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The burial dissolution of carbonate rocks has long been an interesting topic of reservoir geologists. Integrated with geological
studies and reactive transport modeling, this study investigated the Cambrian dolomites that were buried at depths up to 8408m
and still preserved a large amount of unfilled dissolution vugs from the borehole TS1 in the northern Tarim Basin. Studies indicate
that these vugs were formed in association with fault-channeled hydrothermal fluids from greater depth through “retrograde
dissolution” as the fluid temperature dropped during upward migration. The reactive transport modeling results suggest an
important control of the vertical permeability of wall-rock on fluid and temperature patterns which, in turn, would control
the spatial distribution of dissolving-originated porosity. The hydrothermal dissolution mainly occurred in dolomite wall-rocks
with higher vertical permeability (extensive development of tensional fractures and connected pore spaces), producing additional
dissolved porosity there during deep burial.This study implicates the importance ofmultidisciplinary approaches for understanding
the burial/hydrothermal dissolution of dolomite rocks and predicting favourable deep/ultradeep carbonate reservoirs.

1. Introduction

It is commonly believed that about 50–60% of oil and
gas reservoirs in the world occur in carbonate rocks [1].
Carbonate reservoirs are commonly heterogeneous as a
result of complicated diagenetic processes which could have
substantially modified the pore systems [2]. For this reason,
understanding of spatial diagenetic differences and subse-
quent predicting of “sweet” reservoirs are quite a challenge
for recovery of carbonate hydrocarbon resources.

The porosity in carbonate reservoirs usually decreases
with increasing burial depth due to mechanical-chemical
compaction and subsequent cementation [3, 4]. According to

Schmoker and Halley [3], most petroleum producing reser-
voirs are buried at depths less than 6000m subsurface. How-
ever, the borehole TS1, one of the deepest petroleum wells (to
the depth of 8408m) in the world, was drilled in the northern
uplift of the Tarim Basin, northwestern China, and revealed a
large number of dissolution pores and vugs, notably a down-
ward increase in porosity, in the deeply buried Cambrian
dolomites from6884 to 8408mdeep [5].Therefore,modeling
the fluid property, pathway, and dissolution/precipitation is of
great significance in understanding the formation of vuggy
pore systems and controls in such a great depth, facilitating
exploration for the ultradeep hydrocarbon reservoirs which
were poorly constrained and understood in general.
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In recent years, reactive transport modeling (RTM) has
become an important tool for understanding the diagenetic
process and predicting their spatial patterns [6–8]. RTM
couples mineral reactions with groundwater flow, heat, and
solute transport [9]. Previous applications of reactive trans-
port models have gained a better insight into dolomitization
process [7, 10]. Based on reactive transport modeling, Lu
and Cantrell [11] predicted the dolomite pattern that agrees
with observed distribution of dolomites. RMT has also been
successfully applied for prediction of reservoir quality in
different geologic settings [8, 12, 13].

Fault-related hydrothermal alteration of carbonate rocks,
especially dolomitization, was a very important mechanism
controlling the reservoir development [14–16]. However, rare
numerical simulations have been carried out to investigate
the hydrothermal alteration (or dolomitization) on carbonate
reservoirs developed in the fault systems [8]. To improve our
understanding of diagenetic process and reservoir develop-
ment through numerical simulations, a solid study on the
geological setting and processes was the basis on which the
reservoir model is better refined and established. However,
many numerical simulations did not pay enough attention to
the geological setting and processes, limiting their application
for the complex geological realities.

In this study, we investigated the diagenetic processes and
porosity development tied to fault-controlled hydrothermal
fluids in the deep Cambrian dolomite reservoir revealed
in the ultradeep borehole TS1 (∼8408m deep) in Tarim
Basin, based on the petrographic investigation, petrophysical
data integrated with fluid reactive transport modeling using
TOUGHREACT V2 [9]. Our reactive transport modeling
focused on the critical diagenetic processes and their roles
in pore generation and plugging. This would improve our
understanding for diagenetic processes and porosity genera-
tion/reduction, facilitating prediction for the deep carbonate
(dolomite) reservoirs.

2. Geologic Setting

2.1. Depositional Setting and Stratigraphy. The Tarim Basin,
one of the biggest hydrocarbon-producing basins (with an
area of 530,000 km2) in China, is located in the northwestern
China (Figure 1). From the Cambrian to Middle Ordovi-
cian, a thick carbonate succession, up to 2000m thick, was
deposited in northern Tarim Basin (Figures 2 and 3). A
summary of stratigraphic units and their main lithologies in
platform interior of Cambrian and Ordovician is illustrated
in Figure 2, and relevant information can also be found in
[17, 18]. In ascending order, the Lower Cambrian includes the
Yurtus, Xiaoerbulake, and Wusonger formations. Of these,
the Yurtus Formation is characterized by the bedded chert,
black shale in the lower part, and argillaceous dolomite
in the upper part. The Xiaoerbulake Formation is char-
acterized by banded lenticular-like dolomite in the lower
part and banded to thin-bedded dolomite intercalated with
microbialite in the upper part. The Wusonger Formation
is characterized by argillaceous dolomite intercalated with
thin- to medium-bedded dolomite. The Middle Cambrian
includes the Shayilike and Arwatage formations; they are

characterized by variable stromatolites and reddish dolomitic
mudrock (or argillaceous dolomite) intercalated with subor-
dinate evaporites. The Upper Cambrian includes the Lower
Qiulitage Group, is characterized by cyclic peritidal facies
(thrombolite, stromatolite, and laminite) in the lower part
and oolites/grainstones withminormicrobialites in the upper
part. Toward the platform margin where the borehole TS1
is located, the equivalent strata are dominated by massive
microbial reefs (or buildups) which initially occur from the
middle Xiaoerbulake Formation (Figure 3).

In the northern Tarim Basin, a ramp carbonate platform
was built on the antecedent (Neoproterozoic) palaeohigh
during the Early Cambrian [19]; it then evolved into a car-
bonate platform rimmed with microbial buildups and sandy
shoals from the late Early Cambrian and further evolved
into sandy shoal-protected platform system from the late
Late Cambrian to the Early Ordovician (Figures 1(b) and 3).
From the Late Ordovician, the carbonate depositional system
gradually evolved into a mixed carbonate-siliciclastic system
and finally was replaced by a complete siliciclastic system
near the end of Ordovician, due to the progressive long-term
marine regression in response to the tectonic inversion to a
convergent continental margin [20, 21].

