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Abstract
The limestone reservoir beds of Late Ordovician Lianglitage Formation are preserved in northwestern Tazhong Uplift of the
Tarim Basin with buried depth exceeding 6000 m. The origin of the ultra-deep limestone reservoir is still controversial, which
restricts the further hydrocarbon exploration. In order to clarify the main controlling factors of reservoirs, we carried out the study
of sedimentary facies, diagenesis, and reservoir characteristics based on seismic, well logging, and core data. The Lianglitage
Formation in northwestern Tazhong Uplift is mainly composed of nine lithofacies that are deposited from platform margin reef-
shoal, platform-interior shoal, and restricted lagoon to tidal flat environments. The Lianglitage Formation has experienced
syndepositional submarine diagenesis, penecontemporaneous diagenesis, and burial diagenesis, and consequently the reservoir
space in the formation mainly includes fractures and dissolution vugs and caves. Reef and shoal deposits are the material basis of
favorable reservoirs, and the favorable reservoirs have been mostly improved by the dissolution of meteoric water in
penecontemporaneous diagenesis. In the burial stage, the early-formed porosity was destroyed by cementation to some extent,
but the fractures and associated vugs formed in the late Ordovician and Silurian-Devonian played an important role in the
improvement of the reservoir. The results are of great significance to the prediction of deep carbonate reservoirs and the
hydrocarbon exploration in basins of western China. Favorable facies, early-stage improvement by meteoric water, and tectonic
fracture are key to the formation of high-quality large-scale deep limestone reservoirs.
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Introduction

Hydrocarbon exploration of the petroliferous basins in west-
ern China have been advancing to deep-burial carbonate res-
ervoirs from Sinian to Ordovician systems. In carbonate suc-
cession, the reservoir beds with burial depth greater than 4500
m is defined as deep reservoir, and the reservoir beds with
burial depth greater than 6000 m is defined as ultra-deep res-
ervoir, which has been widely accepted in China (He et al.
2016; Ma et al. 2020). A large number of studies show that the
high-quality deep/ultra-deep carbonate reservoirs are mainly
related to three important factors, which are favorable sedi-
mentary conditions, tectonism and fracture development, and
fluid-rock interaction (Ma et al. 2019), but the main control-
ling factors vary due to different geological conditions.
Exploring the main controlling factors of the formation of
deep and ultra-deep carbonate reservoirs is an important pre-
requisite for further predicting the distribution of high-quality
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reservoirs. For example, the Sinian to Cambrian dolomite res-
ervoirs (4500~5390m) in the Anyue gas field of the Sichuan
Basin is mainly affected by favorable depositional facies and
karstification (Zou et al. 2014), while the Cambrian-
Ordovician carbonate reservoirs in the Tahe oil field of the
Tarim Basin is mainly controlled by tectonism and supergene
karstification (Ma et al. 2013). The Permian-Triassic carbon-
ate reservoir (6327~7013 m) in the Yuanba gas field of the
Sichuan Basin are mainly affected by depositional facies, do-
lomitization, and karstification (Ma et al. 2014), while the
Ordovician carbonate reservoirs (7200~8500 m) in the
Shunbei oil and gas field of the Tarim Basin is mainly affected
by fault-karstification (Jiao 2018).

The Lianglitage Formation is characterized by the develop-
ment of Ordovician reef and shoal deposits in the Tazhong
Uplift, and the distribution of reef-shoal facies were mainly
controlled by Tazhong No.1 fault located in the edge of
Tazhong Uplift and spreading in NE-SW direction (Fig. 1a)

(Gao et al. 2014; Lin et al. 2009). Previous studies are mostly
based on the wells in the eastern part of Tazhong area where
the Lianglitage Formation are buried at 4000~5000 m. It is
generally considered that early karstification is the most im-
portant factor for the reef-shoal reservoirs and fractures
formed bymultiple-stage tectonic movements further improve
reservoir quality (Gao et al. 2013; Liu et al. 2010; Lü et al.
2008; Qu et al. 2013; Zhao et al. 2007; Zhou et al. 2008). As
for the northwestern Tazhong Uplift where the buried depth of
the Lianglitage Formation is greater than 6000 m, favorable
reservoirs and condensate gas accumulation with industrial
exploitation value have also found (Lü et al. 2012).
However, there is still no consistent understanding of the ge-
netic process of the ultra-deep reservoir. Most researchers
support that the reef and shoal of the Lianglitage Formation
is the material basis of favorable reservoirs (Han et al. 2011;
Wei et al. 2020; Yan et al. 2019; Zhu et al. 2010; Zuo et al.
2014), and the fractures formed by tectonism play an

Fig. 1 Location and structural
map of the Tazhong Uplift. The
distribution of faults in the
Tazhong Uplift (a) modified from
Wu et al. (2012). TZF1, Tazhong
Fault No.1; TZF2, Tazhong Fault
No.2; TZF5, Tazhong Fault No.5;
TZF7, Tazhong Fault No.7;
TZF10, Tazhong Fault No.10;
TZF35, Tazhong Fault No.35;
TZCFB, Tazhong Central Fault
Belt; TZSFB, Tazhong South
Fault Belt
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important role in reservoir improvement (Qiu et al. 2017;
Zhang et al. 2016a, b). Additionally, there are different under-
standings about the type of karstification. Some researchers
hold that early karstification is the most important factor (Qian
et al. 2008, 2013; Wei et al. 2020), while others considered
that deep hydrothermal activity during burial stage is the most
beneficial to the karst reservoirs (Deng et al. 2018; Han et al.
2011; Lü et al. 2005; Wang and Lü 2004; Wang et al. 2004).
The unconsolidated understanding of reservoir genesis re-
stricts reservoir prediction and oil and gas exploration.

