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An integrated petrographical and geochemical study of the massive dolomite of the lower Ordovician
Penglaiba Formation of the Tarim Basin, outcropping at Yonganba recognized three dolomite types: very
finely to finely crystalline nonplanar-a to planar-s dolomite (D1); medium crystalline planar-s to planar-e
dolomite (D2); and coarse crystalline nonplanar-a dolomite (D3). All have been affected by burial. D1 and
D2 dolomites developed initially before or during shallow burial and later recrystallized, whereas D3
dolomite replaced the initial limestone entirely during burial. All three dolomites have similar
geochemical features. The D2 dolomite tends to have more inter-crystalline pores (inherited from pri-
mary pores) and higher porosity due to its outstanding compaction resistance during shallow burial;
whereas D3 dolomite does not retain appreciable primary pores due to strong cementation and pressure
dissolution before dolomitization. This study provides a useful model for understanding the origin and
porosity development of burial dolomite, in particular Paleozoic dolomite.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Massive dolomite has an important potential for both hydro-
carbon and minerals, and its origin has been an enigma to geolo-
gists for centuries, despite a series of models of dolomitization put
forward to interpret its ubiquitous occurrence in the stratigraphic
record (Adams and Rhodes, 1960; Land, 1980, 1985; Morrow, 1982;
Hardie, 1987; Tucker and Wright, 1990; Sun, 1994; Budd, 1997;
Machel, 2004; Davies and Smith, 2006). Burial dolomites are sub-
surface cements and replacements that form below active phreatic
zone reflux and mixing zones in permeable intervals flushed by
warm to hot magnesium-enriched basinal and hydrothermal wa-
ters (Warren, 2000), and burial dolomitization has been considered
as one of the main sources of massive dolomite (Al-Aasm, 2000;
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Warren, 2000; Machel, 2004; Carmichael and Ferry, 2008; Ronchi
et al., 2011; Conliffe et al., 2012; Azomani et al., 2013; Lapponi
et al., 2014; Guo et al., 2016; Dong et al., 2017), besides the pene-
contemporaneous dolomitization related to evaporative environ-
ments (Folk and Land, 1975; Sun, 1994; Qing et al., 2001; Rott and
Qing, 2013).

Numerous researchers have focused on burial dolomitization
(Mazzullo, 1992; Reinhold, 1998; Wierzbicki, 2006; Conliffe et al.,
2012), including its mechanism and geochemical features. How-
ever, it remains difficult to unequivocally interpret the origin of
ancient, deeply buried dolomite because of the possible modifica-
tion during progressive burial, possibly causing recrystallization
and chemical alteration (Land, 1980, 1985; Gregg and Shelton, 1990;
Al-Aasm, 2000; Al-Aasm and Packard, 2000). Such alteration might
make dolomite formed by replacement of precursor limestone
especially difficult to successfully distinguish from that formed by
recrystallization of former (or contemporaneous) dolomite. For
Paleozoic dolomite, this distinction is especially crucial because it
potentially dictates porosity development, which is a key
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determinant reservoir and
exploration.

The Lower Ordovician Penglaiba Formation of the Tarim Basin,
Northwest China, consists of dolomite that is more than 200 m
thick, consisting mainly of crystalline dolomite intercalated with
limestone beds. Lots of researchers have paid attention on the
dolomite of Lower Ordovician Penglaiba Formation of the Tarim
Basin, and it has been indicated that Penglaiba Formation dolomite
has undergone pervasive burial dolomitization (Hu and Jia, 1991;
Gu, 2000; Yang et al., 2000; Shao et al., 2002; Zhu et al., 2008; Zhao
et al.,, 2012; Qiao et al., 2012; Zheng et al., 2013), and influenced by
tectonic hydrothermal dolomitization related to Permain Magmatic
event (Zhu et al. 2009, 2010; Zhang and Luo, 2010; Jiao et al., 2011;
Xing et al,, 2011; Zhao et al., 2012). However, even though there are
some researchers proposed that there are the penecontempora-
neous dolomites occurred in Penglaiba Formation (Qian and You,
2006), most of the burial and hydrothermal dolomites were
believed to be transferred directly from limestone to dolomite, with
fewer consideration of the recrystallization of penecontempora-
neous dolomite under the burial or hydrothermal dolomitization
(Wuetal., 2008; Zhu et al., 2009), and the criteria to distinguish the
limestone-replaced dolomite from the contemporaneous dolomite-
recrystallized dolomite keep uncertain, which would be crucial for
the evolution and preservation of porosity and, thus, for hydro-
carbon reservoir evolution.

Penglaiba Formation dolomite cropping out along the Yonganba
outcrop trend in the Bachu area of the northwest Tarim Basin
provides an ideal opportunity to investigate the formation of
dolomite and burial dolomite. In this paper, we analyze the origin of
burial dolomite and analyze the influence of burial dolomitization
on porosity. We use a systematic petrographic and geochemical
analysis, including X-ray diffraction (XRD), cathodoluminescence,
Electron Microprobe and Electron back scattered diffraction image
(EBSD) and analysis of carbon and oxygen isotopes, strontium iso-
topes, and trace elements, to support the sedimentological and
petrographic analysis.

in hydrocarbon development

2. Geological setting
2.1. Depositional setting and stratigraphy

The Tarim Basin is a large, complex sedimentary basin in
Northwest China, with an area of 560,000 km? (Fig. 1a). During the
Cambrian and Ordovician periods, it was situated in the southern
hemisphere at low latitude close to the South China Platform (Yu
et al, 2001). At that time, its west part was a large, stable,
shallow marine carbonate platform, on which up to 2000 m of
carbonate sediments was deposited (Fig. 1a) (Gu, 2000; Cai et al.,
2001; Zheng et al., 2007). The platform was rimmed with micro-
bial buildups during the Cambrian (Gao et al., 2006), and then it
transformed into an epeiric platform during the Early Ordovician,
as characterized by subtidal—intertidal deposits (Zhu and Ma,
1991), stacking as shallowing-upward cycles.

The Lower Ordovician record of the Tarim Basin includes the
Penglaiba Formation and the lower Yingshan Formation, overlaid
by the upper Yingshan and Yijianfang Formations of the Middle
Ordovician age (Fig. 1b). The Penglaiba Formation features inter-
bedded dolomite and limestone, with the lowermost and upper-
most sections dominated by limestone intercalated with dolomite
and the middle part mainly dolomite intercalated with sparse
limestone (Qiao et al., 2012). The Yingshan Formation features a
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dominance of limestone intercalated with dolomite, showing an
upward decrease in the proportion of dolomite; the dolomites are
mostly scattered, euhedral dolomite rhombs along stylolites in the
upper part of the Yingshan Formation (Qiao et al.,, 2012). The
variation in dolomite abundance through this succession reflects, at
least in part, basin-wide environmental changes in temperature
and seawater chemistry over geologic time (Arvidson and
Mackenzie, 1999).

The Yonganba outcrop trend is located at the west margin of the
Bachu uplift, which is connected to the central uplift to the east and
to the Keping fault-uplift to the northwest (Fig. 1a and c). The
Penglaiba Formation in the Bachu uplift region, consistent with
those in the Keping and Aksu areas, features interbedded dolomite
and limestone, continuous laterally up to 100 km (Qiao et al., 2012).
This study focuses on the lower section of the Penglaiba Formation,
which consists mainly of dolomite intercalated with sparse lime-
stone (Fig. 1b).

2.2. Burial history and tectonic evolution

The Tarim Basin has undergone multiphase tectonic activity and
structural deformation (Kang and Kang, 1994). The burial history
for Lower Ordovician successions in the Bachu uplift is illustrated in
Fig. 2. Lower Ordovician rocks entered the shallow burial stage soon
after deposition and entered the deep burial stage after the Silurian,
achieving depths of more than 2000 m. During the Permian, owing
to the collision of the middle Tianshan island arc and the Tarim
plate, the south Tianshan Ocean closed and the Keping-Bachu uplift
formed (Zhang et al., 2001; Ding et al., 2012). Eventually, during the
Miocene, strong fold-and-thrust tectonics produced the Kepingtage
imbricate thrust belts (Zhang et al., 2001).

