table 2). Concentrations of Hf overlap the
lower range of core and rim values, and P and Y are intermediate relative to cores and
rims (table 2). A few inclusions were visible beneath the grain surface, but none were
exposed for analysis.

Two analyses (#20 and #33) that partially overlie cracks, yielded anomalous,
irregular REE patterns (table 2; not plotted in fig. 7). These analyses are interpreted to
reflect modification by post crystallization alteration, and are excluded from further
discussion, as is an additional analysis (#25) that has a large mismatch (�2
) between
U concentrations measured during U-Pb and REE analyses (tables 1 and 2), suggesting
that the analyses did not sample the same zone.

Garnet-rich Eclogite D5B
Zircons from eclogite D5B include bright, medium, and dark CL zones (figs. 10A

and 10C), but contain few of the inclusion-rich dark CL cores found in eclogite D5A.

Fig. 5. Chondrite-normalized REE patterns (Coryell and others, 1963) for Sri Lankan gem zircons SL13
(A) and CZ3 (B). Normalized to chondrite values of McDonough and Sun (1995).
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Two epidote inclusions in the cores contain low Ca (fig. 9A; table 3), and EDS analysis
reveals a prominent Th peak in one grain, and a prominent REE peak in the other. A
garnet inclusion in a zircon rim is similar, but slightly Ca-richer than porphyroblast
garnet (fig. 9B; table 3), and omphacite inclusions in zircon are compositionally
identical to matrix omphacite (fig. 9C; table 3). Unlike eclogite D5A, the CL patterns
of D5B do not reliably distinguish age and REE populations, and therefore the two,
distinct REE patterns are used to subdivide this sample. Inclusions are too sparse to
determine if systematic mineral inclusion differences exist between the two groups.
Eight analyses yield relatively steep HREE patterns (Lun/Gdn � 13 – 43, most
analyses �30) and lack Eu anomalies (Eu/Eu* � 1.01 – 1.15; figs. 10A and 11A; table
2). These “steep HREE” analyses yield 146 to 240 ppm U, Th/U � 0.02 – 0.24, and 419
to 459 Ma ages (figs. 10A, 10B, and 11B). A weighted mean from five analyses is 441.7 �
4.1 Ma (MSWD � 2.2, probability � 0.061).

Ten analyses yield flat HREE patterns (Lun/Gdn � 1–5) and lack Eu anomalies
(Eu/Eu* � 0.93 – 1.23; figs. 10C and 11A; table 2). These “flat HREE” analyses yield 34
to 243 ppm U, Th/U � 0.03–0.25, and 421 to 445 Ma ages (figs. 10C, 10D, and 11B). A
weighted mean from seven analyses is 432.5 � 4.7 Ma (MSWD � 2.8, probability �
0.010). The bright CL, low U analyses generally correspond to the highest Hf
concentrations (table 2). Two analyses (#10 and #11), one of which partially overlies a
crack (#11), yielded anomalous, irregular REE patterns (table 2; not plotted in fig. 10).
These analyses are interpreted to reflect modification by post crystallization alteration,
and are excluded from further discussion.

Eclogite D3F
Most zircons from eclogite D3F consist of medium CL grains, or medium CL grain

rims surrounding irregular, bright CL (� faint oscillatory zoning) cores (fig. 12A).
Twelve analyses of the medium CL rims yield 8 to 30 ppm U, Th/U � 0.01 – 0.15, and
415 to 438 Ma ages (figs. 12A, 12B, and 11B; table 1). A weighted mean age from 10
analyses is 422.0 � 4.3 Ma (MSWD � 0.83, probability � 0.59). The REE patterns (fig.

Fig. 6. Plot of U concentrations determined during U-Pb analysis (table 1) and during trace element
analysis (table 2). The agreement between the two determinations suggests that U-Pb and trace element
analyses sampled the same zircon zones for most analyses, and therefore the trace element data may be
applied to interpret the geochronology.
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12A) are characterized by flat HREE slopes (Lun/Gdn � 1 – 11) and lack Eu anomalies
(Eu/Eu* � 0.90 – 1.34; figs. 12A and 11A; table 2). One analysis (#3) excluded from
the weighted mean age has a steeper HREE slope (Lun/Gdn � 27), a small Eu anomaly
(Eu/Eu* � 0.62), and an older age (435 � 13 Ma) than the other analyses, and reflects
partial overlap on a brighter CL core. No analyses of the bright CL cores were
performed due to extremely low U concentrations. The zircons contain inclusions of
garnet, omphacite, and rutile in both bright CL and medium CL domains. Composi-

