Petroleum Science (2019) 16:527-540
https://doi.org/10.1007/512182-019-0313-y

ORIGINAL PAPER q

Check for
updates

Geochemical characteristics of the Permian marine mudstone
and constraints on its provenance and paleoenvironment
in the Fenghai area, Fujian Province, southeastern China

Qi-Feng Xie'2 - Yuan-Feng Cai® - Yun-Peng Dong' - Ming-Guo Zhai'** - Dun-Peng Li?

Received: 26 April 2018 / Published online: 11 May 2019
© The Author(s) 2019

Abstract

Permian marine strata have gradually become a research focus in the world. The marine strata of the Late Permian Dalong
Formation (P;d) in the Fenghai area, Fujian Province, have become more and more important as their geochemical char-
acteristics record important geological information and are a good indicator for recovering and reconstructing the paleo-
sedimentary environments and tectonic attributes. The major elements, trace elements and rare earth elements were analyzed
by XRF and ICP-MS, respectively. Based on the results of detailed field geological surveys, profile measurements as well as
typical sample collection, the tectonic setting and provenance of Permian marine mudstone were comprehensively discussed.
The results showed that the Dalong Formation (P;d) was deposited in an active continental margin tectonic environment
as revealed by the relation between Fe,0;+MgO and TiO, and Al,05/Si0,. The fingerprint characteristics of Mn, Fe, Co,
Ni and REE and the ratio of U/Th, V/Cr, St/Ba, (La/Yb), and V/(V +Ni) indicated that the sedimentary provenance was
mainly derived from potassium feldspar, followed by muscovite. Sedimentary water bodies showed a gradually decreas-
ing depositional rate trend, water depth gradually shallowing and paleo-salinity and productivity gradually increasing.
Moreover, since transient delamination occurred during sedimentary processes, sedimentary water bodies showed obvious
neritic characteristics. It was consistent with the results revealed by lithological and geochemical characteristics. Calcareous
mudstone and siltstone transitioned into fine sandstone from bottom to top, indicating paleo-water bodies became shallow.
The research results provided good reference and guidance for understanding Permian paleo-sedimentary environments and
tectonic attributes of the Yong’an area, Fujian Province, southeastern China.
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1 Introduction

In recent years, along with the deepening and strengthening
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techniques and analytical methods, the major element and
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provenance attributes and discriminating tectonic settings.
Their main controlling factor was provenance (Boulter et al.
2004; Cao et al. 2007).

Furthermore, V, Cr, Ni, Co and U were active elements
in sediments and their content reflected their physical and
chemical properties, even the influence of paleo-sedimentary
environment and tectonic setting during their formation (Xie
et al. 2015a; Gao et al. 2017). The geochemical indexes and
ratios of these elements can be used to analyze provenance
attributes and discriminate tectonic settings (Tang et al.
2017). Therefore, it is of great significance to research the
ratios of geochemical elements and their variations.

Permian marine strata were widely deposited in the Feng-
hai region, Fujian Province, southeastern China. However,
there has been little study on the strata due to limited data.
The study of Permian marine strata was of great signifi-
cance to understand provenance attributes and sedimentary
environments. Therefore, in this paper, the geochemical
characteristics of the mudstone of the Dalong Formation
(P5;d) were analyzed in order to discuss the geological sig-
nificance of the Permian. The results laid a solid foundation
for research into the Permian marine strata of China and can
also be used to guide the research and exploration direction
of the Permian strata in Fujian Province.

2 Geological overview
2.1 Overview of stratigraphic development

The Fenghai area is located in An’sha town of Longyan City,
Fujian Province. It is in the middle reaches of the Jiulong
stream, 44 km away to the northwest of Yong’an City, and
Yong’an city is located in west-central Fujian Province.
Structurally, the Fenghai area is located in the southwest
part of the southwest Fujian depression, to the west of the
intersection of the NEE-trending Ninghua—Nanping fault
zone and the NNE-trending Zhenghe—Dapu fault zone.
There are two NW-trending major faults and several NE-
trending secondary faults. Permian strata are composed of
neritic carbonates of the Lower Permian Qixia Formation
(P,9), the interbedded limestone, dolomitic limestone, mud-
stone and siliceous rocks of the Wenbishan Formation (P,w)
and neritic mudstones and shales of the Tongziyan Forma-
tion (P,#). The Tongziyan Formation (P,¢) is dominated by
fine clastic rocks of marine—continental transitional facies,
containing coal measure strata. It is divided into two parts.
The lower part is composed of fine sandstone, siltstone and
mudstone, containing coal seams, and the upper part is the
main coal-bearing strata of Fujian Province. The Middle
Permian consists of the Cuipingshan Formation (P,cp),
which is divided into upper, middle and lower lithologi-
cal sections. It is dominated by fine clastics of alluvial and
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lacustrine facies, such as sandstone, siltstone and mudstone;
The Late Permian consists of the Dalong Formation (Psd),
which is dominated by calcareous and siliceous mudstone
deposits of neritic-littoral facies. The lower part is calcare-
ous siltstone and mudstone, and the middle and upper parts
are marlstone, mudstone and carbonaceous siltstone. The
tectonic division, survey section and sampling locations are
shown in Fig. la—c, respectively.