3. Materials and methods

A detailed field survey and description of the Penglaiba For-
mation of the Yonganba outcrop trend in Bachu County were car-
ried out and one section exposed well was measured carefully in
order to recognize the sedimentary structure, lithologies, and
stacking patterns (Fig. 3a). Additionally, in order to examine the
detail petrographic and geochemical features of dolomite, more
than 101 plug samples with the length of approximate 10 cm were
collected within a window with the area of 10 m x 15 m (Fig. 3b) for
thin section production and for geochemistry testing. Next, a
careful petrographic and cathodoluminescence examination of thin
sections was performed. In order to examine the ordering degree
and analyze carbon and oxygen stable isotopes, strontium isotopes,
and trace elements and Rare Earth Elements (REE), various types of
dolomite were selected. XRD was used to analyze the stoichiometry
and, thus, the ordering degree of different types of dolomite.
Additionally, Electron Microprobe and Electron back scattered
diffraction image (EBSD) were performed on the thin sections of
several typical dolomite samples to check the mineral type of in-
clusions and the variation of element content within the dolomite
crystals.

Carbon, oxygen, and strontium isotope measurements were
obtained from powders that had been collected from the outcrop
plug samples. For stable carbon and oxygen isotopes, about 10 mg
of powder was reacted with 100% phosphoric acid for 4 h at 50 °C.
The resultant CO, was analyzed for oxygen and carbon isotopic
ratios on a DELTA V™ Advantage mass spectrometer, as described
by Pan et al. (2016). For strontium isotope analysis, 100—150 mg
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Fig. 1. (a) Regional tectonics of the Tarim Basin and basinal distribution of the Penglaiba Formation. (b) Lower to Middle Ordovician basinal stratigraphy. (c) Geologic map of the

study area and the location of the Yonganba outcrop trend.

sample powders were dissolved using a mixture of 1 mL of anhy-
drous HNO3 and 1 mL of HF in a crucible at 190 °C for 48 h.
Strontium was extracted using conventional exchange procedures
(Baadsgard, 1987). The 87Sr/®%Sr ratios were measured on a Triton
Plus thermal ionization mass spectrometer and corrected relative
to the NBS987 standard, as described by Pan et al. (2016).

Trace elements and REEs were performed on a Thermal X series
2 equipped with a Cetac ASX-510 AutoSampler. Approximately
50 mg of sample powder was digested in Teflon bomb with double
distilled concentrated HNO3—HF (1:4) mixture. The dissolution was
maintained on an oven at 185 °C for 3 days. The solutions were then
dried down to evaporate HF. The sample residues were re-dissolved
with double distilled concentrated HNOs followed by 1:1 HNO3 and
dried again. Then, the samples were dissolved in a final 3 mL 2 N
HNO3 stock solution. Finally, sample solution was diluted to 4000
times with 2 percent HNO3; and added with 10 ppb 61Ni, 6 ppb Rh,
In and Re internal spikes. United States Geological Survey (USGS)
standard W-2a was used as reference standard and crossed checked
with BIR-1, BHVO-2 and other reference materials. Instrument drift
mass bios were corrected with internal spikes and external moni-
tors. The ICP-MS procedure for trace element analysis follows the
protocol of Eggins et al. (1997) with modifications as described in
Kamber et al. (2003) and Li et al. (2005).
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All the above experiments were performed in the Key Labora-
tory of Carbonate Reservoir of China National Petroleum
Corporation.

4. Results
4.1. Occurrences of dolomite

The Lower Ordovician dolomite of the Tarim Basin has four
types of occurrence: sparse dolomite in limestone, patch dolomite
in dolomitic limestone, bedded dolomite, and massive dolomite
along faults (Qiao et al., 2012). The Penglaiba Formation in the
Bachu area is featured by the bedded dolomite with the thickness of
up to 200 m that is overlained and covered by the tight lime
grainstone (Fig. 4). In the vicinity of limestone beds, dolomite are
interbedded with grainstone layers, and in the upper part of the
dolomite section it can be observed that patch limestones are
surrounded by dolomite (Fig. 4). Within the dolomite section,
crystalline dolomites are intercalated with stromatolitic dolomites
and siliceous rocks. Stromatolitic dolomites are mostly located
within the bottom of cycles. Siliceous rocks appear as layer or
patches and nodules within dolomite, and layered siliceous rock
mostly occurs within the range of 30 m to diabase layer, whereas
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Fig. 2. Burial curve of Lower Ordovician rocks in the northwest Tarim Basin (modified from Hu, 1993).

siliceous patches and nodules cover a wider range.

The focus of this study is on the lower part of the Penglaiba
Formation, which is part of the section characterized by thin-
bedded, medium, and massive dolomites (Fig. 5a and b). Medium
to massive dolomites show cross-bedding, whose thickness varies
laterally from 20 to 150 cm (Fig. 5a and c). In these medium to
massive dolomites, residual patch-like limestone blocks were
observed, with the boundary between limestone and dolomite
being ambiguous. This situation clearly differentiates Penglaiba
dolomites from those found in classic hydrothermal dolomite.
Thin-bedded Penglaiba dolomite is mostly ~10 cm thick (Fig. 5a and
d) and is probably related to supratidal environments. Silicification
is common in the section as beds and lenticular bodies (Fig. 5a and
b).

4.2. Structures of dolomite

Measured section revealed that the dolomites of the Penglaiba
Formation include structural types, such as crystalline, algae
laminate, and zonal dolomite, also as mentioned in previous re-
searches (Gu, 2000; Wu et al.,, 2008). The studied window in this
paper consists solely of crystalline dolomite, including very finely
to finely crystalline dolomite, medium-crystalline dolomite, and
coarsely crystalline dolomite, and occasional residual limestone
(Fig. 5b).

4.2.1. Very finely to finely crystalline nonplanar-a to planar-s
dolomite (D1)

In the outcrop, D1 dolomite shows thin beds and beds of 10 cm
thickness (Fig. 5a and c). In thin sections, D1 dolomite crystals,
10—100 pm in size, commonly show nonplanar-a to planar-s
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textures (Fig. 6a). Locally, slightly coarse dolomite crystals
commonly show a subhedral or petal-like cloudy center sur-
rounded by a clear rim, and the dark fabric seems to be microbial
laminae (Fig. 6¢). Under cathodoluminescence, D1 dolomite shows
dull or nonluminescence with brighter luminescence on the crystal
edges (Fig. 6b and d).

4.2.2. Medium-crystalline planar-s to planar-e dolomite (D2)

In the outcrop, D2 dolomite shows cross-beds with thicknesses
between 10 and 50 cm (Fig. 5a and c). In thin sections, D2 dolomite
crystals, approximately 100—400 pm in size, are present mainly as
euhedral to subhedral crystals (planar-s to planar-e textures)
(Fig. 7a and b) and show dull or nonluminescence with brighter
luminescence on the crystal edges (Fig. 7c), and some samples have
multiple zonal features under cathodoluminescene (Fig. 7d). The
relatively large crystals generally show a cloudy center surrounded
by a clear rim. Ghosts of grains were observed, comprising mosaic
D2 associations (Fig. 7a and b). Additionally, stylolites are still
recognizable with weak orientation trends evident. Intercrystalline
pores are present and are apparently related to grainstone textures
(Fig. 7a and b). BESI images revealed that the D2 dolomite has
relatively homogeneous crystals with no calcite inclusion
(Fig. 7e—i). Siliceous material is observed as dolomite-shape like or
patch like (Fig. 7e—i). Some of siliceous material occupies the core
of dolomite crystal and has dolomite-like shape and some dolomite
inclusions (Fig. 7h and i).

