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ABSTRACT Keywords: Asian tectonics, China, syntec- es of modern basins in Asia have been used
tonic processes, Tibetan Plateau. to interpret the Mesozoic tectonic history
Geologic mapping combined with petro- (e.g., Watson et al., 1987; Graham et al., 1990;
graphic and geochronologic studies in the INTRODUCTION Hendrix et al.,, 1992, 1996; Carroll et al.,
Tula uplift of western China provides in- 1995; Sobel, 1995, 1999; Sobel and Dimitru,

sights into the tectonic evolution of the  Central Asia contains young mountain1997; Guo et al., 1998; Ritts, 1998; Yin, 1998;
northern edge of the Tibetan Plateau. The ranges, polycyclic basins filled with syntec-Vincentand Allen, 1999; Ritts and Biff2000,
Mesozoic and early Cenozoic history of the tonic sediments, and orogenic plateaus that ag901). In the Tula uplift, Upper Jurassic—
area is preserved in the Tula uplift, which the result of progressive accretion of terraneBaleogene strata are exposed in a mountain
includes basin strata now exposed in a large and India onto the active southern margin ofange that has 2600 m of topographic relief.
syncline, pre-Mesozoic metamorphic base- Asia (Sngo and Natal'in, 1996; Yin and Nie, The Tula uplift includes the Tula syncline, which
ment, and Cretaceous plutons. Petrograph- 1996). Since about 1990, considerable geolods a large regional fold within the Jurassic—
ic analyses of Upper Jurassic through Pa- ic research in Asia has concentrated on CeRaleogene strata, metamorphic basement, and
leogene syntectonic sandstones show thatnozoic deformation resulting from the Asia-Cretaceous plutons. The uplift has had a pro-
rocks in the area were derived from litho-  India collision (see summaries in Matte et al.fracted period of sedimentation and deforma-
logically diverse source terranes consisting 1997; Yin and Harrison, 2000). The accretiorfion that help address regional tectonic ques-
of sedimentary, metasedimentary, and ig- of India created continental-scale featuregons such as, Does the thickening recorded in
neous rocks. These relationships imply that such as the Tibetan Plateau and the Altythe Tula area signify the beginning of Tibetan
uplift in the Tula area began in Late Ju- Tagh fault (Molnar and Tapponnier, 1975).Plateau uplift? How much uplift of the Tibetan
rassic time and that uplift of the Tibetan This Cenozoic deformation overprinted earliePlateau is pre-Himalayan? What was the pa-
Plateau’s northern edge may have been ini- tectonic events, making it difficult to distin- leogeographic setting of central Asia before
tiated long before the early Tertiary India-  guish pre-Cenozoic deformation. In this paperJertiary uplift of the plateau? How much of
Asia collision. Continued orogenic activity we explore the record of Mesozoic and earljhe deformation along the Altyn Tagh fault
in the Tula area is recorded by intrusion of Cenozoic tectonism preserved within the Tulavas inherited from pre-Tertiary orogenic
ca. 74 Ma granitoid bodies, latest Creta- uplift in western China. This is the first com- events?
ceous to Paleogene shortening, uplift of Pre- prehensive study in the Tula uplift, which is An additional objective of this research
cambrian basement rock, the syntectonic located in the northern part of the Arka Taghwas to determine the origin of an oroclinal
nature of Cretaceous and Paleogene sand- in the remote north-central part of the Tibetarbend in the Tula uplift, which is apparent
stones, and folding of all the basin strata Plateau. both from the topography of the present
into a regional north-vergent syncline. The The Tula uplift is an ideal location in which mountain range and from the pattern of units
northern range-bounding thrust of the Tula  to explore the history of Mesozoic and earlyand contacts shown on the Geological Map
uplift has been recently active, suggesting Cenozoic tectonism, as the uplift has a nearlgf the Xinjiang Uygur Autonomous Region
that uplift and thickening continues in the continuous stratigraphic section that was de{Chen, 1985; 1:2,000,000) and tiegional
northern Tibetan Plateau. posited during this time. By contrast, Meso-Geology of Xinjiang Uyger Autonomous Re-
zoic strata in most regions of central Asiagion (XBGMR, 1993; 1:1,500,000). This fea-
mw@geo.arizona.edu. have been rem(_)ved by erosion or are buriemre, alonglwith other arcuate mountain ranges
*E-mail: gdn@geo.arizona.edu. by younger sediments (Graham et al., 1993)n the region, may be a true orocline that
SE-mail: ggehrels@geo.arizona.edu. In previous studies, exposures around the ed@ermed as a result of distributed deformation
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Figure 1. (A) Regional map of Asia showing the terranes, sutures, major faults, and major features. The Tibetan Plateau is highlighted
in gray. The location of Figure 1B is shown with a rectangle. (B) Simplified geologic map of the central Altyn Tagh fault system (after
A. Yin, unpublished). The location of Figure 2 is shown with a rectangle.

south of the Altyn Tagh fault (A. Yin, 1997, (Fig. 1B). The Kunlun batholith underwent Asia may have also been influenced by the

written commun.). another phase of intrusion in Late Permian telosure of the Mongol-Okhotsk Sea.
latest Triassic time. The western Tarim Basin is thought to be
GEOLOGIC AND TECTONIC SETTING The Mesozoic tectonic history of centralrelated to strike-slip motion between the Talas-

Asia is dominated by accumulation of thick Fergana (Burtman, 1980; Tseyeler et al., 1982)

The Tula uplift is located in the western partsequences of clastic strata, presumably in rénd Karakoram faults during Early Jurassic
of the Kunlun-Qaidam terrane (Fig. 1A). Fol-sponse to tectonic events along the convergetime (Sobel, 1999). In Late Jurassic and Cre-
lowing is a summary of the terrane’s Paleomargin of southern Asia (Watson et al., 1987{aceous time, however, the western Tarim may
zoic and early Mesozoic tectonic history fromGraham et al., 1988; Hendrix et al., 1992have had a flexural origin as a foreland-style
Yin and Harrison (2000). The dominant fea-1996). The main accumulations of Mesozoidasin (Sobel, 1999).
ture of the Eastern Kunlun-Qaidam terrane istrata are in the Tula, Tarim, and Qaidam ba- The Cenozoic tectonic history of central
the Kunlun batholith (Harris et al., 1988; Jiangsins, which were intracontinental foreland baAsia is dominated by strike-slip faulting
etal., 1992; Fig. 1B), which is part of a broad,sins in Late Jurassic and Cretaceous timgaused by the Himalayan orogenic collision
early Paleozoic magmatic arc. The wester(Ritts and Biffi, 2000). These basins remainedMolnar and Tapponnier, 1975). The Altyn
part of the terrane consists of Middle to Latecenters of deposition throughout Mesozoiclagh fault, one of the major continental-scale
Proterozoic gneiss, schist, and marble. Thediéme (Graham et al., 1988). The Tula basirstrike-slip faults in central Asia, is spatially
lithologies are unconformably overlain by up-may have been continuous with the northwesteparated from the Tula area by a Neogene—
permost Proterozoic strata and Cambrian (%aidam Basin (Ritts and Biffi, 2000). Both Quaternary intermontane basin (Fig. 1B). Mo-
to Middle Ordovician shallow-marine carbon-Xia (1990) and Ritts and Biffi (2001) have fion along this>1200 km fault began during
ate sequences (Fig. 1B). Between Late Ordesuggested that the Qaidam Basin formed duf?€ Oligocene (Bally et al., 1986, Hanson,
vician and Mississippian (Early Carbonifer-ing the amalgamation of Tibet by flexural re-1997: Rumelhart etal., 1997; Yin et al., 2002;
ous) time, volcanic deposits interbedded wittsponse to contractional deformation. XiaWang, 1997).
marine strata were widespread in this regior(.l990)_ viewed the source for the flexur_al load PRESENT STUDY
Pennsylvanian (Upper Carboniferous) to Lowto be in the Kunlun Shan, whereas Ritts and
er Permian sedimentary rocks are interbedddsiffi (2001) proposed the load to be in the This paper documents the results of a
with abundant basalt, andesite, and rhyolit®ilian Shan. Mesozoic tectonism in centrafeconnaissance-scal@vestigation into the
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Figure 2. Geologic map of the Tula uplift showing stratigraphy, faults, and orientation as well as locations of cross sections depicted in
Figure 6. Abbreviations: Jw—Upper Jurassic West Tula unit; Je—Upper Jurassic East Tula unit; Jug—Upper Jurassic upper Qargan
unit; Jig—Upper Jurassic lower Qargan unit; JIm—Upper Jurassic Muselik unit; Cy—Carboniferous Yak Valley unit; Cm—Carboniferous
Mandalike unit; uC—Undivided Carboniferous rocks.

structural geology and stratigraphy of the Tulahe Tula area (Ritts, 1998; Lockley et al.,grains following the methods of Gehrels
uplift. We conducted the work in reconnais-1999). (2000).
sance fashion because of the remote nature of Because the previous studies did not establish
the study area. As a result, the structural datetratigraphic nomenclature for units in the Tula
are ambiguous regarding the evidence for maegion, we use informal unit names. We have
tion, displacement, and timing of the faults.joosely divided the Upper Jurassic—Paleogene Mesozoic-Cenozoic strata in the Tula area
We accessed most of the Tula uplift via a sestrata into seven units, from which we anafest unconformably on basement, which in-
ries of traverses over a period of two monthsyzeq 30 standard petrographic thin sectiongludes Precambrian, Ordovician, and Carbon-
The extreme far-western region, the southgs medium- to coarse-grained sandstone. Thiferous rocks (qu et al., 1998). _Our mapping
cen_tral region, and t_he extremfe southeasterogal petrographic analysis of framework‘_"‘”ows us to_dmde the Carbonlfgrous rogks
region were inaccessible. Mapping of the straq inarals enabled us to characterize units an@to three units, the Upper Jurassic strata into
tigraphy and structure was accomplished at & make preliminary assessments of provef-'ve units, and overlying stratg into separate
scale of 1:100,009, and samples werg coIIech—ance. Half of each thin section was Staine&:retace.ous and Paleogene units. In.the folloyv-
e_d for petrographn_: and paleomagnetic analyf-Or both calcic plagioclase and K-feldspar andn9 sectlor_ls, we describe the stratigraphy in
sis (see Dupont-Nivet et al., 2001). . more detail.

