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Abstract

The Lower-Middle Ordovician Yingshan and Yijianfang Group in the Tarim Basin are overwhelmingly composed of cyclic
carbonates. Based on microscopic observation and facies analysis from two borehole sections in Yuejin-Tuoputai area, two
main types of facies are recognized: semi-restricted subtidal, open-marine subtidal, and these are further subdivided into
six and nine lithofacies in the Yuejin and Tuoputai area, respectively. In general, these facies are vertically arranged into
shallowing-upward, meter-scale cycles. These cycles are commonly composed of a thinner basal horizon reflecting abrupt
deepening, and a thicker upper succession showing gradual shallowing upwards. Based on the vertical facies arrangements
and changes across boundary surfaces, two types of cycle: semi-restricted subtidal and open subtidal, are further identi-
fied. The semi-restricted subtidal cycles, predominating over the middle-upper Yingshan Group and the lower Yijianfang
Group, commence with algal bindstone in the bottom and are capped by pelletoid grainstone and bindstone with peloidal
grains. In contrast, the open subtidal cycles, dominating the upper Yijianfang Group, are dominated by clastizoic grainstone
or clastizoic Bindstone. Based on vertical lithofacies variations, cycle stacking patterns, and accommodation variations
revealed by Fischer plots, nine larger scale third-order depositional sequences (Sq3-Sql1) are recognized. These sequences
generally consist of a lower transgressive and an upper regressive systems tract. The transgressive tracts are dominated by
thicker than-average cycles, indicating an overall accommodation increase, whereas the regressive tracts are characterized
by thinner-than-average cycles, indicating an overall accommodation decrease. The sequence boundaries are characterized
by transitional zones of stacked thinner-than-average cycles, rather than by a single surface. These sequences can further be
grouped into lower order sequence sets: the lower and upper sequence sets. The lower sequence set, including Sq3-Sq7, is
at the rising—descending cycle in Fisher Curve plots. And this indicates the accommodation space keeps steady. The upper
sequence set, including Sq8—Sq11, some features can be found that these Fisher Curves of sequences flunctuate strongly in
the middle-lower Yijianafang Group while keep steady in the upper part. This indicates a phenomenon, where the accom-
modation space varies from violent to gentle.
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Introduction

High-frequency meter-scale cycles are basic building units
of shallow-water carbonate successions, which are com-
monly organized into larger scale depositional sequences.
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2004; Hofmann and Keller 2006; Laya et al. 2013). Such
stratal cyclicity in platform carbonates can be exhibited by
the vertical cycle stacking patterns, which are commonly
shown by the Fischer plot (Fischer 1964; Goldhammer et al.
1987; Read and Goldhammer 1988; Osleger and Read 1993;
Chen et al. 2001; Chen and Tucker 2003). Many studies have
documented the stratigraphy and sequences of Lower-Mid-
dle Ordovician shallow-water carbonate successions, such as
those in Tarim Basin (Yu 1996; Qu, et al. 1997; Chen et al.
2003; Zhao et al. 2009; Hu et al. 2010; Wang et al. 2011; Wu
et al. 2012; Wang 2013).

The Tarim Basin has been the important petroliferous
basin in west China where a considerable quantity of com-
mercial oil and gas has been discovered in the well Shacan
2 from Ordovician carbonates since 1984, and Lunnan-Tahe
oil field has been built in Tabei uplift, which has about 1.5
billion tons reserve. Besides, carbonate oil and gas fields
have been found in the lower Paleozoic in Tazhong uplift
and Bachu uplift. It is a great challenge to establish an effec-
tive distribution model of reservoir in the study of carbon-
ates (Lee 1997; Montanez 1997; Heasley et al. 2000; Hendry
2002; Tian et al. 2016, 2017; Lu et al. 2017). Thus it is criti-
cal to study the time and space sequences of the facies and
its environment for carbonates (Vincent et al. 2007), and,
therefore, we should focus on the composition, the spatial
distribution characteristics of facies and environment, and
analysis of time evolution sequence, which are especially
important for carbonate reservoir and. Few studies have been
carried out on the high-frequency, meter-scale cycles. This
has resulted in many uncertainties in the identification of the
larger scale depositional sequences of the platform carbon-
ates and in our understanding of platform evolution.

This study aims to: (1) describe the lithofacies and meter-
scale cycles in the Lower-Middle Ordovician Yingshan and
Yijianfang Group in the Yuejin-Tuoputai Region, with a
view to deduce the depositional environments; (2) illustrate
the vertical cycle stacking patterns and hierarchy of stratal
cyclicity using the graphic tool of Fischer plots; and (3) to
determine the third-order sequences in the Yingshan and
Yijianfang Group and their correlation with those in the
coeval carbonate successions elsewhere around the world.
This study could refine the time-stratigraphic framework for
the Lower-Middle Ordovician, which is generally devoid of
sufficient biostratigraphic controls in the Tarim Basin, and
improve our understanding of carbonate platform evolution.

Geological setting

Tarim Basin, a big sedimentary basin, is located in the
west of China,with a total area of 56 x 10* km?. This Basin
experienced a long geological evolution and multi-period
tectonic events from Sinian to Neogene and was called a
multi-cycle or superimposed basin. It stands between two
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giant mountains, Mt. Tianshan and Kunlun, and the eastern
boundary is Altun Tagh fault zone. In Paleozoic, several
paleo-uplifts and paleo-depressions developed in Tarim
Basin. For instance, the main paleo-uplifts were Tazhong,
Bachu, Tabei, and Taxinan uplift (He et al. 1996; Jia et al.
1997). Now, carbonate rocks are mainly distributed from
Sinian to Lower Ordovician, showing diverse reservoir types
and great reservoir property for oil and gas (He et al. 1996;
Jia et al. 1997).

As shown in Fig. 1, Yuejin-Tuoputai area is located in
the southwest of the Tahe, the north is Akkol bulge, which
is located in the middle of Shaya uplift. Manjiaer Depres-
sion lies in the east, and Shuntuoguole uplift lies in the
south. Tuoputai block is located in the northeast of the Yue-
jin block. Due to adjacence to Tahe area, there are a lot of
similarities in tectonic evolution and distribution of fracture
system. Therefore, a strong comparative research value in
sedimentary, diagenetic and hydrocarbon accumulation is
found between Yuejin-Tuoputai and Tahe. Under the con-
trol of complex and variable tectonic pressure field, Yue-
jin-Tuoputai area experienced a complicated evolutionary
process (Xu et al. 2006). The Tabei uplift was in stable car-
bonate platform from late Sinian to Middle Ordovician, and
until late Ordovician to Devonian, there was a weak tectonic
uplift caused by the subduction of southern Kunlun. Mean-
while, the sedimentation continued. From late Devonian to
early Carboniferous, influenced by the southern Tianshan
activitty in the north basin, Tabei was uplifted strongly in
general, and Silurian to the lower Ordovician stratums suf-
fered various erosion. At the beginning of the Permian, with
intense magmatic activity, the basin was in extensional tec-
tonic activity period and with submersion generally. In early
Permian period, the Tarim plate had collided with the West
Kunlun plate and central Tianshan plate; Tabei intensively
uplifted, and Permo-Carboniferous stratums were destroyed.
In Meso-Cenozoic period, as Kuga depression subsidence
was aggravated, Tabei region became a remnant Paleozoic
uplift, and Tahe and the adjacent area entered depositional
stage of the inland depression basin. In late Tertiary period,
strong subsidence took place in Tabei area caused by Xishan
movement (Jia et al. 1997).

