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Fig. 8. (a) Th vs. -Sc and (b) Co/Th vs. -La/Sc for the analyzed sandstone (after Gu et al., 2002; Compositions for basalt,
andesite, felsic volcanic rocks and granite are from Condie (1993)).



5. Discussion
5.1. Weathering and sediment maturity

The weathering of source rocks results in the removal and
depletion of alkaline cations, such as Na*, K*, Ca*, and the
enrichment of A1203 (Nesbitt & Young, 1982). Therefore,
the intensity of weathering can be evaluated by the amount
of these elements (Nesbitt & Young, 1982). CIA is widely
used to evaluate the intensity of weathering (Armstrong-
Altrin, 2012; 2015; Zaid, 2013). CIA values >70 suggest
a high intensity of chemical weathering. The CIA values
of submarine fan sandstone indicate a moderate degree
of chemical weathering in the source area. Furthermore,
intensive chemical weathering often leads to an increase
of Rb/Sr ratio (Nesbitt & Young, 1982), and high Rb/Sr
(>1) indicates a high intensity of weathering (McLennan
et al.,1993). The Rb/Sr values for submarine fan sandstone
support the moderate chemical weathering (Table 4). The
ratio of SiO,/Al,O, has also been widely used to evaluate
the sediment maturity (Armstrong-Altrin, 2015; Zaid, 2013).
SiO,/Al,0, >10 indicates high recycling and high chemical
maturity. The SiO/ALO, ratios (average is 8.7) indicate
moderate maturity. Fe O,/K O and SiO,/AL O, are also in
accordance with litharenite, which is consistent with the
petrological results (Fig. 6).

5.2. Source rock and provenance analysis

The sandstones derived from same source tend to have
similar assemblages of heavy minerals (Morton, 2005; Fu et
al., 2013). Though heavy minerals—especially the unstable
heavy minerals—are relative easily affected by hydrodynamic
conditions and alteration during diagenesis, the assemblage
of heavy minerals is still useful in discriminating regional
provenance (Morton, 2005; Fu et al., 2013). Therefore,
neritic sandbar siltstone is sourced from Hainan Island
when compared to the content of heavy minerals with that
from Zhong et al. (2013). However, it is still difficult to
differentiate between the source areas of the central Vietnam
and Red River. Yet, Zhong et al. (2013) reported that the
heavy mineral assemblages from the Dongfang area were
similar to those of central Vietnam. The assumption was that
both source rocks were complex, including different types
of magmatic rocks and metamorphic rocks. Therfeore, it is
necessary to combine other methods, such as geochemical
data, to further confirm the provenance. The ratio of
AlLO,/TiO, is considered to be one of the most functional
provenance indicators of sedimentary rocks (Hayashi et al.,
1997; El-Bialy, 2013). Hayashi et al. (1997) demonstrated
that sandstone and mudstone have similar ratios to that
of their source rocks. The positive correlation coefficient
between AlO, and TiO, (Table 3) indicates insignificant
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fractionation of Al and Ti. The AL,O,/TiO, ratios (average
is 14.5) of submarine fan sandstone indicate intermediate to
felsic source rocks (Hayashi er al., 1997; El-Bialy, 2013).

REEs and several trace elements (e.g. Sc, Cr, Th, V, Ti, Hf,
Zr) have been widely used in discriminating provenance
due to their low mobility during weathering, sedimentation
and diagenesis (Bhatia, 1983; Taylor et al., 1986; Taylor &
McLennan, 1985; McLennan, 1989; McLennan et al., 1993;
Schoenborn & Fedo, 2011). Mafic source rocks usually
have low LREE/HREE ratios, whereas felsic source rocks
usually have higher LREE/HREE ratios and a negative
Eu anomaly. The REE patterns for all sandstone indicate a
similar provenance. The LREE/HREE ratios (average is 9.3)
and negative Eu anomaly (average is 0.64) indicate felsic
source rocks (Rahman and Suzuki, 2007).

The ratios of trace elements (e.g. Th/Sc and Cr/Th) can
provide useful information on the provenance of sedimentary
rocks (Taylor & McLennan, 1985; Cullers & Berendsen,
1998; Feng & Kerrich, 1990; Cullers, 2000). The Co/Th
and La/Sc ratios indicate felsic source rocks (Fig. 8b). The
ratios of La/Sc, Th/Sc, Cr/Th and Eu/Eu* suggest that they
are most likely derived from felsic source rocks (Armstrong-
Altrin et al., 2004, Table 6).

