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ABSTRACT: Shale parasequence analysis is an important part of sequence stratighy sudies This
paper proposed a systematic research method for analyzing shale parasequences including their deline-
ation, division, characteristics and origins. The division method is established on the basis of lithofacies.
Multi -method analysis and mtual verification were implemented by using auxiliary indicators (such as
mineral compositions, geochemical indicators and wavelet values). A typical shale parasequence com-
prises a lower interval of deepening watedepth and an upper interval of shallowirg water-depth [e.g.,

a shale parasequence including a higtotal organic carbon (TOC) shalelow-TOC limy shale]. Abrupt
increases in pyrite content, TOC valuerelative hydrocarbon generation potential [(S+S2)/TOC], and
wavelet values are indicative of peasequence boundaries. The proposed research method was applied
to study the upper fourth member of the Shahejie Formation in the Dongying Depression, Bohai Bay
Basin. Results show that there were seven types of parasequences developed. A singular andaa du
structured parasequences were identified. Three factors controlling the development of the shale para-
sequences were identified including relative lake level change, terrestrial input and transgression. The
development of highTOC (>2%) shale parasequenes was mainly controlled by biological and chemical
sedimentation. The lowTOC (<2%) shale parasequences were mainly deposited by chemical sedimen-
tation. The diversities of shale parasequences were caused by four major controlling factors including
climate, relative lake level change, terrestrial input and emergency (e.g., transgression).

KEYWORD': shale parasequenceDongying depressionupper fourth member of Shahejie formation

Schutter, 1998), few of which are designed for parasequence
analysis. To date, there has been no systematic research method
Shale oil and gas has recently become a research facus fdor shale parsequence analysis available. Therefore, the study
petroleum exploration. Shale parasequence analysis is cruciadf shale parasequences is of great importance and urgently
in predictng organic richnesgones mineralogical affinity and  needed (Slatt and Rodriguez, 2012; Catuneanu, 2006).
fracture potential of fingrained sediments, all of which play The existing division methods only rely on one particular
significant roles in controlling the porosity, permeability and aspect of geological characteristidor example, the gamma
hydrocarbon generation potentiehi¢S) of shales (Singh, ray profile can be classified into the upwindreasing API
2008). Such research can provide useful insigitb the ex- (American Petroleum Institute) intervals, upwalecreasing
ploration of shale oil and gas. As shales appear to be homogeAPI intervals, and intervals of constant API. These three kinds
neous and do no exhibit significant vertical changes in lithofa- of intervals are bounded by gamma ray kicks,, iweltiog
cies or sednent grain sizes, it is quite challengedelineate based flooding surfaces, which can be termed as gamma ray
and divide shale parasequenchtost of the recenthird-order parasequences (Slatt and Abousleiman, 2011; Singh, 2008).
sequence (Angulo and Buatois, 2012; Smith and Bustin, 2000Additionally, the oitprone shale are commonly formed by a
series of superimposed depositional TOC units (high TOC val-

0 INTRODUCTION
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indicators, especially for shale. The existing methods are not(Fig. 1a, 1b). It is surrounded by four uplifts drcharacterized
enough. What is more, they lack the contact with thadd by northsteep and soutglacis (Fig. t). The depression has an
fourth-order sequences providing the frame for parasequences.exploration area of approximately750 kn? (Wu et al, 2014).

To figure outtheseproblems, this study is aim to establish It develops Paleozoic, Mesozoic, and Cenozoic strata from the
a systematic research method including division, characteristicdottom to top, and the Cenozoic strata includeRhkeogene,
and origins analysis for shale parasequeridéisofacies is the Neogene, and Quaternary strata. The Palaeogene strata are
most direct, comprehensive, and essential indicator to reflecigenerally thick and consist of Kongdiank{E Shahejie (B),
sequence stratigraptghange. Therefore, lithofacies character- and Dongying (B) formations. The Eformation can be di-
istics and vertical superimposition patterns are chosen as theided into four members @4). The objective stratum in this
mainline during sequence stratigraphy reseaFitstly, petro- studyis Esd4s, the upper part of Es4.
logic features are analyzed. Themulti-method analysis and The Es4s is developed by intense rift with fast basin ex-
mutual verification are impleented by incorporating vertical pansion and large extent of subsidence. Vast semi-disgp
changes in mineral compositions and geochemical indicators tavater shales are distributed in the center of the depression
divide third and fourthorder sequence that lay a framework (Zhao, 2005), which are thicker tharDQ0 m.Fandelta, near-
for parasequences researdfter that, a division method of shore subaqueous fan, and bebah siltstone distribute along
parasequences can be built. Various sypé parasequences the margin of the depression (Yang et al, 2011; Wang, 2005;
with different characteristics can be divided in a stratigraphic Yan et al, 2005).