2.2 Description of profile section

The P;d marine sedimentary section is located to the south-
west of Fenghai Hydropower Station, Xiaohuo Village,
Longyan City, Fujian Province (Fig. 1b). The section has
a length of 700 m and elevation of 195 m. The coordinate
is 26°00'48.3”N, 117°12'31.0”E at the starting point and
26°01'01.7”N, 117°12"23.3”E at the end point (Fig. 2).

The specific development of the lithological section is
shown in Fig. 2. According to lithological characteristics,
28 layers were observed. The Late Permian Dalong For-
mation was divided into three sections. The lower part is
dominated by gray medium-thin argillaceous siltstone and
interbedded with medium-thin gray mudstone and dark gray
carbonaceous mudstone, light grayish and yellow silty mud-
stone. The middle part is dominated by medium-thin grayish
yellow siltstone and interbedded with grayish purple thin
calcareous siltstone and thin gray mudstone. The upper part
is dominated by medium-thin siltstone and interbedded with
medium-thin mudstone and carbonaceous mudstone (Fig. 2).

The boundary of the lithological section has clear contact
with the underlying medium-thick grayish yellow medium
sandstone of the upper part of the Middle Permian Cuiping-
shan Formation (P,cp?) in a parallel unconformity, overlying
brownish red thin-bedded silty mudstone and grayish yellow
argillaceous siltstone of the Triassic Xikou Formation (T x)
in a fault unconformity (Fig. 2).

2.3 Sample collection and analyses

The section of the Dalong Formation (P;d) is 2 km away
from the northwest part of the Fenghai Hydropower Station.
Dark gray mudstone or carbonaceous mudstone was selected
for typical samples. The dark gray mudstone was located in
No. 2 and 22 layers (Fig. 2a, e), light gray mudstone was
located in No. 3, 5 and 24 layers and dark gray carbona-
ceous mudstone was located in No. 9, 12, 19 and 27 layers
(Fig. 2b—d, f). In order to reduce the influence of surface
weathering, unweathered samples were selected (Fig. 2). The
weathering surface was removed with a geological hammer.
Before the samples were selected and crushed, the weather-
ing surface and relatively loose material were removed with
a knife. Then, the samples were washed repeatedly with dis-
tilled water. Afterward, samples around 50 g were weighed
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Fig.2 Measured stratigraphic section of the Dalong Formation (P;d) in the southeast part of the Fenghai Hydropower Station, Fujian Province

and pulverized to 200 mesh in an agate grinding bowl. The  Sc, Th, Ta, U and W, and rare earth elements were analyzed
specific analysis process is from Xie et al. (2015a, b). Each by inductively coupled plasma mass spectrometry (ICP-MS)

sample was packed in paper with its number on it. (Cui et al. 2017; Xie et al. 2017). In order to ensure the
The samples were tested with a Thermo ARL 9800XP*  accuracy and reliability of the test data, a master sample and
X-ray fluorescence spectrometer in the State Key Labora-  duplicate samples were used for data quality monitoring and

tory for Mineral Deposits Research, Nanjing University. The  later inspection. The detection limit was less than or equal to
trace elements, including Be, Bi, Cs, Cu, Ga, Li, Hf, Nb, Ni, 2 ppm (the elements of Ba, Cr, Rb, Sr and V with a detection
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limit of less than or equal to 5 ppm were not included). The
specific analysis process is shown in Han et al. (2016).

3 Geochemical composition
and characteristics of marine mudstone

3.1 Characteristics of major elements

The geochemical characteristics of the major elements,
trace elements and rare earth elements in sandstone and
mudstone could reflect the variation of paleo-sedimentary
environments, which are of great significance for indicating
the tectonic setting and provenance (Bhatia 1983; Cox et al.
1995; Yu et al. 2014; Gao et al. 2017). The contents or ratios
of major elements are often used to discuss the variation of
sediment environments, the reduction and oxidation con-
ditions of sedimentary water bodies, the distance between
sedimentary water bodies and the shore and the variation
of salinity (Ferguson et al. 2008; Xie et al. 2015a, b; Gao
et al. 2017).