Ordovician strata are well developed in Yuejin-Tuoputai
region; from base to top, the strata are Penglaiba Group in
lower series of Ordovician, Yingshan Group in middle-
lower series Ordovician, Yijianfang Group in middle series
of Ordovician, Qrebake Group in upper series of Ordovician
and Querquek Group. The middle—lower series of Ordovi-
cian are mainly developed Plateau facies such as gypsum
dolomite, dolomite, limy dolomite and limestone. The upper
series of Ordovician are mainly slope facies composed of
limestone with mud and knollenkalk. However, the Quer-
quek Group is dominated by clastic sedimentary of neritic
shelf facies (Li et al. 2015).
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Fig. 1 a The schematic tectonic map of China and the position of Tarim basin. The red box indicates the position of 1B. b Sedimentary faces of
Shuntuoguole area during Yijiangfan Group period. ¢ Ordovician stratigraphy system of Shuntuoguole area

A set of marine carbonate rocks was deposited in the Upper
Yingshan-Yijianfang group in Yuejin-Tuoputai region, with
thicker and stable deposition. The environment is character-
ized an open platform, which can be subdivided into intraplat-
form shoal and interbank sea microfacies.

The development of the intraplatform shoal is controlled by
local landforms and presents band distribution. In the Ying-
shan group period, the study area was in the open platform
environment, but relatively limited, mainly developed dolo-
mitized limestone or dolomite. In the early Yijianfang group,
the open water was significantly enhanced and intraplatform
shoal was expanded. The south of the study area mainly devel-
oped interbank sea microfacies and intraplatform shoal micro-
facies in the north. Sedimentary rocks were mainly composed
of microcaystalline limestone, grainstone and biogenic lime-
stone. In the later Yijianfang group, the study area was still
an open platform, and the intraplatform shoal microfacie was
expanded and patch reef was developed.

Materials and methods

Two Middle-Lower Ordovician borehole sections in Yue-
jin-Tuoputai area are the research objectives in this study,
including YJ1X well located in Yuejin block and S114
well located in Tuoputai block.

YJ1X well, locating in Yuejin block, is sited in Xayar
County. Yuejin block lies in the north of Shuntuoguole low
uplift: the west is Yingmaili salient, the north is Halaha-
tang depression and the east is Tuoputai block, the cored
intervals are focused on Yingshan and Yijianfang Group,
and total depth is from 7195 m to 7280 m. S114 well,
locating in Tuoputai block, is sited in the southwest of
Tahe. Tuoputai block is situated in the south of Akekule
in the middle part of Xayar uplift, Tarim Basin. The target
strata are the upper member of Yingshan and Yijianfang
Group, the top depth of the former is 6422 m, the lower
part is not drilled, and the latter lasts from 6319to 6422 m.

The lithofacies of the Yingshan and Yijianfang Group
were described and interpreted in terms of lithology, tex-
tures/fabrics, sedimentary structures, bed geometry and
color. Hundreds of standard thin-sections from hand sam-
ples were prepared for petrographic studies. The terminol-
ogy employed in description, in principle, followed the
carbonate classification of Dunham (1962).

Depositional facies (or environments) were identified
and interpreted based on the tempo-spatial relationship
and similarity of the lithofacies’ association described
with regard to well-proven diagnostic sedimentary char-
acteristics. High-frequency, meter-scale cycles were iden-
tified mainly based on the recurrences of vertically stacked
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lithofacies (or facies) and their transitional (gradual or
abrupt) patterns across the bounding surfaces.

Fischer plots were applied to illustrate vertical cycle
stacking patterns and long-term changes in accommoda-
tion space on carbonate platforms (Fischer 1964; Sadler
et al. 1993; Bosence et al. 2009). Based on the assumed or
determined average periodic value of meter-scale cycles,
Fischer takes time as X axis and cumulative thickness of
meter-scale cyclic-sequences belong to peritidal type as Y
axis, which has taken liner settlement correction, and thus
a diagram is obtained.

Osleger pointed out that the each cycle time is variable
and the loss of cycle is common in sections. Therefore,
using the number of cycles as X axis instead of time could
avoid the limitation of Fischer application.

Reed thought that it was not very strict for tak-
ing “cumulative thickness” as Y axis, Therefore, it was
emphasized that the so-called cumulative thickness was
corrected by linear settlement. The subsidence history of
basin is very complex, so the subsidence process of the
basin during the group of each meter-scale cycles is dif-
ficult to grasp.

The cumulative thickness of meter-scale cyclic-sequences
under liner settlement correction by Reed is “accumulation
offset of average thickness” in deed, which is the accumu-
lation difference between the thickness of every cycle and
the average thickness of all cycles and represents the Y axis
instead of original ordinate. When drawing the Fischer dia-
gram, the X axis is the number of cycles, and the Y axis is
the cumulative thickness of the average thickness, that is, the
offset accumulation of the thickness of all meter cycles to the
average cycle thickness. In Fischer diagram, the connection
of the vertex coordinates of each cycle is cumulative offset
curve of average thickness with cyclic number as a function,
which represents the variation of effective accommodating
space in the group of sediment. Therefore, the Fischer dia-
gram is also known as the new accommodating space dia-
gram, which is an important way to study the superposition
rule of sedimentary cycle in space, relative sea level change,
cycle order and cyclic stratigraphic correlation.

Larger-scale third-order sequences were determined
based on the cycle stacking patterns and accommodation
changes revealed by the Fischer plots, together with facies
stacking patterns (i.e., fresh water solution seam and mold
pore in each cycle) and depositional indicators.

Depositional facies

Six and nine lithofacies (LY1-LY6 and LT1-LT9, respec-
tively) were identified in the Yingshan and Yijianfang
Group. These lithofacies can be further categorized into
several facies associations, representing various deposi-
tional environments, such as intertidal, semi-restricted
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subtidal, and open-marine subtidal (Tables 1 and 2, Figs. 2,
3 and 4).

