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ABSTRACT: The Yingshan Formation of the Lower—Middle Ordovician in the Tarim Basin (NW Chi-
na) was mainly deposited in a shallow platform, which was intensely bioturbated with burrows filled
with both dolomites and calcites. This study aims to figure out the controls on the dolomitization of
burrow infills and the effects on petroleum reservoir quality based on petrographic examination, flu-
id inclusion microthermometry, and isotopic (C-O-Sr) geochemical analyses. The differentiation of
burrow-associated carbonates (dolomites and calcites) was likely controlled by the interactions of
sea-level oscillations of variable orders and depositional environments. The burrow-associated do-
lomites (BADs) were precipitated in a relatively restricted (i.e., lagoon) depositional environment
during the lowstand of long-term sea level. In contrast, the burrow-associated calcites (BACs) were
formed in a water circulation-improved lagoonal environment during the transgression of long-term
sea level. Isotopic geochemical data indicate that the BADs in the Yingshan Formation were formed
from slightly saline (i.e., mesosaline to penesaline) seawater, whereas the BACs were precipitated
from nearly normal seawater. In addition to the anoxic condition, the presence of marine-sourced or-
ganic matter and sulfate-reducing bacteria, and a sufficient supply of dolomitizing fluids enriched in
magnesium ions (Mg*) and their Mg* concentration may have played a critical role in the formation
of BADs. In the more permeable and disturbed burrow sediments as a result of burrowing, penetrat-
ing fluids with higher salinities and higher Mg* concentration relative to seawater favored dolomite
precipitation. The fluids with seawater-like Mg* concentration, however, would lead to calcite pre-
cipitation. The progressive dolomitization of these burrowed sediments could have propagated the
dolomitizing fronts and extended into ambient limestones, leading to the development of extensive
dolomites. This dolomitization process can improve the petrophysical properties (porosity and per-
meability) and the potential as hydrocarbon reservoirs during the emplacement of hydrocarbons
from underlying source rocks of the Cambrian to Lower Ordovician.

KEY WORDS: burrow-associated dolomites, isotopic geochemistry, reservoirs, Tarim Basin, Lower—
Middle Ordovician.

accounts for approximately 50% of the world carbonate

The dolomite rock is a ubiquitous rock type making
up the sedimentary covers of Earth’s surface crust and
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reservoirs (Zenger et al., 1980). However, compared with
limestones, the origins of ancient massive dolomite rocks
have been a matter of extensive disputes since being dis-
covered, although various dolomitization models (includ-
ing seepage/reflux, freshwater/seawater mixing, microbe-
mediated and burial dolomitization) have been proposed
to elucidate the formation of extensive dolomites in the
geologic record (e.g., Davies and Smith, 2006; Machel,
2004; Warren, 2000; Vasconcelos et al., 1995; Land,
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1985; Kohout et al., 1977; Adams and Rhodes, 1960). Of
these, the origin of mottled burrow-associated dolomites
(BADs) has still not been completely understood, al-
though several studies have demonstrated the origin of
similar fabrics around the world (e.g., Baniak et al., 2014,
2013; Corlett and Jones, 2012; Rameil, 2008; Gingras et
al., 2004a; Horbury and Qing, 2004; Toérék, 2000). Re-
cently, more attention has been paid to this type of dolo-
mites since dolomitized burrow systems in limestones
can serve either as primary or secondary pathways for
fluid flows, accelerating later massive dolomitization pro-
cess of ambient limestones (e. g., Baniak et al., 2014,
2013; Corlett and Jones, 2012; Rameil, 2008; Gingras et
al., 2004a). This process can improve the rock petrophys-
ical properties and potentials as hydrocarbon reservoirs
(e.g., Baniak et al., 2014, 2013; Gingras et al., 2004a).

The irregular burrow systems are extensively pres-
ent within the Yingshan Formation of the Early —Middle
Ordovician in the Tarim Basin, NW China. These burrow
systems are filled with either dolomites or calcites, which
resembles the case reported from the Middle Devonian
Lonely Bay Formation (Northwest Territories, Canada) by
Corlett and Jones (2012). The authors ascribed the dis-
tinctive burrow infills at the same stratigraphic intervals to
the geochemical differences of diagenetic fluids within in-
dividual burrows. In contrast, different types of burrow in-
fills (dolomites vs calcites) generally occur in different
stratigraphic levels in the Yingshan Formation, which was
seemingly dictated by allogenic forces (i.e., eustatic fluc-
tuations of variable orders and depositional environ-
ments). In addition, the Lower Ordovician dolomite rocks
occur as the main reservoirs, which have been paid
much attention (Hu et al., 2019, 2011; Lan et al., 2018;
Zhang et al., 2014; Zheng et al., 2014; Qiao et al., 2012),
which improve the understanding of development of the
Lower Ordovician dolomites in the Tarim Basin. The ori-
gin of the BADs that have heterogeneous porosity within
the Yingshan Formation, however, has not been system-
atically documented hitherto. This case thus offers a pre-
cious opportunity to understand the controls on the selec-
tive dolomitization or calcitization of burrow infills, the dis-
tributional patterns of BADs, and their reservoir implica-
tions.

In this paper, detailed macroscopic (field and core
observation) and microscopic (conventional optical and
cathodoluminescent) petrographic examinations, and iso-
tope geochemistry (C, O, and Sr), and fluid inclusion mi-
crothermometry were carried out on the burrow infills in
the Lower—Middle Ordovician Yingshan Formation in the
Tarim Basin. This study aims to (1) differentiate the BADs
and BACs and their tempo-spatial distributional patterns,
(2) establish their diagenetic paragenesis, (3) define geo-
chemical attributes of burrow infills and their parental flu-
ids, (4) sort out the mechanisms of selective dolomitiza-
tion and calcitization of burrow systems, and driving fac-
tors, and (5) document the hydrocarbon reservoir poten-
tials of the BADs.

1 GEOLOGICAL SETTING

The Tarim basin is located geographically in north-
western China and bordered by Tianshan Mountain to
the north, Kunlun Mountain to the south, and Altun Moun-
tain to the southeast, respectively (Figure 1) (Gao et al.,
2021; Zhu et al., 2015). The Tarim Basin has undergone
multiple tectonic episodes, including Caledonian, Hercyn-
ian, Indosinian, and Himalayan orogenies, leading to in-
tense exhumation, erosion, and subsidence (Jia and
Wei, 2002; He et al., 2000; Tang, 1997). Due to the tec-
tonic deformation (or modification), the present-day basin
configuration is divided into several structural units, in-
cluding the North Uplift, North Depression, Central Uplift,
and Southeast Depression from north to south (Figure 2),
and characterized by the widespread negative relief of
the basin surrounded by numerous mountains (or uplifts).

During the Early Ordovician, the basin was located
at 30°S, with a warm, semi-arid to arid climate condition
(Scotese and McKerrow, 1990), and then migrated to
20°S by the Middle Ordovician (Fang and Shen, 2001; Li
et al., 1995). During the Early Ordovician, the Tarim Ba-
sin was subject to a long-lasting grand transgression and
occupied by an extensive shallow-water carbonate plat-
form (Guo et al., 2018b; Feng et al., 2007; Gao et al.,
2006). Toward the Middle Ordovician, the united grand
carbonate platform was progressively evolved into three
smaller carbonate platforms due to the combined effects
of sea-level changes, tectonic subsidence, and sediment
accumulation (Figure 1) (Guo et al., 2018b; Ren et al.,
2015; Yan et al., 2010; Gu et al., 1994). They were sepa-
rated by two deeper-water interplatformal depressions. In
such a depositional context, individual platform interiors
were likely represented by relatively restricted deposition-
al environments (i.e., lagoon) with variably-limited water
circulation to the open sea. The carbonate depositional
system persisted into the early Late Ordovician during
which the transgression reached a maximum. Afterward,
it was gradually switched to a siliciclastic-dominated sys-
tem as a result of the succeeding regression (Feng et al.,
2007).