Fig. 7. (A, C, E) Cathodoluminescence (CL) images and REE patterns (Coryell and others, 1963)
normalized to chondrite values of McDonough and Sun (1995) for eclogite D5A zircon cores (A), rims (C),
and CL dark grains (E). Circles show the locations of �30 �m SHRIMP-RG analyses, labeled with their
analysis number (tables 1 and 2) and 207Pb-corrected 206Pb/238U age (Williams, 1998), and 1	 error. (B, D,
F) Tera-Wasserburg concordia (Tera and Wasserburg, 1972) for eclogite D5A zircon cores (B), rims (D), and
CL dark grains (F). Plotted ratios are uncorrected for common Pb, and error ellipses are 2	.
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tions of garnet inclusions are similar to, but slightly iron-richer than compositions of
garnet porphyroblasts (fig. 9B; table 3).

Eclogite D3G
Zircons from eclogite D3G have similar CL patterns to eclogite D3F, but bright CL

cores are more common. Eight analyses of medium CL rims yielded 1 to 13 ppm U,
Th/U � 0.01 – 0.05, and 356 to 450 Ma ages with large uncertainties due to the
extremely low U concentrations and resulting high proportion of common Pb (table
1). This sample does not provide useful additional age constraints, and therefore no
trace element analyses were performed. The zircons contain sparse inclusions of rutile,
omphacite, and garnet.

Fig. 8. (A) Plot of HREE slope [log (Lu/Gd)n] against Eu anomaly [Eu/Eu* � Eun/(Smn 
 Gdn)0.5]
for eclogite D5A zircons. (B) Th and U concentration data determined during U-Pb geochronology (table 1)
for eclogite D5A zircons.

Fig. 9. Compositions of matrix and inclusion (incl.) minerals determined by electron microprobe. (A)
Epidote compositions based on 12.5 O per formula unit (p.f.u.); XFe � Fe/(Fe � Al), all Fe assumed ferric.
(B) Eclogite garnet compositions. Open symbols are matrix analyses, and filled symbols are zircon
inclusions. (C) Eclogite omphacite compositions (symbols as in B). Ferric iron is estimated from Na - Al - Cr.
Mineral abbreviations follow Kretz (1983).
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discussion
The eclogite D5A rims, D5B flat HREE analyses, and D3F record an �25 m.y.

range of weighted mean ages (fig. 13; table 1). Zircons from each of these samples

Fig. 10. (A, C) Cathodoluminescence (CL) images and REE patterns (Coryell and others, 1963)
normalized to chondrite values of McDonough and Sun (1995) for garnet-rich eclogite D5B zircon steep
HREE analyses (A), and flat HREE analyses (C). Circles show the locations of �30 �m SHRIMP-RG analyses,
labeled with their analysis number (tables 1 and 2) and 207Pb-corrected 206Pb/238U age (Williams, 1998),
and 1	 error. (B, D) Tera-Wasserburg concordia (Tera and Wasserburg, 1972) for garnet-rich eclogite D5B
zircon steep HREE analyses (B), and flat HREE analyses (D). Plotted ratios are uncorrected for common Pb,
and error ellipses are 2	.

Fig. 11. (A) Plot of HREE slope [log (Lu/Gd)n] against Eu anomaly [Eu/Eu* � Eun/(Smn 
 Gdn)0.5]
for eclogite D5B and D3F zircons. (B) Th and U concentration data determined during U-Pb geochronology
(table 1) for eclogite D5B and D3F zircons.
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contain garnet, omphacite, and rutile, suggesting eclogite-facies zircon growth. The
similarity between compositions of garnet and omphacite inclusions in zircon, and
garnet and omphacite in the matrix of the samples (figs. 9A and 9B; table 3) is
consistent with zircon growth during crystallization of the mineral assemblage ob-
served in thin section. The REE patterns also indicate that zircons grew in the
eclogite-facies: the absence of Eu anomalies suggests that plagioclase was absent, and
the flat HREE patterns suggest that significant garnet growth competed for HREE
(Rubatto, 2002; Rubatto and Hermann, 2003). This is particularly evident in zircons
from garnet-rich eclogite D5B that have lower HREE concentrations than D5A zircons
(figs. 8C and 10C), consistent with consumption of HREE by garnet.

