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in age were sourced from magmatic rocks of the southwest-
ern South China Block and northern Vietnam. These prov-
enance results suggest that sediments flow into the Khorat 
red beds was likely from the Great Simao Basin and north-
ern Vietnam, and not directly from the Yangtze Block.

Keywords Provenance · Paleogeography · U–Pb detrital 
zircon age · Late Cretaceous · Muang Xai

Introduction

Laos is located in the north of mainland SE Asia and the 
Muang Xai Basin, located in northern Laos, crops out as a 
succession of Mesozoic continental red beds (Department 
of Geology and Mines of Lao P.D.R. (DGM) 1991). These 
red beds are comparable to those in the Simao Basin (Wang 
et al. 2014), and the Muang Xai Basin forms an important 
zone that connects the Simao, Vientiane, and Khorat Basins 
in Laos and Thailand that contain one of the largest global 
potash resources (Hite and Japakasetr 1979). The genetic 
relationship between these basins and their paleogeo-
graphic link has been of great interest (Xu and Wu 1983; 
BGMRY 1986; Racey et al. 1996; Qu 1997; Qu et al. 1998; 
Racey 2009; Han et  al. 2011; Morley 2012; Wang et  al. 
2014; Sinsoupho et al. 2014, 2015). However, there is little 
robust evidence of the paleogeographic link between them. 
Carter and Bristow (2003) indicated that the Khorat Basin 
was adjacent to the Sichuan Basin during the Early Creta-
ceous and that the source of the Khorat Group sediments 
was the Qinling Orogenic Belt. This argument is also sug-
gested by Singsoupho et al. (2014, 2015). However, Wang 
et  al. (2014) suggested that the Simao Basin was situated 
on the western margin of the Khorat Basin during the Late 
Cretaceous, and the source of the Khorat sediments was 

Abstract The Muang Xai Basin, located in northern 
Laos, is associated with the Simao, Vientiane, and Khorat 
Basins. The paleogeographic link of these basins has not 
been investigated in great detail; thus, the investigation pre-
sented in this study is a comprehensive analysis of petrol-
ogy, whole-rock geochemistry, and detrital zircon U–Pb 
chronology used to characterize the provenance of the 
Muang Xai Basin. Results suggest that the sedimentary 
source includes felsic rocks from an active continental 
margin or continental arc with minor amounts of recycled 
passive continental margin sediments. Sandstones of the 
Muang Xai Basin contain detrital zircons with varying U–
Pb peak ages. The youngest age peak of all the zircons is 
103 Ma, which limits the age of the Mesozoic strata to the 
Late Cretaceous. Detrital zircon U–Pb and trace element 
data, combined with geochemical result, reveal that the pre-
Ordovician zircons were derived from recycled sediments 
of the Yangtze Block, which are originally sourced from 
the Qinling Orogenic belt. This provenance is shared with 
coeval sediments in the Simao and Khorat Basins, while 
magmatic rocks of the Ailaoshan, Truong Son Belt, and 
Lincang terrane are responsible for zircons of 416–466 and 
219–308 Ma in age. Zircons of 101–110 and 149–175 Ma 
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likely from Simao Basin. Therefore, the provenance and 
paleogeography of the equivalent strata in the Muang Xai 
Basin are significant for understanding the link between the 
Khorat and Simao basins.

Zircon is a highly refractory mineral that can endure 
cycles of geologic history with little to no alteration. For 
the past two decades, detrital zircon analysis has been used 
with increasing success to evaluate provenance and paleo-
geography and developing tectonic reconstructions (e.g., 
Fedo et  al. 2003; Gehrels 2012). Interpretation of prove-
nance based on detrital zircons can also be used to develop 
a geological history of sedimentary basins and their sur-
rounding source regions (Fedo et al. 2003). A combination 
of U–Pb ages and trace elements of such detrital zircons 
can effectively constrain the sources and origins of detri-
tal zircon grains in sedimentary rocks on a temporal basis 
(e.g., Wu et al. 2007, 2010; Hoang et al. 2009; Wang et al. 
2015).

Furthermore, petrological analysis can be used to obtain 
the compositional characteristics and provenance of rock 
debris in a sedimentary basin (Dickinson et al. 1983), while 
whole-rock geochemistry can be applied to provenance 
analysis and discrimination of tectonic setting (Bhatia 
1983; Bhatia and Crook 1986). In this study, an integrated 
approach based on petrology, whole-rock geochemistry, 
detrital zircon U–Pb age, and zircon trace element analy-
sis is used to constrain the sedimentary provenance of Late 
Cretaceous strata of the Muang Xai Basin. This has further 
implications in terms of the paleogeography of the Simao 
and the Khorat Basins.

Geological setting

Mainland SE Asia contains a complex assemblage of sev-
eral Gondwana-derived micro-continents. This includes 
the South China Block (SCB), Indochina Block, Sibumasu 
Block, Sukhothai Block, and the Qamdo-Simao Block. 
These all experienced heterogeneous collisions during mul-
tiple closures of the Tethyan Ocean from the Late Permian 
to the Early Triassic (see reviews in Metcalfe 2011, 2013 
and Fig. 1). The boundaries between these blocks consist of 
major fault zones and sutures such as the Red River Fault, 
Dien Bien Phu Fault, Jinghong Suture, Nan Suture, Song 
Ma Suture, and Ailaoshan Suture (Fig.  1). The evolution 
of the Tethyan Ocean is closely linked with collision of all 
these blocks mentioned above, also known as the Indosin-
ian Orogeny (Wang et  al. 2014 and references therein). 
During the Triassic, the collision of the SCB and North 
China Block led to the generation of the Qinling Orogenic 
Belt. To the north of the Ailaoshan suture, the closure of 
the Tethyan Ocean contributed to the collision between 
the Yidun terrane and Songpan-Ganzi terrane (SGT) in the 
Triassic (Wang et al. 2000, 2013). The Baoshan–Sibumasu 

Block collided with the Indochina Block after subduction 
of the Devonian–Triassic Tethys Ocean, and major suture 
zones are recognized, including the Jinghong and Nan 
sutures and the Changning-Menglian and the Inthanon 
sutures (Sone and Metcalfe 2008) (Fig. 1).