The purpose of this paper is to clarify the main controlling
factors of the formation of ultra-deep reef-shoal reservoirs in
northwestern Tazhong Uplift based on the study of sedimen-
tation and diagenesis. The research results provide support for
the distribution and prediction of reservoirs in the region and
can also shed light on the genesis of deep-burial limestone
reservoirs.

Geological setting

The Tazhong Uplift is one of the most important hydrocarbon-
bearing tectonic belts at the center of the Tarim Basin,
Northwest China (Fig. 1) (Yang et al. 2014). During the
Paleozoic, the Tazhong Uplift experienced a series of tectonic
events (Jia 1997; Lin et al. 2012a). The paleogeomorphic pat-
terns at different stages significantly influenced the distribu-
tion of depositional systems (Lin et al. 2009; Liu et al. 2012).
After intense uplift during the Middle Ordovician, the north-
western part of the Tazhong Uplift was significantly higher
than the southeastern part (Peng et al. 2009). During the early
stage of the Late Ordovician, a large carbonate platform
formed on top of this uplift, and the platformmargin is largely
controlled by the Tazhong Fault No.1 which serves as the
northeastern boundary of the uplift (Peng et al. 2009; Wu
et al. 2012).

The Late Ordovician carbonate platform margin has differ-
ent facies associations along the Tazhong Fault No.1 (Chen
et al. 2009; Gao et al. 2014; Liu et al. 2012). The southeastern
part of the platform margin is mainly composed of thick reef
and shoal deposits showing a vertical accretion trend across a
narrow range. The platform margin facies belt at the central
part is wide in range and characterized by progradation, while
the platform margin at the northwestern part displays a retro-
grade ramp (Lin et al. 2012a). Shallow-water carbonate depo-
sition was terminated by a rapid marine transgression during
the late stage of the Late Ordovician, causing deepwater
siliciclastic shelf deposits to overlay the carbonate strata in
the uplift (Gao et al. 2014). At the end of the Ordovician,
the southeastern part of the Tazhong Uplift experienced a
significant uplift that resulted in the erosion of a large portion
of the Upper Ordovician, while the northwestern area of the
Tazhong Uplift subsided (Chen et al. 2009; Lin et al. 2012a).

At present, the Lianglitage Formation is about 4000- to 5000-
m deep at the southeastern part and up to 6000- to 7000-m
deep at the northeastern part of the Tazhong Uplift.

The Lianglitage Formation consists of mainly shallow ma-
rine carbonate deposits and a small amount of terrigenous clay
in the lower and upper parts (Fig. 2). Based on clay content,
this formation is divided into three members (Lin et al. 2009;
Yang et al. 2000). Three depositional sequences (SQ1, SQ2,
and SQ3) have also been identified in both seismic and well
data (Fig. 2). The main reservoir space of the Lianglitage
Formation includes pores, vugs, and fractures. The reservoir
beds with fracture-pore composite porosity are the best in
reservoir property, and they mainly occur at the upper part
of the grainstonemember (Liu et al. 2009). Along the platform
margin zone, the main types of reservoir porosity vary with
the change of depositional facies and the structural patterns of
TZF1 (Fig. 1). The reservoir porosity is dominated by frac-
tures and pores in TZ82-TZ24 area and is mainly character-
ized by pores and small caves in TZ62 area (Gao et al. 2013;
Liu et al. 2009). The types of porosity in the Lianglitage
Formation at the northwest of the Tazhong Uplift include
pores, fractures, and pores (Wei et al. 2020).

Materials and methods

Data from 3-D seismic profiles, logs from 12 wells, and anal-
ysis of 155-m core from six wells are integrated in this study.
The petrography of the Lianglitage Formation is described
from the cores and thin sections, and all the thin sections
were examined using transmitted light optical microscopy
and cathodoluminescence.

The classification of carbonate rocks follows the nomen-
clature of Dunham (1962) and Embry and Klovan (1971).
Lithofacies classification is largely adopted from Gao et al.
(2014), and sequence stratigraphy of the Lianglitage
Formation is adopted from Yang et al. (2010) and Gao et al.
(2014). Diagenetic features were mainly distinguished by
shape and the cathodoluminescence of the cements in the thin
sections. The diagenetic environments and diagenetic stages
were interpreted in accordance with Scholle and Ulmer-
Scholle (2003) and Moore (2001).

Facies analysis

Lithofacies and facies associations

The Lianglitage Formation in the northwest of Tazhong Uplift
is mainly composed of nine types of lithofacies (Fig. 3,
Table 1). The description and sedimentary condition interpre-
tation of those lithofacies are shown in Table 1. The nine
lithofacies types can be grouped into three types of facies
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association, which are interpreted to be deposited in platform
margin reef and shoal, platform-interior sand shoal, and re-
stricted lagoon-tidal flat.

Platform margin reef and shoal facies association

Description This facies association consists of four lithofacies
types (Lf1~Lf4, Fig. 3a–f). In some lithofacies, ooids and
well-rounded intraclasts are well sorted, while in some
lithofacies, the distribution of grain size has two peaks.
Bryozoan, coral, and bivalve are common in skeleton grains,
and their outer edges are little to moderate abraded. This type
of facies association is very common at the middle-upper part
of the Lianglitage Formation in wells near Tazhong No.1 fault
(such as TZ85, TZ86, and TZ88, Fig. 4). It developed contin-
uously in the vertical direction, occupying most of the strata
and occasionally interrupted by lagoon deposits (Fig. 4). In

well logging, GR logging has low value and weakly jagged
curve pattern, while resistivity logging has medium-low value
and moderate-jagged pattern (Fig. 4).