Sandstone with a ratio of Cr/Ni>3 are significant in
1996). The
content of Cr and Ni suggest that they are unlikely to be

sedimentary fractionation (Garver et al.,

sourced from widespread mafic/ultramafic rocks. The Cr/
Ni ratios of submarine fan sandstone indicate that they are
more likely fractionated during weathering (Floyd er al.,
1991; Zimmermann & Bahlburg, 2003; Rahman & Suzuki,
2007). Also, the high field strength elements (HFSEs) Zr
and Hf, which tend to be more enriched in felsic rocks than
mafic rocks (Feng & Kerrich, 1990; El-Bialy, 2013), are
incompatible during most igneous processes. The content of
Zr (average is 280ppm) is also supportive of felsic source
rocks. However, the high content of Zr may be related to the
reworking and sorting of sand during transportation from the
Kutum uplift to the delta-front. Hf is closely related to Zr,
and both elements are controlled by zircon.

The REE pattern of the studied rocks is similar to the upper
Miocene sandstone sourced from central Vietnam (Shao
et al., 2010; Cao et al., 2015) (Fig. 7b). Although there is
no available REE data on the source rocks from central
Vietnam, the felsic source rocks from the Kuntum uplift
can provide the source material that was transported by the
Blue River (Zhang et al.,2013; Zhong et al.,2013). The high
Eu anomalies also may be due to felsic source rocks in the
Kuntum uplift. In addition, recent offshore seismic profiling
revealed eastward progradation from the Blue River to the
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Yingxi slope of the Yinggehai Basin (Wang et al.,2015). The
REE patterns are different to those of Red River sediment
and Miocene sandstone sourced from Hainan Island (Clift
et al., 2008; Zhao et al., 2013; Shao et al., 2010; Cao et
al., 2015; Fig. 7). Also, heavy mineral assemblages of the
submarine fan system differ from those of Hainan Island.
Therefore, it is more likely that the Kuntum uplift provided
the source material via the Blue River.

In addition, significant differences in quartz-feldspar-lithic
fragments ratios were observed between the submarine fan
and neritic sandbar systems. This finding indicates that the
source rocks are the most important factor in determining the
sandstone composition.

Table 6. Comparison of elemental ratio of sediment from

Huangliu formation. Values for felsic and mafic sources are

from Armstrong-Altrin et al., 2004 and upper continental
crust is from Rudnick & Gao, 2003.

Elemental |  Huangliu Felsic Mafic Upper
. : continental
ratio Formation sources sources
crust
La/Sc | 3.56-6.76 |2.50-16.3 | 0.43-0.86 221
(4.25%)
Th/Sc | 0.90-2.25 | 0.84-20.5 | 0.05-0.22 0.75
(1.28%)
Cr/Th | 3.23-7.03 | 4.00-15.0 | 25.0-500 8.76
(5.84%)
*Eu/Eu | 0.48-0.70 |0.40-0.94 | 0.71-0.95 0.72
(0.64%)

Note: * means average value.

5.3. Tectonic Setting and Significance of Provenance

Several trace elements (e.g. La, Th, Sc, Zr) have been
widely used in discriminating tectonic settings due to their
low mobility and well preserved source-rock information
(Bhatia & Crook, 1986). The high La/Sc, Th/Sc and Zr/
Sc are in accordance with a continental island arc origin
(Fig. 9). However, Verma and Armstrong-Altrin (2013)

of Huangliu F ormation, Dongfang 13 gas field in Yinggehai Basin, South China Sea