As shown in Table 1, the mean contents of Al,O3, SiO,
and K,O were 21.0%, 64.7% and 2.91%. The values of Post-
Archean Australian Shale (PAAS) were lower than the mean
content of Al,O; and SiO, (McLennan 1989), higher than
the content of K,O and far higher than the content of CaO.
Si0, mainly occurred in acidic granite, and its content was
higher than PAAS, indicating the provenance was dominated
by acidic granite with a high silica content. The Al and K
were mainly derived from feldspar and clay minerals, such
as kaolinite and illite (Cox et al. 1995). The enrichment of
Al,0O; and depletion of K,O indicated the source of feldspar
was abundant, which was consistent with the results of the
S10,—-Al,0; diagram. The provenance was mainly from pla-
gioclase, potash feldspar and illite (Fig. 3). The high value
of Si0, and Al,O; indicated the distance from provenance
was great (Gao et al. 2017). The content and ratio of Mn and
Fe indicated a paleo-ocean sedimentary environment. The
enrichment in Fe revealed a littoral-neritic sea or nearshore
sedimentary environment. Mn was more stable than Fe,
revealing abysmal sea or infra-littoral sedimentary envi-
ronment. The contents of Fe,O; and MnO were lower than
PAAS, and particularly, the content of MnO was far below
the PAAS (McLennan 1989), suggesting a littoral-neritic
sea or nearshore sedimentary environment. The content of
CaO was closely related to carbonate sediments, while MgO
was mainly derived from basic igneous rocks. The content of
CaO and MgO was far below the PAAS (McLennan 1989),
revealing the depletion of carbonate sediment and basic
igneous rocks. The content of SiO, also revealed the prov-
enance was derived from granite. The value of K,0/Na,O
is often regarded as the criterion to evaluate the salinity of
sedimentary water bodies. The higher value corresponded to
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higher salinity (Jiao et al. 2004; Gao et al. 2017). The value
of K,0/Na,O in the study area was between 3.9 and 10.3,
showing an increasing trend, which reflected the salinity of
paleo-water bodies increased. Moreover, the value of Al,O,/
MgO and Mg/Ca also showed similar characteristics.

The Harker diagram revealed that content of Al,O; pre-
sented an obvious negative correlation with SiO, and P,0s,
but weak negative correlation with CaO and MgO (Fig. 4).
The result indicated that with the increase in Al content, Si
and P elements were absent and the content of Mg and Ca
slightly decreased. It could be concluded that the reason why
Al,O5 was enriched was other compositions, such as Si, P,
Mg and Ca elements, were lost during diagenesis (Zhang
et al. 2015; Han et al. 2016). Al,O;, K,O, Na,O and TiO,
represented positive correlation, indicating that they were
similar oxides and coeval deposits. There was no obvious
correlation between the contents of Al,O; and ZREE.

3.2 Composition and characteristics of trace
elements

The characteristics of trace elements and their variation
are of great indicative significance to reconstruct paleo-
sedimentary environments, such as the offshore distance,
salinity, depth, the condition of oxidation—reduction, and
to further understand tectonic setting, structural attributes
and evolutionary processes. From the coast to abyssal sea
during depositional process, Fe family elements, such as Fe,
Cr, V and Ge, were enriched first. Then, elements such as
Al, Ti, Zr, Ga, Nb and Ta were enriched, and finally, thio-
philic elements, such as Pb, Zn, Cu and As, were enriched.
Mn family elements, such as Mn, Co, Ni and Mo, tended to
enrich in abyssal environments. The trace elements, such as
Cr, Br, Ag, Cd, Mn, Cu, Co and Ba, also tended to enrich
in abysmal environments (Bhatia and Crook 1986). Trace
elements, such as Cr, Ni, V, and Ba, are easily absorbed by
clay minerals. Therefore, the content of clay minerals can
indirectly indicate the paleo-water depth, since it increased
with the increase in water depth and offshore distance. Ba
is closely related to the biological flux of overlying water in
paleo-water bodies, so it can be used to estimate paleo-pro-
ductivity (McManus et al. 1998; Pfeifer et al. 2001; Wager-
ich and Neuhuber 2005). The enrichment of V, Cr, Co, Ni,
Cu, Zn, Cd and U which have similar characteristics to Ba
was controlled by the oxidation—reduction characteristics of
bottom seawater, sediments and pore water. This can be used
to trace the oxidation—reduction status of bottom water in the
paleoenvironment (Gardner et al. 1980; Tribovillard et al.
2006). The sulfophilic elements, such as Co, Ni, Cu, Zn and
Cd, were deposited and enriched in the form of sulfides.
Under the weak oxidation environment, Co and Ni were
captured by the oxides of Mn and Fe and enriched (Shaw
et al. 1990, 2011).