Interpretation Well-sorted ooids which have intraclasts as
cores (Fig. 3a, b) indicate a constantly agitatedwater condition
that was influence by wave and tide. Coarse ellipsoidal ooids
and intraclasts are largely arranged in similar direction (Fig.
3c), indicating they were deposited in tidal channel environ-
ment. The fossils include bryozoan, coral, bivalve, and green
algae that are commonly found in well-circulated shallow ma-
rine. The skeleton grains are mostly larger in size than non-
skeleton grains and have moderate to low degree of abrasion,
indicating they underwent a short transportation (Fig. 3e, f).
These characteristics generally reflect they were deposited in
the environment of reefs and shoals located at the platform
margin.

Fig. 2 Sequence stratigraphy and the main lithofacies of the Lianglitage Formation, modified from Gao et al. (2013)
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Platform-interior sand shoal facies association

Description The facies association consists of Lf5 and Lf6
(Fig. 3g–i). These lithofacies are composed of poorly sorted
peloids, skeletal grains, and lime mud and contain moderate
amounts of gastropods, bivalves, green algae, and bryozoan

fossil, which are usually well preserved (Fig. 3g–i). Vertically,
Lf6 usually transits upward to Lf5. This kind of facies associ-
ation is mainly distributed in the wells located in the west of
Tazhong No.1 fault zone, such as TZ49 and TZ45 (Fig. 4). It
is mainly distributed dispersedly in the middle and upper parts
of the Lianglitage Formation and commonly develops

Fig. 3 Photomicrographs of the main lithofacies types in the Lianglitage
Formation, NW Tazhong Uplift. a Ooid grainstone (Lf1), TZ85, 6535.2
m; b ooid and peloid grainstone (Lf2), TZ86, 6274.1 m; c ooid and peloid
grainstone (Lf2), TZ85, 6442.3 m; d aggregated grain packstone (Lf3),
TZ86, 6275.2 m; e bioclast and aggregated grain packstone (Lf3), TZ85,
6367.4 m; f algae and coral boundstone (Lf4), TZ85, 6368.2 m; g peloid

grainstone (Lf5), TZ49, 6187.3 m; h peloid grainstone (Lf5), TZ49,
6189.5 m; i bioclast and peloid wackestone to packstone (Lf6), TZ49,
6180.8 m; j pellet grainstone (Lf7), TZ49, 6191.6 m; k peloid bindstone
with fenestra pores (Lf8), TZ49, 6124.0 m; l mudstone with shrinkage
fissures and bird’s-eye structures (Lf9), TZ49, 6128.5 m
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alternately with lagoon and tidal flat deposit. Thus, the facies
association vertically occupies just a small proportion (less
than 1/4) of the total thickness of the formation. The logging
curve patterns of this facies association is similar with that of
platform margin reef and shoal facies association, except that
the former has smaller thickness and frequently alternates with
high-value GR section (Fig. 4).

Interpretation Fossils mainly composed of green algae and
mollusks (Fig. 3g–i) indicate an open and photic environment.
The grains are poorly sorted and accompanied by a certain
amount of lime mud, indicating moderate to weak hydrody-
namic force. The sedimentary environment of this facies as-
sociation is interpreted to be a shoal environment that was
intermittently influenced by moderate hydrodynamic force at
an open platform.

Restricted lagoon-tidal flat facies association

Description This type of facies association is composed of
Lf7~Lf9 (Fig. 3j–l) and contains peloids and very few biolog-
ical fossils. Horizontal beddings, fenestra structures, and bind-
ing structures are common in this facies association, and clay
is often contained in matrix-rich lithofacies. The facies asso-
ciation is widely distributed in the drilling wells located in the
west of No.1 fault and develops alternately with the intra-

platform shoal facies association (Fig. 4). It occupies most
of the proportion at the lower part of the Lianglitage
Formation and is also greater in thickness than the intra-
platform shoal deposits at the middle and upper parts of the
formation. GR is medium to high in value and shows zigzag
pattern in the curve (Fig. 4).

Interpretation Fenestra structure is the product of periodic
subaerial exposure at an algae-rich tidal flat environment,
which is additionally supported by biding structures and hor-
izontal beddings (Fig. 3k–l). Most of the peloids have round
or ellipsoidal shapes and dark colors, which are due to the rich
organic matter in micrite (Fig. 3j). Fossils are rare, which
show that the sedimentary environment is restricted in water
circulation and only suitable for cyanobacteria. These charac-
teristics indicate that the facies association is deposited in
restricted lagoon and tidal flat environments.

