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An exceptionally thick Cenozoic sedimentary succession has developed in the Qaidam basin of the northeastern
Tibetan Plateau. The provenance remains enigmatic; thus, more precise investigations are needed. An integrated
study of sandstone framework petrography, heavy mineral analysis and mineral chemistry was adopted to per-
form provenance analysis of the Tertiary sandstones in the northern Qaidam basin.
No individual method exists that can provide comprehensive provenance interpretations on spatial and temporal
variations. Based on three types of data, three depositional areas can be distinguished. Sandstones of Area A exhibit
relatively high abundances of quartz, garnet and zircon, as well as relatively high textural maturity, implying
long-distance sources. Multi-composition garnets and tourmalines reveal derivations of metasedimentary rocks
and intermediate-acidic igneous rocks. Sandstones of Area B are rich in metamorphic lithic fragments, epidote
and garnet. A dominance of Fe-rich garnets with low Mg, low Mn and variable Ca contents and dravites demon-
strates predominant derivation of metasedimentary rocks. Therefore, the North Qaidam and South Qilian terranes
are potential source areas for these two depositional areas. Additionally, high metamorphic heavy mineral abun-
dances in the upper formations imply increasing contributions of these two metamorphic belts during the Tertiary
tectonic uplift. However, sandstones of Area C are characterized by relatively high abundances of feldspar, igneous
heavy minerals and high-Fe + Mn garnet, which suggest a main source of igneous rocks. The Altun and Qilian
Mountains are potential source regions. Furthermore, increasing amounts of feldspar and igneous heavy minerals
in the upper formations indicate a significant presence of igneous parent rocks, which are most likely a response to
the multi-stage uplift events in the Altun Mountains since the early Eocene.
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1. Introduction provide helpful data regarding the tectonic uplift, exhumation and

unroofing history of orogens in the northeastern Tibetan Plateau.

The Qaidam basin is the largest continental basin in the northeastern
Tibetan Plateau. It contains an exceptionally thick Tertiary sedimentary
succession, with an average thickness up to 6 km (Hanson et al., 2001).
This thick and continuous sedimentary record preserves substantial
information about the tectonic settings of provenance and source rock
lithology, as well as the tectonic evolution of the northeastern Tibetan
Plateau. All clastic materials in the Qaidam basin are derived from source
areas via drainage systems. Due to the immense volume of Tertiary sed-
iments (Wang et al., 2006), it must be considered whether the source
rocks experienced significant spatial and temporal changes. Moreover,
the sediment provenance interpretation of the Qaidam basin can also
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Previous studies primarily focused on the surrounding mountains and
emphasized the mineralogy, petrology and geochronology of the current
source rocks of the basin (e.g., Mattinson et al., 2007; Song et al., 2007a,b;
Zhang et al., 2008a). Some studies discussed the tectonic history and cli-
matic evolution of the Qaidam basin (e.g., Liu et al.,, 1998; Wang et al.,
1999; Yin et al,, 2002; Rieser et al., 2009; Zhuang et al., 2011). However,
detailed provenance interpretations of sediments in the Qaidam basin
are relatively scarce, and the parent rocks and their spatial and temporal
distributions in the source regions remain unclear. Through paleocurrent
measurements and sandstone petrography, Ritts and Biffi (2001) pro-
posed that Jurassic and Cretaceous sediments in the northeastern Qaidam
have a derivation from the Qilian Shan. Based on petrography and geo-
chemistry, Rieser et al. (2005) reported that only a slight variation oc-
curred in the compositions of Cenozoic sandstones in the northwest
sector of the Qaidam basin. They also reported numerous 4°Ar/3°Ar ages
of detrital white mica from Cenozoic sediments, and suggested a northern
(Altun Mountains) and/or southern (Qimantagh-Kunlun Mountains)
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provenance for the western Qaidam basin (Rieser et al., 2006a). The
data of detrital mica from the Lulehe Section in the eastern Qaidam
basin revealed a uniform Permian source (Rieser et al., 2006b). Addi-
tional research, such as precise provenance analysis based on sensitive
approaches, is needed to acquire a greater understanding of the prove-
nance of sandstones in the northern Qaidam basin.

Sandstone provenance can be determined by a variety of methods,
including framework grain composition analysis, heavy mineral analy-
sis, whole-rock geochemistry, mineral chemistry and radiometric dating
(Weltje and von Eynatten, 2004; Najman, 2006). Sedimentary petrogra-
phy is a classical and standard method in provenance studies. Data col-
lected by point counting in sandstone thin sections often provide initial
insight for provenance determination. Discrimination diagrams have
been constructed from well known tectonic settings and provenances
to interpret clastic deposits for a particular time, setting and location
on earth (Dickinson and Suczek, 1979; Ingersoll and Suczek, 1979;
Ingersoll et al., 1984; Dickinson, 1985; Zuffa, 1985). Heavy mineral anal-
ysis is one of the most sensitive and effective tools for sandstone prove-
nance discrimination. Many minerals have very specific geneses that can
provide crucial provenance information (Morton, 1985; Morton and
Hallsworth, 1994, 1999). To overcome the influences of alteration during
the entire sedimentation and diagenesis cycle, Morton and Hallsworth
(1994) proposed a number of provenance-sensitive heavy mineral ratios
(e.g., apatite-tourmaline index (ATi), garnet-zircon index (GZi)),
most of which are widely applied in sandstone provenance analysis
(e.g., Hallsworth et al., 2000; Morton et al., 2004, 2005; Hallsworth
and Chisholm, 2008). Currently, mineral chemistry of a single mineral
group is readily applied in many provenance studies. Detrital garnet
and tourmaline, which are comparatively abundant and stable in sand-
stones, are frequently used as provenance indicators (e.g., Sabeen et al.,
2002; Morton et al., 2004, 2005; Mange and Morton, 2007; Win et al.,
2007; Hallsworth and Chisholm, 2008; Takeuchi et al., 2008; Morton
et al,, 2009; Meinhold et al.,, 2010).

However, in some case studies, a single technique is insufficient for
solving a provenance problem; significant detail is lost when only
one technique is applied. Morton et al. (2012) advocated the impor-
tance of adopting an integrated approach, to overcome the limitations
associated with individual approaches. An integrated approach can
also establish a more comprehensive representation of source area
characteristics.

This paper aims to provide the results and provenance interpreta-
tions of the Tertiary sandstones in the northern Qaidam basin by com-
bining detrital framework grain composition, heavy mineral data and
mineral chemical data. The purpose of the paper is twofold: the first
objective is to reconstruct the source parent rock types and their spatial
and temporal distributions; the second objective is to provide additional
data regarding tectonic history of the northern Tibetan Plateau.

2. Geologic setting and samples
2.1. Geologic setting

The rhomb-shaped Qaidam basin is a large intracontinental sedi-
mentary basin that is located on the northeastern corner of the Tibetan
Plateau in northwestern China (Fig. 1a). The area of the basin is approx-
imately 120,000 km?. It is situated approximately 2.7-3.0 km above sea
level and has developed a thick Mesozoic to Cenozoic sedimentary suc-
cession of 3-16 km, with an average of 8 km. The basin is bounded by
three large mountain ranges. The Kunlun Mountains are located to the
south, the Qilian Mountains are along the east, and the Altun Mountains
are located to the northwest (Fig. 1a).

The formation of the Qaidam basin is considered the result of the
convergent system at the northern margin of the Tibetan Plateau
(Tapponnier et al., 2001). It is closely related to the India-Asia colli-
sion, and is associated with the rise, thickening, shortening and lateral
extrusion of the Tibetan Plateau (Harrison et al., 1992; Tapponnier et

al., 2001; Yin et al., 2002; Yue et al., 2003). Consequently, a series of
thrust fold belts in the northwest-southeast direction in the basin
and reverse faults along the Kunlun Mountains and Qilian Mountains
developed.

The northern Qaidam basin is approximately 30,000 km?. It extends
approximately 200 km from west to east and extends approximately
150 km from north to south (Fig. 1b). The northern Qaidam basin can
be divided into many sections based on internal deformation. To sim-
plify the discussion of the depositional areas in the study, it is divided
into three fold belts, namely the Lenghu, Maxian, Eboliang fold belts
and five depressions, namely the Yiliping, Kunteyi, Qianxi, Yuka and
Suganhu depressions. The Lenghu fold belt is divided into five units:
No. 3, No. 4, No. 5, No. 6 and No. 7 Lenghu fold belts. The Maxian fold
belt is divided into three units: the Mahai, Beilingqiu and Nanbaxian
fold belts.