531

Petroleum Science (2019) 16:527-540

S[eYS PIEPULIS UBIYIIY-ISOJ URI[ENSOY SI SYVd 001 X [(O +O%N + 08D +*01V)/S0 V] = (xopur uonesae [ednuayp) Viof
(OBD 19998 ISIMISYIO ‘O%eN] 199[9S ‘QCeN Ueyl JoySIy OrD) JO JUSIUO0D S[0W 3Y) UayM) Q%N pue Qe JO JU2)U0d 3y} Jo poypowr unndwod :SuoISuswWI(]

orz9 660 910 6I'T 110 61T 89°¢€ 8I'L  6T1 888l Svvd
L9%9 060 110 6vY0 100 SFO 16T 62T 010  $0'IT  9nfea deiony

80T  66'6L 100 176 €L91 TT0 06’11 8EYS  THI 810 SLO 100  0S0 SIS THI SO0 08°€T €1-HA-91
€6T  06'6L 10°0 00TT 0181 TTO  8€0I  SOY9  S80 €00  8F0 100  6£0 LEE  86F TO0  8ECI ZI-HA-91
LTE  ¥87T8 10°0 97’8 9791 8I'0 8TS  SLYL 8L0 SO0  S€0 100 I¥0  ITT  ¥OE SO0 197TI [1-H4-91
SST 9668 10°0 88 €9°¢T YIO  IST  80L9  v60 €00 650 100  SE0  80°€ 180 L00 0TTT 01-H4-91
LYy 9ps8 100 €Ipl SL0T SI'0 6VS  v9v9 860 II'0  €£0 100 160 SOE 90t 900  STOT 60-HA-91
YTT LSS 100 €96 10T PO 0SS $TS9 L8O 600 SO 100  LYO0 L6T  6¥E SO0 080T 80-HA-91
8T 6£98 100 8L'8 90°6T €10 0LS YO0S9  8L0 900 LSO 100 TEO 66T  OFI 00  087TT LO-HA-91
€8 S0°S8 11°0 €1'T L1TT PI'0 0SS  I¥v9 L8O 6T0  €€0 OI'0  ¥60 9T 96 Y0 Op6l 90-HA-91
8I'T  0€L8 100 S6'1 1v'CC 10 1971 90v9 980 LOO 0SO 100 €20 61T  +80 <TI0 0€6l S0-HA-91
16T €198 100 19'1 0S'7T TI0 6SY  €8IL  8L0 8€0 PO 100  ¥E0  vIT €1 170  SSLI ¥0-HA-91
SS0 80°S6 000 6Lt 09'6C YOO  SE9  PEE9 680 €00 00 100  SI0 P01 W1 €00  €V9T €0-HA-91
19T 0798 100 LYTI L6TE PIO  06S  YE09 S80 SO0 €90 100 PO L9E 660 €00  60°LT T0-HA-91
19T Tv'98 10°0 v6'S 6v1€ €10 919  6V19 T80 SO0  ¥90 100 TFO  9€€ LOT  LO0  L8ST 10-HA-91

q VS Tol/OuW  OvD/OSIN fOILfOAV  foUv/io™ 10T ‘OlS YOl ‘0d O®®N OUN OSSN O fo%d  o®d  fouv

Ju9Iu0o Juauodwods Jo oney % “yu2iu09 Juauodwo) 1 ojdwes

Qourrolg uellng ‘eare rey3ud,{ Ul QUOISPN JO SOTIRI JUSWIS PUB (%) SJUSIUOD Juowd[o Iofe]y | d|qeL

pringer

a's



532

Petroleum Science (2019) 16:527-540

100

O Quartz
80 .
\/
.“ Plig‘oclase
&
v R
Potash LX)
60 feldspar X
R e
J lllite .A
Q“ [ Muscovite
w
40
[ Chlorite O
Kaolinite
[ Biotite
20 A
Calcite Muscovite
0 [Jhematite J magnetite
0 10 20 30 40
AlLOs;, %

Fig.3 Major element diagram of the Permian Dalong Formation

mudstones in the Fenghai area, Fujian Province

to indicate the oxidation—reduction state of the sedimentary
environment. The ratios of V/Cr, U/Th and Ni/Co were
greater than 4.25, 1.25 and 7.0, respectively, indicating the
oxidizing and anaerobic environments (Hatch and Leventhal
1992). However, the ratios of V/Cr, U/Th and Ni/Co were
less than 2.50, 0.75 and 5.0, respectively, representing an
oxidizing environment. The ratio was between the two repre-
senting a moderate oxidation-reduction environment (Beek
et al. 2003; Hu et al. 2017a, b, ¢). The ratios of U/Th, V/Cr
and Ni/Co were 0.22-0.29, 0.83-2.19 and 1.00-15.92, and
the mean values were 0.48, 1.65 and 6.38, respectively, in
the study area, which represented an oxidizing environment.
The existence of the three abnormally high values of Ni/Co
revealed an abrupt change occurred in the paleo-water body
during the sedimentary process. The ratio of V/(V +Ni)
was less than 0.6, reflecting paleo-water bodies were in an
anoxic environment with weak delamination. The ratio of V/
(V+Ni) was greater than 0.84, reflecting paleo-water bodies
were in a reducing environment with strong delamination,
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Fig.4 Harker diagram of marine mudstone in the Fenghai area