Semi-restricted subtidal zone (YJ1X)

Bindstone (LY1): The main structure of the rock is bind-
stone, Girvanella algae mycelium might be observed occa-
sionally, and bioturbate texture and granule are visible partly.
In these sediments, grains and bind-structure could not be
distinguished easily and the original structure is hardly
identified. In addition, trilobites and ostracodas might be
observed occasionally. The pyrite can be seen commonly in
the rocks. Sparry cement usually has four occurrences. The
first is blocklike sparry cement, which transits sharply from
algae binder, is presumed to form in early diagenesis stage.
However, Yinxue Han et al. (2015) regarded it as a result of
microcrystalline calcite caused by neomorphism, the crys-
tal, mosaic-like if contacted,is dirty and matrix limestone
remained; The second is cement filling fractures, which is
the same occurrence as cements in pores. The third is pel-
letoid intergranular cement. It is usually small, and this kind
of cement has the lowest content because the particles are
relatively rare. The fourth is poikilotopic calcite in bioturba-
tion place. The crystal is clean, a few particles suspended
by basal cemented, and frosting phenomenon can be found
under orthogonal light. This kind of cement contains a small
amount of liquid single-phase inclusion while under 500
times magnification, indicating the calcite was formed in the
early low-temperature environment. The absence of biogenic
debris and fenestrate hole illustrates that the environment is
semi-restricted deep-water subtidal zone.

Clastizoic bindstone (LY2): The main structure of the
rock is bindstone. No sparry cement can be found compared
with LY 1. Biogenic debris takes over 20-70% of the whole
sediments, mainly consisting of trolibites and echinoderms
with micritization commonly. Its grain diameter is less than
500 pm, and of medium-sorting and stacked in disorder. The
intergranular is filled with algae mycelium and algae bind-
ing. Generally, the existence of massive echinoderms debris
indicates 2 types of environment. One is back reef zone with
moderate hydrodynamic environment. The other is internal-
medium gentle slope with deeper and lower energy envi-
ronment. Cause reef is not developed in Yuejin area; the
rocks can be suspected as forming in the open middle-deep
subtidal environment.

Clastizoic Bindstone with peloidal grains (LY3): the con-
tent of biogenic debris is less than 10% in general, mainly
consisting of brachiopods and echinoderms. The main
structure of the rock is bindstone, which takes over more
than 40% of the whole sediments. The grains are mainly
consisted of pelletoid and peloidal grainstone with algae,
what’s more, the content of grains is lower and less than
35%. The degree of sorting and roundness is poor and the
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Fig.2 Lower-Middle Ordovician Lithology microfacies of Yuejin
area. Introduction: 1. LY 1—bindstone, YJI1X well, 7274.19 m; 2.
LY2—clastizoic bindstone, YJ1X well, 7201.77 m; 3. LY3—<clasti-
zoic bindstone with peloidal grains, YJ1X well, 7270.14 m; 4. LY4—

grain diameter is between 100 and 200um. It has a small
number of dissolved pores. There are two types of the calcs-
parite, One is flaky or small-size bulk calcite which grows
in bioturbation place. The crystal is dirty, which is around
50um and mosaic-likeof contacted. The other is interparticle
sparry cement, granular, which is less than 20um of diam-
eter generally and mosaic-likeof or embayed contacted. The
echinoderms debris usually has a phenomenon of siliceous

pelletoid grainstone with bound structure and clastizoic, YJ1X well,
7258.56 m; 5. LY5—pebbled grainstone with bound structure and
clastizoic, YJ1X well, 7263.97 m; 6. LY6—clastizoic grainstone,
YJ1X well, 7257.50 m

metasomatosis. Obviously, its sedimentary environment is
between the one of grainstone and the one of bindstone, and
the significant increase of biogenic debris indicates that the
environment is slightly open. So it is assumed to be open
middle-deep water subtidal environment, above storm wave
base.

Pelletoid Grainstone with bound structure and clastizoic
(LY4): The content of biogenic debris is about 20%, mainly

@ Springer



532

Carbonates and Evaporites (2019) 34:525-544

Fig.3 Lower-Middle Ordovician Lithology microfacies of Tuoputai
area. Introduction: 1. LT1—pelletoid grainstone, S114 well,
6398.5 m; 2. LT2—pelletoid grainstone with bound structure, S114
well, 6405.5 m; 3. LT3—bindstone with peloidal grains, S114 well,
6383.5 m; 4. LT4—bindstone, S114 well, 6373.5 m; 5. LT5—<clasti-

consisting of brachiopods and echinoderms. Its grain diam-
eter is a little big and well preserved. The grains are mainly
consisted of pelletoid, which takes over more than 70% of
the whole sediments. Its grain diameter ranges from 100 to
200um and the degree of sorting and roundness is medium.
The bind-structure can be observed locally, and interpar-
ticle is mainly filled with poikilitic cements and no pores.
Both the obvious increase of grains and the higher content
of biogenic debris indicate the rocks formed in the open
shallow-water subtidal zone with stronger hydropower under
the normal wave base.

@ Springer

zoic bindstone with peloids, S114 well, 6370.5 m; 6. LT6—oosparite,
S114 well, 6349.5 m; 7. LT7—clastizoic oosparite, S114 well,
6346.5 m.8. LT8—<lastizoic grainstone, S114 well, 6343.5 m; 9.
LT9—-clastizoic bindstone, S114 well, 6331.5 m

Pebbled Grainstone with bound structure and
clastizoic(LYS5): Compared to LY4, the lithology is almost
the same, while there are four main differences. First, this
kind of rock contains more gravel grains, alike intraclast.
And the degree of roundness is very poor, which indicat-
ing an episodic strong hydrodynamic environment, maybe
affected by storm. Second, it has a lower content of grains,
which is about 60%, suggesting that the hydrodynamic is
weaker compared with LY4 and maybe located in deeper
part of plateau. Third, the interparticle sparry cement mainly
consists of calcsparite. And forth, there are more intensive
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Fig.4 a Lower-middle Ordovician Yingshan-Yijianfang Group Paleogeographic map of Yuejin area. b Lower-Middle Ordovician Yingshan-Yiji-
anfang Group Paleogeographic map of Tuoputai area
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suture lines. It is likely to indicate a higher content of matrix
and a deeper water condition than LY4. Above all, The
rocks can be suspected as forming in the open middle-water
subtidal zone, located above storm wave base.

Clastizoic Grainstone (LY6): The structure of the rock is
grain-supported and the grains mainly consist of pelletoid
and biogenic debris. Biogenic debris takes over 20% of the
whole sediments while pelletoid accounts for 55% on the
whole, and its grain diameter is more than 150 pm. The
interparticle sparry cement mainly consists of granulated
or massive calcsparite. The biogenic debris mainly consists
of brachiopods, echinoderms debris and bryozoans. And the
degree of sorting and roundness is poor. The high content of
Biogenic debris and the overall structure of the rock show an
open shallow-water subtidal environment, which is near the
normal wave base, and represents the shallowest sedimen-
tary environment of Yuejin area.