Facies distribution in sequence stratigraphic
framework

Sequence stratigraphy

According to the stratigraphic distribution and facies develop-
ment patterns displayed on drilling wells and seismic profiles,
we analyzed the deposition trend of the facies associations in

Fig. 4 Facies distribution in the sequence stratigraphy framework of the Lianglitage Formation, northwest Tazhong area
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the Lianglitage Formation and divided the formation into three
sequences (SQ1, SQ2, and SQ3 from bottom to top,
respectively, Fig. 4) combined with previous studies on se-
quence stratigraphy of the Lianglitage Formation in the
Tazhong Uplift. Stratigraphic correlation shows that SQ1 at
the bottom is not developed in some wells located in the west
of No.1 fault zone. The TSTs of SQ1 and SQ2 are character-
ized by restricted lagoon and tidal flat facies association and a
small proportion of shoal deposits, reflecting that the accom-
modation space increases and the sedimentation rate is gener-
ally low. Clay-rich lagoon deposits are formed in MFS,
marked by high-value GR logging, and thus are stable in lat-
eral correlation. The HSTs of SQ1 and SQ2 are characterized
by multiple cycles of reef-shoal and lagoon deposits, and the
thickness of cycles and the proportion of reef-shoal within the
cycle tend to increase upward, reflecting that the sedimenta-
tion rate exceeds the growth rate of accommodation space,
and the reef-shoal has an accretion-progradation trend. The
thickness of SQ3 is the smallest, only 50~100m, and the high
GR section at the bottom marks the sharp increase of accom-
modation space, which is mainly caused by sea level rise.

Facies distribution

The vertical and lateral distribution of the different facies associ-
ations are displayed in the cross correlation profile of the three
wells (Fig. 4). Well TZ88 is composed of three sequences, and
wells TZ86 and TZ49 (in the north) are only composed of the
upper two sequences (SQ2 and SQ3). SQ1 in well TZ88 was
dominated by lagoon deposits and inter-beddedwithminor shoal
deposits at the upper part of the HST. SQ2 display a distinct
lateral variation between platform margin facies (TZ88) and the
platform-interior (TZ49). TZ88 comprises the thickest interval of
SQ2, characterized by thick-bedded shoals and a reef-shoal com-
plex, while TZ86 was dominated by thick shoal cycles. SQ2 in
TZ49 was mainly composed of platform-interior shoal and la-
goon deposits. SQ2 in TZ88 and TZ86 recorded higher environ-
mental energy than that in TZ49. SQ3 in TZ88, TZ86, and TZ49
are small in thickness and are largely composed of argillaceous
limestones, interpreted as a platform-interior lagoon environ-
ment, which was formed during a rapid increase in accommoda-
tion space. Sand shoal deposits are small in thickness as is shown
in wells TZ86 and TZ88 despite that both wells are located at the
platform margin.

Diagenesis

Diagenetic features

Based on the observation of cores and thin sections, we identified
various diagenetic events of the Lianglitage Formation and

divided them into four categories: compaction, cementation, dis-
solution, and structural fracture.

Compaction

The Lianglitage Formation experienced intense compaction.
Many rocks develop stylolites, which are generally attributed to
mineral dissolution under physical compaction (Fig. 5a–c). In reef-
shoal deposits, many particles are linear contacted, and some
peloids are obviously distorted and deformed (Fig. 3a, e), which
indicate strong physical compaction before extensive cementation.

Cementation

The cement of the Lianglitage Formation is dominated by
sparry calcites, which are divided into the five types according
to the morphology, crystal structure, and cathodoluminescence.

(1) Isopachous fibrous calcite cements (IFC). They are
cloudy and unclean under plane polarized light and show
dark color in cathodoluminescence (Fig. 5d, e). They
commonly grow around the intraclasts and ooids of Lf1
and Lf2 and in the cavity of fossil bodies of Lf3, dissolved
pore, and bird’s-eye pores of Lf8 and Lf9. In some sam-
ples, these cements were observed filling a major propor-
tion of interparticle pores and biological cavities.

(2) Fine equant calcite cements (FEC). These cements are
mostly clean and bright under plane polarized light and fill
the interparticle pores of Lf1 and Lf2 (Fig. 5d–f). They are
also common in densely distributed narrow fractures and
intraparticle pores in Lf1 and Lf2 (Figs. 5l, 6a–b).

(3) Bladed calcite cements (BdC). Theymainly appear in the
biological cavities and large inter-bioclast pores and
completely fill these large pores (Fig. 5g–i).

(4) Blocky calcite cements (BkC). They are mainly found
filling in various vugs with clean and bright characteris-
tics under plane polarized light. The cements show dark
red and orange color under cathodoluminescence with
banded characteristics distinguished by different colors
(Figs. 5c–f, h–i, 6).

(5) Coarse clusters calcite cements (CCC). This kind of ce-
ments is found in wide vertical fractures, and residual
bitumen occurs between calcite crystals (Fig. 5j–l).
Many crystals are rich in inclusions.

Dissolution

Some dissolution features are related to rock fabric, which are
mostly the dissolution of ooids and bioclasts, while others
have nothing to do with rock fabric. As a result, various dis-
solution pores are formed.
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Fig. 5 Diagenetic features of the Lianglitage Formation in the Northwest
of Tazhong area. a Stylolites in bioclast and peloid wackestone to
packstone (Lf6). Platform-interior sand shoal deposits, TZ49, 6279.7 m.
b Stylolites in ooid grainstone (Lf1), note the bitumen along the stylolites.
Platform margin shoal deposits, TZ86, 6271.2 m. c Stylolites in ooid and
peloid grainstone (Lf2), note the stylolite cut the BkC. TZ85, 6442.6 m,
PPL. d IFC, FEC, and BkC cements in ooid grainstone (Lf1) and their
cathodoluminescence photo (e). Platform margin shoal deposits, TZ85,
6443.2 m, PPL. f FEC and BkC cements in ooid grainstone (Lf1).