4.2.3. Coarsely crystalline nonplanar-a dolomite (D3)

In the outcrop, D3 dolomites are intercalated with D2 in cross-
beds (Fig. 3a and d). In thin sections, dolomite crystals of this
type are typically 400—800 pm in size, up to 1500 pm maximum,
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Fig. 3. Photographies showing the studied area and sampling positions. (a) Picture showing the location of measured section and studied window in Penglaiba Fm. The red arrow
points to the diabase layer intercalated within the dolomite; (b) Picture showing the sampling positions (colorful spots, different color help to locate the sample position) within the
studied window (positions seen in a), note that the dash lines chase the crossbedding boundaries, blue lines show the boundaries of layers.

showing mainly nonplanar-a textures (Fig. 8a and b) and dull or
nonluminescence with brighter luminescence on the crystal edges
(Fig. 8c). These dolomite crystals commonly show irregularly
curved crystal surfaces and appear as mosaic textures with rare
intercrystalline pores (Fig. 8a and b). Locally, ghost outlines of
precursor particles (mostly peloids) can still be traced under the
microscope (Fig. 8a and b). This grainstone texture could be
recognized within single D3 crystals (Fig. 8a and b). The incorpo-
ration of multiple grainstone ghosts within single D3 crystals is
unlike the situation seen in D2 grainstone ghosts. Additionally,
some coarsely crystalline D3 dolomites show planar-s to planar-e
textures with a cloudy center surrounded by a clear rim. Stylo-
lites were also observed in D3 dolomite. EBSD image and element
mapping revealed that, different from the feature of D2 dolomite
with rare calcite inclusions, D3 dolomite crystals commonly host
lots of calcite inclusions, which happened randomly within any-
where of the crystal (Fig. 8d—f). Calcite inclusion has irregular
shape and could be up to 80 um (Fig. 8d—f), and it seems that those
larger inclusions tend to occur along the crystal edges but not be
constrained by the boundary of the crystal (Fig. 8d—f). Additionally,
quartz inclusions were observed within the bright edges of D3
dolomite (Fig. 8g).

4.24. Grainstone (L) with coarsely crystalline dolomite (D4)

In the outcrop, L grainstones are cross-bedded or massive with
bed thicknesses of 0.5—1.5 m. In thin sections, L grainstone shows a
classic grainstone texture, consisting of intraclasts or peloids
mostly cemented tightly by two-generation calcites (Fig. 8h and i).
The tight grainstone cementation keeps these regions
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undolomitized, situated directly within D3 dolomite beds, either
with ambiguous boundaries or interbedded with dolomites. Coarse
but irregular dolomite crystals (D4) occur between particles or
along stylolites (Fig. 8h and i); in some cases, such dolomites are
seen replacing other crystals in a fabric-destructive way (Fig. 8h and
i). D4 dolomite shows cathodoluminescence features similar to
those of D3 dolomite (Fig. 8j).

Quartz cements were observed frequently, either partially or
completely filling vugs, fractures, and intercrystalline pores. In thin
sections, quartz cements immediately envelop dolomites, on which
corrosive microreliefs may be locally present. Volumetrically, these
quartz cements are of minor importance, making up less than 2% of
the rocks.

Chert nodules and layered cherts were intercalated within
dolomite in the studied section (Fig. 3a). Thin section observation
revealed that precursor textures were preserved within chert
nodules and layered cherts.

4.3. Geochemistry results

4.3.1. Ordering degree by XRD and element composition by EP

A wide range of ordering degrees is displayed across the
different dolomite types. D1 dolomite generally shows ordering
degrees from 0.62 to 0.85, with an average of 0.74 (Table 1, Fig. 9a).
D2 dolomite shows generally higher ordering degrees compared to
D1 dolomite, ranging from 0.70 to 0.89, with an average of 0.81
(Table 1, Fig. 9a). The ordering degree of D3 dolomite varies widely
from 0.45 to 0.98, with an average of 0.76 (Table 1, Fig. 9a).

EBSD and element composition by EP indicate that D3 dolomite
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Fig. 5. Features of the study outcrop. (a) A 2D sketch showing the studied window with lithology and sample positions. (b) Stratigraphic column of the study section showing
sedimentary structures and crystal size profile, position in Penglaiba Formation seen in Fig. 4. (¢) Photo of thick-bedded, medium-crystalline dolomite with cross-bedding. (d) Photo
of outcrop showing thin-bedded, finely crystalline dolomite intercalated with thick-bedded, coarsely crystalline dolomites.

has complicated structure and element composition, including
calcite and quartz inclusions and various Mg/Ca ratio from 0.728 to
1.073 (Table 2). Calcite inclusions in edges of D3 dolomite seem
have higher Na and K contents and less Sr than those in the cores of
D3 dolomite.

4.3.2. Mn and Sr contents by ICP-MS

Different types of dolomite show different ranges of Mn and Sr
contents (Fig. 9b). D1 dolomite generally shows Mn contents
ranging from 34.2 to 78.3 ug/g, with an average of 62.6 ug/g. As for
Sr, D1 dolomite generally shows Sr contents ranging from 61.0 to
121.3 pg/g, with an average of 111.7 pg/g (Table 1, Fig. 9b). D2
dolomite yields Mn contents ranging from 64.2 to 103.6 pg/g, with
an average of 78.0 pg/g. As for Sr, D2 dolomite yields Sr contents
ranging from 31.4 to 87.1 ug/g, with an average of 50.8 nug/g (Table 1,
Fig. 9b). In short, D1 dolomites show generally lower Mn and higher
Sr contents compared to D2 dolomites. The Mn and Sr contents of
dolomites tend to show a negative correlation (i.e., with the
decrease of the Sr content, the Mn content increases) (Table 1,
Fig. 9b).

D3 dolomite shows a wider range of Mn and Sr contents. The Mn
content in D3 dolomite varies from 22.1 to 114.0 pg/g, with an
average of 57.3 pg/g. The Sr content in D3 dolomite varies from 42.6
to 191.9 pg/g, with an average of 85.7 ng/g (Table 1, Fig. 9b).
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4.3.3. Oxygen and carbon stable isotopes

D1 dolomite yields 3C values ranging from —1.289%0
to —2.875%0 VPDB, with an average of —1.864%.. As for oxygen, D1
dolomite yields 3'80 values ranging from —6.080%0 to —7.757%o
VPDB, with an average of —7.315%. (Table 1, Fig. 9c). D2 dolomite
generally shows 3'3C values ranging from —0.471%0 to —1.902%o,
with an average of —1.194%o. As for oxygen, D2 dolomite generally
shows 380 values ranging from —5.988%o to —8.456%. VPDB, with
an average of —7.208%o (Table 1, Fig. 9c). For D3 dolomite, the 3'3C
values vary from —0.013%0 to —2.909%c VPDB, with an average
of —1.362%o, and the 3'80 values vary from —5.524%o to —12.810%o
VPDB, with an average of —8.649%o (Table 1, Fig. 9c). Overlaps be-
tween different dolomites are substantial for 313C and 580 values.
The 3'80 values of D1 and D2 dolomites are distributed in a similar
range, with similar average values (Table 1, Fig. 9¢). D3 dolomite
shows a wider range of 5'80 values, but almost all of these values
fall within the respective estimated isotopic ranges of calcite
precipitated from late Cambrian—Early Ordovician seawater (Qing
and Veizer, 1994; Veizer et al., 1999; Shields et al., 2003): —11.1%o
to —6.0%o VPDB for 3'80 and —3.0%o0 to 0%o VPDB for 5!3C. The only
exceptions are two D3 dolomite samples yielding 5'80 values as
extreme as —13.0%o VPDB.

4.3.4. 87Sr/%6sr ratio
D1 dolomite yields 37Sr/®5Sr ratios ranging from 0.709152 to
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Fig. 6. Micrograph and cathodoluminescence images of very finely to finely crystalline dolomite (D1). (a) Microscope photo showing very finely crystalline dolomite with fractures
filled with zonal doomite. (b) Cathodoluminescence photo of the sample shown in (a) showing dull or nonluminescence features and bright luminescent edges of dolomite filled
within a fracture. (c¢) Micrograph showing finely crystalline dolomite with a cloudy center and probable microbial laminae. (d) Cathodoluminescence image of the sample shown in
¢ showing dull or nonluminescence features and orange luminescence around the crystal edges.