framework of third and fourthorder sequence. Origins of dif- The appearance of glauconf#®u et al, 2014), marine bi-
ferentparasequencesre analysed finally. Our method is veri- ohermal limestone (Qian et al., 1980), algaeg., Chinese
fied by using the upper fourth member of the SkiahEor- Cladosiphonand dinoflagellates), gastropods, clupeomorpha,

mation (Es4s) in the Dongying Depression, Bohai Bay Basin. and Paleodictyon(Yuan, 2006; Xu et al.1997; Zhang et al.,
1985; Zhu, 1979) indicate the occurrence of transgression dur-
1 GEOLOGICAL SETTING ing Es4s in the study area. As the influence of the trarsigres
Dongying depression is a thimtder tectonic unit of Bo-  is paroxysmal and accidental, the study area overall is lacus-
hai BayBasinand a Mesozoi€enozoic faukdepression basin  trine environment.
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Figure 1. The geological background of the upper fourth member of Shahejie formation in the Dongying depression, Bohai bay bagi) Dbirgying
depression is boaed by the Luxi uplift in the south, the Chenjiazhuang uplift in the north, the Qingtuozi uplift in the east, and the@ing&eng uplift in
the west. During the period of the Es4s, there are Boxing, Niuzhuang, Lijin, Minfeng four sags. (B) Geséttigabf Bohai Bay basin during the Palaeo-
gene. Dongying depression is located in the south of Jiyang depression of Bohai Bay Basi8.t(€)dihg section in the study area.
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2 DATABASE AND METHODOLOGY of genetically related beds or bedsets bounded by lake flooding
2.1 Data surfaces (LFS) and their correlative surfaces indicating that
A total of 835.94m continuous cores dril 141 samples of  there exists evidence for sudden increasewater depth
shales were obtained from 7 wells (NY1, FY1, Niu38, Wang31, through the surfaces. A parasequence generally comprises the

Fan120, Li673, Niu872) in the target interval (Fig, Tablel). lower part indicating deepening water depth and the upper part
All samples were measured in the formation laboratory of indicating the shallowing water depth (Van Wagoner, 1980).
Shengli oilfield, Shandong, China. typical shale parasequence, which is different from @i

The relative contenof each mineral composition of all combinations ofmudstonegravel/sandstone of coarse grained
sampl es wer e me a s-MpPDediffraction inu s isedignentdr§ Poeks in the shallemater, comprises a lower
strument (Philips Corp.): copper butt, pipe pressure 30 kV,interval deepening watetepth and an upper interval of shal-
conduit flow 40 mA, scanning speed 2§2) / mi n. Wh e nowingi waterdepth. The change from lower interval to upper
content is more than 40%, relative standard deviation (RSD) isinterval refleets the shallowingipward process of water depth.
less than 10%. When it is betweer?@@0%, RSD is less than (2) Mineral compositions
20% (Wang et al., 1996). 300 thin sections were observed to Although mineral compositions change with specific
analyze the sedimentary characteristic using arcalpthicro- lithofacies, some minerals can reflect the change of water depth.
scope (Axio Scope A1B5 samples were ground to the grain of For example, pyrite is proportional to the depth and reditgibil
200-mesh and subjected by inductively coupled plastoanic of water (Zhang and Ren, 2003; Wilkin et al., 1996; Deng,
emission spectroscopy IERES (JY38S) with a focus on the 1990; Berner, 1970)The pyrite content changes from high to
elements Ca, Al, Mg et al. Ambient temperature is betweenlow indicating the decrease of water depth, which helps to di-
70-75N . Relative humidity is less than 70%. RSD is less than vide parasequence.
1i 10 ppb. (3) Organic geochemical indicators

A total of 256 samples were submitted to Ré&skal py- The change of orgéc geochemical indicators including
rolysis for determination ofOCvalues, the free hydrocarbons TOC and relative hydrocarbon potential (RHP):{&)/TOC]

(S, mg HC/g rock), and the hydrocarbons cracked from kero- levels areproportional tothe water deptt{Slatt et al., 2012;

gen &, mg HC/g rok). The TOC values were determined Arthur and Sageman, 2004Yhey undergo increase followed
using rockevalVl (Cat. No. 206-11) from France. Measure- by decrease indicating a parasequeridee subtle changing
ment technique is based on the combustion of the sample in apoints of them are parasequence boundaries. The Th/U ratio is
oxygen atmosphere convert the total organic carbon te. CO inversely proportional to water depth (Davies and Elliot, 1996).
With the aid of combustion calculation gthotal organic carbon It undergoes decrease followed by increase indicating a para-
content of the samples can be determined (Wu et al., 2001sequence.