Semi-restricted subtidal zone (S114)

Pelletoid Grainstone (LT1): The content of alga chipping is
more than 65% and its grain diameter is kind of big (more
than 100 pm). Also a small amout of aedelite is contained
and the diameter is more than 2000 pm. There is no biogenic
debris. Two kinds of sparry cement are developed around the
grains. The first phase is small-size irregular-shape calcite
which grows around the grain, and the other is blocklike
sparry cement closer to the center of the intergranular pore
which is suspected as a synchronous product with the for-
mer one and needed to be proved by cathodeluminescence
test. Its pore is very poor. However, Asphalt is filled in the
intergranular and intercrystal pores of calcite cement, which
shows that micropores are well developed and can be used as
reservoir space of oil and gas. Freshwater-dissolved fracture
can be often found in this kind of rock, indicating that the
rock may be exposed to freshwater in very shallow water,
usually at the top of the cycle. The existence of aedelite and
pelletoid and the absence of the wide sea creatures illustrate
that the environment is semi-restricted environment. Also
the low content of algae binding component shows a shal-
low water with strong hydrodynamic, which is under the
normal wave base.

Pelletoid Grainstone with bound structure (LT2): The
content of grain is between 50 and 65%. Its grain diameter
ranges from 60 to 150 pm. The prehnite(grain diameter:
1-2 mm) are also very common in the rocks, while only a
small amount of biogenic debris can be seen and it is mainly
composed by trolibites and echinoderms. Typical bioturba-
tion can be observed in which poikilitic calcite exists, while
the particles are basal cement. The common intergranular
sparry cements are similar to pelletoid grainstone (LT1).
Then, its sedimentary environment is between pelletoid
grainstone(LT1) and bindstone with peloidal grains (LT3),
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and might be semi-restricted shallow-middle water subtidal
zone.

Bindstone with Peloidal grains (LT3): The bioturbation
structure usually develops well in this lithology. The con-
tent of pelletoid is between 10 and 50%. Its grain diameter
ranges from 60 to 100 pm. The pyrite can be seen occasion-
ally in the rocks. While only a small amount of biogenic
debris(less than 1%) can be seen and is mainly composed by
ostracodas, trolibites,gastropods and brachiopods. The bind-
structure has the biggest proportion as a whole. Additionally,
the content of biogenic debris and grains is extremely low.
Thus, the sedimentary environment can be inferred as semi-
restricted middle-deep water subtidal zone. What is more,
the existence of bioturbation structure and the absence of the
influence from storm illustrate that the environment is under
the storm wave base.

Bindstone (LT4): The main structure of the rock is bind-
stone, Girvanella algae mycelium might be observed occa-
sionally, and bioturbate texture and granule are visible partly.
In these sediments, grains and bind-structure could not be
distinguished easily and the original structure is hardly iden-
tified. In addition, trilobite, brachiopods and echinoderm
debris might be observed occasionally. The pyrite can be
seen commonly in the rocks. Sparry cement usually is of
two types. One is pelletoid intergranular cement. It is usu-
ally small, and this kind of cement has the lowest content
because the particles are relatively rare. The other is poikilo-
topic calcite in bioturbation place. The crystal is clean, a few
particles suspended by basal cemented, and frosting phe-
nomenon can be found under orthogonal light. This kind
of cement contains a small amount of liquid single-phase
inclusion while under 500 times magnification, indicating
the calcite was formed in the early low-temperature envi-
ronment. Therefore, represents semi-restricted deep water
subtidal zone.

Clastizoic Bindstone with peloids (LTS): The sedimen-
tary environment of this rock is similar to bindstone with
peloidal grains (LT3)’s. The difference is that this kind of
rock has a certain amount of biogenic debris, mainly consist-
ing of echinoderms and brachiopods, which indicates a more
open water environment. This lithology is commonly located
in the transition between semi-restricted environment and
open shallow water subtidal environment, so we suspect that
it develops from the semi-restricted deep-water subtidal zone
instead of open deep water subtidal zone.

Open subtidal zone (5114)

Oosparite(LT6): The structure of the rock is grain-supported
and the grains mainly consist of ooid. Ooid takes over more
than 70% of the whole sediments and its grain diameter
ranges from 200 to 300um. Concentric lamina can be seen
inside of ooid instead of radial structure. Two kinds of sparry
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cement are developed around the grains. The first phase is
isopachous and rim bladed calcite which grows around the
ooid, and the other is blocklike sparry calcite close to the
center of the intergranular pore. Girvanella algae myce-
lium and moldic pore might be observed occasionally. The
oosparite is the typical rock type of the open shallow water
tidal zone. Therefore, we suspect that it develops from the
open shallow-water subtidal and above normal wave base.

Clastizoic Oosparite (LT7): The sedimentary environment
is between oosparite(LT6) and clastizoic grainstone(LT8)s,
which is located in open shallow-water subtidal zone and
near normal wave base.

Clastizoic Grainstone (LTS8): The structure of the rock
is grain-supported and the grains mainly consist of echino-
derm debris, which takes over more than 70% of the whole
sediments and its grain diameter ranges from 200 to 500um.
There is a strong micritization in the peripheral of biogenic
debris. The sparry cement presents massive calcsparite, the
diameter of which gradually increases towards pore center.
Also, clastizoic grainstone, which is usually formed in
deeper water than oosparite, is the typical rock type of open
shallow tidal zone where hydropower weakens and good
transmittance and high oxygen contents display. So we con-
clude that it develops from the open shallow-water subtidal
zone and under normal wave base.

Clastizoic Bindstone (LT9): The main structure of the
rock is bindstone, which is characterized by high content of
biogenic debris. And the range is from 35 to 65%. Biogenic
debris mainly consists of echinoderms, most of which have
micritization and are stacked in disorder. The diameter of
debris usually is less than 500 pm. The degree of sorting is
medium. The intergranular are filled with algae mycelium
and algae binding. Generally, the rocks can be explained as
forming in the open middle-deep water subtidal zone com-
pared to Yuejin area.

High-frequency meter-scale cycles

The sedimentary microfacies identification results of YJ1X
well and S114 well are marked on the histogram (Fig.).
It is obvious that the carbonate sediments show apparent
cyclonic accumulation characteristics. That is on the meter-
scale; the sedimentary microfacies are not always invariable,
and always appear repeatedly in accordance with a certain
rule, indicating the repeated changes in the depth of the
water body.

Actually, the Yingshan and Yijianfang Group is charac-
terized by repeated shallowing-upward, meter-scale cycles.

Shallow subtidal facies through deep subtidal facies are
organized into meter-scale, upward-shallowing cycles aver-
aging 1.5-3 m thick, lasting 20-S100 kyr. Cycle boundaries
vary from abrupt to transitional.

Based on the intracycle facies arrangement and features
of the bounding surfaces, two dominant types of cycle are
distinguished: semi-closed restricted subtidal and open
subtidal.