Platform margin shoal deposits, TZ85, 6580.2 m, PPL. g BdC cement
in an interparticle dissolution vug (IPDV) in bioclast and peloid
grainstone (Lf3). Platform margin shoal deposits, TZ85, 6443.9 m,
XPL. h BdC and BkC cements in a dissolution vug in bioclast and
peloid grainstone (Lf3). TZ85, 6444.1 m, PPL. i The XPL view of h. j
High-angle wide fracture which is filled by CCC. TZ86, 6278.7 m. k
Bitumen (Bt) filled the space between CCC, TZ86, 6278.7 m; dense
narrow fractures developed in peloid grainstone are filled by FEC.
Platform margin shoal deposits, TZ86, 6278.7 m
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(1) Birds’-eye pores of fenestra pores. They developed in
tidal flat deposits (Lf8 and Lf9) and were related to the
binding structure. They showed dissolved pores of dif-
ferent sizes, which developed from 0.1 to 2 mm and
distributed along the lamina (Fig. 3k–l). Most fenestra
pores are filled by IFC and BkC.

(2) Intraparticle dissolution. It mainly occurs in ooids and
bioclasts (Lf1 and Lf2). FEC and BkC filling are com-
mon in dissolved pores, and only a small proportion of
residual pores are preserved (Fig. 6a–b).

(3) Interparticle dissolution. It occurs in grainstones (Lf1
and Lf2), and the dissolved pores are mainly
millimeter-sized and round. Most of the pores are filled
with BkC, while a small part is unfilled to form isolated
dissolved pores and small vugs (Figs. 5c, 6c–f).

(4) Stylolite. In grainstones, stylolites are serrated and nar-
row (Fig. 5b). Under the microscope, partial dissolution
of the ooids or other grains can be observed, and some
stylolites pass through BkC (Fig. 5c). The stylolites de-
veloped in micrite limestone are much wider than in
grainstones, and residual clay is distributed along the
stylolites in micrite-rich limestones (Fig. 5a).

(5) Dissolutions along fractures. This dissolution usually
forms large linearly distributed vugs and caves (Figs. 6f,
10e, g, h), in which CCC and occasional fluorite were
precipitated.

Tectonic fractures

Fractures are very common in the Lianglitage Formation.
The fractures observed in cores mainly include high-angle
wide fractures and low-angle narrow fractures. Bitumen
and CCC are common in high-angle wide fractures (Fig.
5j–k). The low-angle narrow fractures show reticular shape
and/or are densely arranged. Intersecting micro-fractures
were frequently observed in thin sections (Fig. 6e–f). The
fractures formed earlier are fully filled by BkC and rela-
tively wide (about 0.05mm) and are cut by narrow frac-
tures which are mostly unfilled.

Diagenesis sequence

According to the combination relationship and distribu-
tion pattern of various diagenetic characteristics observed
by microscope and cathodoluminescence, the diagenetic
sequence of the Lianglitage Formation in northwestern
Tazhong Uplift is divided into syndepositional submarine
diagenetic stage, penecontemporaneous diagenetic stage,
and buried diagenetic stage (Fig. 7). The buried diagenetic
stage is further divided into two substages.

Fig. 6 Dissolution and cementation features of the Lianglitage Formation
in the Northwest of Tazhong Uplift. a IFC and BkC cements in
interparticle dissolution pores (ItPDP) and FEC cements in intraparticle
dissolution pores. A narrow open fracture (OF) is unfilled. Platform
margin shoal deposits, TZ86, 6275.9 m. b The cathodoluminescence of

a. c IFC and BkC cements in dissolution vug, platform margin shoal
deposits, TZ86, 6278.7 m. d the cathodoluminescence of c. e A narrow
open fracture (OF) cut an interparticle dissolution vug (IPDV) and a filled
wide fracture (CF) which is filled by BkC cement. Platform margin shoal
deposits, TZ86, 6277.5 m
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Syndepositional submarine diagenetic stage

The submarine diagenetic stage occurred on the seafloor during
deposition. In the high-energy shoal deposits, the precipitation
of high-magnesium calcites and aragonites in the pores between
grains characterize this stage; as a result, the IFC and BC were
formed. In lagoon with low water energy, micritization occurs
at the outer surface of grains, and thin micritic envelops were
formed. In tidal flat environment, this diagenetic stage is mainly
characterized by the formation of bird’s-eye or fenestrae in
binding laminations.

Penecontemporaneous diagenetic stage

Penecontemporaneous diagenetic stage occurred shortly after
deposition. Due to the slight drop of sea level or/and slight
tectonic uplift occurred after the deposition of the Lianglitage
Formation, the deposits were separated from seawater envi-
ronment and thus affected by the meteoric water lens. This
tectonic movement is recorded more clearly in the strata in the
eastern part of Tazhong area. The high lands formed by the
reef and shoal deposits at the platform margin is exposed and
leached, which is characterized by high-angle dissolution

fractures and caves(Zhu et al. 2017). In the study area, it is
mainly identified by the dissolution of grains deposited in
sand shoals on the platform margin.

Buried diagenetic stage

Combined with the tectonic evolution history of the study
area, it can be divided into two substages.