2.2. Burial History and Tectonic Evolution. Seven tectonic
units were identified in the Tarim Basin by previous extensive
seismic investigations, including three topographic uplifts
(the North, Central, and South uplifts) and four depressions
(the Kuche, North, Southwest, and Southeast depressions)
(Figure 1(a); [22]). All these had experienced multiple defor-
mations after the burial in response to multiple tectonic
movements during the Caledonian, Hercynian, Yanshanian,
and Himalayan orogenic episodes (Figure 4(a)).

The study area is located in the North Uplift which was
mainly activated during the Caledonian toHercynian phases.
The burial history for the Cambrian to Ordovician succes-
sions is illustrated in Figure 4(a) which shows that these car-
bonates experienced three episodes of significant uplift after
burial. The first episode occurred in relation to the Middle
Caledonian Orogeny during the Late Ordovician, the second
one in association with the Early Hercynian Orogeny during
the Late Devonian, and the third one in response to the Late
Hercynian Orogeny during the Late Permian [23, 24].

Three major episodes of abnormal thermal events took
place in the basin scale after the burial of Cambrian carbonate
successions. The first episode occurred during the Early
Ordovician but only localized in the central-western part of
the basin [28]. The second one, also the most intense one,
took place extensively in the entire basin during the Early
Permian [26–30] and was characterized by basic basalt lavas
and/or intrusive diabases, and intermediate acidicmagmas in
the central and northern parts of the basin, respectively [28].
The last one was active during the Cretaceous but was only
restricted around the margin of the basin [28].

2.3. Fault/Fracture System. In the dip-trending seismic pro-
file across the well TS1 in the North Uplift of Tarim Basin,
several high-angle (nearly vertical) tensional (or transten-
sional) faults with small displacement (downthrowing) are
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Figure 1: (a) Map of the Tarim Basin showing the main tectonic units (modified from He et al., [23]). Dashed rectangle denotes the location
of study area and TS1. (b) Palaeogeographic setting of the northern Tarim Basin (study area) during the Cambrian period (modified from
[17–21]). Dashed line indicates the location of seismic profile shown in Figure 3.

identified, which cut the Precambrian-Cambrian boundary
and partially extend upwards into the Ordovician (Figure 3).
Extensive interpretations from the 3D seismic datasets
demonstrate a dominance of conjugate (wrench) fault pattern

composed mainly of NE- and NW-trending fault (or frac-
ture) (X-shaped) series, respectively, with subordinate N-S-
trending tensional fault series in the Cambrian dolomites.
In the northeastern part of this area, some E-W-trending
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Figure 2: Generalized stratigraphic column from the Cambrian to Lower Carboniferous successions in the northern Tarim Basin, based on
data from [5, 25].
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Figure 3: (a) E-W seismic profile across the TS1 (see Figure 1(b) for the location), showing the sequence architecture from the Cambrian to
Lower Carboniferous. (b) Interpreted geological profile based on (a), displaying the distribution of lithologies, sequences, and faults. Refer to
Figure 2 for the abbreviated symbols of stratigraphic formations. Z-Sinian (Neoproterozoic).

compressional fault series are also identified (Figure 5). As
a whole, these fault (or fracture) series could have been
induced by an overall compression from the north in view of
their spatial distribution pattern. This compressional regime
in the North Uplift may have been initially induced by the
northward subduction of the South Tianshan oceanic crust
bordering to the northern margin of Tarim block (present
coordinate) beneath the Central Tianshan arc since the Late
Ordovician [31–33] which could have caused the regional
uplift of Tarim block marked by the widespread unconfor-
mity surface on the top of Upper Ordovician (Figure 2); this
scenario, however, could have been greatly intensified from

the Latest Carboniferous to Early Permian as a result of the
final collision of the Tianshan arc accretionary complex and
Tarim block and subsequent closure of the South Tianshan
Ocean (or Palaeoasian Ocean) [31–33]. Under this circum-
stance, the previously formed conjugate X-shaped fault series
could have been reactivated and additional N-S-trending
tensional fault series and E-W-trending compressional fault
series could have been further induced.

Small-scale fractures were also observed in cores, well-
bore image logging of the Cambrian dolomites (Figures
6(a) and 6(b)). Based on kinematical characteristics and
distributed location, fractures can be divided into two classes:
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Dashed rectangle denotes the periods of Early Permian hydrothermal activity, based on data from [5, 26, 27]. (b) Paragenetic sequence of the
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shear fractures and tensional fractures (joints). The shear
fractures are typically inclined (mostly less than 45∘) to the
horizontal strata and can be easily observed in cores and
wellbore image (Figures 6(a) and 6(b)). The shear fracture
was formed by compressive stress, which is generally required
to overcoming the large compressive strength of carbonate
rocks. Although it is difficult to determine the critical con-
dition for shear failure, this scenario mostly occurs in or
near fault zones [34]. Our observation also indicates that
the shear fractures were more frequently encountered in the
deep part of well TS1 near the fault zone (Figures 2, 6(a), and
6(b)).

The tensional fractures (joints) in sedimentary succes-
sions are commonly normal to the bed interfaces; however,
they are rarely found in cores and wellbore image logging
although some researchers [35] claimed the predominance
of such fractures in the Cambrian strata. In relatively less
deformed sedimentary rocks, the density of tensional frac-
tures is typically controlled by stratification rather than
faulting or folding [36]. The tensional fractures are generally
more abundant than shear fractures in the country rocks.
This is attributed to the fact that the tensile strength is much
lower than the compressive strength, so it can be easily
formed in shallow crustal conditions [34]. The distance of
adjacent tensional fractures is generally larger than or equal
to the thickness of complete stratigraphic (mechanic) unit
(i.e., integrated stratified beds) known as fracture-saturation
(Figure 6(c); [36]). In this case, the density of tensional

fractures was much lower than that of shear fractures in fault
zones which were more or less connected with stratigraphic
(stratified) interface, serving as an effective network for fluid
flow (Figure 6(c)).

