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Abstract: Oilfield water contains valuable geological information and plays an important role in
petroliferous basins, being closely related to diagenesis, reservoir physical properties, and hydrocar-
bon preservation conditions. Here we present a case study of oilfield water in Permian formations
in the western periphery of the Mahu Sag, Junggar Basin, China. The genesis of oilfield water
and its application in oil exploration were investigated through the coupling of tectonic activity,
paleoclimate, and water-rock interaction. Volcanic activity provided a rich source of ions, and a hot
paleoclimate intensifies the evaporation and concentration of sedimentary water. Tectonic fractures
offered channels for water exchange among formations. Water-rock reactions, marked by sodic
feldspathization and calcium feldspar dissolution, had profound effects on the oilfield water type
and reservoir properties. We established a link between oilfield water and favorable targets for oil
exploration. In terms of vertical trends, the Jiamuhe and Upper and Lower Urho formations have
strong sealing abilities for hydrocarbon preservation. In the horizontal dimension, areas with high
total-dissolved-solid and CaCl, concentrations, low 1N, /¢, rso, X 100/1¢), (tHCO,+C0,)/TCa, and
I\Mg/Tca ratios are favorable for oil exploration.
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1. Introduction

Oilfield water contains geological information and is therefore important to petroleum
geology research. The generation, migration, and accumulation of oil and gas are impos-
sible without the participation of oilfield water. It can affect the thermal decomposition
of kerogen and its discharge of saturate-enriched oil. Without water, the process mainly
generates pyrobitumen [1-3]. After oil is formed, the oilfield water becomes an important
carrier and driving force in petroleum migration. Research undertaken since the 1970s has
confirmed that groundwater dynamics are closely related to hydrocarbon migration and
accumulation [4,5]. Oilfield water may be derived from sedimentary, infiltrated, plutonic,
and converted water; it is often a mixture of these four components, so its genetic mech-
anism is complex [6,7]. Many methods have been employed to study the formation and
evolution of oilfield water, whose chemical characteristics are commonly used to elucidate
its underlying geological significance. Such characteristics include ionic, trace-element and
isotopic compositions, and water-rock interactions [8-10]. The formation, transformation,
dissolution, and exchange of minerals during diagenesis are closely associated with oilfield
water, and the analysis of water—rock interactions and diagenetic minerals provides insights
into the evolution of oilfield water [11-14].

The western periphery of the Mahu Sag in the Junggar Basin, China, is an important oil
and gas production area, with a main producing layer of Permian reservoirs. Hydrocarbon
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reservoirs in this area have complex oil-water relationships. Many test wells have produced
oil and water, with some producing mainly water with little petroleum. Assays of collected
stratigraphic water samples indicate that the oilfield water is characterized by high salinity,
a diversity of water types, and complex ionic compositions. The reservoirs in the study area
have undergone complex diagenesis, including the dissolution of a variety of minerals [15].
It has been speculated that the evolution of the Permian reservoirs in the Mahu Sag may
be closely related to oilfield water, but systematic research is lacking. Previous studies
have described the basic geological characteristics of the hydrocarbon reservoir [16,17], its
diagenesis [18], source rocks, and tectonic evolution [19-21], but studies of oilfield water
have been limited, leaving a number of unresolved issues, as follows. First, attention
to oilfield water is restricted by production demands. Prospectors often use more direct
indicators to find high-quality oil-producing areas, such as the qualities of hydrocarbon
source rocks and reservoirs, ignoring the important role of other geological fluids in the
identification of oil and gas reservoirs. Second, the evolutionary mechanism of oilfield
water is complex and impossible to resolve by merely describing its ionic compositions
without studying the interaction(s) between water, rocks, and hydrocarbons.

This study explored the genesis and evolution of oilfield water to evaluate its un-
derlying geological significance to petroleum. Based on data from previous studies of
the western periphery of the Mahu Sag, we were able to establish links between tectonic
setting, sedimentation, diagenesis, and oilfield water, and we integrated these data with
production data obtained through a partnership with the Xinjiang Oilfield Exploration and
Development Research Institute. Our aim was to verify the importance of oilfield water in
identifying highly productive oil and gas reservoirs, thus providing a reference for oil and
gas exploration in Permian reservoirs of the western periphery of the Mahu Sag.

2. Regional Geology

The Mahu Sag is located in the northwestern part of the Junggar Basin, near the Zaire
and Hala’alat mountains. The study area is located on the western slope of the Mahu Sag
and is characterized by low terrain, gentle topography, and a great depositional thickness
(Figure 1a,b). The effective storage layers discovered so far have depths exceeding 6000 m [22].
It is bounded to the west by the Ke-Bai fault zone, to the southwest by the Zhongguai uplift,
and to the southeast by the Mahu Sag. Two primary faults developed in the study area, one
in the north and one in the south. The northern fault is the Dawazhuang strike-slip fault,
while the southern fault is the east-dipping reverse fault of the Hong 3 well. There are also
numerous secondary faults that have developed near the two primary fault zones. These faults
not only have compression properties but also have northeast-directed shear properties and
belong to the strike-slip and reverse structures developed under an oblique thrust system [23].
The Mahu Sag contains high-quality source rocks, and the Ke-Bai fault zone is at a relatively
high tectonic level, so hydrocarbons generated in the Mahu Sag can migrate through the
slope area to the fault zone. As a major transition zone for oil and gas migration, the western
periphery provides a favorable environment for oil and gas accumulation [24].

