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Geochemistry of Middle Oligocene-Pliocene sandstones from
the Nanpu Sag, Bohai Bay Basin (Eastern China):
Implications for provenance, weathering, and tectonic setting
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Petrographic and geochemical compositions of thirty-seven Middle Oligocene—Pliocene sandstone samples from the
Nanpu Sag in Bohai Bay Basin were analyzed to evaluate their provenance, weathering, and tectonic setting. These
sandstones comprise mainly arkoses and lithic arenites and a few graywackes, characterized by low to moderate quartz/
total feldspar ratios (1.31-6.11, average 2.72 = 0.98) and CIA values (45.87-70.13, 57.49 £ 5.93). The Middle-Upper
Oligocene sandstones have average lower SiO, (71.72 + 5.16%), and higher Fe,O0; (3.06 + 1.26%) and MgO (1.65 +
0.39%), in contrast with the Miocene samples that generally have high SiO, (76.46 + 4.26%) and low Fe,O; (3.04 £
1.51%) and MgO (0.69 + 0.32%) contents. Following the deposition, Fe,O; (3.17 + 1.00%) and MgO (1.07 £ 0.38%)
contents increased again in the Pliocene samples. Such a compositional variation trend is interpreted as a change of
tectonic activity in the sag from Middle Oligocene to Pliocene, i.e., stronger in the Middle Oligocene, weaker in the
Miocene and to stronger again in the Pliocene. Qt—F-L plot, trace element provenance discrimination diagrams (e.g., Eu/
Eu*, Co/Th, and La/Sc), and REE characteristics suggest that the source rocks were mainly derived from felsic igneous
rocks, possibly from Mesozoic granitoids and felsic volcanic lavas in the Yanshan Fold Belt. Tectonic discrimination
diagrams (e.g., Si0,—K,0/Na,0, Fe,0;* + MgO-TiO,, and Th—Sc—Zr/10) show that these sandstones were mainly depos-
ited in an active continental margin setting, implying a remobilized intra-continental environment.
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INTRODUCTION

Clastic sedimentary rocks contain important informa-
tion about the composition, tectonic setting and evolu-
tion of continental crust, especially when the traditional
petrographic techniques are ambiguous. Although their
chemical record can be affected by factors such as source
rock characteristics, chemical weathering, and sorting
processes during transportation, sedimentation and post-
depositional diagenesis (McLennan, 1989; Nesbitt and
Young, 1996; Nesbitt et al., 1996), some immobile ele-
ments such as Y, Sc, Th, Zr, Hf, Cr, Co and rare earth
elements (REE) are believed to be useful indicators of
geological processes, provenance and tectonic setting
(Cullers et al., 1987, 1988; Bhatia and Crook, 1986; Taylor
and McLennan, 1985; McLennan et al., 1993). Therefore,
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the geochemistry of clastic sediments can be effectively
used to understand their tectonic setting and provenance
(Bhatia, 1983; Roser and Korsch, 1986, 1988; Condie et
al., 1992). On this basis, many recent geochemical stud-
ies on sandstones and shales have focused on delineating
the provenance and tectonic evolution of sedimentary
basins (Armstrong-Altrin et al., 2004; Wanas and Abdel-
Maguid, 2006).

The Bohai Bay Basin has attracted the attention of
many researchers not only for its abundant petroleum re-
sources, but also for its tectonic evolution. Various view-
points have been proposed about the origin of the basin,
but its dynamic mechanism and tectonic setting are still
in dispute (Guo et al., 2005). Most researchers empha-
sized the extensional model, and believed that Bohai Bay
Basin should be an actively rifted basin under the regional
extension due to the upwelling of mantle or asthenosphere
(Ma et al., 1983; Lu et al., 1997), and the mantle or
asthenosphere upwelling had a close relationship with the
subduction of the Pacific plate towards the Eurasian plate.
Natural seismic image and long-wave geoelectromagnetic



deep sounding have shown that in eastern China the
subducting Pacific plate probably reaches in the upper/
lower mantle interface at a depth of 670 km and with a
length of over 1000 km (Fukao and Maruyama, 1994;
Ichiki et al., 2001). With respect to the NNW-trending
underthrusting Pacific plate, the Eurasian plate has an
overthrusting trend towards SEE (Guo et al., 2003). This
may not only have caused back-arc extension of conti-
nental lithosphere as a result of upwelling of mantle ma-
terials in eastern China (Xu et al., 2004), but also resulted
in roll-back of the subduction zone. Wang, H. et al. (2002)
pointed out that in the Nanpu Sag the depth of the top of
the asthenosphere varied from 66.5 km to 56 km from the
Late Oligocene to Pliocene, suggesting that an obvious
mantle upwelling existed. Recent seismic imaging (Zheng
et al., 2006) further revealed that in the Cenozoic Bohai
Bay Basin the crust was significantly thinned, due mainly
to reduction in the thickness of the lower crust (including
the crust-mantle transition zone), by up to ~12 km. Nu-
merical simulation data also demonstrated the existing
of roll-back of the subduction zone (Zhang and Shi, 2003).
The subduction and roll-back effect of the Pacific plate
would have changed the thermal-dynamic states of East
Asia, and resulted in the formation of Cenozoic
extensional basins such as the Bohai Bay Basin, and large-
scale attenuation of the lithosphere in eastern China, es-
pecially within these extensional basins. In contrast, a few
believed that the basin was a pull-apart or passive rifted
basin where a later strike-slip system was juxtaposed on
early extensional structures. It may therefore have formed
as a pull-apart basin by dextral displacement along NNE-
trending normal faults (Zhao, 1984; Chen and Nabelek,
1988). On the other hand, subduction of the Pacific plate
towards the Eurasian plate is generally considered as the
reason for the origin of the Bohai Bay Basin (Guo et al.,
2005), although Zhang (1988) suggested that its forma-
tion was related not only to the subduction, but also to
the Eurasian plate spreading and creeping towards the
ocean.