and Armstrong-Altrin (2014) evaluated the trace-element
diagrams proposed by Bhatia and Crook (1986) (Fig. 9)
and cautioned that they may not work properly. Instead,
Verma and Armstrong-Altrin (2013) proposed a new major-
element based, multi-dimensional diagram with a better
accuracy rate for tectonic discrimination of siliciclastic
sediment. According to this diagram, most of the studied
sandstones have a collision origin (Fig. 10). In general, this
is in accordance with the continental island arc origin since
it represents a convergent continental margin, just like a
collision zone. It is also in agreement with transport from
the Kuntum uplift because the South China Sea is located
in the convergent hinge of the Eurasian, Pacific and Indo-
Australian plates. The mountains in the Kuntum uplift were
formed during Mesozoic Era by the collision between the
Indochina Block and South China Block. At the end of
the Paleocene, the Indochina Block moved southeastward
as a result of collision between the Indosinian Plate and
the Eurasian Plate. The northwest-trending faults in the
border area exhibit left-lateral slip characteristics (e.g. Red
River fault and Song Ma fault; Zhong et al., 2004; Sun et
al., 2006). The amount of sediment from the Red River
has decreased, and the sediment was replaced by estuarine
deposits and coastal deposits when the Red River was
captured by the Yangtze River at a time before the Oligocene
(Zhao et al.,2013; Clark et al.,2004; Yan et al.,2011;). Zhao
et al. (2013) reported that the sediment from the Red River
was deposited only in the northwest part of the Yinggehai
Basin from the late Oligocene to the Pleistocene. Instead,
the Blue River in central Vietnam may have provided felsic
material. Furthermore, the mouth of the Red River is mainly
composed of argillaceous sediments, and less high-stand
delta is developed (Wang, 1995).

The submarine fan sandstone sourced from the western
Kuntum uplift is larger in grain size than the neritic sand
bar siltstone. It is also rich in gas (Zhang et al., 2013) and
beneficial in physical properties. This makes it a favorable
exploration target. However, the neritic sandbar sourced
from eastern Hainan Island has poor reservoir quality.
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Fig. 9. Discrimination diagrams of tectonic setting for Huangliu formation using trace elements (after Bhatia & Crook, 1986).

OIA = oceanic island arc; CIA = continental island arc; ACM = active continental margin; PM = passive margin.
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Fig. 10. Multidimensional discrimination diagrams of tectonic setting for the submarine fan sandstone (after Verma &

Armstrong-Altrin, 2013). Arc = island or continental arc; Rift = continental rift; Col = collision).

DF1 (arc-rifi-coy= (-0.263%In(TiO2/S102)agj)+ (0.604*In(Al,03/S107)aqj)+
(-1.725 Xll’l(Fezo3t/Si02)adj)+ (0.660xIn(MnO/Si02)agj)+ (2.191xIn(MgO/Si03)ag)+
(0.144xIn(Ca0/S102),¢j)+ (-1.304xIn(Na,O/Si05)agi)+ (0.054¥In(K,0/Si105)agi)+
(-0.330xIn(P205/S107)aq;)+1.588
DF2 arc-rifi-co= (-1.196XIn(TiO02/S107)agj)+ (1.064xIn(AL,03/S102),4j)+
(0.303x% ln(F6203t/Si02)adj)+ (0.436xIn(MnO/Si02),gj)+ (0.838xIn(MgO/Si07)agi)+
(-0.407xIn(Ca0/Si07)agj)+ (1.021xIn(Na,O/Si03)aqj)+ (-1.076XIn(K20/S102)ag)+
(—0. 1 26><11’1(P205/Si02)adj)—1 .068

6. Conclusions

This paper describes an integrated method to analyze the
provenance of submarine fan sandstone. Petrography, heavy
minerals assemblages, and geochemical compositions were
used in this method. Based on the results of the investigation,
the following conclusions can be drawn:

(1) Based on petrography, heavy mineral assemblages and
geochemical composition, two provenances have been

identified. The submarine fan system and neritic sandbar
are sourced from the Kuntum uplift and Hainan Island,
respectively. Significant differences in quartz-feldspar-
lithic fragments ratios and heavy mineral assemblages are
observed from submarine fan and neritic sandbar system,
which indicates that the source rocks are the most important
factor in controlling the sandstone composition.

(2) The CIA values and Rb/Sr ratios of the submarine fan
sandstones indicate moderate weathering intensity in the source
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area. The values of SiO/AlO, indicate moderate sediment
maturity. The REE patterns, diagrams and elemental ratios of
trace elements of samples show that the submarine fan sandstones
were derived from felsic source rocks. Finally, the results show
that the integrated method used in this study is a powerful and
effective tool in determining provenance when it is complex.
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