The Ordovician stratigraphic units of the shallow-
water regime in the Tarim Basin consist of the Penglaiba,
Yingshan, Yijianfang, Qiaerbake, Lianglitage, and Sang-
tamu formations in ascending order (Figure 3). The
Penglaiba Formation, about 250 to 600 m thick, is mainly
composed of two parts: the lower part of light gray dolo-
mites intercalated with peloidal limestones, and the up-
per part of light gray peloidal limestones interbedded with
dolomites, representing the transition of depositional envi-
ronments from restricted to less restricted platform (Guo
C et al., 2018a; Zhang and Munnecke, 2016; Guo F et
al.,, 2010). The Yingshan Formation, approximately 200
to 1 000 m thick, conformably or unconformably overlies
the Penglaiba Formation in different parts of the Tarim
Basin. This formation comprises the lower part of gray do-
lomites intercalated with bioclastic-peloidal limestones of
semi-restricted subtidal environments, in which burrow in-
fills were completely dolomitized. In contrast, the upper
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Figure 1. Paleogeography of the Tarim Basin during the Early—Middle Ordovician (modified from Guo et al., 2018b; Ren et al., 2015; Yan et al.,
2010; Gu et al., 1994). The localities of section and drilling wells also are included. Section: 1. Dabantage (DBTG); 2. Keping (KP); 3. Tong-
gusibulong (TGSBL). The dashed line indicates the north-south profile (P—P’) in Figure 2.
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Figure 2. North-south profile (P—P’ in Figure 1) showing the tecnostratigraphic framework across the Tarim Basin (modified from Zhu et al.,

2015).

part is mainly composed of gray bioclastic-peloidal lime-
stones interbedded with few dolomites of relatively open-
marine subtidal environments (Guo C et al., 2018b; Guo
F et al., 2010), in which burrow infills were represented
by calcites. The burrow-associated carbonates are the fo-
cus of this study. The succeeding Yijianfang Formation,
about 50 to 200 m thick and conformably overlying the
Yingshan Formation, is characterized by gray micritic
limestones in the lower part and by bioclastic limestones
intercalated with micritic limestones in the upper part, re-
spectively, pointing to an open-marine depositional envi-
ronment (Zhang and Munnecke, 2016; Guo et al., 2010;
Gu et al., 1994). The Qiaerbake (or Tumuxiuke) Forma-
tion (10 to 20 m), unconformably overlying the Yijianfang
Formation, is represented by purple and reddish, argilla-
ceous bioclastic limestones, indicating a condensed se-
quence of a quiet, deeper-water depositional environ-

ment (Zhang and Munnecke, 2016; Guo et al., 2010).
The overlying Lianglitage Formation, 100 to 200 m thick,
consists of dark gray micritic limestones in relatively re-
stricted platform interior and reefal limestones at the high-
energy platform margin, respectively (Zhang et al., 2017;
Zhang and Munnecke, 2016).

2 METHODS

Detailed observations and descriptions were carried
out on the outcrop section of Dabantage (DBTG) and core
intervals from drilling wells penetrating the Yingshan For-
mation (Figure 1). During logging, representative samples
were collected for petrographic and geochemical analy-
ses. More than 100 thin sections of burrow-associated
carbonates and their surrounding limestones within the
Yingshan Formation were prepared for petrographic ob-
servation, some of which were stained with Alizarin-Red
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Figure 3. Lithostratigraphic units and main conodont zones of the Ordovician successions in the Tarim Basin, mainly based on data from Zhang
and Munnecke (2016), Guo et al. (2010), Wang et al. (2007), and Zhao et al. (2006).

S and potassium ferricyanide to distinguish calcite from
dolomite and ferroan carbonates from non-ferroan ones
(Dickson, 1966). And some thin sections were also im-
pregnated with pink epoxy, aiding in delineating porosity.
These thin sections are examined using both convention-
al petrographic and cathodoluminescence microscopy.
Cathodoluminescence microscopy was carried out on the
RELION III stage at the Institute of Geology and Geo-
physics, Chinese Academy of Sciences (IGGCAS), under
the average condition of a 5—8 kV gun potential and 300—
500 mA beam current.

Thirty-nine samples for carbon and oxygen stable
isotopic analyses were selected from representative out-
crop and borehole core samples. The bulk powders were
mechanically obtained using a dental drill (diameter < 1
mm) after a petrographic study. About 20 mg of sample
powders of calcites and dolomites were reacted with an-
hydrous phosphoric acid (H,PO,) at 25 °C for 24 h and

72 h, respectively (McCrea, 1950). For a mixture of cal-
cite and dolomite (i.e., calcite and dolomite coexisting in
burrows), CO, gases from these samples were extracted
using the sequential chemical separation method of (Al-
Aasm et al., 1990) in terms of different reaction rates of
calcite and dolomite with the acid. The productive CO,
gases were measured for carbon and oxygen isotopic ra-
tios on a Finnigan MAT-253 mass spectrometer at 1G-
GCAS. The oxygen isotopic values of calcites and dolo-
mites were corrected using the fractionation factor of
1.009 88 (Swart et al., 1991) and 1.011 78 (Rosenbaum
and Sheppard, 1986), respectively. The carbon (3"°C)
and oxygen (3"°0) isotopic values were reported in per
mille (%o0) notation relative to the Vienna Pee Dee Belem-
nite (VPDB) standard. Calibrations of the 5"°C and &0
values were monitored daily isotope measurement
through routine analysis of the International Standard
NBS-19 sample (6"°C = 1.95%0 VPDB; 50 = 2.20%0 VP-
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DB). The precisions of both ™0 and &"C values are bet-
ter than 0.1%o. For the calculation of oxygen isotopic com-
position of parental fluids, the equilibrium oxygen isotope
fractionation equations [10°Ina,,, e = 3-2 X 10°T? — 3.3
and 10°Ina_ . q.q = 2.78 x 10°T? — 2.89 of Land (1983)
and 10%Ina,,,eme = 2-73 x 10°T? + 0.26 of Vasconcelos
et al. (2005)] was utilized for calcites and dolomites, re-
spectively. The 8O conversion between VPDB and VS-
MOW scales was determined using the equation of 50O
(VPDB) = 0.970 02 x "0 (VSMOW) — 29.98 according
to (Coplen et al., 1983).

Eighteen newly-obtained samples and four samples
from Guo et al. (2020, 2016) were selected for the mea-
surement of strontium isotopic (*Sr/*Sr) ratios. Approxi-
mately 50—80 mg of sample powders were dissolved in
2.5 N HCI on the hotplate at 90 °C. The strontium for
analysis was extracted through the conventional cation
exchange processes within a chromatographic column
with 2 miIL of AG50Wx12 200—-400 mesh cation exchange
resin. The isotopic measurement of separated Sr was
carried out on Finnigan MAT-262 mass spectrometer at
IGGCAS. The results were normalized to the Internation-
al Standard NBS-19 sample, the measured average
¥Sr/*Sr ratio of which was 0.710 255 + 0.000 012.

Microthermometry measurement of fluid inclusions
was carried out on doubly polished thin sections (60 mm
thick) on a Linkam THM600 heating-cooling stage at 1G-
GCAS. The petrographic examination of fluid inclusions,
including their occurrences within crystals and size con-
sistency, and liquid/vapor ratios, was carefully performed
to distinguish the primary or secondary origins (Gold-
stein, 2001). The accuracy of homogenization tempera-
ture (T,) values is within 2.5 °C.

3 OCCURRENCE AND PETROGRAPHY OF
BURROW-ASSOCIATED CARBONATES
3.1 Occurrence of Burrow-Associated Carbonates

In most of the successions, burrow-associated car-
bonates are present as irregular patches of variable siz-
es, which are either perpendicular (subvertical) to bed-
ding or irregular, forming distinctively colored mottles (or
patches) in contrast to the ambient limestones (Figures 4
and 5a). The rock pattern resembles the dolomite mottles
from the Middle Triassic ramp carbonates (Southern Hun-
gary) (Torok, 2000), the “gray pseudobreccias” from the
Carboniferous of the Lake District (U. K.) (Horbury and
Qing, 2004), the dolomite-mottled Ordovician Tyndall
Limestone from Manitoba, Canada (Gingras et al.,
2004b), the Type-3 dolomite observed within the Late Ju-
rassic and earliest Cretaceous platform carbonates of the
Jura Mountain (NW Switzerland, E France) (Rameil,
2008), and the dolomite-filled burrows within the Middle
Devonian Lonely Bay Formation (Northwest Territories,
Canada) (Corlett and Jones, 2012). Based on the miner-
alogical features, the burrow-associated carbonates are
further divided into dolomite and calcite end members,
whose distributional patterns generally are stratigraphical-
ly prone at different levels.