Nanpu Sag, a small petroliferous sag, is located in the
northern Bohai Bay Basin. Most of previous work on it
(e.g., Cong and Zhou, 1998; Wang, H. et al., 2002) has
focused on the structural styles and sedimentary filling
strata, and has made great contributions to the petroleum
exploration in this area, rather than the basin itself. Also
little attention has been paid to the study of provenance
in this sag, even though this is very important for further
hydrocarbon exploration and understanding Cenozoic tec-
tonic evolution of eastern China. In this study, petro-
graphic, major, trace, and rare earth element composi-
tions of sandstones of Middle Oligocene to Pliocene age
were analyzed to evaluate their provenance, weathering,
and tectonic setting.
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GEOLOGICAL SETTING

The Cenozoic Bohai Bay Basin in the eastern part of
the North China Block (NCB) is bounded by the Yanshan
Fold Belt in the north, by the Luxi Uplift in the south, by
the Taihang Mountain Uplift in the west, and by the
Jiaoliao Uplift in the east. The basin consists of several
NNE-trending depressions and uplift belts (Figs. la and
b). As one of many secondary structural units in the ba-
sin, the Nanpu Sag is bounded by the Xi’nanzhuang Fault
in the northwest, by the Baigezhuang Fault in the north-
east, and by the Shaleitian Uplift in the south (Fig. Ic). It
covers an area of about 2,000 km2, and is approximately
50 km long in the E-W direction and 40 km wide in the
N-S direction. It is a Cenozoic complex faulted depres-
sion developed on pre-Tertiary basin basement.

The regional metamorphic basement in the Nanpu Sag
are composed of Archean and Proterozoic crystalline
rocks with the oldest age of =3.8 Ga (Liu ef al., 1992).
The development of the basin since the Paleozoic can be
divided into four stages: (1) During the early Paleozoic
marine carbonate platform stage, it belonged to the pas-
sive continental margin. Carbonate rocks of neritic plat-
form facies dominate the Cambrian and Ordovician
sediments. The Caledonian orogeny resulted in a signifi-
cant unconformity in the basin from the Middle
Ordovician to the Middle Carboniferous. (2) The imme-
diate stage from marine to inland basin occurred during
the late Paleozoic through the early Mesozoic. Transgres-
sion occurred in the Middle Carboniferous. From the
Middle Carboniferous to the Early Permian, a series of
littoral coal-bearing sediments were formed. During the
late Early Permian to Middle Triassic, continental sedi-
mentation prevailed. The Permian and Early—Middle
Triassic consist mainly of fluvial and lacustrine red
sandstones and mudstones with small amounts of marine
sediments (Yang et al., 1986). (3) At the end of the Mid-
dle Triassic, a nearly N-S contraction (Indosinian orogeny,
ca.250-220 Ma) deformated the pre-Mesozoic strata into
a series of NE-trending folds and fault belts, as well as a
series of small basins. The Yanshan Fold Belt began to
form in this period. From the Early Jurassic to the Early
Cretaceous the Yanshanian orogeny formed complex folds
and overthrusts. The Yanshan Fold Belt developed rap-
idly as a response to this intense tectonic-magmatic acti-
vation. Upper Triassic—Cretaceous stratigraphies comprise
lacustrine and fluvial clastic rocks with several coal-
bearing beds (Hu et al., 1989). (4) In Cenozoic, the evo-
lution of the Nanpu Sag as well as other small sags in the
Bohai Bay Basin is best described by a two-stage model
with a Paleogene synrift phase (including Eocene rifting
episode I and Oligocene rifting episode II) and a Neogene
postrift phase (including a Miocene thermal subsidence
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Fig. 1. (a) Location of Nanpu Sag (black rectangle) and Bohai Bay Basin in the North China Block (modified after Ren et al
2002). Mesozoic—Cenozoic basins in Eastern China and adjacent areas are also shown. (b) General structures in the Bohai Bay
Basin. (c) Tectonic sketch map of the Nanpu Sag and the locations of sampled wells in this study (modified after Cong and Zhou,

1998).

Lithologies are dominated by terrestrial clastic rocks in
two main associations: (1) sandstones and organic-rich
mudstones formed in lacustrine/fluvial or deltaic envi-
ronments; (2) purple-red and mottled sandstones and
mudstones that formed in alluvial environments. Basal-

period and a Pliocene structural reactivation period) (Ye
etal., 1985; Allen et al., 1997; Ren et al., 2002) (Fig. 2).

Tertiary strata of the Nanpu Sag rest unconformably
on a variety of older pre-rift strata and are covered con-
formably or disconformably by Quaternary sediments.

Sandstone geochemistry of the Nanpu Sag 361
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Fig. 2. Tertiary filling sequences and tectonic evolution of the Nanpu Sag (modified after Wang, H. et al., 2002).

SAMPLING AND METHODS

E Sandy mudstone

filled by Eocene—Early Oligocene Shahejie Formation
(abbreviated as Es), Middle-Late Oligocene Dongying
Formation (Ed), Miocene Guantao Formation (Ng, includ-
ing the lower member Ngl and the upper member Ngu),
Pliocene Minghuazhen Formation (Nm), and Quaternary
sediments (Wang, H. er al., 2002).
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Due to the oil company’s practical needs for hydro-
carbon exploration, sampling in the Nanpu Sag was not
successive, thus we chose four boreholes to collect sam-
ples for this study (Fig. 1c). These boreholes have the
same structural-sedimentary features as other boreholes
in the sag. Finally thirty-seven fresh moderate-grained



Table 1. The petrography of Middle Oligocene—Pliocene sandstones from the Nanpu Sag in percent