2.4. Diagenesis and Dolomitization. Several hydrocarbon
wells have been drilled to the depth over 8000m in the
northern uplift of Tarim Basin [5]. Of these, the borehole
TS1 is the deepest one penetrated up to 8408m deep
with abundant dissolution pore spaces (vugs and fractures)
preserved in the cores samples of Cambrian, providing an
unique dataset for understanding how these pore spaces were
generated by basinal or hydrothermal fluids during burial
and/or structural diagenetic processes. The diagenetic pro-
cesses of dolomite rocks in theNorthUplift have been studied
by several researchers [5, 25, 37, 38]. The main diagenetic
events including dolomitization, mechanical and chemical
compaction, fracturing, and structural-related hydrothermal
dissolution and pore plugging (cementation) (Figure 4(b)).

Based on petrographic observations, four types of dolo-
mite are recognized in the matrix and cement. Of these, two
types are matrix dolomites (Figures 7(a)–7(e)): (1) fabric-
retentive (mimetic) dolomite (Md1) and (2) medium to
coarse crystalline fabric-obliterated nonplanar-a (anhedral)
dolomite (Md2), and two types are cement dolomites:
(3) medium to coarsely crystalline planar-s (subhedral)
dolomite (Cd1) and (4) coarsely crystalline nonplanar-a
saddle dolomite (Cd2) (Figure 7(f)).
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Figure 5: Spatial patterns of fault/fracture systems on some impor-
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Tarim. (a) T90 (lower surface of Cambrian formation), (b) T80
(upper surface of Cambrian formation), and (c) T78 (upper surface
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The Md1 dolomites are the most abundant matrix dolo-
mites with a wide spectrum of retentive fabrics (or texture)
including mudstone to grainstone and diversified micro-
bialites (microbial laminite, stromatolite, and thrombolite)
and other subordinate fabrics (or textures) such as dissolution
fabrics so that crystals vary widely in size from dolomi-
crites within primary grains and/or microbial framework, to
medium equant crystals in intercrystalline pores of packstone
to grainstone or fenestral and framework pores of micro-
bialites (Figures 7(a)–7(d)). Locally, extracellular polymeric
substances (EPS) are found in microbially originated fabrics
[39]. This type of dolomite generally demonstrates similar
isotope (O-C-Sr) values to those of coeval seawater [5, 25, 38].

The primary depositional environments of these diverse Md1
dolomites varied frommicrobial reefs (or buildups) to ooidal
shoalwhich could have aggraded to the tidal flat (Figure 1(b)).
The preservation of mimetic fabrics (or textures) of primary
sediments suggests they could have been formed either
by microbial mediation, particularly for those microbial
dolomites (Figures 7(a) and 7(b)) during deposition [39], or
by penecontemporaneous dolomitization driven by reflux of
more saline seawater in the protected lagoon through the
ooidal shoal-microbial reefs on the platform margin [25, 38]
(Figure 7(c)).

The Md2 dolomites, the second important matrix
dolomites, are fabric-obliterated with rare ghosts of primary
fabrics/textures. These dolomites, generally 100 to 200𝜇m
in size, are exclusively composed of nonplanar-a dolomite
mosaics with few intercrystalline pore spaces (Figures 7(d)
and 7(e)). This type of dolomite generally demonstrates
similar 𝛿13O and 87Sr/86Sr values to those of Md1 dolomite
although more negative 𝛿13O values and radiogenic 87Sr/86Sr
ratios are present as well [5, 25]. All these data suggest a
similar fluid in which Md2 dolomites had precipitated, at
elevated temperature [5, 25, 38].

TheCd1 dolomites, 50 to 500 𝜇m in size, are characterized
by planar-s to planar-e crystals which commonly occur as
the initial cements lining the vuggy and fracture pore spaces
(Figure 7(f)). Their close association with fracture implies
that fracturing could have provided necessary conduits for
fluidmigration fromdepth, promoting initial dissolution and
subsequent precipitation of Cd1 dolomite along the walls of
vugs and fractures.

The Cd2 dolomites, 200 𝜇m to 2mm in size, are com-
posed of coarse nonplanar-a saddle dolomites with half-
moon termination (Figure 7(f)). These saddle dolomites are
mostly grown directly over the walls and rarely sit over the
Cd1 crystals in vugs and fractures so that their precipitation
was also closely associated with fracturing as well. The Cd2
dolomites generally have similar C but more negative O
isotope values to those of matrix dolomites [38], suggesting
that the Cd2 dolomites likely precipitated from higher-
temperature dolomitizing fluids mostly sourced from the
ambient aquifer in the host dolomite rocks [16].

2.5. Hydrothermal Activity and Dolomite Dissolution.
Numerous studies have demonstrated a strong Early Permian
large igneous province (LIP) (mantle plume?) activity in the
Tarim Basin [40, 41]; this could have exerted a substantial
influence on the carbonate rocks including the Cambrian
dolomites as they were penetrated by the intrusive diabases
and volcanic eruptive edifice through thermal baking,
enhanced thermal anomaly (or gradient), and/or hydrother-
mal fluid inputs [5, 25, 27, 38]. On the other hand, the
high-angle conjugate (wrench) fault system that penetrated
the Cambrian dolomites may have been developed and/or
reactivated from the latest Carboniferous to the Early
Permian as a result of collision of Tianshan arc accretionary
to the northwithTarimblock [31, 33]. Under this overall com-
pressional (or transpressional) tectonic regime in the Tarim
block, particularly in the northern part where the deep well
TS is located, these faults and associated fractures could have
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formed a complicated conduit network through which the
hydrothermal fluids from depth could have readily migrated
upwards and caused dissolution upon the host dolomites.The
preferential occurrence of large less-filled vugs (up to several
centimeters in size and 10% in porosity) along fractures in
the Cambrian dolomites, particularly in the lower part of this
drilled well (∼8408m deep) close to the fault (Figure 8), gen-
erally supports intensive dissolution upon the host dolomites
and fracture enlargement likely by the fracture/fault-chan-
neled, upflowing hydrothermal fluids from a greater depth;
otherwise, few porosities could have remained at such a great
depth [3].The subsequent precipitation ofmore or less saddle
dolomite cements further attests to a hydrothermal fluid
in which they were precipitated as the Mg ions increased
and reached the saturation relative to dolomite [5]. This
scenario also agrees with upward-increasing distribution of
pore-filling saddle dolomite cements (Figure 8). Moreover,
the higher homogenization temperatures (122–153∘C) of Cd2
dolomite in the Cambrian succession than the normal burial
temperatures (68–105∘C) during the Early Permian [5, 25]
confirm the attribute of hydrothermal fluids.