In the outcrop section where the Yingshan Forma-
tion is complete, the dolomite-dominated burrows are
mainly concentrated in the lower part of the Yingshan
Formation (Figure 6), which is represented by higher do-
lomite contents and was deposited in slightly restricted
subtidal (i.e., lagoon) environments (Guo et al., 2018b).
In contrast, the calcite-filled burrows commonly occur in
the upper part of the formation, which is characterized by
a remarkable decrease in dolomite content and was
formed in restriction-improved subtidal environments
(Guo et al., 2018b). In terms of the vertical stacking pat-
tern of meter-scale, shallowing-upward cycles, both
dolomite- and calcite-filled burrows are present in
the lower—middle parts of cycles and locally extend up-
ward into the capping peloidal packstone/grainstone of
tempestite origin (Figure 5a). To a larger scale, the BADs
are preferentially present in the regressive packages of
third-order, even second-order depositional sequences in
the lower part (Sq1-Sq2) of the Yingshan Formation (Fig-
ure 6), which represent deposits of a lowstand of long-
term sea level (Guo et al., 2018b). In contrast, burrow-
associated calcites (BACs) occur in the upper part (Sq4—
Sqg6) of the Yingshan Formation, which were formed in a
transgression of long-term sea level (Guo et al., 2018b).

In the subsurface boreholes, the BADs were incom-
pletely recovered in general, i.e., in the first and second
core intervals of borehole YQ5 (Figure 7a; and see Fig-
ure 1 for location). The exact occurrence positions of
these BADs at these levels, however, are difficult to be
defined due to the incomplete penetration of the Ying-
shan Formation and its erosion of variable extents. More-
over, the BADs are also covered in the sixth to eighth
core intervals of borehole Z19 in the central part of the
basin (see Figure 1 for location), which are located in the
upper part of the Yingshan Formation (Figure 7b). The
host rocks of the sixth core interval of Well Z19 are main-
ly micritic limestones in composition, whereas those of
the seventh and eighth core intervals were overwhelming
dolomitized, which significantly improved the petroleum
reservoir properties.

3.2 Petrography

Macroscopically, the dolomite-filled burrows are
branched and 1 to 2 cm wide (Figure 4). In completely
dolomitized intervals, the BADs have higher porosity and
better reservoir properties than matrix dolomites (Figures
4c¢ and 8a, 8g, 8h). The intercrystalline porosity of BADs
are partially plugged by late calcite cements (Figures 4c
and 8g, 8h). In partially dolomitized intervals, BADs do
not show higher porosity than the matrix limestones that
are mainly characterized by lime mudstone to bioclastic-
peloidal wackestone/packstone in texture (Figures 4b, 4d
and 8c). Of these, biofragments are mostly represented
by minor trilobites, brachiopods, ostracods, and other un-
distinguished fossils. In some cases, the vertical and hori-
zontal burrows are connected, some of which are con-
strained by low-amplitude stylolites (Figure 4d).

In thin section, most BAD crystals exhibit planar-s(e)
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Figure 4. Burrow-associated dolomites (BADs) of Tarim Basin. (a) Field photo of BADs (green arrows) and matrix limestones (red arrows) in bur-

rowed limestones (Guo et al., 2018b), showing a mottled appearance, DBTG. Pen for scale (14 cm long). (b) Core photo of BADs showing a

dark gray color in contrast to light gray-colored matrix limestones in transverse section of drilling core. Well YQ5, 5 947.3 m deep. (c) Core photo

of BADs (B-dol) showing a high porosity and a light gray color in contrast to dark gray-colored matrix dolomite (M-dol). Note the remaining pores
partially occluded by calcites (C2). Scale (right) in cm. Well Z19, 5 549.7 m deep. (d) Core photo of BADs (B-dol) exhibiting vertical burrowing
tubes and darker color compared to matrix limestones (M-lime). Note the serrated boundaries of dolomitized burrows that are defined by stylo-

lites (white arrows), indicating burrows likely developed before or simultaneously with the formation of stylolites. Scale (right) in cm. Well Z19,

5515.0 m deep.

textures and higher porosity compared to matrix dolo-
mites of planar-s to nonplanar-a textures (Figure 8). The
burrow-associated and matrix dolomite crystals both
yield a cloudy center and clear rim texture (Figure 8). Un-
der cathodoluminescence (CL), this texture shows a dull
red luminescent center, followed by a non-luminescent
zone and a subsequent bright red or orange luminescent
rim (Figure 8b and 8d). In some cases, some BAD crys-
tals display serrated surfaces (Figures 8a, 8g and 8h),
and minor amounts of framboidal pyrite crystals are pres-
ent within dolomitized burrow systems (Figure 8h). Local-
ly, early calcite cements (C2) that partially to completely

plug the porosity of BAD vyield dull orange to non-
luminescence under CL (Figure 8f). In places, some trilo-
bite fragments are present around burrows and impinged
by the growth of dolomite crystals within burrows. In addi-
tion, a few mm (or um)-wide zones of scattered dolomite
crystals (i.e., dolomitic halo; Gingras et al., 2004b) are
present within matrix limestones and display a rapid de-
crease in number toward the surrounding calcitic matrix
(Figure 8c). A similar phenomenon also was described by
Rameil (2008) from the Late Jurassic and earliest Creta-
ceous platform carbonate of the Jura Mountain (NW Swit-
zerland; E France).
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Matrix lime

Figure 5. Burrow-associated calcite (BAC) in the outcrop of western Tarim Basin. (a) Field photo of burrowed limestone grading upward into tem-

pestite, DBTG. The arrow line indicates a shallow-upward, meter-scale cycle and the dashed line denotes its upper boundary, DBTG. Pen for

scale (15 cm long). (b), (c) Paired photomicrographs of BACs (C1) and blocky calcite cement (Bc) within a burrow of matrix limestones (Matrix
lime), DBTG. (b) Plane-polarized light (PPL); (c) cathodoluminescence (CL).

In limestone-dominated intervals, burrow infills are
mainly characterized by calcites in composition (Figure
5). Locally, burrow-associated infills are composed of
backfilled calcitic material and later blocky calcitic
sparites (Figure 5b), which display non-luminescence
and a non-luminescent center followed by a zoned bright-
er rim, respectively (Figure 5c).

3.3 Paragenetic Sequence

The Lower —Middle Ordovician carbonate rocks of
the Tarim Basin have experienced a complex diagenetic
history since their deposition. Based on detailed field and
core descriptions, conventional and cathodoluminescent
microscopic studies, the paragenetic sequence of matrix
dolomites, burrow-associated carbonates and other dia-
genetic minerals is summarized and illustrated in Figure
9. The early diagenetic stage (i.e., shallow burial) is
roughly defined by the development of stylolites (Fabri-
cius and Borre, 2007), and late one (i.e., deep burial) by
the commence of fracturing (Jiang et al., 2016; Chen et
al., 2004; Mountjoy and Halim-Dihardja, 1991).

In completely dolomitized intervals, most early diage-
netic features (e.g., submarine cements) that were
formed before burial or at shallow burial depth could
have been usually masked or obliterated by dolomitiza-
tion and/or late recrystallization processes (Machel,
1997; Mountjoy and Halim-Dihardja, 1991). Only in undo-

lomitized or partially dolomitized carbonate rocks, can
the relationship between matrix dolomites and early dia-
genetic phases (e.g., micrite and fibrous calcite cements)
be identified, which will further be applied to constrain the
relative timing of their development. Early diagenetic
phases, such as fibrous and bladed calcite cements in
inter-grain porosity in carbonate rocks, are commonly in-
terpreted as being precipitated in submarine to shallow
burial settings (Fligel, 2004; Tucker and Wright, 1990).
In general, the development of low-amplitude stylolites is
considered to start at depths of approximately 500 to
1 000 m (Fabricius and Borre, 2007). The burrow-
associated calcareous silt/mud (C1) thus is interpreted to
be formed simultaneously with or immediately after the
burrow development. In contrast, the BADs were produced
via the replacive dolomitization of burrow-associated cal-
careous material, thus post-dated the latter. Additionally,
this type of dolomite is locally cut by the low-amplitude
stylolites (Figure 4d), suggesting its formation, at least
part of it, could be simultaneous with or pre-date the sty-
lolitization (Fu et al., 2006; Mattes and Mountjoy, 1980).
The matrix dolomite (Md) yields similar CL pattern to that
of BADs (Figures 5d and 5f), but more curved crystal sur-
faces than the latter, indicating that the development of
matrix dolomite should post-date BADs to some extent,
partially overlapping with the BADs.