0.709308, with an average of 0.7092084 (Table 1, Fig. 9d). D2
dolomite yields 87Sr/20sr ratios ranging from 0.708825 to 0.710198,
with an average of 0.7095883, clearly higher than that of D1
dolomite (Table 1, Fig. 9d). The 87Sr/38sr ratios of D3 dolomite show
a wider range, from 0.708957 to 0.709786, with an average of
0.7093717 (Table 1, Fig. 9d). Most samples show 87Sr/26Sr ratios
higher than the estimated value of contemporaneous seawater:
0.7085—0.7091 (Fig. 9d) (Qing et al., 1998; Wadleigh and Veizer,
1992).

4.3.5. Rare Earth Elements (REEs)

The REE patterns and abundances in dolomites and limestone
are very similar with enriched LREE (Light REE), and comparably D1
dolomites seem have relatively higher and narrower range of HREE
(Heavy REE) (Table 3, Fig. 10), and three types of dolomites have
comparable mean values of total REE (SREE contents of 4.398 ug/g
for D1 dolomite, 3.178 pg/g for D2 dolomite, and 4.448 pg/g for D3
dolomite).

5. Discussion
5.1. Paragenesis and dolomitization stages

5.1.1. Paragenesis

Burial history and petrography features revealed that the Pen-
glaiba Formation experienced at least three stages of diagenetic
modification (Fig. 11), including penecontemporaneous stage,
burial dolomitization stage, and post dolomitization stage.

Penecontemporaneous stage is featured by the compaction and
rimed cements surrounding the intraclasts (Fig. 8g, h). The
stylolite-like contact and the absence of rimed cements between
some of the particles revealed that the compaction happened
pretty early (Fig. 8i), and the fact that the compaction modified the
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rimed cements suggests they both happened during pene-
contemporaneous stage (Fig. 8h).

During burial stage, many kinds of diagenesis occurred,
including cementation, dolomitization, stylolite, fracturing, and
silicification, and the relation between the dolomite and stylolite
and fracture suggests at least three generation of stylolite and three
generation of fracturing (Fig. 11). During shallow burial stage of late
Ordovician to Silurian, with the increase of pressure and temper-
ature, first generation of stylolite started forming, and corre-
spondingly, second generation cementation in grain limestone
happened and the cements filled most of the spaces between the
particles, which is a crucial diagenesis for the destruction of
intergranular porosity. During this stage, it is observed that the
stylolite was modified by dolomitization with only ambiguous
shape left in some cases (Fig. 12a). The second generation of sty-
lolite featured by the stylolite-like contact of D3 dolomite crystals
and cut the D2 dolomite (Fig. 12b), occurred probably during late
Devonian to early Carboniferous Hercynian uplift, corresponding
the fractures cut the D2 and D3 dolomite with dolomite filled. All
the dolomite fabrics were cut by silicification, calcite veins, and
third generation of stylolite (Fig. 12¢), and the close relationship of
silicification with the diabase layer suggest that stylolite and silic-
ification occurred during Permian when the volcanic province
formed.

5.1.2. Dolomitization stages

Middle Ordovician scattered, euhedral dolomite rhombs along
stylolites grade into pervasive, dense, interlocking mosaics of
anhedral Lower Ordovician dolomite typical for dolomites formed
during burial diagenesis. Furthermore, the paragenesis frame
constrains at least three dolomitization stages, including pene-
contemporaneous, shallow burial, and Hercynian tectonic related
dolomitization.
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Fig. 7. Micrographs, cathodoluminescence, and EBSD images of medium-crystalline dolomite (D2). (a) Micrograph showing features of planar-s to planar-e D2 dolomite with
residual grainstone fabric and intergranullar porosities; (b) micrograph showing the arrangement of dolomite crystals controlled by primary grainstone fabric and intercrystalline
pores converted from intergranular pores; (c) cathodoluminescence image of sample shown in (b) showing dull or non-luminescence features of dolomite and bright luminescence
around the crystal edges; (d) cathodoluminescence image of D2 dolomite showing zonal luminescence features; (e) EBSD micrograph of D2 dolomite showing the homogeneous
dolomite crystals with quartz and intercrystalline pores; (f) Ca element mapping of sample shown in (e) showing homogeneous structure within the dolomite; (g) Mg element
mapping of sample shown in (e) showing homogeneous structure within the dolomite; (h) EBSD micrograph of D2 dolomite showing the quartz replaced the dolomite, with some
dolomite inclusions within quartz; (i) Si element mapping of sample shown in (h) showing the quartz replaced the dolomite, with some dolomite inclusions within quartz.

Penecontemporaneous dolomitization is believed occurred,
based on the observation that D1 dolomite recrystallined and
fracture filling dolomite simultaneously (Fig. 6a), which points to
the sequence of penecontemporaneous dolomitization, fracturing,
and dolomite recrystallization. Additionally, the fine crystalline,
fabric-retentive nature and dull cathodoluminescence suggest early
dolomitization of marine lime mud at near-surface conditions prior
to significant compaction, similar to the case for Lower Ordovician
dolomites of eastern Laurentia (Azomani et al., 2013).

Shallow burial dolomitization is featured by the close relation of
dolomite and stylolite. The fact that the D2 dolomite modified the
stylolite (Fig. 12a) and D3 and D4 dolomite distributed along the
stylolites (Fig. 8g) suggests that the dolomitization occurred during
burial stage, which is consistent with the Mazzullo's (1992) state-
ment that nonplanar textures (D3 dolomite) developed most
commonly in the burial environment above the CRT (Critical
Roughening Temperature, about 60 °C according to Gregg and
Shelton (1990). Additionally, the preservation of intergranular
porosity and residual grainstone fabric in D2 dolomite probably
revealed that the penecontemporaneous dolomitization occurred
before the rock is buried too deep to form pervasive stylolite and
prevent from the significant cementation, and the zonal feature of
D2 dolomite crystals and crosscut with stylolite suggest they
recrystallized during shallow burial environment (Fig. 12a, b).

The D4 dolomites in grainstone mostly follow stylolites or
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expand from intergranular pores (Fig. 8¢g, h, i) proved that they
formed in burial environment, meanwhile or shortly later than the
period of D2 formed, and the similarity of cathodoluminescene
features of D3 dolomite and D4 dolomite suggest the consistency of
their origins, and the features of grainstone fabric in single D3
dolomite crystal and tightly cemented residual grainstone patches
within D3 dolomite beds imply that the dolomitization for D3
dolomite occurred after mineral stabilization and was fabric-
destructive. Additionally, the mosaic or stylolite-like contact of D3
dolomite suggest the following compaction probably during early
Hercynian tectonic movement of late Devonian to early Carbonif-
erous. Permain volcanic activity related silicification and fracturing
constrain that all the dolomite formed before them.

5.2. Geochemistry and dolomitization fluids

5.2.1. Ordering degree and major and trace elements

Ordering degrees, as examined by XRD, could be used to analyze
the crystal features of dolomite. Ordering degrees higher than 0.8,
as seen in D2 dolomite and some D3 dolomite, typically indicate
near-stoichiometric dolomite (Fig. 9a). Some D3 dolomite shows
ordering degrees lower than 0.8, pointing to an Mg ion deficit and a
less stoichiometric dolomite (Fig. 9a). This situation is typically
interpreted as a result of partial dolomitization. In this scenario, the
dolomite contains more calcite inclusions (Machel, 2004); the
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Fig. 8. Micrographs, cathodoluminescence, and EBSD images of coarsely crystalline dolomite (D3) and dolomite patch (D4) in grainstone. (a) Micrograph showing D3 with planar-e
textures and grainstone fabric within single dolomite crystal; (b) Micrograph showing D3 with mosaic contact and brighter edges; (c) Cathodoluminescence photo of (b) showing
dull luminescence features of D3 dolomite cores and orange luminescence features of D3 dolomite edges, note that the boundaries between dull cores and orange edges are
irregular. (d) BESI Micrograph showing the irregular D3 dolomite crystals with lots of calcite inclusions (white spots), and calcite inclusion seems uncontrolled by crystals; (e) Ca
element mapping by EP showing the distribution of calcite inclusions (red color); (f) Mg element mapping by EP showing the heterogeneous dolomite structure due to the calcite
inclusions (blue to green color). (g) BESI micrograph showing the internal structure of D3 dolomite cores and edges, note that zonal structure and quartz inclusions are observed in
edges, with less calcite inclusions than the core of dolomite, green spots point the location of EP analysis. (h) Micrograph showing the D4 dolomite occurred along the stylolite, with
grainstone cemented tightly. (i) Micrograph showing D3 grainstone cemented tightly and coarse but irregular dolomite crystals (D4) occurring between D3 particles, replacing the
grainstone gradually. (j) Cathodoluminescence image of the sample shown in i showing dull luminescence features of D4 dolomite and nonluminescence features of D4 grainstone.

degree of measured cation order increases with the percentage of
dolomite despite a dolomite composition remains relatively con-
stant. Additionally, D1 dolomites show relatively low ordering de-
grees (<0.8), implying Sabkha-like dolomitization, which is
consistent with the observed petrographic features.