Permian strata in the study area provide enhanced hydrocarbon generation and storage
conditions and are divided into five formations in ascending stratigraphic order: Jiamuhe,
Fengcheng, Xiazijie, Lower Urho, and Upper Urho formations. The Upper Urho Formation
was deposited in a fan delta environment, with the main subfacies being the fan delta front,
and the thickness is 0-1417 m. The dominant lithology is gray sandy conglomerate, and the
composition of the interstitial material is mainly tuff and andesite debris [18]. The Lower
Urho Formation was mainly deposited in a fan delta front setting, with a thickness ranging
from 100 to 1450 m. The upper section comprises a set of thick brown mudstone; the middle
section is a set of gray—green and brown sandy conglomerate; the bottom of the formation
comprises interbedded muddy siltstone, sandy conglomerate, and pebbly sandstone. The
Xiazijie Formation was deposited in a fan delta plain setting, with the main lithologies
being mudstone, brown sandy mudstone, fine sandstone, poorly sorted sandstone, and
sandy conglomerate. Its thickness is 850-1160 m. The Fengcheng Formation, which is a
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fan delta sedimentary system that formed in a post-orogenic extensional setting, consists
of clastic sediment, dolomite, and volcanic rock. The thickness ranges from 430 to 1700 m.
The Jiamuhe Formation comprises alluvial fan deposits, with a thickness ranging from
400 to 1800 m. Reservoirs within this formation are developed mainly within the central
area and margins of the alluvial fan, which is characterized by complex lithofacies and
high heterogeneity. The main lithologies are variegated mudstone, sandy conglomerate,
sandstone, tuff, basalt, and andesite (Figure 1c).
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Figure 1. Geological setting of the western periphery of the Mahu Sag, Junggar Basin. (a) Loca-
tion map of the study area; (b) well locations and structural features; and (c) stratigraphic log.
In (a), the term “primary structural lines” and “secondary structural lines”, respectively, refer to the
boundaries of primary structural units and secondary structural units within a basin.
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The Permian reservoirs at the western periphery of the Mahu Sag are located in
the northwestern part of the Junggar Basin. They formed in a complex depositional
environment and comprises a variety of rock types, suggesting that complex water—rock
interactions occurred during their geological evolution. Water-rock interaction affects
diagenesis, reservoir properties, and the chemical characteristics of oilfield water, further
impacting the preservation of oil and gas. Therefore, studying the characteristics of oilfield
water may provide insights into the processes of fluid evolution, thus facilitating the
evaluation of reservoir quality and determining the relationship between oilfield water and
hydrocarbon preservation conditions, and ultimately providing guidance for petroleum
exploration.

3. Samples and Methods

Fifty-seven oilfield water samples were collected from Permian formations in the
western periphery of the Mahu Sag: 16 from the Upper Urho Formation, 7 from the Lower
Urho Formation, 7 from the Xiazijie Formation, 14 from the Fengcheng Formation, and 13
from the Jiamuhe Formation (Figure 1). All samples were taken during the early stage of
drilling to ensure that they represented the original formation water and were not fracturing
fluid or other drilling-related material.

Measurements of ion concentrations and mineralization in oilfield water were made
according to Chinese trade standard SY /T 5523-2016 [25]. EDTA complexometry was used
to determine Ca?*, Mg2+, and SO42~ contents; the AgNO;j titration method was used to
determine Cl~ contents; acid-base titrations were used to determine HCO3~ and CO3%~
contents. The (Na* + K*) content was determined as follows:

(Na* +K*) (meq) = }_E, — (Ca** + Mg?*) (meq) (1)

(Na* + K*) (mg L) = 25(Na* + K*) (meq L) 2

where ) E, is the sum of the milligram equivalent of anions.

X-ray diffraction data were used to determine the main mineral compositions of
the strata in the study area. Thin sections from nine exploratory wells were analyzed
using scanning electron microscopy (SEM) to identify the types and characteristics of
diagenetic minerals. Production data from 24 wells were used to verify the reliability of
results. Sampling and analyses were undertaken by the Xinjiang Oilfield Exploration and
Development Research Institute.

4. Results
4.1. Total Dissolved Solids

TDS concentration refers to the number of inorganic ions per unit volume of oilfield
water and is an important indicator of reservoir preservation conditions. There are eight
major ions in Permian oilfield water of the western periphery, with a concentration order
of CI~ > Na* + K* > CO32~ > HCO;~ > Ca?* > SO42~ > Mg?*. Ion concentrations are
markedly higher than average values in river water. (Na* + K*) concentrations were
0.83-95.91 g L~! with an average of 11.14 g L™, similar to the average value of modern
seawater. Ca2* concentrations ranged from below the detection limit to 9.46 g L~! with
an average of 1.60 g L~!, which is notably higher than the modern seawater value. Mg?*
concentrations were the lowest of the positive ions in oilfield water, with an average
of 0.02 g L~! (lower than modern seawater). Cl~ had the highest anion concentrations
of 0.21-58.39 g L~! with an average of 12.61 g L™!, which was lower than the average
value for modern seawater. CO3%~ concentrations ranged from being undetectable to
68.35 g L~! with an average of 7.55 g L1, much higher than that of modern seawater.
HCOj3~ concentrations were 0.07-47.99 g L~! with an average of 4.56 g L1, again much
higher than that of modern seawater. SO42~ concentrations were the lowest of the studied
anions with an average of 0.71 g L~!, lower than that of modern seawater (Table 1). The
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ionic composition of the oilfield water indicates that complex water—rock reactions took
place in the Permian strata. Many ions enter oilfield water during diagenesis, and they

have major impacts on the composition and properties of oilfield water (Table 1).

Table 1. Ionic compositions of Permian oilfield water in the western periphery of the Mahu Sag.