The Indochina Block is one of the largest tectonic 
units in SE Asia and occupies most of the Indochina pen-
insula. It is believed to have been extruded along the Red 
River fault by the collision between India and Asia dur-
ing the Cenozoic (Tapponnier et al. 1982). The Indochina 
block borders the SCB along the Ailaoshan and Song Ma 
sutures to the north and northeast, and is separated from the 
Baoshan–Sibumasu Block by the Lincang granites, Suk-
hothai Arc, and the Inthanon Suture Zone in the west (Sone 
and Metcalfe 2008; Metcalfe 2011). Like other continental 
blocks in SE Asia, the Indochina Block is thought to have 
been proximal to Gondwana during the Early Paleozoic 
(Metcalfe 2011, 2013). Paleomagnetic studies have been 
used to identify different internal rotational deformations 
in the Indochina Block (Chen et al. 1995; Sato et al. 1999, 
2007; Tong et  al. 2013), which has also been thoroughly 
transected by some Neogene strike-slip faults such as the 
Dien Bien Phu Fault and the Ailaoshan-Red River Fault 
(Wang et al. 2016).

The Simao Basin, located in the southern part of Qamdo-
Simao block, is a continental rift basin during the Juras-
sic–Cretaceous period (Qu et al. 1998). The Qamdo–Simao 
block is bounded by the Jinghong and Nan suture zones 
in the west and the Jinshajiang, Ailaoshan, and Song Ma 
sutures in the east (Sone and Metcalfe 2008; Metcalfe 
2011). The collision of the Simao and SCB occurred in the 
Late Triassic (Jian et al. 2009) or Late Permian–Early Tri-
assic (Metcalfe 2009).

The Nan-Dien Bien Phu Suture Zone and the Truong 
Son Belt are two tectonic boundaries of the magmatic and 
sedimentary rocks in northern Laos (Wang et  al. 2016). 
Mesozoic strata, cropped out in the Muang Xai Basin, have 
not been sufficiently subdivided due to the limited geo-
logical mapping data (Fig. 2a; DGM 1991). The Mesozoic 
outcrops (MZ1, MZ2, DGM 1991) are mainly purple and 
red continental mudstones interbedded with red siltstones 
and sandstones, with clay conglomerates and gypsum 
(Figs.  2, 3). The lithological association is comparable to 
the Late Cretaceous Mengyejing Formation in the Simao 
Basin and believed to have been deposited in a lacustrine 
basin (Wang et  al. 2014, 2015). The Mengyejing Forma-
tion can be divided into three members (Wang et al. 2015). 
The lower member consists of an evaporite-bearing (halite 
and gypsum) succession of red–brown clay conglomerates, 
mudstones, and sandstones. The middle member is mostly 
red–brown siltstones, mudstones interbedded with fine 
sandstones and yellow mudstones and marls. The lower part 
of the upper member is dominated by clay conglomerates, 
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halite, sylvite, and gypsum interbedded with several tuff 
layers, and the upper part is mainly red–brown siltstones, 
mudstones, and sandstones. The Late Cretaceous continen-
tal red beds with evaporites are also present in the Khorat 
Basin (Racey 2009; Racey and Goodall 2009).

Samples and analytical methods

The studied section of the Mesozoic strata is located at 
Muang Xai area, northern Laos (20°38.18′ −57.27′N; 
102°1.3′ −33′E) (Figs. 2, 3) and believed as the equivalent 
of the Late Cretaceous Mengyejing Formation in the Simao 
Basin. Nine lithic sandstone samples were taken from the 
bottom of the section and selected for modal analysis and 
subjected to point-counts (>400 points per sample) follow-
ing the Gazzi-Dickinson method (Ingersoll et  al. 1984). 
The full dataset is presented in the supplementary material.

The major and trace element compositions of nine 
sandstone samples were analyzed at the Beijing Research 
Institute of Uranium Geology. Major element analysis was 
conducted using a Philips PW2404 X-ray fluorescence 
spectrometer (XRF) according to the method of Long et al. 
(2008) with an analytical accuracy of <1%. Trace element 
analysis was performed using an ELEMENT XR high-
resolution inductively coupled plasma mass spectrometer 
(ICP-MS) using the analytical procedure is given by Cullen 
et al. (2001) with an analytical precision of <2.5%.

Six sandstone samples from the Mesozoic strata were 
collected for U–Pb geochronology and trace element 
analysis (Fig.  2a). All samples were selected from fresh, 
medium- to coarse-grained sandstones. A total of 150 rep-
resentative zircon grains were selected using conventional 
heavy liquid and magnetic techniques. All grains were 
handpicked under a binocular microscope and mounted in 
a 25 mm epoxy-resin mount. The epoxy-resin was polished 

Fig. 1  Tectonic framework 
of central SE Asia showing 
the location of the Muang Xai 
Basin (modified from Sone and 
Metcalfe 2008)
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until most of the zircon grains were exposed and were then 
coated with gold film. Cathodoluminescence (CL) images 
of the zircons were taken at the Beijing SHRIMP (sensitive 
high-resolution ion microprobe) Center, Chinese Academy 
of Geological Sciences to reveal the internal growth struc-
tures of the zircon grains.

U–Pb dating and trace element analyses of the zircon 
were conducted synchronously by LA-ICP-MS at the 
State Key Laboratory of Geological Processes and Min-
eral Resources, China University of Geosciences, Wuhan. 
Detailed operating conditions and data reduction was 
completed according to the standard operating techniques 

described by Liu et al. (2008, 2010a, b). Laser sampling 
was performed using a GeoLas 2005. An Agilent 7500a 
ICP-MS instrument was used to acquire ion-signal inten-
sities. U–Pb ages were calculated using the ICPMSDa-
taCal (Liu et  al. 2008, 2010a) with Zircon 91500 as an 
external standard (Wiedenbeck et  al. 1995). Concordia 
diagrams and weighted mean calculations were calcu-
lated using Isoplot/Ex_ver3 (Ludwig 2003). The inter-
preted ages are based on the 206Pb/238U ratios for grains 
<1000 Ma grains and on the 207Pb/206Pb ratios for grains 
>1000 Ma (Pullen et al. 2008).