The ratio of trace elements is commonly used to deter-
mine the variation of the paleo-seawater depth. The content
of Ba element increased with the absorption on clay min-
erals, while the content of Sr remained stable or slightly
decreased. Therefore, the ratio of Sr/Ba decreased with a
gradual increase in paleo-water depth, which could be used
to determine the depth of the paleo-seawater and the offshore
distance. A Sr/Ba ratio of 10-0.6 represents low salinity
water, less than 0.6 represented medium salinity water and
more than 10 represented high salinity water (Zheng and Liu
1999). The ratio of V/Cr, U/Th and Ni/Co could also be used
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as shown in No. 22 layer. The ratio of Cu/Zn also changed
with oxygen fugacity. A ratio of Cu/Zn greater than 0.63
indicates an oxidizing environment, 0.50-0.63 indicates a
weakly oxidizing environment and less than 0.21 indicates
a reducing environment, as shown in the No. 23 layer.

The trace elements of the marine mudstone of the Per-
mian Dalong Formation in Fenghai region are shown
in Table 2. The test results showed that the values of
Mn, Ni, Co, Zn, Ba, Cr and V were in the ranges of
6x1070-594x 107, 9x 107°-55% 107%, 1 10°-54x 107,
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Fig.5 Vertical variation of trace elements of the Permian Dalong Formation mudstone in the Fenghai area

13x107°-124 x 107°, 167 x 107°-494 x 107°,
56x107°~110x 107 and 89 x 1076219 x 107°, respec-
tively, with mean values of 72x 107, 32x 107, 10x107°,
38x107%, 431 x 107, 86x 107 and 138 x 107°. The ratio
of V/Ni was in the range of 3.0-24.3, with a mean value
of 5.9, indicating the water bodies gradually became shal-
low. The ratio of Sr/Ba was between 0.17 and 0.37, with the
mean value of (.23, indicating the paleo-water bodies were
in a weakly oxidizing environment (Fig. 4). The content of
these elements in the mudstone of the Dalong Formation
(P;d) revealed the environment was weakly oxidizing and
the paleo-sea depth gradually becoming shallow.

The ratio of Fe/Mn and Mg/Ca could reveal paleo-envi-
ronment details. A high value represents a humid climate,
and a low value represents an arid climate (Shaw et al. 1990,
2011; Ferguson et al. 2008). The ratio of Fe/Mn was in the
range of 5.8—-148, with a mean value of 53, showing an
increasing trend. The ratio of Mg/Ca was in the range of
1.4-16.4, with a mean value of 6.9, and the median was 6.7.
The ratio of Fe/Mn and Mg/Ca showed an increasing trend,
indicating the paleo-environment changed from aridity to
humidity.

The ratios of V/Cr, Ni/Co and U/Th were in the ranges
of 3.03-6.58, 1.00-15.9 and 0.04-0.16, respectively, with
mean values of 1.65, 6.38 and 0.08, revealing an oxidizing
paleo-environment. At the same time, the ratio of V/(V +Ni)
was in the range of 0.75-0.96, with a mean value of 0.82,
higher than 0.84 at the top, revealing the Dalong Formation
(P;d) was in static oxidizing environment at a late stage and
paleo-water bodies were in a strongly stratified state (Fig. 5).
The content of Ba was in the range of 167 X 107°-906x 1079,
with a mean value of 431 x 107, showing an increasing
trend, which indicated the productivity of paleo-ocean had
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increased. The ratios of Sr/Ba, Mo/Al and Ba/Al are good
indicators to evaluate paleo-productivity. They were in the
ranges of 0.17-0.37, 0.03-0.45 and 11.9-71, with mean val-
ues of 0.23, 0.13, 40, respectively, revealing the productivity
of the paleo-water body was low. The ratio of Cu/Zn was in
the range of 0.28—6.90, with the mean value of 1.37, show-
ing an increasing trend, which indicated a strongly oxidizing
state (Fig. 5).

3.3 Composition and characteristics of rare earth
elements

Rare earth elements (REE) have low concentrations in nature
and are stable in hypergene environments. They are always
regarded as the indicators of provenance. The content of rare
earth elements (REE) was extremely low in seawater, but
increased with the increase in water depth and could be used
as an indicator of paleo-water depth (Dubini 2004; Wright
et al. 1987). The differentiation characteristics between
light rare earth element (LREE), heavy rare earth elements,
Ce and Eu, and other elements in rare earth elements were
changed accompanied with the transformation of the sedi-
mentary environment, which can be used to reveal the oxida-
tion—reduction environment. This phenomenon was promi-
nent in paleo-sedimentary environments (Feng et al. 1997).

Ce’* is dissolved and depleted in reducing water, but is
enriched in oxidizing water (Elderfield 1988). Since the resi-
dence time of suspended particles and clastics can be ascer-
tained from the differentiation of rare earth element (REE),
(La/Yb), could be used as the indicator of deposition rate. A
low value represents a high deposition rate (Li et al. 2008).