The semi-closed restricted subtidal cycles are capped by
semi-closed restricted subtidal facies, and these are dominan
in the upper part of Yingshan Group and lower-middle part
of the Yijianfang Group. In contrast, open subtidal cycles
are capped by open subtidal facies, and mainly occur in the
upper part of the Yijianfang Group.

The semi-restricted subtidal cycles are mainly composed
of the lithology from semi-restricted shallow-deep subtidal
zone, developing in the upper part of Yingshan Group and
the lower part of Yijianfang Group. This type of cycle rep-
resents a regression association which is the transition from
semi-restricted middle-deep subtidal lithology to the one of
the semi-restricted shallow-water subtidal and deep-water
intertidal zone. Exposure indicator cannot be found in the
top of the cycle, which suggests an incomplete accumulation
of accommodation space. Based on the types of diagenetic
facies and their vertical superposition, these cycles can be
divided into two types: (1) cycle with LT1 on the top and
LT2-1T4 on the bottom, and (2) cycle with LT3 on the top
and LT4 on the bottom.

(1) This kind of cycle starts from LT2 to LT4, which
forms in the low-power semi-restricted intertidal zone and
deep-water subtidal zone, and then changes upward into
LT1, which develops in the more powerful semi-restricted
shallow-water subtidal zone, ranging roughly between nor-
mal and storm wave base. The cycle does not accrete to the
peritidal zone, which might be caused by storm erosion or
the balance between sediments and accommodation space
(Badenas et al. 2005; Badenas and Aurell 2010; Laya et al.
2013). Then, another reason might be that the growth rate
of the accommodation space is higher than the production
rate of sediments (Chen et al. 2001; Hamon and Merzeraud,
2008).

(2) This kind of cycle starts from the LT4, which forms in
the low-power semi-restricted intertidal zone and deep-water
subtidal zone, and then changes upward into LT3, which
develops in the more powerful semi-restricted medium-
depth water subtidal zone, locating roughly above storm
wave base. The difference between this cycle and the one
mentioned above is that there is almost no pelletoid here and
the main structure is bondstone, which indicates a deeper
water body.

The open subtidal cycle mainly consists of the lower open
middle-deep water subtidal lithology and the upper open
shallow-middle subtidal lithology, and it is also an incom-
plete regression cycle. In the sedimentary process, the sea-
level fluctuation was so slight that it could not make the bot-
tom of the sea exposed, so air exposure indicator (e.g. mud
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crack and small tepee structure) did not develop in this kind
of cycle. These upward shallowing meter-scale cycles have
a fine continuity in horizontal direction and minor changes
in thickness, but interfaces are almost discontinuous. Based
on the types of diagenetic facies and their vertical super-
position, five kinds of cycle can be identified, appearing in
Yuejin area. Based on the depth of water, from deep to shal-
low, cycle is in sequence of LY6, LYS, LY4, LY3, and LY2
on the top. Two types of cycle can be identified in Tuoputai
area: cycle with LT8 on the top and cycle with LT9 on the
top. These cycles of open subtidal facies mainly develop in
the upper part of Yijianfang Group in Yuejin-Tuoputai area,
which can be roughly divided into two types. First, the cycle
does accrete to the shallow-middle subtidal zone, which
starts from the low-power open middle-deep water inter-
tidal zone (such as LT9, LY2,etc.) and then changes upward
into high-power shallow-middle water intertidal zone (such
as LY6, LTS8, etc.); the second type of cycle is dominated by
bindstone, which is formed in middle-deep water subtidal
environment. The content of biogenic debris is influenced
by hydropower. At intracycle, from the bottom to the top,
the content of biogenic debris increases and the diameter
of grains is bigger, such as cycle with LT9 and LY2 on the
top. In the Yijianfang Group in Yuejin-Tuoputai area, the
peritidal lithology did not develop well, which could be rep-
resented by the evidence that the balancing effect between
the increasing of accommodation space and the supply of
sediments hardly made the sea-bottom accrete completely
from sutidal zone to peritidal zone (Goldhammer et al. 1990;
Elrick and Read, 1991; Elrick, 1995; Chen et al. 2001; Bade-
nas and Aurell 2010; Tucker and Garland 2010; Bayet-Goll
et al. 2014).

It is difficult to determine cycle duration from thick
platform carbonate successions as a result of lack of accu-
rate radiometric age data and the “missed beat effect’. Here
only an approximate estimation of cycle duration can be
made with the given time-scale of the Floian, Dapingian
and Darriwilian. If the deposits in the Floian and Dap-
ingian are taken as a whole, the cycle duration is in the
range 35.7~97.2 kyr (Guo 2010). If "missed beats’ (deep
subtidal missed beats) are taken into account, the cycle
durations would be shorter than these estimated values.
For most meter-scale carbonate cycles, these Ordovician
ones are within the Milankovitch band, corresponding to
fourth-and fifth-order cycles (cf. Goldhammer et al. 1993).

The origin of meter-scale, carbonate cycles is still a
controversial topic, provoking much debate (e.g. Drum-
mond and Wilkinson Goldhammer et al. 1993; Wilkinson
et al. 1996, 1997). Three mechanisms are commonly

cited to explain the repetition: (1) autocyclic genera-
tion (e.g. Pratt and James 1986; Cloyd et al. 1990; Sat-
terley 1996), (2) episodic subsidence (e.g. Cisne 1986;
Hardie et al. 1991), and (3) high-frequency glacio-eustatic
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fluctuations in sea-level (e.g. Goodwin and Anderson
1985; Goldhammer et al. 1990, 1993; Balog et al. 1997,
Strasser and HillgaErtner 1998).

The asymmetric cycles are dominant in the study
area, the subtidal cycle with the top of the subtidal rock
facies for example. The thickness of upper and lower
part is 15% and 85%, respectively for the entire cycle,
which corresponds to the rhythm of the change of the sea
level fluctuation with track driven (Koerschner and Read
1989; Osleger and Read 1991; Goldhammer et al. 1993;
Chen et al. 2001). It indicates that these cycles in study
area should or at least largely be attributed to the high-
frequency sea-level fluctuations of orbit driven. The most
important thing is that the high-frequency, glacio-eustatic
fluctuations in sea-level mechanism can explain all the
subtidal cycles better. The lower part of subtidal cycles
formed in the rising period of high-frequency sea level,
and then the sea level remains at high position or slightly
lower. In the high portions of terrain, such as the peritidal
area and the edge of the platform, the tidal flat sedimenta-
tion progrades towards the sea direction and superimposed
on the subtidal sediments. However, for deep water envi-
ronment, the decline of sea level and the accumulation
of sediments are not enough to make the seafloor accre-
tion to the tidal flat area. Thus the shallow-water subtidal
sediments are accumulated, which form a subtidal cycle
that is not completely shallow. (Goldhammer et al.1990,
1993; Elrick 1995; Chen et al. 2001). The autocyclic gen-
eration and episodic subsidence clearly fail to explain the
subtidal cycle in the region, for which the reasons are: (1)
the episodic subsidence will produce abrupt lithofacies
superposition pattern, which is obviously inconsistent with
the gradient superposition pattern of the subtidal cycle;
(2) the Tarim Basin is a passive continental margin basin
in the middle lower Ordovician, and it is not possible to
have such repeated pulse tectonic movement; (3) the thick-
ness of the stratum is stable and transversely continuous;
(4) the variation of the lithofacies is gradual and breccia
accumulation during synsedimentary fault activity period
has not been seen.