Fm. Sample Qm Qp P AF Lv Ls H M+C  Qn Qu Qt F L Lt Total Qt:F:.L
Nm (n=15)
B14-4 44 2 10 8 6 11 1 18 30 14 46 18 17 19 100 57:22:21
B14-7 41 4 13 12 5 8 2 15 35 6 45 25 13 17 100 54:30:16
NP1-17 47 3 8 12 3 3 2 22 38 9 50 20 6 9 100 66:26:8
NP1-2 42 4 14 11 5 9 2 13 37 5 46 25 14 18 100 54:29:17
B14-87 38 4 10 14 4 8 2 20 32 6 42 24 12 16 100 54:31:15
mean 42 3 11 11 5 8 2 18 34 8 46 22 12 16 100 57:28:15
s.d. 3 1 2 2 1 3 0 4 3 4 3 3 4 4 5:4:5
Ngu (n=19)
B14-10 50 4 9 12 1 9 2 13 40 10 54 21 10 14 100 64:25:11
B14-12 55 5 7 8 1 8 0 16 48 7 60 15 9 14 100 71:18:11
B14-13 48 2 7 16 5 12 0 10 41 7 50 23 17 19 100 56:26:18
B14-15 46 2 7 10 2 11 2 20 40 6 48 17 13 15 100 62:22:16
Bl14-16 49 4 6 7 2 12 2 18 39 10 53 13 14 18 100 66:16:18
B14-17 50 5 6 9 3 7 1 19 40 10 55 15 10 15 100 69:19:12
L25-8 45 2 8 17 2 8 2 16 40 5 47 25 10 12 100 57:30:13
L25-9 46 1 12 13 2 7 1 18 40 6 47 25 9 10 100 58:31:11
NP1-5 44 4 12 11 4 7 1 17 31 13 48 23 11 15 100 59:28:13
B32X1-26 48 3 8 16 1 4 1 19 39 9 51 24 5 8 100 64:30:6
B32X1-21 52 4 6 15 0 4 2 17 45 7 56 21 4 8 100 69:26:5
B32X1-14 54 6 8 12 1 4 1 14 43 11 60 20 5 11 100 71:23:6
B32X1-137 34 3 7 13 2 19 1 21 25 9 37 20 21 24 100 47:26:27
B32X1-12 38 4 8 17 9 4 2 18 29 9 42 25 13 17 100 53:31:16
B32X1-117 43 2 8 9 3 12 2 21 35 8 45 17 15 17 100 58:22:20
B32X1-10 51 6 8 5 3 6 2 19 43 8 57 13 9 15 100 72:16:12
B32X1-9 44 2 6 11 2 11 3 21 36 8 46 17 13 15 100 61:22:17
B32X1-6 46 3 7 10 4 9 1 20 40 6 49 17 13 16 100 62:22:16
B32X1-5 44 6 6 12 3 6 2 21 38 6 50 18 9 15 100 65:23:12
mean 47 4 8 12 3 8 1 18 39 8 50 19 11 15 100 63:24:13
s.d. 5 2 2 3 2 4 1 3 5 2 6 4 4 4 7:5:5
Ngl (n=9)
L25-10 50 7 4 7 2 8 2 20 45 5 57 11 10 17 100 73:14:13
L25-11 48 2 5 10 4 7 1 23 36 12 50 15 11 13 100 66:20:14
L25-12 50 3 6 12 1 4 2 22 40 10 53 18 5 8 100 70:24:6
B32X1-4 50 3 8 14 1 4 2 18 42 8 53 22 5 8 100 66:28:6
B32X1-3 49 3 4 9 1 12 1 21 41 8 52 13 13 16 100 67:17:16
B32X1-2 52 3 6 11 0 6 2 20 43 9 55 17 6 9 100 71:22:7
B32X1-1 49 4 8 12 2 15 1 9 40 9 53 20 17 21 100 58:22:20
NP1-4 52 3 5 11 0 9 2 18 41 11 55 16 9 12 100 69:20:11
NP1-6 49 5 7 8 2 7 2 20 39 10 54 15 9 14 100 69:19:12
mean 50 4 6 10 1 8 2 19 41 9 54 16 9 13 100 68:20:12
s.d. 1 2 2 2 1 4 1 4 3 2 2 3 4 4 5:4:5
Ed (n=4)
NP1-8 36 4 8 18 2 10 2 20 32 4 40 26 12 16 100 51:33:16
NP1-9 37 5 6 14 4 10 3 21 31 6 42 20 14 19 100 55:26:19
NP1-10 32 3 8 13 5 14 2 23 28 4 35 21 19 22 100 47:58:25
NP1-11 29 5 10 17 5 10 2 22 25 4 34 27 15 20 100 45:36:19
mean 34 4 8 16 4 11 2 22 29 5 38 24 15 19 100 51:31:18
s.d. 4 1 2 2 1 2 1 1 3 1 4 4 3 3 5:5:5

Nm = the Pliocene Minghuazhen Formation, Ngu = the upper member of the Miocene Guantao Formation, Ngl = the lower member of the
Miocene Guantao Formation, Ed = the Middle—late Oligocene Dongying Formation. Qm: monocrystalline quartz, Qp: polycrystalline quartz,
On: non-undulose quartz, Qu: undulose quartz, P: plagioclase, AF : alkali feldspar (i.e., orthoclase, microcline), Lv: lithic volcanic clastics, Ls:
lithic sedimentary clasts, H: heavy minerals, M + C: metrix + cement, Qt = Om + Qp, Om = Q0n + Qu, F =P + AF, L =Lv + Ls, Lt = L + Qp,
Om-—Lt are listed in percent, s.d. represents the standard deviation, Total = >(Qm-M + C).

"Shows greywacke.
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sandstone samples were collected from these boreholes,
and they were classified into 4 units according to their
stratigraphic features, including Ed sandstones (n = 4),
Ngl sandstones (n = 9), Ngu sandstones (n = 19), Nm
sandstones (n = 5). The samples were analyzed under the
microscope in thin sections. 400 points were counted for
each sample using the traditional method of Dickinson
and Suczek (1979) and Dickinson et al. (1983).

Whole-rock geochemistry analysis was carried out at
the Laboratory of Isotope Geochronology and
Geochemistry, Chinese Academy of Sciences. Each sam-
ple was powdered to 200 mesh in an agate mill to avoid
contamination. Loss of ignition (LOI) was determined at
900°C for 90 min. Fused-glass discs were prepared for
major element analysis by X-ray fluorescence method as
described in detail by Ahmedali (1989). The analytical
precision is better than 5% for major elements. Trace el-
ement data, including rare earth elements (REE), were
obtained with standard ICP-MS procedures as described
in detail by Jenner et al. (1990). Accuracy and precision
was estimated and monitored from the control samples
and duplicates. The precision of replicate analysis is bet-
ter than 5% for all analyzed trace elements except Zn, Ga
and V, which have precisions of 5-8%.

RESULTS

Petrography

Summary results of modal analysis for sandstone sam-
ples are shown in Table 1. Most samples are feldspathic
litharenite and litharenite, along with a few lithic arkoses.
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Table 2. Major element contents and their correlative ratios of sandstones in the Nanpu Sag

The upper member of Guantao Formation (Ngu, n = 19)

B14-12
1895.87

Minghuazhen Formation (Nm, n = 5)