Charles and Simmons, 1986). Temperature is betwed8080 (4) Wavelet value

during the process. Discontinuities in bales do not show obvious change and
For S andS, the samples were heated in Helium fl&w. cannot be detected by well logs directly. The wavelet analysis

were detected by using hydrogen flamgization detectorS can achieve better effect. Wavelet value has periodic changes

were detected by thermal conductivity detector. The absolutefrom high to low levels reflecting the shallowing upward water

standard deviation is less than or equal to @1g. bodies (Prokoph and Agterber2000; Miall, 1992; Rioul and

Well logging data have the best continuity among the ge- Vetterli, 1991). It can be used to divide shale parasequence.
ological data. However, they contain random noise componentAfter wavelet transform, the change of d3 wavelet value is
Cyclicity is not obvious. Wavelet is an appropriate tool trans- consistent with the other indicators.
forming the signal and one of the most common methods to

study stratigraphic cycles (Liu, 2012). Table 1.Average value of major mineral compositions of shalééupper
Considering the seBimilarity and coefficients of various fourth member of Shahejie Formation in Dongying depression, Bohai Bay
wavelets (Yan et al, 2011), daubehwavelet (db) can repre- Basin, China

sent the cyclicity of large and small depositional units in the
study area. Among the well logging series, gannayalogs
(GR) match the most correlation to multiscale information of = Sample Ng. (%) (%) (%) (%) (%) (%)
sedimentary cyclicity of source rock (Passeyaket990).The
MATLAB software (7.0.1 version, produced from the Math-
Works in American) was used to perform afimensional
continuous transform 11 times of GR curve with db wavelet. Niu38(50) 35 2376 2668  4.72 51 3.16
Eleven wavelets represent different level of sedimentary cycle. \ang3gze) 3033 161 321 9.93 1001 3.2

Well Clay Quartz Calcite Dolomite  Feldspar Pyrite

NY1(632) 2217 2185 35.28 13.12 4.64 2.98
FY1(378 16.45 24.49 37.58 13.71 5.11 2.87

Fan12Q2 18.96 21.36 4292 9.44 416  3.29
2.2 Methods 29

(1) Lithofacies association Li673(15) 164 2987 3173 1253 6 3.47
The parasequence is a relatively conformable successiorniug7z 5 206 272 28 6.4 6.4 2.4
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3 RESULTS laminae. Light laminae comprise grainy calcite by a certain
3.1 Lithofacies Classification, Characteristics and Deposi- degree of recrystallization. Dark laminae mainly comprise or-
tional Model ganic matter and clay minerals. Laminae are influenced by
3.1.1Lithofacies classification weak water ttbulence (Fig.2di 2f). Based on the minerals

The X-ray diffradion data show that, the major mineral compositions and sedimentary structure, this type of lithofacies

compositions of th&s4sshale in the Dongying depression are was formed in a reducing environment of seteep water.
calcite, clay minerals and quartz. (3) Low-TOC limy shale

Other mineral compositions involve dolomite, pyrite and Carbonate content is greater than 50%. TOC value is less than
feldspar. The average content of calcite is 33.47%. Its maxi-2%. The content of pyrite is low with an average content of
mum can reach up to 80%. The average content of clay miner-only 1.83 % (Fig. 2). The quartz particles with angular edge
als and quartz is 24.13% and 23.51%, respectively. The organiand bioclast can be found. Laminae are developed with wave
matter value is between 0.11%.4% with an average value of distribution of laminae. The thickness of single laminae is
2.49% (Table2). According to the contents of various mineral about 60120 ¢ m. htLlangnae are dominated by micritic
compositions andedimentary characteristics, a total of 7 kinds calcite and dark laminae are clay minerals layers with little

of lithofacies are identifié (Table . organic matter (Fig2g,2h. This type of lithofacies was formed
in a weakly reducing environment of shallow water.
3.1.2Lithofacies characteristics (4) Low-TOC shale
(1) Qil shale Low-TOC shale is similawith low-TOC limy shale. But