T gLt Current Seawater [26] Current River [26]

ypes : L1 L1
Max Min Avg g g

K* + Na* 95.91 0.83 11.14 11.04 0.006
Ca?* 9.46 0.00 1.60 0.42 0.015
Mg?* 0.17 0.00 0.02 1.32 0.004
HCO;~ 47.99 0.07 4.56 0.14 0.059
5042* 5.51 0.00 0.71 2.69 0.011
Cl~ 58.39 1.21 12.61 19.32 0.003
CO52- 68.35 0.00 7.55 0.15 0.059
TDS 241.18 2.84 40.91 35.00 0.098

The TDS concentrations of oilfield water are often high under good storage conditions,
whereas they are low under poor storage conditions [27,28]. In the western periphery of the
Mahu Sag, the measured TDS concentrations of Permian oilfield water are 2.84-40.91 g L1,
with some higher outliers of up to 241 g L~!, much higher than the concentration of 35 g L~}
in average seawater (Table 1). The standard deviation of the TDS data set is 69.79 g L™},
indicating a high level of dispersion in the data. Some water samples have TDS values that
are significantly higher than the overall data set. This could be attributed to the following
factors: (D Geological factors: There may be geological formations or rocks with high
mineralization, leading to abnormally high TDS levels in the water samples. @ Water
source mixing: The water samples could be a mixture of water from different sources, some
of which may have higher mineralization, resulting in an overall increase in TDS levels.
(® Saltwater intrusion: Saltwater intrusion may occur in the underground water of the oil
field, where water with high salt concentration enters the oil field water system, causing
abnormally high TDS levels in the water samples [29,30]. Generally, these data are reliable
and can reflect some geological information, provided that there is no human interference.

(Na* + K*) and Cl~ concentrations in the Jiamuhe and Upper and Lower Urho forma-
tions are strongly correlated with TDS concentrations (Figure 2a,b), indicating that oilfield
water was strongly influenced by evaporation. The correlation between ClI~ and TDS
concentrations in the Fengcheng and Xiazijie formations is relatively weak, indicating that
less evaporation occurred during the deposition of the Fengcheng and Xiazijie formations.
The TDS concentrations show a peak at 4000-4500 m depth in the studied formations
(Figure 3a). Within this depth range, (Na* + K*), HCO3;~, and Cl~ concentrations also
peak, indicating active water-rock reactions within these formations (Figure 3b—e).
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Figure 2. Relationship between TDS concentrations and (Na* + K*) and Cl~ concentrations. P3w:
Upper Urho formation; Pow: Lower Urho formation; Pyx: Xiazijie formation; P1f: Fengcheng
formation; P;j: Jiamuhe formation.
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Figure 3. Variations in the chemical characteristics of oilfield water with depth for (a) TDS; (b) C1~;
(c) Ca%*; (d) HCO3~; and (e) (Na* + K*).

4.2. Oilfield Water Type

Oilfield water type is an important parameter in the determination of oil and gas
preservation conditions. Here, the Surin classification method [31] was used to classify
water types and to identify reservoir sealing properties and hydrocarbon preservation
conditions. This method applies the content ratio of major ions in oilfield water as a classi-
fication criterion, using the rna/rcl, TNa—c1/2150,, and rcy—Na /2rMmg ratios as classification
coefficients, and divides the oilfield water into four types: sodium bicarbonate (NaHCO3)-
type and sodium sulfate (Nap;SO4)-type water in a continental environment, magnesium
chloride (MgCly)-type water in a marine environment, and calcium chloride (CaCly)-type
water in a deep burial environment (Table 2). The Surin classification method is widely
used for its rationality and simplicity, and it is critical in the determination of oilfield water
types, oil and gas preservation conditions, and hydrocarbon migration pathways.

Table 2. Relationships between water type and the classification coefficients of oil and gas fields.

Classification Coefficient

Water Type Setting
INa/TC1 I'na—c1/21s0, Icl Na/2tMg
NaHCO; >1 <1 <0 Continental
NaySOy >1 >1 <0 environment
MgCl, <1 <0 <1 Marine environment
CaCl <1 <0 >1 Deep burial
environment

Permian oilfield water in the western periphery of the Mahu Sag is primarily of the
CaCl; type, which accounts for 72% of the samples; NaHCO;3-type water accounts for
25% of the samples, and the Na;SO4-type accounts for 3% (Table 3). The formation of
CaCl,-type water requires a relatively closed environment with good sealing of the roof
and interlayers of the reservoir. The oil, gas, and water system have been located in the
hydrogeological blocking zone or stagnant zone for a long time, which can reduce the
degradation to the oil and gas reservoir and is conducive to the preservation of oil and gas.
NaHCOg3-type formation water is generated in a relatively open environment, with poor
sealing; consequently, oil and gas reservoirs are vulnerable to degradation, which is not
conducive to the accumulation and preservation of oil and gas. Both the CaCl, and NaySO4
types occur in the Upper Urho Formation, with the CaCl, type predominating, indicating
that the formation is well sealed. Oilfield water in the Lower Urho Formation is mainly of
the CaCl, type, with scarce NaHCO;3-type water, indicating that the formation has suitable
sealing properties and good preservation conditions. The Xiazijie Formation water is mainly
of the CaCl, and NaHCOj types, with the NaHCOj; type being dominant, suggesting more
active oilfield water and poorer sealing and preservation conditions. The Fengcheng
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Formation contains three water types (NaHCO3, CaCly, and NaySO;), with the NaHCO3
type predominating, indicating poor sealing qualities and high-activity water, meaning the
conditions are not favorable for oil and gas preservation. The Jiamuhe Formation contains
CaCl,-type water, indicating good preservation conditions. This succession of changes of
the water types is influenced by water—rock interactions, as discussed below.

Table 3. Oilfield water types in Permian strata of the western periphery of the Mahu Sag.