Previous studies in the Tula area are limitPOInt-counted (500 counts) by the same op-
ed. Geologic maps of the Xinjiang Uygur Au- erator according to the Gazzi-Dickinson mEth'F’re-.]urassic Strata
tonomous Region (Chen, 1985; XBGMR, N .
1993) show an arcuate pattern of sedimentary Mapplng in the Tula region enabled us to Mesozoic strata in the Tula area unconform-
rocks overlying Silurian and Carboniferous'€c0gnize several plutons south of the Tula upspy overlie metamorphic rock, presumed to
rocks in the Tula region. These maps suggedft that had not been mapped previously. Aye precambrian (Guo et al., 1998) (ps, Fig. 2),
that faults separate Upper Jurassic and Caya@mple from one of these plutons was COlyng yndivided Carboniferous strata (uC). The
boniferous strata and that unconformities exis€cted for U-Pb geochronologic analyses. Zirprecamprian basement is composed of schist
at the base of Cretaceous rocks and betwe&®ns were separated from this sample by usingnd gneiss with abundant quartz veins (Guo
Paleogene and underlying Cretaceous stratd{andard separation procedures, and U-Pb ages al., 1998). Thin sections show a ground-
Other studies in the Tula area include that overe determined by isotope dilution—thermalmass of quartz, biotite, and chlorite with por-
Guo et al. (1998), who reviewed the potentiaionization mass spectrometry. All of the zir-phyroblasts of plagioclase and perthitic feld-
for oil exploration and the presence of oil- andcons analyzed were abraded to about twaspar+ muscovite, sphene, and zircon.
asphalt-bearing sandstone in the Jurassic strdnirds of their original diameter prior to  The undivided Carboniferous rock unit (uC,
ta, and the description of mammal tracks frondissolution and were analyzed as individuaFig. 2) is composed of green and red quartzite,

STRATIGRAPHY

od, as described by Ingersoll et al. (1984).
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phyllite, and slate. The Yak Valley unit (Cy, Age Unit Sample #
Fig. 2) contains metamorphosed greenish
quartzite with abundant quartz veins. Al- P[EIs] P o=%  conglomerate
though Chen (1985) assigned a Late Jurassj 7% o
age, this unit shares more characteristics, suclﬁale()gene ,,° 2 pa 1. sandstone
as metamorphic grade and the abundance of $e5| Pe = &hdle
greenish quartzite, with strata in the Tula area ~tkm =-. P2 “\_ unconformity
that are given a Carboniferous age. Thus, we —=—_1 F1 = fault
assign the Yak Valley unit a Carboniferous age — P —
and estimate its thickness at 2 km. The Man- K[=] K6 are approximate
dalike unit (Cm, Fig. 2) is a volcanic unit of °_’_°°_° ﬁ
uncertain age. Pyroclastic zones around its péSretaceous —=°_g K3
rimeter are fault bounded. Although Chen S K2
(1985) assigned it a Carboniferous age (Chen, s ool K
1985), Guo et al. (1998) reported that both
Carboniferous pyroclastic rocks and Ordovi- U aYaYaY '?
cian volcanic rocks are present in this region, , o Je6 : ;o _
and Pierce and Mei (1988) reported that vol- JW RS e Je ety Job Juq |G g Jm 5| uma
canic rock is prevalent in Ordovician, Carbon-Upper. %5 e - A Jadt — 9 =[] vm2
iferous, and Permian units of the area. BreccidUrassic : =2celler T [ZB%F Jaz =24 1
in the pyroclastic zones ranges from centi- Jig[-_=:
meters to tens of meters in thickness. Small
breccia fragments are composed of granitic
fragments, quartzite, chert, sandstone, and silt-
stone. The maximum outcrop thickness of the — S—
Mandalike unit is 5 km. uC [~
. - [
Mesozoic—Lower Cenozoic Strata C?Tanggmﬁfxgs * /::

Upper Jurassic Strata
The West Tula unit (Jw, Figs. 2 and 3, Table NN ’? NN
1) crops out in the western and central Tula

area and contains interbedded reddish and _ pCs ]
greenish sandstone, siltstone, and cong|omePrecambr|an ~— |
ate beds (see Table 1 for a more complete de(Thickness unknown) -~

scription). The characteristic feature of this
unit is thinly bedded reddish and greenistfigure 3. General stratigraphy of the Tula uplift. Note that the original relationships of
sandstone and siltstone horizons. the four Upper Jurassic sequences and the three Carboniferous sequences are uncertain.
The East Tula unit (Je, Figs. 2 and 3, TabldJnit abbreviations are the same as in Figure 2 with the addition of the following: P—
1) crops out in the eastern part of the TulsPaleogene; K—Cretaceous; ps—Precambrian schist.
uplift. Guo et al. (1998) assigned an early Late
Jurassic age to strata in either the West or East
Tula units (exact position of fossil locality is glomerate and are the distinguishing featureStratigraphic Relationships of Jurassic
uncertain) on the basis of the presence of sp@f this unit. Strata
ropollenin in dark mudstones. The East Tula The upper Qargan unit (Juq, Figs. 2 and 3, The five Upper Jurassic units in the Tula
unit is composed of conglomerate beds interTable 1) crops out west of Tula and containsyncline are distinguished on the basis of lith-
bedded with variegated sandstone and sila thick section of conglomerate beds withologic differences but are interpreted to be
stone beds. The presence of pink granite antlasts of chert and white and greenish quartzart of an Upper Jurassic clastic sequence.
greenish quartzite clasts in the upper part ate punctuated by thin discontinuous beds oFigure 3 portrays our attempt to relate the dif-
the section is the distinguishing feature of thissandstone and siltstone. The unit's characteferent units to each other. In detail, however,
unit. istic feature is the quartzite and chertspecific age relationships of the various units
The lower Qargan unit (Jlg, Figs. 2 and 3,conglomerate. are unclear, as our data do not provide any
Table 1) also crops out in the western part of In the central Tula area, the Muselik unitrelative age control. The West Tula unit (Jw)
the Tula uplift. It is separated by an uncon<{Jm, Figs. 2 and 3, Table 1) crops out soutlin the western and central regions and the East
formity from the overlying upper Qargan unit. of the synclinal axis. The Muselik unit is a Tula unit (Je) in the eastern region occupy the
The lower Qargan unit is isoclinally folded coarsening-upward section of sandstone arghme structural position in the regional syn-
with beds of fine-grained sandstone, siltstonesiltstone beds at the base and conglomeratdine and so may originally have been contig-
sparry limestone, shale, and intercalated bre®eds at the top of the section. The strata’s mutous, in which case the stratigraphic differ-
cia beds. These breccia beds contain sandd brown and tan color is its distinctive ences noted may be the result of lateral facies
stone, siltstone, limestone, schist, and corfeature. changes within the basin. The nature of the
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TABLE 1. LITHOLOGIC UNIT DESCRIPTIONS

Paleogene (P)
Structural thickness is ~1 km on south side of Tula syncline; basal contact—fault; upper contact—not preserved; section coarsens upward with an increase in the abundance

of interbedded conglomerate, sandstone, and siltstone; clasts include quartzite, light colored gneiss, sandstone, siltstone, dolostone, and limestone; beds are tabular on
a 10 m horizontal scale and lenticular at a larger scale; cliff-forming unit; trough cross-beds and ripples

Cretaceous (K)

Outcrop thickness on the north side of syncline is >3 km and <300 m on the south side (truncated by a fault); basal contact—angular unconformity with Jw and Je; upper
contact—fault; section grades upward from 300 m of conglomerate into 2 km of red lenticular sandstone, siltstone, and shale with interspersed conglomerate beds,
clasts are white, red,and green quartzite, tan and red siltstone, light gray and red sandstone, and rare metamorphic fragments; uppermost Km consists of interbedded
conglomerate and sandstone; beds vary in thickness and are lenticular; trough cross-beds, soft-sediment deformation, mudcracks, ripple marks, and climbing ripples.