3. Reactive Transport Modeling

3.1. Methods. In this study, the numerical program
TOUGHREACT V2 [9] was used to investigate the hydro-
thermal dissolution and porosity generation in the deepest
borehole TS1 in the Tarim Basin (Figure 1). This program is
a nonisothermal RTM coupled code capable of simulating
multiphase fluid flow, heat, and chemically reactive solution
transport and has been used previously to simulate carbonate
diagenesis, notably dolomitization [7, 11].

The numerical model is based on the geological archi-
tecture along the E-W trending transection across the well

TS1 in the northern Tarim Basin along which stratal and
structural patterns were unveiled by 3D seismic reflectors and
more specifically constrained by the borehole data of TS1 on
aspects of horizon calibration, petrography, and petrophysics.
During the Early Permian, subsurface strata, in ascending
order, include the Neoproterozoic, Cambrian, Ordovician,
and Carboniferous successions (Figures 2 and 3). The model
domain covers an area with a width of 35 km from west to
east and a height of 3700 to 4000m eastward; it is further
divided into cells 350m wide and decreased to 100m close to
the well TS1 area to give a higher-resolution characterization
for the permeability heterogeneity around the fault zone.The
whole grid system comprises 7320 active cells (Figure 9). The
unstructured grid system is created by PetraSim which is an
interactive graphical interface preprocessor for TOUGHRE-
ACT. In the model domain, it is assumed that all boundaries
(including right, left, bottom, and top boundaries) are fluid-
pressure boundaries, allowing recharge or discharge of fluids
driven by hydrostatic pressure. The top boundary represents
an earth surface condition with a temperature of 25∘C and
one atmospheric pressure. Initial burial temperature for all
boundaries and model domain is determined specifically
with a thermal gradient of 3.5∘C/100m based on the regional
geothermal history [26]. The fluid pressure for the model
domain and boundaries is presumably dominated by hydro-
static pressure with a gradient of 1MP/100m.

3.2. Petrophysical Model. The permeability of Cambrian
dolomite rocks could have been influenced by the pri-
mary deposition, multiple diagenesis, and fracturing- or
faulting-related fluid activity. Many permeability data show
thatmost of the Cambrian dolomite samples yield the perme-
ability values lower than the detection limits, but a few sam-
ples still follow the porosity-permeability (P-P) relationship
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Figure 7: Photomicrographs showing different types of dolomites in Cambrian strata in well TS1. (a) Dark-brown to black, organic-rich
laminated microbial dolomite (Md1), 7690m. (b) Photomicrographs of microbial boundstones in platform margin reefs. Note the well-
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(subhedral) dolomites (Cd1) and subsequent coarse crystalline saddle dolomites (Cd2) which are characterized by curved crystal faces and
undulose extinction. 7875m. Note the relict pore space in vug center (blue resin).

(Figure 10). This implies that the P-P relationship proposed
by Lucia [42] can still be used to estimate the permeability
of the Cambrian dolomites during the Permian Period, but
the impact of diagenesis should also be considered. In the
studied borehole section of TS1 and adjacent area, there
are five major primary lithological types in the Cambrian
succession: peloidal-ooidal grainstone (Gs), packstone (Ps),
wackestone (Ws),mudstone (Ms), andmicrobial boundstone
(Bs) (Figure 9).

Based mainly on the permeability data, the dolomite
rocks are tentatively classified into three classes: classes 1 to 3
with decreasing permeability (Figure 10). In view of the high
uncertainty for the P-P relationship due to strong diagenetic
alterations on the dolomite rocks, three scenarios (I to III)
(Table 1) are further presumed to test which case is more
close to the reality during the course of intense dissolution
on the dolomite host. As documented above, the primary
dolograinstones were strongly cemented (Figure 7(c)) and/or
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Figure 9: Initial values of horizontal permeability used in simulations for Scenario I (a), Scenario II (b), and Scenario III (c). Note that the
permeability was assigned to different stratigraphic and lithologic units based on Figure 3. The lithologic units which are not displayed in
Figure 3 are assigned based on the stratigraphic description in Figure 2.
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Table 1: Assignment of permeability class and scenario for dolomite
rocks used in simulation.

Scenario I Scenario II Scenario III
Grainstone Class 3 Class 3 Class 1
Microbial reefs Class 2 Class 1 Class 2
Packstone Class 2 Class 2 Class 2
Wackestone/mudstone Class 3 Class 3 Class 3

recrystallized (Figure 7(e)) mostly with extremely low poros-
ity andpermeability (Figure 10) so that this type of dolomite is
initially assigned to class 3. For comparison, it is also assigned
to class 1 in another scenario (III) in view of the relatively high
permeability in some of this type of dolomite whichmay have
been not substantially plugged before or during the signif-
icant dissolution. Although the microbial reefs or buildups
(boundstones) on the platform margin may have relatively
high volumes of primary fenestral or framework porosity,
their permeability, which is highly dependent on whether the
pores are connected or not, is not necessarily high accord-
ingly. Therefore, this type of dolomite is assigned to class 2
(intermediate) in two scenarios (I and III) and to class 1 in one
scenario (II) for a comparison (or sensitivity test). Dolopack-
stone, dolowackestone, and dolomudstone are generally
fabric-retentive, with rare cements andweak diageneticmod-
ification. Of these, dolopackstones roughly yield an interme-
diate permeability (Figure 10), so that it is tentatively assigned
to class 2 in all scenarios. In contrast, dolowackestone and
dolomudstone generally yield the lowest permeability, so that
they are collectively set to class 3 in all scenarios.