The North Qaidam, South Qilian terranes and the southern flanks of
the Altun Mountains are the adjacent source regions of the northern
Qaidam basin. The North Qaidam terrane, which extends in the north-
west direction between the Qaidam basin and Qilian block, is represent-
ed by a Paleozoic metamorphic belt with exhumed rocks dominated by
shallow-marine strata, mélange and granite, as well as granitic and
pelitic gneisses with lesser amounts of eclogite and garnet peridotite
(Gehrels et al., 2003; Song et al.,, 2003a,b, 2005; Mattinson et al., 2006;
Song et al.,, 2006; Yang et al., 2006; Mattinson et al., 2007; Song et al.,
2007a,b; Zhang et al., 2008a; Mattinson et al., 2009; Menold et al.,
2009). The South Qilian terrane is a metamorphic belt with Upper Prote-
rozoic-Lower Paleozoic metamorphic rocks (Gehrels et al., 2003). To the
west, the southern flanks of the Altun Mountains consist of granites,
metamorphic complexes, Jurassic rocks and Ordovician rocks; whereas
to the east, the Altun mountains consist of Paleozoic and Mesozoic gran-
ites and a few diorites predominate with metamorphic rocks of different
grades from the Proterozoic Dakendaban Group (Gehrels et al., 2003;
Yang et al., 2006; Mattinson et al., 2007).

2.2. Stratigraphy of Qaidam basin

Cenozoic sedimentary strata in the Qaidam basin consist of continen-
tal sedimentary facies. The sedimentary succession was deposited mainly
in a fluvial-lacustrine environment, including the alluvial fans (mainly
conglomerates) along the basin margins, and fluvial, delta and lake sedi-
ments (sandstones, siltstones and mudstones), which are widespread
throughout the basin fill. Lake sediments are divided into near-shore
and deep-water sediments with many thin layers of carbonates. Various
evaporites (gypsum and halite) formed during regressive phases of lake
development, primarily in the Late Miocene to Pleistocene (Unpublished
data).

Based on the basin-wide lithostratigraphic framework, the microfossil
studies, magnetostratigraphy and isotope geochronology (Ye et al., 1993;
Sun et al,, 2005; Wang et al., 2007), the Cenozoic strata of the Qaidam
basin can be divided into 7 stratigraphic units (Fig. 2) compared with
distinct seismic reflectors (To-Ts in Fig. 2). These units are listed as fol-
lows (in ascending order, Fig. 2): (1) Lulehe Formation (Paleocene to
early Eocene, ?-~45 Ma); (2) Xia Ganchaigou Formation (middle to late
Eocene, ~45-~35.5 Ma); (3) Shang Ganchaigou Formation (late Eocene
to Oligocene, ~35.5-~22 Ma); (4) Xia Youshashan Formation (early to
middle Miocene, ~22-~15 Ma); (5) Shang Youshashan Formation
(middle to late Miocene, ~15-~8 Ma); (6) Shizigou Formation
(late Miocene to Pliocene, ~8-2.8 Ma); and (7) Qigequan Formation
(Quaternary, 2.8 Ma-present). Based on field outcrop and core drilling
investigation in the northern Qaidam basin, Lulehe Formation strata
are predominantly composed of alluvial fan deposits. Fluvial, delta and
lake sediments are widely distributed from the Xia Ganchaigou Forma-
tion to the Shang Youshashan Formation. The strata from the upper
Shang Youshashan Formation to the Qigequan Formation are composed
of alluvial fan facies.
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Fig. 1. Geological setting of Qaidam basin and study area. (a) Location of the Qaidam basin at the northeastern margin of the Tibetan Plateau (modified from Tapponnier et al., 2001).
The rectangle depicts the outline of b. (b) Locations of the main investigated wells and outcrops. SGH: Suganhu, YK: Yuka, PT: Pingtai, BLQ: Beilingqiu, MH: Mahai, NBX: Nanbaxian,
No. 3 LH: No. 3 Lenghu, EBL: Eboliang, No. 4 LH: No. 4 Lenghu, No. 5 LH: No. 5 Lenghu, No. 7 LH: No. 7 Lenghu, No. 5 LH Outcrop: No. 5 Lenghu Outcrop, YCG Outcrop: Yingchaogou
Outcrop, QDG Outcrop: Quandonggou Outcrop, JLS Outcrop: Jielusu Outcrop, LLH Outcrop: Lulehe Outcrop.

2.3. Sample description

The sandstone samples in this study were collected from 5 outcrops
and 19 drilling wells in the northern Qaidam basin (Fig. 1b; Table A.1,
in Appendix A online). The samples represent the Lulehe Formation to
the Shizigou Formation. The majority of the samples are composed of
fluvial and delta sediments, although a small minority of samples derive
from sand bodies in alluvial fan and near-shore lake facies (Table A.1, in
Appendix A online). The location, depth and lithology of each sample are
shown in Figs. A1 and A2 (in Appendix B).

3. Methods
3.1. Framework petrography

Approximately 150 sandstone samples were ground to thin sections.
Their petrography features, including mineral constituents, grain size,
sorting and roundness, were observed using a polarization microscope
and recorded. Modal analyses of 75 selected sandstone samples were
performed on each thin section, using the Gazzi-Dickinson method
(Dickinson, 1985). Medium- to coarse-grained sandstones were used
for point counting to minimize grain-size effects (Ingersoll et al.,
1984). A minimum of 400 points were counted per sample.

3.2. Heavy mineral analysis
A total of 92 sandstone samples were selected and examined

through heavy mineral analysis. Each sandstone sample, which weighed
1-2 kg, was selected from fresh medium- to coarse-grained sandstones

with an average grain size greater than 0.2 mm. Separation and prepara-
tion of the heavy minerals were performed by following standard proce-
dures described by Mange and Maurer (1992). The detailed heavy
mineral analysis process was described by von Eynatten and Gaupp
(1999) and Li et al. (2004).

3.3. Mineral chemistry

Detrital garnet and tourmaline grains were separated from selected
sandstone samples, adhered to targets using epoxy resins, and ground
and polished for electron probe micro-analyzer (EPMA) analyses. The
chemical compositions of detrital garnets and tourmalines were analyzed
using a JEOL JXA 8100 electron-microprobe at Peking University. Forty
grains per sandstone sample were randomly analyzed at the grain core
part. A total 640 garnets in 16 samples and 160 tourmalines in 4 sam-
ples were analyzed in this study. The operating conditions are shown
in studies by S. Song et al. (2007) and Zhang et al. (2008a). The chemical
calculation and classification of tourmalines were achieved using the
CLASTOUR program (Yavuz et al., 2002).

3.4. Log-ratio statistical analysis

Multivariate statistical methods, which have been developed and
used to treat compositional data in provenance analysis (e.g., Weltje,
2002; Garzanti et al., 2005, 2006; Weltje, 2006; Ingersoll and Eastmond,
2007; Allen and Johnson, 2010), were applied to evaluate the ternary
compositional data of detrital framework grains and heavy mineral as-
semblages in this study. The details were reviewed by Weltje (2002).
This method is based on the log-ratio transformation (Aitchison, 1986)
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Fig. 2. Cenozoic stratigraphy, seismic reflectors (To-Ts), thickness and representative
lithological column of the northern Qaidam basin.

and removes statistical constraints on compositional variables, including
non-negativity and the constant-unit sum (Weltje, 2012). References
for the mathematical foundations of log-ratio transformation include
Aitchison (1986), Egozcue et al. (2003) and Tolosana-Delgado (2012).
CoDaPack3D software (Comas-Cufi and Thi6-Henestrosa, 2011) was
employed to obtain the confidence region ellipsoids for the population
mean. Detailed equations for calculating the boundary of the multivariate
confidence region ellipsoids are discussed in studies by Weltje (2002)
and Ingersoll and Eastmond (2007). In this study, multivariate geometric
means and corresponding 95% confidence ellipsoids (for populations
with sample sizes >3) were calculated and illustrated in ternary
diagrams.

Note that log-ratio compositional data analysis provides rigorous
confidence regions when used to treat sample groups with a certain
amount of data, whereas small sample sizes of the dataset significantly
increase confidence fields (Weltje, 2002; Ingersoll and Eastmond, 2007;
Allen and Johnson, 2010). Weltje (2002) interpreted these large confi-
dence region ellipsoids for small populations as the result of uncer-
tainties. Therefore, the confidence ellipsoids for populations of small
sample sizes are less significant; conversely, the ellipsoids for larger
sample sizes are more significant.