West Tula (Iw)

Monocline west of Tula contains ~1.5 km of continuous section, structural thickness is locally 2.5 km; base contact—covered by alluvium; upper contact—angular
unconformity with overlying K; basal section contains ~1 km of interbedded gray to green sandstone and siltstone and grades into a thick sequence of interbedded
conglomerate and green sandstone, above which are thinly bedded red siltstone, sandstone, and conglomerate beds; conglomerate beds are more common near the
top of the section and have a dark green sandstone matrix; conglomerate clasts are 10 cm in diameter, rounded to subrounded, moderately well sorted clasts that
include white quartzite, red plutonic rock, dark brown and orange weathering conglomerate, black volcanic rock, dark green and gray quartzite, maroon, dark gray, and
green sandstone, and green and red siltstone; bedding in the sandstone and siltstone is lenticular on a 1 m scale; beds weather with a red stain; trough cross-beds,
burrowed and rippled siltstone.

East Tula (Je)

Structural thickness of ~4 km but is faulted and folded; basal contact—covered by alluvium; upper contact—angular unconformity with overlying K; basal section contains
green conglomerate interbedded with green, tan, and red siltstone and sandstone; clasts are subangular, moderately well sorted, and include green quartzite, light green
phyllite, multicolored sandstone, and white vein quartz; overlying section is a brown to tan conglomerate and gray sandstone; top of the section has red sandstone,
siltstone, and conglomerate with clasts of pink granite and green quartzite; yellowish sandstone and siltstone beds are common in the upper part of the section in the
east; sandstone and siltstone beds are 1-m-thick lenticular beds; conglomerate beds are lenticular on a 10 m horizontal scale; channelized sandstone and siltstone
beds, trough cross-beds and local paleosols.

Upper Qargan (Juq)

Outcrop thickness of ~8 km, true thickness unknown; basal contact—unconformable with Jlg; upper contact—buried under alluvium or fault truncated; contains a thick
section of resistant conglomerate that is well organized and well sorted; clasts include chert and white and green quartzite in a gray to green matrix; conglomerate beds
are interbedded with thin black shales and green micaceous sandstone, siltstone, and shale; contains lenticular pods of conglomerate 3 m thick punctuated by thin
lenticular beds of sandstone and siltstone.

Lower Qargan (Jlg)

Isoclinally folded with an outcrop thickness of ~3 km; basal contact—bounded by a fault; upper contact—overlain unconformably by Jug; contains green to gray, fine-
grained sandstone, green and tan fissile sandstone, sparry limestone, gray and red sandstone interbedded with light gray siltstone, thin black shale beds, and intercalated
breccia beds <3 m thick; breccia contains a variety of lithologies including schist and conglomerate; bedding is lenticular over a 10 m horizontal scale; climbing ripples
in siltstone.

Muselik (Jm)

Outcrop thickness of ~1 km; southern contact—intrusive; northern contact—fault; basal section has a coarse-grained tan and gray sandstone and beige and red siltstone,
which grade upward into green conglomerate interbedded with brown sandstone on a 1 m scale; brown conglomerate at top of section contains clasts of chert, white
quartzite, and variegated sandstone and siltstone; bedding is lenticular on a 10 m horizontal scale; trough cross-beds.

contact between the lower Qargan (JIg) andl age. Although a Cretaceous age is assignéthinese researchers assigned a Paleogene age
upper Qargan (Juq) units varies; in one locato this unit by XBGMR (1993), Lockley et al. to these strata on the basis of the presence of
tion, they are separated by a fault, whereas €1999) reported an Eocene age based on sma@ligocene ostracods in the section (XBGMR,
another site, they are separated by an uncotridactyl vertebrate tracks that appear to cor1993). The section coarsens upward with an
formity. The age relationship between therelate with Eocene tracks found in Northincrease in the abundance of conglomerate to-
lower and upper Qargan units and the WesAmerica. Two explanations for this inconsis-ward the top. The characteristic feature is the
and East Tula units is uncertain. The Muselitency exist. It is possible that the track wagjominance of limestone and metamorphic
unit (Jm) may be the same as the West or Easlerived from the youngest unit because it wag|asts in the conglomerate beds.
Tula units, but is retained as a separate undiscovered near the contact between the Cre-
because it is fault bounded and has a distindaceous and Paleogene unit (Fig. 2), or the
tive brown and tan color. Petrographic dateCretaceous age assigned by XBGMR (1993%retaceous Plutons
provide additional information that helps tois actually Cretaceous through Eocene. Fur-
further define the stratigraphy. ther investigation is needed to clarify the in-
consistency in the available age data for thi
Cretaceous Strata unit.
The Cretaceous unit (K, Figs. 2 and 3, Table
1) crops out in the central and eastern parts d?aleogene Strata . . .
the Tula syncline and is separated by & 12 In the central and eastern parts of the Tulglameter In the eastern a'.jd central regions and
angular unconformity from the underlying syncline, the Paleogene unit (P, Figs. 2 and éf‘tmde the 'Upper Jurassic East Tula and Cre-
Upper Jurassic West and East Tula units. Th&able 1) crops out in the core of the syncline{@c€ous units. In the western part of the Tula
Cretaceous unit is composed of generally finingThe Paleogene and Cretaceous units are seflift, the intrusions are less abundant and too
upward interbedded reddish sandstone aratated by a thrust fault; thus, the original reSmall to map at 1:100,000 scale. Samples col-
siltstone with thick conglomerate beds. Thdationship is unknown. However, petrographidected from various granitic bodies are com-
unit is intensely folded near the synclinal axisdata suggest that the Paleogene unit was dBosed of quartz, K-feldspar, plagioclase, bio-
and dips gently at the northern edge of theosited in the Tula basin, overlying the Credite, muscovite = apatite, and zircon. The
Tula uplift. In the southeastern part of the Tulataceous unit. The fault that separates the P&-Pb age of the zircons from a granitic pluton
uplift, Cretaceous plutons intrude the Cretateogene unit from the Cretaceous unit is thés 74 = 3 Ma (Table 2, Fig. 4; see star in Fig.
ceous strata, providing a minimum depositionfesult of tight folding of the Tula syncline. 2).

Cretaceous plutons are located in the south-
B part of the Tula uplift and separate the
basin strata from Precambrian metamorphic
rocks to the south. The plutons are 2—6 km in

Geological Society of America Bulletin, January 2003



THE TULA UPLIFT, NORTHWESTERN CHINA

TABLE 2. U-Pb ISOTOPIC DATA AND AGES FOR CRETACEOUS PLUTON ites, the cluster shifts to the lithics pole in

Grain Apparent ages (Ma) 207pp* 207pp* QmFLLt space.

Znais Pbc U 206Pb ZOGPb ZOEPb* 235U ZOEPb*

na (P9) (ppm) 20¢pp 203pp 238U Quartz Fraction

13 1405 4148 525 12 889 = 2.6 1185+ 167 762 + 270 The average modes of the West Tula, East
9 285 1462 57.9 13 86.2 * 2.2 885 * 14.1 149 * 350 Tula, lower Qargan, Muselik, Cretaceous, and
14 120 794 146.4 2.4 1419 + 1.4 145.1 + 6.9 197 + 100 .

12 205 949 119 21 1782+ 19 2159 + 1.2 650 + 110 Paleogene units are grouped because they plot
12 830 3028 63.2 1.4 103.9 + 2.4 1135 + 14.9 319 + 280 similarly in ternary space (Figs. 5B and 5D).
1; Zgg ‘21‘7‘;15 gg-g 1{13 123 x gg e 22? x ?gg These units have little feldspar and a high per-

+ + +
. . 2+ 2. 4+ 11, * ) 0

11 36 1256 307 41 749+ 1.7 771 + 3.8 143 + 100 centage of total quartz grains (average %QtFL
9 56 1804 234 35 747 = 1.6 75.9 = 4.9 116 + 138 = 75,15,10), resulting from abundant poly-

7 175 1652 118 2.3 151.8 + 1.8 159.3 + 9.5 273 = 130 crystalline (Qp) and foliated polycrystalline

Notes: All analyses are of single zircon crystals. 25Pb/2**Pb is measured ratio, uncorrected for blank, spike, or  (Qpt) quartzite (Table 4). The upper Qargan
fractionation. 2°°Pb/2°¢Pb is corrected for blank, spike, and fractionation. Most concentrations have an uncertainty : :
of 25% due to uncertainty in mass of grain. Constants used: 238U/2*U = 137.88. Decay constant for 35U = 9.8485 unit has a low percentage of total quartz grains
X 10-1°. Decay constant for 28U = 1.55125 x 100, All uncertainties are at the 95% confidence level. Pb blank ~ and a moderate amount of feldspar (%QtFL
was ~5 pg. U blank was <1 pg. All analyses conducted by using conventional isotope dilution and thermal- 57 30,13). The lower Qargan and Paleogene
ionization mass spectrometry, as described by Gehrels (2000). its h I t f tal

*Radiogenic Pb. l:InI S have lower percentages of monocrystal-

line quartz (Qm) than the West Tula, East

Tula, or Muselik units (QmFLt). The mon-
omineralic populations in all the samples ex-
cept the upper Qargan unit are dominated by
monocrystalline quartz and plagioclase
(%QmPK = 66,27,7). The upper Qargan unit
has a lower percentage of monocrystalline
quartz and subequal plagioclase and potassi-
um feldspar contents (%QmPkK 25,40,35),
suggesting its source included metamorphic
and sedimentary and a plutonic rock.