T Concentration/Unit : Hvd T tati
ype Tota rogeological Interpretation
P3W PzW PzX Plf P1] y 8 8
NaHCO; . 1 3 9 1 14 Hydrogeologlcal active area, which has
a destructive effect on oil and gas
The formation has good sealing
CaCl, 15 6 4 4 12 41 properties, which are favorable for oil
and gas preservation
Affected by surface water; the
NapSOy 1 - - 1 - 2 formation has poor oil and gas

preservation potential

4.3. Chemical Parameters of Qilfield Water

Chemical parameter analysis can reveal important information about the geochemical
conditions of oilfield water and the intensity of fluid—-rock interactions. This information
is more informative than simply identifying the type of oilfield water. By studying the
relationship between oilfield water and oil and gas migration and accumulation, chemical
parameter analysis can aid in predicting the location and properties of oil and gas reservoirs.

4.3.1. Na* and C1~

The rna /1 ratio reflects the degree of concentration and activity level of oilfield water,
and the reservoir sealing properties and preservation potential. Ratios of >0.87 indicate
that the oilfield water has been affected by external factors and is not favorable for oil and
gas preservation. The higher the ratio, the more pronounced the influence of infiltration
water, and the more unfavorable the reservoir for hydrocarbon preservation. Ratios of
<0.87 indicate better reservoir sealing properties, which are beneficial to hydrocarbon
accumulation [12]. In the western periphery, the rn, /¢ ratio of Permian oilfield water
varies widely, with minimum, maximum, and average values of 0.44, 2.43, and 0.92,
respectively. Ranges (averages) for the different formations are as follows: Upper Urho
Formation, 0.5-1.02 (0.78); Lower Urho Formation, 0.44-1.31 (0.77); Xiazijie Formation,
0.48-2.43 (1.05); Fengcheng Formation, 0.65-2.15 (1.22); and Jiamuhe Formation, 0.44-1.22
(0.79) (Figure 4a).

4.3.2.504% and rCl-

In relation to interactions between oilfield water and hydrocarbons that consume
sulfate, the rso, x 100/r¢) ratio provides a measure of the consumption of sulfate and
is an indicator of oilfield water redox conditions. With high sulfate removal, the ratio is
near zero, indicating better sealing, a reducing environment, active water-rock interaction,
and good hydrocarbon preservation conditions [32]. The values for Permian oilfield water
of the present study ranges between zero and 23.55 with an average of 2.93, indicating
that the reservoir has suitable sealing properties and relatively intense reduction, which
are beneficial to oil and gas preservation. However, the ratio varies markedly between
formations. Ranges (averages) for the different formations are as follows: Upper Urho For-
mation, 0.04-9.23 (2.0); Lower Urho Formation, 0-9.28 (1.94); Xiazijie Formation, 0.08-3.56
(1.46); Fengcheng Formation, 0.13-7.64 (2.60); and Jiamuhe Formation, 0.27-23.55 (5.74)
(Figure 4b).
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Figure 4. Vertical profiles of chemical parameters for Permian oilfield water in the western periphery
of the Mahu Sag, including (a) rNa/tcy, (b) rso, X 100/1cy, (€) (rtHCO;+C0O;)/TCa, and (d) Tvg /TCa-

4.3.3. (HCO;3™ + CO3%) and Ca?*

The (rxco,+c0,)/Tca ratio reflects oilfield water decarbonization and hydrocarbon
preservation conditions. Previous studies have shown that lower ratios indicate oilfield wa-
ter close to the regional hydrodynamic stagnation zone, where water usually has strong de-
carbonization action and the reservoir is more favorable for oil and gas preservation [33,34].
The values for Permian formations in the western periphery are generally in the range of
0.04-1240, with an average of 66.49. Ranges (averages) for the different formations are
as follows: Upper Urho Formation, 0.04-1.27 (0.39); Lower Urho Formation, 0.07-2.58
(0.72); Xiazijie Formation, 0.05-820.72 (215.27); Fengcheng Formation, 0.11-1240.65 (195.56);
and Jiamuhe Formation, 0.07-2.29 (0.54) (Figure 4c). Overall, reservoirs of the Jiamuhe
and Upper and Lower Urho formations have relatively good oil and gas preservation
conditions.

4.3.4. Mg?* and Ca?*

The rvg /1ca ratio reflects the degree of secondary pore development; the lower the
ratio, the more developed the secondary pores [35]. The value of this ratio in the study area
is generally low, ranging from 0 to 1.75, with an average of 0.14, indicating that secondary
pores are well-developed in the Permian reservoirs. Ranges (averages) for the different
formations are as follows: Upper Urho Formation, 0-0.13 (0.04); Lower Urho Formation,
0-0.35 (0.09); Xiazijie Formation, 0-1.45 (0.35); Fengcheng Formation, 0-1.75 (0.3); and
Jiamuhe Formation, 0-0.15 (0.04) (Figure 4d).
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5. Discussion
5.1. Oil and Gas Preservation

The chemical parameters of oilfield water, as described above, provide clues to the
quality of different reservoirs. Here we discuss the correlations between different hy-
drochemical parameters, and further investigate variations in physical properties and
hydrocarbon preservation conditions in Permian reservoirs.

The relationship between rn, /1) and rso, x 100/x¢) for oilfield water can be used to
divide the preservation environment into transition, preservation, non-preservation, and
weak preservation zones, which reflect the hydrocarbon preservation conditions [36]. The
data of the Upper Urho, Lower Urho, Xiazijie, and Jiamuhe formations are mainly in the
preservation zone. The Fengcheng Formation has two data points in the transition and
non-preservation zones (Figure 5). This indicates that preservation conditions in the Upper
Urho, Lower Urho, Xiazijie, and Jiamuhe formations are more favorable for hydrocarbon
preservation than those of the Fengcheng Formation.