Fig. 2  a Geological map of 
the Muang Xai Basin, Laos 
(Modified from Department 
of Geology and Mine, Laos 
P.D.R. (DGM) 1991); b, c 
Lithostratigraphic column of the 
Late Cretaceous section in the 
Muang Xai Basin
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Results

Petrology

The studied sandstone strata of Muang Xai area consist 
mainly of quartz and lithic fragments (Fig. 4). Quartz is 
mostly monocrystalline grains with less amount of poly-
crystalline quartz, and sub-angular to angular in form. 
Some dissolution of quartz grains was also observed 
(Fig. 4c, d). Most samples have a high percentage of lithic 
fragments with a few feldspars (plagioclase > K-feldspar). 
Lithic fragments are mostly volcanic in origin, while two 
samples (LM-03 and LM-04) have a larger percentage of 
sedimentary fragments (Fig. 4e, f). Limestone and pelitic 
fragments are also observed and calcite cement is pre-
sent in some samples (Fig.  4e). Heavy minerals such as 
zircon and opaque minerals (pyrite and hematite) were 
identified.

The nature of the parent rocks in the region from which 
sandy detritus was derived can be determined from the 
relative proportions of different sand grain types. Dickin-
son and Suczek (1979) proposed that the mean composi-
tions of sandstone grains derived from different kinds of 
provenance regions controlled by plate tectonic processes 
are inclined to plot within discrete fields on QFL (quartz, 

feldspar, lithic fragments) and QmFLt (monocrystalline 
quartz, feldspar, total lithic fragments) diagrams.

Analyses of the Muang Xai samples are provided in 
Table A1 in the supplementary material. From the plot of 
recalculated values, it is evident that most of the samples 
plot in the recycled orogenic provenance field in the QFL 
plot with two samples in the undissected arc field (Fig. 5a). 
The QmFLt plot shows that the samples are consistent with 
a quartzose recycled provenance, with little contribution 
from the lithic recycled provenance (Fig. 5b). On a plot of 
LmLvLs (total metamorphic lithic fragments, total volcanic 
lithic, total sedimentary lithic fragments), the samples 
show compatibility with a magmatic arc and rifted conti-
nental margin provenance (Fig. 5c).

Whole-rock geochemistry

The major and trace element compositions of samples 
from the Muang Xai Basin are listed in Table  A2 in the 
supplementary material. The samples exhibit a large vari-
ation in chemical composition and  SiO2 content, which 
is in the 73.76–92.99 wt.% range (average of 86.09 wt%). 
This composition indicates enrichment relative to the upper 
continental crust (UCC, 65.89 wt%) (Taylor and McLennan 
1985) with the exception of samples LM-03 (58.34  wt%) 

Fig. 3  a Outcropped section in the Muang Xai Basin; b purple siltstones and mudstones, the length of the hammer is about 33 cm; c gypsum 
layers, siltstones, and clay conglomerates; d clay conglomerates
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Fig. 4  Photomicrographs of 
typical detritus of the Muang 
Xai sandstones under cross-
polarized light. a–d Quartz and 
volcanic and sedimentary lithic 
fragments, samples LM-01, 
LM-02; e calcite cements, 
sample LM-03; f sedimentary 
rock fragments and polycrys-
talline quartz, sample LM-04. 
Q quartz, Qp polycrystalline 
quartz, lv volcanic lithic frag-
ment, Ls sedimentary lithic 
fragment, Cal calcite

Fig. 5  QFL (a), QmFLt (b), and LmLvLs (c) plots for framework 
modes of terrigenous sandstones showing provisional subdivisions 
according to inferred provenance type, modified after Dickinson and 
Suczek (1979). Q total quartz grains, Qm quartz grains that are exclu-

sively monocrystalline, F total feldspar grains, L total unstable lithic 
fragments, Lt total polycrystalline lithic fragments, Lm metamorphic, 
Lv volcanic, Ls sedimentary lithic fragments, Cal calcite
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and LM-04 (59.18  wt%). The  Al2O3 concentrations 
(5.23–13.22 wt%, average of 8.26 wt%) are lower than that 
of the UCC (15.17 wt.%) and the post-Archean Australian 
shales (PAAS) (18.9  wt%, Taylor and McLennan 1985). 
Low CaO concentrations were observed in most samples, 
but several samples have concentrations up to 11.50 wt%, 
which is likely the result of their higher limestone fragment 
and calcite cement content (Fig. 4). All the samples contain 
much lower  Na2O concentrations (average of 0.09  wt%) 
than the UCC.

Trace element compositions show that most samples are 
slightly enriched in refractory elements such as Hf, Zr, Cr, 
and U, and significantly depleted in Rb, Sr, Ba and Nb. Gen-
erally, the REE content ranges from 95.57 to 162.45 ppm 
with a median of 128.81  ppm that is lower than that of 
PAAS (211.76  ppm, Taylor and McLennan 1985). These 
samples are enriched in light rare earth element (LREE) 
and exhibit relatively flat heavy rare earth element (HREE) 
profiles. The LREE/HREE ratio is in the 6.73–12.36 range, 
while the  LaN/YbN ratio is in the 7.91–15.19 range, which 
indicates a large degree of fractionation between LREE 
and HREE. All the samples exhibit moderate negative 
Eu anomaly (Eu/Eu* of 0.58–0.71, average of 0.64) and 
slightly negative Ce anomalies (Ce/Ce* of 0.85–0.92, aver-
age of 0.89). The negative Eu anomaly is nearly identical to 
the value of 0.65 of the North American Shale Composite-
NASC (Haskin and Haskin 1966).

Zircon U–Pb isotopic ages

Six sandstone samples from the Late Cretaceous strata 
were analyzed for U–Pb ages of their detrital zircons. The 

zircon grains are typically rounded to subhedral in form, 
and are 50–120 μm in size. Oscillatory growth zones and 
inherited cores can be observed in the CL images (Fig. 6). 
Most zircons with oscillatory zoning can be regarded as 
being magmatic in origin. Most zircons have high Th/U 
ratios, which range from 0.09 to 2.04.

