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A B S T R A C T

Major element geochemistry of detrital garnet is a widely-used approach for sedimentary provenance analysis, in
particular for unravelling parent-rock lithology of siliciclastic sediments. However, garnets from felsic crystalline
rocks (e.g., intermediate–acidic igneous rocks and metapelites) often have similar major element composition.
This results in ambiguity of provenance interpretation in most cases. Here, we collect trace element data of
garnets from different rock types to explore the feasibility of detrital garnet trace element geochemistry in
sediment provenance analysis. The Qaidam basin in northern Tibet is taken as an example and provenance of
Cenozoic sedimentary rocks therein is interpreted based on detrital garnet trace element composition. We find
that garnets in intermediate–acidic igneous rocks have much higher heavy rare earth element
(ΣHREE > 600 ppm) and yttrium (Y > 800 ppm) abundances than garnets in metapelites (ΣHREE < 300 ppm,
Y < 500 ppm). Garnets in high-grade metapelites (e.g. granulite facies) usually have higher light rare earth
element (ΣLREE > 4 ppm) and zinc (Zn > 150 ppm) abundances than garnets in low-, medium-grade meta-
pelites (up to amphibolite facies). Based on these findings, we suggest that Fe- and Mn-rich detrital garnets in the
Cenozoic sedimentary rocks from the northern Qaidam basin were probably derived from low-, medium-grade
metapelites and Mg-rich, Ca-poor detrital garnets therein were most likely derived from granulite-facies meta-
pelites. This provenance interpretation supports that the Qilian Mountains to the north was the major source for
the northern Qaidam basin and major deformation style along the Altyn Tagh Fault to west have been dominated
by large-amplitude lateral offset and extrusion, rather than crustal thickening and uplift during the early
Cenozoic. This study emphasizes high potential of detrital garnet trace element geochemistry in provenance
analysis and reconstruction of tectono-sedimentary evolution of clastic sedimentary basins.

1. Introduction

Sedimentary provenance analysis aims at reconstruction of parent-
rock assemblages of sediment and physical and chemical conditions
under which sediments formed (Johnsson, 1993; Basu, 2003; Li et al.,
2004; Weltje and von Eynatten, 2004). Successful provenance analysis
aspires to reconstruct all factors controlling the compositional and
textural modifications that transformed a parent-rock to a final sedi-
mentary deposit (Triebold et al., 2012). These factors mainly include
source rock lithology, tectonic activity, relief and climate, as well as the
modes of sediment transport, dispersal, and alteration on transit (e.g.,
Morton, 1993; Morton et al., 2005, 2011, Morton and Hallsworth,
1994, 1999; Meinhold et al., 2010; von Eynatten and Dunkl, 2012;
Garzanti et al., 2015; Romans et al., 2016). Therefore, sedimentary
provenance analysis is a valuable tool to reconstruct surface processes

of the Earth over both modern and geological timescales; and its phi-
losophy and concept has been widely applied in various aspects of
geosciences, particularly in tectonics, paleoclimatology and petroleum
geology (Dickinson, 1985, 1988; Hurst and Morton, 1988; Morton et al.,
2001; Osae et al., 2006; Noble et al., 2012).

Sedimentary provenance analysis attempt to unravel the sediment
form up processes and conditions based on the characteristics of the
sediment itself. Traditional approaches rely on bulk sediment compo-
sition, including (1) modal composition analysis of sandstone frame-
work grains (e.g., Blatt, 1967; Dickinson, 1970; Ingersoll et al., 1984);
(2) heavy mineral analysis of sandstones (e.g., Pettijohn, 1963; Dill,
1995); and (3) whole rock major and trace element geochemistry
analysis of sediments (e.g., McLennan et al., 1993). The growing da-
tabase for different tectonic settings allowed for developing tectonic
discrimination schemes based on bulk sediment petrographic and
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Fig. 1. (A, B) Geologic setting of the Qaidam basin; (C) sample locations (the geological background was modified from Gehrels et al. (2003) and the depositional
areas A, B and C were proposed by Jian et al., 2013a.
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geochemical composition (e.g., Bhatia, 1983; Dickinson, 1985). How-
ever, results obtained by these traditional analysis methods generally
reflect mixed signatures in the case of multiple sources. In addition,
these methods might be unreliable for provenance analysis of highly
modified sedimentary rocks (diagenetically or by weathering). Geo-
chemistry (major, trace elements and isotopes) of individual sand-sized
grains can in part overcome these issues. The potential of single-grain
in-situ mineral-chemistry analysis to sedimentary provenance study
was first summarized by Morton (1985) and further developed towards
investigating the characteristics and variability of individual grains of a
single mineral phase (e.g., feldspar, garnet, tourmaline, zircon, Cr-
spinel, apatite and rutile) (Henry and Guidotti, 1985; Ross and Parrish,
1991; Clift et al., 2001; Basei et al., 2005; Chetel et al., 2005; Triebold
et al., 2007; Meinhold et al., 2008; Lenaz et al., 2003, 2009; Coutand
et al., 2010; Chew et al., 2011; von Eynatten and Dunkl, 2012; Bonova
et al., 2018; Gillespie et al., 2018; Jian et al., 2013a, 2018; Jian et al.,
2019a). The fast development and wide application of in-situ geo-
chemical analysis techniques, such as electron microprobe analyses
(EMPA) and laser-ablation inductively coupled plasma mass spectro-
metry (LA-ICP-MS), has made the single-grain method the most pro-
minent in past decades (Fedo et al., 2003; Morton et al., 2004; Mange
and Morton, 2007; Condie et al., 2009; Triebold et al., 2007; Meinhold,
2010).