Carbonate content is greater than 50%. TOC value is greatelay minerals content of IoWOC shale is greater than 50%.
er than 4%with an averagealue of 4.32% Pyrites are abu Average value of TOC is less than 2%ig. 2) Laminae are
dantwith anaverage content of 3.28% and maximum of 10% developed. Light laminae comprise micritic calcite and dark
(Table 2). Smooth laminae are developed with obvious light laminae comprise clay minerals. This type itfidfacies was
and dark laminae. Light laminae are dominated by columnarformed in a weakly reducing environment of shallow water
calcite crystals formed by recrystallization. Dark laminae are (Fig. 3, 3)).
organierich clayminerals layers. Laminae are less affected by (5) Low-TOC gypsiferous shale
water turbulencdFig. 2& 2¢). For the abundant of TOC and Gypsums, typical products of drought condition and evap-
pyrite, combined with the characteristics of sedimentary struc-oration, with an average content of 27.75 %, distribute in light
ture, this type of shale is inferred to form in a strongly reducing laminae. Dark lamiae comprise clay minerals. Average value

environment of deep ater of TOC is only 0.67%(Fig. 2) This type of lithofacies was
(2) High-TOC limy shale formed in shallow water (Fig.k33l).
Carbonate content is greater than 50%. TOC value is com- (6) Carbonatéearing silty shale
monly between 4% and average value is 2.7%. Pyrites are Compared with oil shale or limy shale, carbonate content
relatively abundant with an average content of 2.22%. TOCof this type of shale iselatively low with an average value of
value and pyrites content are less than oil shaibk. 3). 42.41%.

Laminae are developed with relatively pure light and dark

Table 2. Mineral compositions of different shale in the upper fourth member of Shahejie formation in Dongying depression, BohainB&hBa. The

number is preseﬁed inadbhiesfohen atefiage comtent, Aibo is the |l owest conte
Lithofacies Carbonate Clay Quartz&Feldspar Pyrite TOC
Range(Ave.) wt.% Range(Ave.) %
Oil shale 50186 60.33 6i25 13.27 5133 17.77 1i10 3.28 4.044.76 4.3Z
high-TOC limy shale 50178 60.66 4i25 15.05 10135 22.17 1i5 2.06 2i3.98 2.7
Low-TOC limy shale 50189 65.04 2i23 12.16 5i29 19.6Z 1i4 1.83 0.581.98 1.55
Low-TOC shale 4i34 18 36155 4325 26142 33.5 13 0.92.48 1.94
Low-TOC gypsiferous shale 3146 26.25 10i4T 24.25 1223 19.75 zZ T 0.4409 0.67
Carbonatebearing silty shale 36i49 42.4T 11135 22.52 21743 31.88 1i6 317 2i3.83 2.64
Dolomitic-bearing silty shale 38/48 342 7134 24.64 14i36 24.78 21T 3.7T 1.53.64 273

Table 3.0rigins, types and sedimentations of shale parasequences in the upper fourth member of Shahejie formation in DongiongBlelpee8sy Basin

Origins Types Main sedimentation

oil shaleHigh-TOC limy shale
High-TOC limy shalelow-TOC limy shale Biological and chemical sedimentation
The relatie lake level change with little terrestrial input High-TOC limy shale
Low-TOC shaleLow-TOC gypsiferous shale
Low-TOC limy shale Chemical sedimentation
Transgression Dolomitic-bearing silty silty shale
The relative lake level change with terrestrial inp Carbonatebearing silty shale Bio-chemi mechanical sedimentation




Division and Characteristics of Shale Parasequences in the Upper Fourth Member of the Shahejie Formation 5

Mainly calcites are micritic and few are grainy calcites. shalesproposed (Fig3). Organic matter and pyrite are abun-
However the content of quartz and feldspar is higher than otherdant for the favourable preservation condition of strongly re-
shale. The average value of TOC is 2.64%. Pyrites are abundamtucing environment of deep water. Smooth laminae are devel-
with an average value of 3.17@%able 2). Suchlithofacieswas opedfor almost without water turbulence. In this kind of envi-
formed in a reducing environment of sed@ep water and in- ronment, lithofacies is dominated by oil shale. TOC value is
fluenced by érrigenous material (Fi@m, 2n). generally between %i 4% in reducing environment of
(7) Dolomitic-bearing silty shale semideep water. Laminae are developed with weak water tur-