The U–Pb data are given in Table  A3 in the sup-
plementary material. The data show that 383 grains 
obtained from the six samples give concordant ages 
at the 90% confidence level, and analysis with discord-
ance higher than 10% was not taken into consideration. 
The U–Pb data for all samples are presented in con-
cordia diagrams (Fig.  7) and relative probability plots 
(Fig.  8). In all 383 grains, the youngest age is 101  Ma, 
and the oldest age is 3.37  Ga. The youngest cluster of 
ages is in the range of 101–110  Ma. There is another 
young peak of Jurassic ages (155  Ma), with ages in the 
149–175 Ma range (n = 13). The 383 grains display two 
significant peaks at 248 Ma and 437 Ma, with 24% of the 
ages in the 219–308  Ma range (n = 92) and 16% in the 
416–466 Ma range (n = 62). There is a subordinate peak 
at 1.83–1.85 Ga (n = 13, peak at 1.84 Ga) and others of 
two smaller groups of zircons in the 730–858 Ma range 
(n = 25) and 2.47–2.50  Ga (n = 7). The small rounded 
zircons are most likely polycyclic, derived from a source 
of several sedimentary cycles, and the euhedral grains 
are first-cycle zircons derived from crystalline basement 
(Carter and Bristow 2003). The Phanerozoic grains are 
most likely first-cycle zircons with euhedral morphology, 
and the Proterozoic and Archean grains are most likely 
polycyclic (Fig. 7).

Fig. 6  Representative Cathodo-
luminescence (CL) images for 
detrital zircons from the sand-
stone samples at Muang Xai. 
The laser spots and correspond-
ing ages are marked
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Fig. 7  U–Pb concordia diagrams plots for samples of the Mesozoic sandstone from the Muang Xai Basin
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Detrital zircon trace elements

Trace element data of the detrital zircons is provided in 
Table A4. The trace element data provide significant infor-
mation about the host rocks, such as compositional evolu-
tion, coexistence of fractionating phases, magma mixing 
processes, and characteristics of the zircon source region. 
Chondrite-normalized REE patterns for Precambrian to 
Early Paleozoic (Fig.  9a) and Late Paleozoic to Meso-
zoic detrital zircons (Fig.  9b) all have steep LREE  (SmN/
LaN = 436.15, averaging = 148.75) and flat HREE  (LuN/
GdN = 25.48, averaging = 18.41) patterns with positive Ce 
(Ce/Ce* = 28.18, averaging = 38.41) and small negative Eu 
anomalies (Eu/Eu* = 0.21, averaging = 0.25) (Fig.  9a, b). 
These patterns suggest a typical magmatic origin (Belou-
sova et  al. 2002; Hoskin and Schaltegger 2003), which is 
consistent with the Th/U ratio of 0.70.

The different geochemical composition of some trace 
elements (like Th, Hf and Nb) within zircon can be taken 
as reliable evidences to establish the tectonic settings of 
the host magma (Yang et al. 2012a). Within-plate settings 

Fig. 8  Age probability plots for samples of the Mesozoic sandstone 
from the Muang Xai Basin

Fig. 9  Chondrite-normalized REE patterns for detrital zircons of 
Precambrian-early Paleozoic ages (a); late Paleozoic–Mesozoic 
ages (b); magmatic zircon trace element discriminating diagrams of 
Th/U–Nb/Hf (c) and Th/Nb–Hf/Th (d). Chondrite REE values used 

for normalization in a and b are from Taylor and McLennan (1985) 
and within-plate/anorogenic and arc-related/orogenic fields in c and d 
were according to Yang et al. (2012a, b)
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typically have less Nb than magmatic arc magmas, at a 
comparable degree of magmatic fractionation, and thus 
higher Th/Nb ratios and lower Nb/Hf ratios are expected 
for zircons originating from magmatic arcs compared with 
those from within-plate settings (Yang et  al. 2012a). To 
characterize the source magma from which the magmatic 
zircons crystallized, the zircon trace element data were 
plotted on Th/U vs. Nb/Hf and Th/Nb vs. Hf/Th diagrams 
(Fig.  9c, d; Yang et  al. 2012b). Most of the zircons with 
low Hf/Th ratios and Nb/Hf ratios plot in the arc-related/
orogenic field, while some grains display high Hf/Th and 
Nb/Hf ratios that plot in the within-plate/anorogenic field 
(Fig. 9c, d). These results indicate that the magmatic rocks 
formed in a convergent tectonic environment determine the 
nature of potential sources (Yang et al. 2012b).

Discussion

Source-area weathering and sediment recycling

The geochemical characteristic of clastic sediment is the 
final result of many geological processes, such as source 
rock composition, intensity of physical and chemical 
weathering, the rate of sediment supply, and mineralogi-
cal/textural sorting during transportation and deposition 
(McLennan 1989; Cox et al. 1995). Weathering conditions 
are best evaluated before considering grain geochemistry 
(Roddaz et al. 2006) because both the major element geo-
chemistry and mineralogy of siliciclastic sediments are 
affected by chemical weathering in the source area (Nesbitt 
and Young 1982, 1984; Fedo et al. 1995; Jorge et al. 2013). 
In this study, both the chemical index of alteration (CIA) 
(Nesbitt and Young 1982) and Index Chemical Variation 
(ICV) (Cox et al. 1995) are used to quantify the degree of 
weathering. The CIA was calculated using the molecular 
proportions as follows:

where CaO* is the amount of CaO incorporated in the sili-
cate fraction of the rock. This is determined by a correc-
tion for calcium residing in carbonates and phosphates in 
which an actual value of  CO2 needs to be assumed (Bock 
et  al. 1998). The formula CaO* = CaO − (10/3P2O5) was 
used to correct for the  P2O5 content (apatite). If the mole 
fraction is such that CaO ≤ Na2O after correcting for  P2O5, 
then the value of CaO is accepted, but if the mole fraction 
is such that CaO ≥ Na2O, then the mole fractions of  Na2O 
as CaO* is assumed. During weathering, the removal of 
labile cations (e.g.,  Ca2+,  Na+,  K+) relative to stable resid-
ual constituents  (Al3+,  Ti4+) results in relatively high CIA 
values (>65–85) (Nesbitt and Young 1982). Conversely, 

(1)
CIA = [Al2O3∕(Al2O3 + CaO ∗ + Na2O + K2O)] × 100,

low CIA values (<50–65) indicate the near absence of 
chemical alteration and consequently may reflect cool and/
or arid conditions (Fedo et al. 1995). Unweathered igneous 
rocks typically have CIA values of 50 or less, while shales 
typically have average values of approximately 70–75 and 
residual clays have values near 100 (McLennan et al. 1993). 
The CIA values for the Muang Xai sandstones vary in the 
75–87 range (average of 80), significantly higher than the 
average of approximately 50 for unweathered UCC (Taylor 
and McLennan 1985). This indicates moderate to intensive 
chemical weathering in the source area (Table A2).