4. Sandstone framework petrography
4.1. Texture and composition

Most of the detrital grains of the Tertiary sandstones are angular to
subangular and poorly to moderately sorted (Fig. 3B-D). They can be
interpreted as first-cycle sandstones with short transport distances.
Some sandstones (e.g., samples from Nanbaxian and Beilingqiu) are
present with subrounded to rounded and well-sorted grains dominated
by quartz (Fig. 3A and E), which suggests recycling and/or relatively long

transport distances. The sandstones contain abundant lithic fragments
(Table A.2, in Appendix A online), which are mainly constituted by sed-
imentary and metasedimentary lithic fragments, including carbonate,
chert, phyllite, schist, and metaquartzite (e.g., Fig. 3C-D). Feldspars
composed of plagioclase and K-feldspar, are present in relatively low
abundance, whereas samples of No.3 Lenghu display high feldspar
abundance (e.g., Fig. 3B).

4.2. Detrital modal analysis

The point-count data of Sandstone thin section and results of the
modal analysis are presented in Table A.2 (see Appendix A online) and
Fig. 4. Table A.2 also presents the average compositions and standard
deviations of sandstones from each area. The results are illustrated in
framework grain assemblage Q-F-L and Qm-F-Lt, and in framework lithic
grain Qp-Lsm-Lvm diagrams (Dickinson, 1985).

Overall, quartz is the relatively abundant component in these samples
(Figs. 4-5; Table A.2, in Appendix A online), with abundances (in Q-F-L
diagram) ranging from 36% to 74% (arithmetic mean of 54 4+ 9% for all
75 samples from the Tertiary successions). Monocrystalline quartz is con-
siderably more plentiful than polycrystalline quartz, with averages of 49%
and 5%, respectively. Lithic fragments, excluding polycrystalline quartz
and carbonate, range from 8% to 51% (arithmetic mean of 29 4+ 10%) in
the ratios. These lithic fragments are mainly of metamorphic source con-
stituted by different types of low-grade metamorphic rocks (e.g., schist
and phyllite, Fig. 3C-D), whereas sedimentary lithic fragments
(e.g., chert) are subordinate and only a few volcanic fragments are
found in the samples (Fig. 5¢). Feldspars dominated by plagioclase
constitute an average of 17 £ 8% of Qm-F-Lt framework grains
(Table A.2, in Appendix A online), with a range of 4 to 37%. The compo-
sitional data of all but two samples suggests a recycled orogen prove-
nance of the sandstones (Fig. 4a). However, these samples are plotted
as quartzose recycled, transitional recycled and mixed sources on the
Qm-F-Lt ternary diagram (Fig. 4b). In the Qp-Lvm-Lsm ternary diagram,
these samples mainly plot near the Lsm pole, which indicates a deriva-
tion of collision suture and fold-thrust belt sources (Fig. 4c).

The average framework grain compositions display slight variations
for sandstones from different areas (Table A.2, in Appendix A online;
Figs. 5 and 6). Samples of the Mahai, Beilinggiu, Nanbaxian and Eboliang
fold belts exhibit similar average compositions (Fig. 5) and are charac-
terized by relatively high quartz contents (in excess of 50%). The average
abundances of Qm, F and Lt of these samples are 51 4 6:15 + 6:34 +6,
55 + 12:15 + 4:30 + 16, 54 4 9:14 + 5:32 £+ 13 and 55 + 5:17 +
1:28 + 7, respectively. However, samples of the No. 5 Lenghu fold belt
and Yingchaogou outcrop exhibit relatively low quartz and high lithic
fragment contents (Fig. 5). Their average abundance ratios of Qm, F
and Lt are 47 + 8:14 £ 3:38 £ 10and 47 £ 11:16 £ 9:36 £ 13. The
samples from No. 3 Lenghu and No. 4 Lenghu fold belts exhibit relatively
high feldspar contents (Figs. 3 and 5), as with Sample K2-03 (maximum
feldspar abundance of 35%). The average abundance ratios of Qm, F and
Lt from the samples of these two areas are 45 + 3:33 + 2:22 + 5 and
43 4+ 5:23 4+ 5:34 £+ 7. Only one sample was collected from No.7
Lenghu. The ratio of Qm:F:Lt is 46:25:29. In these analyzed sandstones,
lithic fragments are mainly composed of metamorphic lithic fragments
with subordinate volcanic and sedimentary lithic fragments (Fig. 5c).
Samples from No. 3 Lenghu display a relatively high abundance of volca-
nic lithic fragments (Fig. 5¢).

5. Heavy mineral analysis
5.1. Heavy mineral assemblages

The heavy mineral analysis data are listed in Table A.3 (see Appendix
A online). Overall, the heavy mineral spectra of the analyzed sandstones

(n = 92) are primarily dominated by hematite, with an average of 25%
(maximum 82.5%, Table A.3, in Appendix A online). Hematite is the
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Fig. 3. Representative photomicrographs of the Tertiary sandstones and heavy minerals. A) Quartzose arkose with subrounded to rounded grains (Sample B1-02). B) Lithic feldspathic
sandstone with high feldspar abundance, including both plagioclase (P) and K-feldspar (K) (Sample K2-03). C) Lithic sandstone with schist (Sch) and carbonate (C) fragment enrichment
(Sample YCG-19). D) Lithic sandstone rich in various lithic fragments, e.g., schist (Sch), chert (Ch), phyllite (Phy) and metaquartzite (Mq) (Sample S86-01). E) Tourmaline grains for EPMA
analysis (the target of Sample B1-01), most of the grains are rounded. F) Angular to subangular shaped garnet grains for EPMA analysis (the target of Sample K2-03). All photomicrographs
were taken with cross-polarized light, with the exception (E) and (F). The white cross marks in (E) and (F) are the EPMA analysis spots, and the text (e.g., B1-01.13, K2-03.6) adjacent to

the marks represent the analysis numbers.

oxidation product of pyrite, magnetite or other iron-bearing minerals
during weathering, abrasion, transport and deposition. Garnet and epi-
dote exhibit the significant contents, with averages of 22.1% (maximum
68.9%) and 18.8% (maximum 58.6%), respectively. This mineral group is
mainly derived from metamorphic source rocks with various grades,
whereas epidote is particularly common in rocks of greenschist and
epidote-amphibolite facies (Deer et al, 1992). The stable detrital
heavy mineral assemblage of high mineralogical maturity, which is
primarily composed of zircon, tourmaline and rutile (Morton, 1985;
Morton and Hallsworth, 1999), display a range of 0.3% to 44% with an
average of 9.9%. This mineral assemblage is common in acidic to interme-
diate granitoid rocks, as well as in mature siliciclastic sediments and some
metamorphic rocks. In most analyzed samples, zircon displays the highest
concentration of ZTR (zircon > tourmaline > rutile) minerals. lmenite,
which is often derived from basic, acidic rocks and pegmatites, comprises
an average of 7.6% of the total heavy mineral assemblage. Other heavy
minerals, e.g., leucoxene, anatase, apatite and titanite, are found in most
samples, but often show low contents (with averages less than 5%). In

addition, magnetite, spinel, chlorite, kyanite, pyroxene and hornblende
serve as minor constituents and exhibit low abundances (Table A.3, in
Appendix A online). Figs. 7 and 8 show the average heavy mineral abun-
dances and the corresponding confidence regions of samples grouped by
locations.

The heavy mineral assemblages of samples from Mahai, Beilingqiu,
Nanbaxian and No. 7 Lenghu have similarities that are dominated by
hematite, ZTR minerals, garnet and leucoxene (Fig. 7a). Twenty-two
sandstones from these 4 locations show variable concentrations of he-
matite (ranging from 0.5% to 60.1%, with an average of 23.3 + 18.5%),
but display relatively high ratios of ZTR minerals (maximum 44.4%,
Sample X9-18 of Nanbaxian), with averages of 21.6%, 17.6%, 24.9% and
29.2%. This observation is supported by ZTR index and stability index.
Sandstone samples from these locations yield high ZTR and stability
indexes (Fig. 9a). Garnet and leucoxene also comprise certain propor-
tions of the total heavy mineral assemblages, with averages of 18.7%
and 10.0%, respectively. Minor components are comprised of apatite,
titanite and epidote.
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(1985). For data and abbreviations see Table A.2 (in Appendix A online).