The Sr and Mn concentrations in carbonate are controlled by
distribution coefficients (Banner, 1995), with normal seawater
precipitating Sr-enriched and Mn-depleted calcite (or aragonite).
The distribution coefficient of Sr in dolomite is less than 1
(0.039—-0.048, Banner, 1995) and only half the value of the Sr
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distribution coefficient in calcite (Vahrenkamp and Swart, 1990;
Banner, 1995), whereas the distribution coefficient of Mn in dolo-
mite is higher than 1 (Vahrenkamp and Swart, 1990). Consequently,
more Sr cations tend to stay in the diagenetic fluid, whereas more
Mn cations tend to enter the crystal lattice during the dolomite
replacement of calcite and the recrystallization of dolomitization
(Banner, 1995; Huang et al., 2006). These patterns together produce
the negative correlations across dolomites (here, the D1 and D2
dolomites) of Sr and Mn (Fig. 9b) and of Sr and the ordering degree
(Fig. 13a). Additionally, diagenetic reactions mediated by marine



Z.-F. Qiao, S.-N. Zhang, A.-]. Shen et al.

Petroleum Science 18 (2021) 1323—1341

Table 1
Geochemical data for different dolomites of the Penglaiba Formation.

No. Dolomite Ordering degree Mn, pg/g Sr, gl 3'3C, PDB%o 380, PDB%o 875r/85sr
YAB-1 D1 0.85 54.1 70.2 —2.875 -7.570 0.709308
YAB-2 D1 0.71 783 108.1 -1.819 -7.757 0.709196
YAB-3 D1 0.72 771 121.3 -1.471 —6.080 0.709165
YAB-4 D1 0.62 34.2 197.7 —1.289 —7.851 0.709152
YAB-5 D1 0.81 69.5 61.0 — — 0.709221
YAB-6 D2 0.70 60.7 82.6 — — 0.708825
YAB-7 D2 0.77 76.6 87.1 —0.649 —5.988 0.709409
YAB-8 D2 0.84 103.6 314 -1.131 —7.396 0.709771
YAB-9 D2 0.80 72.5 383 -0.471 —6.423 0.709892
YAB-10 D2 0.84 86.6 43.7 —-1.902 —8.456 0.710198
YAB-11 D2 0.84 74.1 351 - — 0.70959
YAB-12 D2 0.89 71.7 37.7 -1.818 -7.777 0.709433
YAB-13 D3 0.88 64.2 93.1 — - 0.709467
YAB-14 D3 0.76 67.8 57.9 — — 0.709566
YAB-15 D3 0.80 114.0 77.7 - — 0.709565
YAB-16 D3 0.76 67.1 58.8 -1.519 —7.845 0.709162
YAB-17 D3 0.98 62.4 42.6 -1.119 —-7.927 0.709239
YAB-18 D3 0.83 80.8 58.0 - — 0.709786
YAB-19 D3 0.82 78.4 50.2 — — 0.709455
YAB-20 D3 0.84 743 62.5 —1.209 —8.458 0.709661
YAB-21 D3 0.81 834 514 —0.575 —-8.131 0.709422
YAB-22 D3 0.80 83.8 80.7 —0.460 -8.539 0.70927
YAB-23 D3 0.80 52.8 152.6 —2.909 -8.351 0.709327
YAB-24 D3 0.83 76.6 81.3 -1.598 —8.268 0.709329
YAB-25 D3 0.96 67.3 523 —1.083 —9.260 0.709265
YAB-26 D3 0.78 34.6 108.7 —2.199 -8.165 0.709183
YAB-27 D3 0.69 31.8 75.4 —1.587 —12.810 0.709525
YAB-28 D3 0.71 22.1 105.7 —0.990 —6.910 —
YAB-29 D3 0.73 331 56.7 -1.194 —8.236 0.709325
YAB-30 D3 0.45 26.7 191.9 -1.901 —5.524 0.708957
YAB-31 D3 0.74 42.8 741 —0.967 —8.599 0.709563
YAB-32 D3 0.62 254 56.5 -1.118 -8.394 0.709207
YAB-33 D3 0.59 47.8 139.8 0.013 —8.859 0.709322
YAB-34 D3 0.64 23.2 158.5 —2.735 —-12.751 0.709210

pore waters may alter the Sr/Ca and Mg/Ca ratios of the fluids
involved in dolomitization (Baker and Burns, 1985; Kimbell and
Humphrey, 1994; Banner, 1995), during replacement and/or
recrystallization in the burial stage, the Sr concentration in dolo-
mite or calcite tends to decrease, whereas the Sr concentration in
diagenetic fluids tends to increase, so more Sr cations have the
opportunity to enter the crystal lattice for late-formed dolomite
(Banner, 1995). This probably explains the wide range of Sr and Mn
distributions despite their distinct correlation. In contrast, the
wider range of Sr and Mn contents in D3 dolomite of low ordering
degree is attributed to the residual calcite composition or to calcite
inclusions in D3 dolomite, as well as to potentially varied Sr con-
centrations in diagenetic fluids. The pattern of high Sr and low Mn
concentrations in D1 dolomite is also consistent with the inter-
pretation of penecontemporaneous dolomitization.

5.2.2. C O, and Sr isotopes and REE

C and O isotopes of all types of dolomite, in spite of their wide
range, fall within the estimated isotopic ranges for calcites
precipitated from late Cambrian—Early Ordovician seawater (Qing
and Veizer, 1994; Veizer et al., 1999; Shields et al., 2003): —11.1%o
to —6%0 VPDB for 3'80 and —3.0%0 to 0%c VPDB for 3'3C. The rela-
tively negative 3'0 of D3 dolomite than D1 and D2 dolomite
probably resulted as the dolomitization in later and deeper burial
environment, as proposed in the Monterey Formation of California
by Malone et al. (2010) that the variation in the 580 compositions
of the dolomites is the result of their more extensive recrystalli-
zation at the higher temperatures during burial. On the other hand,
all types of dolomite show 37Sr/8sr ratios higher than the value of
contemporaneous seawater: 0.7085—0.7091 (Wadleigh and Veizer,
1992; Qing et al.,, 1998). Unlike trace elements and stable C and O
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isotopes, Sr isotope compositions of carbonate minerals directly
record fluid isotope compositions (Banner, 1995). A comparison of
the ordering degrees, Sr contents, oxygen isotopes, and &7Sr/%6Sr
ratios shows that the Sr content decreases (Fig. 13a) and 87Sr/%6sr
ratios increase (Fig. 13b) with increasing ordering degree of dolo-
mite, whereas the 87Sr/80sr ratios increase with decreasing Sr
content (Fig. 13c) and with the depletion of oxygen isotopes
(Fig. 13d). The good correlation of the Sr content, oxygen isotopes,
875r/86sr ratios, and ordering degrees is interpreted as related
substantially to water—rock interaction (i.e., replacement or
recrystallization of dolomite) in a burial environment (Sibley and
Gregg, 1987; Reinhold, 1998; Montanez and Read, 1991).

