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Tectonic studies of the East Gobi Fault Zone in southeasternMongolia reveal multiple, distinct intracontinental
deformation events postdating late Paleozoic arc accretion and continental amalgamation. Metamorphic
tectonites of the Tsagan Subarga and TavanHar blocks, previouslymapped as Precambrian basement, comprise
a sinistral shear zone dominated by steeply-dipping, northeast-striking foliations. Field observations and
petrographic analyses indicate that the protoliths of the metamorphic tectonites are Paleozoic arc volcanic
and sedimentary sequences. 40Ar/39Ar step-heating analyses of minerals from pre-, syn-, and late- to
post-kinematic lithologies bracket the timing of ductile sinistral shear as Late Triassic. The main phase of
distributed deformation associated with cooling through amphibolite–upper greenschist-facies conditions
occurred ca. 225 Ma and shear zone activity waned ca. 210 Ma. Cooling rates inferred from the 40Ar/39Ar data
are on the order of 40–20 °CMyr−1; apparent differences for the two basement blocksmay reflect subsequent
differential uplift during Late Jurassic–Cretaceous rifting. Relatively rapid Late Triassic cooling suggests a
transtensional component to the deformation and is coincident with core complex formation in northern
China. Late Triassic intraplate deformation in southeastern Mongolia is likely the result of far field forces
associated with collision between Mongolian arcs and the Siberian craton (i.e. closure of the Mongol-Okhotsk
ocean) and/or collisions associated with closure of the Paleotethys. The ductile shear zone has been
documented over 250 km along strike and has been modified by subsequent brittle deformation events in the
Mesozoic and Cenozoic.
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1. Introduction

The East Gobi Fault Zone (EGFZ) is a structural corridor in
southeastern Mongolia (Fig. 1). Areas within and adjacent to the
EGFZ are well known for abundant mineral resources (e.g. the Oyu
Tolgoi porphyry Cu–Au–(Mo) deposit; Perello et al., 2001). Despite
being a region rich in mineral resources, tectonic models are largely
speculative due the dearth of published studies and isotopic age
constraints. Rocks in southeasternMongolia are considered part of the
Central Asian Orogenic Belt or Altaids and record the history of the
amalgamation of Asia via collision and accretion in which micro-
continental blocks are proposed to have played a significant role as a
sight of nucleation (e.g. Sengor et al., 1993; Jahn, 1999). The geology of
the EGFZ ultimately has implications for models of continental crustal
growth and intracontinental deformation in Asia. Data from this
region are important to constraining the relative roles of lateral
extrusion versus continuum crustal thickening (e.g. Tapponnier et al.,
1982; Houseman and England, 1993) related to intracontinental
deformation associated with the collision of India with Asia. More
broadly, constraints on the reactivation history of the EGFZ are
beginning to reveal that deformation is temporally linked with
Mesozoic–Cenozoic plate boundary processes and collisional orogen-
esis in Asia and potentially provides a long-term prediction of how
shear zones and associated basins may evolve during continental
growth.

The EGFZ has figured prominently into published models that
hypothesize a kinematic linkage between the EGFZ and the Altyn Tagh
Fault in China. Yue and Liou (1999) proposed a two stage model for
the Altyn Tagh Fault: 1) ~400 km of sinistral offset in principally in the
Oligocene with coeval slip on the EGFZ and associated faults to the
northeast (i.e. lateral extrusion). 2) This phase of tectonic activity then
transitions to shortening in Qilian Shan and Qaidam at 16–13 Ma (i.e.
crustal thickening). This model contrasts with that of Lamb et al.
(1999) who proposed 185–235 km sinistral offset along specific faults
within the EGFZ (e.g. the Zuunbayan Fault) beginning in the Late
Triassic to Early or Middle Jurassic based on the apparent offset of
Paleozoic units (Fig. 2) and hypothesizing that some minor portion of
the offset is likely associated with Cenozoic faulting. Similarities
between the two models include sinistral offset inferred from map
relationships between Paleozoic and older rocks; the principal
difference between the two models is up to 400 km offset in Cenozoic
versus ~200 km offset largely in the Mesozoic.
obi Fault Zone, Mongolia, Tectonophysics (2010),
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Fig. 1. Tectonic setting of the East Gobi Fault Zone (EGFZ). CAOB=Central Asian Orogenic Belt, YOHMCC=Yagan–Onch Hayrhanmetamorphic core complex, SJ = Shin Jinst, and SZ
MCC = Sonid Zuoqi metamorphic core complex. Background image created using GeoMapApp (www.geomapapp.org).
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Subsequent to publication of these models, evidence for post-
middle-Cretaceous movement on faults within the EGFZ was
identified in seismic reflection data by Johnson (2004). Field evidence
for Cenozoic deformation and faulting includes strike-slip faults and
fracture sets that cut Upper Cretaceous and Cenozoic strata but lack
evidence for neotectonic activity (Webb and Johnson, 2006). This
Cenozoic phase of faulting and at least one Mesozoic phase of brittle
deformation, Late Jurassic–Early Cretaceous rifting, both appear to
locally exploit NE-striking structures associated with an early
Mesozoic ductile sinistral shear zone. Pull-apart basins associated
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with the left-stepping, left-lateral Cenozoic fault system separate the
fault-bounded basement blocks within the East Gobi Basin.