The heavy mineral assemblages of samples from No. 5 Lenghu and
the Yingchaogou, Quandonggou and Jielusu outcrops are character-
ized by high epidote and garnet abundances, with averages of 33.8%
and 17.4% (Fig. 7b). Hematite is also one major mineral phase, but it
is comprised of different concentrations in these samples. Sandstone
samples from No.5 Lenghu exhibit high abundances of ilmenite,
with an average of 16.3% (Table A.3, in Appendix A online). Note
that there is a notably low abundance of ZTR minerals in the sand-
stones from these four locations (Fig. 7b). Hence, they yield very
low ZTR and stability indexes (Fig. 9a). Other species are mainly unstable
detrital heavy minerals of low mineralogical maturity, including titanite,
apatite, hornblende and pyroxene with low abundances. Hornblende
(maximum 22.4%, Sample YCG-38) and pyroxene (maximum 11.7%,
Sample QDG-05) mainly occur in samples from the Yingchaogou and
Quandonggou outcrops, giving high ratios in the samples from strata
of the Xia Youshashan and Shang Youshashan Formations (Table A.3,
in Appendix A online).

Samples of Eboliang, No. 3 Lenghu and No. 4 Lenghu contain the
highest abundances of hematite (Fig. 7c), with averages of 46.9%, 48.1%
and 43.9%, respectively (Table A.3, in Appendix A online), followed by
garnet and ZTR minerals. Sandstone samples of these three locations
have relatively moderate ZTR and stability indexes (Fig. 9a). Furthermore,

(b) Qm-F-Lt diagram; (c) Qp-Lvm-Lsm diagram. Provenance fields are from Dickinson

leucoxene, epidote, titanite and ilmenite comprise certain proportions of
the total heavy mineral assemblages. Some samples display high contents
of titanite (maximum 24.5%, Sample K2-03 of No. 3 Lenghu) or ilmenite
(maximum 62.1%, Sample S81-01 of No. 4 Lenghu). Anatase and apatite
serve as minor constituents.

Samples of Lulehe outcrop show high garnet and hematite abun-
dances (Figs. 7a and 8a) with averages of 50.4% and 19.9%, respectively
(Table A.3, in Appendix A online). [lmenite shows variable contents in
these analyzed samples. The heavy mineral assemblages of samples
from Pingtai are characterized by high ilmenite, garnet and epidote
abundances with subordinate hematite (Fig. 7b), which resemble sam-
ples from No. 5 Lenghu.

5.2. Heavy mineral ratios

According to the relatively high abundances of garnet, epidote and
ZTR minerals in the analyzed samples, the ratios of GZi, rutile/zircon
(RuZi) and epidote/titanite (ETi) are recommended to reflect and com-
pare provenance characteristics in this study (Table A.3, in Appendix A
online; Fig. 9b-d). GZi and RuZi are proposed by Morton and Hallsworth
(1994), although low GZi values may be a result of either provenance or
garnet dissolution. However, it has been proved useful in our research
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Fig. 5. Average framework grain compositions of sandstones from each location. For data, see Table A.2 in Appendix A online. (a) Q-F-L diagram; (b) Qm-F-Lt diagram and (c) Qp-Lvm-Lsm

diagram. Note that arithmetic means are used.
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Fig. 6. QFL ternary diagrams showing spatial variation of detrital framework components
of sandstones (grouped by locations). Geometric means and 95% confidence ellipsoids
(only for sample groups with sample size n > 3) calculated using the log-ratio method
(Weltje, 2002). Note that the provenance tectonic settings were removed in the QFL
diagram because geometric means and confidence regions cannot be used to test the
Dickinson's model (Ingersoll and Eastmond, 2007), which was created with untransformed
data (Dickinson, 1985).

area. Consider Sample K2-01 (5242.8 m) and Sample K2-03 (3364 m)
as examples, the deeper sample exhibits the higher GZi value (Table
A.3, in Appendix A online). ETi (ETi = 100 x epidote abundance/total

50

abundance epidote plus titanite) is defined in this study. Epidote and
titanite display similar densities and stability of burial diagenesis
(Morton and Hallsworth, 1999); hence, the ratio of epidote and titanite
can be used in provenance analysis to minimize influences of hydraulic
and diagenetic processes.

Fig. 9 presents the binary plots between heavy mineral ratios GZi,
RuZi, ETi and the ZTR index, which reveal apparent variation among
different locations. Sandstone samples of Mahai, Beilingqiu, Nanbaxian,
No. 7 Lenghu, Eboliang, No. 3 Lenghu and No. 4 Lenghu are character-
ized by variable GZi (ranging from 7.2 to 95.5) and ETi (ranging from
0 to 100) values, as well as relatively low RuZi values (ranging from 2
to 31.1, with an average of 15.4). Samples of Pingtai, No. 5 Lenghu,
Yingchaogou, Quandonggou and Jielusu outcrops display very high
GZi (ranging from 65.3 to 97.6) and ETi (ranging from 47.9 to 99.7)
values, with averages of 86.7 and 87.9, respectively, variable RuZi
values, with a range varying from 6.3 to 54.5 (Table A.3, in Appendix
A online; Fig. 9b-d). Samples of the Lulehe outcrop show high GZi
values (with an average of 96.3), variable ETi values (ranging from
33.0 to 94.7, with an average of 73.6) and relatively low RuZi values
(with an average of 18.8).

6. Mineral chemistry
6.1. Detrital garnet chemistry

The garnet group contains six end-members, including pyrope (Prp),
almandine (Alm), spessartine (Sps), grossular (Grs), andradite (Andr)
and uvarovite (Uva). The molecular percentage of each end-member
of every analyzed garnet can be calculated once chemical compositions
are obtained. Garnet is especially characteristic of metamorphic rocks of
a wide variety of types. It can also be found in magmatic rocks such as
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Fig. 7. Average heavy mineral assemblages of sandstones from each location. The data and abbreviations of heavy minerals are shown in Table A.3 (in Appendix A online).
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granites, pegmatites, acidic volcanic rocks, kimberlites and some meta-
somatic rocks (Deer et al., 1992).

Morton et al. (2004) distinguished three major detrital garnet types
in sediments by construction of a ternary diagram of Prp-Alm +
Sps-Grs + Andr (namely, Mg-Fe?*+ Mn-Ca) for source rock discrim-
ination (Fig. 10a). The detrital garnets can be divided into three types,
namely, Type A, B and C. The details of chemical characteristics and
potential parent rocks of each type were described by Morton et al.
(2004). This ternary diagram was improved by Mange and Morton
(2007).

Detrital garnets of the sandstone samples reveal a pale pink or red
color under plane-polarized light and are mainly angular in shape
(e.g., Fig. 3F). A calculation of end-members indicated that the garnets
show marked variations in chemical compositions (Table A.4, in
Appendix A online; Fig. 10a-b). The average component of the total
detrital garnets from the Tertiary sandstones is shown as Almgy 4
oPrp14 o 7Spss 4 9GIs10 4+ oAndry 4 1. The ranges are 26-91 mol% for al-
mandine, 1-43 mol% for pyrope, 0-45 mol% for spessartine, 0-44 mol%

for grossular and 0-9 mol% for andradite; uvarovite end-member is
poor in these garnets.

Overall, according to Morton's discrimination diagram, all analyzed
sandstone samples display Type B garnet enrichment (Fig. 10c), with
an abundance of 77.3%, followed by Type C and Type A, with abun-
dances of 12.7% and 10%, respectively. The results of end-member calcu-
lations for each sandstone sample are shown in the ternary diagram
(Fig. 10d). The relative abundances of Type A, Type B and Type C garnets
in each sample are shown in the Type A-B-C ternary diagram (Fig. 10e).
Fig. 10f shows abundances of garnets with spessartine >5% and abun-
dances of the high-Mn garnet grains plotted in the Bi field of the ternary
diagram (namely, the filled circles in the Bi field). All diagrams demon-
strate spatial variations among these samples. Therefore, the variations
in garnet group components can be used to accurately identify different
sources and characterize the source rock lithology.