The content of the rare earth elements in the Dalong
Formation is shown in Table 3. The total content of rare
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Table 3 REE contents (ppm) and element ratios of mudstone in Fenghai area, Fujian Province

Sample ID La Ce Pr - Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y YREE LREE/HREE (La/Yb)y 6Eu oCe
16-FH-01 172 321 32 112 20 04 18 03 15 03 09 02 09 01 83 721 113 13.0 0.7 1.0
16-FH-02 390 683 7.6 252 45 09 39 06 3.0 06 1.8 03 19 03 165 1576 119 14.3 06 09
16-FH-03 134 235 27 94 18 03 17 03 16 04 1.0 02 13 02 88 575 79 7.0 06 09
16-FH-04 20.8 418 44 169 4.1 08 4.6 0.7 40 08 1.7 03 1.8 03 174 103.0 6.3 7.8 06 1.0
16-FH-05 333 618 7.7 27.1 4.6 0.8 38 06 3.0 0.7 19 03 2.1 03 182 1479 10.7 11.0 0.6 09
16-FH-06 48.5 88.0 103 36.1 69 15 6.0 09 49 1.0 27 05 3.0 05 267 2107 99 10.8 0.7 09
16-FH-07 520 98.1 126 481 9.8 1.8 89 14 81 15 38 0.6 3.7 0.6 40.8 251.1 7.8 9.4 06 09
16-FH-08 389 65.7 83 277 49 09 4.0 06 3.0 06 1.7 03 1.7 03 17.0 1585 12.0 15.7 06 09
16-FH-09 470 86.1 99 350 70 14 69 10 6.1 12 3.0 05 3.1 05 314 2089 84 10.3 06 09
16-FH-10 33.1 569 69 244 42 09 38 06 34 0.7 19 04 22 04 183 1396 95 10.3 0.7 09
16-FH-11 29.6 569 6.8 234 46 09 42 06 36 07 19 03 21 03 188 1358 89 9.7 0.6 09
16-FH-12 40.6 700 84 29.1 56 1.0 47 0.7 40 08 23 04 25 04 215 1705 9.8 11.0 06 09
16-FH-13  54.6 1135 129 481 119 28 127 1.7 92 1.7 39 0.6 3.7 0.6 39.0 2778 7.2 10.0 0.7 1.0
(a) 1000 (b) 1000
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Fig.6 Chondrite and North Americans shale-normalized REE distribution pattern of the Late Permian Dalong Formation mudstones. a Chon-
drite-normalized REE patterns; b North American shale-normalized REE patterns

earth element (}REE) showed an increasing trend from
top to bottom, indicating sedimentary water bodies became
gradually shallower. At the same time, the maximum and
minimum values of all samples were similar, reflecting the
provenance of the parent rocks was the same. During the
depositional period of the Dalong Formation (P5d), the total
content of rare earth elements (XREE) increased from top
to bottom, indicating provenance was changed or differen-
tiation occurred during the processes of sedimentation and
diagenesis.

The content of the rare earth elements of all samples was
allocated according to the chondrite standardization pat-
tern and North American shale, and the results are shown
in Fig. 6. The chondrite-standardized distribution pattern
showed similar characteristics. The light rare earth elements

were enriched, the distribution of heavy rare earth elements
was regular, Eu showed a obviously negative anomaly and
Ce showed a weak negative anomaly, indicating the paleo-
water bodies were in a reducing environment (Calvert and
Pedersen 1993; Algeo and Maynard 2004; Tribovillard et al.
2006). The results were consistent with the results revealed
by the V/(V + Ni) ratio. The paleo-water body gradually
deepened, and the water body in the lower part did not
easily mix and certain stratification occurred. The ratio
of XLREE/XHREE was in the range 6.3-11.8, showing a
gradually decreasing trend, which indicated the sedimentary
water bodies were strongly differentiated. The ratio of (La/
Yb),, was between 7.0 and 15.7, with a mean value of 10.8,
significantly higher than the value of PAAS (9.20), showing
an increasing trend, which revealed strong differentiation
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occurred in the rare earth elements in the paleo-water body.
This was consistent with the phenomenon revealed by the
stratigraphic section in the field geological survey. That
was the reason the sand content increased from bottom to
top. The ratio of (La/Sm), and (Gd/Yb), that could indicate
the degree of differentiation of light and heavy rare earth
elements was in the ranges of 4.60-8.62 and 1.73-2.42,
with mean values of 6.92 and 2.14, respectively. The con-
tent of Eu appeared as a negative anomaly, in the range of
0.58-0.66, with a mean value of 0.62, lower than the Eu of
PAAS (0.66).

4 Discussion

As discussed above, the paleo-water body in the Fenghai
area, Fujian Province, experienced complicated oxida-
tion—reduction processes during the depositional period of
the Permian Dalong Formation. According to the variation
of lithology, the content of sand increased from bottom to
top, revealing the paleo-water depth became shallow. More-
over, corresponding geochemical characteristics also sup-
ported this result. However, what was the controlling factor?
It will be discussed in the following part.