The metamorphic tectonites of basement blocks in the EGFZ have
in many cases been traditionally mapped as Precambrian basement
(e.g. Ruzhentsev and Pospelov, 1992; Tomurtogoo, 1999) based on
their relatively high metamorphic grade and high strain. Until now,
evidence for the early Mesozoic timing of this ductile deformation
event has been limited to one 40Ar/39Ar analysis of biotite (~209 Ma,
Lamb et al., 1999). We present data from fifteen 40Ar/39Ar step-
heating analyses of minerals from pre-, syn-, and late- to post-
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kinematic lithologies that further bracket the timing of ductile
sinistral shear in the East Gobi Fault Zone as Middle to Late Triassic.

2. Geology of the Tsagan Subarga and Tavan Har areas and
evidence for early Mesozoic ductile sinistral shear

The tectonic framework of southeastern Mongolia is a vast
accretionary complex involving Carboniferous–Devonian arc terranes
of the Altaid tectonic collage (Sengor and Natal'in, 1996; Lamb and
Badarch, 2001). The EGFZ follows the southern edge of the Altaid
complex and runs immediately north of the Permian Tian Shan–Yin
Shan suture zone and highly deformed and metamorphosed Lower–
Upper Permian turbidite successions that mark final closure of a
remnant ocean basin between the Paleozoic arc terranes and Tarim
and the North China block (Johnson et al., 2008).

The Tsagan Subarga and Tavan Har areas (Figs. 2 and 3) are within
the East Gobi Basin and represent basement block uplifts associated
with Late Jurassic–Early Cretaceous rifting. The pre-Mesozoic units
comprise variably metamorphosed Devonian–Carboniferous igneous
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and sedimentary sequences interpreted to represent a complex arc
system (Lamb and Badarch, 2001; Badarch et al., 2002) and have
suffered multiple generations of deformation. Structural and geo-
chronologic data from the region are extremely limited and to date
have primarily focused on the Paleozoic history of igneous activity and
tectonism relevant to ore deposits in the region (e.g. Lamb and Cox,
1998; Watanabe and Stein, 2000; Perello et al., 2001). Evidence for
regional Paleozoic greenschist-facies metamorphism and regional
folding in the Devonian–Carboniferous units have been documented
in the region north of the Tavan Har area (Blight et al., 2008). Higher
grade metamorphic and igneous rocks within the Tsagan Subarga and
Tavan Har blocks are still in some cases thought to represent
Precambrian basement (e.g. Tomurtogoo, 1999).

The best exposures of the ductile shear zone are found in the
northern Tavan Har basement block, part of a structural high between
the Zuunbayan and Unegt subbasins that formed during Late Jurassic–
Early Cretaceous rifting (Graham et al., 2001). There, the NE-striking
shear zone fabrics and Mesozoic and Cenozoic block-bounding faults
are apparent in satellite imagery (Fig. 4). The North Zuunbayan fault
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runs along the northeastern margin of Tavan Har, roughly paralleling
the shear zone, and has been active both in the Late Jurassic–Early as
a normal fault and as a sinistral strike-slip fault in the Cenozoic
(Johnson, 2004; Webb and Johnson, 2006). Rock types of northern
Tavan Har include upper amphibolite-facies migmatites, amphibolite-
facies mafic and felsic schists and gneisses, mylonitic shear zones, and
apparent synkinematic intrusions. The latter are inferred based on
magmatic fabrics which are concordant with that of the shear zone
(e.g. at locality H, Fig. 3). Intermediate to felsic dikes cross-cut all rock
types and are variably deformed. The shear zone is dominated by
moderately–steeply-dipping NE-striking foliations and stretching
lineations that plunge moderately–shallowly to the WSW or ENE
(Fig. 3). Both a decrease in metamorphic grade and an overall increase
in strain are apparent northward across the northern Tavan Har block,
though discrete mylonitic shear zones are found cross-cutting the
migmatites and gneisses near the southern margin. While there is
some variability in foliation and lineation trends, no significant
difference has been observed between the higher grade gneisses and
mylonites (e.g. localities B and C (dominated by gneiss) and locality D
(mylonites)). Kinematic indicators such as sigma and delta-type
objects, asymmetric boudinage, and S–C fabrics indicate the ductile
shear zone is dominated by sinistral shear sense (e.g. Fig. 5a).
Mylonites have also been observed at southern Tavan Har where
metamorphic grade is up to greenschist-facies (Fig. 3). The variability
in metamorphic grade and orientation of structural fabrics between
northern and southern Tavan Har is at least in part a result of their
juxtaposition via Cenozoic strike-slip faulting (Webb and Johnson,
2006). Though the metamorphic basement in the region is generally
in fault contact with Mesozoic strata, locally Lower Cretaceous strata
onlap shear zone rocks on the western margin of northern Tavan Har
(e.g. west of locality D, Figs. 3 and 4).