Other rocks except dolomites are set with a consistent
permeability without sensitivity test for the P-P relationship.

As documented above, in the Cambrian platform interior
succession, there are widespread evaporites (mostly anhy-
drites) occurring in the Awatage Formation (Figure 3) which
are generally thought as the impermeable aquitard; its perme-
ability is thus set to 1 × 10−20m2 [43], almost impermeable to
fluids. Above the Cambrian, the Lower Ordovician Penglaiba
Formation is dominated by the shoal dolomites (grainstone)
in the lower part which pass upward into shelfal interbedded
dolomites and limestones, so it is tentatively set to class 3 in
the lower part and class 2 in the upper part. The overlying
Yinghshan and Yijianfang formations of the Lower-Middle
Ordovician mainly comprise the wackestone and lime mud-
stone with relatively low porosity and permeability; they are
thus assigned to class 3. Further upwards, the Upper Ordovi-
cian comes which mainly comprises the argillaceous lime-
stones (wackestones and mudstones) intercalated with black
shales deposited on the offshoal shelf; this argillaceous-rich
succession is thus regarded approximately as corresponding
to the shale. The permeability of shales is estimated based
on the P-P relationship proposed by Harrison and Summa
[44].TheUpperOrdovician is toplapped by themajor uncon-
formity surface on which it is overlain by the Carboniferous
strata which are mainly composed of sandstones (Figure 2).
These sediments were laid near the Earth surface during
the Early Permian. The permeability near Earth surface may
have significantly increased so that it cannot be reasonably
described by the P-P relationship [45]. In our model, the per-
meability of Carboniferous sandstones is set to 1 × 10−14m2,
consistent with the previously reported permeability values
near the Earth surface [45]. Petrophysical variations along the
profile across the well TS1 are illustrated in Figure 9.

The development of tensional or transtensional fracture
networks in wall-rock (Figure 6(c)) commonly increases
the vertical permeability substantially. To study the influ-
ence of tensional/transtensional fractures, the permeability
anisotropy (𝑘horizontal : 𝑘vertical) ranging from 1 to 100 was
tested in the simulations.

The permeability in fault zones varies significantly in
space and time [46]. Ingebritsen and Manning [47] observed
that the drastic increase in crust permeability (100 to 1000
times) could occur through the tectonic activity (e.g., seismic
rupturing). In our baseline modeling, the fault permeability
is set to 1 × 10−14m2 which is approximately 100 times higher
than that of the host rock. In addition, sensitivity tests for
permeability in fault zone were conducted by one order of
increase or decrease in magnitude.

The initial fluid composition was constrained by fluid
inclusion data derived from hydrothermal-originated miner-
als such as saddle dolomite, fluorite, barite, and quartz present
in the Paleozoic carbonates [48], which is assumed to be
equilibrium with dolomite at the temperature of the bottom
influx boundary (Table 2). In contrast to the precipitation of
dolomite, the dissolution of dolomite is generally considered
as an equilibrium reaction process [9, 49]. Although kinetic
reaction process can also be modeled by the TOUGHREACT
[9], thermodynamic reaction modeling can reach conver-
gence through iteration more rapidly (or efficiently), leading
tomore precise results [9] due to the small variance of satura-
tion index in the simulation.
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Figure 11: The fluid velocity for Scenario I: (a) 𝑘h : 𝑘v = 1, (b) 𝑘h : 𝑘v = 10, and (c) 𝑘h : 𝑘v = 100, Scenario II: (d) 𝑘h : 𝑘v = 1, (e) 𝑘h : 𝑘v = 10,
and (f) 𝑘h : 𝑘v = 100, and Scenario III: (g) 𝑘h : 𝑘v = 1, (h) 𝑘h : 𝑘v = 10, and (i) 𝑘h : 𝑘v = 100. The arrow lines indicate the general pathways of
fluids. Note the model domains below the dashed lines which were arranged for plotting dissolved porosity in Figure 15.

Table 2: Initial fluid composition.

Component Total aqueous concentration (mol/kg)
Na+ 1.13
K+ 0.05773
Ca+2 0.206
Mg+2 0.0438
Cl− 1.686
HCO

3

− 0.57179
SO
4

−2 0.0193
pH 7

4. Results

The reactive transport model is mainly used to analyze the
fluid flow, accompanying formation temperature, and spatial
distribution of dissolved porosity as well as sensitivity of

fault zone permeability. The spatial pattern of fluid flow and
temperature will determine the final distribution of dissolved
porosity.

4.1. Spatial Pattern of Fluid Flow. Modeling results show that
the fluid was dominantly driven to flow in the dolomites
of platform margin and was significantly suppressed in
dolomites of platform interior and slope due to the presence
of Middle Cambrian low permeable evaporative deposits and
Upper Ordovician shaly limestones and shales, respectively
(Figure 11).

In platform margin dolomites, upward-flowing fluids
driven by the difference of formation pressure predominated.
In the low part of model domain, upflowing fluids were
focused in the fault zones which would flow laterally into the
permeable country dolomites near the top of faults.

Permeability anisotropy has an important control on
fluid and temperature patterns. For the low permeability
anisotropy (𝑘h : 𝑘v = 1), the fluids mainly flow vertically
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Figure 12: The temperature patterns of Scenario I: (a) 𝑘h : 𝑘v = 1, (b) 𝑘h : 𝑘v = 10, and (c) 𝑘h : 𝑘v = 100; Scenario II: (d) 𝑘h : 𝑘v = 1, (e)
𝑘h : 𝑘v = 10, and (f) 𝑘h : 𝑘v = 100; and Scenario III: (g) 𝑘h : 𝑘v = 1, (h) 𝑘h : 𝑘v = 10, and (i) 𝑘h : 𝑘v = 100. Note the model domains below the
dashed lines which were arranged for plotting dissolved porosity in Figure 15.