4.1 Tectonic environment discrimination
of sedimentary water bodies

The geochemical characteristics of sedimentary rocks can
reveal tectonic movement. Different provenances formed in
different tectonic settings, corresponding to a unique sedi-
mentary process. Although geochemical indexes depended
on various conditions, unique geochemical indexes of sedi-
mentary rocks, such as the variation of major elements,
Fe,0;+MgO, TiO, and Al,05,S10,, and the variation of
trace elements, Th, Sc, Co and Zr/10, can be used to dis-
tinguish the mudstone and sandstone formed in different
areas and establish a geochemical discrimination diagram.
These diagrams and a geochemical index are commonly
used to evaluate sedimentary environments and tectonic
backgrounds, such as oceanic arc, continental arc, active
continental margin and passive continental margin (Bhatia
1983; Xie et al. 2015a, b; Gao et al. 2017).

Based on the characteristics of the major elements of
ancient sandstone and mudstone and modern sandy mud-
stone, Roser and Korsch showed that K,0/Na,0 and a K,0/
Na,0-Si0, diagram could be used to effectively reflect the
paleo-tectonic environment. The K,0/Na,0-Si0, diagram
revealed that most analysis points were plotted into the area
of passive continental margin, while minor analysis points
were plotted into the area of active continental margin
(Fig. 7). The result revealed that the tectonic background
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Fig.7 Major elements indication of tectonic setting in the Permian
Dalong Formation mudstone

of the provenance of the Permian Dalong Formation was
passive continental margin.

The trace elements with high stability such as La, Th, Sc
and Zr are not easily affected by weathering during transpor-
tation and diagenesis. Therefore, the geochemical indexes of
trace elements can be used as indicators to study the types of
sedimentary provenance and the tectonic setting (Bhatia and
Taylor 1981; Bhatia and Crook 1986). After studying the
trace elements of ancient graywacke from five known tec-
tonic settings in eastern Australia, Bhatia and Crook showed
that the fingerprints of trace elements were good indicators
for tectonic settings and established a discrimination dia-
gram of paleo-tectonic settings (Bhatia 1983; Bhatia and
Crook 1986). From the triangular diagrams of La—Th-Sc
and Th—Sc—Zr/10 established by Bhatia and Crook, it could
be seen most samples were plotted into the continental mar-
gin (Fig. 8a, b). From the Th—Co-Zr/10 triangular diagram,
it could be seen most samples were plotted into the continen-
tal margin and only a few samples were plotted into island
arc (Fig. 8c). Thus, the provenance of the Dalong Formation
(P5d) was under a continental margin tectonic background
(Fig. 8a—c), which was consistent with the results obtained
from the major and trace elements.

4.2 Provenance attribute discrimination

The w(K,0)/w(Al,O5) ratio is significantly different for
clay minerals and feldspar, so it is commonly used to
determine the component of the provenance of fine-grained
clastic rocks. Since mineral components were different in
sediments, the ratio of w(K,0)/w(Al,O;) was also differ-
ent for alkaline feldspar, illite and other clay minerals,
among 0.4-0.1, +0.3 and almost close to 0, respectively
(Wronkiewicz and Condie 1987). The w(K,0)/w(Al,O5)
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Fig.8 Tectonic setting indication of trace elements in the Fenghai area. a La—Th-Sc discrimination diagram; b Th—Sc—Zr/10 discrimination dia-
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Fig.9 Discrimination diagram for provenance attribute of the Late Permian Dalong Formation marine mudstone in the Fenghai area

ratio of argillaceous rocks reflected the content of alkaline
feldspar in parent rocks. If it was less than 0.4, the content
of alkaline feldspar was low, but if it was more than 0.5,
the content of alkaline feldspar was high (Cox et al. 1995).
The w(K,0)/w(Al,O3) ratio of the Permian Dalong Forma-
tion was between 0.04 and 0.22, with a mean value of 0.14,
indicating the content of alkaline feldspar was low in the
parent rocks. The results were consistent with the results
obtained from the SiO,—Al,0; diagram (Figs. 3, 8).

The w(K,0)/w(Al,O;) ratio of sedimentary rocks was
also an important indicator for the provenance of parent
rocks. A value of less than 14 indicated the parent rocks
might be mafic rocks (Girty et al. 1996). The value of
19-28 indicated the parent rocks might be granodioritic
or quartz—mica—dioritic rocks (or andesitic and rhyolitic
rocks) (Roser and Korsch 1986). The w(K,0)/w(Al,05)
ratio of the mudstone in the Dalong Formation (P;d) was
between 16.3 and 32, with a median value of 22.50 and a
mean value of 23.7, indicating the provenance was derived

from felsic and andesitic rocks. The results were consistent
with results obtained in the lithological profile (the content
of sand and SiO, was high).