Lithologies and ductile deformation observed at Tsagan Subarga
appear to correlate with that observed at Tavan Har. Transects
conducted from north to south across Tsagan Subarga reveal a
progressive increase in metamorphic grade from incipiently meta-
morphosed Carboniferous sedimentary and volcanic rocks into
greenschist-facies and amphibolite-facies metasedimentary and
metavolcanic lithologies. However we note that, as at Tavan Har,
relationships are complicated due to multiple subsequent brittle
deformation events. Variably metamorphosed Paleozoic volcanic and
sedimentary sequences are caught up in discrete zones of mylonitic
deformation whereas higher grade rocks are more pervasively
deformed. Felsic intrusive units exhibiting both magmatic and solid
state deformation were observed in southernmost Tsagan Subarga
(north andwest of localityM, Fig. 3). Themajority of themetamorphic
Please cite this article as: Webb, L.E., et al., Late Triassic sinistral she
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tectonites are inferred to have Paleozoic volcanic and sedimentary
protoliths based on both field and petrographic observations (Fig. 5b,
and c). Kinematic indicators observed at Tsagan Subarga (sigma and
delta-type objects) are consistent with sinistral shear.

3. Analytical procedures

Samples from both Tsagan Subarga and Tavan Har were processed
for 40Ar/39Ar thermochronologic analyses in order to constrain the
timing of deformation associated with the ductile sinistral shear zone.
40Ar/39Ar analyses were performed at the Syracuse University Noble
Gas Isotopic Research Laboratory. Following sample selection via
petrographic analysis, high-purity mineral separates (N99%) were
prepared by standard rock-crushing, mineral-separation, and hand-
picking techniques. After a final acetonewash, mineral separates were
wrapped individually in Cu foil and stacked with GA1550 biotite
standard (98.79 Ma; Renne et al., 1998) used to monitor the neutron
dose. Samples were vacuum sealed in a quartz tube and irradiated for
seven hours in the CLICIT facility at the Oregon State University
Radiation Center.

40Ar/39Ar analyses of unknowns were achieved via double-vacuum
resistance-furnace heating experiments. Gas was extracted during
standard furnace dwell times of twelve minutes and was then exposed
for tenminutes to hot and cold SAES ST-707 getters for purification. The
purified gas was analyzed in a Micromass 5400 mass spectrometer
utilizingan ion-countingelectronmultiplier. Themass spectrometer has
a sensitivity of approximately 1.023×10−04 amps per Torr.

Sample and flux monitor data were corrected for blanks, mass
discrimination, decay of 37Ar and 39Ar, neutron-induced interfering
isotopes, andatmospheric argon.Massdiscriminationwasmonitored by
analyzing known aliquots of atmospheric argon for which 40Ar/36Aatm

measured=291.63±1.25 (mean of most recent 94 analyses±one
standard deviation). Correction factors used to account for interfering
nuclear reactions were determined by analyzing argon extracted from
irradiated optical grade, fused CaF2 and K-glass. Correction factors used
to account for interfering nuclear reactions for the irradiated samples
are: (40Ar/39Ar)K=2.11800×10−02±0.06260×10−02, (36Ar/37Ar)Ca=
2.41913×10−04±0.04278×10−04, (39Ar/37Ar)Ca=9.10475×10−04±
0.00612×10−04. J factors for samples were calculated using a linear
interpolation utilizing the sample position between flux monitor packets
in the irradiation tube. All ages were calculated using the decay constants
recommended by Steiger and Jäger (1977). Age calculations for inverse
isochron and apparent age data were achieved utilizing the program
Isoplot 3.0 and error correlation coefficients were calculated based on
methods discussed in Ludwig (2003).

Plateau ages are reported when the plateau criteria are met (see
McDougall and Harrison, 1999); otherwise, weighted mean ages are
reported if plateau-like segments exist. Errors on plateau and
weighted mean ages are quoted at the 2σ level and include precision
error in measurement of the irradiation parameter, J, for flux monitor
GA1550 biotite. Analytical results are summarized in Table 1 and
detailed sample data can be found in the data repository. Apparent
age spectra for all samples are shown in Fig. 6. Inverse isochron ages,
when defined, for amphibole, biotite, and muscovite are concordant
with quoted plateau and weighted mean ages. Multi diffusion domain
experiments were run on K-feldspar separates, however none of the
samples yielded data amenable to modeling.