(Figures 11(a), 11(d), and 11(g)). As permeability anisotropy
increases (𝑘h : 𝑘v = 10), some of fluids tend to flow laterally,
and they would almost completely flow laterally as the
anisotropy increases further (𝑘h : 𝑘v = 100). Furthermore,
permeability anisotropy, particularly the vertical permeabil-
ity, also controls the fluid velocity which would decrease as
the vertical permeability decreases. The fluid velocity varies
from 1000 to 10m/yr with a low permeability anisotropy
(𝑘h : 𝑘v = 1). It varies from 100 to 1m/yr with a moderate per-
meability anisotropy (𝑘h : 𝑘v = 10). It will decrease further,
varying from 10 to 0.1m/yr, while the permeability anisotropy
increases further (𝑘h : 𝑘v = 100).

By comparing the permeability in different scenarios, the
permeability heterogeneity of host rock mainly influences
the fluid velocity but exerts few impacts on general pattern
of fluid flow. In addition, the well-cemented or strongly
recrystallized grainstones (scenarios I and II) could have
reduced the fluid velocity 10–100 times in comparison to

the grainstones with a little early cements (scenario III)
(Figure 11).

4.2. Temperature Patterns. Similar to the fluid flow pattern,
formation temperature is also controlled by permeability
anisotropy (Figure 12). In the context of low permeability
anisotropy (𝑘h : 𝑘v = 1) and high fluid velocity, the formation
temperature is dominated by fluid convective heat transfer,
which would decrease significantly in the front zone of
hydrothermal invasion and generate thermal anomalies of
50∘C higher than normal temperature (Figures 12(a), 12(d),
and 12(g)). In contrast, in the context of moderate permeabil-
ity anisotropy, the thermal anomalies would wane apparently,
only giving rise to an increase on formation temperature
of 1–10∘C (Figures 12(b), 12(e), and 12(h)). Furthermore, as
permeability anisotropy is enhanced further (𝑘h : 𝑘v = 100),
vanishingly weak thermal anomaly is observed probably as
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Figure 13: The fluid velocity for Scenario I with fault permeability of 1 × 10−13m2: (a) 𝑘h : 𝑘v = 1, (b) 𝑘h : 𝑘v = 10, and (c) 𝑘h : 𝑘v = 100 and
fault permeability of 1 × 10−15m2: (d) 𝑘h : 𝑘v = 1, (e) 𝑘h : 𝑘v = 10, and (f) 𝑘h : 𝑘v = 100.

a result of enhanced heat conduction in rocks (Figures 12(c),
12(f), and 12(i)).

Besides the permeability anisotropy, temperature pat-
terns can also be influenced by the permeability heterogeneity
because this heterogeneity can increase the fluid velocity and
enhance the convective heat. In scenario III, if the shoal-
deposited grainstones were rarely cemented with high poros-
ity and permeability during the Early Permian, a thermal
anomaly of about 10–30∘C could have been induced in these
sediments relative to well-cemented grainstones (scenarios I
and II) around the well TS1.

4.3. Influence of Fault Permeability. Taking scenario I as an
example, the sensitivity of fault permeability to the modeling
results was tested. The fault permeability varies from the
baseline value (1 × 10−14m2) to the values by plus or minus
one order ofmagnitude relative to the consistent permeability
of country rocks. The modeling results show vanishingly
small influences of fault permeability on the fluid velocity and
temperature patterns in comparison to the baselinemodeling
(Figures 13 and 14).

The fluid velocity and temperature patterns changed
slightly in the condition with a low permeability anisotropy
(𝑘h : 𝑘v = 1) (Figures 13(a), 13(d), 14(a), and 14(d)) which have
the highest vertical permeability and strong fluid transport
ability. For a comparison, in the conditions with moderate
and large permeability anisotropies, the fault permeability
almost exerts no influence on the simulation results.

4.4. Spatial Patterns of Dolomite Dissolution. Our simulation
on dolomite dissolution runs for three scenarios for a time

interval of 10Ma (Figure 15) in view of long-lasting compres-
sion from the north by the collision of Tarim block and Tian-
shan accretionary complex during the Late Carboniferous-
Early Permian (∼306–270Ma) [31–33].The simulation results
indicate that the porosity can be produced continuously by
dissolution in dolomite rocks within fault zones due to a
higher fluid velocity there.The dolomite dissolution generally
occurred in the hydrothermal invasion zones of the wall-
rock. In addition, the development of porosity is also con-
trolled by the permeability anisotropy. For a low permeability
anisotropy (𝑘h : 𝑘v = 1), a large amount of dissolved porosity,
with a maximum up to 5%, occur in the upper part of wall-
rock and gradually decrease downward (Figures 15(a), 15(d),
and 15(g)). Combined with fluid velocity and temperature
patterns together, dissolved porosity was produced mainly
in the place where formation temperature decreases signifi-
cantly.

In contrast, with a moderate permeability anisotropy
(𝑘h : 𝑘v = 10), the dissolved porosity, although decreasing
to ca. 2%, takes place more widely (Figures 15(b), 15(e), and
15(h)). In view of fluid velocity and temperature patterns
together, the porosity occurs mainly in the place where fluids
flow rapidly as in scenarios I and II. But in scenario III, the
dissolved porosity is controlled mainly by the temperature
pattern due to enhanced thermal anomaly.

As permeability anisotropy increases further (𝑘h : 𝑘v =
100), dissolution on dolomites is dramatically reduced for
the simulation time interval. In the most part of the model
domain, less than 0.2%of dissolved porosity can be generated,
even in local places where more pore or vuggy spaces (ca.
0.3–0.5%) can be dissolved (Figures 15(c), 15(f), and 15(i)).
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Figure 14:The temperature patterns for Scenario I with fault permeability of 1 × 10−13m2: (a) 𝑘h : 𝑘v = 1, (b) 𝑘h : 𝑘v = 10, and (c) 𝑘h : 𝑘v = 100
and fault permeability of 1 × 10−15m2: (d) 𝑘h : 𝑘v = 1, (e) 𝑘h : 𝑘v = 10, and (f) 𝑘h : 𝑘v = 100.