Sample

B14-17 L25-8 L25-9
1922.20

1911.20

B14-16
1908.00

B14-15

1905.37

B14-13
1898.10

B14-10
1890.60

B14-8"
1678.68

NP1-2
1831.00

B14-7 NP1-17

1665.30

B14-4
1657.80

1919.60

1827.90

Depth/m
SiO,

69.01

80.45
10.69

76.87 77.47 80.14 75.21

78.96
10.83

72.81

68.43

78.77
11.31

71.56
1391

72.14

72.35

13.97

10.94
0.88
4.61
3.00
0.85
0.09
2.23
0.05
0.28
1.77

99.91

9.74
0.81
2.44
2.49
0.60
0.04
1.92
0.06
0.35
1.39

99.98

10.88
0.86
2.23
3.12
0.57
0.04
2.31
0.04
0.26
2.75

100.53

11.52
0.76
2.03
3.34
0.68
0.03
2.72
0.04
0.21
1.71

99.91

12.26
1.00
4.71
2.97
0.75
0.09
2.03
0.05
1.23
2.03

99.93

13.89
1.13
4.07
3.24
1.49
0.05
3.40
0.08
0.53
3.66

99.97

55.43

13.41

13.28

Al,0,
CaO

1.02
6.19
3.10
1.35
0.04
1.92
0.07
0.61
2.68
98.96

62.50

0.37
1.43
3.36
0.31
0.01
1.93
0.03
0.17
1.14

99.89

0.64
1.71
3.07
0.54
0.02
2.30
0.04
0.27
1.51
99.89
56.67

0.85
1.52
2.97
0.45
0.01
2.77
0.04
0.13
1.05

99.87

1.28
3.18
3.45

0.96
3.82
323
1.18
0.05
2.55
0.05
0.42
2.10

99.91

1.10
3.27
3.40
1.06
0.04
2.83
0.07
0.38
2.14

99.92

Fe,0,*
K,O

1.15
0.04
3.15
0.08
0.41
1.69
99.90
55.27

MgO
MnO

Na,O
P,O;
TiO,

LOI

Total
CIA

55.42 57.04 56.20 58.78

7.12

54.85

59.39

54.80

58.66

56.20

4.94
1.61
7.54
4.75

6.87 7.53

8.23
1.30
3.04
3.57

6.67

7.29
1.36
2.25
3.68

5.94
1.46
5.46
4.05

4.93
0.95
5.56
3.07

6.96
1.07
1.97
3.12

5.14

5.38
1.27
5.00
3.84

5.45
1.20
433
3.38

Si0,/ALO,
K,O/Na,0

1.745
1.74
4.65

35
5.46
3.52

1.

1.35
2.80
343

1.10
4.33
3.14

2.71
331

MgO+Fe,0,

AL0,/(Ca0+Na,0)
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Fig. 4. Geochemical classification of sandstones from the
Nanpu Sag using the log(Na,0/K,0) vs. log(Si0,/Al,0;) dia-
gram (after Pettijohn et al., 1973).

Generally, matrix and cement mineral constitutes up to
9-23% of the total rock volume. The framework grains
are moderate in size, angular to subangular in shape, and
poorly to moderately sorted. Grain-support and contact-
cement textures are frequently observed in most samples.
The minerals recorded are monocrystalline quartz (Qm),
polycrystalline quartz (Qp), plagioclase (P), alkali feld-
spar (AF, including orthoclase and microcline), lithic sedi-
mentary and metasedimentary clasts (Ls), and lithic vol-
canic clasts (Lv). Ls and Lv constitute the lithic clastics
(L) and together with Qp the total lithic clastics (Lt), Qm
and Qp make together total quartz (Qt). Furthermore de-
trital zircon, biotite, apatite and other heavy minerals (H)
are also distinguished.

All samples have relatively high quartz (Qt) contents
of 34-60%, and each group (Es—Nm) has an average con-
tent of 37.3%, 53.3%, 50.2%, and 53%. Monocrystalline
quartz is much commoner than polycrystalline quartz.
Potassium feldspar usually dominates over plagioclase.
Felsic volcanic grains and granites mainly dominate the
lithic fragments in sandstones, whereas sedimentary and
metasedimentary grains are rare. Accordingly, The ratios
of detrital Qt: F: L modes considered group by group are
as follows: 51 £5:31 £5:18 £ 5 (Ed); 68 £5:20£4:12 +
5 (Ngl); 63 £7:24£5:13+5 (Ngu); 57 £5:28 +4:15+5
(Nm) (Table 1).

On a Qt—F-L ternary diagram (Fig. 3), the Nanpu Sag
sandstones show a grouping of data in the recycled
orogenic provenance field and a subordinate continental
block field, indicating an uplifted continental fragment
as a likely source area. Paleocurrent data suggest that this
exposed land was located north of the study area (Wang,
H. et al., 2002).
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Fig. 5. Multi-element normalized diagram for the Nanpu Sag
sandstones, normalized against average upper continental crust
(Taylor and McLennan, 1985).
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Fig. 6. REE distribution patterns of Middle Oligocene—Pliocene
sandstones from the Nanpu Sag and of felsic magmatic rocks in
the Yanshan Fold Belt. REE data of CI chondrite-normaliza-
tion are from Boynton (1984). Numbers 1-5 are represented by
references respectively as follows: 1: Xiao et al., 1994; 2: Tan,
1997; 3: Xuetal., 1999;4: Li, W. P.,2003; 5: Li, X. Y., 2003;
6: Wang, Q. et al., 2002.

Geochemistry
The major-element and trace element concentrations

of all the Nanpu Sag sandstones are arranged in Table 2
and Table 3 respectively according to their sedimentary
sequences.

Major elements Generally, these sandstones are charac-
terized by moderate contents of SiO, (65.36-82.79%,
average 75.43 = 4.57%) and Al,O05 (8.31-15.69%, 11.41
+ 1.90%), and low contents of Fe,O;* + MgO (1.04—
7.54%, 3.89 + 1.71%) and TiO, (0.13-1.23%, 0.35 =
0.21%), due to their high quartz contents and lesser mafic
components. The low CaO contents (0.17-3.64%, 1.05 £
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first part = Ed sandstones; second part = Ngl + Ngu sandstones, third part = Nm sandstones (modified after Liu et al., 2006a).

0.80%) indicate that all the sandstones have very low
carbonate component. The moderate negative correlation
(r =-0.66) between SiO, and CaO may suggest that both
the detrital and the matrix carbonate in all the samples
are primary rather than secondary, because the influence
of secondary carbonate could result in SiO,—CaO scatter
(Feng and Kerrich, 1990). Compared with the composi-
tions of different clastic rock types, it is clear that major
element contents (e.g., SiO,, Al,05, Fe,05*, MgO, and
TiO,) and key ratios (e.g., Si0,/Al,05, and Al,0,/(Na,O
+ Ca0)) obviously differ from those of graywackes, but
are similar to those of arkose and lithic arenite. In the
geochemical classification diagram of Pettijohn et al.
(1973) the studied sandstones plot in the litharenite and
arkose fields, except for four samples that fall in the
greywacke area (Fig. 4). This classification is generally
consistent with the petrologic data. In general, most sam-
ples show clearly depletion of CaO and MnO relative to
upper continental crust (UCC) (Taylor and McLennan,
1985), and also slightly enrichment of Al,O5 (Fig. 5).

Trace elements The contents of Rb, Ba, Cs and Sr in the
sandstones from Nanpu Sag vary to a great degree from
62.54 to 109.70 ppm, 603.6 to 2145.7 ppm, 0.81 to 4.04
ppm, 80.1 to 1484.7 ppm, respectively. Compared with
UCC (Taylor and McLennan, 1985), Rb, Cs and Sr are
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distinctly depleted whereas Ba is weakly enriched
(Fig. 5).