Fig. 10b displays the plot of typical garnets from potential source
rocks in the Qilian Mountains and the Altun Mountains, as reported in
previous references. Those rocks include garnet peridotites, eclogites,
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Fig. 9. Binary plot of heavy mineral stability indexes (ZTR and stability Indexes) and heavy mineral ratios (GZi, RuZi (Morton and Hallsworth, 1994) and ETi) showing spatial variation

among different locations. For the data, see Table A.3 (in Appendix A online).
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granulites, gneisses (including paragneisses and orthogneisses), am-
phibolites, and schists (including blueschists). However, the data of
garnets from igneous rocks (e.g., granites) were not collected.

Most of the analyzed garnets of Samples YCG-02 and YCG-08 dis-
play as Type B garnet (67.5% and 55%, respectively); followed by Type
C (32.5% and 42.5%, respectively). They exhibit relatively high con-
tents of grossular components (Fig. 10d). The amount of Sps < 5% is
greater than the amount of Sps > 5% for each sample (Fig. 10d, f).

Prp

[b]

Prp

[a]

Type A

117

In the Type A-B-C ternary diagram (Fig. 10e), data from both samples
are near to the Type B-C axis.

The detrital garnets of Samples YCG-17, YCG-30, YCG-38, JLS-19,
L87-09, K2-03 and S81-01 are dominated by Type B garnet with traces
of Type A and Type C garnets (Fig. 10d), therefore these samples are
all in close proximity to the Type B apex in the Type A-B-C ternary dia-
gram (Fig. 10e). However, the detrital garnets from these sandstone
samples also reveal differences in compositions. The detrital garnets of
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Fig. 10. Detrital garnet chemistry of selected sandstones. (a) Type A, B and C fields in the ternary diagram of Prp-Alm + Sps-Grs + Andr defined by Morton et al. (2004), of which
the Bi field was proposed by Mange and Morton (2007); (b) Diagram showing the typical garnet compositions of the potential source rocks in the Qilian Mountains and the western
segment of the Altun Mountains; (c) Ternary plot of detrital garnet chemical compositions in 16 Tertiary samples; (d) Ternary plots of detrital garnet compositions in each sand-
stone sample; (e) Relative abundances of Type A, B and C garnets for each analyzed sample; (f) the frequencies of garnet grains with greater than 5% Sps (in molecular proportions)
and percentages of high-Mn garnet grains plotted in the Bi field. In diagram (b), the garnet peridotite data are from Song et al. (2007a); the eclogite data are from Zhang et al. (2001,
2005), and Zhang et al. (2008a, 2009a), the “eclogite 1" are from Qilian Mountains, whereas the “eclogite 2” are from the Altun Mountains; the High Pressure granulite data are from
Zhang et al. (2007) and Yu et al. (2010); the orthogneiss data are from Menold et al. (2009); the paragneiss data are from Zhang et al. (2008b, 2009b); the blueschist data are from
Liu et al. (2006) and Zhang et al. (2009¢); the amphibolite data are from Zhang et al. (2009a), the schist data are from Zhang et al. (2000, 2004), Song et al. (2007b) and Song et al.
(2009), and all samples are from the Qilian Mountains with the exception of the “eclogite 2”. The abbreviations of end-members are show in Table A.4 (in Appendix A online). For

representative data of detrital garnets, also see Table A.4 (in Appendix A online).
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Samples JLS-19, YCG-17, YCG-30 and YCG-38 are characterized by vari-
able grossular and pyrope contents. For each sample (except Sample
JLS-19), the analyzed garnets, which show Sps < 5% and Sps > 5% are
approximately equivalent (Fig. 10d, f). The majority of detrital garnets
from Sample L87-09 exhibit relatively low grossular and spessartine
contents and variable pyrope contents (Fig. 10d). The majority of detrital
garnets from Samples K2-03 and S81-01 can also be classified as Type B
garnets (Fig. 10d), but they are characterized by high-Mn abundance
(Fig. 10f), with average spessartine end-member contents of 15.5%
(maximum 32.1 mol%, and 87.5% of the total analyzed grains for
Sps > 5%) and 13.2% (maximum 36.4 mol%, and 82.5% of the total ana-
lyzed grains for Sps > 5%), respectively. Therefore, numerous grains
with greater than 5% Sps exist in the Bi field in the ternary diagram
(Fig. 10d, f).

The detrital garnets of Samples X9-01, MB1-04 and LQ1-05 are dom-
inated by Type B garnet with subordinate Type A and Type C garnets, and
garnets of Sps < 5% are greater than the detrital garnets with Sps > 5% for
each sample (Fig. 10d). These three sandstone samples are characterized
by abundant high-Mg garnets (Prp > 30 mol%), thus, they contain rela-
tively high percentages of Type A garnets (Fig. 10e). Furthermore, the an-
alyzed garnet grains are scattered in the ternary diagram, and show
variable Prp and Grs contents (Fig. 10d) with maximums of 43.3 mol%
and 37.4 mol%, respectively. The detrital garnets of Sample B1-05,
which are dominated by Type B garnet, are near the Type B apex in the
Type A-B-C ternary diagram (Fig. 10e). The detrital garnets of Samples
LLH-30, LLH-47 and LLH-58 are dominated by Type B garnet, and show
relatively high Mn contents. Similarly, the chemical data of these garnet
grains are scattered and display variable Prp and Grs contents (Fig. 10d).

6.2. Detrital tourmaline chemistry

Tourmaline is a complex borosilicate mineral with a large amount of
potential element substitutions. The main chemical variations are com-
monly expressed by Mg, Fe, Ca and Al substitutions (Henry and Guidotti,
1985). Tourmaline is a common accessory mineral that is found in many
rock types. It occurs in many clastic sedimentary rocks as a stable heavy
mineral; and can be found in metamorphic rocks with a wide variety of
types, granitoid intrusive rocks and their associated pegmatites, aplites
and hydrothermal alteration zones (Deer et al., 1992).

Henry and Guidotti (1985) proposed using Al-Al50Fe(tot)
50-Al150Mg50 and Ca-Fe(tot)-Mg ternary diagrams to identify different
tourmaline-bearing parent rock types. Several distinct regions can be

Schorl

defined for tourmalines from different rock types (Fig. 11). Calculations
and classifications by the CLASTOUR program (Yavuz et al., 2002) reveal
that most of the tourmalines belong to alkali group. The results show
that the main chemical variation is the substitution between Fe and
Mg. Representative chemical compositions of these detrital tourmalines
are shown in Table A4 (in Appendix A online). Fig. 11 displays the Al-
Fe(tot)-Mg ternary plot of detrital tourmalines for each sample.

Detrital tourmalines of Samples B1-01 and X9-01 are relatively
scattered in the ternary diagram (Fig. 11). They mainly fall in Field 2,
followed by Fields 4 and 5, whereas minor grains fall in Fields 3 and 6.
However, the detrital tourmalines of Samples YCG-08 and YCG-17
have distinctive compositions that clearly distinguish them from the
detrital tourmalines of Samples B1-01 and X9-01 (Fig. 11). The tourma-
lines primarily fall in Fields 4 and 5, whereas the tourmalines in Fields 2
and 6 are scarce, revealing relatively centralized distribution.

7. Discussion
7.1. Methodological evaluation

To accomplish the provenance study, we present an integrated
study with the use of detrital framework grain composition, heavy
mineral and mineral chemical data. No individual dataset can provide
the spatial and temporal variation of provenance. The design can be
explained as follows.

First, the framework grain composition data were used to discriminate
the provenance settings (Fig. 4). However, both raw data and statistical
analysis results indicate similar spatial illustrations (Figs. 4-6). Almost
all locations (except No. 4 Lenghu) exhibit similar mean framework
grain compositions in log-ratio ellipsoid confidence regions (Fig. 6).
Because the groups cannot be significantly discriminated, other types of
data are required.