10 -
+
1 + Non-preservation zone
E + +4+ X
L + OGpex X
[ e «® L
L 2 X
é | Transition
oy zone
0.1} X
Weak preservation
zone
Preservation zone
0'01 1 1111l 1 1 11 1111 1 1 11l 1 1 1111l 1 1 11 111
0.01 0.1 1 10 100 1000
log(rg,*x100/1¢,)

Legend ®@ P,w o P,w Px +Pf xPj

Figure 5. Classification of Permian oilfield water-oil and gas preservation conditions in the western
periphery of the Mahu Sag.

The oilfield water of the Upper and Lower Urho formations has similar chemical
characteristics, with low values of rna /rcy, 5o, X 100/rcy, (tHCO;+C0;)/TCa, and Tvg /Tca,
indicating that the oilfield water has undergone a high degree of concentration, with weak
desulfurization and decarbonization effects. The reservoir is near the regional hydrody-
namic stagnation zone, with good sealing and secondary pores. These factors provide
good conditions for oil and gas preservation. The Xiazijie and Fengcheng formations have
lower rsp, x 100/r¢) ratios, but higher rna /rcy, (tHCO,+C05)/TCa, and rvg /1c, Tatios than
the Upper and Lower Urho formations, indicating that as their secondary pore content
decreases, the degree of concentration of oilfield water decreases, with a deterioration in
reservoir sealing and oil and gas preservation conditions. Compared with the other forma-
tions, the Jiamuhe Formation has higher rso, x 100/r¢; ratios and lower (ryco,+c0,)/Tca
and rvg/Tca ratios. In this formation, oilfield water undergoes intense concentration and
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reduction. The reservoir is near the stagnant groundwater zone, secondary pores are
relatively well-developed, and the sealing is conducive to hydrocarbon preservation.

5.2. Genesis of Oilfield Water
5.2.1. Tectonic Activity and Paleoclimate

The contents of ions and TDS in oilfield water are closely related to paleo-sedimentary
chemistry. Those of Permian oilfield water in the western periphery indicate that water in
the study area is rich in alkali and alkaline—earth metal ions. The sedimentary and tectonic
setting of the study area indicates that the Mahu Sag is a Carboniferous—-Quaternary
depression that formed on pre-Carboniferous folded basement. It has thus undergone a
complex tectonic evolution. From the Permian to Triassic, the Mahu Sag was dominated
by sedimentary filling. The main evolutionary event involved long-term post-orogenic
extension during the late Carboniferous to early Permian. Compression and thrusting
occurred during the middle Permian to Middle Triassic, forming an intracratonic depression
by the Late Triassic. The formation of the depression involved various sedimentary systems,
including alluvial fans, fan deltas, and lake facies [37-39]. Two sets of source rocks were
formed during the Permian, namely the Jiamuhe and Fengcheng formations. The period of
their deposition was marked by basic volcanism [40], with volcanic materials entering the
reservoirs, such as alkali (Na*, K*) and alkaline—earth (Ca2*) metal ions, which provided
a basis for alkali-containing mineral generation in the reservoirs. Such minerals are an
important component of oilfield water and influence its properties.

The paleoclimate of the Mahu Sag was arid, with high rates of evaporation. Such a
climate promoted the alkalinization of water and the formation of alkaline lake environ-
ments [24,37-39]. The relationships between ion types and TDS in oilfield water indicate
that the characteristics of oilfield water in the Jiamuhe, and Lower and Upper Urho for-
mations were obviously influenced by evaporation (Figure 2). Strong evaporation causes
a remarkable concentration of oilfield water, and interlayers of mudstone and tuffaceous
mudstone create a closed environment that is beneficial to the preservation of oilfield
water [41]. Therefore, the oilfield water of Jiamuhe and Lower and Upper Urho formations
has high concentrations of TDS. The Jiamuhe and Upper and Lower Urho formations
have rn, /rc) ratios << 0.85, indicating that oilfield water underwent relatively high cation
exchange and adsorption.

The depositional environment in the Fengcheng and Xiazijie formations changed
as a result of deep hydrothermal and tectonic activity, with the lake basin becoming
highly saline and occlusive [17,42]. During this period, volcanic and tectonic activity were
pronounced, forming a series of fault zones on the northwestern margin of the Junggar
Basin [43]. Volcanism provided Na, Mg, Ca, and other elements for alkali-containing
minerals. Large, deep faults provided channels for hydrothermal migration, and alkaline
minerals of the soda group, rich in Na,O and CO;, were accumulated in the strata. Such
minerals are soluble in water and hydrolyze to release Na* ions and CO, gas during early
diagenesis. This environment was conducive to the generation of NaHCOs-type water.
Furthermore, large volumes of volcanic material in the Jiamuhe Formation were transported
along faults within hydrothermal fluid, affecting the composition of the Fengcheng and
Xiazijie formations fluids. Oilfield water of the Fengcheng and Xiazijie formations is thus
characterized by high TDS concentrations (Figure 3a) and is minimally relevant to the
content of C1~ (Figure 2b).