Dolomite is micritic with an average value of 34.2%. TOC bulence. The lithofacies adeveloped from the lower to upper
value is between 1%i 3.64% and lower than highOC limy sections according to the water depth, including fligiC limy
shale and carbonat®aring silty shale. Pyrites are abundant shale, carbonatkearing silty shale and dolomitiearing silty
too with an average value of 3.71%@able 2). This type of shale. TOC value and pyrite content are both low in the weakly
lithofacies was developed only in the early stage of Es4s with areducing environment of shallowater. Laminae are developed

reducing environment of serdieep water (Fig.@ 3p). with wave distribution as influenced by water turbulence. The
lithofacies are dominated by IeWOC shale and lovOC limy
3.1.3Lithofacies depositional model shale. In a drought conditions, water evaporation lead to the

Based on 7 kinds of lithofacies with differergdémentary ~ formation of lowTOC gypsiferous shale drsaline lake.
characteristics and environment, e@pdsitional model of Es4s

; ¥ .,.
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Figure 2. Shale characteristics of the upper fourth member of Shahejie Formation in Dongying depression, Bohai Bay Basiwetiif&/1, 3324.79 m,

grey black oil shale. Arrow points to the calcite laminae with recrystallizatioongbubble occurred after droping hydrochloric abidyell FY1, 3324.79 m,

oil shale with columnar calcite crystals under cypskrized light (+) (modified after Wu et al., 2016, arrow). Boundaries between light and dark laminae are
clear;c. well LY1, 3662m, field emission scanning electron microscope image of oil shale with abundant framboidal pyrite ¢ame@)iY1, 3 662.1m,

dark grey highTOC limy shale with a certain degree of recrystallization (arrewyell LY1, 3662.1 m, (+), highTOC limy shale with grainy crystals (arrow).
Grainy calcite size changes large. Boundaries between light and dark laminae are relativeélywsdlalY1, (+), 3410.86m, highTOC limy shale, pyrite
content is high (arrow)g. well LY1, 3 631.5 m, lightgrey lowTOC limy shale. Boundaries between light and dark laminae are not srhowetélj LY1, 3

631.5 m, (+), lowTOC limy shale, Light laminae are micritic calcite and thick (arrawjvell NY1, 3430.38 m, light grey lowOC shalej. well NY1, 3
43038 m, (+), lowTOC shale. Dark laminae are thick comprising clay minerals and little organic rkatted] NY1, 3498.3 m, grey white IoWOC gypsif-
erous shaldl, well NY1, 3498.3 m, (+), lowTOC gypsiferous shale. Light laminae comprise gypse (ariofi)enced by evaporation and water turbulence,
boundaries between light and dark laminae are not aleanell NY1, 3 373.79m, grey carbonatbearing silty shalen. well NY1, 3373.79m, (+), car-
bonatebearing silty shale comprising micritic and graicalcites, bioclast, clay, pyrite, etc. (arrows)well NY1, 3463.59m, grey dolomitiebearing silty
shale;p. well NY1, 3463.59m, (+), dolomiticbearing silty shale. The lower laminae comprise terrigenous material and the upper laminae comfitse micr
dolomite (arrows).
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3.2 Division and Characteristics of Third- and shale. The Th/U ratio increases upward, in contrast, the TOC
Fourth-Order Sequence value decreases upwdar These features indicate that water
One whole third order sequence including lowstand sys-continues to shallow upward. In this interval, pollen doeni-

tems tract (LST), transgressive systems tract (TST) and highnated byEphedripites Labitricolpites Caryapollenites Quer-

stand systems tract (HST) was developed in thés.Egvell coidites indicating arid climate, that formed an evaporation

NY1 is taken as a typical example (F. environment and caused continualexline in water depth. On
the top of this interval, there is a surface of discontinggyp{

3.21 LST siferousdeposition turned to limy sediments)irst flooding

The interval of 349213 498.5 m Es4snot penetrated) surface. Based on the comprehensive analysis, this interval is
mainly comprises lowrOC gypsiferous shale and LeWDC LST.

Actic region Algae Lake level
Gentle slope

Fault Weakly reducing environment

Reducing environment

“~Strongly reducing environment
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Figure 3. Shale depositionahodel of the upper fourth member of Shahejie Formation in the Dongying depression, Bohai Bagni®akfied after Wu et al.,
2016)

Figure 4. Sequence division of the upper fourth member of Shahejie Formation in well NY1, Dongying depression, BBlaairBaghina.