The CIA diagram (Fig. 10) shows the degree of chemi-
cal weathering and its history in the source region (Nesbitt 
and Young 1982; Nyakairu and Koeberl 2001). The pro-
gressive alteration of plagioclase and potassium feldspars 
to form clay minerals can also be recorded by this diagram. 
Generally, intensive chemical weathering results in the 
formation of residual clays such as kaolinite and gibbsite 
that have high CIA values (76–100). Most data from the 
Muang Xai samples plot in the fields of intermediate and 
strong weathering, reflecting the presence of mature sands 
that contain quite degraded detrital feldspars from a rela-
tively weathered or tectonically inactive source (Shao et al. 
2012). The data spread suggests that the sediments may 
have derived from different chemical weathering sources.

As mentioned, the ICV method (Cox et al. 1995) can 
be used to measure the maturity and original composi-
tion of sandstones, as well as to study the tectonic set-
ting. To measure the abundance of  Al2O3 relative to the 

Fig. 10  A–CN–K  (Al2O3–CaO* + Na2O–K2O) ternary diagram 
(after Nesbitt and Young 1982, 1984, 1989) of the Muang Xai Basin 
samples. UCC average Upper Continental Crust from Taylor and 
McLennan (1985), PAAS post-Archean Australian Shale from Taylor 
and McLennan (1985)
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other major cations in a rock or mineral, the ICV is usu-
ally defined as [(Fe2O3 + K2O + Na2O + CaO + MgO + T
iO2)/Al2O3]. Compositionally immature rocks with high 
ICV values tend to be found in tectonically active settings 
and are characteristically first-cycle deposits. Conversely, 
compositionally mature rocks with low ICV values are 
typical of tectonically quiescent or cratonic environ-
ments where sediment recycling is active, but may also 
be produced by intense chemical weathering of first-cycle 
material (Cox et al. 1995). The ICV values of the Muang 
Xai samples are within the range of 0.30–1.97, indicating 
relative compositional immaturity, consistent with being 
first-cycle sediments deposited in a tectonically active 
setting.

Successive cycles of weathering and re-deposition 
can increase the Th/U ratios of sedimentary rocks and 
are thus important indicators of weathering and sedi-
mentary recycling (McLennan and Taylor 1980; McLen-
nan et al. 1993). The Th/U ratios of the samples is in the 
4.24–6.04 range (average of 4.83), with most samples in 
the 4.2–5.2 range. Such values are slightly higher than 
the average value of the UCC (3.8) and close to PAAS 
(4.97) (McLennan et al. 2006). From a diagram of Th/U-
Th (Fig. 11), an increasing weathering trend can be seen, 
indicating a moderate degree of weathering of the source 
area. In the process of weathering and diagenesis, there 
is a significant increase in the Rb/Sr ratios of most rocks, 
and high values (>0.5) have been interpreted as indica-
tors of strong weathering and recycling (McLennan et al. 
1993). All of the Muang Xai samples have high Rb/Sr 
ratios (1.06–2.63, average of 1.79), which indicates a 
moderate sedimentary evolution process which is consist-
ent with Th/U ratio results.

Geochemical provenance signatures

The analysis of major elements can provide useful infor-
mation about the source rocks. Roser and Korsch (1988) 
proposed major element discriminant functions to dis-
criminate among four provenances where P1 = mafic 
source, P2 = intermediate source, P3 = felsic source 
and P4 = quartzose recycled source. In such a diagram 
(Fig. 12a), most of the samples from the Muang Xai Basin 
plot in the field of quartzose sediments of mature continen-
tal provenance, indicating that the sediments mainly origi-
nated from recycled continental crust. One sample plots in 
the intermediate field.

In the processes of weathering, erosion, and transport, 
insoluble trace elements are retained in the sedimentary 
record, and can thus provide a useful geochemical sig-
nature of the source rock (Jorge et  al. 2013). Therefore, 
using these trace element features, it is possible to make 
inferences regarding the parent rocks based on the chemi-
cal compositions of the sediments, and the ratios of both 
compatible and incompatible elements can also be used to 
distinguish between felsic and mafic source components 
(Dostal and Keppie 2009).

Cullers (1994) concluded that Cr/Th ratios are typically 
in the 2.5–17.5 range for felsic rocks. All of the samples 
from the Muang Xai Basin have Cr/Th ratios between 1.42 
and 6.05. Thus, most of the samples are likely derived from 
a felsic source, except for sample LM-02 (1.42). The Zr/
Sc ratio is also a useful index of zircon enrichment, as zir-
con is strongly enriched in Zr but not Sc, which usually 
preserves a provenance signature (McLennan et al. 1993). 
Conversely, the Th/Sc ratio can distinguish the degree of 
igneous chemical differentiation. A diagram combining the 
two (Th/Sc vs. Zr/Sc) therefore provides a measure of the 
degree of sedimentary sorting and recycling (McLennan 
et al. 1993) (Fig. 12c). A portion of the Muang Xai samples 
evolved along the compositional variation trend in Fig. 12c, 
while certain samples with Hf enrichment and high Zr/Sc 
ratios suggest the addition of recycled zircon. In a diagram 
of La/Th–Hf (Fig. 12b), most samples plot in the acidic arc 
field and mixed felsic sources, with certain samples indicat-
ing an increasing component of old sediment.