5.2.2. Water-Rock Interactions

The sources and compositions of oilfield water are closely related to water-rock
interactions, with different reaction products resulting in different chemical properties for
the water. Davisson et al. (1996) proposed a method of describing fluid-rock interactions
based on the relationship between the depletion of Na* and the enrichment of Ca?* relative
to seawater, using a Nageficjt—Caexcess diagram [7,44,45]. The Nageficitr—Caexcess relationship
of the Permian oilfield water in the present study area is discussed here in terms of this
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method. The Nageficit—Caexcess diagram (Figure 6) indicates that, compared with seawater,
the oilfield water of the Jiamuhe and Upper and Lower Urho formations is notably depleted
in Na* and enriched in Ca?*. The data plot on the Basin Fluid Line (BFL) indicates that
the reservoirs underwent Na and Ca ion-replacement reactions [33,46] (Figure 6a—c). SEM
observations indicate that the main minerals present in the Permian reservoirs are quartz,
plagioclase, laumontite, heulandite, and microcline (as shown in Figure 7). Furthermore,
it was observed that albite, a type of plagioclase, was dissolved. (Figure 8h,i). These lines
of evidence indicate that water-rock reactions of albite and Ca occurred in the Jiamuhe and
Upper and Lower Urho formations as follows:

CaAl,SiyOg + 4Si0; + 2Na* = 2NaAlSiOg + Ca* (3)
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Figure 6. Nageficit—Caexcess plots for the western periphery of the Mahu Sag, showing the dissolution
of CaSOy4 and dolomitization (1); exchange reactions between one Ca and two Na ions (2); a reaction
mixture (3); ocean evaporation (4); saturated salt rock (5); and dissolution of salt rock (6). (a) Upper
Urho Formation; (b) Lower Urho Formation; (c) Jiamuhe Formation; (d) Fengcheng Formation;

(e) Xiazijie Formation.

The ionic contents of the Fengcheng and Xiazijie formations were much higher than
those of the other formations (Figure 3b—e), and the enrichment of Ca?* relative to seawater
was not obvious in the former. About 50% of the samples show obvious Na* enrichment
relative to seawater, indicating the dissolution of salt rock (Figure 6d). Similarly, most
samples of the Xiazijie Formation plot were near the Basinal Fluid Line, with some samples
showing Na* enrichment relative to seawater, indicating sodic feldspathization of Ca
feldspars accompanying the dissolution of salt rock (Figure 6e). The Fengcheng and
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Xiazijie formations are rich in carbonate minerals, especially dolomite and calcite (Figure 7).
Carbonate rocks dissolve in an acidic fluid environment as follows:

CaCO; + H* = Ca®* + HCO;3~ (4)

CaMgCOs + HY = Ca?* + Mg?" + HCO3 ™~ (5)

The dissolution of carbonate rocks was thus a major source of oilfield water in the
Fengcheng and Xiazijie formations. Sandy and argillaceous dolomites that are rich in
carbonate components are significant targets of dissolution (Figure 1c).

Oilfield water of the Fengcheng and Xiazijie formations is mainly of the NaHCOj type,
with high TDS contents. Previous studies [27] have reported that NaHCOj3-type water is
relatively rare in petroliferous basins and is often related to the migration of CO, from
mantle sources or migration of oil and gas along basement faults [47,48]. The Fengcheng
Formation is the main Permian hydrocarbon source rock in the study area, and large
volumes of CO; would have been produced during the maturation of organic matter. CO,
dissolves in oilfield water, raising the HCO3™ concentration and promoting the generation
of NaHCOg3-type water with high TDS contents. The ry,/rc and (rHco,+c0,)/Tca ratios of
the Fengcheng and Xiazijie formations are relatively high (Figure 4a—c), indicating relatively
strong oilfield water activity. In addition, volcanism occurred during the deposition of the
Fengcheng Formation, and the Wuxia Kebai fault zone continued to expand. Under the
influence of formation pressure, the active oilfield water of the Fengcheng Formation mixed
with oilfield water of the Xiazijie Formation along these faults; the latter water inherited
features of the former, evolving to NaHCOs3-type water with a high TDS content. Oilfield
water in the Fengcheng Formation was thus influenced by the dissolution of carbonate
rocks and the expulsion of hydrocarbons from source rocks. The genesis of oilfield water
in the Xiazijie Formation was more complex and was influenced by salt rock dissolution,
sodic feldspathization of Ca feldspars, and the complex Permian fault system.

25
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Figure 7. Types of interstitial material in Permian reservoirs in the western periphery of the Mahu Sag.
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Figure 8. Microscopic characteristics of feldspar in the Permian reservoir of the western periphery
of the Mahu Sag. (a) Well YT1, 4872.5 m, P,w; intergranular pores of sandy conglomerate are filled
with authigenic albite; the albite crystal is intact with no dissolution; x50. (b) Well JL31, 3149.41 m,
Pyj; matrix contains tuffaceous, intergranular pores; dissolution pores developed in the matrix; pores
are filled with columnar authigenic albite; x50. (c) Well YB4, 3870.11 m, P,w; euhedral columnar
albite is developed in intergranular pores of sandy conglomerate; x50. (d) Well JL31well, 3149.86 m,
Pyj; authigenic albite is developed in the matrix; dissolution pores are rich in tuffaceous sandstone;
albite formed after the dissolution; x50. (e) Well K80, 4156.77 m, Pyw; residual intergranular pores of
sandstone are filled with authigenic albite minerals and intercrystalline pores are developed; x80.
(f) Well YB4, 3915.31 m, P,w; columnar albite has grown in intergranular dissolution pores; minerals
have well-developed crystal forms without dissolution; x3950 (SEM). (g) Well K80, 4155.23 m, Pow;
feldspar particles in sandstone are dissolved to form moldic pores and intragranular dissolution
pores (intra-feldspar pores); x80. (h) Well J206, 4012.62 m, P3w; feldspar particles are strongly
corroded, producing a large number of dissolution pores in the particles; x1440 (SEM). (i) Well JL8
well, 3290.35 m, P3w; clastic feldspar particles have undergone strong dissolution, and authigenic
quartz has grown in the intergranular dissolution pores; x2440 (SEM).