Burial stage I occurred after penecontemporaneous diage-
netic stage, from Late Ordovician to Permian, that is, from Late
Caledonian to Hercynian. During this substage, most porosity
values were continuously cemented and destroyed. Stylolites
also began to form at this substage. The precipitation of ce-
ments mainly derived from sealed seawater, so the
cathodoluminescence is consistent with the cements which
were precipitated during the syndepositional submarine diage-
netic stage. In the late Hercynian period, that is, Carboniferous-
Permian, the Tazhong area was generally subjected to tectonic
uplift (Lin et al. 2012b), forming strike-slip faults with NE
orientation, accompanied by a large number of fractures.
Magmatism and associated hydrothermal processes also oc-
curred during this period. Fluorites filled in the cave of

Fig. 7 Diagenetic events and diagenesis stages of the Lianglitage Formation, NW Tazhong Uplift
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Tazhong 45 well are generally considered as a direct evidence
of hydrothermal activity (Han et al. 2011; Wang et al. 2004).

Burial stage II occurred since Mesozoic, and the
Lianglitage Formation was continued to be deeply buried.
During this period, pores and fractures are continuously filled
by calcite cements. The filling calcite cements are mostly
BkC, which shows clearly distinguished zones alternating
from dark red to orange yellow under cathodoluminescence.
The pressure-soluble stylolites continue to develop. Besides
the dissolution of carbonate grains, the dissolution of cements
formed prior to this substage, and the precipitation of BkC
near the stylolites are also observed.

Reservoir characteristics

Porosity and permeability

Based on the measured porosity and permeability of 76
core samples from 5 wells in the study area, the
Lianglitage reservoirs in northwestern Tazhong Uplift
generally have low porosity and permeability (Fig. 8).
Nearly 1/3 samples have porosity values lower than 1%,

nearly 1/2 samples have porosity values of 1~2%, about
1/5 samples have porosity values of 2~3%, and only 1.5%
samples have a porosity of over 3%. The permeability of
most samples is <1mD, the permeability of 22.5% sam-
ples ranges from 1 to 10 mD, and the permeability of
about 9% samples is greater than 10 mD.

On the cross-plot of porosity and permeability (Fig. 9),
most of the points are distributed near the longitudinal
axis (permeability). This reflects that the porosity is gen-
erally low, but the permeability changes greatly, and some
reservoirs with lower porosity also have high permeabili-
ty. According to the scatter distribution range of perme-
ability and porosity, reservoirs are divided into three
types. (1) Fracture-dominant type. They have low porosity
but high permeability. The scattered points are distributed
in an area very close to the longitudinal axis. (2) Fracture-
and pore-dominant type. They have moderate porosity,
and with the increase of porosity, the permeability in-
creases accordingly. Scattered points of this type are dis-
tributed in a small area in the middle part of the plot. (3)
Pore-dominant type. They have extremely low permeabil-
ity and medium-low porosity.

Reservoir space

The reservoir space of the Lianglitage Formation in the study
area includes fractures, dissolution vugs, karst caves, interpar-
ticle pores, and interparticle dissolution pores. The primary
fabric-related pores in grainstones are mostly filled with cal-
cite cements.

Dissolution vugs and caves

The effective porosity of pore-type reservoir in the
Lianglitage Formation is mainly dissolution pores. A
small number of millimeter-sized dissolved vugs are pres-
ent in the cores, most of which are partially filled with
calcite cements, and a small proportion of them still retain
effective (Fig. 10a). Microscopically, these pores are
mostly developed in Lf1, Lf2 (Figs. 5c, g–i, 6c–f) and
Lf9 (Fig. 3k–l). In Lf1, a small proportion of ooids are

Fig. 8 Distribution of permeability and porosity of the Lianglitage
Formation, NW Tazhong Uplift

Fig. 9 Permeability and porosity
of the Lianglitage Formation, NW
Tazhong Uplift
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dissolved, forming intraparticle dissolved pores or ooid-
moldic pores (Fig. 6a–b). This kind of reservoir is mainly
distributed in layers, which is closely related to sand
shoals. The other is caves found in cores and drilling,
which are closely related to fractures (Fig. 10b–h). The
leakage of drilling fluid occurred in well TZ86 at
6288~6289.48 m, and the total amount of lost drilling
fluid reaches up to 112.95 m3. After acidizing, the daily
oil production and gas production of related intervals are
42.3 m3 and 87,000 m3, respectively. TZ45 developed
four large caves bearing intervals at 6095~6099 m, and
the fillings in the caves include calcite, fluorite, and clay.
There are approximately 140 vugs and caves with diame-
ters of several millimeter to several centimeter in well
TZ45 at 6099~6108 m, and the space is partially filled
with calcite and quartz. These reservoir beds yielded a
production of 300 m3 oil and 112,000 m3 gas per day.

Fractures

Fractures are very common in cores and are divided into high-
angle fractures and low-angle fractures.

High-angle fractures Densely distributed high-angle fractures
are generally straight and narrow, less than 1mm (Fig. 10a–b).
This kind of fractures vertically extends for long distance, and
residual bitumen can be seen in the fractures, indicating the
passing oil and gas activity (Fig. 10a–b). Some high-angle
fractures are curved, and the width of fractures vary from
1mm to several centimeter. This kind of fracture does not
vertically extend long distance, but the accompanying disso-
lution and cementation filling are conspicuous (Fig. 10d–e,
g, h). Small beaded vugs and caves and CCC occur along
the fractures. Many reticular high-angle fractures develop at
the middle part of the Lianglitage Formation in well TZ49 at
6187~6196 m, which are mostly filled with bitumen and clay.