At the same time, Co, Sc and Cr were more stable than
La and Th and more easily enriched in acid rocks than basic
rocks during the sedimentation period, which were also
indicators for the provenance attributes (Roser and Korsch
1986; Girty et al. 1996). The mean values of Co/Th, La/
Sc, Th/Sc and Th/Cr ratio were 0.46, 5.23, 2.02 and 0.16,
respectively, similar to the corresponding characteristic
ratios of continental upper crust (0.94, 2.70, 0.97 and 0.31),
but significantly different from the characteristic ratios of
continental lower crust and oceanic crust. Floyd et al. (1987)
and Gu et al. (2002) proposed to discriminate provenance
using w(La)/w(Th)-w(Hf) and w(Co)/w(Th)-w(La)/w(Sc)
diagrams. The w(La)/w(Th)-w(Hf) diagram showed that
the provenance was sourced from felsic volcanic rocks
under a passive continental margin tectonic environment
(Fig. 9a). w(Co)/w(Th)-w(La)/w(Sc) diagram showed that
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w(Co)/w(Th) ratio was low in general, lower than 21.7, and
the points were plotted into the region around felsic vol-
canic rocks (Fig. 9b). The results were consistent with the
results obtained by major element, trace element and rare
earth element.

The distribution patterns of rare earth elements are good
indicators for provenance. When the provenance is from the
upper crust, light rare earth elements are enriched, heavy
rare earth elements are smoothly distributed and Eu shows
a negative anomaly. The chondrite-standardized rare earth
elements of the mudstone of the Dalong Formation (P;d)
are characterized by enriched light rare earth elements, flat
distribution of heavy rare earth elements and an obvious
Eu negative anomaly (Fig. 5a), similar to the distribution
patterns of the rare earth elements in the upper crust, which
revealed the provenance of the mudstone of the Dalong For-
mation was from the upper crust. The results are consistent
with the results obtained by the characteristics of trace ele-
ments and diagram discrimination method.

4.3 Analyses of the sedimentary environment

The geochemical characteristics and the variation of major
elements, rare earth elements and trace elements of the
Dalong Formation (P;d) revealed the same or similar results.
During the depositional period of the Dalong Formation, the
average content of SiO, was 64.7%, revealing an abundant
supply of terrigenous materials. The content of Fe** in sedi-
ments was low, indicating a weakly oxidizing environment.

The chemical alteration index (f¢,) is commonly used to
determine the degree of chemical weathering in sedimentary
provenance, which increases with the increase in the weath-
ering degree of parent rocks (Nesbitt and Young 1982).
The f; value of the Late Permian Dalong Formation was
in the range of 79.9-95.1 (Table 1), with a mean value of
85.6, indicating strong chemical weathering. The f-, value
decreased from bottom to top in stratigraphic profile, indi-
cating the degree of humidity and heat gradually decreased.

In sedimentary rocks, MgO is hydrophilic and Al,Oj; is
amphiphilic. Therefore, the magnesium and aluminum value
(b) is often used to determine the salinity of paleo-water
bodies (Wang and Luo 2009). Different b values correspond
to different sedimentary environments. A b value of greater
than 500 indicates an epicontinental environment (lagoon
carbonate deposits), a b value between 50 and 100 indicates
a marine environment, a b value between 1 and 10 indicated
a marine—continental environment and a b value of less than
1 indicates freshwater (Wang and Luo 2009). The b value of
the study area was in the range of 1.6-22.0, with an average
value of 8.15 and a median value of 8.3 (Table 1), indicating
the paleo-water bodies were in a semi-closed environment
and the salinity was low.
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The characteristics and discrimination diagram of rare
earth elements and the ratios of V/Cr, Ni/Co, U/Th and Cu/
Zn show the same or similar sedimentary environment.
That was the reason abundant provenance was from an
active continental margin, where paleo-water bodies were
shallow, salinity increased and reducing conditions were
strong. Moreover, transient delamination occurred during
deposition.

5 Conclusions

(1) During the sedimentary period of the Dalong Forma-
tion (P;d), the Fenghai region in southeastern Fujian
Province was under an active continent margin or a
passive continental margin tectonic environment.

(2) The ratio of major elements and the characteristics
of minor and trace elements in Permian mudstone in
Fenghai region showed the provenance was unaltered
felsic rocks, which were dominated by potassium feld-
spar, with minor muscovite. The distribution pattern
of rare earth elements was similar to that of the upper
crust, characterized by enriched light rare earth ele-
ments, stably distributed heavy rare earth elements and
an obviously negative Eu anomaly, indicating prove-
nance was mainly derived from the upper crust and
enriched.

(3) The characteristics of the trace elements of the Dalong
Formation (P;d) mudstone show that the sedimentary
environment was neritic, where depositional rates grad-
ually decreased, paleo-water bodies became shallow,
the paleo-salinity gradually increased and the paleo-
productivity increased. In addition, sedimentary water
bodies showed occasional delamination.
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