Heavy mineral data were advocated. Based on the results of heavy
mineral assemblages, ratios and log-ratio confidence regions in ternary
diagrams (Figs. 7-9), two types of heavy minerals, which differ signifi-
cantly from each other, can be distinguished. The first type includes
the heavy minerals of Mahai, Beilingqiu, Nanbaxian and No. 7 Lenghu
areas; whereas the second type includes the heavy minerals of No. 5
Lenghu, Yingchaogou, Jielusu and Quandonggou areas. However, the
results of Eboliang, No. 3 Lenghu, No. 4 Lenghu, as well as the results
of Lulehe outcrop are uncertain. Are the data of Eboliang, No. 3 Lenghu
and No. 4 Lenghu discriminated from the preceding two types because
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1 = Li-rich granitoid pegmatites and aplites

2 = Li-poor granitoids and their associated pegmatites and aplites

3 = Ferriciron-rich quartz-tourmaline rocks (hydrothermally altered granites)

4 = Metapelites and metapsammites coexisting with an Al-saturating phase

5 = Metapelites and metapsammites not coexisting with an Al-saturating phase
6 = Ferric iron-rich quartz-tourmaline rocks, calc-silicate rocks, and metapelites
7 = Low-Ca metaultramafics and Cr, V-rich metasediments

8 = Metacarbonates and meta-pyroxenites

Fig. 11. Detrital tourmaline chemistry of selected sandstones. The provenance-discrimination ternary diagrams (in molecular proportions) were devised by Henry and Guidotti

(1985). For representative data, see Table A.4 (in Appendix A online).
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they are scattered? Should the Lulehe outcrop be added to the first type
because it is adjacent to Mahai?

Mineral chemical data of detrital garnet and tourmaline were
obtained to resolve these uncertainties. Our results indicate that Samples
K2-03 (No. 3 Lenghu) and S81-01 (No. 4 Lenghu) differ from other sam-
ples, implying a different source (Fig. 10d). The detrital garnet data of
three samples of Lulehe outcrop are scattered, which is similar to the
detrital garnet data of Mahai, Beilinggiu, Nanbaxian and No. 7 Lenghu.
However, the chemical compositions of detrital garnets reveal a slight
temporal variation, whereas the data of framework grain composition
and heavy mineral analysis differ among various formations. In addition,
individual mineral chemical data only demonstrate the derivation of this
single analyzed mineral species. The data of framework grain composi-
tion and heavy minerals are considered together for the parent rocks of
sandstones. Therefore, integration of these three types of data was pro-
posed to provide a provenance interpretation.

7.2. Spatial variation of provenance and depositional areas

Overall, the Tertiary sediments of the northern Qaidam basin seem to
have an overwhelming derivation from an orogen source (Fig. 4a). To an-
alyze the spatial variation of provenance, samples were grouped based on
locations. Three types of depositional areas can be distinguished based on
the differences of the three types of data.

7.2.1. Depositional area A

Sandstones from Mahai, Beilingqiu, Nanbaxian and No.7 Lenghu
exhibit relatively high textural maturity (e.g., Fig. 6A, E) and contain

Table 1

relatively abundant quartz. Heavy minerals in these sandstones are
characterized by high garnet (Fig. 7a) and ZTR mineral abundances
(except hematite), high ZTR and stability indexes, low GZi, RuZi
and Eti values (Fig. 9). Detrital garnets of these sandstones are dom-
inated by Type B garnets with a certain proportion of Type A garnets
due to the relatively abundant high-Mg garnets (Fig. 10d). The composi-
tions of analyzed garnet grains are scattered (Fig. 10d), which implies
various parent rock types. These garnets are most likely derived from
low- to medium-grade metasedimentary rocks and subordinate high-
grade granulite-facies metasediments (Morton et al., 2004, 2005), or
from intermediate-acidic igneous rocks (e.g., high-temperature granites
and their associated pegmatites and aplites) from deep in the crust
(Mange and Morton, 2007). Detrital tourmalines in sandstones from
Beilinggiu and Nanbaxian are composed of dravites and schorls (Fig. 9,
Table 1), indicating the two types of derivations, i.e. granites and
metasediments (Henry and Guidotti, 1985). All analysis results suggest
that Mahai, Beilingqiu, Nanbaxian and No.7 Lenghu have similar source
rocks. Hence, they are located in the same depositional area (Depositional
area A).

Heavy minerals in sandstones from the Lulehe outcrop also exhibit
high garnet abundances (high GZi values), moderate ZTR, high stability
indexes, and low RuZi and Eti values. Although log-ratio ellipsoidal con-
fidence fields of heavy mineral assemblages of these sandstones differ
from the log-ratio ellipsoidal confidence fields of Mahai, Beilingqiu
and Nanbaxian in the ternary diagrams (Fig. 8), the compositions of
detrital garnets are scattered and similar to the garnet compositions of
the above four areas (Fig. 10d). Hence, we suggest that the Lulehe
area can be added to Depositional area A, because it is spatially close to

The Integration of the results of framework grain point counting, heavy mineral analysis and mineral chemistry for sandstone samples of each location.

Location Framework Heavy mineral Mineral chemistry Depositional areas and
grain provenance interpretations
Qm-F-Lt heavy mineral ZTR stability GZi Ruzi ETi Detrital Detrital
assemblages index index garnet tourmaline
LLH Outcrop - grt + hem + ilm  6-18(10) 1.6-40.9(9.4) 86-100(96) 0-38(19) 33-95(74) 10.8:77. - Depositional area A.
+ tur + ep 5:11.7 The sediments were
Mahai 51:15:34 grt + hem + ilm  15-53(32) 1.6-22.3(6.6) 7-83(56) 13-26(18) 0-89(37) 22.5:60: - derived from various
+ zrn + leu 17.5 metasedimentary rocks
Beilingqiu 55:15:30 hem + grt + zrn  31-35(34) 3.8-12.5(9.1) 43-76(61) 9-25(16) 46-100(79) 10:85:5 45 (D): and intermediate-acidic
+ leu + ilm 55 (S) igneous rocks, or with
Nanbaxian 54:14:32 hem + grt + zrn ~ 20-50(36) 2.6-28.5(11.7) 17-92(50) 6-19(11) 0-92(22) 22.5:65: 275 (D): subordinate high-grade
+ leu + Ap 12.5 72.5 (S) basic metamorphic rocks.
No. 7 Lenghu  46:25:29 hem + zrn + grt 56 16.9 32 8 17 25:67. - And the metamorphic
+ leu + Ap 5:7.5 source rocks source
increased over time.
Pingtai - ilm + grt + ep 10-30(20) 1.1-4.2(2.6) 69-87(78) 11-24(18) 48-88(68) - - Depositional area B. The
+ hem + zrn sediments have a nearby
No. 5 Lenghu 47:14:38 ep + grt + ilm 2-19(9) 0.3-2.2(14) 71-98(87) 6-50(26) 69-98(79) 12.5: - source and display a
+ hem + ttn 85:2.5 dominate derivation of
YCG Outcrop 47:16:36 ep + hem + grt 1-14(6) 0.1-1.8(0.7) 65-97(88) 10-50(25) 78-97(90) 3:76:21 87.5 (D): low-to-medium grade
+ hbl + ilm 10 (S): metasedimentary source
2.5 (0) rocks.
QDG Outcrop - ep + hem + grt 1-22(12)  0.1-1.5(0.7) 65-97(75) 11-55(27) 69-100(84) - -
+ hbl + mag
JLS Outcrop - hem + ep + grt  5-10(8) 0.5-1.1(0.8) 86-91(89) 24-33(27) 90-96(94) 25:97.5:0 -
+ ttn + mag
No. 3 Lenghu 45:33:22 hem + grt + ttn  9-13(11)  2.2-5.8(4.0) 55-86(71) 2-8(5) 29-35(32)  10:90:0 - Depositional area C. The
+ ep + ilm sediments show a main
No. 4 Lenghu 43:23:34 hem++ilm + grt 8-43(24) 2.9-39.7(11.9) 52-83(64) 7-31(16) 41-100(76) 2.5:95:2.5 - derivation of igneous
+ leu + ep source rocks with
Eboliang 55:17:28 hem + grt + zrn  6-45(26) 2.5-8.9(5.7) 46-96(71)  20-29(25) 0-100(50) - - subordinate metamorphic
+ leu + ep source rocks. The igneous

source rocks increased
over time.

For location see Fig. 1b, and for abbreviations of framework grains, heavy minerals and ratios see Table A.2 and Table A.3 (in Appendix A online).