The dissolution of BADs and subsequent calcite ce-
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Figure 6. The vertical distributional pattern of burrow-associated carbonates within the Yingshan Formation at DBTG Section (modified after Guo

et al., 2018b). The BADs and BACs are present in the lower and upper parts of the Yingshan Formation, respectively. Note the development of

BADs and BACs are well correlated with the dolomite- and limestone-dominated intervals, respectively. Fm. Formation.

ments (C2) pre-dated hydrocarbon emplacement, as indi-
cated by that oil/bitumen are not encountered between
dolomite crystals and early calcite cements (C2) within
burrows, but present in intercrystalline relict pores (Fig-
ures 8g and 8h). In addition, the fracturing event took
place prior to hydrocarbon migration, as suggested by
the presence of oil relicts (bitumen) within fractures (Fig-
ure 8h).

4 ISOTOPIC GEOCHEMISTRY AND FLUID INCLU-
SION MICROTHERMOMETRY
4.1 Oxygen and Carbon Isotopes

The 5°C and 80 values of surrounding matrix lime-
stones are compiled from the authors’ previous study

(Guo et al., 2020, 2016). They range widely from -2.3%o
to -0.9%0 VPDB (average -1.7%o; n = 21) and from -8.4%o
to -6.6%0 VPDB (average -7.6%o) (Table S1; Figure 10),
respectively, generally falling within the estimated 5O
range (-11.1%o to -5.4%. VPDB) and &"C range (-3.0%o to
0 VPDB) for calcite precipitated from the Early —Middle
Ordovician seawater (Shields et al., 2003; Veizer et al.,
1999; Qing and Veizer, 1994).

In the outcrop of western Tarim Basin, the 8"C val-
ues of BADs vary from -2.1%o to -1.1%. VPDB (average
-1.8%0; n = 11) and 8'°0 values from -8.0%o to -4.9%o VP-
DB (average -6.1%o) (Table S1; Figure 10). In the com-
pletely dolomitized intervals, the BADs from two samples
have same &"°C values of -1.8%.VPDB and &"0O values



1576 Chuan Guo, Daizhao Chen, Yong Fu, Xigiang Zhou and Cunge Liu
>+ >
elw g CNL (%) 3 § Eg g CNL (%) N @ 55
SlalSl45--—--15| =__ | S T |EE| |E|lg|lSf45-----15| = | B ., = | TE
2|58 SE| o | 385|285 |glE|¢E SE| 2 |z23e |85
>| Q| E QL= < eL3 ES 20| E o= o o0Q 0o EQ
@|o|5| GR(APN | O = | 582|355 | |3|a|5| GR™PY | O £ | E=2 |33
<o 150 alo | 3§ & lo— 150 - | 828 |56
el s ‘}<\. :LNW =1 _ ;L/T\N
S E s (| @ gflle :
= E S J 159509 T 7 = [ 9 |
=S| S < T 71 € S||= & T
] P T 2 | { -
i L = ) [T
i T 1 ¢ | 5500 T
! T T v 1
5 T ? ]
L
@ 5 [ 1 Qo
{ T ] { 63 T B
¢ © 3 S
) - 3 S 2
] 6000 T 2 % -
2 L1 3 ¢ T
= 1 3 5 =
, 2 ; : 5
! L 2 { 8% |ss50 >
o 3 [T 2 ° N T 1 : 3
HEE ) [ 2 cls ¢ 1.1 =
5|28 g - s | |&|2|s § e S
S22 ? [T = ols|c ] 1 @
olL|2 3 [T « ST $ T 71 °
S|lol|E ! 1 ) o|l=|o® ? T 2
SHie ! = | |E5|E { T g
[T > 2| 2
3 L1 6050 " T 1 © S \ T =
! 1 2 = \ i 2
b - s ) [T >
;! Illl o ; 5600 |||I 'ng
} Il\l ) |]|'| %
H i
! 1 $ 9 T 14
‘ 11 ! T1
! T 71 { T 1
! T 1 J T 7
! 11 3 T 1
i 61001 ) T 1
(a) i 1.1 )i T 1
H T T g 5650 T 7T
Legend [[6 ] coredinterval ){’ 1 1
= Limestone B4 polomite ¢ 1111
P 1
FZ=] Dolomitic limestone Mudstone (b) | 1111

Figure 7. The vertical distributional pattern of BADs within the Yingshan Formation in the subsurface of northern (YQ5; (a)) and central (Z19; (b))

Tarim Basin. The BADs are difficult to be precisely placed within the Yingshan Formation in Well Z19 due to variable erosion and incomplete pen-

etration.

from -8.3%o to -8.1%0 VPDB (average -8.2%o), similar to
those (8"C: -2.1%o to -1.8%0 VPDB, average -2.0%o; 5"°O:
-8.4%o to -8.1%0. VPDB, average -8.3%o) of two surround-
ing matrix dolomites (Table S1; Figure 10).

In the subsurface of northern Tarim Basin, the 8"C
and &'°0 values of BADs from northern Tarim Basin vary
from -2.0%o to -1.6%. VPDB (average -1.8%o; n = 6) and
from -4.2%o to -2.8%0 VPDB (average -3.7%o), respective-
ly, which are slightly higher than those of their counter-
parts from the outcrop samples (Table S1; Figure 10). In
the subsurface of central Tarim Basin, the 8"°C and &'°0
values of BADs range from -0.7%o to -0.6%. VPDB (aver-
age -0.7%o; n = 4) and from -9.7%o to -7.1%. VPDB (aver-
age -8.7%o), respectively. The "C and &0 values of sur-
rounding host dolomites vary from -1.0%o to -0.6%. VPDB
(average -0.8%o; n = 4), and from -9.0%o to -7.6%. VPDB
(average -8.3%o), respectively, which are consistent with
those of corresponding BADs and matrix dolomites from
the outcrop (Table S1; Figure 10).

In the calcite-dominated burrow intervals, the &"C
and &5"0 values of BACs cluster between -1.6%. and
-1.1%0 VPDB (average -1.3%o; n = 4) and between -8.1%o
and -7.6%. VPDB (average -7.9%o), respectively (Table
S1; Figure 10).

The early-stage calcite cements (C2) have 5"°C val-
ues of -2.0%o to -0.7%. VPDB (average -1.0%o; n = 6),

showing a large overlap with those of matrix limestones
and dolomites, as well as BADs from the outcrop (Figure
10). Their &0 values range from -9.2%o to -7.1%. VPDB
(average -8.2%o).

4.2 Strontium Isotope

Sr isotopic analysis was performed on eighteen sam-
ples analyzed for oxygen and carbon isotope and four
samples from Guo et al. (2020, 2016) (Table S1; Figure
11). The ¥Sr/*Sr ratios for matrix limestones of the
Lower—Middle Ordovician Yingshan Formation vary from
0.709 018 to 0.709 170 (average 0.709 077; n = 4), com-
parable to estimated ¥Sr/**Sr ratios (0.708 7—0.709 2) for
the Early—Middle Ordovician marine limestones (Shields
et al., 2003; Veizer et al., 1999; Burke et al., 1982).

In the outcrop section, the BADs yield ¥Sr/*Sr ratios
of 0.708 967 to 0.709 370 (average 0.709 111; n = 4). In
completely dolomitized intervals, the matrix and burrow-
associated dolomites have similar ¥Sr/*Sr ratios, ranging
from 0.709 024 to 0.709 156 (average 0.709 090; n = 2)
and from 0.709 078 to 0.709 123 (average 0.709 101;
n = 2), respectively.

In the subsurface of northern Tarim Basin, the
¥Sr/*Sr ratios of BADs vary from 0.708 885 to 0.709 022
(average 0.708 952; n = 4), similar to those of their host
limestones. In the subsurface of central Tarim Basin, the
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Figure 8. (a), (b) Paired photomicrographs of burrow-associated (Burrow dol) and matrix (Matrix dol) dolomites. Note the remaining pores (P)
and serrated surfaces (arrows) of BAD crystals, DBTG. PPL (a) and CL (b). (c), (d) Paired photomicrographs of BADs (Burrow dol) and scattered
euhedral dolomite crystals in matrix limestones. Well YQ5, 5 945.8 m deep. PPL (c) and CL (d). (e) Photomicrograph of the remaining pores in
BADs that are cemented by early calcites (C2). Dashed The dashed rectangle denotes the field of F. Well YQ5, 5 948.8 m deep. PPL. (f) Photo-
micrograph of early-stage calcite cements (C2) showing non-luminescence. Well YQ5, 5 948.8 m deep. CL. (g) Photomicrograph of porous
BADs (Burrow dol) with a planar-s(e) texture and densely packed matrix dolomite (Matrix dol) with a nonplanar-a texture. Note the corroded sur-
faces (green arrows) of dolomite crystals and subsequent calcite cements (C2) partially occluding the remaining pores. Well Z19, 5 549.9 m
deep. PPL. (h) Photomicrograph of porous BADs (Burrow dol) and densely packed matrix dolomites (Matrix dol). Note the serrated surfaces
(green arrows) of dolomite crystals and the presence of framboidal pyrites (pink arrows) and fractures (green arrow) impregnated with bitumen.
Well 219, 5 549.4 m deep. PPL.