4. Sample descriptions and 40Ar/39Ar apparent ages

4.1. Tavan Har

Sample 04TH146 comes from banded migmatite gneiss with
ptygmatic folds (Fig. 5d). No lineation was observed at the sample
locality and foliations are variable and in some cases oblique to that of
the shear zone. An amphibole mineral separate from the melanosome
ar in the East Gobi Fault Zone, Mongolia, Tectonophysics (2010),
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Fig. 5. Field photographs and sample photomicrographs. a) Augen gneiss at Tavan Har with sigma-type potassium feldspar porphyroclasts indicating sinistral shear sense. Photo
locality is between sample localities for 04TH133 and 04TH128 on map in Fig. 3. b) Greenschist-facies mylonite zone in Paleozoic sedimentary and volcanic rocks at Tsagan Subarga.
Arrow indicates plunge of lineation (foliation dip azimuth/dip angle=168/70; lineation trend/plunge=082/27). Lens cap for scale (diameter=50 mm). Photomicrograph of
sample 04TS105 taken from this outcrop is shown in panel c and the location of outcrop is shown in Fig. 3. c) Photomicrograph of sample 04TS105 taken from outcrop shown in panel
b. Plagioclase porphyroclasts have chlorite tails and locally are cut by microfaults. Polycrystalline quartz fragments (PQtz) are abundant in the sample, which is interpreted to have a
volcaniclastic protolith. Arrows in the upper left corner indicate orientation of thin section, cut parallel to finite lineation (X) and normal to finite foliation (Z); see panel b caption for
orientation information. d) Field photograph of migmatite unit from which sample 04TH146 was taken. e) Field photo of sample 04TH127 locality. Box highlights hammer for scale;
asterisk indicates dike that was sampled. f) Photomicrograph of sample 04TS115 (see discussion in text).
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was analyzed. Microscopic evidence for deformation was mainly
restricted to late stage brittle fractures with the exception of minor
deformation twins and evidence for grain boundary migration in
plagioclase. The sample yielded an apparent age spectrum with an
argon loss profile with a minimum age ca. 191 Ma that ramped up to a
plateau-like segment comprising 92.2% or the 39Ar released with a
weighted mean age of 240.3±2.2 Ma.

Sample 04TH128 is garnet-bearing amphibolite-facies gneiss in
which amphibole defines the stretching lineation. At outcrop scale,
asymmetric boudinage of leucocratic veins within the sample indicate
sinistral shear sense. Plagioclase displays deformation twins and is
locally found as mantled porphyroclasts and quartz fabrics are
characteristic of dynamic recrystallization via subgrain rotation; myr-
Please cite this article as: Webb, L.E., et al., Late Triassic sinistral she
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mekite is abundant. Amphibole boudinage are formed by synthetic shear
bands and biotite appears to have grown at the expense of amphibole
after deformation ceased. A late, brittle overprint is apparent at both
outcrop and thin-section scale. Amphibole, biotite, and K-feldspar
separates were analyzed. Amphibole yielded an argon loss profile with
aminimum age of 183 Ma and plateau age of 224.5±1.5 Ma. The biotite
separate yielded a more extreme Ar-loss profile with minimum age of
47 Ma and a weighted mean age of 199.4±1.4 Ma. The apparent age
spectrum for K-feldspar yielded minimum and maximum ages of 162
and 199 Ma, respectively.

Sample 04TH143 comes from granite that locally displays
magmatic fabrics concordant with that of the shear zone. The sample
came from near an intrusive contact with foliated amphibolite. Fabric
ar in the East Gobi Fault Zone, Mongolia, Tectonophysics (2010),
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Table 1
Summary of 40Ar/39Ar results.

Sample Description Latitude
°N

Longitude
°E

Phase dated Mass
(mg)

Min age Max agea PAb

(Ma)
WMAc

(Ma)
2σ error
(Ma)

%39Ar MSWDd

04TH146 Migmatite 44.054163 109.535455 Hbl 4.1 191 245 240.3 2.2 92.2 2.4
04TH128 Gneiss 44.068919 109.613452 Hbl 4.0 183 227 224.5 1.5 89.8 1.9

Bt 1.0 47 204 199.4 1.4 60.9 3.1
Kfs 1.8 162 199

04TH143 Syn-kinematic intrusion 44.062667 109.537314 Hbl 5.9 182 241 223.3 1.7 95.6 1.02
Kfs 1.8 163 443

04TH142 Late syn- to post-kinematic dike 44.062667 109.537314 Bt 0.6 80 215 214.2 1.1 75.1 0.26
Kfs 2.0 168 253

04TH133 Intermediate dike 44.078931 109.604994 Bt 1.8 95 214 211.8 1.1 86.2 0.65
04TH127 X-cutting dike 44.068919 109.613452 Kfs 1.4 171 194
04TH144 Pegmatite 44.054163 109.535455 Kfs 1.7 165 182
04TS115 Garnet-grade metapelite 43.697276 108.846791 Ms 0.3 148 227 226.5 1.7 88.9 0.25
04TS116 Garnet-grade metapelite 43.697276 108.846791 Bt 0.6 57 191
04TS114 Deformed granite 43.722820 108.918174 Bt 0.6 104 227 219.6 1.3 77.7 1.09