This is mainly because the fluids dominantly flow laterally
along the isotherms of temperature. As a result, the dissolving
capacity of fluid is drawn down rapidly in response to
temperature decrease. In addition, the fluid velocity has also
played a role in dolomite dissolution. The fluid velocity has
slightly increased from scenarios I to III (Figures 11(c), 11(f),
and 11(i)), increasing the dissolved porosity to some extent
(Figures 15(c), 15(f), and 15(i)). However, the fluid velocity
only plays a subordinate role in the formation of dissolved
porosity in comparison to the isothermal flow which causes
one-order magnitude reduction of porosity in contrast to the
high vertical permeability (𝑘h : 𝑘v = 10) (Figures 15(b), 15(e),
and 15(h)).

5. Discussion

This study aimed to investigate the dissolution upon the
dolomites at great depth within the fault zones induced by the
upflowing hydrothermal fluids around the deeply penetrated
well TS1 and adjacent area in the North Uplift of Tarim
Basin. This could provide an alternative insight on processes
and controls of burial and/or hydrothermal dissolution on
dolomites, porosity generation and preservation in deeply
buried fault-related carbonate reservoirs, facilitating a better
understanding for the formation of deeply buried carbonate
reservoirs, and more efficient prediction and exploration of
hydrocarbon to greater depths.

5.1. Deep Burial/Hydrothermal Dissolution of Carbonates.
The burial dissolution of carbonates is still a controversial

topic for reservoir geologists [50]. Many authors have pro-
posed that deep-burial dissolution of carbonate could has
been induced by a series of acidic fluids, such as CO

2
- H
2
S-

and organic acidic-rich fluids, which could be produced by
different geological process. The strong large igneous pro-
vince (LIP) activity in the Tarim Basin during the Early
Permian could have caused intense thermal anomaly [26, 41],
which in turn could have promoted organic matter matura-
tion, organic acid production, and thermochemical sulfate
reduction in the Cambrian strata [48, 51]. As a result, the
acidic anions may have increased in the hydrothermal fluids
bymixingwith the formation andmagmatic-originated fluids
at depth. However, Ehrenberg et al. [50] pointed out that
the dissolving fluids could quickly reach equilibrium with
carbonate minerals due to the rapid kinetic dissolution of
carbonate minerals. In this case, acid-induced dissolution
on carbonates could have only occurred locally in the place
where the acidic fluid was generated or injected.

Many researchers proposed that widespread dissolution
of carbonatesmay have been caused by retrograde dissolution
during the course of temperature falling [8, 43]. As fluids from
depths flow upward, fluid temperature decreases gradually. In
this condition, the original carbonate-saturated fluids then
tend to be undersaturated relative to carbonate minerals,
thereby causing carbonate dissolution. In burial condition,
the basinal fluid undoubtedly has a higher temperature,
which will lead to a faster rate of chemical reaction, but
characterizes a fairly slow velocity relative to the near surface
conditions. These factors make the formation fluids quickly
reach the equilibrium with carbonate minerals. In this light,
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Figure 15: The dolomite dissolution patterns simulated for an interval of 10Ma for Scenario I: (a) 𝑘h : 𝑘v = 1, (b) 𝑘h : 𝑘v = 10, and (c)
𝑘h : 𝑘v = 100; Scenario II: (d) 𝑘h : 𝑘v = 1, (e) 𝑘h : 𝑘v = 10, and (f) 𝑘h : 𝑘v = 100; and Scenario III: (g) 𝑘h : 𝑘v = 1, (h) 𝑘h : 𝑘v = 10, and
(i) 𝑘h : 𝑘v = 100. The plotting area is referred to the model domain below dashed lines in Figure 11 which is mainly composed of dolomite
formation.

we believe that retrograde dissolution may have played the
most important role in carbonate dissolution during deep
burial. Under this circumstance, in view of the fast reaction
rate and retrograde dissolution behaviour, substantial disso-
lution and subsequent pore development require amuch high
volume of fluid relative to the host carbonate rock which is
favoured in the connected pore spaces such as open fracture
networks.

This is generally consistent with our observation on the
deeply buried Cambrian dolomite rocks in which the inten-
sive dissolution and abundant vuggy spaces occurred mainly
in connected fracture networks and pores system close to
the fault zone around the bottom of penetrated borehole TS1
(Figure 8(b)). In contrast, dolomite (mostly saddle dolomite)
precipitation in the vuggy and fracture spaces and matrix
recrystallization in the Mid-upper Cambrian dolomites were
likely associated with the closed (or semiclosed) pore systems
which were generally more distal to the fault zone.

5.2. Importance of the Wall-Rock Vertical Permeability.
The modeling results have demonstrated that wall-rock

permeability exerts a fundamental control on the fluid flow,
formation temperature, and dolomite dissolution as well.The
permeability anisotropy is themost important parameter that
controls the general patterns of fluid flow, fluid velocity and
temperature. In comparison, the permeability heterogeneity
could have mainly influenced the fluid velocity and tempera-
ture patterns.

Despite the fast rate of carbonate dissolution, our simu-
lation results suggest that the burial or hydrothermal disso-
lution of carbonates at depths was not simply a transport-
limited process; rather it could be an integrative effect of both
fluid velocity and temperature gradients. With a high vertical
permeability of wall-rock (𝑘h : 𝑘v = 1) in the fracture/fault
zone, although the higher-speed fluids could have delivered
more ample dissolved matter, the stronger thermal anomaly
around the area of well TS1 only with a slight temperature
decrease (Figures 12(a), 12(d), and 12(g)) seemingly limited
the dolomite dissolution. In contrast, the hydrothermal front
with a maximum decrease in temperature led to substantial
dissolution on dolomites (Figures 15(a), 15(d), and 15(g)). As
the vertical permeability decreased, the fluid velocity could
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have reduced accordingly through which the dissolution
tended to be a transport-limited process (Figures 15(b), 15(e),
and 15(h)). In this case, the distribution of dissolved porosity
may have mirrored the variation of fluid velocity (Figures
11(b), 11(e), and 11(h)).

As vertical permeability further decrease (𝑘h : 𝑘v = 100),
the dissolved porosity is reduced significantly (Figures 15(c),
15(f), and 15(i)) due to isothermal flowing (Figures 11(c), 11(f),
and 11(i)). Therefore, the deeply buried carbonate reservoir
was unlikely favoured by the hydrothermal dissolution if the
vertical permeability of wall-rocks was too low.