Huang et al. (2006) noted that the 87Sr/®5Sr ratios in dolomite in
the Feixianguan Formation of the northeast Sichuan Basin
increased above contemporaneous seawater values and increased
with decreasing Sr content, and they attributed this pattern to
contamination of the system by allochthonous radioactive Sr. Azmy
et al. (2001) noted that the 87Sr/®6Sr ratios in pre-Cambrian dolo-
mites of the Sao Francisco Basin clearly increased above contem-
poraneous seawater values at a relatively high homogeneous
temperature, and again they interpreted this pattern as a result of
radioactive Sr brought in by dolomitizing fluid circulated from
underlying clastic formations. However, the Penglaiba Formation
dolomites’ distinct correlation of ordering degree, Sr and Mn con-
tents, and 37Sr/®0Sr ratios across different dolomite types points to
seawater-derived dolomitizing fluid, as presented by Zhang et al.
(2008). Indeed, the fluid that drives the formation of replacement
dolomite normally is either seawater or seawater-derived fluid
(Land, 1985; Hardie, 1987; Budd, 1997). Notably, some researchers
have reported past hydrothermal activity in the study area (Sun
et al,, 2007; Zhu et al. 2009, 2010; Zhang and Luo, 2010; Jiao
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Fig. 9. Geochemistry of various Penglaiba Formation dolomites. (a) Ordering degree of various dolomites. (b) Sr and Mn contents of various dolomites. (¢) 5'0 and 5'>C of various
dolomites. (d) 87Sr/®Sr ratios of various dolomites.

Table 2
Element composition of dolomite and inclusions by Electron Probe (point positions in Fig. 8g).

Analyzed points Mg, mol% Ca, mol%» Mg/Ca MgO Ca0 Na,O KO Al,03 SiO; P,0s SOs3 TiO,p, MnO FeO ZnO SrO BaO  total

1 0.894 98.065 0.009 0348 53.193 0.274 0.024 0.000 0.000 0.022 0.000 0.151 0.000 0.098 0.000 0.155 0.000 54.265
2 51.222 48.516 1.056 24317 32.047 0.000 0.012 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 56.376
3 51.287 48.453 1.058 24.133 31.722 0.000 0.000 0.000 0.071 0.000 0.050 0.000 0.000 0.024 0.000 0.000 0.000 56.000
4 2.428 97.246 0.025 0995 55423 0.067 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 56.485
5 50.818 48.974 1.038 23916 32.069 0.049 0.034 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 56.068
6 51.684 48.176 1.073 24396 31.641 0.000 0.000 0.000 0.000 0.026 0.000 0.000 0.000 0.000 0.000 0.000 0.000 56.063
7 50.552 49.332 1.025 23.832 32360 0.000 0.000 0.000 0.000 0.000 0.026 0.000 0.000 0.000 0.000 0.000 0.000 56.218
8 50.698 49.026 1.034 23422 31.514 0.000 0.000 0.000 0.000 0.000 0.000 0.079 0.000 0.000 0.000 0.000 0.000 55.015
9 3.722 95.925 0.039 1.515 54.327 0.000 0.000 0.000 0.087 0.058 0.021 0.000 0.000 0.000 0.000 0.000 0.000 56.008
10 50.488 49.272 1.025 24.049 32.656 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.083 0.000 56.788
11 / / / 0.817 1396 0.000 0.000 0.145 82.278 0.000 0.052 0.000 0.000 0.000 0.116 0.000 0.000 84.804
12 41.639 42.151 0.988 18345 25.840 0.000 0.020 0.112 10516 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 54.848
13 42.021 57.700 0.728 23.165 31.809 0.000 0.000 0.000 0.041 0.000 0.000 0.058 0.000 0.000 0.000 0.000 0.000 55.073
14 / / / 0.030 0.268 0.000 0.000 0.000 88.096 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 88.394
15 50.907 48.599 1.047 23.247 30.880 0.000 0.000 0.000 0.145 0.000 0.000 0.082 0.057 0.000 0.061 0.000 0.000 54.472
16 / / / 0.072 0.245 0.000 0.000 0.059 88.856 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 89.232
17 1.037 97.800 0.011 0439 57.582 0.493 0.123 0.000 0.000 0.000 0.051 0.000 0.000 0.000 0.000 0.000 0.000 58.688
18 51.024 48.615 1.050 24296 32.209 0.035 0.017 0.000 0.000 0.000 0.056 0.000 0.000 0.000 0.000 0.000 0.000 56.613
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Table 3
Rare Earth Element of different types of dolomite (ug/g).
No. Dolomite Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu SREE
YAB-1 D1 0713 0957 1734 0206 0732 0141 0041 0138 002 0112 0023 0071 0011 0065 0009 4973
YAB-2 D1 0773 0958 1993 0219 0782 0153 0031 0147 002 0131 0024 0077 0011 0078 001 5407
YAB-3 D1 0388 0.674 1303 0.143 0537 0098 0019 0099 0014 0064 0014 0035 0006 0034 0005 3433
YAB-5 D1 0546 0685 1392 0.144 0559 0102 0021 0111 0015 008 0018 005 0006 0038 0005 3.778
YAB-6 D2 0586 0628 1261 0.147 0528 0108 003 0114 0015 0094 0019 0051 0008 0048 0007 3.644
YAB-7 D2 0935 0921 1.858 0.196 0763 0.148 0032 0153 0022 0139 0026 0075 0011 0059 0008 5346
YAB-8 D2 0309 0413 0812 0096 0358 0074 0016 0062 0009 0058 0011 0035 0005 0028 0004 229
YAB-9 D2 0335 035 0708 0083 0302 0057 0014 006 0009 0053 0011 0037 0005 003 0004 2058
YAB-10 D2 0479 0433 085 0.101 0383 0072 0015 0079 0013 008 0016 0047 0006 0046 0006 2.626
YAB-11 D2 0351 0423 0831 0097 0335 0068 0015 0072 0009 006 0012 003 0005 0026 0004 2338
YAB-12 D2 0484 0755 1433 0.165 0622 0136 0024 0112 0016 0085 0016 0048 0007 0039 0005 3.947
YAB-13 D3 0498 0.678 1393 0.149 0542 0108 0032 0111 0014 0085 0017 0045 0006 0046 0006 3.73
YAB-14 D3 0662 0829 1999 0177 0603 0125 0032 0114 002 0109 0021 0064 0009 0058 0008 4.83
YAB-15 D3 0.839 1.098 2665 0309 1233 0236 0048 0204 0021 014 0029 008 0011 0073 0011 7.005
YAB-16 D3 051 058 1106 0.128 0454 0088 0021 0093 0014 0084 0015 0048 0006 0041 0006 3.194
YAB-17 D3 0483 0476 0861 0.104 0374 0074 0016 0078 0015 0083 0014 004 0005 0037 0005 2.665
YAB-18 D3 0816 0.699 1339 0152 058 011 0027 0127 0021 0118 0022 0066 0008 0055 0.007 4.153
YAB-19 D3 0301 0501 097 0104 0389 0084 0015 0074 0009 0056 0011 0036 0005 0031 0004 259
YAB-20 D3 0361 0.656 1226 0.142 0529 0099 002 0102 0013 007 0011 0036 0005 0034 0004 3308
YAB-21 D3 0546 1488 2792 0297 1131 0167 003 016 0019 0092 0018 0051 0007 0047 0007 6852
YAB-22 D3 0858 1.033 1951 0227 0838 0145 004 0159 0023 0134 0026 0076 001 0061 0009 559
YAB-23 D3 0363 0.683 1422 0.153 0548 0102 0023 0.1 0012 007 0012 0039 0005 0032 0004 3.568
YAB-24 D3 062  1.094 238 024 0919 0157 0033 0162 0019 0115 0022 0068 0008 0058 0008 5.909
YAB-25 D3 0497 1.142 1513 0.171 0.618 0.12 0.024 0.121 0016 0.087 0.017 0.048 0.007 0.044 0.007 4432
” ~ relatively higher HREE compositions of D1 dolomite probably
" Limestone (L) indicate different dolomitized fluids, which is consistent with the
Yxx Fine crystalline dolomite (D1) . . .
) i interpretation of penecontemporaneous dolomite based on the
I\\ * Medium crystalline dolomite (D2) h b .
‘\ N, - Coarse crystalline dolomite (D3) petrograp y O servations.
|
° 5.3. Burial dolomitization: replacement or recrystallization
%
e Geochemical data reveal the close relationships among the
% different dolomites, especially D2 and D3 dolomites; we take these
I&J relationships as evidence that the final states of dolomites probably
formed by either replacement or recrystallization. However,
petrographic data provide more detailed information on these
rocks’ dolomitization histories.
In the framing of Mazzullo's (1992) four criteria for recognizing
altered dolomites, the Penglaiba Formation dolomites would pre-

REE

Fig. 10. Rare Earth Element patterns of different types of dolomite and limestone of
Penglaiba Fm. in Yonganba Outcrop.

et al,, 2011; Xing et al., 2011; Zhao et al,, 2012). The increase in
875r/35Sr ratios with increasing depletion of 320 across most
samples probably reveals the impact of hydrothermal activities, as
do the two samples with abnormally depleted 5'0 values. How-
ever, we see no evidence indicating that the dolomite was modified
significantly by hydrothermal fluids during or after dolomitization.