1578 Chuan Guo, Daizhao Chen, Yong Fu, Xigiang Zhou and Cunge Liu

Limestone

Deposition

Undolomitized

Completely idolomitized

Shallow burial

Deep burial

Tight planar-s BADs
porous BADs infilled
with C2

Tight planar-s MD and

BACs and late zoned
and blocky calcite

Tight planar-s MD
and porous BADs with
residual porosity

Dolomite nuclei
Dolomite overgrowth-1
Dolomite overgrowth-2 s BACs

Dolomite cores

aaado @

Dolomite rims

@ Calcite cement (C2)

’ Residual porosity

. Blocky calcite cores
Q Calcite overgrowth-1

@ calcite overgrowth-2
#® Framboidal pyrites
. Stylolite

X Fracture

Wy Bitumen

Figure 9. Schematic diagram illustrating the development of the diagenetic phases related to burrow-associated carbonates in the Lower—Middle

Ordovician carbonate successions in the Tarim Basin based on detailed examination, conventional and cathodoluminescence microscopic analy-

ses of field and drilling core samples.

BADs have comparable *Sr/*Sr ratios from 0.709 012 to
0.709 123 (average 0.709 068; n = 2), also largely over-
lapping with those of coeval limestones (Figure 11). Addi-
tionally, the matrix dolomites yield ®Sr/**Sr ratios from
0.708 984 to 0.709 011 (average 0.708 998; n = 2), also
comparable to their corresponding BADs.

In addition, the matrix limestones and BACs also
share the similar ¥Sr/*®Sr ratios, varying from
0.709 018 4 to 0.709 103 (average 0.709 061; n = 2) and
from 0.709 034 to 0.709 112 (average 0.709 073; n = 2),
respectively.

4.3 Fluid Inclusion Microthermometry
Microthermometric measurements of two-phase (lig-
uid and vapor) primary aqueous fluid inclusions assem-
blages (FIAs) from BADs and early-stage calcite ce-
ments in central Tarim Basin were performed to measure
the homogenization temperatures (T,), which represents
minimum estimates of entrapment temperatures of fluids.

Fluid inclusions are small (commonly 3—8 pm across),
and have elongate or irregular shapes, with vapor/fluid ra-
tios of 5%—10% (Figure 12). The T, values in the individu-
al FlAs are relatively consistent, indicating a minimum ef-
fect of re-equilibration on T, (Goldstein, 2001). The BAD
crystals in central Tarim Basin yield T, values of 73.6—
85.7 °C (average 80.1 °C) (Table 1; Figure 13). The early-
stage calcite cement has T, values varying from 77.7 —
93.4 °C (average 84.9 °C) (Table 1; Figure 13).

5 INTERPRETATION AND DISCUSSION
5.1 Origin of Burrow-Associated Carbonates

The origin of mottled dolomites is a controversial top-
ic (e.g., Purser et al., 1994; Tucker and Wright, 1990;
Land, 1985). Several mechanisms have been put for-
ward to elucidate the origin of mottled dolomites, includ-
ing fracture-controlled hydrothermal dolomitization (e.g.,
Chen et al., 2004; Malone et al., 1996; Mountjoy and
Halim-Dihardja, 1991), dolomitization of karstic breccias
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(e.g., Kupecz and Land, 1991; Kerans, 1988), and bur-
row-associated, selective dolomitization (e.g., Corlett and
Jones, 2012; Rameil, 2008; Gingras et al., 2004a; Hor-

bury and Qing, 2004; Térok, 2000). Previous researches
revealed that parts of the Tarim Basin have been subject
to intense hydrothermal activities triggered by faulting/
fracturing and intrusive magmatism (Dong et al., 2013;
Zhu et al., 2010; Jin et al., 2006). The fracture-controlled
hydrothermal dolomitization model, however, is unlikely
to be responsible for the formation of BADs within the
Yingshan Formation since few large-scale faults/fractures
and hydrothermal minerals (i.e., fluorite, barite, and
quartz; e.g., Guo et al., 2016; Jia et al., 2016; Dong et al.
2013) are not encountered within burrow-bearing succes-
sions. Although large-scale unconformity-related karstic
reservoirs are ubiquitously present within the Ordovician
carbonate rocks of the Tarim Basin (Lin et al., 2013; Jia
and Wei, 2002), the possibility of dolomitization of karstic
breccias can be also ruled out due to that the uplift-related
subaerial weathering features also did not occur within
burrow-occurring successions. Selective dolomitization is
considered to be the most reasonable formation mecha-
nism responsible for the development of the mottled
BADs in the Yingshan Formation. This interpretation is al-
so supported by the fact that the studied Yingshan For-
mation was deposited in a storm-influenced carbonate
platform interior (i.e., lagoon) (Guo et al., 2018b). This
depositional environment is suitable for some endoben-
thic organisms to inhabit or burrow down into sediments
below the surface for dwelling, foraging, and feeding, cre-
ating burrows of complex ichnofabrics and morphologies
with backfilled disputed lime muds/silts (Donovan, 1994;
Ekdale et al., 1984). These burrow-infills could have
been either selectively dolomitized or remained carbona-
ceous, both of which are commonly mottled in color and
composition (Figures 4, 5, and 8), and enhanced in later
diagenetic processes.

5.1.1 Origin of burrow-associated dolomites

5.1.1.1 Petrographic implications The paleogeo-
graphic setting (i. e., lagoon) of the Yingshan Formation
generally favored the early dolomitization (e.g., Guo et al.,
2017; Vinci et al., 2017; Qing et al., 2001; Sun, 1994).
The preferential occurrence of BADs in the regressive
packages of third-order, even second-order depositional
sequences in the lower part (Sq1-Sq2) of the Yingshan
Formation (Figure 6) denotes that their formation was dic-
tated by long-term sea-level fluctuations. On a small
scale, it is noted that the BADs preferentially occurred in
the lower—middle part of meter-scale depositional cycles,
indicating that their formation (i. e., selective dolomitiza-
tion) was intimately associated with high-frequency
(fourth to fifth-order) sea-level fluctuations (e.g., Vinci et
al., 2017; Sun, 1994). In contrast to western Tarim Basin,
the BADs in the subsurface of northern and central Tarim
Basin took place in the upper part of the Yingshan Forma-
tion (Figure 7), which differs from the distributional pat-
tern of BADs in the outcrop. This discrepancy indicates
the BAD development was likely controlled by the combi-
nation of sea-level variations of variable orders and
paleo-topography (or depositional environments).
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Table 1 Fluid inclusion data of BADs and early-stage calcite cements in central Tarim Basin

Sample Mineral type No. of inclusions 1 (€)

Minimum Maximum Average
Z19-14 Matrix dolomites 3 73.6 82.3 77.3
Z19-16 Matrix dolomites 3 79.3 85.7 83.5
Z19-10 Early-stage calcite cements 4 85.5 93.4 89.5
Z19-14 Early-stage calcite cements 6 81 89.5 86.2
Z19-16 Early-stage calcite cements 5 77.7 82.5 79.8

Figure 12. Photomicrograph of fluid inclusion (arrows) in BADs (B-
dol) and early-stage calcite cements (C2) in central Tarim Basin.

77 Early-stage
calcite
cements

Number of inclusions

0 T
70 80 90 100
Homogenization temperature (°C)
Figure 13. Histogram showing distributions of fluid inclusion homog-
enization temperatures (7,) in BADs and early-stage calcite cements
in central Tarim Basin.