The contents of Cr, Co, Ni and Sc show a wide range
from 16.34 to 253.60 ppm, 3.26 to 32.37 ppm, 7.62 to
155.20 ppm, 2.06 to 10.30 ppm respectively. Only a few
samples (e.g., B14-10) have relatively high contents, sug-
gesting a contribution from more mafic components.

Contents of the High field strength elements Th, Y,

Nb, Ta show a similarly wide ranges from 2.90 to 18.78
ppm, 5.86 to 24.42 ppm, 3.31 to 18.81 ppm, 0.29 to 1.51
ppm respectively. Compared to UCC, the concentrations
of most high field strength elements are generally low
and average relative ratios lie between 0.2 and 0.7. Zr
and Hf are somewhat depleted compared to the UCC
(Fig. 5).
Rare earth elements The absolute concentrations of
YREE vary greatly (64.05-231.00 ppm, average 111.80
+ 33.89 ppm). As a whole, the chondrite-normalized pat-
terns of the Nanpu Sag sandstones are similar to that of
UCC, with distinctive negative Eu-anomalies (0.46—1.08,
average 0.78 = 0.09), LREE (La—Eu) enrichment [(La/
Yb)y = 7.97-17.63, 12.82 £ 2.41] and flat HREE (Gd-
Lu) [(Gd/Yb)y = 1.13-1.96, 1.54 = 0.16]. All samples
lack obvious Ce-anomalies (0.92—-1.10, 0.99 = 0.04)
(Fig. 6).



Geochemical variation of stratigraphy Stratigraphic
trends in geochemistry are more difficult to recognize,
although there are some stratigraphic variations existing.
Liu et al. (2006a) used element box-and-whisker plots of
the Nanpu Sag sandstones to facilitate geochemical data
interpretation. In Fig. 7, it is clear that the trends of these
variables (the contents of elements or various key param-
eters) can be divided into three time periods. The first
part is the Middle-Late Oligocene (Ed Formation)
sandstones, which is characterized by low SiO, contents
(71.72 £ 5.16%), small CIA values (46.69 = 0.91), and
abundant Fe,0; (3.06 = 1.26%) and MgO contents (1.65
+ 0.39%) as well as other element contents (e.g., Ta, Zr,
La). The second part is the Miocene (Ng Formation, con-
sists of Ngl member and Ngu member) sandstones, dif-
fering from the first one, it is characterized by relatively
higher contents of SiO, (76.46 = 4.26%) and higher CIA
(59.29 £ 4.92) values, and lower contents of Fe,0; (3.04
+ 1.51%) and MgO (0.69 = 0.32%). The third part is the
Pliocene (Nm Formation) sandstones, which has the char-
acterization of relatively lower SiO, (72.65 % 3.77%)
contents and CIA (56.07 = 1.53) values, and higher Fe,0;
(3.17 £ 1.00%) and MgO (1.07 £ 0.38%) contents than
those of the second part. In most cases, the differences in
the variables between these three parts are larger than the
variations within each part.

DISCUSSION

Effect of hydraulic sorting and quartz dilution

It is widely accepted that hydraulic sorting and quartz
dilution can significantly influence the chemical compo-
sition of terrigenous sediments, thus sorting and concen-
tration of accessory minerals is especially important in
the coarser rocks, with zircon, monazite and apatite usu-
ally affecting the distribution of some trace elements
(Cullers, 1994a, 2000). Irregular change of Zr content,
Zr/Th and Zr/Yb ratios in the Nanpu Sag sandstones show
that zircon accumulation is not an important process and
poor Zr-Th (r = 0.14) and Zr-REEs (r = 0.20) correla-
tions indicate that zircon has little influence over the abun-
dance of these elements. The limited grain-size variation
(0.45-0.25 mm) and moderate clay proportions (gener-
ally <15%) observed by microscopic analysis in these
sandstone thin sections show that quartz dilution should
have slight influence over the chemical composition of
these samples. This is consistent with the poor correla-
tions between SiO, and some other elements, such as
Si0,~Th (r = -0.17) and SiO,—REEs (r = -0.37).

Sediment maturity and weathering

Modal mineralogical analyses show that quartz/total
feldspar ratios of the Nanpu Sag sandstones range from
1.31 to 6.11, with an average value of 2.72 * 0.98, sug-
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Fig. 8. Al,O; (A)-CaO* + Na,O (CN)-K,O (K) ternary plot
(after Nesbitt and Young, 1984; CaO%* is silicate CaO) of the
Nanpu Sag sandstones calculated as molar proportions.

gesting low to moderate chemical weathering of these
units. In contrast, the sandstones of the Ng Formation have
a higher quartz/total feldspar ratio than those of the Ed
Formation and the Nm Formation (Table 1). This sug-
gests that detritus in the Ng Formation was weathered
relatively enough to have removed more of the feldspar
from the original sources than in the other two forma-
tions. This variational trend will be seen to be consistent
with the chemical index of weathering of these units as
discussed later.

The SiO,/Al,05 ratio is sensitive to sediment recy-
cling and weathering process, and can be used as a signal
of sediment maturity, increasing as quartz survives pref-
erentially to feldspars, mafic minerals and lithic grains
(Roser and Korsch, 1986; Roser et al., 1996). Average
values in unaltered igneous rocks range from ~3.0 (ba-
sic) to ~5.0 (acidic), while values >5.0-6.0 in sediments
are an indication of progressive maturity (Roser et al.,
1996). Si0,/Al,0; ratios in our sandstone samples range
from 4.28 t0 9.51, with an overall average of 6.84 + 1.40,
indicating a low to moderate sediment maturity.