0.04

0.03

Lithic Fraction

All units have high total lithic and low feld-
spar contents (average %QmFtt27,14,59),
except for the upper Qargan unit that has a
moderate amount of feldspar and low mono-
crystalline quartz content (%QmFLt=
10,29,61). A high lithic fraction is indicative
of syntectonic sediments. The lithic fraction in
0.01 | - all the samples is dominated by sedimentary

0.02 |-

ZOBPb*/238U

74 £ 3 Ma and metasedimentary grains (Figs. 5C and 5D)
and is represented by foliated polycrystalline
L I L | L | L I 1 l L quartzite grains, chert, limestone, siltstone,
0.04 0.08 0.12 0.16 0.20 0.24 0.28

shale, phyllite, and schist. Volcanic lithic frag-
2T pRy* 25§ ments are moderately abundant (up-t&8%)

. ) . ) in a few samples (Table 4).
Figure 4. U-Pb single-zircon analysesn = 10) from a Cretaceous pluton. The interpreted

age of 74+ 3 Ma (95% confidence level) is based on three concordant analyses. Petrographic Relationships

Although the original stratigraphic relation-
ships of the various Upper Jurassic units are

PETROGRAPHIC DATA eral grains (QmPK), and framework lithic unknown because most units are fault bound-
grains (QpLvtLsm). ed, the petrographic data provide some in-
Results Generally, all samples, except those fronsights. The point counts of the West and East

the upper Qargan unit, are litharenites andula units are very similar and as mentioned
We point counted 19 samples from Uppercluster together in QtFL, QmFLt, and QmPKpreviously, these two units occupy the same
Jurassic strata, 6 from Cretaceous strata, aisgpace (Fig. 5). The upper Qargan unit is a lithstructural position in the syncline. Although
5 from Paleogene rocks. Definitions of the paofeldspathic arenite and plots distinctly awaythe West and East Tula units are lithologically
rameters counted are shown in Table 3, anftom the other units. In ternary QtFL spacesomewhat different, this may be the result of
the recalculated data, average modes, aral framework-grain compositions reside neatateral facies changes, and the two units may
standard deviations are shown in Table 4. Wéhe quartz pole, except for the upper Qargaoriginally have been contiguous. Two samples
display our results by using framework-grainunit. Because many of the quartzose grains afeom the lower Qargan unit are completely
assemblages (QtFL, QmFLt), framework minpolycrystalline quartzite and quartzose tectondifferent from one another, suggesting that we
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TABLE 3. PETROGRAPHIC PARAMETERS

the east, and the active Altyn Tagh fault to the

Qm Monocrystalline quartz north (Fig. 2). Upper Jurassic through Paleo-

gpt 'F:’ollyctngstallline qL;aLt'Z t gene strata are folded into a north-verging
p oliated polycrystalline quartz . . . g

Qss Monocrystalline quartz in sandstone/quartzite lithic grain syncline that has steep dips _On its S(_JUth limb

c Chert and moderate to shallow dips on its north

Qt Total quartzose grains (= Qm + Qp + Qpt + Qss + C) limb. Upper Jurassic and Cretaceous strata

K Potassium feldspar (including perthite, myrmekite, microcline) .

P Plagioclase feldspar (including Na and Ca varieties) south of t_he Syr_]C“ne are bo_unded by faults.

F Total feldspar grains (= K + P) The synclinal axis and strata in the central part

Lvl Lath-work volcanic grains ; ; _

Lvm Microlitic volcanic grains have ar_l east strike, whereas str_ata in t_he east

Lvf Felsic volcanic grains ern region have a northwest strike. This bend

Lw Vitric volcanic grains in the trace of the fold between the east and

Lvt Total volcanic lithic grains (= Lvl + Lvm + Lvf + Lwv) tral . . the Tul lift it t

Lph Phyllite central regions gives the Tula uplift its arcuate

Lsch Schist shape.

Lma Marble (foliated, coarse-grained)

Lshs Mudstone and siltstone .

Lls Limestone Kuzisay Thrust

Ld Dolostone

Lsm Total metasedimentary lithic grains (= Lshs + Lph + Lsch + Lma + LIs + Ld) f ; ;

Ls Total sedimentary lithic grains (= Lshs + LIs + Ld) . The KUZIS_ay _thrUSt (_Flg' 2, F1 in Table 5)

Lm Total metamorphic lithic grains (= Lph + Lsch + Lma) is a south-dipping regional-scale thrust fault

tt #Itft"? Igt;]e_uns (= L\Et JrQLsrn)Q 10 C b vt s Lsm) that carries Precambrian metamorphic base-

otal lithic grains (= Qp + Qpt +Qss + C + + Lsm L .
M Phyllosilicates = muscovite, biotite, chlorite, kaolinite men_t In its hanglng wall. In the area of cross
D Dense minerals = apatite, amphibole, tourmaline, zircon, sphene section 1-1 (Fig. 6), the footwall of the Ku-

zisay thrust is the Upper Jurassic West Tula
unit. Near cross section 252the footwall is
do not have enough data to characterize thisast by Ritts (1998) suggests that the sourdbe Upper Jurassic Muselik unit, and near
unit. Petrographically, the upper Qargan uniof the Upper Jurassic and Cretaceous strata @ross section 3-3t is the Cretaceous unit and
is distinct from the other units in the Tula areathe northwestern Qaidam Basin was located t@arboniferous Yak Valley unit. The fault
The average modes of the Cretaceous and Uge north. However, current directions in theclearly cuts rocks of Late Jurassic age in the
per Jurassic Muselik units are indistinguish-Tula uplift are potentially different than thosewestern part of the Tula syncline and dips
able in all the ternary diagrams (Fig. 5). Al-in the northwest Qaidam Basin. Thus, the~50° to the south on the basis of the orien-
though the Muselik unit was assigned asource area is ambiguous. If sediment in theation of foliation measurements near the fault.
Jurassic age, because it is fault bounded anila area came from the north, any potentiatretaceous plutons separate the Kuzisay thrust
has unique lithologies, it may be Cretaceousource terranes for the Mesozoic strata are tom sedimentary strata in the central and
in age. Further work is necessary to clarifypresent far from Tula because of the 400 kngastern areas. Erosional patterns between the
this relationship. of offset (Ritts and Biffi, 2000) on the Altyn Precambrian basement rock and the Creta-
Tagh fault just north of the Tula area. Theceous plutons suggest that the Kuzisay thrust
source area would now be located in the westuts the plutons.
ern Kunlun Shan, which contains a multitude of

The sedimentary strata in the Tula uplift aré®hanerozoic sedimentary rocks and Paleozoi@ther Thrust Faults (See Table 5)
very immature and have a high proportion ofMesozoic igneous bodies (Sobel, 1999). How-
unstable lithics and feldspars. All of the sam£€Ver, if the source of the Upper Jurassic and The Tula uplift is bounded to the north by
ples plot within or near the recycled-orogerCretaceous rock is located to the south, thg thrust fault (F2 in Table 5, Fig. 6). At one
provenance field of Dickinson (1985) (Fig.strata may have been derived from the prejpcality in the eastern region, this range-
5A). Sandstones that plot within this field areMesozoic metamorphic basement. The sourggounding thrust fault places the East Tula unit
typical of foreland basins and texturally andof the volcanic lithics could be the unroofingover the undivided Carboniferous basement.
compositionally immature sediments derivec?f the Kunlun arc to the south. Additional pet-Recent activity on this range-bounding thrust
from nearby tectonically active highlands.rographic analyses coupled with statisticallyfayit is shown by offset Quaternary gravels in
Thus, all units are undoubtedly syntectonicignificant paleocurrent data would help rethe central part of the Tula uplift. In the west-
and were derived from a local source that wagolve the provenance of the Upper Jurassigr part of the Tula uplift, the fault has a near-
lithologically diverse, consisting of metamor-and Cretaceous Tula basin sedimentary rockgertical trace and subhorizontal slickenlines
phic, igneous, and metasedimentary rock$Ur mapping suggests that the Paleogene stigrat suggest a significant component of
The fact that the Upper Jurassic units are syrjd were derived from the Precambrian basespique slip (Fig. 6A). Thus, F2 may be influ-
tectonic suggests that uplift on the northerA€nt rock south of the Tula syncline, and theynced by the proximity of the Altyn Tagh
part of the Tibetan Plateau began in Late JuPetrographic data are concordant with thag, it Farther to the west, F2 joins, is cut by,
rassic time, concurrent with tectonic activitySu99estion. or traces very close to the Altyn Tagh fault.
on the southern margin of Asia. The syntec- An intraformational thrust fault (F3, Table
tonic nature of the Cretaceous and Paleogene 5, Fig. 6B) occurs within the West Tula unit
units suggests that uplift continued throughry|a syncline in the central region of the Tula uplift. Thrust
Cretaceous and early Tertiary time in the Tula fault F3 created an overturned syncline in the
area. The Tula uplift is bounded by PrecambrianWest Tula unit, strikes NSOV, and dips

Paleocurrent data collected300 km to the basement to the south, Carboniferous rocks t80°SW (Fig. 7).