Vertical stacking patterns and depositional
sequences

Cycle stacking patterns and accommodation change

In shallow-water carbonate successions, the thickness of
cycles, particularly of peritidal cycles, generally reflect the
change in accommodation space available during a eustatic
fluctuation cycle (Fischer 1964; Goldhammer et al. 1987,
Read and Goldhammer 1988). Although the relationship
is complicated by many factors such as quasi-periodic-
ity of cycles, variable sedimentation rates, incomplete
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shallowing to sea level, non-linear subsidence rates, and
‘missed beats’ of sea-level change, these negative effects
can be mitigated if additional information is included.
Many studies have

shown that the stacking patterns of meter-scale cycles
(i.e., stratigraphic trends in cycle thickness and facies vari-
ations) in platform carbonate successions are a good reflec-
tion of variable-order stratal cyclicity controlled by high-
frequency accommodation fluctuations superimposed on
long-term accommodation changes (Goldhammer et al.
1990, 1993; Osleger and Read 1991; Montanez and Osleger
1993; Chen et al. 2001; Schlager 2005; Tucker and Garland
2010). These attributes bridge the link of individual meter-
scale cycles to larger-scale depositional sequences (tens to
hundreds of meters thick). Thus the cycle stacking patterns,
including facies stacking patterns, can be used to identify
larger scale depositional sequences and their component sys-
tems tracts, especially in areas where the strata have been
structurally deformed and are difficult to trace laterally.

The Fischer plot has been widely used as a graphical
method to illustrate long-term accommodation changes by
graphing cumulative departures from the mean cycle thick-
ness as a function of time or cycle number (Fischer 1964;
Goldhammer et al. 1987; Read and Goldhammer 1988;
Sadler et al. 1993; Husineca et al. 2008; Bosence et al.
2009). A minimum of 50 cycles is recommended for this
data analysis. In such a plot, thick cycle packages deviate
positively from the mean cycle thickness, creating a ris-
ing limb of plots as a reflection of progressive increases in
accommodation space during a relative sea-level rise. By
contrast, thin cycle packages deviate negatively from the
mean cycle thickness, producing a falling limb as a reflection
of progressive decreases in accommodation space during the
relative sea-level fall. In shallow water carbonates with poor
biostratigraphical controls, the Fischer plot thus provides a
useful tool to correlate the enormously thick shallow-water
carbonate successions at different widely spaced sections,
mainly based on the patterns of long-term accommodation
changes (or sea-level changes), with additional information
including facies stacking patterns, some specific facies indi-
cators and stratigraphic marker beds, integrated to constrain
the correlations (Adams and Grotzinger 1996; Bosence et al.
2000; Chen et al. 2001).

In this study, Fischer plots are constructed by graph-
ing cumulative departures from the mean cycle thickness
against cycle thickness rather than mean cycle duration or
cycle number (Chen et al. 2001). In this objective way, the
Fischer plots produce similar accommodation fluctuation
curves but with a more gently rising limb and steeper falling
limb. Based on the previous analysis of facies, the shallow
water subtidal environment and middle-deep water subtidal
zone are in intercalary development in Yijianfang Group
in well YJ1X, while the shallow-water subtidal cycles in

upper part of Yinshan Group and the middle-lower part of
Yijianfang Group are developed, and the upper part of Yiji-
anfang Group is mainly deep water subtidal. In view of the
dominance of medium-to deeper-water subtidal cycles in the
studied Group, the effects of ‘missed beats’ of low-ampli-
tude, high-frequency sea-level fluctuations in deep subtidal
environments (Osleger and Read 1991; Sadler et al. 1993)
are likely to be minor.

Third-order depositional sequences

The sequence boundary surface, as indicated by long-term
subaerial exposure (i.e., karstification, pedogenesis) and/
or large-scale downward incision, is the key to demarcate
the third-order depositional sequences (Van Wagoner et al.
1995; Vail et al. 1991; Schlager 2005). In the study area,
however, the sequence boundaries are indicated by grada-
tional zones with meteoric evidences (the abnormal high
value of terrestrial element mainly). Prolonged subaerial
exposure indicators are generally absent at the measured
sections. Previous studies mostly favored the placement of
sequence boundaries in the middle on the falling limbs of
Fischer plots, representing the maximum rate of accommo-
dation loss (Goldhammer et al. 1990; Chen et al. 2001). In
this study, the sequence boundaries are placed in the lower-
most point of the falling limbs where the terrestrial element
is of most concentrated (Fig. 5, 6, 7 and 8). In many carbon-
ate platform-interior successions, third-order depositional
sequences commonly consist of two components in view of
the weak development of the lowstand systems tract; thus
each third-order sequence comprises an overall rising limb
followed by a falling limb of accommodation change, with
superimposed shorter-term fluctuations (Read and Goldham-
mer 1988; Goldhammer et al. 1990).

Nine third-order sequences are identified in the research
area: 5 sequences in Yingshan Group and 4 in Yijianfang
Group respectively. Chen and Guo (2016, internal data)
identified 7 third-order sequences of Yingshan Group in
Bachu area, Tarim Basin, which corresponded to 7 eustatic
cycles of Floian and Dapingian. The Yingshan Group in
Yuejin-Tuoputai area is buried so deep that YJ1X well is
just drilled into Yingshan Group for a short depth (North-
west Petroleum Bureau of Sinopec 2016). Therefore, only
Yijianfang Group and the upper member of Yingshan Group
are studied in this research. Because this research is the con-
tinuation of Chen’s (2016), the two-third-order sequences
above and below of the interface between Yingshan and Yiji-
anfang Group are named as Sq7 and Sqg8. Then, the numbers
of other sequences are also named in this order, which can
make our research correspond to the previous study of Chen
easily. The upper member of Yingshan Group can be divided
into 5 third-order sequences (Sq3—-Sq7) and their thicknesses
vary a lot (17-30 m). Then, Yijianfang Group can be divided
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Fig.5 Fischer diagram for the
cycle superposition patterns
and vertical sedimentary-faces
variation of Yuejin well upper
member of Yingshan Group-
Yijianfang Group. The instruc-
tion for the recurrent vertical

cycle thickness/m

cycle superposition patterns:
the open shallow-water subtidal
cycle forms in the falling stage
of third-order sea-level. It
commonly starts from LY4 and
then changes upward to LY6.
The open deep-depth subtidal
cycle forms in the falling stage
of third-order sea-level. It
commonly starts from LY?2 and
then changes upward to LY3.