Garnet is a common heavy mineral in sandy deposits. It is a rela-
tively stable mineral under both weathering and burial diagenetic
conditions (Morton and Hallsworth, 1999, 2007). Garnets from

different protoliths or different temperature and pressure conditions
display significantly different major and trace element composition
(Bea and Montero, 1999; Krippner et al., 2014). Hence, detrital garnet
is one of the most utilized heavy minerals for single-grain chemistry-
based sedimentary provenance analysis (Morton et al., 2004; Čopjaková
et al., 2005; Mange and Morton, 2007; Takeuchi et al., 2008; Jian et al.,
2013a; Hietpas et al., 2014; Tolosana-Delgado et al., 2018; Lenaz et al.,
2018).

The general formula of garnet is X3Y2(SiO4)3, where X is the diva-
lent element (e.g., Ca2+, Mg2+, Fe2+, Mn2+), Y is trivalent element
(e.g., Al3+, Fe3+, Cr3+, V3+). Morton (1985) first proposed detrital
garnet chemistry as a sedimentary provenance indicator by using major
elements; after that, garnet major element geochemistry has been
widely employed in lots of case studies (Teraoka et al., 1997, 1998;
Morton et al., 2004a,b; Mange and Morton, 2007; Aubrecht et al., 2009;
Hietpas et al., 2014; Jian et al., 2013a; Krippner et al., 2014; Huber
et al., 2018). Proposed methods for garnet geochemical discrimination
mainly include five types of ternary diagrams on the basis of Fe, Mn, Mg
and Ca abundances (Krippner et al., 2014 and references therein).
Based on a large amount of garnet major element data and a hier-
archical discrimination approach involving three steps with linear dis-
criminant analysis at each step, Tolosana-Delgado et al. (2018) recently
proposed a new multivariate discrimination method to distinguish 5
major parent-rock types (eclogite-, amphibolite- and granulite-facies
metamorphic, as well as ultramafic and igneous rocks).

The main problem for those major element-based parent-rock in-
terpretation models is that garnets of different origins may have similar
major element composition, i.e., have overlap fields in those ternary
diagrams. For example, the widely-used Mange and Morton (2007)
method cannot be applied to accurately discriminate garnets derived
from intermediate-acidic igneous rocks and granulite-facies metapelitic
rocks, both of which show relatively Mg-rich, Ca-poor and Fe + Mn-
rich (Type A, in the diagram of Mange and Morton (2007), the same
below). And garnets of intermediate-acidic igneous rocks also usually
cannot be distinguished from the ones of intermediate or low metape-
lite rocks (Type Bi and Type Bii, Krippner et al. (2014)). By contrast,
little attention has been paid to the application of detrital garnet trace
elements in sedimentary provenance analysis so far. Trace element data
of 13 detrital garnet grains were first reported from the Lower Carbo-
niferous Culm sediments, Bohemian Massif (Čopjaková et al., 2005),
which are characterized by light rare earth elements (LREE) depletion,
negative Eu anomalies and Y and heavy rare earth elements (HREE)
enrichment. Those detrital garnets were inferred to be sourced from
granulite-facies metapelitic rocks. Lenaz et al. (2018) targeted detrital
garnets from flysch strata in the SE Alps and Outer Dinarides and found
that trace element contents can be very different in almandine-rich
garnets from different sources. These preliminary studies demonstrate a
high potential of detrital garnet trace element geochemistry in sediment
provenance analysis.

In this study, we collect published trace element geochemical data
of garnet from different crystalline rocks and propose garnet trace
element-based provenance interpretation models. We apply new ap-
proach to trace parent-rocks for Mg-rich, Ca-poor, Fe + Mn-rich (Type
A), Mg-poor, Ca-poor, Fe + Mn-rich (Type Bi) and Mg-poor, variable
Ca, Fe + Mn-rich (Type Bii) detrital garnets of the Cenozoic sandstones
from the northern Qaidam basin, northern Tibet (Fig. 1) on which
major element geochemical data were obtained in a previous study
(Jian et al., 2013a). The objectives are to: 1) unravel parent-rock li-
thology of the grains of Fe + Mn-rich garnet from the Qaidam basin
and 2) have a better understanding of the feasibility of garnet trace
element geochemistry in sedimentary provenance analysis.