Provenance Interpretations

STRUCTURAL GEOLOGY
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TABLE 4. RECALCULATED DATA of slip is ambiguous. Further analyses would
Sampe Qt Qm F L Lt Om P K Qp Lw Lsm Lm vt Ls M Dr helpresolve these structural problems.
Jwi 68 26 13 18 61 66 30 5 52 4 44 51 9 41 4 1
Jw2 74 34 12 14 54 73 20 6 54 5 6 43 14 43 3 0 TECTONIC HISTORY
Jw3 72 3 13 15 51 74 22 5 5 6 38 48 10 42 3 0
Jw4 65 34 18 16 48 65 27 8 52 3 45 40 7 53 6 1

awg. 70 32 14 16 54 69 25 6 54 5 33 45 10 45 ;

s.d 4 5 3 2 5 5 5 2 2 1 18 5 3 6 Tula Upliit
Jel 71 30 15 14 55 66 21 13 43 18 29 37 49 14 1 1
jgg ;g gé ié ;3 j; ?g ig i; ;Sl) (1) gg ig 9 gg g 8 The earliest record of Mesozoic tectonic
Je4 77 31 14 9 56 69 26 6 72 1 27 43 5 52 1 0 history of the Tula area begins with the de-
jeg ng ‘3‘3 g ig 3‘11 % 12 12 ‘3‘; g gg 32 18 2; ; S position of Upper Jurassic strata (West Tula,

eavg 74 35 15 11 50 70 18 11 58 7 35 45 13 43 East Tula, upper Qarqgan, lower Qargan, and

s.d. 4 6 4 5 5 8 8 5 18 11 15 7 18 15 Muselik units) (Fig. 8A). Stratigraphic rela-
jgg; ?,2 1; gi ig gg gg gg gg (733 1? ig ig ég gg 28 (3) tionships and petrographic data are not suffi-
Jug3 56 13 25 19 62 35 50 15 58 5 37 78 12 10 22 4 cient to document the primary relationships
Jug4 59 7 3 10 62 18 30 52 79 120 89 7 4 10 0 between the various Upper Jurassic units, but

o 51 12 22 12 6; 2? ‘l‘g fg 78 i 22 gz ﬂ ﬁ’ we have operated on the assumption that all
Jigl 85 24 5 10 72 83 17 0 78 4 18 58 58 26 1 3 ofthe units were laterally contiguous and part
Jig2 gi ;g ig ﬁ 2?, 251’ 32 ig 2? ﬁ % ig ig 33 3 1 of the same basin sequence. The source for

a . . . .

S\ag 17 5 15 2 10 31 9 22 16 10 6 18 18 2 this thick sequence of clastic strata is unclear.
Jm1 75 37 16 9 47 69 31 0 69 6 25 18 21 62 1 3 The similarity of metamorphic clasts in the
jmg ;"25 ;g 12 g gi 32 58 8 gg *23 i(l) g(l) ‘113 ég 5 8 Upper Jurassic strata with Precambrian base-

avg 80 27 13 7 60 70 30 0 79 5 15 33 27 40 ment rocks south of the Kuzisay thrust raises

s.d 0 9 9 2 12 20 20 0 10 3 8 16 14 19 the possibility that the source was to the south,
g ;g gg 12 3 gg ;613 ig 2 2471 ; 22 ‘112 g; gg g (1) and that the Kuzisay thrust was active during
K3 80 26 15 5 59 63 37 0 88 2 10 62 14 24 2 1 Late Jurassictime. Ritts (1998), however, col-
K4 78 26 15 7 58 63 25 11 8 2 13 33 13 53 2 5 |ected paleocurrent data from the northwest
K5 67 28 20 12 51 58 42 0 65 7 28 49 20 31 3 1 Qaidam Basin>300 km east of Tula, and
K6 75 29 17 8 54 64 3 0O 78 3 19 71 12 18 8 2 : '

avg 78 29 14 8 57 68 30 2 78 5 17 45 22 33 concluded that clastic material flowed into the
o d 73 1? 12 g 6; 52 ;g 22 51;8 g 12 g; ;i }é , o basinfrom the north during Late Jurassic time.
P2 74 27 20 7 53 58 32 10 80 0 20 55 0 45 5 0 A systematic collection of paleocurrent data in
P3 68 22 16 16 62 57 35 8 60 2 38 51 4 45 13 2  the Tula area would more accurately locate the
P4 71 14 20 9 67 41 59 0 79 3 18 5 14 31 7 0
P5 74 38 13 13 50 75 24 1 56 8 36 48 18 34 11 o Source. - o

avg. 73 24 17 11 60 57 35 8 71 4 25 48 12 40 After deposition, the Upper Jurassic units

s.d. 4 9 3 4 8 12 14 9 12 3 11 10 10 7 were deformed (Fig. 8B) in Early Cretaceous

Notes: avg.—average; s.d.—standard deviation. Recalculated data is normalized within each group (QtFL, time. In the west, the Carboniferous Manda-
QmFLt, QmPK, QpLvtLsm, QpLvtLsm, LmLvtLs) and listed as a percentage. like unit has been placed by faults F6 and F7
*Raw data not normalized. K
between the Upper Jurassic lower Qargan and
West Tula units. If a layer-cake stratigraphy is
assumed, then motion on these faults and re-
lated deformation of the Upper Jurassic units
must have occurred before deposition of Cre-

. taceous strata because the Cretaceous strata
terpreted to be an out-of-the-syncline thrust gecause of the reconnaissance nature of thige not offset. An angular unconformity is

fault (F4n and F4s, Table 5). Because the Pagydy, we were unable to determine the sengsresent at the base of the Cretaceous section
leogene strata have petrographic characterigt sjip and magnitude of offset for most faults(Fig. 8C), which suggests that the Jurassic
tics similar to those of the other units in thej, the study area (Table 5). Stratigraphic unitstrata were uplifted, tilted, and eroded prior to
Tula syncline (see Petrographic Data), we sugn the western region are bounded by faultshe deposition of the overlying Cretaceous
gest that this unit was deposited in the Tulgincluding F5, F6, F7, and F8), but the naturestrata. The nature of this deformational event
basin and not transported into the basin by gf the faults is unclear (Fig. 6A). F9 is locatedis also uncertain—local relationships are con-
fault. Kinematic indicators beneath F4n in thesouth of the Tula syncline in the central regiorsistent with early motion along the Kuzisay
Cretaceous unit indicate a reverse fault and argig. 6B) and may be a strike-slip or thrustthrust and uplift to the south.

evidence for the out-of-syncline thrust fault,fault. F10 and F11 are located in the extreme In Late Cretaceous time, plutons intruded
which accommodated room problems resultsoutheastern region (Fig. 2) and strike geneand northward motion occurred along the Ku-
ing from tight folding of the Tula syncline. ally east, with an unknown sense of slip. Thezisay thrust (Fig. 8D). The Kuzisay thrust up-
F4s on the southern limb of the Tula synclinesense of motion for all these faults was interiifted the Precambrian schist and caused wide-
has a near-vertical orientation with an easpreted from map relationships, slickenlinesspread deformation in footwall Upper Jurassic
strike (Figs. 6B and 6C). On the northernand stratigraphic offset. Slickenlines on somend Cretaceous units. The paucity of meta-
limb, F4n has an orientation of N&, 20SE  of the faults in the western Tula area are submorphic clasts in the Cretaceous unit indicates
and has an unknown sense of slip. horizontal, indicating strike-slip, but the senseahat the main phase of uplift of the Precam-

The fault between the Paleogene strata an@ther Faults
the underlying deformed Cretaceous unit is in-
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o Jw
e Je
+ Juq
o Jiq
= Jm
x K

o P

P Lvt K Lsm P Lvt K Lsm

Figure 5. Ternary diagrams for Upper Jurassic—Paleogene strata in the Tula uplift: (A) QtFL and QmFLt diagrams with each sample
depicted by a symbol; the recycled-orogen provenance fields from Dickinson (1985) are shown by the light gray shading. (B) QtFL and
QmFLt diagrams; average modes for each unit are depicted by a single symbol; standard deviations are depicted by trapezoids sur-
rounding each symbol. (C) QmPK and QpLvtLsm diagrams with each sample depicted by a symbol. (D) QmPK and QpLvtLsm diagrams
showing average modes for each unit by a single symbol; the standard deviations are shown by the surrounding trapezoids.

TABLE 5. FAULT DATA

Fault Region Structural data Type of fault
F1 All regions Precambrian basement over West Tula unit, N70°E, 45-65°S Thrust
F2 All regions Western—upper Qargan next to undivided Carboniferous, near vertical Thrust or strike-slip
Central—deformed Quaternary gravels Thrust
Eastern—East Tula next to undivided Carboniferous, near vertical Thrust or strike-slip
F3 Central Intraformational; N90°W, 50°S Thrust
F4n Central and eastern  Paleogene over Cretaceous; Cretaceous deformed under fault; N70°E, 20-30°S Thrust
F4s Central and eastern  Paleogene over Cretaceous; N90°E, 75°N to 80°S overturned Thrust or strike-slip
F5 Western Upper Qargan on top of lower Qargan, E-W, 70°N; upper Qargan and West Tula, relationship Thrust or strike-slip
uncertain, covered by Quaternary
F6 Western Lower Qargan over Mandalike, N55°E, 40°SE; dike intruded along contact in one location Probably thrust
F7 Western Mandalike over West Tula, N80°W, 80°N; zone of deformation Probably thrust
F8 Western Separates lower Qargan from West Tula; assumed buried under Quaternary inferred to strike Unknown
NW-SE
F9 Central Cretaceous next to Muselik; N9O°E, vertical Probably strike-slip possibly thrust
F10 Eastern Cretaceous next to Yak Valley; vertical, various orientations Unknown
F11 Eastern Yak Valley next to Cretaceous; contact inferred Assumed

brian schist occurred after deposition of thesedimentary clasts that probably originatedhg the development of flexural accommoda-
Cretaceous strata. from the hanging wall of the Kuzisay thrust.tion space, into which Paleogene strata were