The REE composition of diagenetic carbonates is controlled by
its precursors (e.g., Azmy et al., 2011) and reflected in the retention
of their REE normalized pattern (Fig. 10). Thus, correlation of the
REE compositions of dolomites with those of their precursor may
shed light on the nature of the dolomitizing fluids (Azmy et al.,
2013). The great similarity in =REE contents and pattern of D2
and D3 dolomites as well as limestone supports the interpretation
of similar dolomitized fluid sources, i.e., dolomite inherited the REE
from the limestone during burial dolomitization or the dolomitized
fluids are seawater-derived fluids that limestone deposited from, as
suggested by Zhang et al. (2008) and Zheng et al. (2013). In contrast,
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sent a complicated history. For D1 dolomite, little doubt exists
regarding its formation and evolution. Petrographic and
geochemical features tend to suggest penecontemporaneous
dolomitization: the finely crystalline, fabric-retentive nature and
dull cathodoluminescence, high Sr and low Mn concentrations,
relatively high 5180, late alteration or recrystallization according to
the high ordering degree, slightly elevated 37Sr/®Sr ratios, and
coarser dolomite crystals with clear rims. The main controversy lies
in whether D2 and D3 dolomites are formed by direct replacement
of grainstone to dolomite or by recrystallization of precursor
dolomite.

The fact that D4 dolomite occurs between particles or along
stylolites reveals that it is formed by direct replacement of grain-
stone. Additionally, patch-like D4 dolomites and D4 dolomites sit-
uated in intergranular areas occur in a single thin section (Fig. 8h, i)
and show petrographic features and cathodoluminescence similar
to those of D3 dolomite (Fig. 8j), showing that they share a common
origin with D3 dolomite. D4 and D3 dolomites together provide a
complete picture of replacive dolomite formed in burial environ-
ments. Dolomitizing fluids firstly moved through intergranular
pores or stylolites and dolomitization occurred during shallow
burial stage. Then, dolomite gradually replaced the grainstone,
destroying fabrics including both particles and cements. Conse-
quently, the grainstone texture was preserved in single D3 and D4
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Periods € (0] S D C P T
Diagenetic Penecontemporaneous Early dia— Middle dia— Late dia— Epigene
stage stage Burial dolomitization stage Post dolomitization stage
Geothermal
gradient x10-2 °C/m 3.0
Depth,m
1000
2000 +
3000 1 “’@P “@P *{ﬁ’ &9’} "b‘:’%g '19%9 'ﬁ;\g
Cementation Isopachous cement Intergranular cement Calcite vein
— s ——
Stylolite Modified by dolomite Stylolite contact of D3 Cut dolomite
i Shallow burial
Dolomiti- . . S .
Zation Finely dolomite recrystallization Burial replacement
Fracturing Fracture filling Cut dolomite Cut chert
modified by dolomite — — S ——
Silicification —

Fig. 11. Chart showing the paragenesis and dolomitization stages of Penglaiba Fm. of Yonganba Outcrop.

Fig. 12. Micrography images showing the relation of stylolite and dolomitization. (a) Micrograph showing stylolite modified by dolomitization with only ambiguous shape left; (b)
Micrograph showing stylolite cut the D2 dolomite fabric, note that the incomplete dolomite crystals along the stylolite; (c) Micrograph showing stylolite cut the D3 dolomite.

dolomite crystals (Fig. 8h, i, and 14). Even though the dolomitiza-
tion initiated in intergranular pores or stylolites, dolomitization
was pervasive and fabric-destructive under the long history of
burial and the influence of tectonic movement. This mechanism
likely resulted in the seawater-derived geochemical characteristics
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of Penglaiba Formation dolomite.

Compared to D1 dolomite, D2 dolomite is more stoichiometric
(i.e., it has a higher ordering degree and is coarser in crystal size,
with a planar texture, 380 and Sr depletion, and cloudy crystal
centers surrounded by clear rims). All these features of D2 dolomite
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Fig. 13. Geochemistry of various Penglaiba Formation dolomites. a Relationship between the Sr content and dolomite ordering degree. b Relationship between the 7Sr/%%Sr ratio
and dolomite ordering degree. ¢ Relationship between the Sr content and 87Sr/%6Sr ratio. d Relationship between the 7Sr/®5Sr ratio and 3'%0.

comply with the criteria for recognizing the recrystallization of
preexisting dolomite proposed by Mazzullo (1992). Additionally,
thin section observations revealed that D2 dolomites tend to show
ghosts of particles visible only when a white piece of paper is
placed between the thin section and the light source, but only
rarely appearing as fabric-retentive under normal microscope light
transmission. Such evidence that the arrangement of D2 dolomite
is strictly influenced by precursor textures supports the recrystal-
lized dolomite hypothesis (Fig. 14), as in Kaczmarek and Sibley's
(2011) contention that the initial dolomite phase provides a
compositional template for future dolomite growth. Additionally,
recrystallization is governed by heterogeneities in permeability,
mineralogy, and corresponding reaction kinetics (Machel, 2004).
Medium-to coarsely crystalline dolomite crystals with a
nonplanar and/or planar texture and a relatively narrow size dis-
tribution could result from the recrystallization of older, low-
temperature dolomites (Sibley and Gregg, 1987; Gregg, 2004),
like the Penglaiba Formation's D2 dolomite, in which case we
should expect showing a close relationship to the precursor texture.
However, D3 dolomitization was strongly fabric-destructive. The
fact that D2 and D3 dolomites show similar geochemical trends

may indicate that they were formed or modified by the similar
dolomitizing fluid. As Machel (2004) pointed out, if the fluids are
hot and flow relatively quickly, and if they encounter highly porous
preexisting dolostones, the latter may significantly recrystallize
such that the resulting textures and geochemistry reflect the hot
recrystallization event rather than the original dolomitization
event. Meanwhile, the fluids also could cause the porous grainstone
to be replaced by dolomite showing similar geochemical features.
Thus, combination of the petrography with geochemistry suggests
that D2 dolomite resulted from the recrystallization of preexisting
dolomite (mostly like penecontemporaneous dolomite), whereas
D3 dolomite formed by the replacement of precursor limestone.
The different evolution routine of the dolomite caused the distinct
petrography features and similar geochemical features.

To sum up, burial dolomitization includes both the recrystalli-
zation of preexisting dolomite and replacement of precursor
limestone, and compared to the geochemistry features, the more
important criteria to distinguish them would be the petrographic
features, including: calcite inclusion, dolomite crystal structure,
and the arrangement of dolomite crystals. The dolomite experi-
enced the recrystallization tends to has less calcite inclusions,
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Recrystallized dolomite particle (D2 dolomite)

B o3 colomite

Fig. 14. Sketch showing the evolution routines of recrystallization of preexisting dolomite (D2 dolomite) and replacement of precursor limestone (D3 dolomite).

better ordered phases, and be arranged under the control of pre-
cursor fabric, whereas those formed by direct replacement of pre-
cursor limestone are inclined to be fabric-destructive, nonplanar
texture, and less porosity. What's needed to point out is that the
recrystallization of preexisting dolomite failed to show the ho-
mogenization of primary cathodoluminescent zonation as pro-
posed by Mazzullo (1992), in contrast, the recrystallized dolomite
shows obvious zonal features under cathodoluminescent.