Qm-F-Lt for each area is shown in average values. Heavy mineral assemblages are shown as five species heavy minerals in the order of abundances, and the indexes and ratios are
shown as minimums and maximums with the average in brackets behind. Need to note that the heavy mineral analysis result of No. 7 Lenghu is from only one sample. The results of
garnet chemistry are shown as the average ratios of the abundances of Type A, Type B and Type C garnets, respectively. The results of tourmaline chemistry are shown as the ratios
of the abundances of different kinds of tourmalines calculated by CLASTOUR program (Yavuz et al., 2002), such as dravite (D) and schorl (S), in this column, “others” (O) includes

uvite and foitite, which are infrequent in the samples from the northern Qaidam basin.
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Mahai. Furthermore, the ZTR index of these five areas displays in the
order of No.7 Lenghu > Nanbaxian > Beilingqiu > Mahai > Lulehe
outcrop, with averages of 56, 36, 34, 32 and 10 respectively (Table 1).
Stratigraphic correlation (Fig. 12) indicates that No. 7 Lenghu contains
the thickest strata (e.g., Xia Ganchaigou Formation). Paleocurrent mea-
surements demonstrate strong unimodal paleocurrent toward the
southwest in the Lulehe area (Zhuang et al.,, 2011). Therefore, it is in-
ferred that No. 7 Lenghu is in close proximity to the lake area, whereas
the Lulehe outcrop is in close proximity to the source area (Fig. 13).

The provenance for Depositional area A is mixed and of long-
distance. The parent rocks are most likely dominated by various grades
of metasedimentary rocks and intermediate-acidic igneous rocks. Be-
cause the North Qaidam and South Qilian terranes are mainly composed
of schists, gneisses and amphibolites of the Proterozoic Dakendaban
Group (Zhang et al, 2009a; Mattinson et al., 2009; Menold et al.,
2009; Wang et al., 2009) and Early Paleozoic granites and granodiorites
(Gehrels et al., 2003), they are most likely the sediment sources for De-
positional area A.

7.2.2. Depositional area B

Sandstones from No. 5 Lenghu and Yingchaogou exhibit relatively
low textural maturity (e.g., Fig. 6C) and high metamorphic lithic frag-
ment abundances (Fig. 3, Table 1). Heavy minerals are primarily com-
posed of epidote and garnet (Fig. 7b), with subordinate ilmenite. The
samples display low ZTR and stability indexes and relatively high
GZi, RuZi and Eti values (Fig. 9). Detrital garnets are dominated by
Type B garnets (Fig. 10d), indicating a predominant source of low- to
medium-grade metasedimentary rocks. The small proportion of
Type C garnets (e.g., Sample YCG-02 and YCG-08) are derived from
high-grade metabasic rocks (Morton et al., 2004, 2005). Detrital
tourmalines of sandstones from the Yingchaogou outcrop are mainly
composed of dravites (Fig. 11; Table 1) and have the dominated der-
ivations of metasediments, including Al-rich and Al-poor types
(Henry and Guidotti, 1985). Sandstone samples of the Pingtai,
Quandonggou and Jielusu areas also exhibit similar heavy mineral
characteristics (Table 1). Additionally, sandstones of these locations
display distinctive confidence regions of heavy mineral assemblage
than sandstones of Depositional area A (Fig. 8). All these results imply
an obviously different depositional area, which is defined as Depositional
area B. Similarly, according to the stratigraphic correlation (Fig. 12), ZTR
and stability indexes (Table 1) and textures, a relatively close prove-
nance in the direction from Yingchaogou to No.5 Lenghu (Fig. 13) is
suggested.

Integration of these three types of data indicates that the provenance
of the sediments in Depositional area B is practically simplex. The domi-
nating parent rock types are metamorphic rocks, including low- to
medium-grade metasedimentary rocks and high-grade metabasic rocks;

thus, the sediment source can be constrained within the North Qaidam
and South Qilian metamorphic belts, such as schists and gneisses of the
Proterozoic Dakendaban Group, and basic metamorphic rocks of the
lower Paleozoic Tanjianshan Group (Gehrels et al.,, 2003; Song et al.,
2003a,b, 2005, 2006; Yang et al., 2006; Song et al., 2007a,b).

7.2.3. Depositional area C

Sandstones of No. 3 Lenghu, No. 4 Lenghu and Eboliang contain rela-
tively high abundances of feldspar (Table 1; Figs. 4 and 5), and the
log-ratio confidence region of No. 4 Lenghu in the QFL ternary diagram
differs from the locations of Depositional areas A and B (Fig. 6). Heavy
minerals are dominated by garnet and ilmenite, with subordinate ZTR
minerals and leucoxene. The samples display relatively moderate ZTR
and stability indexes and GZi, RuZi and Eti values (Table 1). However,
the heavy mineral data with small sample sizes are scattered (Fig. 9),
i.e., with larger uncertainties, which result in the much larger confidence
ellipsoids in the ternary diagram (Fig. 8). The detrital garnet chemical
data indicate the dominance of Type B garnets with very high
Fe 4+ Mn contents (Samples K2-03 and S81-01, Fig. 10d), which sug-
gests a major potential derivation of low- and medium-temperature
granites (Mange and Morton, 2007).

Integration of these data suggests that No. 3 Lenghu, No. 4 Lenghu and
Eboliang compose Depositional area C in which igneous rocks (including
intermediate-acidic rocks and basic rocks) are the main source rocks for
sediments. Metamorphic parent rocks (e.g., schists and gneisses) also
serve as secondary source rocks. Because the southern flanks of the
Altun Mountains consist of Paleozoic and Mesozoic granites, diorites,
metamorphic rocks and Jurassic sedimentary rocks (Gehrels et al.,, 2003;
Yang et al., 2006; Mattinson et al., 2007), the Altun Mountains are most
likely to be the dominant sediment sources for Depositional area C.
While the Qilian Mountains most likely serve as the subordinate sources.
Therefore, it is inferred that sediments of Depositional area C were
constrained by a mixed provenance of the Altun and Qilian Mountains.

7.3. Stratigraphic variation of provenance for three depositional areas

Samples were grouped by formations for each depositional area. The
stratigraphic variations of sandstone average detrital compositions and
log-ratio confidence ellipsoids are illustrated in Figs. 14 and 15. The
temporal compositional trends of Lulehe and Yingchaogou are shown
in Figs. 16 and 17 as the representative profiles of Depositional area A
and Depositional area B, respectively. The details and corresponding
provenance interpretations are described in the next sections.

7.3.1. Depositional area A
The data of framework grain compositions reveal decreasing
quartz abundance and increasing lithic fragment abundance through
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Fig. 12. Schematic diagram of stratigraphic correlation of selected drilling wells and outcrops in the northern Qaidam basin. Well L90 is located in No. 5 Lenghu, which is near Well

L87. For abbreviations see Fig. 1.
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Fig. 13. Discrimination of Tertiary depositional areas in the northern Qaidam basin. The potential provenance directions (gray arrows) were inferred. HAM: heavy mineral analysis;
PR: Proterozoic Dakendaban Group, mainly composed of schists, gneisses and amphibolites with subordinate marbles (Mattinson et al., 2009; Menold et al., 2009); O: Ordovician,
Tanjianshan Group, phyllites, schists, marbles, sandstones, limestones and subordinate igneous rocks (Gehrels et al., 2003); S: Silurian, silicolites; D: Devonian, sandstones and
igneous rocks; C: Carboniferous, limestones, sandstones and subordinate schists; P: Permian, limestones; M: Jurassic and Cretaceous, sandstones; CE: Cainozoic.

the stratigraphic age in Depositional area A (Fig. 14a). Heavy mineral
data indicate that the metamorphic source minerals (e.g., epidote and
garnet) exhibited increasing trends (Fig. 15a, d). The heavy mineral tem-
poral variation of sandstones of the Lulehe outcrop indicates that the
abundances of ilmenite, hornblende and pyroxene are relatively high
for the samples of the Xia Ganchaigou and Shang Ganchaigou Forma-
tions, whereas garnet and epidote are distinctly enriched in the samples
of upper formations (Fig. 16). All results imply an increasing metamor-
phic source and a decreasing igneous source for Depositional area A.

7.3.2. Depositional area B

The sandstones of Xia Ganchaigou Formation display high abun-
dances of quartz; conversely, the sandstones of the upper formations
contain relatively low abundances of quartz and high abundances of
lithic fragment (Fig. 14b). Heavy mineral data indicate a significant var-
iation between the Lulehe and Xia Ganchaigou Formtions (Fig. 15b),
showing remarkably decreasing minerals of igneous source; the heavy
mineral assemblages vary slightly above the Xia Ganchaigou Formation,
displaying increasing garnets and epidotes and decreasing ZTR minerals
(Fig. 15b, e). Similar variation trends can be found in the Yingchaogou
outcrop (Fig. 17). The stratigraphic variation trends of detrital compo-
nents of Depositional area B are similar to the stratigraphic trends of
Depositional area A, which implies increasing metamorphic provenance

and decreasing igneous provenance. Additionally, low abundances of

Type C garnet (Fig. 17) in the upper formations suggest a reduction of
high-grade basic metamorphic parent rocks.