The Paleogene unit, however, containgheir presence suggests that uplift of rocks taleposited (Fig. 8E). The lack of penetrative
abundant metamorphic, plutonic, and metathe south was occurring along the fault, causdeformation in the Paleogene unit but abun-
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dant deformation in the Cretaceous and Upper South North
Jurassic units also suggests that thrusting end- 5
ed just prior to deposition of Paleogene strata.
After or during deposition of the Paleogene pCs
strata, the entire basin was folded into a syn-
cline (Fig. 8F). The northward asymmetry of
the syncline suggests that contractional defor- B
mation originated from the south. We interpret
this folding to have occurred in response to
reactivation or continued motion along the
Kuzisay thrust. It is possible that the Kuzisay
thrust roots into a basal dellement and that
motion on a ramp-anticline buried to the south
of the syncline that ties into the system could
have caused the overturning of the south limb 3 K 3

of the Tula syncline and fed slip northward _. . . . .
into the northern range-bounding thrust faulfigure 6. Three scaled cross sections across the Tulalifp The locations of cross-section

(F2). In either case, the tight folding causedines ar_1d unit abbreviations are shown in Figure 2. The nomenclature of the faults is
an out-of-the-syncline thrust fault (F4) be-Shown in Table 5.

tween the Paleogene unit and underlying Cre-
taceous strata.

Faulting in post-Paleogene time caused fur-
ther deformation of rocks in the Tula uplift
(Fig. 8G). Deformed Quaternary gravels in the
northern part of the Tula syncline indicate that
the range-bounding thrust fault (F2) is cur-
rently active. We suggest that motion along
the Kuzisay thrust has occurred since Paleo-
gene time, creating the northern range-bounding
thrust fault (F2), the intraformational thrust in
the West Tula unit (F3), and the overturned
syncline.

The arcuate bend in the Tula syncline oc-
curred after formation of the syncline becausgigure 7. Photograph of an overturned syncline in the Upper Jurassic West Tula unit;
the synclinal axis and the Paleogene strata afg|d is attributed to regional folding of basin strata into the Tula uplift. Field of view
also bent. This event was probably synchrocovers ~500 m.
nous with motion that created the range-
bounding thrust fault because the fault is also
bent. Unfortunately, our mapping in the Tulawhich the Upper Jurassic strata were deposelated to this event. Transport of detritus into
area did not enable us to determine whethdted. In the north and west Tarim Basins, ahe Tula basin and accumulation of the Cre-
this arcuate bend is related to the nearby Altymajor influx of conglomerate occurred in Latetaceous strata are probably a direct result of

overturned syncline

Tagh fault. Jurassic time followed by rapid subsidenceghe Lhasa collision. However, Ritts (1998)
that is attributed to the accretion of the Qiangnoted an increase in basin-subsidence rates
Regional Synthesis tang block (Hendrix et al., 1992; Sobel, 1995)during Jurassic and Early Cretaceous time and

Regional uplift during Early to Middle Juras- concluded that subsidence occurred mainly in
According to previous syntheses, the Mesic time is confirmed in the northwest Qaidanresponse to a sustained contractional setting
sozoic basins of central Asia formed in re-Basin by“°Ar/3°Ar dating and apatite fission- rather than in response to specific collisions.
sponse to tectonic activity on the southerrrack analysis that show that the region un- The Cretaceous plutons were emplaced at
edge of Asia (Watson et al., 1987; Graham etlerwent ~100-150°C of cooling (Sobel et ca. 74 Ma. Erosional patterns suggest that mo-
al., 1988; Hendrix et al., 1992, 1996). Strati-al., 2001). Possible sources for uplift and detion occurred on the Kuzisay thrust shortly
graphic and structural relationships in the Tuldormation and resulting creation of accom-thereafter placing Precambrian rock over stra-
area strongly support this view, as outlined irmodation space include Qiangtang terrane cota in the Tula basin. Because these crustal-
the following. lision along the Jinsha suture and Lhasghickening events occurred500 km from the
The Qiangtang terrane accreted onto the&errane collision along the Banggong suturérench in a retro-arc setting, the origin and
Kunlun-Qaidam and Songpan-Ganzi terrane@Coward et al., 1988; Wang et al., 2000). Colimnagma source of the plutons and the cause of
along the Jinsha suture in Triassic—Early Julision of the Lhasa terrane may also havéhe basement uplift are enigmatic. They may
rassic time (Coward et al., 1988; Matte et al.caused the deposition of the Upper Jurassioe related to late-stage emplacement of the
1996; Kapp et al., 2000; Wang et al., 2000strata, but the exact timing of collision re-Kunlun arc. It is interesting that this pluton-
Jolivet et al., 2001). It is possible that this col-mains undefined. Deformation of the Upperand basement-cored uplift is similar in style
lision created the accommodation space intdurassic strata in the Tula basin may also band distance from the plate boundary to the
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say thrust may have been completely
decoupled from the kinematics of the Altyn

Tagh fault. Subsequently, the Tula basin was
folded into a north-verging syncline, and the
modern boundaries of the Tula syncline were
created by motion on the Kuzisay thrust to the
south and on the range-bounding fault to the
north. This deformation may or may not have
been related to the Altyn Tagh fault.

The axial bend in the east-central region of
the Tula syncline gives the structure its arcuate
map pattern (Fig. 2). Three prominent hypoth-
eses exist for the formation of the bend. The
first involves distributed left-lateral motion
along the Altyn Tagh fault that may have
sheared the rocks south of the fault, creating
an oroclinal bend (Yin and Harrison, 2000).
The second hypothesis is that the bend results
from the intersection of lateral and frontal
ramps along the front of the Tula uplift, where
the apparent bend in the eastern region occurs
accretion of India onto the southern margin o{Yin and Harrison, 2000). We propose that a
the Lhasa terrane, which began in early Cethird hypothesis—involving a decrease in slip
nozoic time. Yet, the syntectonic nature of theo the east and west along the range-bounding
sandstones in the Tula area, the uplift of basdhrust, creating a thrust salient—is also a pos-
ment rock, and the injection of plutons arguesibility. All of these options are consistent
that some uplift and thickening along thewith data obtained through field mapping. Pa-
northern part of the Tibetan Plateau occurreteomagnetic studies (Dupont-Nivet et al.,

A. Late Jurassic source Figure 8. Schematic cross sections portray-
to north (?) ing the evolution of the Tula uplift. South
" is to the left in each diagram. (A) Deposi-
tion of Upper Jurassic strata. (B) Faulting
of Upper Jurassic strata, but with an un-
known sense of motion on the faults. (C)
Deposition of Lower to middle Cretaceous
strata of the Cretaceous unit. (D) Intrusion
of Cretaceous plutons followed by motion

B. Early Cretaceous

3 | cm 3 on the Kuzisay thrust in Late Cretaceous
time. (E) Subsequent deposition of the Pa-
leogene strata in early Paleogene time. (F)
Folding of the strata in the Tula area into

C. Early-Mid Cretaceous source ; :
to north (?) a syncline during and/or after Paleogene

time; faults between the Paleogene and Cre-
taceous units may or may not be connected
at depth. (G) Faulting and uplift of the pre-
sent range that continues to the present
time.

E. Early Paleogene
\,\\> source in basement rock

S v at least since ca. 74 Ma and maybe since Lat2001), however, show that the sediments of
\pg\/\‘f\ X n "‘ém- : 'J’ B Jurassic time. If the events in the Tula area arthe Tula uplift have not been rotated about a
\/\}/‘ ke related to the regional uplift of the Tibetanvertical axis, and, thus, only the second and
©z= Plateau, uplift of the plateau may have comthird hypotheses are viable. The arcuate nature

menced significantly earlier then most previ-of the Tula uplift therefore is probably not ge-
ous models suggest. A widespread view is thatetically related to displacement along the Al-
uplift of the Tibetan Plateau occurred duringtyn Tagh fault. Studies of other arcuate fea-
Cenozoic time (e.g., Peltzer and Tapponnietures that exist northeastward along the Altyn
1988; Burchfiel and Royden, 1991; Yin et al.,Tagh fault may help to evaluate the feasibility
2002), but pre-Cenozoic crustal shortening isf the second and third hypotheses. Detailed
also supported by Sobel et al. (2001), whanapping in these arcuate structures may find
documented 100C of Late Jurassic cooling the presence of a frontal ramp as required in
in the northwest Qaidam area, and Murphy ethe second hypothesis. Although the possibil-
al. (1997), who suggested significant thaity remains that some deformation within the
crustal thickening occurred in the Lhasa terTula uplift may be kinematically related to the
rane during the Cretaceous. Altyn Tagh fault, the Tula uplift could have
The accumulation of a thick Paleogene clasformed entirely independently of the continental-
tic wedge records the main phase of crustacale strike-slip fault. This alternative suggests
thickening in the region. Deformation alongthat the deformation along the Altyn Tagh
the Kuzisay fault, which created the accomfault in this area may be restricted to within a
Laramide basement uplifts in western Northmodation space, may have been kinematicallfew tens of kilometers of the fault.
America. The emplacement of these pluton§inked to the Altyn Tagh fault, much as thrust
may have been the result of flat-slab accretinfaults in the Nan Shan feed displacement into CONCLUSIONS
of one of the accreting terranes. Emergence dhe Altyn Tagh fault today (Burchfiel et al.,
the basement south of the Tula syncline alon989). The similarity in timing between de- Field investigations in the Tula uplift along
the Kuzisay thrust records crustal thickeningposition of Paleogene strata and uplift of thehe northern margin of the Tibetan Plateau pro-
in Paleogene time and may be a local manibasement terrane to the south of the Tula upliftide a clearer understanding of Mesozoic and
festation of regional uplift of the northern Ti- support a linkage to the initiation of motion Cenozoic tectonics in central Asia. Mesozoic—
betan Plateau. along the Altyn Tagh fault during Oligocene Cenozoic strata within the lifi provide a rare
The dominant cause of uplift of the Tibetantime (Bally et al., 1986; Hanson, 1997; Ru-glimpse into the protracted tectonic history of
Plateau and of the large strike-slip faults in thamelhart et al., 1997; Wang, 1997). Alternathe region. Our investigations have revealed
Asian interior (e.g., Altyn Tagh fault) is the tively, uplift of the basement along the Kuzi-the following:

Geological Society of America Bulletin, January 2003



THE TULA UPLIFT, NORTHWESTERN CHINA

1. The lithic Composition of Upper Jurassican unknown reviewer improved this manuscript. A. Zhang, Y., 1988, Isotopic geochemistry of the 1985

. . anson, O. Pearson, B. Ritts, Ed Sobel, and An Yin  Tibet Geotraverse, Lhasa to Golmud: Royal Society

Sand_ston(?s and the def_ormatlon, uplift, aEH{rovided informal reviews in the earliest stages of  ©f London Philosophical Transactions, Ser. A, v. 327,
e-ros-lc-)n © Up-per Jura_ssm strata -suggeSt ! is manuscript. This study was supported by Nai—iendprix%l\:z_SBS.Graham S.A., Carroll, A.R., Sobel, E.R
significant regional uplift occurred in the Tulational Science Foundation Continental Dynamics McKnight, C.L., Schulein, B.S., and Wang, Z., 1992,

area during Late Jurassic time. This uplift mayProgram grant EAR-9725663. Sedimentary record and climatic implications of re-
have been caused by accretion of the Qiang- current deformation in the Tian Shan: Evidence from

Mesozoic strata of the north Tarim, south Junggar and
tang or Lhasa terranes onto the southern mar- REFERENCES CITED

. . Turpan Basins, northwest China: Geological Society
gin of Asia. of America Bulletin, v. 104, p. 53-79.
2. The intrusion of Cretaceous plutons anaally, A.w., Chou, I.M., Clayton, R., Eugster, H.P.,, Kid- Hendrix, M.S., Graham, S.A., Amory, J.Y., and Badarch,

. . .1 Noyon Uul synclin hern Mongolia:
the uplift of basement rO.Ck alpng the Kuzisay W?I!oﬁ AMECK%SZ'DN olfe);dirﬁ I:e-zm:/gittt:ryAbzw?sn (ijn (Lso;/ve??\?éso%?c slégimsgnt(;rye;eiglrj(ti gf theoteg?or?ic
thrust support crustal thickening and shorten-  cpina” report of the American Sedimentary Basins ~ @malgamation of central Asia: Geological Society of
ing in the northern Tibetan Plateau prior to Delelgatior; to the People’sl Republic of China: U'S'mge ég?lefg% BE'LiiTavflposp’o",a %5‘5—1;7;"{”1 p. Pick

iti ological Surv en-File Report 86-327, 1 . AR L » b r e 5
dep.OSIFIOFI of Paleogene Strata.’ and. perha%surcliieél, Bg.C.a, ;d Regyggn, L.H., 1985‘9)1, Tscto?wicé ofois?a le, J.D., and Sares, S.W,, 1984, The effect of grain
beginning by ca. 74 Ma. The intrusion and " "5 yr after the death of Emile Argand: Eclogae Geo-  Size on detrital modes: A test of the Gazzi-Dickinson
uplift may record collisional tectonics along logica Helvetica, v. 84, p. 599-629. point-counting method: Journal of Sedimentary Pe-

; ; : : Burchfiel, B.C., Deng, Q., Molnar, P, Royden, L., Qang, trology, v. 54, p. 103-116.
the southern margin of Asia during or prior to™""y =, 2 o hang, W, 1989, Intracrustal deJiang, C., Yang, J., Feng, B., Zhu, Z., Zhao, M., et al., 1992,

the onset of the Indian collision. tachment within zones of continental deformation: Ge- ~ Opening-closing tectonics of Kunlun Mountains, Bei-
3. Folding of the Tula syncline is syn- or _ ology, v. 17, p. 448-452. e .G F1ouse: 224 p- (in Chinese

. urtman, V.S., 1980, Faults of middle Asia: American Jour- ~ With English abstract).
post-Paleogene and is probably related to cor* nal of Science, v. 280, p. 725-744. Jolivet, M., Brunel, M., Seward, D., Xu, Z., Yang, J., Roger,
tinued motion on the Kuzisay thrust. Carroll, A.R., Graham, S.A., Hendrix, M.S., Ying, D., and F., Tapponnier, P, Malavieille, J., Arnaud, N., and Wu,

; ; ; ; Zhou, D., 1995, Late Paleozoic tectonic amalgamation ~ C., 2001, Mesozoic and Cenozoic tectonics of the
4. A prominent bend in the_ syncllnal axis of northwestern China: Sedimentary record of the northern edge of the Tibetan Plateau: Fission-track
developed after the Tula syncline was formed,  northern Tarim, northwestern Turpan, and southern  constraints: Tectonophysics, v. 343, p. 111-134.

giving the structure its arcuate shape. Field re- Junggar Basins: Geological Society of America Bul-Kapp, P., Yin, A., Manning, C.E., Murphy, M., Harrison,

. . L _ letin, v. 107, p. 571-594. T.M., Spurlin, M., Ding, L., Deng, X.-G., and Wu, C.-
Iatlonsh|p§ do not discriminate betweer? SeVChen, Z., ed., 1985, Geological map of Xinjiang Uygur M., 2000, Blueschist-bearing metamorphic core com-
eral possible hypotheses for the formation of  Autonomous Region, China: Beijing, Geological Pub- plexes in the Qiangtang block reveal deep crustal
the Tula syncline. However, paleomagnetic  lishing House, scale 1:2,000,000. structure of northern Tibet: Geology, v. 28, p. 19-22.
. Coward, M.P., Kidd, W.S.F,, Pan, Y., and Shackleton, R.M.Jockley, M.G., Ritts, B.D., and Leonardi, G., 1999, Mam-
data_(l_D_Upont'N_IV?t et al.,, 2001) rule out the 1988, Structure of the 1985 Geotraverse, Lhasa to ~ mal track assemblages from the early Tertiary of Chi-
possibility that it is the result of shear along  Golmud: Royal Society of London Philosophical na, Peru, Europe, and North America: Palaios, v. 14,

i Transactions, Ser. A, v. 327, p. 307-336. p. 398-404.

the Altyn Tagh fau'?' Thus, the. oroclinal ShapeDickinson, W.R., 1985, Interpretinpg provenance relationdMatte, Ph., Tapponnier, P., Arnaud, N., Bourjot, L., Avouac,
may result from either a salient of a south-" " fom detrital modes of sandstonés Zuffa, G.G., ed., J.P, Vidal, P, Liu, Q., Pan, Y.S., and Wang, Y., 1996,
dipping thrust or the intersection of a frontal Provenance of arenites: Dordrecht, Netherlands, Rei-  Tectonics of western Tibet, between the Tarim and the

; del, p. 333-361. Indus: Earth and Planetary Science Letters, v. 142,
ramp with a Iateral_ ramp. X Dupont-Nivet, G., Butler, R.F, Yin, A., Robinson, D.M., p. 311-330. Y

5. The Tula uplift has an active northern  zhang, Y., and Qiao, W.S., 2001, Paleomagnetism offatte, Ph., Mattauer, M., Olivet, J.M., and Griot, D.A.,

range-bounding fault, which suggests that the Altyn Tagh South of the Altyn Tagh Fault: Impli- 1997, Continental subductions beneath Tibet and the

. . . . . cations for Intracontinental Deformation Processes in Himalayan orogeny: A review: Terra Nova, V.9,
thickening and uplift of the Tibetan Plateau is  Agja: EoS Transactions AGU, Fall Meeting Supple- p. 264-270.

still occurring. These data and other studies ment Abstract TL2F-06, v. 82, no. 47. _ Molnar, P, and Tapponnier, P., 1975, Cenozoic tectonics of
suggest that this region has a long history reGehrels, G.E., 2000, Introduction to detrital zircon studies  Asja; Effects of a continental collision: Science,

h .. . of Paleozoic and Triassic strata in western Nevada ;189 p. 419-426.
lated to the tectonic activity OCCUIMNG SyN- and northern Californizin Soreghan, M.J., and Geh- Murphy, MAE) Yin, A., Harrison, TM., Durr, S.B., and
chronously on the southern margin of Asia. relsﬁ G.Ed, tedts., _F’alefozoict andNTriazsic pjleogzﬁog- Chen, Z., 1997, Significant crustal shortening in
ift i i raphy and tectonics orwestern Nevada and northern g th-central Tibet prior to the Indo-Asian collision:
6. :pllﬁbln the_ nfrthe‘;n le_eta_n Platea_u California: Geological Society of America Special Geology, V. 25, p. 7'33_9_722.
may have begun in Late Jurassic time, contin-  paper 347, p. 1-17. Peltzer, G., and Tapponnier, P., 1988, Formation and evo-

ued through Cretaceous and early Tertiarfgraham, S.A., Zuchang, X., Carrol, A., Mcknight, C., lution of strike-slip faults, rifts, and basins during the