2. Geologic setting

The Qaidam basin is a large continental sedimentary basin located
in the northern Tibetan Plateau (Fig. 1A). The basin covers an area of

Fig. 2. The Cenozoic stratigraphic framework of the Qaidam basin (Ye et al.,
1993; Sun et al., 2005; Wang et al., 2007). U/C: unconformity.
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about 120,000 km2, sits 2.7–3.0 km above sea level and has preserved
3–16 km thick Mesozoic and Cenozoic sedimentary strata (Jian, 2013;
Jian et al., 2014, 2019; Zhang et al., 2018). The basin is surrounded by
mountains on three sides (Fig. 1B), i.e., the East Kunlun Mountains to
the south, the Qilian Mountains to the east and the Altun Mountains to
the northwest. Formation of the Qaidam basin is considered to be a
result of the convergent system at the northern margin of the Tibetan
Plateau (Tapponnier et al., 2001), which is generally associated with
the India-Asia collision and subsequent rise, thickening, shortening,
lateral extrusion of the Tibetan Plateau (Harrison et al., 1992;
Tapponnier et al., 2001; Yin et al., 2002; Yue et al., 2003; Zhuang et al.,
2011; Jian et al., 2018). Consequently, it developed a series of thrust
fold belts in the northwest-southeast direction in the basin and reverse
faults along the Eastern Kunlun and Qilian Mountains.

The South Qilian terranes and the southern flanks of the Altun
Mountains (Fig. 1C) were proposed to be the source regions for the
Cenozoic sediments in the northern Qaidam basin (Zhuang et al., 2011;
Jian et al., 2013a, Jian et al., 2013b; Jian et al., 2018; Lu et al., 2018).
The South Qilian terrane is mainly composed of Upper Proterozoic to
Lower Paleozoic metamorphic rocks (mainly metapelites and sub-
ordinate acidic metavolcanics). The basement of the South Qilian ter-
rane, mainly exposed as the Proterozoic Dakendaban Group, is char-
acterized by variable-grade metamorphic rocks (low- to high-grade
metamorphic rocks) (Fig. 1C). The North Qaidam orogenic belt is

represented by a Paleozoic metamorphic belt, consisting of pelitic
shallow sea (meta-)sediments, mylonite and granite, and a small
number of eclogite and garnet peridotite bodies (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., 2008; Mattinson et al., 2009; Menold et al., 2009). The northern
flanks of the Altun Mountains host of granite, some metamorphic
complex rocks, Ordovician metasedimentary rocks and Jurassic sedi-
mentary rocks, while the southern flanks are dominated by Paleozoic
and Mesozoic granite rocks (Zhang and Gou, 1993; Gehrels et al.,
2003).

The Cenozoic strata of the Qaidam basin can be divided into 7
stratigraphic units (Fig. 2) according to the basin-wide lithostrati-
graphic framework, the microfossil studies, magnetostratigraphy and
isotope geochronology (Ye et al., 1993; Sun et al., 2005; Wang et al.,
2007), as follows: (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 (Qua-
ternary, 2.8 Ma–present).

Table 1
Descriptions of the analyzed sandstone samples from the northern Qaidam basin.

Samples location geographic coordinate formation depositional settinga lithology Q(%) F(%) L(%)

YCG-38 Pingtai Fold 38°27′33″N, 93°55′2″E Shang Youshashan Fm. delta facies lithic sandstone 57 7 36
YCG-17 Pingtai Fold 38°28′50″, 93°55′23″E Shang Ganchaigou Fm. delta facies feldspathic lithic sandstone 44 26 29
YCG-02 Pingtai Fold 38°30′3″N, 93°55′46″E Xia Ganchaigou Fm. delta facies lithic sandstone 55 6 39
YCG-08 Pingtai Fold 38°29′36″N, 93°55′36″E Xia Ganchaigou Fm. delta facies feldspathic lithic sandstone 65 17 18
S81-01 No. 4 Lenghu 38°43′11″N, 93°19′43″E Lulehe Fm. alluvial fan facies feldspathic lithic sandstone 55 20 25
L87-09 No. 5 Lenghu 38°36′51″N, 93°20′53″E Shang Ganchaigou Fm. delta facies lithic sandstone 46 14 40
K2-03 No. 3 Lenghu 38°43′33″N, 93°03′14″E Shang Ganchaigou Fm. alluvial fan facies lithic feldspar sandstone 52 35 13
Mb1-04 Mahai 37°55′58″N, 94°40′52″E Xia Ganchaigou Fm. fluvial facies feldspathic lithic sandstone 69 8 23
X9-01 Mahai 37°56′18″N, 94°11′45″E Shang Ganchaigou Fm. delta facies lithic sandstone 50 10 40
B1-05 Beilingqiu 37°46′2″N, 94°22′15″E Shang Youshashan Fm. fluvial/delta facies lithic sandstone 46 9 45

a The depositional settings and Q-F-L volume percentage data are modified from Jian et al., 2013a. Q: quartz; F: feldspar; L: lithic fragment.