6. Geological Significance
6.1. Physical Properties of Reservoirs

Secondary pores in Permian reservoirs in the western periphery of the Mahu Sag are
well-developed, and albite dissolution is an important contributor to pore formation [49,50],
as indicated by the characteristic rMg?* /rCa2* ratios of oilfield water (Figure 4d). The dis-
solution of feldspar debris particles is prevalent in the study area, whereas feldspar cement
seldom dissolves. In thin sections, albite cement filling intergranular pores comprises short
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columnar crystals that have not been dissolved (Figure 8a—e). Further examination by SEM
revealed that feldspar of the cement has a well-developed crystal form and has not been
subjected to dissolution (Figure 8f); instead, it is the feldspar debris particles that dissolve.
The thin section and SEM analyses show that feldspar debris particles dissolve readily,
forming moldic and dissolution pores (Figure 8g—i). The main dissolution products are
kaolinite and quartz, and according to the different types of feldspar, there are three main
dissolution reactions:

2KAISi3O0g (K-feldspar) + 2H* + H,O = Al,Si;O5(0OH), (kaolinite) + 4SiO; (quartz) + 2K* (6)
2NaAlSi;Og (albite) + 2H" + H,O = Al;Si;O5(OH)4 (kaolinite) + 4Si0; (quartz) + 2Na™ (7)
CaAl,SiyOg (anorthite) + 2H* + H,O = Al,Si,O5(0OH), (kaolinite) + Ca%* 8)

The dissolution of feldspar debris particles is a constructive diagenetic process, form-
ing dissolution pores that can improve the reservoir’s pore-permeability conditions. The
precipitation and growth of authigenic quartz, on the other hand, is a destructive diage-
netic process, as it occupies pore space, reducing porosity and permeability. In Figure 8,
authigenic quartz particles can be clearly observed, with complete crystal forms. Most
of the quartz has undergone authigenic enlargement without dissolution, filling the pore
interiors and occupying some or all of the pore space (Figure 8b,e,g,i). The excessive
growth of quartz in the study area is primarily a chemical reaction. On one hand, the
dissolution of feldspar debris particles forms quartz crystals. On the other hand, as the
concentration of silica-bearing fluids increases, under certain temperature and pressure
conditions, dissolved silica in the fluids re-crystallizes to form quartz crystals. This recrys-
tallization process occurs at the edges of previously formed quartz crystals, resulting in
edge enlargement (Figure 8b,e).

Previous studies have shown obvious homoionic and salt effects in high-TDS oilfield
water. Feldspar dissolves when the fluid environment becomes acidic. However, if there
are high concentrations of Na* and CI™ ions in the fluid, the exchange of Na* and CI~
from feldspar to fluid is inhibited, and feldspar dissolution is impeded. This is termed
the "homoionic effect’. Aluminum silicate minerals dissolve more readily as the TDS
concentration increases (i.e., the ‘salt effect’) [51]. The TDS content of Permian oilfield
water in the study area is fairly high (Figure 3a), and alkali and alkaline-earth metal ion
concentrations are high, especially Na* and K* in the Fengcheng and Xiazijie formations
where they are notably higher than Ca?* concentrations (Figure 3c—e). In this case, the
homoionic effect is not conducive to the dissolution of albite or K-feldspar because these
minerals are rich in alkali metal ions. The salt effect aids the dissolution of Ca feldspar
because this mineral is rich in alkaline—earth metal ions [14,52,53]. Therefore, the dissolution
of Ca feldspar is an important feature of diagenesis in the study area and can be used to
assess the physical properties of reservoirs.

6.2. Favourable Areas for Exploration

Distribution maps (Figure 9) of TDS concentration, and rn, /rc) and rso, X 100/1¢;
ratios of the Upper Urho Formation were prepared to indicate the association between
the chemical characteristics of oilfield water and areas suitable for exploration. The av-
erage porosity distribution of the Upper Urho Formation was used to discuss the rela-
tionship between the chemical characteristics of oilfield water and porosity. The influ-
ence of the sedimentary environment was also considered through source direction and
facies distribution.
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Figure 9. Distribution of oilfield water chemistry and average porosity for the Permian Upper Urho
Formation in the western periphery of the Mahu Sag. The figure shows the distributions of (a) TDS
concentration; (b) rna /r¢ ratio; (¢) rsp, x 100/1¢; ratio; and (d) porosity.
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Material sources are distributed in a northwesterly direction in the study area, with
a fan delta plain, fan delta front, front fan delta, lakeside, and shallow lake developing
from the slope area to the center of the depression. The Upper Urho Formation has the
most widespread distribution of fan delta front subfacies. TDS is distributed in a banded
pattern, with high-value areas to the west and north, and the low-value regions to the
east and south. The high-value area is mainly in the H15-H1-H7-G204 well block and
surrounding areas where the TDS content of wells is >40 g L™ (maximum 241 g L™}, Well
H15). The area with the next-highest TDS values is the G201-G80-H5 well block, with TDS
contents of >20 g L™ (Figure 9a). The TDS high-value areas are distributed mainly in the
fan delta front, with TDS content decreasing along the source direction, i.e., the nearer the
depression center, the lower the TDS content. The fan delta front subfacies of the Upper
Urho Formation comprise three microfacies: subsea river channel, river mouth dam, and
sheet sand. These are developed along the source direction, with decreasing clay content.
Muddy shale and argillaceous siltstone in the submarine river channel form the caprock,
which enhances the sealing of the reservoir and promotes the concentration of oilfield
water, with a resulting high TDS content. The delta barrier and sheet sand are strongly
influenced by the external environment, having experienced more active hydrodynamic
conditions. The TDS value of oilfield water in these microfacies is usually low. Thus, the
sedimentary facies and source direction have a major effect on the chemical characteristics
of oilfield water.