. . 1988, Mesozoic—Cenozoic basins of western China as AL Adi iiqn: ; . _
time, and continues FO the present day. There-  ¢,ample of partitioned retro-arc foreland basin system: Ln:l|2f/-\Gs$';:'?)llhssi(|:(;rl1.R/Zr;:;?:irlTe;;alpa[igrgggl.léorb
fore, the no_rthern Tlpetan Plateau ma_y have @?i?]o%at;gn oflGrlnerlcan Petroleum Geologists Bul- . o™ 1A~ 204 Mei. H.. 1988, Volcanic rocks of the 1985
been tectonically active—and undergoing re- WV 12, P : Tibet Geotraverse Lhasa to Golmud: Royal Society of

. ; . i Graham, S.A., Brassell, S., Carroll, A.R., Xiao, X., De- . . h
gional compressional deformation, uplift, and maison, G., McKnight, C.L., Liang, Y., Chu, J., and Longon Philosophical Transactions, Ser. A, v. 327,
, G, , C.L., Y. ,Jy p. 203-213.

erosion—long before the early Tertiary India-  Hendrix, M.S., 1990, Characteristics of selected petro-

o Ritts, B.D., 1998, Mesozoic tectonics and sedimentation
: [ : : leum source rocks, Xianjiang Uygur Autonomous Re- ’ ’ ’ . . ’
Asia collision. Further stratigraphic, prove- gion, northwest China: ]Amgric;/r? Association of Pe-  and petroleum systems of the Qaidam and Tarim Ba-

nance, and geochronologic investigations in  troleum Geologists Bulletin, v. 74, p. 493-512. finsg "%rthﬁei; Sh?na [F’h-gé Ihesis}r Stanford, Cali-
. . . ) . X , Stanford University, p.
the Tula syncline will clarify the details of this Graham, S.A., Hendrix, M.S., Wang, L.B., and Carroll, , 04 re . _
1asynci fy AR., 1993, Collisional successor basins of westerriRittS; B.D., and Biffi, U., 2000, Magnitude of post-Middle
tectonic activity. China: Impact of tectonic inheritance on sand com-  Jurassic (Bajocian) displacement on the central Altyn
position: Geological Society of America Bulletin, Tagh fault system, northwest China: Geological So-
ACKNOWLEDGMENTS v. 105, p. 323-344. ciety of America Bulletin, v. 112, p. 61-74.

Guo, Z., Zhang, Z., and Zeng, F., 1998, Discovery of megaRitts, B.D., and Biffi, U., 2001, Mesozoic northeast Qaidam

We thank Wang Xiao Feng and the Institute of thick oil sandstone and asphalt in the Jurassic System ~ Basin: Response to contractional reactivation of the Qil-

Geomechanics, Beijing, PRC, for organizing our i the Tula basin and its significance: Chinese Science ~ ian Shan, and implications for the extent of Mesozoic
field logistics in China. E. Cowgill and An Yin pro- Bulletin, v. 43, p. 1898-1901. intracontinental deformation in central Asia,Hendrix,

. X L X X . i i i - M.S., and Davis, G.A., eds., Paleozoic and Mesozoic
vided assistance within China and perceptive gisHanson, A.D., 1997, Evidence of Cenozoic erosional un

. . . . roofing adjacent to the northern Qaidam Basin, north-  tectonic evolution of central Asia: From continental as-
cussions. P. DeCelles provided invaluable assistance

west China, preserved within basin-margin strata: sembly to intracontinental deformation: Geological So-

with the petrographic and sedimentological data.  Geological Society of America Abstracts with Pro- ciety of America Memoir 194, p. 293-316.
We also thank An Yin as the leader of the Altyn grams, v. 29, no. 6, p. A143. Rumelhart, P.E., 1998, Cenozoic basin evolution of south-
Tagh fault project. Formal reviews by Ed Sobel andHarris, N.B.W., Xu, R., Lewis, C.L., Haekeworth, C.J., ern Tarim, northwestern China: Implications for the

Geological Society of America Bulletin, January 2003



uplift history of the Tibetan Plateau [Ph.D. thesis]:
Los Angeles, University of California, 298 p.
Rumelhart, P.E., Yin, A., Butler, R., Richards, D., Wang,
X., Zhou, X., and Zhang, Q., 1997, Oligocene initia-
tion of deformation of northern Tibet, evidence from
the Tarim Basin, northwest China: Geological Society

ROBINSON et al.

strained by “°Ar/*°Ar and apatite fission track XBGMR (Bureau of Geology and Mineral Resources of

thermochronologyin Hendrix, M.S., and Davis, G.A.,
eds., Paleozoic and Mesozoic tectonic evolution of
central Asia: From continental assembly to intracon-
tinental deformation: Geological Society of America
Memoir 194, p. 247-267.

of America Abstracts with Programs, v. 29, no. 6, Tseyeler, V.M., Florenskiy, V.S., Vasyukov, V.S., and Turov,

p. A143.
Sengo, A.M.C., and Natal'in, B.A., 1996, Paleotectonics
of Asia: Fragments of a synthesig) Yin, A., and

Harrison, T.M., eds., The tectonics of Asia: New York, Vincent, S.J., and Allen, M.B., 1999, Evolution of the Min-

Cambridge University Press, p. 486—640.

Sobel, E.R., 1995, Basin analysis and apatite fission-track
thermochronology of the Jurassic—Paleogene south-
west Tarim Basin, northwest China [Ph.D. thesis]:
Stanford, California, Stanford University, 308 p.

Sobel, E.R., 1999, Basin analysis of the Jurassic—Lower
Cretaceous southwest Tarim Basin, northwest China:
Geological Society of America Bulletin, v. 111,
p. 709-724.

Sobel, E.R., and Dimitru, T.A., 1997, Exhumation of the
margins of the western Tarim Basin during the Hi-
malayan orogeny: Journal of Geophysical Research,
v. 102, p. 5043-5064.

Sobel, E.R., Arnaud, N., Jolivet, M., Ritts, B.D., and Bru-
nel, M., 2001, Jurassic to Cenozoic exhumation his-
tory of the Altyn Tagh range, northwest China, con-

A.V., 1982, Tectonic structure of the northern Fergana
Range: International Geology Review, v. 24,
p. 881-890.

le and Chaoshui Basins, China: Implications for Me-

Xinjiang Uygur Autonomous Region), 1993, Regional
geology of Xinjiang Uygur Autonomous Region: Bei-
jing, Geological Publishing House, Geological Mem-
oirs, Series 1, Number 32, 841 p., scale 1:1,500,000.

Xia, B., 1990, Terranes of Xizang (Tibet), China,Wiley,

T.J., Howell, D.G., and Wong, F.L., eds., Terrane anal-
ysis of China and the Pacific rim: Circum-Pacific
Council for Energy and Mineral Resources Earth Sci-
ence Series, v. 13, p. 231-241.

Yin, A., and Harrison, T.M., 2000, Geologic evolution of

the Himalayan-Tibetan orogen: Annual Review of
Earth and Planetary Science, v. 28, p. 211-280.

sozoic strike-slip basin formation in central Asia: Geo-Yin, A., and Nie, S.Y., 1996, A Phanerozoic palinspastic re-

logical Society of America Bulletin,
p. 725-742.

v. 111,

Wang, E., 1997, Displacement and timing along the north-

construction of China and its neighboring regioirs,
Yin, A., and Harrison, T.M., eds., The tectonics of Asia:
New York, Cambridge University Press, p. 442—485.

ern strand of the Altyn Tagh fault zone, northern Ti- Yin, A., Rumelhart, P.E., Butler, R., Cowgill, E., Harrison,

bet: Earth and Planetary Science Letters, v. 150,
p. 55-64.

Wang, X., Metcalfe, I., Jian, P., He, L., and Wang, C., 2000,
The Jinshajiang-Ailaoshan suture zone, China: Tec-

tonostratigraphy, age and evolution: Journal of Asian
Earth Sciences, v. 18, p. 675-690.

Zh.M., 1987, Plate tectonic history, basin develop-

T.M., Foster, D.A., Ingersoll, R.V., Zhang Qing, Zhou
Xian-Qiang, Wang Xiao-Feng, Hanson, A., and Raza,
A., 2002, The uplift history of the Tibetan Plateau as
recorded in the Cenozoic stratigraphy of southern Ta-
rim, northwestern China: Geological Society of Amer-
ica, v. 114, p. 1257-1295.

Watson, M.P., Hayward, A.B., Parkinson, D.N., and ZhangMANUSCRIPTRECEIVED BY THE SOCIETY 24 AuGusT 2001
REVISED MANUSCRIPT RECEIVED 18 APRIL 2002

. MANUSCRIPTACCEPTED7 MAY 2002
ment and petroleum source rock deposition onshore

China: Marine Petroleum Geology, v. 4, p. 205-225. Printed in the USA

Geological Society of America Bulletin, January 2003