>ORNWAUON

cumulative excursion of

average thickness/m
»
|

The open-marine shallow-depth
subtidal cycle forms in the rela-
tively stable or slightly-rising
stage of third-order sea-level. It
commonly starts from LY?2 and
then changes upward to LY4
and LY6. SB is the interface of
sequences

opened shallow-water
subtidal cycle

into 4 third-order sequences (Sq8—Sql1) and their thick-
nesses also vary a lot (§ m—40 m). Due to the deep water, the
sql10 and sq11 are influenced by “the loss of subtidal cycle”.
The sequences can be made up into sequence sets in bigger
scale, upper sequence set (Sq3—Sq7)and lower sequence set
(Sq8-Sql1).

Sq3-Sq7

In this study, because the sample interval is too big to iden-
tify sequences in YJ1X, we only describe these 5 sequences
developed in Tuoputai area. Some features can be found that
these sequences in Tuoputai area are at the rising-descending
cycle of Fisher Curve. This indicates a phenomenon, accu-
mulative in long term and maybe periodic in short term, that
the accommodation space keeps steady. These sequences
develop in semi-restricted shallow-middle subtidal facies.

Sq3

In Tuoputai area, the transgressive system tract (TST) is a
semi-restricted shallow-water subtidal cycle. The bottom of
the cycle is LT3, The upward increase of pelletoid indicates
a shallowing-upward water body. Then, the high system
tract (HST) is a semi-restricted shallow-water subtidal cycle.

@ Springer

’. w P G
opened deep-water
subtidal cycle

L E
B W P
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The bottom of the cycle is LT4 and the top is LT1, which
represents a shallowing-upward water body and increasing-
upward hydrodynamic force.

Sq4

In Tuoputai area, the transgressive system tract (TST) is a
semi-restricted shallow-water subtidal cycle, the bottom of
the cycle is LT4, and the upward increase of pelletoid(LT1)
indicates a shallowing-upward water body. Then, the high
system tract (HST) is a semi-restricted shallow-water
subtidal cycle. The bottom of the cycle is unknown because
the lackness of rock samples. And the top is LT1, which
represents a shallowing-upward water body and increasing-
upward hydrodynamic force.

Sq5, 596

The characteristic of sq5 is similar to that of sq4, and the
difference is that there is a new cycle in HST. The bottom
of the cycle is LT4 and the top of the cycle is LT3, which
indicates a deeper water body. Also, the sq6 has the same
features with sq4. The difference is the bottom of the cycle is
LT3 in HST and changing into LT2 and LT1 upward, which
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Fig. 6 Fischer diagram for the cycle superposition patterns and verti-
cal sedimentary-faces variation of S114 well upper member of Ying-
shan Group. The instruction for the recurrent vertical cycle superposi-
tion patterns: the semi-restricted shallow-depth subtidal cycle forms
in the rising stage of third-order sea-level. It commonly starts from
LT4 and then changes upward to LT1 or LT2. The open middle-

subtidal cycle

water subtidal cycle forms in the rising stage of third-order sea-level.
It commonly starts from LT2 and then changes upward to LT1.The
open-marine shallow-water subtidal cycle forms in the further ris-
ing stage of third-order sea-level. It commonly starts from LT5 and
then changes upward to LT2 or LT6 or LT8. SB is the interface of
sequences

Fig.7 Yuejin-Tuoputai well-to- S114 YJ1X
well sequence correlation
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Fig.8 The correlation between t third-order sequences (upper mem-
ber of Yingshan Group to Yijianfang Group of Yuejin-Tuoputai
area) and standard global sea-level fluctuation curve (accommoda-
tion space). The number of third-order sequences corresponded to
the cycle number of transgression-regression and coastal onlap in
short-term global sea-level change curves. This indicates third-order

indicates water falls gradually and the relative sea level var-
ies slightly.

Sq7

It is composed of semi-restricted shallow-depth subtidal
cycle. The bottom of cycle in TST is LT2 and the top is LT1,
which indicates shallow-middle subtidal environment. Three
types of cycle are identified in HST, the bottom is LT4, LT3
and LT?2, respectively, and the top is LT1. And three types
of cycles appear in order from bottom to top, indicating the
gradual shallow water. To be noted, the cycle developed in
Sq7 is the most abundant in the upper Yingshan Group, indi-
cating that the relative sea-level change is the slowest, the
rate of subsidence may be the slowest at this time.

Sq8-5q11

Some features can be found: these Fisher Curves of
sequences fluctuate strongly in the middle-lower part of
Yijianafang Group while keeping steady in the upper part.
This indicates a phenomenon, accumulative in long term
and maybe periodic in short term, that the accommodation
space varies from violent to gentle. TST of sq8 and sq9 is
a semi-restricted shallow-water subtidal cycle, while HST
of sq9-sql1 is an open shallow-deep water subtidal cycle.
Since at that time Yuejin-Tuoputai area was in the deep-
water environment, all of the sequences were influenced by
“the loss of subtidal cycle” and Fisher Curve showed an
opposite tendency to the theoretical cure (Goldhammer et al.
1990; Osleger and Read 1991).
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sequences are mainly controlled by the change of global sea-level.
Floian-Darriwilian sea-level change curve based on Fischer plots
show the same characteristics with global sea-level change curves of
Haq and Schutter (2008). Four third-order sequences can be identified
in Yingshan group, and four in Yijianfang group either

Sq8

It is composed mainly of semi-restricted shallow-water
subtidal cycle. The TST mainly develops high-powered
shallow-water cycle, the bottom is LT2 and the top is LT1.
The cycle in upper HST is the continuance of Sq7, showing
the continuance of deposition. Also it indicates the lackness
of depositional break or subaerial exposure between Sq7 and
Sqg8. The cycle of HST is very complex, which is similar to
Sq7 that the bottom is LT4, LT3 and LT?2, respectively, and
the top is LT1.

Sq9

The cycle of TST is unclear due to the lack of samples.
Beginning from HST, the environment transfers from
semi—restricted to open zone. It develops open shallow-
water subtidal cycle. The bottom of cycle is LT9 and changes
from LT6 upward to LT7 and LT8, indicating an increasing-
upward hydrodynamic force. The change from ooid to clasti-
zoic grains indicates a shallow water body and good pen-
etration of light. And the environment is near-normal wave
base. This variation of lithology represents that the water
salinity changes to normal level gradually and the environ-
ment transfers from semi-restricted to open zone.