Although both burrow infills and surrounding host
limestones are locally replaced completely by dolomites
(Figures 4c and 8a, 8f, 8g, 8h), most of the host lime-
stones escaped from dolomitization (Figures 4a, 4b, 4d,
and 8c), denoting that the dolomitizing fluids were slightly
less supersaturated in terms of dolomites or not sufficient
for complete dolomitization (e.g., Warren, 2000; Sibley
and Gregg, 1987). In some cases, the BADs were cut by
stylolites or dissolution seams (Figure 4b), suggesting
that these dolomites could have been formed before or
concurrently with the development of stylolites. It has

been revealed that the production of stylolites in carbon-
ate rocks requires a minimal burial depth of approximate-
ly 500 m (Fabricius and Borre, 2007; Mountjoy et al.,
1999). Thus, the dolomitization of the burrow infills could
persist into shallow burial depths of about 500 to 1 000 m
during the Late Ordovician (Figure 14). This interpreta-
tion is also endorsed by the dominance of subhedral to
euhedral crystals of BADs (Figure 8), pointing to their for-
mation at temperatures lower than the critical roughening
temperature for dolomites (50—60 °C; Sibley and Gregg,
1987; Gregg and Sibley, 1984). Assuming an annual av-
erage surface temperature of 20 °C and a normal geo-
thermal gradient of 30 °C/km for the Lower—Middle Ordo-
vician carbonate successions in the Tarim Basin (e.g.,
Guo et al., 2017; Qiu et al., 2012; Li et al., 2005), the buri-
al depth of around 1 000 m during the Late Ordovician
(Figure 4) could produce the temperatures of 50—-60 °C,
reconciling the formation of BADs in such a diagenetic
setting.

5.1.1.2 Geochemical constraints The 5"C features of
dolomites generally inherit from precursor limestones and
mirror the 8"C characteristics of parental limestones due
to little isotopic fractionation of “C/C with temperature
(Warren, 2000; Budd, 1997; Banner and Hanson, 1990;
Land, 1980). In addition, the ¥Sr/**Sr signatures of carbon-
ate minerals also record the Sr-isotopic composition of
their parental fluids because of negligible Sr-isotopic frac-
tionation during carbonate precipitation (Banner, 1995;
Tucker and Wright, 1990). However, there is an important
problem when comparing the isotopic compositions of do-
lomites with those of limestones because the relationship
between 5'°0,,, and 5'°0O,,,... is still not defined (Warren,
2000; Budd, 1997; Tucker and Wright, 1990; Land,
1980). Previous studies suggested that the oxygen isoto-
pic fractionation between dolomites and calcites
(A0 1 = 0"°Oomic — 0"°0,,ic ON the VPDB scale) varies
from 2%o to 6%o (see review in Budd, 1997). A mean val-
ue of +3%o is taken as 4O, representing the fraction-
ation between dolomite and calcite, which is widely ac-
cepted (e. g., Rameil, 2008; Budd, 1997; Land, 1985,
1983). The &"C and 5O values of surrounding matrix
limestones from the outcrop (-2.3%. to -0.9%. VPDB and
-8.4%0 to -7.1%0 VPDB, respectively) and northern Tarim
Basin (-2.3%o to -2.1%0 VPDB and -7.2 to -6.6%. VPDB,
respectively) are comparable to those of the published
8"C (-3.0%o to 0 VPDB) and &0 (-5.4%o to -11.1%0 VP-
DB) values for contemporaneous brachiopods (Figure

lolomite calcite
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10) (Shields et al., 2003; Veizer et al., 1999; Qing and
Veizer, 1994), indicating that matrix limestones did not ex-
perience intensive diagenetic alteration. This interpreta-
tion is also supported by the ¥Sr/**Sr ratios of matrix lime-
stones that mostly fall within the estimated ®Sr/**Sr range
of calcites precipitated from the coeval seawater (Figure
11) (Shields et al., 2003; Veizer et al., 1999; Burke et al.,
1982). Thus, the matrix limestones are considered to well
preserve the geochemical signatures of the Early—Middle
Ordovician seawater and can be applied as a representa-
tive for the contemporaneous seawater.

Overall, the 8"C values of the BADs from the out-
crop (-2.1%o to -1.1%0 VPDB), northern (-2.0%o to -1.6%o
VPDB), and central (-0.7%o to -0.6%. VPDB) Tarim Basin
are consistent with those of matrix limestones, and clus-
ter within the reported 8"°C values (-3.0%o to 0 VPDB) of
coeval seawater (Figure 10) (He et al., 2025; Shields et

al., 2003; Veizer et al., 1999; Qing and Veizer, 1994), al-
so reflecting that the carbon isotopic signature of BADs
was derived from precursor limestones (Ding et al., 2020;
Fu et al., 2006; Gregg and Shelton, 1990). Most of the
5'®0 values of BADs from the outcrop (-8.0%o to -4.9%o
VPDB) and northern Tarim Basin (-4.2%o to -2.8%. VPDB)
fall within the estimated 5O values (-5.4%o to -3.6%0 VP-
DB) of coeval seawater dolomite based on the 4O,
(+3%o0) and the 50 values of matrix limestones, indicat-
ing the dolomitizing fluids responsible for BAD precipita-
tion were also derived from contemporaneous seawater
(e.g., Budd, 1997; Land, 1980). The 8O values (-9.7%o
to -7.1%. VPDB) of BADs from central Tarim Basin are
comparable to those (-9.0%o to -7.6%0 VPDB) of the sur-
rounding matrix dolomite but more negative than those of
their counterparts from the outcrop and northern part of
the basin, indicating the former could have been subject
to intense recrystallization or later diagenetic alteration
during deeper burial (e.g.,Machel, 2004, 1997). Applying
the calcite-fluid oxygen-isotope fractionation equation of
Land (1983), and assuming the surface temperatures of
20 to 25 °C (e.g.,Guo et al., 2020, 2016; Jiang et al.,
2016), the 80 values of the Early—Middle Ordovician
seawater vary from -7.4%o to -4.7%0. VSMOW (Figure 15).
Applying the dolomite-fluid oxygen-isotope fractionation
equation of Vasconcelos et al. (2005) for low-tempera-
ture dolomites, and assuming the precipitation tempera-
tures of 30 to 50 °C (i.e., slightly higher than surface tem-
peratures and lower than the critical roughening tempera-
ture of 50—60 °C (Sibley and Gregg, 1987; Gregg and
Sibley, 1984) for dolomites at shallow depth (e.g., Jiang
et al., 2016), the 5'°0 values of the parental fluids, from
which the BADs in the outcrop of western Tarim Basin
was precipitated, range from -7.5%o to -0.9%. VSMOW
(Figure 15). In contrast, the 'O values of dolomitizing
fluids for the precipitation of BADs in northern and central
Tarim Basin vary from -3.8%0 to +1.3% VSMOW and
from -2.6%o to +1.8%0 VSMOW (Figure 15), respectively,
based on the estimated precipitation temperatures (30 to
50 °C) for BADs from the northern part and the T, values
(73.6—85.7 °C) for BADs from the central part. The calcu-
lated 8'°0 values of the dolomitization fluids for BAD pre-
cipitation in the outcrop of western Tarim Basin are large-
ly overlapped with but higher than those &"O values of
coeval seawater calculated from micritic limestones, im-
plying the dolomitizing fluids responsible for BAD precipi-
tation are mainly characterized by slightly evaporated
seawater (i.e., mesosaline seawater) (e.g., Guo et al,
2020, 2017, 2016; Qing et al., 2001; Jones et al., 2000).
In addition, the calculated 5O values of the dolomitizing
fluids within burrows in northern and central Tarim Basin
are also largely overlapped with the calculated 5O val-
ues for BADs in western Tarim Basin but are more posi-
tive than "0 values of coeval seawater (Figure 15), sug-
gesting these dolomites were precipitated from more *O-
enriched fluids that were likely characterized by more in-
tensively evaporated seawater. Although the recrystalliza-
tion within "*O-enriched fluids as a result of enhanced
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water-rock interaction can lead to higher 8O values of
resultant dolomites, the absence of positive covariance
between 3"0 and ¥Sr/*Sr (Figure 11) rules out this pos-
sibility. Moreover, the large overlap of ®Sr/*Sr ratios of
BADs with those of micritic limestones and coeval seawa-
ter (Figure 11) also suggests that the dolomitizing fluids
could have derived from the contemporaneous seawater.
Based on the stable isotopes, major and trace elements,
previous studies also suggested that the dolomites with
similar 5°C and ¥Sr/*Sr signatures to the BADs could be
formed from evaporated seawater or seawater-derived
fluids (e.g.,Hu et al., 2019, 2011; Zhu et al., 2010; Shao
et al., 2002). This also supports the conclusion that the
BADs should be formed from variably-evaporated coeval
seawater.