Fig. 10 Characteristics of
reservoirs in the Lianglitage
Formation in the Northwest of
Tazhong Uplift. a Dissolution
vugs in grainstone. Platform
margin reef-shoal deposits, TZ85,
6528.8 m. b Dissolution cave and
coarse calcite cements. Platform
margin shoal deposits, TZ86,
6275.8 m. c Multiple fractures
and dissolution vugs in peloid
packstone. Platform-interior shoal
deposits, TZ49, 6283 m. d Wide
fracture filled with coarse-
crystalline calcite. Platform
margin shoal deposits, TZ86,
6270.5 m. e Fractures and
associated dissolution vugs and
beaded caves. Platform margin
shoal deposits, TZ86, 6272 m. f
Beaded-distributed vugs and
caves. TZ45, 6097~6099 m. g
Conjugated high-angle fractures
and associated dissolution vugs.
TZ86, 6305~6306 m. h Goose-
lined fractures and associated
dissolution vugs. ZG18,
6214~6216 m. i Dense goose-
lined fractures. ZG18, 6206~6208
m
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High-angle fractures are developed at the middle to upper
parts of the Lianglitage Formation in well TZ86, accompanied
by beaded karst caves, which are filled with bitumen and
calcite cements, forming good reservoir beds.

Low-angle fractures Most low-angle fractures are densely ar-
ranged in cores, and the distance between adjacent fractures
ranges from several millimeter to several centimeter. Some frac-
tures show arch shapes, and some adjacent fractures are joined
by high-angle fractures which do not extend far (Fig. 10c). Most
of these fractures are filled with calcite cements, and dissolution
vugs associated with fractures can also be seen.

There are about 100 near-horizontal low-angle fractures in
well TZ45 at 6054~6068 m, most of which are filled with
calcite. The cores at the lower part of the Lianglitage
Formation in well TZ49 at 6280~6288m have many nearly
horizontal fractures, the vertical development density can
reach 1~2 per centimeter, and most of them are partially filled
with calcite cement.

Distribution of reservoir beds

According to the interpretation results of reservoir by well
logging data, the good reservoir beds mainly develop at the
middle-upper part of the Lianglitage Formation (Fig. 11). The
ratio of the total thickness of reservoir beds to that of the

Lianglitage Formation ranges from 10 to 40%. The ratios of
drilling wells near No.1 fault zone on platform margin are
higher, such as 40% in TZ86 and 30% in TZ88. The ratios
of drilling wells inside the platform are low, such as 19% in
TZ49 and 12% in TZ63. The thickness of a single set of
reservoirs beds is usually distributed between 5 and 10 m,
and only a few reservoirs beds are thicker than 20 m, which
are preserved in platform margin shoal deposits. The porosity
of the reservoir is generally 1~3%, and only a few locally
distributed intervals have porosity greater than 3%.

Well-developed reservoir beds mainly show stronger am-
plitude and are mainly distributed near the platform margin
and fault zone, as is shown in the seismic attribute map (Fig.
12). Especially, drilling wells with high productivity mainly
locate at the intersection areas of faults, at the area where the
strike orientation of the fault changes and at the end of faults.

Discussion

Controlling factors on reservoirs

Deposition and diagenesis

Reefs and shoal deposits generally have good primary poros-
ity, and the reservoir space is dominated by interparticle pores.

Fig. 11 The distribution of reservoir beds between drilling wells in the Lianglitage Formation in the Northwest of the Tazhong Uplift
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After compaction and cementation, however, pores in these
reservoir beds are intensely destructed or filled. Although the
early-formed fenestra pores of tidal flat deposit are well de-
veloped, the matrix pores are almost destroyed due to contin-
uous cementation. The matrix pores of other lithofacies are
generally very low. In penecontemporaneous diagenetic stage,
the ooids and skeletal grains in reef and shoal deposits were
partially dissolved by meteoric water, forming intraparticle
pores, interparticle dissolved pores, vugs, and caves. This dis-
solution mainly occurs at the top of reef-shoal complex,
forming quasi-layered reservoir beds, which are scattered in
the strata of the Lianglitage Formation in the study area (Gao
et al. 2016). Only in very few drilling wells, large karst caves
are formed (Gao et al. 2013; Shen et al. 2010; Zhang et al.
2011; Zheng et al. 2015). According to the distribution of
facies association, the proportion and horizontal distribution
of reef-shoal complex in the platform margin area are better
developed than those in the platform-interior area, so the res-
ervoir beds in the platform margin are better in vertical conti-
nuity and horizontal stability than those in platform-interior
area. Compared with the Lianglitage Formation reservoir in
eastern well area of Tazhong area, penecontemporaneous dia-
genesis has weaker dissolution and transformation of reser-
voirs in the study area.

There are also research results that attribute these porous
reservoirs to dissolution in deep buried environment (Han
et al. 2011; Wang and Lü 2004; Wang et al. 2004).
However, based on the microscopic characteristics of the
fillings in the pores of the reef-shoal lithofacies, we found that
the cements precipitated from contemporaneous seawater are

preserved in these pores, and their cathodoluminescence is
consistent with the FC, BC, and FEC cements filling between
particles. This indicates the early formation of these vugs and
caves. It is the degree of filling during burial diagenetic stage
that determines the quality of the reservoir beds. From the core
and thin section observation, most reef-shoal deposits are
strongly cemented during burial stage, resulting in rather
low porosity. Nevertheless, these pores are very important
for the formation of reservoir beds.