7.3.3. Depositional area C

In this area, the sandstones are characterized by increasing amounts
of feldspar and igneous- source heavy minerals (e.g., ilmenite and ZTR
minerals) from the Lulehe Formation to the Shang Ganchaigou Forma-
tion (Figs. 14c and 15c, f), which implies an increasing igneous source
over time. Furthermore, the sandstone of Shang Ganchaigou Formation
(e.g., Sample K2-03) seemingly contains more abundant high-Fe + Mn
garnets (plot near the Alm + Sps apex, i.e., Fe + Mn > 90%) than the
Lulehe Formation (e.g., Sample S81-01), indicating an increase of detri-
tal garnets of granite derivation (Fig. 10). Hence, it is inferred that the
igneous rocks, especially the intermediate-acid igneous rocks, were

increasingly exhumated and denudated as the parent rocks for Deposi-
tional area C.

7.4. Tectonic implications

The clastic sedimentation of Qaidam basin has been constrained
by the regional tectonic events occurring in the northeastern Tibetan
Plateau. Zhuang et al. (2011) investigated eleven Cenozoic sedimen-
tary sections from the Qaidam basin, Hexi Corridor and Subei basin,
and proposed four phases of tectonic history of the northern Tibetan
Plateau. However, the Cenozoic succession of the northern Qaidam
basin records three phases of these tectonic events (Zhuang et al.,
2011; Jian and Guan, in review).

The coarse-grained clastic sediments of the Lulehe Formation are
considered as the synorogenic sedimentary records of a strong differen-
tiation between the Qaidam basin and surrounding mountains, which
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Fig. 14. QFL ternary diagrams displaying the stratigraphical variations of detrital framework grain compositions of sandstones in three Depositional areas. Geometric means and 95%
confidence ellipsoids (n > 3) calculated using the log-ratio method (Weltje, 2002). Samples are grouped by formations. The gray arrows depict the variation trends.

may be the far-field effects of the India—Eurasia collision (Zhuang et al., Previous studies suggested that the Altun Mountains experienced a mul-
2011; Jian and Guan, in review). In this stage, the North Qaidam and tiple stages uplift history (Sobel et al., 2001; Ritts et al., 2008) with initial
South Qilian terranes, which primarily provided clastic materials for De- uplift since at least the early Oligocene or possibly late Eocene (Yin et al.,

positional areas A and B, were mainly composed of igneous rocks and 2002). Recently, we conclude that an orogeny and tectonic uplift event of
metamorphic rocks. Our inference differs slightly from the results of the entire basin scale occurred during the early-middle Eocene (Jian and

the previous study of conglomerate clast components (Zhuang et al., Guan, in review), which resulted in the unroofing of the Altun Mountains
2011), which indicated considerable carbonate contents. However, the region and the exposure of igneous parent rocks. They were subsequent-
provenance region of the Altun Mountains, which mainly provided ma- ly denudated and rapidly flattened after initial tectonic uplift.

terials for Depositional area C, consisted of dominant igneous rocks and The main fine-grained sediments from the Xiaganchaigou Formation

subordinate metamorphic rock. The uplift of Altun Mountains remains to the Xia Youshashan Formation formed in response to the relatively
controversial (Meng et al., 2001; Sobel et al., 2001; Yin et al., 2002). quiet tectonic background of the northern Qaidam basin (Jian and
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Fig. 15. Area diagrams and Ternary diagrams displaying the stratigraphical variations of heavy minerals of sandstones in three Depositional areas. Geometric means and 95% con-
fidence ellipsoids (n > 3) in (d), (e) and (f) calculated by using the log-ratio method (Weltje, 2002). Samples are grouped by formations. The gray arrows indicate the variation
trends of the heavy minerals. For data and abbreviations see Table A.3 (in Appendix A online).
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Fig. 16. Temporal variations of heavy minerals and detrital garnet types of sandstones of the Lulehe outcrop.

Guan, in review). This finding is also supported by the contents of stable
heavy minerals and ZTR and stability indexes (e.g., Figs. 15 and 16). The
relatively calm tectonic setting resulted in remarkable changes in the
sedimentary facies and depositional system (Zhuang et al, 2011; Jian
and Guan, in review). Variation of the detrital components of sandstones
indicates variation in the source rock distributions compared with the
first stage (Figs. 14-17). The sources of Depositional areas A and B con-
tain an increasing metamorphic rocks (distinctly for area B), which im-
plies an increasing exhumation and denudation of North Qaidam and
South Qilian metamorphic belts. The source of Depositional area C con-
tains increasing amounts of igneous rocks, which is most likely in re-
sponse to another uplift event of the Altun Mountains (Sobel et al.,
2001; Ritts et al., 2008).

The coarse-grained clastic sediments of the Shang Youshashan For-
mation to the Shizigou Formation may be related to the intense basin-
range differentiation caused by the crustal shortening and rapid tectonic
uplift of the northern Tibetan Plateau (Harrison et al., 1992; Molnar et
al., 1993). It is suggested that the source rock distributions in this stage
nearly inherited the character of the second stage, based on detrital
components of sandstones in Depositional areas A and B. The increasing
abundances of garnet and epidote (Figs. 15 and 16) and the dominant
metamorphic gravels in conglomerates (Zhuang et al., 2011; Jian and
Guan, in review) favor the significance of metamorphic parent rocks.

Therefore, we infer that the North Qaidam and South Qilian metamor-
phic belts have been widely exposed since this stage.

8. Conclusions

From the use of sandstone framework petrography, heavy mineral
analysis and mineral chemistry, we have accomplished the provenance
analysis of the Tertiary sandstone in the northern Qaidam basin. Based
on integration of these three types of data, provenance interpretations
and spatial and stratigraphic variations were provided. However, none
of the individual datasets were able to solve them.

The Dickinson model (Dickinson, 1985) analysis of framework grain
compositions suggests that the Tertiary sandstones of the northern
Qaidam basin have an overwhelming derivation from an orogen source,
including quartzose, transitional recycled orogenic sources, and a small
proportion of mixed sources. The means and corresponding log-ratio
confidence regions of framework grain compositions exhibit only a
slight spatial variation.

Three depositional areas were spatially distinguished and their prov-
enances were interpreted by combining three types of data. Depositional
area A is comprised of Lulehe outcrop, Mahai, Beilingqiu, Nanbaxian and
No. 7 Lenghu. The detrital clastics experienced relatively long-distance
transport. A variety of detrital components (including heavy mineral
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Fig. 17. Temporal variations of framework grain components, heavy minerals, heavy mineral indexes and ratios and garnet types of sandstones of the Yingchaogou outcrop.
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assemblages and detrital garnet and tourmaline type data) suggest
multi-type source rocks, which are most likely dominated by various
grades of metasedimentary rocks and intermediate-acidic igneous
rocks. Depositional area B consists of Yingchaigou, Quandonggou, Jielusu
outcrops, Pingtai and No.5 Lenghu. The data of detrital components
reveal that this area has an adjacent source region in which low- to
medium-grade metasedimentary rocks serve as the predominant parent
rocks. The sediment source of these two depositional areas can be
constrained within the North Qaidam and South Qilian belts of the Qilian
Mountains. However, the third area, i.e., Depositional area C, which
comprises No. 3 Lenghu, No. 4 Lenghu and Eboliang, differ significantly
from Depositional areas A and B. The source rocks are composed by dom-
inant igneous rocks with subordinate metamorphic rocks. Thus, the
Altun and Qilian Mountains are most likely regarded as potential source
regions, and yet the Altun Mountains provide more materials for this
depositional area.

Stratigraphically, the vertical variations of detrital components of
sandstones and corresponding provenance interpretations provide addi-
tional data regarding tectonic evolutions of the northern Tibetan Plateau.
It is proposed that the source of Depositional areas A and B presented a
variation trend of increasing abundances of metamorphic rocks, which
suggest the increasing exhumation and unroofing of two metamorphic
belts during the tectonic uplift of the Qilian Mountains. However, the
source of Depostional area C revealed an increasing abundance of igneous
rocks, which implies an increase in clastic sources in the Altun Mountains
in response to multi-stage uplift events of those mountains.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.sedge0.2013.03.010.
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