The range of ages may reflect: (1) each sample recorded a discrete event, and that
subsequently the samples were juxtaposed, or (2) that all samples experienced similar
conditions, but that zircon growth occurred at different times in the different samples

Fig. 12. (A) Cathodoluminescence (CL) images and REE patterns (Coryell and others, 1963) normal-
ized to chondrite values of McDonough and Sun (1995) for eclogite D3F. Circles show the locations of �30
�m SHRIMP-RG analyses, labeled with their analysis number (tables 1 and 2) and 207Pb-corrected
206Pb/238U age (Williams, 1998), and 1	 error. (B) Tera-Wasserburg concordia (Tera and Wasserburg,
1972) for eclogite D3F. Plotted ratios are uncorrected for common Pb, and error ellipses are 2	.

Fig. 13. Geochronology summary diagram for eclogites D5A, D5B, and D3F. Bars represent 207Pb-
corrected 206Pb/238U ages (Williams, 1998), and bar heights represent 2	 errors. Heavy horizontal lines
represent weighted mean ages listed at the bottom of the diagram, and gray bands indicate 2	 errors.
Unfilled bars represent analyses excluded from the weighted mean age calculation.
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during protracted residence at eclogite-facies conditions. The close proximity of the
samples (fig. 2) and the absence of evidence for a major structure separating them
argues against the first possibility. Another observation which supports the second
possibility is that although the samples have distinctly different mean ages, the range of
ages recorded in each sample is similar (fig. 13; except for the older cores in D5A),
which is consistent with an extended residence at eclogite-facies conditions. The
reasons for episodic zircon growth during prolonged metamorphism are uncon-
strained by this study, but likely include the role of spatially and temporally heteroge-
neous fluid flow in promoting recrystallization (for example, Austrheim, 1987) and
Zr-releasing mineral reactions (for example, Rubin and others, 1993; Fraser and
others, 1997; Pan, 1997; Bingen and others, 2001), and may also include complex P-T-t
paths (for example, Stöckhert and Gerya, 2005).

Preexisting zircon is usually the most significant source of Zr for new zircon
growth during metamorphism (Rubatto and Hermann, 2003), but relict magmatic
zircon appears to be absent from D5A. The cores in sample D5A contain REE patterns
similar to those found in many igneous and metamorphic environments (for example,
Hoskin and Ireland, 2000), but in combination with the inclusions of epidote, rutile,
and garnet suggest that the zircons grew during metamorphism in a high P/T
environment, and are not magmatic relics from the eclogite protolith. Although this
metamorphism need not have occurred during the same event that produced the
eclogite-facies assemblage, this is the simplest explanation and seems best in accord
with the small difference in age between cores and rims.

The significance of the CL dark, steep HREE analyses in sample D5A is unclear. In
addition to the distinctive REE patterns, the scarcity of inclusions and the grain
aggregate morphology distinguish these from the other grains. The REE patterns are
similar to the steep HREE D5B grains, but the D5B grains do not share the aggregate
morphology, and are on average older than the eclogite-facies grains (fig. 13), whereas
the D5A CL dark grains yield scattered but generally younger ages relative to the
eclogite-facies rims (fig. 13).

The steep HREE analyses in garnet-rich eclogite D5B lack an Eu anomaly,
suggesting the absence of plagioclase, but the steep HREE patterns (Lun/Gdn � 30)
are intermediate between the D5A core analyses (Lun/Gdn � 90) and the eclogite-
facies rims of all three samples (Lun/Gdn � 1 – 10), suggesting the absence of
abundant garnet. This contrasts with the garnet-rich assemblage observed in thin
section, which seems in accord with the flat HREE analyses. One possibility is that the
steep HREE zircon grains grew prior to most of the garnet, which is also consistent with
the generally older ages of the steep HREE analyses. Intriguingly, the ca. 10 m.y.
duration of garnet growth implied by this hypothesis is in good agreement with the 10
to 20 m.y. garnet growth durations recently determined from UHP eclogite in the Alps
(Lapen and others, 2003) and Norway (Kylander-Clark and others, 2005). A possible
test of this suggestion would be to examine garnet core REE compositions for
equilibrium with steep HREE zircon (for example, Rubatto, 2002; Hermann and
Rubatto, 2003; Whitehouse and Platt, 2003; Kelly and Harley, 2005).