Fig. 3. Stratigraphic correlation of the investigated outcrop section and drilling wells and previously reported petrography and heavy mineral results (Jian et al.,
2013a) for the analyzed sandstone samples. For sample locations, see Fig. 1C. Q: quartz, F: feldspar, L: lithic fragments; zrn: zircon, tur: tourmaline, rt: rutile, ap:
apatite, ttn: titanite, ep: epidote, grt: garnet, chl: chlorite, px: pyroxene, hbl: hornblende.
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3. Samples and analytical methods

3.1. Sample description

All the analyzed garnet grains were separated from 10 sandstone
samples (Fig. 1C), including 5 lithic sandstones, 4 feldspathic lithic
sandstones and one lithic feldspar sandstone (Table 1). These sandstone
samples were previously analyzed for framework petrography, heavy
mineral assemblages and major element composition of detrital garnet
(Jian et al., 2013a). The related results are shown in Fig. 3 and Figs.
B1–B3 (in Appendix B). Most detrital grains of the Cenozoic sandstones
are angular to subangular and poorly to moderately sorted. The fra-
mework detritus is dominated by quartz and lithic fragments, with
abundances (in Q-F-L diagram) ranging from 36% to 74% and from 8%
to 51%, respectively. The lithic fragments are dominated by metase-
dimentary lithic fragments (Jian et al., 2013a). The heavy mineral
mainly includes garnet, epidote, zircon, tourmaline and apatite, in-
dicating a major derivation of metamorphic rocks (Jian et al., 2013a).

The detrital garnets are characterized by high almandine and
spessartine end-member contents (Fig. 4; Jian et al., 2013a). The ana-
lyzed detrital garnet grains in this study include Fe + Mn-rich, Mg-rich
and Ca-poor (Type A) garnets from samples L87-09, X9-01, Mb1-04, B1-
05, Fe + Mn-rich, Mg-poor and Ca-poor (Type Bi) garnets from samples
S81-01, K2-03, YCG-02, B1-05, Mb1-04, Fe + Mn-rich, Mg-poor and
variable Ca (Type Bii) garnets from samples X9-01, YCG-02, YCG-08,
YCG-17, YCG-38, Fe + Mn-poor, Mg-rich and Ca-rich (Type Ci) garnets
from samples YCG-02, YCG-08, YCG-17, Mb1-04 (Table A1 in Appendix
A). Major element composition data and corresponding parent-rock
interpretations of these detrital garnets are shown in Table 2.

3.2. Analytical methods

Typical Type A, B and Ci detrital garnet grains (Fig. 4) were selected
for trace element analysis. Note that most analyzed grains are plotted
far from the boundaries of the different fields in the Mange and Morton
(2007) diagram (Fig. 4). The geochemical data of garnets were mea-
sured at the Ministry of Education Key Laboratory of Orogenic Belts and
Crustal Evolution, Peking University. Major element analyses had been
already carried out on JEOL JXA-8100 EPMA (Jian et al., 2013a) with
15 kv acceleration voltage, 1 μm beam spot and 1 A beam current
conditions. Trace element analysis was undertaken on an Agilent 7500a
ICP-MS, laser (with a 193 nm ArF-excimer laser) and GeoLas200M
laser-ablation system. The laser beam spot was about 44 μm, the depth
of laser ablation was 32 μm, the energy density was 15 J/cm2 and the
laser repetition rate was 4 Hz, used He as carrier gas. All the trace
element analysis spots are consistent with those for the major element
analysis. The synthetic silicate glass NIST SRM 610 was used as the
reference material (Song et al., 2007a), and 29Si was used as the in-
ternal standard. The grain sizes and ablation locations of the analyzed
garnets are listed in Table 3.

3.3. Cluster analysis

Cluster analysis is a useful statistic method for classifying data into
different classes or clusters. Objects in the same cluster have simila-
rities, while objects in different clusters have great differences
(Vermunt and Magidson, 2002). Here, the SPSS (Statistical Product and
Service Solutions) program was used to conduct cluster analysis and k-
means clustering algorithm was employed to classify the 51 detrital
garnet grains in this study.

4. Results

Detrital garnets fallen within the fields of Type A, Bi and Bii (Fig. 4)
have similar patterns of rare earth elements (REE) (Fig. 5A and B), i.e.,
depletion in LREE, enrichment in HREE and negative Eu anomalies (Eu/
Eu* = EuN/0.5(SmN + GdN), with the subscript N denoting chondrite-
normalized values from McDonough and Sun (1995)). However, these
detrital garnet grains have different REE abundances. Twenty-two Type
Bi garnet grains have ΣHREE of 3–1505 ppm, ΣLREE of 0.4–39 ppm,
Eu/Eu* ratio of 0.01–0.86, Zn contents of 3–378 ppm, Y contents of
6–2786 ppm; twelve Type Bii garnet grains have ΣHREE of
7–1018 ppm, ΣLREE of 0.1–4 ppm, Eu/Eu* ratio of 0.2–1.4, Zn contents
of 14–61 ppm, Y contents of 17–2245 ppm; nine Type A garnet grains
have ΣHREE of 32–142 ppm, ΣLREE of 1–16 ppm, Eu/Eu* ratio of
0.04–0.24, Zn contents of 38–285 ppm, Y contents of 45–262 ppm. In
addition, some Type A garnets show a different REE pattern, i.e., middle
REE are more abundant than heavy REE, with GdN/YbN ratios >1. For
the garnet grains that have been interpreted to be derived from inter-
mediate-acidic igneous rocks (Type A or Type Bi) based on major ele-
ment analysis, only grains YCG-02.9, YCG-02.32, S81–01.1, S81–01.12,
S81–01.25, K2-03.2, K2-03.13, K2-03.21, K2-03.22 have ΣHREE over
500 ppm and Y content greater than 800 ppm. The Type Bii garnet
grains, which have been interpreted to be derived from low-, medium-
grade metapelites, have ΣHREE below 500 ppm and Y < 800 ppm.