As the degree of weathering is a function chiefly of
climate and rates of tectonic uplift (Wronkiewicz and
Condie, 1987), increased chemical weathering intensity
may reflect the decrease in tectonic activity and/or the
change of climate towards warm and humid conditions
which are more favorable for chemical weathering in the
source region (Jacobson et al., 2003). Therefore, weath-
ering indices of sedimentary rocks can provide useful
information of tectonic activity and climatic conditions
in the source area. The chemical index most commonly
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Table 4. Range of elemental ratios of the Nanpu Sag sandstones in this study compared with the ratios in similar fractions
derived from upper continental crust, felsic rocks, mafic rocks, and their probable source rocks

Elemental ratios Eu/Eu* (La/Yb)y La/Sc Th/Sc Th/Co Th/Cr
ucecw 0.65 83 2.73 0.97 1.07 0.31
Range of felsic sources® 0.40-0.94 3.0-27.0 2.5-16.3 0.84-20.5 0.67-19.4 0.13-2.7
Range of mafic sources® 0.71-0.95 1.1-7.0 0.43-0.86 0.05-0.22 0.04-1.4 0.018-0.046
Archean granite (n = 5)! 0.96-1.77 14.6-94.2 n.g. n.g. n.g. n.g.
(1.20+£0.12)  (38.3+33.6)
Proterozoic granite (n = 2)? 0.72-0.89 6.7-10.0 n.g. n.g. n.g. n.g.
(0.83 £0.08) (8.38 £2.35)
Palacozoic Hercynian granite (n = 1)? 1.23 20.0 n.g. n.g. n.g. n.g.
Mesozoic Yanshanian granite (n = 24)343¢ 0.57-1.20 9.7-30.5 4.99-13.8 0.67-1.49 0.36-11.0 0.13-1.99
(0.84£0.15)  (18.5%5.6) (9.61 £4.79) (1.10£0.43) (2.12+£2.96)  (0.84 £0.54)
Mesozoic Yanshanian felsic volcanic rock (n = 44)34>¢ 0.19-1.01 11.1-26.1 2.03-19.1 0.23-11.91 0.09-2.06 0.03-4.54
(0.85£0.19)  (17.5£3.71) (6.02 £3.33) (1.18 £2.50) (0.68 £0.46)  (0.93+1.20)
Nm (n=5) 0.77-1.08 14.6-17.0 4.11-7.60 0.82-1.86 0.50-0.79 0.08-0.16
(0.87£0.12)  (16.2+0.9) (5.02 £ 1.46) (1.05 £0.20) (0.67+0.12)  (0.11£0.03)
Ngu (n=19) 0.57-0.86 7.9-16.2 2.53-6.28 0.68-2.82 0.40-1.69 0.02-0.27
0.79£0.07) (11.8+1.8) (4.58 £0.93) (1.35£0.47) (0.81£0.30)  (0.17 £0.06)
Ngl (n=9) 0.46-0.83 11.8-14.3 4.24-11.90 0.87-2.97 0.84-1.79 0.10-0.27
(0.72£0.11)  (13.3+£0.9) (6.83 £2.59) (1.68 £0.64) (1.11£0.32)  (0.18+£0.06)
Ed(n=4) 0.74-0.87 14.2-17.6 5.87-8.44 1.06-1.51 0.76-0.88 0.15-0.20
(0.78 £0.06) (154 %1.5) (7.15£1.36) (1.33£0.20) (0.82+£0.05)  (0.17£0.03)

(Taylor and McLennan (1985).

B)Cullers (1994a, 1994b, 2000), Cullers et al. (1987, 1988). The references represented by numbers 1-5 are shown in Fig. 6. The n.g. represents
that the key element is not given in its relevant reference. Values in bracket show mean element ratios and standard deviation.

used to quantify the degree of source area weathering is
the Chemical Index of Alteration (CIA; Nesbitt and
Young, 1982). The index is defined in molecular propor-
tions as: CIA = [Al,05/(Al,05 + CaO* + Na,0 + K,0)] x
100, where CaO* is the content of CaO incorporated in
silicates. This index gives a practical approach to the
measurement of feldspar transformation to clay miner-
als, and the influence of weathering increases with in-
creasing values of CIA. The poor correlations between
CIA and other elements, such as CIA-Al,0; (r = -0.17)
and CIA-REEs (r = —0.37) suggest that grain-size and
sorting/clay content are not important factors in deter-
mining the CIA ratios. The CIA indices of all analyzed
sandstones are in a range of 45.87 to 70.13, with an aver-
age of 57.49 +£5.93, suggesting that they should have been
subjected to low to moderate degrees of chemical altera-
tion. Climatic conditions were warm and semi-humid
overall without clear change from the Middle Oligocene
to Pliocene (Yao et al., 1994), indicating that it was not a
dominating control factor for the variations of CIA value,
thus these sandstones would have formed in a relatively
intense tectonic environment. From bottom to top, the
average values increase from 46.69 £ 0.91 (Ed) to 62.43
+6.94 (Ngl), then decrease to 57.80 = 2.75 (Ngu), to 56.07
+ 1.53 (Nm). This suggests that the intensity or duration
of weathering of the sandstones decreased in order of
Ng > Nm > Ed Formations. Also the quartz-rich nature of
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sandstones from the Ng Formation relative to those from
the Nm and Ed Formations is consistent with relatively
more intense weathering of the Ng source rocks. In the
A—CN-K plot all the sandstones are plotted in a trend
from the plagioclase line toward illite indicating the
chemical weathering of the source area was chiefly char-
acterized by transformation of plagioclase into clay min-
erals (illite) (Fig. 8).

For Th/U in sedimentary rocks, weathering and recy-
cling is expected to result in oxidation and removal of U,
with a resultant increase in this ratio. Although highly
reduced sedimentary environments can have enriched U
leading to low Th/U ratios, weathering tends to result in
oxidation of insoluble U** to soluble U®*, with loss of
solution and elevation of Th/U ratios (McLennan and
Taylor, 1991). The Th/U ratios of sandstones in the Nanpu
Sag range from 2.56 to 7.21, and have an overall mean
value of 4.31 + 0.98, close to the UCC value of 3.8. In
this sense, these sandstones might have been derived from
a source subjected to low weathering and recycling.

Provenance

REE, Th, Sc, Co, and Cr are quite useful for inferring
crustal compositions, because their distribution is not sig-
nificantly affected by diagenesis and metamorphism and
is less affected by heavy-mineral fractionation than that
for elements such as Zr and Hf (Bhatia and Crook, 1986;
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Wronkiewicz and Condie, 1987; McLennan, 2001). Par-
ticularly in the absence of sedimentary recycling, ratios
such as Eu/Eu*, (La/Yb)y, La/Sc, Th/Sc, Th/Co, and Th/
Cr differ significantly in mafic and felsic source rocks
and can therefore provide information about the prov-
enance of sedimentary rocks (Cullers et al., 1988; Cull-
ers, 1994a). Even if recycling is important, the ratios may
only exhibit modest changes (Wronkiewicz and Condie,
1987). In our study, the Eu/Eu*, (La/Yb)y, La/Sc, Th/Sc,
Th/Co and Th/Cr values in the sandstones are more simi-
lar to the values for sediments derived from felsic source
rocks than those from mafic source rocks, suggesting that
these sandstones were probably derived from a felsic
terrane (Table 4). In the overall stratigraphic column (Fig.
9), there is no obvious variation trend, except for the
Pliocene sandstones. Th/Sc and Th/Cr ratios are certainly
lower in the Pliocene sandstones, supporting in an in-
creased mafic component, but the contrast for La/Sc and
Th/Co is not so great. Eu/Eu* ratio also increases slightly,
which may also reflect mafic detritus or additional