Kfs 1.3 210 221 218.4 0.9 86.4 1.3

a Maximum ages are subjective (e.g., do not include anomalously old ages in lowest temperature steps.).
b PA = plateau age.
c WMA = weighted mean age.
d MSWD = mean square weighted deviates.
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in the granite is best described as seriate-interlobate. Brittle fractures
are present in thin section and quartz grains show undulatory
extinction. Step-heating of an amphibole separate from the granite
yielded a loss profile with a minimum age of 182 Ma and a plateau age
of 223.3±1.7 Ma. K-feldspar yielded minimum and maximum
apparent ages of 163 and 443 Ma, respectively.

Sample 04TH142 comes from a late stage pegmatite dike intruded
parallel to the foliation in biotite-rich, intermediate composition
mylonites. Biotite grains are decussate (interlocking), feldspars show
deformation twins, and quartz recrystallization was facilitated by a
combination of subgrain rotation and grain boundary migration;
myrmekite is relatively abundant. Late brittle fractures are filled with
hematite and undulatory extinction in quartz is also evident. A biotite
separate from the pegmatite yielded an argon loss profile with a
minimum apparent age of 80 Ma and a plateau age of 214.2±1.1 Ma.
K-feldspar yielded minimum and maximum apparent ages of 168 and
253 Ma, respectively.

Sample 04TH133 is from a dike with intermediate (~andesitic)
composition and porphyritic texture and was inferred to be a
hypabyssal volcanic dike in the field. The orientation of the dike
(337/77) is roughly concordant with that of the shear zone where
sampled, but is observed in Google Earth imagery to cross-cut the
foliation and extend a total of at least 0.5 km in the WNW–ESE
orientation. Any offsets of the dike in the observable extent are limited
to b10 m. Exposure at this locality was not continuous but units
exposed on either side of the dike included quartzo-feldspathic gneiss
and mylonite. The fabric is seriate with quartz grains forming the
finest grain size population and plagioclase defining the largest;
plagioclase grains are rectangular and preserve magmatic zoning.
Quartz grain shapes suggest that grain boundary area reduction
recovery processes were active. Biotite is decussate. Step-heating of
biotite yielded an argon loss profile with minimum apparent age of
95 Ma and a plateau age of 211.8±1.1 Ma.

Sample 04TH127 is from pegmatite dike that cross-cuts gneissic
rocks of the shear zone (Fig. 4E; proximal to location for 04TH128).
The dike appears relatively undeformed in outcrop and is character-
ized by granophyric textures in thin section. Myrmekite is present, as
well as deformation twins in feldspar. Hematite fills late stage
fractures. K-feldspar yielded an apparent age spectrum with mini-
mum and maximum ages of 171 and 194 Ma, respectively.

Sample 04TH144 is a pegmatite sample collected near the locality
of sample 04TH146. Feldspars in this sample exhibit core–mantle
structures; quartz indicates recrystallization via a combination of
subgrain rotation and grain boundary migration. Late stage fractures
Please cite this article as: Webb, L.E., et al., Late Triassic sinistral she
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are filled with hematite. Step-heating of K-feldspar yielded minimum
and maximum apparent ages of 165 and 182 Ma, respectively.

4.2. Tsagan Subarga

Sample 04TS115 is a garnet-grade metapelite. Kinematic indica-
tors for sinistral shear sense were observed within the larger outcrop
of NE-striking metamorphic tectonites. Garnet porphyroclasts pre-
serve evidence for once having of euhedral crystal shapes; embay-
ments on otherwise equant garnet grains formed as a result of growth
of white mica and biotite as wings during deformation (Fig. 5f),
though no kinematic interpretation is possible from this particular
sample. Garnet cores are full of microcrystalline inclusions while rims
appear inclusion-free. Deformation is interpreted to have accompa-
nied retrograde metamorphism. Quartz microstructures record
evidence for grain boundary migration and subgrain rotation; the
higher temperature quartz fabrics are overprinted by undulatory
extinction and deformation bands. Step-heating of muscovite yielded
an argon loss profile with a minimum apparent age of 148 Ma and a
plateau age of 226.5±1.7 Ma.

Sample 04TS116 is garnet-bearing schist. Biotite grew at the
expense of garnet during deformation and locally exhibits alteration
to chlorite. Quartz exhibits evidence for both grain boundary
migration and undulatory extinction. Late stage fractures are filled
with hematite. Step-heating of biotite from this sample yielded an
apparent age spectrum with an argon loss profile and gave minimum
and maximum ages of 57 and 191 Ma, respectively.