Patterns of the eight Type Ci garnet grains show the following
features: depletion in LREE, enrichment in HREE and no Eu anomalies
or slight Eu negative anomalies (Fig. 5C). These garnet grains have
ΣHREE of 1–64 ppm, ΣLREE of 0.2–8 ppm, Eu anomaly values of 0.3–2,
Zn contents of 15–135 ppm, and Y contents of 24–114 ppm.

According to the new major elements-based garnet discrimination
scheme of Tolosana-Delgado et al. (2018), twenty-seven detrital garnet
grains therein were interpreted to be derived from amphibolite-facies

Fig. 4. Major element composition plots for the analyzed 10 sandstone samples
in the Alm + Sps-Grs-Prp discrimination diagram after Mange and Morton
(2007). A—granulite-facies metasediments and intermediate felsic igneous
rocks or charnockites (mainly derived from crust in depth, Mg-rich, Ca-poor),
Bi—intermediate to felsic igneous rocks (Fe-rich, Mn-rich), Bii—medium-low
metasedimentary rocks, amphibolite-facies (Mg-poor, variable Ca), Ci—meta-
basic rocks, Type Cii—ultramafic rocks (Mg-rich, boundary between Ci and Cii
is 50% magnesium content), D—low-grade metabasic rocks or contact meta-
somatic metamorphic rock (Ca-rich). All the garnet major elements data are
shown in Table A1. Alm, Sps, Grs and Prp are almandine, spessartite, grossu-
larite and pyrope, respectively, show the end-member elements percentage of
garnet.
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metamorphic rocks, fourteen grains were interpreted to be derived from
granulite-facies metamorphic rocks and ten grains were interpreted to
be derived from igneous rocks. The new interpretation indicates that
most of these detrital garnets were probably sourced from metamorphic
rather than igneous rocks, compared with the results depending on the
ternary diagram of Mange and Morton (2007) (Table 2).

5. Discussion

5.1. Trace element geochemistry of garnets in felsic crystalline rocks

Published trace element data of 430 garnets from different rock
types (granite, granulite-facies metapelite, and amphibolite-facies me-
tapelite) were collected for comparison (Fig. 6, Table A2). Garnets in
the granulite-facies metapelites show two types of REE patterns: (1)
LREE depletion, HREE enrichment (or HREE depletion relative to
MREE) and negative Eu anomaly, and (2) LREE and HREE depletion,
MREE enrichment and no Eu anomaly (Bea et al., 1997, 1999; Hermann
and Rubatto, 2003; Buick et al., 2010; Taylor and Stevens, 2010;
Orejana et al., 2011; Clarke et al., 2013; Jiao et al., 2013). The garnets
of granulite-facies metapelites in the Kinzigite Formation of the Ivrea-
Verbano zone, northwest Italy also show the former typical features
(Bea and Montero, 1999). There are also two types of REE distribution
patterns for garnets in amphibolite-facies metapelites, i.e., (1) LREE
depletion, HREE enrichment and negative Eu anomaly, which is similar
to the REE distribution pattern of garnet from granite; and (2) LREE
depletion, HREE enrichment and no Eu anomaly (Bea et al., 1997,
1999; Buick et al., 2010; Orozbaev et al., 2015; Gulbin, 2016). In ad-
dition, garnets derived from both granites and metapelites show the
REE pattern of LREE depletion, HREE enrichment and negative Eu
anomaly (Fig. 6A) (Bray 1988; Jung and Hellebrand, 2006; Villaros
et al., 2009; Gao et al., 2012; Xu et al., 2013; Yang et al., 2013; Hönig
et al., 2014).

It is worth noting that garnets from granites and metapelites have
different REE abundances. Granite-derived garnet has higher ΣHREE
(range: 201–9951 ppm), most more than 600 ppm, especially for thoes
garnets from A-type granites than metapelite-derived garnet (ΣHREE
range: 15–1661 ppm, most less than 600 ppm) (Table 4). This can be
explained as follows. LREE are relatively incompatible elements and
tend to enter melt rather than crystals (Villaros et al., 2009; Yang et al.,
2013; Hönig et al., 2014). Magmatic garnets crystallize directly from
the melt and have good euhedral crystal shapes and hence granite
garnets will be significantly rich in HREE and Y (Gao et al., 2012; Hönig
et al., 2014; Gulbin, 2016).

Here we propose that detrital garnets with ΣHREE greater than
600 ppm are probably derived from granitic rocks, while detrital gar-
nets with ΣHREE less than 600 ppm are probably from metapelites
(granulite-facies and amphibolite-facies). In addition, granulite-facies
metapelite rock-derived garnets can be further distinguished from am-
phibolite-facies metapelite-derived garnets based on the ΣLREE con-
tents (Fig. 6B). Note that this proposition is for those detrital garnets
with Fe + Mn-rich, Mg-rich and Ca-poor abundances (i.e. of felsic
crystalline rock origin). Previous studies realized that the growth zo-
nation of a single garnet grain displays different trace element com-
position (Faryad et al., 2018). For example, garnets from A-type gran-
ites, highly fractionated granitic pegmatites and some biotite
granodiorites generally indicate outward decrease of Y and REE
(Smeds, 1994; Whitworth and Feely, 1994; Dorais and Tubrett, 2012;
Müller et al., 2012; Hönig et al., 2014). In contrast, garnets from per-
aluminous S-type granites shows increasing Y and REE contents from
the core toward the rim (Sevigny, 1993; Bea, 1996). However, most
geochemical data of core and rim parts in a single garnet grain tend to
be plotted in the same fields in our proposed discrimination diagram,
for both metapelite- and granite-derived garnets (Fig. 7). Furthermore,
our previous studies on different parts of single detrital garnet grains
from the Qaidam basin indicate that most detrital garnet grains haveTa
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relatively homogeneous chemical composition (please see the BSE
images in Fig. B4 in Appendix B). All these findings imply that the
geochemical differences within a single garnet grain seem to be negli-
gible and thus analysis on core or rim parts does not influence the