The composition and blocky shape of the polycrystalline clinozoisite inclusions in
the cores of garnets (figs. 4A – 4D) suggests they may represent lawsonite pseudo-
morphs. Kyanite, mica, or omphacite, which are commonly associated with lawsonite
decomposition (for example, Newton and Kennedy, 1963; Okrusch and others, 1978;
Forbes and others, 1984; Tribuzio and others, 1996; Schulte and Sindern, 2002; Beane
and Liou, 2005) are absent, although some inclusions contain amphibole adjacent to
or intergrown with clinozoisite (fig. 4D). However, examples of lawsonite pseudo-
morphs largely or completely composed of zoisite or clinozoisite are also known (for
example, Krogh, 1982; Helmstaedt and Schultze, 1988; Pognante, 1989; Usui and
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others, 2003, 2006; Zack and others, 2004). Clinozoisite in the inclusions includes both
low-Fe (XFe � 0.05) and intermediate Fe (XFe � 0.12–0.14) compositions (figs. 4B and
9A; table 3), which suggests a miscibility gap. Inclined extinction of one of the low-Fe
grains indicates that this compositional gap separates two different clinozoisites (for
example, Gottschalk, 2004, p. 119) rather than zoisite and clinozoisite. In BSE, bright
grain cores (figs. 4A and 4B) correspond to low Ca compositions (fig. 9A), and EDS
analysis indicates the presence of REE, which would be expected to partition into
epidote minerals during lawsonite decomposition (for example, Tribuzio and others,
1996; Spandler and others, 2003; Sr was not analyzed but may be present as well). The
rims of the garnet, but not the cores, contain tiny inclusions of a Ba, Sr, S mineral,
probably (Ba, Sr)SO4 (fig. 4A; O is not detectable by EDS). The release of Ba and Sr to
form these minerals would be expected during lawsonite breakdown (for example,
Tribuzio and others, 1996; Spandler and others, 2003).

The interpretation of these inclusions as lawsonite pseudomorphs implies a cold,
prograde subduction path for the UHP rocks (for example, Poli and Schmidt, 1995).
The breakdown of lawsonite to form clinozoisite should result in significant fluid
release, which may have catalyzed the growth of zircon (for example, Usui and others,
2003). The compositional similarity of two clinozoisite inclusions in zircon to clinozo-
isite included in garnet (fig. 9A) is consistent with this hypothesis, but could also
indicate that allanite decomposition contributed to zircon formation (for example,
Pan, 1997).

The 449 to 422 Ma ages of eclogite-facies metamorphism obtained in this study are
slightly younger than the 458 � 10 Ma and 459 � 3 Ma Sm-Nd isochron ages and the
457 � 7 Ma zircon age reported by Song and others (2003a, 2006) for eclogites from
this area. One possible explanation is that the Sm-Nd analyses may average prograde
and peak-stage garnet, resulting in a bias toward older ages (for example, Carswell and
others, 2003). The isochrons reported by Song and others (2003a) are effectively
2-point isochrons with the age resolution controlled by garnet, due to the near-
coincidence of the omphacite and whole-rock analyses. We observe that garnet in most
eclogites of the Dulan region contain prograde inclusions in their cores, and therefore
these analyses may be influenced by prograde garnet. Another possibility for the age
discrepancy, supported by the zircon age reported by Song and others (2006) is that
the eclogites analyzed by Song and others (2003a, 2006) recrystallized earlier than the
eclogites examined in this study, and therefore the age range has geologic significance.

Approximately 350 km further west in the North Qaidam terrane, zircon geochro-
nology of eclogite from the Lüliang Shan (fig. 1) yields ages of 495 to 488 Ma (Yang
and others, 2001b; Zhang and others, 2005b), and garnet peridotite records ages from
zircon cores of 484 to 444 Ma, and ages from zircon mantles of 435 to 414 Ma
interpreted to record UHP metamorphism (Song and others, 2005). The age range
recorded by the Lüliang Shan peridotite is similar to that for the Dulan eclogites
examined in this study (fig. 13), and suggests that this locality also records evidence
compatible with prolonged residence at eclogite-facies conditions.