Sample 04TS114 is from granite in fault contact with Upper Jurassic
sedimentary rocks. The granite records evidence for ductile deformation
prior to the cataclastic deformation overprint associated with the fault
contact. Ductile deformation was accommodated by dynamic recrys-
tallization of quartz via subgrain rotation; feldspars exhibit deformation
twins. Biotite yielded an argon loss profile with a minimum age of
104 Ma and a plateau of 219.6±1.3 Ma. K-feldspar yielded minimum
and maximum ages of 210 and 221 Ma, respectively.

5. Discussion

5.1. Timing of deformation

Theoldest 40Ar/39Ar age fromthemetamorphic rocks, 240.3±2.2 Ma
(early Middle Triassic/Anisian), was obtained on amphibole from a
migmatite (04TH146) and is interpreted to provide aminimumage for a
partialmelting event. Because foliation in the sample andother observed
ar in the East Gobi Fault Zone, Mongolia, Tectonophysics (2010),
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migmatite lithologies is principally defined by compositional banding
and few if any lineationsare apparent, partialmeltingmayhaveoccurred
prior to activation of the shear zone. U/Pb zircon dating of migmatites,
gneisses, andmylonites at TavanHar is the topic of ongoing investigation
to constrain the relationship between partial melting and ductile
sinistral shear.

The timing of deformation associated with cooling through
amphibolite to upper greenschist-facies conditions is best constrained
to have occurred by ca. 225 Ma (early Late Triassic/Carnian) by 40Ar/
39Ar dating of amphibole that defines the stretching lineation in
Please cite this article as: Webb, L.E., et al., Late Triassic sinistral she
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amphibolite-facies gneiss (04TH128; 224.5±1.5 Ma). Similar ages
were obtained for synkinematic white mica growing as tails on garnet
in garnet-grade metapelite (04TS115; 226.5±1.4 Ma), and amphi-
bole from a synkinematic intrusion (04TH143; 223.3±1.7 Ma). This
segment of the temperature–time–deformation path is inferred by
integrating the thermochronologic constraints with microstructures.
For example, sample 04TH128 (amphibolite gneiss) records micro-
structures consistent with deformation during retrograde metamor-
phism from amphibolite–upper greenschist-facies conditions. From
higher to lower temperature (assuming average strain rates), relevant
ar in the East Gobi Fault Zone, Mongolia, Tectonophysics (2010),
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microstructural observations include abundant myrmekite, feldspars
with core–mantle structures, dynamic recrystallization of quartz via
subgrain rotation (see Passchier and Trouw, 2005, and references
therein). Because of this record for a continuum of deformation
through ~650–450 °C and an overlapping range in possible closure
temperatures for amphibole from ~600 to 470 °C depending on
cooling rate (Reiners and Brandon, 2006), we infer that the 40Ar/39Ar
plateau age of 224.5±1.5 Ma provides a good estimate for the timing
of deformation at amphibolite–upper greenschist-facies conditions.
The growth of biotite post-deformation and the preservation of
subgrain rotation microstructures in quartz (as opposed to foam
textures associated with recovery) in this same sample are best
reconciled with static biotite growth at relatively low temperatures.
The 40Ar/39Ar biotite weighted mean age of 199.4±1.4 Ma from this
sample is interpreted as a minimum age for cessation of deformation.

Waning of distributed shear zone activity, at least locally, is
partially constrained by a 211.8±1.1 Ma 40Ar/39Ar age obtained on
biotite from a dike that cross-cuts the foliation (04TH133). The
integrated field, satellite imagery, and microstructural data indicate
fairly rapid cooling during crystallization, little or no offset, and only
minor ductile deformation at the microscopic scale. The biotite age
obtained for this sample is concordant to the 209±4 Ma (2σ) 40Ar/
39Ar weighted mean biotite age (calculated for ~90% of the 39Ar
released) obtained reported by Lamb et al. (1999) for synkinematic
biotite from an S–C mylonite (near locality E, Fig. 3). The combined
data suggest that broadly distributed deformation had ceased by this
time and strain was likely focused in more discrete mylonite zones.

All apparent age spectra, including the biotite analyzed by Lamb et
al. (1999), are complicated by argon loss profiles. In the case of all
hydrous phases that were analyzed (i.e. amphibole, white mica, and
biotite), minimum apparent ages appear to be related toMesozoic and
Cenozoic brittle deformation overprints based on geologic context
and microstructural evidence; minimum ages range from 191 to
47 Ma. These loss profiles likely relate to the fact the mineral phases
experienced either enhanced diffusive loss due to grain size reduction
and/or neocrystallization during deformation (e.g. Dunlap and
Kronenberg, 2001). Hydrothermal fluids associated with regional
volcanic activity during Late Jurassic–Early Cretaceous rifting (Gra-
ham et al., 2001) or Cenozoic faulting (Webb and Johnson, 2006) may
also have an influence. The fact that the youngest minimum ages all
come from biotite samples may imply that this phase is particularly
?
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different structural levels are presently exposed at the surface which is controlled in part b
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susceptible to one or all of these processes during late stage
deformation events.