5.1.1.3 Formation mechanism of BADs The BAD
formation have been interpreted as linking to anoxic con-
ditions (Meister et al., 2007; Mazzullo, 2000; Baker and
Burns, 1985), the presence of sulfate-reducing bacteria
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Figure 15. Cross-plot of 5'°0 versus temperatures of different types
of BADs and early-stage calcite cements. For BADs (a), the

=273 x 10° T? + 0.26 (Vas-
concelos et al., 2005) and 10°Ina,, . oquq = 3-2 X 10° T2 — 3.3 (Land,
1983) was applied for low- (< 50 °C) and high-temperature (> 50 °C)
dolomites, respectively. For calcite phase (b), the calcite-fluid equa-
=278 x 10° T? — 2.89 (Land, 1983) was used.
Note the progressive increasing trend in ®O enrichment of parental

dolomite-fluid equation: 10°Ina

dolomite-fluid

tion: 10°INa_, g
fluids from the western (outcrop; OC) through northern (YQ5) to cen-
tral (Z19) parts of the Tarim Basin. Abbreviations: BAD. Burrow-
associated dolomites; BAC. burrow-associated calcites; Cal-02.
early-stage calcite cements; E—M Ordovician SW. Early—Middle Or-
dovician seawater.

(SRB) (Wright and Wacey, 2005; van Lith et al., 2003),
the occurrence of marine-sourced organic matter (Corlett
and Jones, 2012; Bontognali et al., 2010; Slaughter and
Hill, 1991), and a sufficient supply of magnesium (Ma-
chel, 2004; Warren, 2000; Morrow, 1982). Recently, Cor-
lett and Jones (2012) have documented petrographic
and geochemical contrasts between dolomites and cal-
cites both infilling burrows in the Middle Devonian Lonely
Bay Formation, Northwest Territories, Canada. The au-
thors concluded that the early selective dolomitization of
burrow infills could be operative when the specific four
prerequisites mentioned above were obtained. The Ying-
shan Formation in the Tarim Basin was commonly devel-
oped solely in marine depositional environments (Guo C
et al., 2018b; Lin et al., 2013; Guo F et al., 2010; Feng et
al., 2007). In such a circumstance, the supply of Mg*
sourced from normal seawater or slightly evaporation-
modified seawater, the occurrence of sulfate-reducing
bacteria and marine-derived organic material, and the an-
oxic conditions could be obtained (e.g., Schulz and Zabel,
2006; Haley et al., 2004). The burrow infills in the Ying-
shan Formation, however, are not exclusively character-
ized by dolomite in composition (Figure 6). In addition, the
presence of BADs corresponds to relatively low sea-level
conditions, whereas the development of BACs is related
to relatively high sea-level conditions. These suggest that
other factors (i.e., Mg* concentration) could have also
controlled the precipitation of burrow-associated carbon-
ates (e.g., Hardie, 1987; Folk and Land, 1975).

A conceptual model was invoked to explain the BAD
development (Figure 16). During relatively high sea level,
water circulation between the lagoon and open ocean
was comparatively excellent. The lagoon was likely occu-
pied by seawater with a normal salinity, in which massive
burrows were probably formed by burrowing organisms
and filled with normal seawater of normal salinity (Figure
16a). Meanwhile, reflux dolomitization may only occur in
peritidal to shallow lagoonal settings near the coastline
when hypersaline brines percolated through the underly-
ing sediments due to a density difference between evapo-
rated seawater and the underlying pore water caused by
an elevation in salinity as a result of evaporation (e.g.,
Jiang et al., 2013; Qing et al., 2001; Jones et al., 2000;
Adams and Rhodes, 1960). Under conditions of long-
term low sea-level, the water circulation of the lagoon to
open ocean became progressively limited due to the bar-
rier effect of high-energy platform rims during relatively
low sea-level, leading to the occupation of comparatively
evaporated (i.e., mesosaline to penesaline) seawater
with relatively elevated concentration of magnesium ions
(Mg*)in lagoonal environments (Figure 16b). In such a
circumstance, both fine-grained sediments and burrow-
infills in lagoonal environments could have been com-
pletely dolomitized by the reflux of these modified fluids
(Figures 4c and 8a, 8g, 8h) (Kaufman, 1994; Sun, 1994).
In the case of relatively low concentration and limited
supply of Mg* due to the comparatively weaker barrier ef-
fect of high-energy platform rims, only were burrow infill-
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ings completely dolomitized, leaving surrounding matrix
limestones unaffected (Figures 4a, 4b, 4d, 8c, 8e). In
contrast, under conditions of long-term high sea-level,
neither burrow-infills nor matrix rocks were not affected
by the dolomitization process even during short-term rela-
tively low sea level (Figures 5 and 16c¢). This is likely at-
tributed to comparatively good water circulation between
the lagoon and open ocean due to the progressively
weakened barrier effect of high-energy platform rims,
leading to the occupation of nearly normal seawater in la-
goonal environments (Figure 16c).

Burrowing organisms notably alter the properties of

sediment substrates in various ways, including biome-
chanical and biochemical modification (Gingras et al.,
2004b; Bromley, 1996). The physical processes of bur-
rowing can cause a reduction in grain size (Chow and
Longstaffe, 1995), which provides larger surface areas to
interact with dolomitizing fluids and provides a significant
number of nucleation sites per given volume for dolomite
crystals (Gingras et al., 2004b; Sibley and Gregg, 1987).
Open burrows or burrows filled with backfilled loose lime
materials served as potential open conduits to the sedi-
ment-water interface and also to the fluids contributing to
the formation of burrow-associated carbonates. More-
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over, these burrows maintained a particular geochemical
microenvironment, which might occur as a few cm-scale
zone extending into sediment substrates (Gingras et al.,
2004b). In addition, burrows also could render excellent
substrates for bacterial colonization because of localized,
concentrated organic material in the form of mucous or
faecal material within burrow linings (Gingras et al.,
2004b). There were masses of free SO, , ions present
within the oxic to suboxic sub-environments, which proba-
bly hamper the precipitation of dolomite (Slaughter and
Hill, 1991; Hardie, 1987) and lower the Mg/Ca ratio
through binding with Mg® (Gingras et al., 2004b). It has
been suggested that dolomite can be preferentially
formed by the microbe mediation (e.g., sulfate reduction
bacteria as indicated by the presence of framboidal py-
rites; Figure 8h) under reducing conditions (Wright and
Wacey, 2005; van Lith et al., 2003; Vasconcelos and
McKenzie, 1997; Vasconcelos et al., 1995). Within bur-
row microenvironments, there was an anoxic zone char-
acterized by abundant CO, and NH,, common products
in the geochemical setting (Gingras et al., 2004b). The re-
action of ammonia with water (NH, + H,O — NH; + OH")
effectively raises the pH of the interstitial fluids in and
around the burrow networks, which, in turn, increase the
activities of the bicarbonate ions (HCO;), facilitating the
direct dolomite precipitation (Gingras et al., 2004b). Un-
der reducing conditions, the combination of elevating pH
and decreasing sulfate ions consumed by sulfate-
reducing bacteria (indicated by the presence of framboi-
dal pyrite; Figure 8h) is crucial to the precipitation of dolo-
mite within burrow networks in the submarine and/or shal-
low burial conditions (Baldermann et al., 2015; Gingras
et al., 2004b). Thus, this geochemical microenvironment
is a favorable site for the precipitation of dolomite facilitat-
ed by microbe mediation (Gingras et al., 2004b; van Lith
et al., 2003). In addition, the cation enrichment on burrow
linings were mobile and migrated forth and back between
anoxic and oxic zones. These locally-concentrated cat-
ions in concert with the Mg® from interstitial waters
(aforementioned mesosaline to penesaline brines) chan-
neling primarily through networks of burrows offer a likely
local source of Mg* for dolomitization, also promoting do-
lomite precipitation (Mirsal and Zankl, 1985). Moreover,
dolomite precipitation may extend from the margins of
burrows into the surrounding matrix limestones, forming
mm-thick dolomitic zones composed of floating dolomite
rhomb crystals. It is noted that limestones with dolomi-
tized burrows probably may be subject to massive reflux
dolomitization concurrently or later, leading to the com-
plete replacement of limestones by dolomites (Figure
16b).