provenance interpretations for most detrital garnets.
It is worth noting that some garnets from granulite-facies metape-

lites display MREE enrichment patterns (Fig. 6A). Hence, we favor that
detrital garnets with GdN/YbN > 1 are most likely derived from gran-
ulite-facies metapelites rather than low-grade metapelites or inter-
mediate-acidic igneous rocks (Fig. B5 in Appendix B). Besides, yttrium
(Y) element generally shows higher content in granitic garnet. The
range of Y content in granitic garnet is 315–3532 ppm, while the Y
content range of garnets from metapelites is 0.4–836 ppm (Fig. 6C).
Therefore, we propose that detrital garnets with Y content >800 ppm

Fig. 5. Trace elements spider diagrams for the analyzed detrital garnets. (A):
type A garnets; (B): type Bi and type Bii garnets; (C): type Ci garnets (according
to the above major element results of Mange and Morton (2007)). Chondrite
data are from McDonough and Sun (1995).

(caption on next page)
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are likely derived from granites, detrital garnets with Y content of
500–800 ppm are probably derived from granites or metapelites, det-
rital garnets with Y content <500 ppm are likely derived from meta-
pelites.

We hold the opinion that more detailed parent-rock discrimination
for felsic crystalline rocks-derived garnet and the application of other
trace elements in detrital garnet provenance analysis may deserve
further consideration. A case study on Cenozoic granites and metape-
lites in the Himalayan orogenic belt suggests that garnets from granites
have much higher Zn contents (>150 ppm) than garnets from meta-
pelites (<100 ppm) (Gao et al., 2012). However, the collected data
indicate that garnets from granulite-facies metapelites have similar Zn
contents with granitic garnets (Jiao et al., 2013) and Zn contents of
granulite-facies and amphibolite-facies garnets are different (Fig. 6C).
Thus, the element Zn also shows possible utilizability on the garnet
provenance discrimination.

5.2. Garnet trace elements in ultramafic rocks and skarn

Garnet is common in metabasic and ultramafic rocks (Zhang et al.,
2006; Song et al., 2007a, 2007b). Magnesium-rich detrital garnets from
ultramafic and metabasic rocks could well be distinguished on the basis
of garnet major element composition (Mange and Morton, 2007;
Tolosana-Delgado et al., 2018). However, determination of specific
ultramafic parent rock remains poorly known. For example, garnets in
peridotite and pyroxenite might have similar major element composi-
tion but have different trace element composition. Garnets from peri-
dotites show sinusoidal REE distribution pattern and relatively higher

in PrN/HoN ratios (Fig. B6, Table A3) (Zhang et al., 2000; Burgess and
Harte, 2004; Luo et al., 2004; Liati and Gebauer, 2009; Agashev et al.,
2013; Pokhilenko et al., 2015). In addition, an overwhelmingly high Ca
content is regarded as the dominant feature for garnet in skarn. Pre-
vious studies indicate that the garnets in different types of skarns show
two main REE patterns (Fig. B7, Table A3). These can be concluded as a
magma type: LREE enrichment, HREE depletion, positive Eu anomaly
(indicates rich iron and oxidation environment) and a contact meta-
somatic type: LREE depletion, HREE enrichment, negative Eu anomaly
(indicates rich aluminum and reducing environment) (Xiao and Liu,
2002; Gaspar et al., 2008; Zheng et al., 2012; Wang, 2016). These
findings indicate that trace element geochemistry also displays a high
potential in detailed provenance interpretation for ultramafic and
skarn-sourced detrital garnets.

5.3. Revisiting detrital garnet provenance of the Cenozoic sandstones from
the northern Qaidam basin

Combined with petrography, heavy mineral analysis and mineral
chemical data, Jian et al., 2013a found significant spatial variations in
the Cenozoic sandstone composition and thus proposed three depo-
centers (areas A, B and C, Fig. 1C) with different parent-rocks in the
northern Qaidam basin. Sedimentary rocks in area A (Fig. 1C) were
likely derived from multiple sources with a relatively long transport
distance; and their parent-rocks are mainly metamorphic rocks of dif-
ferent grades and intermediate-acidic igneous rocks. The major parent-
rocks of sedimentary rocks in area B are medium-low metamorphic
rocks and high-grade metamorphic rocks; and the sediments source can
be constrained within the North Qaidam and South Qilian metamorphic
belts. Sedimentary rocks in area C (Fig. 1C) were mainly sourced from
basic rocks, intermediate or acidic igneous rocks with subordinate
metamorphic rocks (i.e., schists and gneisses).