During deposition, any variation in REE abundance pat-
terns is significant because REE patterns are used widely 
for provenance characterization (McLennan 1989). Most 
basic rocks have lower LREE/HREE ratios and low or no 
Eu anomalies, whereas higher LREE/HREE ratios and 
negative Eu anomalies are found in felsic rocks (Cullers 
1995). The Muang Xai samples exhibit Eu/Eu* ratios in the 
0.58–0.71 range (average of 0.64) and LREE/HREE ratios 
of 6.73–12.36 (average of 9.00), indicating a mostly fel-
sic source area, which is consistent with Eu/Eu* vs. Th/Sc 
(Fig. 12d).

Fig. 11  Plot of Th/U vs. Th for the sandstones from Muang Xai 
(after McLennan et al. 1993)
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Tectonic discrimination

Geochemical indicators and diagrams based on major and 
trace elements are used to identify the tectonic settings of 
sedimentary rocks (Bhatia 1983; Bhatia and Crook 1986; 
Roser and Korsch 1986). In Fig. 13, it is evident that the 

Muang Xai samples plot in three tectonic settings, but 
mainly in the passive continental margin field with some 
samples in the oceanic arc field. Two samples also plot in 
the continental arc field. A few samples are classified as 
greywacke, and thus the diagram of Th–Sc–Zr/10 (Bhatia 

Fig. 12  Discrimination dia-
grams illustrating sedimentary 
provenance. a Discrimination 
function diagram using major 
elements ratios (after Roser and 
Korsch 1988). b La/Th vs. Hf 
diagram using the method of 
Floyd and Leveridge (1987). 
c Plot of Th/Sc–Zr/Sc for the 
samples (after McLennan et al. 
1993). d Eu/Eu* versus Th/
Sc plot showing the samples 
derived from felsic sources 
(after McLennan et al. 1990; 
Jorge et al. 2013)

Fig. 13  Discrimination 
diagrams for samples of the 
sandstones from the Muang Xai 
Basin. a  TiO2 vs.  Fe2O3

T + MgO 
and b  Al2O3/SiO2 vs. 
 Fe2O3

T + MgO both after Bhatia 
(1983); c  K2O/Na2O vs.  SiO2 
after Roser and Korsch (1986); 
d Sc–Th–Zr/10 diagram after 
Bhatia and Crook (1986). A 
oceanic island arc, B continental 
arc, C active continental margin, 
D passive continental margin
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and Crook 1986) is incompatible with other diagrams 
(Fig. 13d).

In summary, the synthesis of geochemical data indi-
cates that the source(s) of the Muang Xai sandstones was 
composed mainly of felsic rocks with recycled sediment 
contributions. Moreover, these felsic rocks were located 
in an active continental margin or continental arc setting, 
with recycled sediment arriving from a passive continental 
margin.

Detrital zircon provenance

All the zircon grains from the Muang Xai samples can be 
divided into four groups based on the U–Pb ages deter-
mined: Paleoproterozoic, Neoproterozoic, Ordovician–Tri-
assic, and Jurassic–Cretaceous. Each of these groups is dis-
cussed in the following sections.

Provenance of Paleoproterozoic detrital zircons

Ion microprobe (SHRIMP II) U–Pb zircon and Sm–Nd iso-
topic analysis provides evidence for >3.2 Ga silica crust in 
the Kongling Complex, northern Yangtze Craton (Qiu et al. 
2000), which is coeval with the oldest zircon age (3.37 Ga) 
found in the Muang Xai samples. Paleoproterozoic detri-
tal zircons (91 grains) include two sub-peaks of 1.84  Ga 
(1.83–1.85  Ga) and 2.48  Ga (2.47–2.50  Ga). The zircon 
sub-peak of 1.84 Ga exhibits high Th/U ratios (0.12–1.64) 
and zoning, indicating a magmatic origin (Corfu et  al. 
2003). Similar characteristics are observed in the zircons 
of 2.47–2.50 Ga which have Th/U ratios in the 0.15–1.34 
range. Although a magmatic origin is inferred from the 
Th/U ratios, polycyclic morphology indicates that these 
old detrital zircons are probably recycled from Phanerozoic 
rocks. The Proterozoic zircons have a number of potential 
sources, such as the Triassic Songpan-Ganzi terrane (Weis-
logel et  al. 2010), Neoproterozoic western Yangtze Block 
(Sun et al. 2009; Wang et al. 2012) and the Paleozoic south 
Qiangtang Block (Gehrels et al. 2011). Their ages are simi-
lar to each other (Fig. 14) and, combined with the geochem-
ical data mentioned above, it is inferred that the recycled 
sediments were from a passive continental margin. Of these 
terranes, only the Yangtze Block was a passive margin 
basin in northern Gondwana (Wang and Li 2003), which is 
therefore consistent with the tectonic setting of the source 
area and it being the source of Paleoproterozoic zircons. 
Similarly, Carter and Bristow (2003) suggested that the 
source of the Cretaceous Khorat sediments was the Sichuan 
Basin in the Yangtze Block, while Wang et al. (2014) con-
cluded that the Late Cretaceous sediments of the Mengye-
jing Formation in the Simao Basin were derived from the 
Yangtze Block. Therefore, the Cretaceous sediments in 
these basins have the same source, and the sediments of the 

Yangtze Block may be the source of the Paleoproterozoic 
polycyclic zircons. However, previous reports have indi-
cated that similar aged detrital zircons (2.5 Ga, 1.7–2.0 Ga) 
also exist in the Qinling Orogenic Belt (Lease et al. 2007; 
Weislogel et  al. 2010; Shi et  al. 2013). The petrographic 
modal composition indicates that recycled orogenic belts 
are the source of the Cretaceous sandstones and, therefore, 
the Qinling Orogenic Belt is the likely original source of 
the Late Cretaceous sediments of the Muang Xai Basin.

Provenance of Neoproterozoic detrital zircons

There is a Neoproterozoic zircon sub-peak age of 
827 Ma, determined from 25 grains with an age range of 
730–858 Ma. Previous studies indicate that Neoproterozoic 
magmatic rocks are widely exposed in the western Yangtze 
Block, such as the Shaba mafic pluton of 751 Ma (Li et al. 
2003), Xuelongbao adakitic complex of 750  Ma (Zhou 
et  al. 2006), Panzhihua gabbro of 746 and 738 Ma (Zhao 
and Zhou 2007), Bikou basalts of 820–810 Ma (Wang et al. 
2008), and the Mopanshan adakitic complex of 780  Ma 
(Huang et al. 2009). Neoproterozoic magmatism related to 
the breakup of Rodinia (Li et  al. 1995) is consistent with 
the detrital zircon ages of 750 to 850  Ma from Ediaca-
ran sediments of the western Yangtze Block (Wang et  al. 