5.1.2 Origin of burrow-associated calcites

As mentioned above, the formation of burrow-
associated carbonates was closely associated with la-
goonal environments with variably restricted water ex-
change with open ocean. In contrast to BADs, the strati-
graphic distribution (in the upper part of the Yingshan For-

mation) of BACs and their close relationship with relative-
ly higher sea-level conditions with rare early-forming dolo-
mites (Figure 6) indicate that the BACs in western Tarim
Basin were likely formed in restriction-improved settings
that were not favorable for early dolomite development.
Additionally, the good correlation between the occur-
rence of BACs and the transgression of long-term (e.g.,
second-order) depositional sequences (Figure 6) sug-
gests that the formation of BACs was dictated by long-
term sea-level variations on a larger scale. Moreover, the
BACs preferentially occur in the lower — middle part of
meter-scale cycles, pointing to the close association of
BAC development with high-frequency sea-level fluctua-
tions. In contrast to western Tarim Basin, the BACs were
not encountered in the covered intervals of drilling wells
from the subsurface of northern and central Tarim Basin
(Figure 7), also suggesting the development of BACs is
also determined jointly by sea-level variations of variable
orders and paleo-topography (depositional environ-
ments), similar to the BADs (see Section 5.1.1).

The non-luminescence of BACs points to a reducing
condition where Fe* ions were extensively present (Rich-
ter et al., 2003; Machel, 1985). The &"°C values (-1.6%o
and -1.1%. VPDB) of BACs are in agreement with those
of their surrounding limestones (-1.6%o to -0.9%. VPDB)
and brachiopods (-3.0%0 to 0 VPDB; Shields et al., 2003;
Veizer et al., 1999; Qing and Veizer, 1994) precipitated
from coeval seawater, indicating their formation in equilib-
rium with seawater-derived brines. Taking into consider-
ation their slightly higher precipitation temperatures than
matrix limestones, the 8O values (-8.1%0 and -7.6%o VP-
DB) of BACs are comparable to those of (-7.8%o to -7.0%o
VPDB) of the surrounding limestones, also pointing out
their seawater origin.

5.2 Origin of Early-Stage Calcite Cements

The early-stage calcite cements commonly occluded
completely or partially the porosity of BADs in the Tarim
Basin (Figures 4c and 8e—8h), but predated the emplace-
ment of hydrocarbons that were derived from the Cambri-
an to Lower Ordovician source rocks (Yang et al., 2011).
Under this circumstance, the precipitation of early-stage
calcite cements from the pore water after the BAD devel-
opment could have been ceased due to the hydrocarbon
charge (e.g., Guo et al., 2016; Tucker and Wright, 1990)
from the underlying source rocks of the Cambrian to Low-
er Ordovician (Yang et al., 2011). This process may lead
to the preservation of residual porosity after the precipita-
tion of early-stage calcite cements. The &"°C values
(-2.0%0 to -0.7%0. VPDB) of early-stage calcite cements
are comparable to those of surrounding micritic lime-
stones and brachiopods precipitated in equilibrium with
coeval seawater (Figure 10) (Shields et al., 2003; Veizer
et al., 1999; Qing and Veizer, 1994), indicating they were
formed from seawater-derived fluids. Applying the calcite-
water oxygen-isotope fractionation equation of Land
(1983), the &'°0 values of parental fluids of early-stage
calcite cements vary from +1.5%o to +5.5%0 VSMOW (Fig-
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ure 15) on the basis of their 5O values (-9.2%o to -7.1%o
VPDB) and T, values (77.7-93.4 °C). The estimated 5'°O
values of fluids from which early-stage calcite cements
were precipitated are much higher than those of coeval
seawater (-7.4%o to -4.7%0 VSMOW) and parental fluids
(-7.5%o0 to +1.8%0 VSMOW) of the BADs in the Tarim Ba-
sin (Figure 15), indicating a drastic concentration of *O in
fluids. It has been suggested that the enrichment of O in
fluids could be caused by evaporation and/or fluid-rock in-
teraction (e.g., Dong et al., 2017; Gregg et al., 2015; Ji-
ang et al.,, 2013; Machel, 2004; Warren, 2000; Budd,
1997). The petrographic evidence of matrix and burrow-
associated dolomites (see Section 4.2), however, has
ruled out the possibility of evaporation-induced "®O enrich-
ment. Thus, fluid-rock interaction during progressive buri-
al was likely a viable mechanism accounting for the con-
centration of "0 in fluids responsible for early-stage cal-
cite cement precipitation.

5.3 Reservoir Implications

In the past, the dolomitization process was consid-
ered to improve the porosity and permeability of carbon-
ate reservoirs due to the volume decrease of resultant
dolomites relative to their precursor limestones (Weyl,
1960). However, numerous studies have later revealed
that the dolomitization process does not necessarily lead
to an advance in petrophysical properties (e.g., Machel,
2004; Warren, 2000; Saller and Henderson, 1998; Lucia
and Major, 1994). The impact of dolomitization on porosi-
ty and permeability of carbonate reservoirs is complicat-
edly governed by the combination of source and quantity
of magnesium ions, hydrological driving mechanism, geo-
chemical properties of dolomitizing fluids, and other fac-
tors (Saller and Henderson, 1998; Land, 1985).

Although the BADs have been reported as effective
hydrocarbon reservoirs (e.g., Golab et al., 2017; Baniak
et al., 2013, 2014; Gingras et al., 2004a), this type of do-
lomite within the Yingshan Formation shows distinctive
petrophysical properties. As mentioned above (see Sec-
tion 4.2), the BADs in dolomitized intervals in western
and central Tarim Basin have better reservoir properties
than those hosted in matrix limestones (Figures 4 and 8).
In addition, the BADs in the northern part of the basin are
also present in micritic limestones but display low reser-
voir potential (Figures 8c and 8d). The variation in petro-
physical properties of the BADs in different parts of the
Tarim Basin is most likely ascribed to their different diage-
netic histories that they have undergone (Figure 9). Pe-
trographic and geochemical evidence suggest that
burrow-associated carbonates were formed in near-
surface to shallow burial settings. In western and central
Tarim Basin, the overgrowth of BAD crystals was fol-
lowed by early-stage calcite cement (C2) (Figures 8e, 8f,
89, 9), which was probably sourced from dissolution and
re-precipitation of host limestones during deeper burial.
Afterward, the precipitation of early-stage calcite ce-
ments was finally ceased due to the emplacement of hy-
drocarbon from the underlying source rocks of the Cam-

brian to Lower Ordovician Age (Yang et al., 2011), lead-
ing to the retainment of relic intercrystalline porosity (Fig-
ures 4c, 8g, 8h). Meanwhile, the dissolution of BADs
could have been operative by acidic fluids derived from
the maturing process of source rocks as evidenced by
corroded edges of dolomite crystals (Figures 8g and 8h).
In contrast, the BADs in northern Tarim Basin are mainly
characterized by tightly-packed crystals (Figures 8c—8f),
which is attributed to the continuous overgrowth of dolo-
mite crystals owing to the absence of hydrocarbon em-
placement.

Overall, only could porous BADs serve as potential
reservoirs for hydrocarbons. Burrow-related, selective do-
lomitization, however, developed distinctive textural het-
erogeneity, which was manifested by chaotically distribut-
ed, permeable conduits (burrows) and tortuous flow
paths (Baniak et al., 2013; Gingras et al., 2004a). This
heterogeneity made reservoir development complicated
and formed a dual-porosity and dual-permeability system
(Gingras et al., 2004a). In addition, the stratigraphic distri-
butional heterogeneity also makes it difficult to predict
the spatial and temporal distribution of the BAD reser-
voirs. Therefore, although the BADs can act as potential
reservoirs for hydrocarbons, the prediction of their distri-
bution still needs further studies.

6 CONCLUSIONS

Based on detailed field and core investigations, pe-
trographic, and isotopic (C-O-Sr) geochemical analyses,
and fluid inclusion microthermometry on the burrow-
associated carbonates of the Lower—Middle Ordovician
Yingshan Formation in the Tarim Basin, main conclusions
are drawn as follows.

(1) The development of burrow-associated carbon-
ates was likely controlled by the interaction of sea-level
oscillations of variable orders and paleogeography (depo-
sitional facies).

(2) The dolomitizing fluids responsible for the precipi-
tation of the BADs in the Tarim Basin are probably char-
acterized by slightly evaporated (i.e., mesosaline to pene-
saline) seawater, whereas the parental fluids of BACs
are likely represented by nearly normal seawater.

(3) In addition to anoxic conditions, the presence of
sulfate-reducing bacteria, the occurrence of marine-
sourced organic matter, and a sufficient supply of magne-
sium, other factors (i.e., Mg® concentration) may also de-
termine the formation of BADs.

(4) The relatively porous BADs develop a dual-
porosity and dual-permeability system due to heterogene-
ity and occur as potential reservoirs for hydrocarbons in
the Tarim Basin. Their development was likely ascribed
to the emplacement of hydrocarbons from underlying
source rocks of the Cambrian to Lower Ordovician.
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