$Sq10
The dramatic change of sedimentary environment started

from Sql10. It completely consists of LT9. Cycle is very
difficult to identify and the water condition is only based
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on the content of biogenic debris. The lithology changes a
lot and the type of cycle transfers to an open middle-deep
subtidal one. In Yuejin area, TST is an open middle-deep
water subtidal cycle, which can be divided into three types.
The first cycle consists of LY4 completely. The second is
composed of LY?2 and LY3. The third is composed of LY?2
entirely. HST develops four types of cycle. The first cycle
is composed of LY2, LY5 and LY6; the second cycle has
LY6 and LY2; the third one consists of LY3 and LY4; the
last one is composed of LY3 and LY6. All the four cycles
represent a shallowing-upward water body. The complexity
and variation of cycle illustrate that the flunctuation of sea
level is complicated and the environment is more complex
than Tuoputai area.

Sq11

Sql1 forms in the open-platform deep-water subtidal envi-
ronment on the whole and also shows the characteristics
of gentle-slope environment in Tuoputai area. The cycle is
composed of LT9 entirely and is the continuance of Sq10.
In Yuejin area, TST of Sql1 is a shallowing-upward cycle,
the bottom is LY?2 and the top is LY6. Its HST is similar to
Tuoputai’s that consisted of LY?2, reflecting the deepening
of water. Compared with Tuoputai area, Yuejin area has a
more obvious change in water and the sea level has an obvi-
ous drop between TST and HST.

Correlation of depositional sequences
in the Lower-Middle Ordovician and controls
on platform development

A large number of previous studies had been conducted on
Middle-Lower Ordovician in Tarim Basin. However, there
was no unique conclusion for the identification of third-
order sequence, and the number of the sequences identified
varied a lot. By combining the methods of sequence stra-
tigraphy and biostratigraphy, Yu (1996) divided Yingshan
Group into 4 third-order sequences. Qu (1997) divided lower
Ordovician into 4 third-order sequences, using several seis-
mic sections. Based on the outcrops of Keping area, Chen
et al. (2004) divided Yingshan Group into 4 third-order
sequences. Yingshan Group had been divided into 3 third-
order sequences by Zhao (2009), and outcrop, drilling and
seismic sequence played an important role in the research.
Hu et al. (2010) divided lower Ordovician into 4 third-order
sequences in Keping area in 2010. By using the variation
tendency of magnetic susceptibility, Wu (2012) divided
Yingshan Group into 6 third-order sequences. Changsong-
lin ()5 TE ¥ Xt B ) k) divided Yingshan Group into 4
third-order sequences, and Yijianfang Group was identified
as one-third-order sequence here. Based on several compre-
hensive materials (e.g. sedimentary materials, well-logging

data and diagenetic marking), Yijianfang Group was iden-
tified as a complete third-order sequence. In conclusion,
agreement could not be found among the research results
mentioned above, which might be caused by the notable
variation of sedimentary faces in vertical and horizontal
direction. Also, this variation could not be observed and
tracked easily (Zhang et al. 2015).

In this study, nine third-order sequences were identified
in the thick limestone successions of the Upper Yingshan
and Yijianfang Group in the Central Tarim based on detailed
borehole core investigations, vertical facies and cycle stack-
ing patterns as revealed by Fischer plots. Within equivalent
stratigraphic successions, these sequences can be corre-
lated with those in the Chronology of Paleozoic Sea-Level
Changes (Haq and Schutter 2008). This scenario suggests a
major control in particular, of third-order, eustatic changes
on deposition of the Lower-to Middle Ordovician carbonate
sequences in the Tarim Basin, although lithofacies may vary
in different areas due to regional tectonics, platform mor-
phology, sediment supply, climate and short-term sea-level
changes. In turn, this scenario further improves the previous
stratigraphic classification of the Lower-to Middle Ordovi-
cian in the Tarim Basin. Previous biostratigraphic studies
suggested that the Yingshan and Yijianfang Groups were
roughly constrained within the Lower-Middle Ordovician
(Floian, Dapingian and Darriwilian), although not exactly
defined for the lower and upper boundaries. At the S114 sec-
tion, however, it should be noted that this group is separated
from the overlying Qiaerbake Group by the first occurrence
of nodular limestones, which can be easily recognized in
the field. However, the cycle stacking patterns revealed in
this study provide a useful independent constraint to place
the Middle-Upper Ordovician boundary in the platform suc-
cessions of the Tarim Basin through matching the cycle and
sequence patterns elsewhere.

The larger scale sequence stacking patterns show a longer
term (second-order) increase in accommodation space from
Sq3 to Sq6 and subsequent decrease in Sq7. But in Seq 8
to Seq 11, the accommodation space shows violent fluctua-
tion. These reflected a longer term (second-order) synoptic
sea-level rise-fall-rise trend on which third-order sea level
fluctuations were superimposed during this period. This
scenario is different from the longer-term patterns of sea-
level changes elsewhere (Haq and Schutter 2008), and this
is likely to have resulted from a different tectonic history
from other areas.

Lateral facies variations within the sequence frame-
work across the studied sections show that the open-marine
subtidal facies, predominate at the two sections during
the Darriwilian, suggesting that an open-marine intraplat-
form (or intrashelf) bay or depression developed at the two
localities and extended eastward to link with the Manjiaer
Depression. A thicker strata thickness was found in Yuejin
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area, which could have resulted in a higher depositional rate
there, thereby accommodating a thicker carbonate succes-
sion, about 1.5 as thick as the Tuoputai area.

Conclusions

1. Six lithofacies(LY1-LY6) can be identified in Yuejin
area and nine(LT1-LT9) in Tuoputai area, which are
interpreted to have been deposited in semi-restricted
shallow subtidal, to open deep subtidal environments
on a carbonate ramp system.

2. Two main types of meter-scale, shallowing-upward
cycles are recognized: semi-restricted subtidal and open
subtidal. The semi-restricted subtidal cycles, predomi-
nating over the middle-upper Yingshan Group and the
lower Yijianfang Group, commence with bindstone and
are capped by pelletoid grainstone and bindstone with
peloidal grains. In contrast, the open middle-deep water
subtidal cycles, dominating the upper Yijianfang Group,
are dominated by clastizoic grainstone and clastizoic
bindstone.

3. Nine third-order depositional sequences (Sq3-Sql1) are
distinguished and are generally composed of two parts:
the lower thicker semi-restricted shallow-middle water
subtidal facies and the upper thinner open middle-deep
water subtidal facies.

4. A third-order eustatic control on the deposition of these
sequences because these sequences can be correlated
with those in the Global standard Sea-Level Changes
within equivalent stratigraphic successions. The high-
frequency, meter-scale, and shallowing-upward cycles
were likely formed in response to high-frequency eus-
tatic sea-level fluctuations which were superimposed on
third-order sealevel changes. The larger scale sequence
sets indicate that these sequences were also controlled
by longer term sea-level changes likely induced by the
tectonic evolution of the Tarim Basin. Differential tec-
tonic subsidence on the carbonate platform further con-
trolled the spatial distribution of the various facies and
depositional rate.
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