Fig. 14  Probability density plots and histograms of LA-ICP-MS 
detrital zircon U–Pb ages of the Muang Xai samples compared with 
those from Qiangtang (Gehrels et  al. 2011), Songpan-Ganzi (Weis-
logel et al. 2010), Yangtze (Zhao et al. 2010), Ailaoshan (Lai 2012), 
and Simao Basin (Wang et al. 2014)
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2012). Wang et al. (2014) also reported that the similar age 
of the Mengyejing Formation (740–880 Ma) in the Simao 
Basin may be derived from recycled Ediacaran sediments. 
Recycled zircons with an age range of 730–858 Ma were 
also possibly derived from recycled Ediacaran sediments.

Provenance of Ordovician–Triassic detrital zircons

A peak age of 437 Ma (416–466 Ma) was found in euhe-
dral detrital zircons with a U/Th ratio of >0.30, which indi-
cates a source region containing Caledonian magmatism. 
Some potential provenances are the Caledonian Gongbo 
gabbro/diabase (423–451  Ma) in the central Jinshajiang 
area (Jian and Liu 2002) and a xenolith in the Jinshajiang 
ophiolites which is 401–443 Ma in age (Jian et al. 2009). In 
the northeastern Muang Xai Basin, SHRIMP U–Pb ages of 
400–440 Ma in the Laojunshan granitoids (Guo et al. 2009) 
and I-type granites in northern Laos (Wang et  al. 2016) 
have been reported.

However, Caledonian magmatism is only present in 
the southeastern Yangtze Block (Wang et  al. 2007, 2011; 
Li et al. 2010), and detrital zircons in the Devonian Guixi 
sandstones (Duan et  al. 2012) suggest that Silurian-Early 
Devonian magmatism was scarce or not exhumed in the 
northwestern Yangtze Block (Lai 2012). Therefore, the 
437  Ma detrital zircons were possibly derived from the 
Ailaoshan, Laojunshan, and northern Laos granitoids, and 
not from the basement of the Yangtze Block.

Detrital zircons in the 219–308  Ma age range (n = 92) 
display a significant peaks at 248 Ma, which is Late Pale-
ozoic to Triassic in age. Magmatism related to closure of 
paleo-Tethyan Ocean is extensive in the Ailaoshan suture 
and Truong Son Belt (Lepvier et  al. 1997; Maluski et  al. 
2001; Peng et  al. 2013) and Lincang terrane (Dong et  al. 
2012). Magmatic activity in the Ailaoshan suture, Truong 
Son Belt, and Lincang terrane may be responsible for the 
219–308  Ma age clusters. The Yidun terrane can be pre-
cluded as a possible source because of the narrow Trias-
sic age range of igneous rocks (220–240 Ma) in the eastern 
Yidun terrane. Recently, Yang et  al. (2012b) argued that 
Triassic detrital zircons from the Middle Triassic turbidites 
in the Youjiang Basin, southeast of the Ailaoshan suture, 
were derived from magmatic rocks related to the Indosin-
ian Orogeny. By this conclusion, it can be speculated that 
the Ailaoshan suture and Truong Son Belt were uplifted 
and then denuded since the Middle Triassic, thus supplying 
materials to form the Cretaceous sediments. This is consist-
ent with the euhedral zoned zircons and westward directed 
paleocurrents in evidence (BGMRY 1986; Qu et al. 1998). 
It is also consistent with the geochemical results that sug-
gest a source of felsic rocks in an active continental margin 
or continental arc environment.

Provenance of Jurassic–Cretaceous detrital zircons

There is currently no high precision isotopic age of the 
Mesozoic strata of the Muang Xai Basin. The youngest 
graphical age peak (YPP) is somewhat more compatible 
with depositional age than the youngest single grain age 
(Dickinson and Gehrels 2009). In this study, the YPP of 
sandstone samples is 103 Ma, which limits the stratigraphic 
age to no earlier than Late Cretaceous for the red beds in 
the Muang Xai Basin and consists of our observation in 
lithology associations.

Detrital zircons in the Jurassic to Cretaceous age 
range demonstrate two sub-peaks of 110 and 155  Ma 
(149–175  Ma). The 149–175  Ma detrital zircons have 
Th/U ratios of 0.39–0.85 and may have been derived from 
a proximal source, given their euhedral morphology. The 
155 Ma detrital zircons were probably derived from Juras-
sic volcanic rocks that occur throughout Laos and Viet-
nam (Carter and Moss 1999) and Middle–Late Jurassic 
volcanic rocks of the Tule massif in northern Vietnam 
(176–145 Ma) (Anh et al. 2003). In Laos, equivalent sedi-
ments to the Khorat Basin overly imbricated Upper Juras-
sic volcanics and sedimentary rocks (Stokes et  al. 1996) 
which point to a Late Jurassic-Early Cretaceous deforma-
tion. In central Vietnam, Lepvier et al. (1997) reported evi-
dence for an Early Cretaceous tectonothermal event that 
was of sufficient intensity to cause localized deformation 
and epimetamorphism. Moreover, a Yanshanian magmatic-
hydrothermal event (~100  Ma) and emplacement of bio-
tite granites (110–85  Ma, Cheng and Mao 2010; Hu and 
Zhou 2012) occurred in the southwestern SCB (Jiang et al. 
1999). Combined with the above geochemical interpreta-
tion, it is inferred that Jurassic–Cretaceous zircons were 
sourced from magmatic rocks of the southwestern SCB and 
northern Vietnam.