The absence of a correlation between young ages and high U concentrations
(table 1) suggests that radiation damage-related Pb loss is not responsible for the age
range observed in the studied eclogites (fig. 13). Ages form distinct clusters, and lack
the correlation between young ages and excess scatter expected for Pb loss. Except as
noted above, CL images and REE patterns do not suggest that these ages represent
mixtures of different growth zones, and therefore we conclude that these ages reliably
reflect the age and duration of zircon growth. The 423 � 6 Ma zircon U-Pb age for
coesite-bearing paragneiss (Song and others, 2006) is identical to the 422 � 5 Ma age
of the youngest eclogite reported in this study, which suggests that the �25 m.y.
duration of eclogite-facies metamorphism reflects the prograde path.

706 C. G. Mattinson and others—Age and duration of eclogite-facies metamorphism,



If these data are used to calculate an average vertical sinking rate assuming a
coherent, continuously moving slab, as is commonly used in models of UHP metamor-
phism (for example, Chemenda and others, 1996; Ernst and others, 1997), the
resulting rates (2 – 4 mm/a) are far slower than known modern subduction rates (12 –
62 mm/a vertical component; Cross and Pilger, 1982; DeMets, 1990; Calvert, 2004;
England and others, 2004). This suggests that the UHP rocks did not remain fully
coupled to the subducting slab throughout eclogite-facies metamorphism, but addi-
tional geochronology and thermobarometry are needed to better constrain this part of
the geological history. The minimum exhumation rate is poorly constrained to �3 – 6
mm/a by a 403 � 9 Ma zircon overgrowth and a 402 � 2 Ma 40Ar/39Ar plateau age
interpreted to reflect retrogression and cooling (Song and others, 2006), and by the
397 � 3 Ma age of the cross-cutting Yematan batholith (Wu and others, 2004).
Depositionally overlying Devonian sediments (BGMQ, 1991) indicate that the UHP
rocks were exposed at the surface by �360 Ma, as is also observed in the Lüliang Shan
350 km to the west (Menold and others, 2004, 2005).

The metamorphic age range observed in this study is similar to ranges in other
UHP terranes revealed by a growing base of high-quality geochronology. For example,
McClelland and others (2006) report zircon U-Pb ages coupled with REE and Raman
analysis of zircon inclusions which they interpret to reflect residence of the Northeast
Greenland eclogite province at eclogite-facies conditions for 30 to 50 m.y. Combined
Lu-Hf and Sm-Nd geochronology reveals 10 to 20 m.y. of eclogitic garnet growth in the
Alps (Lapen and others, 2003) and Norway (Kylander-Clark and others, 2005). A
compilation of U-Pb, Sm-Nd, and Rb-Sr ages from the Dabie and Sulu UHP terranes
reported by Leech and others (2006) reveals a ca. 30 m.y. age range for both Dabie and
Sulu, and may also reflect an extended high-pressure history.

These long eclogite-facies residence times (10s of m.y.) contrast with shorter
eclogite-facies durations documented from other localities (for example, Liati and
Gebauer, 1999; Baldwin and others, 2004, 2005; Leech and others, 2005) and may
reflect the processes operating during HP/UHP metamorphism in different tec-
tonic settings (Searle and others, 2001; Stöckhert and Gerya, 2005; McClelland and
others, 2006). The differences in geologic setting responsible for variable eclogite-
facies durations remain to be explored, but we note that UHP metamorphism
which occurs near the beginning of a collisional event (for example, the Himalaya:
Leech and others, 2005; Papua New Guinea: Baldwin and others, 2004, 2005) is
associated with shorter eclogite-facies durations than UHP metamorphism which
occurs near the end of a collisional event (for example, Greenland: McClelland
and others, 2006; Norway: Kylander-Clark and others, 2005; North Qaidam: this
study; Menold and others, 2004, 2005; Song and others, 2006). In the North
Qaidam terrane, evidence for prolonged eclogite-facies metamorphism is pre-
served in both the Dulan region and the Lüliang Shan, indicating that the Dulan
region is not an anomaly, and that the processes responsible for extended
high-pressure residence operated over a distance of 350 km along strike. Evidence
of prolonged eclogite-facies metamorphism in several other HP/UHP localities
(listed above) suggests long eclogite-facies residence may be globally significant in
continental subduction/collision zones.
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Mitteilungen der Österreichischen Geologischen Gesellschaft, v. 150, p. 109.