plagioclase. However, the (La/Yb)y ratio increases quite
sharply; the opposite of what might be expected through
an influx of mafic material. Therefore it should be that in
the Pliocene sandstones there were influxes of two con-
trasting materials—mafic material plus highly
fractionated and plagioclase-rich granitoid detritus, and
this is also supported by the microscopic observation. The
sandstones have Th/Sc ratios between 0.68 and 2.97 (av-
erage 1.38 £ 0.49) and La/Sc ratios between 2.53 and
11.94 (average 5.46 + 1.88). These wide ranges suggest
that the sediments were not homogenized by sedimen-
tary recycling; that is to say, sandstones of Nanpu Sag do
not have the characteristics of mature recycled sediments.
Gu et al. (2002) used a La/Sc—Co/Th diagram to identify
characteristics of source rocks. In this diagram, Co/Th
ratios range from 0.56 to 2.53 (average 1.28 +£0.42), show-
ing limited variability. Most samples lie close to average
Yanshanian felsic volcanic rock (n = 44), and a few are
near average Yanshanian granite (n = 24). All are well
away from average basalt and andesite, indicating that
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Fig. 10. Provenance discrimination diagrams for the Nanpu Sag sandstones. (a) Co/Th—LalSc diagram (after Gu et al., 2002).
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have been derived from post-Archean upper continental crust. The references represented by numbers 1-5 are shown in Fig. 6. All
the samples from the Nanpu Sag are closely related to upper continental crust and Mesozoic Yanshanian granite and

intermediate-acidic volcanic rock.

the source rocks of these sandstones were mainly felsic
(Fig. 10a).

In the Th—-Hf-Co diagram (Taylor and McLennan,
1985), all samples plot in the continental crust area and
appear to be closely related to UCC. All lie far away from
average oceanic crust composition (Fig. 10b). As noted
above, all the sandstones have very similar REE patterns,
suggesting they have similar source rocks. In compari-
son with the average upper continental crust (UCC), the
samples have low REE abundances but UCC-like patterns.
This reinforces the similarity between these sandstone
samples and the average upper continental crust. More-
over, (Gd/Yb)y ratios of Nanpu Sag sandstones are be-
tween 1.13 and 1.96, with an average of 1.54 £ 0.16. Eu/
Eu* ratio ranges from 0.46 to 1.08 (average 0.78 + 0.09)
(Fig. 10c). Both the (Gd/Yb)y ratios and the Eu/Eu* ra-
tios are the characteristic of Post-Archean upper conti-
nental crust (McLennan and Taylor, 1991).

Petrological data show that felsic rock fragments pre-
dominate in the sandstones (about 80% of total lithics)
among various rock fragments. For the whole Bohai Bay
Basin, especially its northern Nanpu Sag, the Yanshan
Fold Belt was a continuously eroding region and a very
important provenance area, along with the evolution of
the basin. Previous heavy minerals studies of the Nanpu
Sag have shown that the source rocks were mainly from
the Yanshan Fold Belt (Li et al., 1998; Mu et al., 2003).
Four episodes of intense magmatic activities occurred in
the fold belt in pre-Cenozoic time. These produced ex-
tensive bodies of intermediate to silicic magmatic rocks,
including intermediate-acid volcanic rocks and granite
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plutons. In order to constrain the source rocks further, in
this study we also collected geochemical data of 76 inter-
mediate-acid magmatic rock from the Yanshan Fold Belt
that included 5 Archean granites (Xiao et al., 1994), 2
Proterozoic granites (Tan, 1997), 1 Paleozoic Hercynian
granite (Tan, 1997) and 68 intermediate-acid magmatic
rocks—consists of 24 granites and 44 felsic volcanic
rocks—of the Mesozoic Yanshanian (Xu et al., 1999; Li,
W. P.,2003; Wang, Q. et al., 2002; Li, X. Y., 2003). After
REE chondrite-normalization, these magmatic rocks show
different REE patterns (Fig. 5). The results show that both
the REE abundances and REE distribution patterns of the
intermediate-acid Yanshanian magmatic rocks are simi-
lar to those of the Nanpu Sag sandstone samples. The
Archean granites, Proterozoic granites and Paleozoic
Hercynian granite not only have lower REE abundances
than of the Nanpu Sag sandstones, but also have distinctly
different REE patterns. Therefore, we conclude that the
source rocks of the sandstones were upper continental
crust, and were mainly composed of intermediate-acid
magmatic rocks which formed in the Mesozoic Yanshan
Fold Belt during the Yanshanian orogeny. This result is
consistent with the conclusion reported by Liu et al.
(2006b) according to REE geochemical characteristics of
the Neogene mudstones in the Nanpu Sag.

Tectonic setting

Sandstones from different tectonic settings have vary-
ing geochemical characteristics (Bhatia, 1983; Roser and
Korsch, 1986). Major elements of clastic sedimentary
rocks are of value in determining the tectonic settings from



[ a
i _ CR
o'°F PM TS
< f
zZ » R o0 \
! & >
b4
1k °A§
EANm °
F o Ngu
¢ Ngl
0.1L+Ed , A

40 50 60 70 80 90 -6 -4 -2

6 8 10 12 14
Fe,O,*+MgO

Th

SiO,(%)
0.3t d LT .
e )
Il' A _,4”
ON - a" §~°“~s,‘ """""
Rk Ny
o bCR o
5; o %—_4»,-9
0.4} ¥ °
/ D’,’
0 2 4 6 8 10 12 14 Sc

Fe,O,*+MgO

Zr/10

Fig. 11. Tectonic setting discrimination diagrams for the Nanpu Sag sandstones. (a) after Roser and Korsch (1986), modified by
Murphy (2000), where A = Oceanic Island Arc (OIA), B = Continental Island Arc (CIA), C = Active continental Margin (ACM),
D = Passive continental Margin (PM), CR = continental rift. (b)—(d) after Bhatia (1983). (e) and (f) after Bhatia and Crook
(1986). The sandstones mainly plot in the active continental margin field, suggesting an unstable continental setting.

sandstones that have not been strongly affected by weath-
ering and other alteration processes (McLennan et al.,
1993). However, some smaller alkali and alkaline earth
element cations (e.g., Ca?*, Na* and K*) in terrigenous
rocks can be sensitive to weathering conditions in their
source area (Wronkiewicz and Condie, 1987). Therefore,
it is necessary to determine the degree of alteration of
these sandstones. As stated above, the low to moderate
CIA values of the sandstones indicate that they were not
subjected to severe alteration, and discriminants involv-
ing mobile cations can thus be applied. In the Si0,—K,0/
Na,O discrimination diagram (Roser and Korsch, 1986;
modified after Murphy, 2000), most sandstones fall in the
active continental margin field, except for a few in the
passive margin field (Fig. 11a). Bhatia (1983) used dif-
ferent major-element contents and their ratios (e.g., Fe,0;
+ MgO, TiO,, and Al,0,/Si0,) as variables to discrimi-
nate different tectonic settings. In these diagrams, the
Nanpu Sag sandstones mainly plot in active continental
margin fields (Figs. 11b, c, d).