The trace element characteristic parameters of the selected 51 det-
rital garnet grains from the northern Qaidam basin are shown in Fig. 8.
Fe + Mn-rich, Mg-rich, Ca-poor (Type A in the diagram of Mange and
Morton (2007)) garnets fell into the granulite-facies metapelites field in
the ΣLREE-ΣHREE diagram (Fig. 8A). And they have less than 5%
spessartine content, Zn content >150 ppm, Y content <500 ppm
(Fig. 8B), supporting that these garnets were most likely derived from
high-grade granulite-facies metapelites. As expected, most of the
Fe + Mn-rich, Mg-poor, variable Ca (Type Bii in the diagram of Mange
and Morton (2007)) garnets are plotted in the amphibolite-facies me-
tapelite field, indicating the dominant source of amphibolite-facies
metapelitic rocks or other low-, medium-grade metapelitic rocks. Some
Fe + Mn-rich, Mg-poor, Ca-poor (Type Bi in the diagram of Mange and

Fig. 6. The diagrams of garnet elements characteristic parameters from dif-
ferent felsic crystalline rocks. (A) REE features of garnets from granite and
metapelite rocks. (B) ΣLREE and ΣHREE contents of garnets from granite and
metapelite. Region 1: granulite-facies metapelites (taken up the total number of
94% collected granulite-facies metapelites garnets), region 2: amphibolite-fa-
cies metapelites (taken up the total number of 84% collected low-, medium-
grade metapelites garnets), region 3: granite (taken up the total number of 86%
collected granite garnets). (C) Zn and Y contents of garnets from granite and
metapelite. Granite garnet data derived from Gao et al. (2012), Hönig et al.
(2014), du Bray (1988), Jung and Hellebrand (2006), Villaros et al. (2009), Xu
et al. (2013), Yang et al. (2013). Granulite-facies metapelite garnet data derived
from Bea et al. (1997, 1999), Hermann and Rubatto (2003), Buick et al. (2010),
Taylor and Stevens (2010), Orejana et al. (2011), Clarke et al. (2013), Jiao et al.
(2013). Amphibolite-facies metapelite garnet data derived from Bea et al.
(1997, 1999), Buick et al. (2010), Orozbaev et al. (2015), Gulbin (2016). These
dashed and solid lines are our empirical values according to the collected data.

Table 4
REE characteristic parameters of garnet in different granites and metapelitic rocks.

Type ΣLREE(ppm) ΣHREE(ppm)(no Y) Eu/Eu* GdN/YbN SmN/GdN

leucogranite 0.34-3.28 200.8–1836.8 0.002-0.034 0.008-0.176 0.047-0.175
A-type granite 3.4–40.78 2029.5–9951.1 0.008-0.03 0.027-0.302 0.087-0.181
peraluminous granitoid 12.75–116.63 557–5917.5 0.002-0.487 0.071-0.397 0.121-0.365
medium-grained biotite granite 2.53–545.9 701.3–7913.7 0.001-0.004 0.019-0.176 0.117-0.673
fine-grained two-mica granite 2.85–101.34 1462.6–9172.6 0.001-0.002 0.017-0.189 0.123-0.682
S-type granite 1.3–7 211.2–771.7 0.133-0.251 0.044-0.245 0.151-0.346
granulite-facies metapelite 0.426-41.730 3.089–676.760 0.006-1.440 0.102-11.266 0.015-0.948
amphibolite-facies metapelite 0.120-7.933 21.226–1661.22 0.102-1.151 0.012-4.503 0.038-0.348

1) Leucogranite garnet data from Gao et al. (2012); 2) A-type garnet data derived from Hönig et al. (2014); 3) Peraluminous granitoid garnet data derived from du
Bray (1988); 4) Medium-grained biotite granite and fine-grained two-mica granite garnet data derived from Yang et al. (2013); 5) S-type garnet data from Villaros
et al. (2009). 6) Granulite-facies metapelite garnet data derived from Hermann and Rubatto (2003), Bea et al. (1997, 1999), Jiao et al. (2013), Orejana et al. (2011),
Taylor and Stevens (2010), Clarke et al. (2013), Buick et al. (2010). 7) Amphibolite-facies metapelite garnet data derived from Bea et al. (1997, 1999), Buick et al.
(2010), Orozbaev et al. (2015), Gulbin (2016). GdN/YbN is used to indicate the degree of MREE enrichment.
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Morton (2007)) garnets, which were interpreted to be from inter-
mediate to felsic igneous rocks, fell into the amphibolite-facies meta-
pelite field (Fig. 8A). The results of Zn and Y contents (Fig. 8B) also
support that these garnets are most likely derived from amphibolite-
facies metapelites or other low-, medium-grade metapelites, rather than
intermediate to felsic igneous rocks. Furthermore, the trace element
cluster analysis results also reinforce the proposition that these garnets
were most likely derived from different-grade metapelites (Table A5).
Our new provenance interpretation is quite consistent with the inter-
pretation results based on the discrimination method of Tolosana-
Delgado et al. (2018) (The comparison results are shown in Table 3).
Note that only a small amount of Type Bi garnets are plotted in the
granite field. Therefore, the new provenance analysis results suggest
that the detrital garnets in Cenozoic sedimentary rocks in the northern
Qaidam were mainly derived from different-grade metapelitic rocks.
Furthermore, Type Ci garnets (grains YCG-17.14, YCG-08.03, YCG-
08.05, YCG-08.32, YCG-08.34, YCG-02.17, YCG-02.25, Mb1-04.38) are
interpreted to be derived from metabasic rocks in the diagram of Mange
and Morton (2007), whereas these detrital garnets are interpreted to be
possibly from granulite-facies metapelites or amphibolite-facies meta-
pelites (the possibilities are around 50%), based on the discrimination
scheme of Tolosana-Delgado et al. (2018). The 8 Mg-rich, Ca-rich det-
rital garnets are also plotted in the discrimination diagram of ΣLREE-
ΣHREE (Fig. 8A) and the results indicate that 5 grains therein have the
same parent-rock interpretation to the evaluation depending on the