Newton, R. C., and Kennedy, G. C., 1963, Some equilibrium reactions in the join CaAl2Si2O8–H2O: Journal
of Geophysical Research, v. 68, p. 2967–2983.

Okrusch, M., Seidel, E., and Davis, E., 1978, The assemblage jadeite–quartz in the glaucophane rocks of
Sifnos (Cyclades Archipelago, Greece): Neues Jahrbuch für Mineralogie, Abhandlungen, v. 132,
p. 284–308.

Pan, Y., 1997, Zircon- and monazite-forming metamorphic reactions at Manitouwadge, Ontario: Canadian
Mineralogist, v. 35, p. 105–118.

Pearce, N. J. G., Perkins, W. T., Westgate, J. A., Gorton, M. P., Jackson, S. E., Neal, C. R., and Chenery, S. P.,
1997, A compilation of new and published major and trace element data for NIST SRM 610 and NIST
SRM 612 glass reference materials: Geostandards Newsletter, v. 21, p. 115–144.

Pidgeon, R. T., Furfaro, D., Kennedy, A. K., Nemchin, A. A., and van Bronswjk, W., 1994, Calibration of
zircon standards for the Curtin SHRIMP II: U.S. Geological Survey Circular, v. 1107, p. 251.

Pognante, U., 1989, Lawsonite, blueschist and eclogite formation in the southern Sesia zone (western Alps,
Italy): European Journal of Mineralogy, v. 1, p. 89–104.

Poli, S., and Schmidt, M. W., 1995, H2O transport and release in subduction zones: Experimental constraints
on basaltic and andesitic systems: Journal of Geophysical Research, v. 100, p. 22299–22314.

Rubatto, D., 2002, Zircon trace element geochemistry: partitioning with garnet and the link between U-Pb
ages and metamorphism: Chemical Geology, v. 184, p. 123–138.

Rubatto, D., and Hermann, J., 2001, Exhumation as fast as subduction?: Geology, v. 29, p. 3–6.
–––––– 2003, Zircon formation during fluid circulation in eclogites (Monviso, Western Alps): Implications for

Zr and Hf budget in subduction zones: Geochimica et Cosmochimica Acta, v. 67, p. 2173–2187.
Rubatto, D., and Scambelluri, M., 2003, U-Pb dating of magmatic zircon and metamorphic baddeleyite in the

Ligurian eclogites (Voltri Massif, Western Alps): Contributions to Mineralogy and Petrology, v. 146,
p. 341–355.

Rubatto, D., Gebauer, D., and Compagnoni, R., 1999, Dating of eclogite-facies zircons: the age of Alpine
metamorphism in the Sesia-Lanzo Zone (Western Alps): Earth and Planetary Science Letters, v. 167,
p. 141–158.

Rubin, J. N., Henry, C. D., and Price, J. G., 1993, The mobility of zirconium and other “immobile” elements
during hydrothermal alteration: Chemical Geology, v. 110, p. 29–47.

Schulte, B., and Sindern, S., 2002, K-rich fluid metasomatism at high-pressure metamorphic conditions:
Lawsonite decomposition in rodingitized ultramafite of the Maksyutovo Complex, Southern Urals
(Russia): Journal of Metamorphic Geology, v. 20, p. 529–541.

Searle, M., Hacker, B. R., and Bilham, R., 2001, The Hindu Kush seismic zone as a paradigm for the creation
of ultrahigh-pressure diamond-and coesite-bearing continental rocks: Journal of Geology, v. 109,
p. 143–153.

Smith, D. C., 1984, Coesite in clinopyroxene in the Caledonides and its implications for geodynamics:
Nature, v. 310, p. 641–644.

Sobolev, N. V., and Shatsky, V. S., 1990, Diamond inclusions in garnets from metamorphic rocks: a new
environment for diamond formation: Nature, v. 343, p. 742–746.