Implications for the Late Cretaceous paleogeography

The Muang Xai Basin contains Cretaceous continental red 
beds with evaporite sequences, similar to the sedimentary 
facies of the Simao and Khorat Basins. Moreover, the YPP 
of 103 Ma suggests a Late Cretaceous age for, at least, the 
red beds. Therefore, it can be speculated that the continen-
tal red beds in the Muang Xai Basin are equivalent to those 
in the Simao Basin and, considering the geographic prox-
imity, the Muang Xai Basin is likely a southern extension 
of the Simao Basin. Collectively, this is referred to as the 
Greater Simao Basin. The Mesozoic continental red beds 
are outcropped in Simao, Vientiane, and Khorat basins 
extending to Cambodia and to the south of Vietnam and 
can be correlated (Morley 2012).

However, the paleogeographic links between these 
basins are controversial. Carter and Bristow (2003) argued 
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that the Khorat Basin was located close to the Sichuan 
Basin in Yangtze Block at the Cretaceous time and the zir-
con grains were from recycled sediments of the Sichuan 
Basin that were originally derived from the Triassic Qin-
ling Orogenic Belt. The view is widely accepted by most 
SE Asia researchers (e.g., Racey 2009; Booth and Sat-
tayarak 2011). Paleomagnetic studies indicate differen-
tial clockwise rotation and southward displacement of the 
Simao and Indochina Blocks because of extrusion caused 
by the collision of India and Asia (Chen et al. 1995; Sato 
et  al. 1999, 2007; Tong et  al. 2013). The central Indo-
china Block (Khorat Basin) exhibits southward displace-
ment of 500–1300 km (Sato et al. 1999). Recently, paleo-
magnetic studies from Laos and Khorat Plateau indicate a 
750–1700 km latitudinal movement of the Indochina Block 
and suggest that the Khorat Plateau was at ca. 21–26°N and 
a close relation to the Sichuan Basin during the Cretaceous 
(Singsoupho et al. 2014). Anisotropy of magnetic suscepti-
bility (AMS) results also suggest that the Late Cretaceous 
sediments in the Khorat Basin were transported mainly 
towards the southwest and south, into the central basin, 
which are sourced from the Sichuan Basin (Singsoupho 
et al. 2015).

The Simao Block was subjected to clockwise rotation 
of approximately 50° and approximately 800 km of south-
ward displacement since the Late Eocene (Sato et al. 2007). 
The latest paleomagnetic data indicate that, after restor-
ing the clockwise rotation, the Simao and Khorat are ori-
entated approximately E–W prior to the Oligocene (Tong 
et al. 2013). Therefore, it is speculated that the Great Simao 
Basin may be located farther north than its present day 
approximate E–W orientation after clockwise restoration. 
Detrital zircon grains from the Cretaceous Khorat Group 
in the Khorat Basin and the Late Cretaceous Mengyejing 
Formation in the Simao Basin exhibit a similar distribution 
of U–Pb ages (Carter and Moss 1999; Floyd and Bristow 
2003; Wang et al. 2014), and thus Wang et al. (2014) sug-
gest that the Simao Basin was situated on the western mar-
gin of the Khorat Basin and pre-Devonian materials from 
the southwestern Sichuan Basin first supplied detritus to 
the Simao Basin and subsequently to the Khorat Basin dur-
ing the Late Cretaceous.

The zircon age groups of the Late Cretaceous sand-
stones of the Muang Xai Basin are also similar to those in 
the Simao and Khorat basins: 2.50–2.47 Ga, 1.85–1.83 Ga, 
858–730 Ma, 466–416 Ma, 308–219 Ma, 175–149 Ma, and 
110–101 Ma. The 149–175 Ma subgroup from the Muang 
Xai Basin and the 160–170 Ma subgroup from the Khorat 
Basin have the same provenance, magmatic rocks in north-
ern Vietnam. The youngest age group (101–110 Ma) may 
have been derived from the Late Yanshanian magmatic 
rocks in the southwestern Yangtze Block. This young group 

is distinct from the Late Cretaceous sediments of the Simao 
Basin.

Overall, the age patterns among the Cretaceous sedi-
ments in the three basins are similar, and their pre-Ordovi-
cian detrital zircons share the same Sichuan Basin source, 
as well as the Indosinian Orogeny magmatic rock origin for 
the Permian–Triassic zircons (Wang et al. 2014). The Juras-
sic–Cretaceous zircons were derived from neighboring 
magmatic rocks. Given that all the main detrital zircon age 
groups in the Simao and Khorat sediments are found in the 
Muang Xai sediments, in which the distinctive 110–101 Ma 
zircons are observed, it is suggested that the Great Simao 
Basin and Vientiane-Khorat Basin were not always con-
nected. If they were, it is expected that the same detrital 
zircon age groups would be present in all stratigraphically 
equivalent sediments of these basins. Combined with the 
above-mentioned paleocurrent and paleomagnetic analysis, 
it can be indicated that sediment flowed from the Greater 
Simao Basin and northern Vietnam to form the Khorat red 
beds, and not directly from the Yangtze Block (Fig. 15) just 
as previously published results (Carter and Bristow 2003; 
Singsoupho et al. 2014, 2015).

Conclusions

Based on the analyses of petrology, whole-rock geochem-
istry and detrital zircon U–Pb chronology of sandstones of 
the Muang Xai Basin, Laos, and the following conclusions 
can be drawn:

1. Petrology and geochemical data indicate that the 
sources of the Late Cretaceous Muang Xai sandstones 
were composed mainly of felsic rocks in an active con-
tinental margin or continental arc with recycled sedi-
ment derived from a passive continental margin, and 
that this source area was subjected to moderate weath-
ering conditions.

2. The youngest graphical zircon age peak is 103  Ma, 
which gives a late Cretaceous maximum age for the 
Muang Xai Basin. The detrital zircon U–Pb ages 
reveal that pre-Ordovician zircons were derived from 
recycled sediments of the Yangtze Block, originally 
sourced from the Qinling Orogenic belt, whereas mag-
matic rocks of the Ailaoshan, Truong Son Belt, and 
Lincang terrane were responsible for zircons with peak 
ages of 437 and 248 Ma. Zircons with peak ages of 103 
and 155 Ma were likely sourced from magmatic rocks 
of the southwestern SCB and northern Vietnam.

3. From provenance, paleocurrent, and paleomagnetic 
analyses, it can be speculated that sediment was 
derived from the Greater Simao Basin and northern 
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Vietnam to form the Khorat red beds, and not directly 
from the Yangtze Block.
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