In the stage of burial diagenesis, especially in the end of
Permian, the tectonic movement was accompanied by magma
intrusion, which had marked influence on the reservoir qual-
ity. Thick igneous rocks were found in some wells in the study
area, and some caves were found filling with hydrothermal
minerals. In addition, organic acids formed during the matu-
ration of organic matter (Hu et al. 2009) and acidic fluids
formed by TSR (Sun et al. 2007) are also considered as factors
for reservoir improvement. We do not deny that this kind of
acidic fluid has potential significance for reservoir improve-
ment, but we are more inclined to this understanding that the
amount of fluid needed for large-scale dissolution is insuffi-
cient; in addition, local dissolution will inevitably be accom-
panied by mineral precipitation and pore filling from the per-
spective of material balance in such a deep-buried environ-
ment (Ehrenberg et al. 2012; Li et al. 2010b; Zhang et al.
2017). Based on the characteristics of pores and fillings of
Lianglitage Formation reservoirs in the study area, we empha-
size that the reservoir beds mainly experienced pore preserva-
tion or pore destruction during burial diagenesis, rather than
the formation of new pores.

Fig. 12 3-D seismic attribution
map showing the location of high
and low productivity wells
relative to faults
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Faults and fractures

In the study area, almost all the reservoir beds discovered by
drilling wells are related to faults and associated fractures. They
are formed into two stages of tectonic movement. Multistage
tectonic movements experienced in the study area, especially
those occurred in the end of Ordovician and Silurian-Devonian,
are the most important to improve the reservoir quality.

At the end of Ordovician, with the subduction of the an-
cient oceans at the basin margin, a series of thrust faults with
NW-SE strike were formed in Tazhong area (Li et al. 2010a).
Intense uplift was formed in the southeast of Tazhong area,
and the Lianglitage Formation was completely denuded in
those areas (Gao et al. 2018). There is also an obvious uplift
in the study area. As a result, horizontal fractures were formed
at the top of the uplift where the tectonic stress is released, and
high-angle fractures were formed at the upper wall of thrust
faults. This development mechanism is similar to the settings
near Tazhong No.10 fault zone at the center part of Tazhong
area (Deng et al. 2018; Yang et al. 2018; Zhang et al. 2016a).

During Silurian-Devonian, a series of strike-slip faults with
NE strike were formed in Tazhong area, which can be further
divided into main faults, terminal feather-like faults, and pull-
apart grabens (Li et al. 2010a). New fracture systems associ-
ated with these faults are mainly tensile fractures. Fault-karst
reservoirs have been found in Shunbei area in the northeast of
the study area and near Tazhong No.10 fault zone (Deng et al.
2018; Jiao 2018). More than 90% of high-yielding wells are
distributed along strike-slip fault zones, and oil and gas are
more enriched at the top of the large-scale strike-slip faults and
their branch faults and at the tension and torsion parts of the
strike-slip faults (Han et al. 2019; Zhang et al. 2016b). From
the view of rockmechanics, it is proved that brittle mechanical
deformation of strata caused by strike-slip faults is an impor-
tant factor for reservoir improvement. Strike-slip faults
spreading in the northeast of the study area also play an im-
portant role in improving the reservoir quality.

Implications for deep-burial limestone hydrocarbon
exploration

Based on the study of sedimentation and diagenesis of
Lianglitage Formation reservoir in the northwest of Tazhong
area, we sum up the implications for oil and gas exploration of
deep buried limestone reservoir in the study area.

First, it is necessary to focus on detailed facies analysis and
clarify the stratigraphic and spatial distribution of reefs and
shoal within the sequence stratigraphic framework. Then,
combined with 3-D seismic data, paleogeomorphology recon-
struction is important to identify the area where thick reef and
shoal deposits were generated.

At platform margin area, reef-beach facies develop better
and early karstification during penecontemporaneous

diagenetic stage plays a key role in the improvement of reser-
voir quality. Therefore, it is important to find where karst
caves and fractures are superimposed. The reservoirs devel-
oped at platform margin are close to the source rocks formed
in slope and basin environment resulting in a good accumula-
tion condition.

At the platform-interior area, the shoal deposits are small in
thickness and scattered distributed. The reservoirs are slightly
improved by penecontemporaneous diagenesis, coupled with
strong cementation in the later burial diagenesis stage,
resulting in low-porosity reservoir beds and high risk of hy-
drocarbon exploration. Faults and fractures are crucial to the
formation of effective reservoir beds.

Conclusions

The Lianglitage Formation in the northwest of Tazhong area is
mainly composed of nine lithofacies that are deposited from
platform margin reef-shoal, platform-interior shoal, and re-
stricted lagoon-tidal flat environments. In the high systems
tracts of sequence, reef and shoal deposits are thicker and
distributed more continuously.

The Lianglitage Formation in the study area has experienced
syndepositional submarine diagenesis, penecontemporaneous
diagenesis, and burial diagenesis, during which the reservoir
beds were subjected to continuous cementat ion.
Penecontemporaneous diagenesis and tectonic movement dur-
ing burial diagenesis are constructive to the formation of reser-
voir beds.

The reservoir space of the Lianglitage Formation in the
study area mainly includes fractures and dissolution vugs
and caves. Reef and shoal deposits are the material basis of
favorable reservoirs, and the discovered favorable reservoirs
are mainly formed by the dissolution of meteoric water in
penecontemporaneous diagenesis. In the burial stage, the po-
rosity was destroyed by cementation, but the fractures and
associated fractures formed in the late Ordovician and
Silurian-Devonian played an important role in the formation
and improvement of the reservoir.

For hydrocarbon exploration of deep limestone reservoir,
attention should be paid to find reservoir beds with caves and
fractures in reef and shoal facies; with regard to those areas
where deposits are poor in primary porosity, more emphasis
should be placed on the prediction of fracture reservoir beds.
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