Song, S., Yang, J., Katayama, I., Liu, F., and Maruyama, S., 2001a, Zircons and their inclusions from various
rocks in the Dulan UHP metamorphic terrane, the North Qaidam, NW China, UHPM workshop 2001:
Fluid/slab/mantle interactions and ultrahigh-P minerals: Tokyo, Japan, Waseda University, p. 116–120.

Song, S., Yang, J., Wu, C., Liou, J. G., and Xu, Z., 2001b, Petrology, geochemistry, and isotopic ages of
eclogites in the Dulan UHPM terrane, the North Qaidam, NW China, Sixth International Eclogite
Conference: Niihama, Japan, p. 150.

Song, S., Yang, J., Liou, J. G., Wu, C., Shi, R., and Xu, Z., 2003a, Petrology, geochemistry and isotopic ages of
eclogites from the Dulan UHPM terrane, the North Qaidam, NW China: Lithos, v. 70, p. 195–211.

Song, S. G., Yang, J. S., Xu, Z. Q., Liou, J. G., and Shi, R. D., 2003b, Metamorphic evolution of the
coesite-bearing ultrahigh-pressure terrane in the North Qaidam, Northern Tibet, NW China: Journal of
Metamorphic Geology, v. 21, p. 631–644.

710 C. G. Mattinson and others—Age and duration of eclogite-facies metamorphism,



Song, S., Zhang, L., Niu, Y., Su, L., Jian, P., and Liu, D., 2005, Geochronology of diamond-bearing zircons
from garnet peridotite in the North Qaidam UHPM belt, Northern Tibetan Plateau: A record of
complex histories from oceanic lithosphere subduction to continental collision: Earth and Planetary
Science Letters, v. 234, p. 99–118.

Song, S., Zhang, L., Niu, Y., Li, S., Song, B., and Liu, D., 2006, Evolution from oceanic subduction to
continental collision: a case study from the northern Tibetan Plateau based on geochemical and
geochronological data: Journal of Petrology, v. 47, p. 435–455.

Spandler, C., Hermann, J., Arculus, R., and John, M., 2003, Redistribution of trace elements during prograde
metamorphism from lawsonite blueschist to eclogite facies; implications for deep subduction-zone
processes: Contributions to Mineralogy and Petrology, v. 146, p. 205–222.

Stacey, J. S., and Kramers, J. D., 1975, Approximation of terrestrial lead isotope evolution by a two-stage
model: Earth and Planetary Science Letters, v. 26, p. 207–221.
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Stöckhert, B., and Gerya, T. V., 2005, Pre-collisional high pressure metamorphism and nappe tectonics at
active continental margins: a numerical simulation: Terra Nova, v. 17, p. 102–110.

Tera, F., and Wasserburg, G. J., 1972, U-Th-Pb systematics in three Apollo 14 basalts and the problem of
initial Pb in lunar rocks: Earth and Planetary Science Letters, v. 14, p. 281–304.

Terry, M. P., Robinson, P., Hamilton, M. A., and Jercinovic, M. J., 2000, Monazite geochronology of UHP and
HP metamorphism, deformation, and exhumation, Nordøyane, Western Gneiss Region, Norway:
American Mineralogist, v. 85, p. 1651–1664.

Tribuzio, R., Messiga, B., Vannucci, R., and Bottazzi, P., 1996, Rare earth element redistribution during
high-pressure–low-temperature metamorphism in ophiolitic Fe-gabbros (Liguria, northwestern Italy):
Implications for light REE mobility in subduction zones: Geology, v. 24, p. 711-714.

Usui, T., Nakamura, E., Kobayashi, K., Maruyama, S., and Helmstaedt, H., 2003, Fate of the subducted
Farallon plate inferred from eclogite xenoliths in the Colorado Plateau: Geology, v. 31, p. 589-592.

Usui, T., Nakamura, E., and Helmstaedt, H., 2006, Petrology and geochemistry of eclogite xenoliths from the
Colorado Plateau: Implications for the evolution of subducted oceanic crust: Journal of Petrology, v. 47,
p. 929–964.

Wan, Y., Zhang, J., Yang, J., and Xu, Z., 2006, Geochemistry of high-grade metamorphic rocks of the North
Qaidam mountains and their geological significance: Journal of Asian Earth Sciences, doi:10.1016/
j.jseaes.2005.09.018.