The 1N, /1) ratio is distributed with a zonal pattern in map view (Figure 9b). Areas
with a high rn,/rc ratio also have high TDS contents, while low-ratio areas are dis-
tributed mainly in the G10-L2-L7-L4-G83 and H5-H7-H1-Z7 well blocks (Figure 9b). The
rso, X 100/rc) ratio is generally low, and the higher-value area in the M9-J7 well block
is strongly correlated with the low-TDS and the high-rn, /¢ areas (Figure 9¢). The high-
porosity, high-TDS, low- rna/1c), and low- rso, x 100/r¢; areas are consistent (Figure 9d).
According to oil and gas exploration data of the Xinjiang Oilfield Exploration and Develop-
ment Research Institute (September 2021), 34 layers in 24 wells contain industrial-grade
oil in the western periphery of the Mahu Sag. Eighteen layers in 15 wells are of the Upper
Urho Formation, eight layers in eight wells are of the Lower Urho Formation, and two
layers in one well are of the Xiazijie Formation (Table 4). These wells are distributed in
areas with relatively high TDS, low rna/rc, and low rso, x 100/rc) values, especially
high-productivity wells such as H014, H015, H18, H22, H27, and H017, which have TDS
contents of >20 g L, rna /1) ratios of <0.75, and rso, X 100/r¢; ratios of <5. These high-
productivity wells are distributed in the fan delta front (Figure 9a—d). Reservoirs in this
sedimentary environment are usually widely distributed and well sorted, with thick sand
bodies and high exploration potential. These results demonstrate the importance of the
chemical properties of oilfield water in petroleum exploration and provide a reference for
Permian oil and gas development in the western periphery of the Mahu Sag.

Table 4. Oil and gas exploration results for the western periphery of the Mahu Sag.

No. Well Formation Deep (m) Oil Production Gas Production

(m3/day) (10* m3/day)
1 HO14 Paw, 37373844 138.29 0.86
Pawy 3681~3702 7.40
2 HO015 Pswy 3614~3649 26.20 0.18
Tib 3496~3551 6.20
3 H10 P3wy 3570~3573 6.30
Psw 3364~3396 8.70
4 Hil Tib 3230~3264 8.00

5 H14 Pow 4100~4179 18.80




Minerals 2023, 13, 1043

17 of 20

Table 4. Cont.

No. Well Formation Deep (m) Oil Production Gas Production

(m3/day) (10* m3/day)
Pawy 3741~3755 6.85
6 Hi18
Pswy 3642~3682 21.70 0.33
7 H21 Pow 3578~3652 7.30
8 H22 Pyw 3586~3668 25.60
9 H23 Pswq 4283~4316 11.62
10 H24 Psw»p 3182~3205 16.64
11 H27 Pow 3281~3285 10.20 0.68
12 H29 Pswyp 3242~3245 22.20 0.23
13 z7 Pow 4466~4563 18.62
Pow 3724~3748 5.70
14 HO016 P3wyg 3563~3568.5 12.30
T1b 3454~3495 12.50
Pow 3624.5~3646.5 20.50
15 HO017 Pawyp 3537~3554 36.20
Pawqy 3494~3505.5 27.80
Pow 3672~3684 6.20
16 Ho18 P3wip 3640~3658 7.40
17 H402 T1b; 3411~3434 9.40
18 G891 Psw 3072~3078 6.00
19 G204 Pzwyp 3575~3584 6.50
20 G205 Pox 4339~4352 22.20
4268~4286 12.40
21 L47 Psw»p 3225~3254 6.90 0.85
22 M901 T1b 3521.5~3529 6.50
23 G811 T1b 3220~3227 8.80
24 J225 Pyw 3461~3489 6.60

7. Conclusions

Permian oilfield water in the western periphery of the Mahu Sag is characterized
by high TDS, CI-, (Na* + K*), HCO3~, and Ca?* concentrations, and is mainly CaCl,-
type water. The Upper and Lower Urho formations have low rn,/rcy, 150, X 100/,
(rHCO5+CO;)/ TCa, and 1yjg /TC, Tatios, reflecting a regional zone of hydrodynamic stagnation
where reservoirs are well sealed and conducive to the preservation of oil and gas. The
rso, X 100/r¢; ratios of the Fengcheng and Xiazijie formations are relatively low, while the
I'Na/Tcl, (THCO;+C0;)/TCa, and Tyjg /Tca ratios are much higher than those of the Jiamuhe
and Upper and Lower Urho formations. This indicates a decreasing content of secondary
pores in the reservoirs, with a weak concentration of oilfield water. Reservoir sealing is also
weaker, and oil and gas preservation conditions are not as strong as in the Jiamuhe, Upper,
and Lower Urho formations.

The genesis of the Permian oilfield water is complex and is mainly influenced by
tectonic activity, paleoclimate, and water-rock interaction. Volcanic activity generated
plentiful alkali and alkaline—earth metal ions. A hot, dry paleoclimate produced a saline
alkaline lake sedimentary environment. Both factors provided rich material for oilfield
water sources. Regarding water-rock interaction, the Jiamuhe and Upper and Lower Urho
formations were affected by the sodic feldspathization of Ca-feldspars; the Fengcheng
Formation was influenced by the dissolution of carbonate rocks and hydrocarbon expulsion
from source rocks; the Xiazijie Formation was affected by the sodic feldspathization of Ca-
feldspars and salt rock dissolution while also being controlled by the complex Permian
fault system.

Sodic feldspathization and the dissolution of Ca-feldspars were important during the
diagenesis of the western periphery of the Mahu Sag, having a major effect on reservoir
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physical properties. Secondary pores generated by dissolution resulted in improved reser-
voir quality. The relationship between the chemical characteristics of oilfield water and
the distribution of high-yield petroleum wells indicates that high-TDS, CaCl,-type oilfield
water areas with low rNa/1c), rso, X 100/1¢, (tHCO;+C0;)/ TCa, and the 1y /Tc, ratios are
relatively conducive to the preservation of oil and gas.
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