Bhatia and Crook (1986) believed Th—Sc—Zr/10 and
Th—Co-Zr/10 to be the most useful trace element tectonic
discrimination plots. Data from the Nanpu Sag sandstones
are relatively scattered (Figs. 11e and f) but most fall
within the active continental margin fields, confirming

the conclusion from the major element analysis.

In general, it shows that most Ngl sandstones in Fig.
11 are closer to passive continental margin field than the
Ed, Nm, and Ngu sandstones, suggesting that in early
Miocene age the structural deformation of the Nanpu Sag
is relatively weak, which has been testified by fault ac-
tivities (Cong and Zhou, 1998). Geochemical character-
istics of the sandstones in the Nanpu Sag show that the
geotectonic setting was similar to an active continental
margin. Although this result can not directly delineate the
cause of formation of the Bohai Bay Basin, it suggests a
relative unstable intra-continental setting, which is con-
sistent with the general geology of eastern China conti-
nent (Yang et al., 1986).

On the basis of geochemical characteristics discussed
above, in addition to studies on regional geology (Ye et
al., 1985; Allen et al., 1997; Ren et al., 2002), we deduce
that the general unstable intra-continental setting controls
the multiple-phase rifting activities in the Nanpu Sag and
its adjacent areas, which were implied by the stratigraphic
variations of geochemical indices in our study. As noted
above, the Ed sandstones have relatively low SiO, con-
tents, abundant Fe,O; and MgO along with other immo-
bile elements (such as Nb, Th, and REEs), and small CIA
and quartz/total feldspar values. These geochemical char-
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acteristics suggest that in the Middle-Late Oligocene the
Nanpu Sag had intense tectonic activities; this is consist-
ent with the features of the synrift phase (rifting episode
II). In this phase, extensional rifting which was probably
triggered by subduction roll-back of the oceanic Pacific
Plate from the Asian continent were very intense, and the
movement of big boundary faults—the Xi’nanzhuang
Fault and the Baigezhuang Fault—was a dominative con-
trol factor for the subsidence of the Nanpu Sag. Average
tectonic subsidence rate from backstripping in this phase
was about 160 m/Ma (Wang, H. et al., 2002). The high
subsidence rate would result that sediments from the
Yanshan Fold Belt were carried and buried so quick that
they did not have enough time to endure chemical weath-
ering.

In contrast, the Miocene Ng sandstones have relatively
higher contents of SiO,, higher values of CIA and quartz/
total feldspar, and low contents of Fe,O; and MgO than
those of the Ed sandstones, indicating weak structural
deformation in the sag. Before the Miocene Epoch, rifting
process had terminated at the end of the Oligocene and
was followed by a short period regional uplift and ero-
sion, which was probably resulted from the onset of
transpression within eastern Asia, caused by the collision
of Australia with the Philippine Sea plate (Allen et al.,
1997). Following erosion, the Nanpu Sag as well as other
sags in the Bohai Bay Basin were involved in postrift re-
gional subsidence, forming the broad depression (Ren et
al.,2002), and regional thermal subsidence was a primary
driving force. Only minor and intermittent normal fault-
ing movements existed in this stage, and volcanism was
rare except in a small local area near the Xi’nanzhuang
Fault. Sedimentary environments changed from alluvial
fan, fan delta, shallow-lake facies in the Oligocene to
braided-fluvial face in the Miocene. The average tectonic
subsidence rate fell to 38 m/Ma (Wang, H. ef al., 2002),
and this would result that there was more time available
for chemical weathering. In the Pliocene Nm sandstones,
however, SiO, contents, CIA values, and quartz/total feld-
spar ratios decreased, whereas Fe,O; and MgO contents
increased again. This is also the embodiment of tectonic
activity in the Nanpu Sag. In the end of the Pliocene, the
Nanpu Sag gradually evolved into structural reactivation
period, and rifting movement increased again (Cong and
Zhou, 1998). Both activities of faults and regional ther-
mal subsidence controlled the development of this sag.
Depositional environment changed from braided-fluvial
face to meandering fluvial face. The average tectonic sub-
sidence rate was 123 m/Ma, thus this would result the
similar geochemical characteristics with the Ed
sandstones. Due to the relatively weak rifting that pre-
vailed, however, the SiO, contents and CIA and quartz/
total feldspar ratios, and Fe,O; and MgO contents were
higher and lower respectively than those of the Ed
sandstones.
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CONCLUSIONS

(1) Geochemical classification—log(SiO0,/Al,05) vs.
log(Na,0/K,0)—shows that the Middle Oligocene—
Pliocene sandstones from the Nanpu Sag in the Bohai Bay
Basin are mainly arkoses and lithic arenites, plus a few
graywackes, in accordance with microscopic observa-
tions.

(2) The ratios of quartz/total feldspar, SiO,/Al,05, Th/
U, and CIA ratios show that the sandstone samples have
low to moderate degrees of maturity. They were not sub-
jected to intense weathering, suggesting closeness to
source area and a low degree of recycling.

(3) Provenance discrimination diagrams (e.g., Qt—F—
L, Si0,—K,0/Na,0, Fe,0; + MgO-Al,0,/Si0,, and Th—
Co-Z1/10) and trace-element ratios (Eu/Eu*, (Gd/Yb)y,
Th/Co, and La/Sc) show that the source rocks of the
sandstones comprised upper continental crust (UCC), and
chiefly consisted of felsic magmatic rocks. Comparison
of REE distribution patterns between the samples and
intermediate-acid magmatic rocks of different age in the
Yanshan Fold Belt indicate that the source rocks were
mainly in the Mesozoic Yanshanian orogeny.

(4) The Nanpu Sag was in a reactivational intra-
continental setting based on coincident results from dif-
ferent tectonic discrimination diagrams, and the intra-
continental setting controlled the multiple-phase rifting
activities in the Nanpu Sag and its adjacent areas. The
geochemical compositional trends of stratigraphy from
the Middle Oligocene to Pliocene were material
embodiments of the different tectonic activities in the
Nanpu Sag.
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