method by Tolosana-Delgado et al. (2018). Hence, how trace element
geochemistry comes into play in detailed provenance interpretation for
Mg-rich, Ca-rich detrital garnets (i.e. probably of metabasic rock origin)
remains an open question.

As the Qilian orogenic belt is a metamorphic belt and is mainly
composed of schists and gneisses and other metamorphic rocks (Gehrels
et al., 2003; Song et al., 2003a,b, 2005, 2006; Yang et al., 2006; Song
et al., 2007a,b; Wang et al., 2009; Zhang et al., 2009), we suggest that
the Lower Cenozoic sedimentary rocks in the Depositional area C
(Fig. 1C), which is located in the northwestern corner of the Qaidam
basin, close to the Altun Mountains and Qilian Mountains, likely had a
major derivation of the Qilian orogenic belt. The trace element com-
position of the analyzed detrital garnets, discriminated by our new
diagram, also show well match with the limited, published garnet trace
element data of granulite-facies and amphibolite-facies metapelites and
eclogites from the Qilian Mountains (Fig. 9). The new provenance in-
terpretation is reinforced by paleocurrent data, which show dominant
west- and southwest-directed paleoflow in the northern Qaidam basin
(Zhuang et al., 2011; Jian et al., 2018; Lu et al., 2018). This means that
the Altun Mountains, bounded by an active left-lateral strike-slip fault
system separating the Qaidam basin from the Tarim basin (Fig. 1), did
not uplift and were not in a high relief to feed detritus to the Qaidam
basin during the early Cenozoic. Therefore, based on the new prove-
nance interpretation in this study, we favor the proposition that the
major tectonic deformation along the Altyn Tagh Fault, was dominated

Fig. 7. ΣHREE-ΣLREE plots for core and rim parts of single garnet grains from different rocks. (A) garnet grains of granulite-facies metapelites (data from Zhang et al.
(2015)). (B) garnet grains of A-Type granites (data from Hönig et al. (2014)). (C-D) garnet grains of a medium-grained biotite granite and a fine-grained two-mica
granite (data from Yang et al. (2013)). This illustration highlights that the geochemical differences within a single garnet grain seem to be negligible and thus analysis
on core or rim parts does not impact the provenance interpretations for most detrital garnets.
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by large-amplitude lateral offset and extrusion, rather than crustal
thickening and uplift in the early Cenozoic (Yue and Liou, 1999; Yue
et al., 2003; Lu et al., 2016; Jian et al., 2018).

6. Conclusions

We collected published trace element data of garnets from granites
and different-grade metapelites and compared these data with the
detrital garnet composition obtained from the Cenozoic sediments of
the Qaidam basin, northern Tibet to explore the potential of detrital
garnet trace element geochemistry in sedimentary provenance analysis.
The following conclusions can be drawn from the present study:

(1) The REE and Y elements could be employed to distinguish garnets
derived from intermediate-acidic igneous rocks and different-grade
metapelites. Generally, garnet from granites have high Y and HREE
contents, while garnet from metapelites has low Y and HREE con-
tents. Garnet derived from granulite-facies metapelites usually has
higher ΣLREE and Zn contents, while garnet derived from amphi-
bolite-facies metapelites has lower ΣLREE and Zn contents. These
findings are an important step towards a better understanding of
trace element geochemistry in detrital garnet provenance analysis.

(2) Fe + Mn-rich garnets in the Cenozoic sedimentary rocks from the
northern Qaidam basin were alternatively interpreted to be sourced
from intermediate-acidic igneous rocks or metapelites. Here,

Fig. 8. Trace element discrimination diagrams for the analyzed detrital garnets of the Cenozoic sandstone samples from the northern Qaidam basin. (A) ΣLREE-
ΣHREE plots of the analyzed garnets. (B) Zn-Y plots of the analyzed garnets.
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however, most of these garnets were likely derived from metape-
lites, based on the new trace element geochemical data.

(3) The northern Qaidam basin was dominantly fed by the Qilian me-
tamorphic belt rather by than the Altun Mountains during the early

Cenozoic. This means that the Altun Mountains had not experi-
enced extensive uplift and had not formed high relief to the Qaidam
basin in the early Cenozoic.
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