Whitehouse, M. J., and Platt, J. P., 2003, Dating high-grade metamorphism–constraints from rare-earth
elements in zircon and garnet: Contributions to Mineralogy and Petrology, v. 145, p. 61–74.

Williams, I. S., 1998, U-Th-Pb geochronology by ion microprobe, in McKibben, M. A., Shanks, W. C., III, and
Ridley, W. I., editors, Applications of microanalytical techniques to understanding mineralizing
processes: Society of Economic Geologists, Reviews in Economic Geology, v. 7, p. 1–35.

Wu, C., Yang, J., Wooden, J., Ernst, W. G., Liou, J. G., Li, H., Zhang, J., Wan, Y., and Shi, R., 2001,
Relationship between UHP eclogite and two different types of granite in the North Qaidam, NW China:
Evidence from zircon SHRIMP ages of granites: American Geophysical Union, Eos Transactions, v. 82,
p. Abstract V32C-0980.

Wu, C., Yang, J., Wooden, J. L., Shi, R., Chen, S., Meibom, A., and Mattinson, C., 2004, Zircon U-Pb SHRIMP
dating of the Yematan Batholith in Dulan, north Qaidam, NW China: Chinese Science Bulletin, v. 49,
p. 1736–1740.

Yang, J., Wu, C., Zhang, J., Song, S., and Ireland, T. R., 2001a, U-Pb/Sm-Nd/Ar-Ar ages of the North Qaidam
ultrahigh-high pressure metamorphic rocks, NW China, Sixth International Eclogite Conference:
Niihama, Japan, p. 178.

Yang, J., Xu, Z., Zhang, J., Chu, C. Y., Zhang, R., and Liou, J. G., 2001b, Tectonic significance of Early
Paleozoic high-pressure rocks in Altun–Qaidam–Qilian Mountains, NW China: Geological Society of
America Memoir, v. 194, p. 151–170.

Yang, J., Song, S., Xu, Z., Wu, C., Mattinson, C., Bian, A., Zhang, R. Y., Liou, J. G., and Ernst, W. G., 2001c,
Northern Qaidam Caledonian UHP terrane: A new discovery: American Geophysical Union, Eos
Transactions, v. 82, p. F1342.

Yang, J., Xu, Z., Zhang, J., Song, S., Wu, C., Shi, R., Li, H., and Brunel, M., 2002, Early Paleozoic North
Qaidam UHP metamorphic belt on the northeastern Tibetan plateau and a paired subduction model:
Terra Nova, v. 14, p. 397–404.

Yang, J. J., Zhu, H., Deng, J. F., Zhou, T. Z., and Lai, S. C., 1994, Discovery of garnet-peridotite at the
northern margin of the Qaidam basin and its significance: Acta Petrologica et Mineralogica, v. 13,
p. 97–105 (in Chinese with English abstract).

Yang, J. S., Xu, Z. Q., Li, H. B., Wu, C. L., Cui, J. W., Zhang, J. X., and Chen, W., 1998, Discovery of eclogite at
northern margin of Qaidam basin, NW China: Chinese Science Bulletin, v. 43, p. 1755–1760 (in
Chinese with English abstract).

Yin, A., and Harrison, T. M., 2000, Geologic evolution of the Himalayan-Tibetan orogen: Annual Review of
Earth and Planetary Sciences, v. 28, p. 211–280.

Zack, T., Rivers, T., Brumm, R., and Kronz, A., 2004, Cold subduction of oceanic crust: Implications from a
lawsonite eclogite from the Dominican Republic: European Journal of Mineralogy, v. 16, p. 909–916.

Zhang, J. X., Mattinson, C. G., Meng, F. C., and Wan, Y. S., 2005a, An Early Palaeozoic HP/HT granulite-
garnet peridotite association in the south Altyn Tagh, NW China: P-T history and U-Pb geochronology:
Journal of Metamorphic Geology, v. 23, p. 491–510.

Zhang, J. X., Yang, J. S., Mattinson, C. G., Xu, Z. Q., Meng, F. C., and Shi, R. D., 2005b, Two contrasting
eclogite cooling histories, North Qaidam HP/UHP terrane, western China: Petrological and isotopic
constraints: Lithos, v. 84, p. 51–76.

711North Qaidam HP/UHP terrane, Western China