5.3. Influence of Fault Zone Permeability. The sensitivity
test indicates that the fault permeability has a little influ-
ence on burial/hydrothermal dissolution. Since the internal
architecture of fault zone is too complicated, it is difficult
to estimate permeability variations across the fault zone
[47, 52, 53]. Alternatively, this research implies that fault-
related hydrothermal dissolution on dolomite rocks could be
potentially predicted by studying the permeability pattern of
the wall-rock.

With progressive burial of sediments, the geological
fluid would have stagnated in the deep part of basins due
to the dramatic decrease of rock permeability [54, 55].
However, tectonic activity accompanying with increasing
fault permeability could have enhanced crossing-stratal fluid
flow and basin-scale deep circulation of geological fluids
[54, 55]. In general, after seismic rupturing and subsequent
abrupt permeability increase, the permeability in fault zones
will gradually decrease with times [14, 47] which would
influence the hydrothermal fluid flow as well. Our simula-
tions have tested the influence of this process on the fluid
flow, temperature pattern, and induced carbonate dissolution.
The modeling results indicate that, as the fault permeability
decreases, burial dissolution can still persist onwards in view
of the small influences of fault permeability on the fluid
velocity and temperature patterns (Figures 13 and 14) which
will control the distribution of dissolved porosity.

5.4. Function of Cap Aquitards and Internal Aquifers. The
hydrothermal dissolution mainly occurred in dolomites
deposited on platformmargin but did not occur in dolomites
of platform interior and slope environments (Figure 15),
probably resulting from the presence of low permeable
cap aquitards which may have prevented vertical crossing-
formational flowing (Figure 11). This implies that occurrence
of low permeable cap aquitards is an important indicator for
predicting of deeply buried carbonate reservoirs.

The internal aquifers inwhich fluidsmainly flowhorizon-
tally are not favourable for burial/hydrothermal dissolution
due to a constant temperature if they are laid horizontally
during burial. The unconformities which have high hori-
zontal permeability were generally considered as important
exploration targets for carbonate reservoirs [1, 2]. However,
the modeling result suggests that the porosity along the hori-
zontally buried unconformity surfaces within carbonate suc-
cessions, although acting as internal aquifers, may have not
been enhanced necessarily by hydrothermal dissolution due
to insignificant temperature drawdown.

5.5. Predictions of Deep/Ultradeep Carbonate Reservoirs. As
the burial depth increases, the primary porosity of car-
bonates will be significantly lost due to the mechanical
and chemical compaction [3, 5] (Figures 4(b) and 8(a)),
thus burial/hydrothermal dissolution could have played a
critical role in pore generation, preservation, and subsequent
reservoir development.

Our modeling demonstrates the importance of vertical
permeability of wall-rocks on burial or hydrothermal dis-
solution. Those dolomites (or carbonates), as if tensional or
transtensional fractures (joints) were extensively developed,
would have a higher potential to develop dissolution vugs
or cavities, facilitating formation of deeply buried carbonate
reservoirs (Figure 15). Moreover, studies on the style and
mechanism of fracturing and/or faulting would be much
helpful for better understanding for the flow patterns and
pathway of basinal thermal fluids. In turn, if integrated with
reactive transport modeling, the deeply buried carbonate
reservoirs could be more precisely predicted.

6. Conclusions

The Cambrian dolomite strata penetrated by the deep well
TS1 in the northern Tarim Basin are characterized by micro-
bial reefs (or buildups) deposited on the platform margin.
Four types of dolomite texture are identified, including
two types of matrix dolomites, (1) fabric-retentive dolomite
(Md1) and (2) fabric-obliterated nonplanar dolomite (Md2),
and two types of cement dolomite, (3) medium to coarsely
crystalline planar-s (e) dolomite (Cd1) and (4) coarsely
crystalline nonplanar saddle dolomite (Cd2). The dolomites
were subject to complicated diagenetic events and alteration,
such as early dolomitization, compaction, fracturing, and
hydrothermal dissolution and alteration (precipitation and
recrystallization).

In the northern TarimBasin where the well TS1 is located,
a series of high-angle X-shaped (wrench) fault complex
dominate the dolomite strata with subordinate N-S and E-
W trending fault series; they cut off the Cambrian base and
partially extend into the Ordovician. These fault/fracture
complexesmay have been formed during the LateOrdovician
while the Tarim plate was subducted northward beneath the
Central Tianshan arc and was further reactivated while it was
finally collided with the Tianshan arc accretionary complex
(collage) during the Permian. A series of X-shaped wrench
fracture system also extensively occur in the cored dolomite
samples particularly near the main fault zones.

The dissolved vuggy pores preferentially take place along
the fractures particularly in the lower part of well TS1 where
they are also less plugged by dolomite cements. All these
features demonstrate the interaction of fracture- or fault-
channeled upward-flowing hydrothermal fluids with the
host dolomites through which intense dissolution occurred
preferentially in the lower part of dolomites having been
penetrated. The enhanced hydrothermal activity was likely
linked to the LIP activity in the Tarim block during the Early
Permian.

The reactive transportmodeling demonstrates the impor-
tance of wall-rock permeability on fluid and temperature
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patterns, particularly the vertical permeability dependent on
the connectedness of fractures; it could have further con-
trolled the spatial distribution of dissolved vuggy porosity.
In contrast, the fault permeability has little influence on the
distribution of dissolved porosity.

The hydrothermal dissolution mainly occurred in plat-
form margin dolomites penetrated by the high-angle fault
series and was fairly weak in platform interior and slope-
basinal dolomites due to the presence of cap aquitards
(evaporites and shales) which could have prohibited upward
flowing of fluid. The presence of internal aquifers, such as
horizontally buried unconformity surface, did not necessarily
enhance the hydrothermal dissolution.

This study provides an integrated approach with geo-
logical analysis and reactive transport modeling to unveil
the process of hydrothermal dissolution on dolomite rocks
associated with faults or fractures from a deep-penetrated
well TS1 in northern Tarim Basin; this would further improve
our understanding for the development and distribution of
deeply buried carbonate reservoirs.
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