Despite the fact that data acquired from 40Ar/39Ar step-heating
experiments on K-feldspar samples could not be modeled to obtain
thermal histories, the data do provide useful information. There is a
distinct difference in the range of ages obtained from lower
temperature steps from samples from the Tavan Har block compared
to the sample from Tsagan Subarga (Fig. 6). Tavan Har K-feldspar
minimum ages comprise a cluster ranging from ~171 to 162 Ma and
the majority ages obtained over the course of the step-heating
experiments are younger than 190 Ma. The data thus imply relatively
slow cooling below ~300 °C in the Early Jurassic following shearing at
amphibolite–upper greenschist-facies conditions ca. 225 Ma, and are
consistent with final cooling below ~150 °C in the Middle Jurassic
constrained by apatite fission track data (Taylor et al., 2008).
Conversely, sample 04TS114 K-feldspar produced a fairly flat
apparent age spectrum yielding a plateau age of 218.4±0.9 Ma.
Biotite from this same sample yielded a plateau age of 219.6±1.3 Ma
and thus these data imply relatively rapid cooling in the Late Triassic
following shearing at amphibolites-facies conditions. The approxi-
mate cooling rates attending shear zone activity are ~40 °C Myr−1

and ~20 °C Myr−1 for the Tsagan Subarga and Tavan Har blocks,
respectively (Fig. 7). The K-feldspar data are interpreted here to
reflect the fact that deeper structural levels of the Early Mesozoic
shear zone are likely presently exposed at Tavan Har compared to
Tsagan Subarga. Interpretations of depth to basement in seismic
reflection profiles indicate that the Late Jurassic–Early Cretaceous
Zuunbayan rift basin deepens to the northeast (Johnson, 2004).
Differential throw on the basin bounding faults along strike is
consistent with exhumation of deeper structural levels of the shear
zone at Tavan Har compared to Tsagan Subarga during Late Jurassic–
Early Cretaceous rift basin formation. The apparent divergence in Late
Triassic thermal histories shown in Fig. 7 can be linked to deformation
and differential exhumation subsequent to the Late Triassic and does
not require primary differences between the Late Triassic histories of
the two basement blocks.

5.2. Tectonic implications

The available data argue for a Late Triassic ductile sinistral shear
zone within the EGFZ. The ductile shear zone activity post dates the
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Permian Tian Shan–Yin Shan suture zone and thus occurred in an
intracontinental setting. The argon data suggest rapid cooling in the
Late Triassic (~40–20 °C Myr−1) accompanied deformation, a result
not predicted for pure strike-slip deformation. Rapid cooling requires
an additional mechanism for exhumation and cooling; possibilities
include: 1) sinistral shear was associatedwith transtension and coeval
ductile thinning or tectonic denudation; or, 2) sinistral shear was
associated with transpression and coeval erosional denudation (Ring
et al., 1999). A third possibility is that the Late Triassic fabrics have
been rotated into the present orientation by subsequent deformation
events. Discerning between these possibilities is part of our ongoing
research, but transtension appears to be most consistent with the
current data. Middle to Upper Triassic strata (predicted for erosional
denudation associated with transpression) are notably absent in the
region, whereas lineation and foliation pairs observed in the sinistral
shear zone are most consistent with a transtensional dip-slip
component.

Exposures of the ductile Late Triassic shear in the EGFZ have been
traced at least 100 km to the NE of Tavan Har in the Urgun area
(Fig. 2), the continuation beyond which is uncertain. To the
southwest, the surficial expression of ductile shear locally dies out
at western margin of the Tsagan Subarga block, however the shear
zone plots along the southernmargin of a linear magnetic high (Maus,
2009) that continues southwest from Tsagan Subarga toward the
Chinese border. Final exhumation and thus the surficial exposure of
the shear zone are likely controlled by the Late Jurassic–Early
Cretaceous fault block geometry and subsequent Cenozoic strike-
slip faulting (Webb and Johnson, 2006). Constraining offset along the
EGFZ is part of ongoing research, but given initial estimates of
displacement associated with the Late Triassic phase of sinistral
ductile shear (~250–100 km; Lamb et al., 1999; Heumann et al., 2008)
it is quite possible that the shear zone extended hundreds of km
farther in either direction (cf. Kim and Sanderson, 2005). Wang et al.
(2005) suggest Triassic movement on the Altyn Tagh fault around
250–230 Ma, based on argon dating of sinistral mylonites in the
eastern Kunlun Shan. The possibility of a long-lived connection
between the EGFZ and the Altyn Tagh fault is intriguing and seems
possible in light of these data, although piercing point studies do not
support major pre-Jurassic movement on the Altyn Tagh fault (Ritts
and Biffi, 2000).