One of remaining questions is why D2 dolomitized but D3 didn't
before burial dolomitization. In spite of no direct evidence found, it
is believed that it is attributed to the depositional and early stage
diagenesis factors. Measured section revealed that Penglaiba For-
mation consists of lots of high frequency sequences composed of
subtidal to intertidal cycles. In the framework of sequence stratig-
raphy, sediments in different part of sequences had distinct po-
tential to the diagenesis. Those deposited in transgressive system
tract tend to experience stronger cementation, whereas those in
top part of cycles in the highstant system tract are inclined to
experience stronger dissolution or penecontemporaneous dolo-
mitization (Moore, 2001). Thin section analysis revealed that, even
though both D2 and D3 are originally grainstone, D2 grainstone has
apparently larger particle and better winnowed compared D3
grainstone (Fig. 7a,b and Fig. 8ab), and more intragranullar
porosity in D2 suggested relatively stronger meteoric dissolution, in
addition that the grainstones with D4 mostly are cemented tightly
and situated in the vicinity of D3 dolomite and in the lower part of
cycles indicate that D3 dolomite is the product between tightly
cemented grainstone and D2 or D1 dolomite, controlled by the
depositional sequence and early stage diagenesis.

5.4. Sources and transportation of massive dolomitized fluids

The formation of massive dolomite will definitely need massive
dolomitized fluids, especially for the burial dolomite. As for the
Penglaiba Formation in studied area, three sources of dolomitized
fluids are believed contribute to the massive dolomite based on the
geochemistry results and geological setting.

Firstly, the presence of D1 dolomite proves that sea water pro-
vided important Mg source for the penecontemporaneous dolo-
mitization both for D1 and for precursor dolomite of D2, which is
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consistent with the epeiric depositional environment characterized
by subtidal—intertidal deposits during the Early Ordovician (Zhu
and Ma, 1991). The open system during penecontemporaneous
stage leaves no doubt on the Mg ion source and transportation.

Secondly, the seawater-derived pore fluids trapped in the for-
mation played an important role on the shallow burial dolomiti-
zation. Hardie (1987) stated that Ca-rich waters may become
dolomitizing fluids at temperatures above 60 °C according to the
extrapolation from the high-temperature experiment data
(275—400 °C), which would make most natural subsurface waters
capable of dolomitization, even though dolomite has not been
unequivocally synthesized in the laboratory under ambient con-
ditions (Gregg et al., 2015). The burial history shows that Penglaiba
Formation dolomite was buried to 600 m during the Late Ordovi-
cian to Silurian time and up to 1000 m during the Devonian time,
with a corresponding temperature of up to 60 °C (Fig. 2). The
observation that dolomites formed along with stylolites suggest
burial of at least 600 m, as implied by the studies of Lind (1993) and
Fabricius (2000). Development of nonplanar crystal textures and
coarse planar textures also probably implies temperatures in excess
of about 60 °C (Machel, 2004). At that point, the grainstone had
undergone mineral stabilization to some extent but still preserved
considerable porosity tended to be dolomitized. With the
increasing burial depth and late Caledonian movement, the stabi-
lization of carbonate and formation of stylolite would exclude
considerable Mg ions and also cause the movement of formation
fluids, consequently precursor dolomite recrystallized.

Thirdly, Penglaiba Formation rocks experienced regional uplift
under the influence of thrusting during Hercynian tectonic move-
ment, which probably pushed massive dolomitized fluids through
the beds or penetrated the beds through faults, initiating the
dolomitization phase. Even though the samples in this study failed
to present obvious evidence of the fluids from other formation, it is
very likely that the Cambrian dolomitized fluids transported and
exerted an important role on the dolomitization, as mentioned by
Cai et al. (2009) and Slater and Smith (2012).

In conclusion, for the widely distributed D3, it is important that
they are interbedded with porous D2 dolomite and pervasive
dolomitized fluid continuously flow in along the beds or faults due
to regional compression. In another words, preserved porosities,
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regional fluid flow, and relatively high temperatures led to perva-
sive dolomitization.

5.5. Implications for porosity development

The contribution of dolomitization to porosity is still contro-
versial (Warren, 2000). Early models of porosity development in
dolomite used the notions of volume reduction to explain sucrosic
textures with high intercrystal porosity. That is to say, in a relatively
closed system, the replacement of limestone (calcite or aragonite)
by dolomite reduces the mineral volume, as dolomite has a smaller
molar volume compared to either calcite or aragonite; therefore,
dolomitization increases porosity (Murray, 1960; Weyl, 1960). In
contrast, Lucia and Major (1994) pointed out that if there is an
external source of carbonate and magnesium ions, then dolomiti-
zation of limestone typically results in a volume increase and a loss
of total porosity. Indeed, no dolomite forms in a totally closed
system, and external sources of carbonate and magnesium ions
would be brought in during replacement and recrystallization in a
burial environment. However, it is believed that the recrystalliza-
tion of early formed dolomite tends to cause a different evolution of
pores and porosity than the replacement of limestone by dolomite.
D2 dolomite, formed by recrystallization of early dolomite, shows
that the intercrystalline pores are closely related to the preexisting
intergranular or intragranular pores (Fig. 7a, b), and host the
highest quality reservoir (Fig. 15). We interpret the recrystallization
as dramatically changing the shape and size of previously formed
pores (Fig. 14), as mentioned by Gregg et al. (1993). D3 dolomite,
formed by the replacement of limestone by dolomite, shows that
vuggy pores and pores consisting mainly of fractures are rarely
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related to the original fabric; this is consistent with the opinion of
Lucia and Major (1994). However, the key differentiator is that D3
dolomite is probably easier to dissolve because of its more
numerous calcite inclusions. As a result, more dissolved vugs
typically formed in D3 dolomite, rather than intercrystalline pores.
The differences in D2 and D3 dolomite crystal structure and evo-
lution led in the burial stage to the differentiation of porosities
(Fig. 14), which are crucial for Paleozoic dolomite in particular since
it underwent longer and deeper burial compaction. Therefore, the
important target for hydrocarbon exploration should be D2 dolo-
mite (recrystallization of previously formed dolomite), which has a
better chance of developing a substantial reservoir body. D2 is
transformed from a previously or penecontemporaneously dolo-
mitized porous body that tends to have higher compaction resis-
tance and considerable primary porosity preserved during shallow
burial, in this case, inner to middle ramp shoal would be favorable
zone for the early dolomitization and preservation of porosity. In
contrast, primary porosity can rarely be preserved in D3 dolomite
because of the early cementation and pressure compaction during
early shallow burial before dolomitization or replacement took
place.

6. Conclusions

In the present work, we described the features and origins of
dolomite of the Lower Ordovician Penglaiba Formation in the Tarim
Basin, Northwest China, and discussed the implications of differ-
ences in recrystallization and replacement for dolomite origin and
their influence on porosity development. The major findings of this
study can be summarized as follows:

Fig. 15. Porosity isopachous chart of studied window showing the high porosity mainly distributed within the medium crystalline dolomite zone, where close to the sequence

boundaries, the same area with Fig. 5a.
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(1) The Lower Ordovician Penglaiba Formation in the Yonganba
outcrop trend of the Tarim Basin consists of three types of
dolomite: very finely to finely crystalline nonplanar-a to
planar-s dolomite (D1), medium-crystalline planar-s to
planar-e dolomite (D2), and coarsely crystalline nonplanar-a
dolomite (D3), all subject to burial dolomitization.

(2) D1 and D2 dolomites are interpreted as dolomites that are
formed before or during shallow burial and are later
recrystallized. D3 is interpreted as dolomite formed by direct
replacement of limestone during burial, probably by these
same dolomitizing fluids, so that all three dolomites show
similar geochemical features.

(3) D2 dolomite, a dolomite recrystallized from a preexisting
dolomite, tends to show more numerous intercrystalline
pores (inherited from primary pores) and higher porosity
owing to its outstanding compaction resistance during
shallow burial. D3 dolomite tends to not develop consider-
able primary pores because of the strong cementation and
pressure dissolution prior to dolomitization.
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