In southernmost Mongolia along the Chinese border, Johnson et al.
(2001) documented ductile fabrics recording NE–SW extension that
are overprinted by the Early Cretaceous Yagan-Onch Hayrhan
metamorphic core complex (Fig. 1). Wang et al. (2004) reported a
228±7 Ma U/Pb zircon age frommylonitic biotite-quartz monzonites
from the core complex on the Chinese side of the border, interpreted
to date the timing of intrusion of a suite of Late Triassic plutons in a
post-collisional or post-orogenic extensional setting. Thus, the NE–
SW extensional deformation recorded by Johnson et al. (2001)may be
Late Triassic in age. Late Triassic extension has been proposed and
documented elsewhere in proximity to the Permian Yin Shan suture
zone. Lamb et al. (2008) reported Late Triassic K-feldspar cooling ages
from red akali granites in the Shin Jinst area interpreted to represent
cooling of late stage collisional granites or granites emplaced during
post-orogenic uplift and collapse. A metamorphic core complex in the
Sonid Zuoqi area ~300 km east–southeast of Tavan Har represents
high strain, NNE–SSW extension in the Late Triassic along a low angle
detachment fault (Fig. 1; Davis et al., 2004). Late Triassic intraplate E–
W extension associated with N–NE-striking normal faults has also
been noted in northwest Ordos in Inner Mongolia (Ritts et al., 2009).

5.3. Potential drivers of deformation in the EGFZ

To the north of the EGFZ, the narrow Mongol-Okhotsk ocean
between Mongolia and the Siberian block was closing from west to
east, associated with subduction beneath Mongolia, by the early
Please cite this article as: Webb, L.E., et al., Late Triassic sinistral she
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Mesozoic. Paleomagnetic data are complicated by overprinting but
generally imply continued closure near the Pacific margin through at
least the Early Cretaceous (e.g., Xu et al., 1997; Halim et al., 1998;
Kravchinsky et al., 2002). Conflicting estimates for the timing of the
main collisional event in the vicinity of northern Mongolia, both of
which based on geologic mapping and ages of marine–non-marine
stratigraphic transitions, include Early Triassic (Zonenshain et al.,
1990) or the Middle–Late Jurassic boundary (Zorin, 1999). A
combined Mongolia–North China block may still have been moving
north relative to Siberia in the Triassic, albeit slowly, at the time that
sinistral ductile shear zones were active in the EGFZ. To the south of
the EGFZ, the Triassic was associated with closure of the Paleotethys
and interactions between the Qiangtang and Kunlun blocks and the
North and South China blocks (e.g., Dewey et al., 1988; Hacker et al.,
2000; Kapp et al., 2000; Roger et al., 2008).

Late Triassic shear in the EGFZ is likely the result of far field forces
associated with coeval convergent boundaries in Asia, and is
consistent with existing paleotectonic reconstructions (e.g. Natal'in
and Sengor, 2005). Collisions associated with closure of the
Paleotethys and/or closure of the Mongol-Okhotsk resulted in
reactivation of favorably-oriented inherited crustal structures within
the North China–Mongolia continental interior. Deformation was
associated with NE–SW to E–W extension and focused in a zone of
relatively weak and heterogeneous crust within recently collided arc
systems, essentially sandwiched between Precambrian blocks to the
north (Siberian craton) and the south (North China Block). An
additional possibility linking Late Triassic shear in the EGFZ with core
complex formation in northern China includes oblique transtension
associated with collapse of the Late Permian suture zone between the
Altaids and the North China craton in this area (Johnson et al., 2008).

6. Conclusions

Metamorphic tectonites of the Tsagan Subarga and Tavan Har
blocks, previously mapped as Precambrian basement, comprise a
shear zone dominated by steeply-dipping, northeast-striking sinistral
shear zone that can be traced for ~250 km along strike. Field and
petrographic analyses indicate that the protoliths of the metamorphic
tectonites are Paleozoic arc igneous and sedimentary sequences, and
bring into question the existence of Precambrian basement in the
region. 40Ar/39Ar step-heating analyses of minerals from pre-, syn-,
and late- to post-kinematic lithologies indicate that ductile sinistral
shear in the EGFZ post dates an Early Triassic or older partial melting
event. The main phase of deformation associated with cooling
through amphibolite-facies to upper greenschist-facies conditions
occurred at 225 Ma and appears to have waned by 210 Ma. Cooling
rates inferred from the 40Ar/39Ar data are on the order of 40–20 °C
Myr−1 during shear zone activity. Relatively rapid Late Triassic
cooling suggests a transtensional component to the deformation and
is coincident with core complex formation in northern China. Late
Triassic intraplate deformation in the EGFZ correlates temporally with
closure of the Paleotethys andMongol-Okhotsk oceans and thus likely
represents reactivation of a primary lithospheric structure by far field
stresses associated with plate boundary processes, representing an
early Mesozoic analog for Cenozoic intraplate deformation associated
with the India–Asia collision.
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