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Abstract
The reservoir characteristics and palaeo-fluid evolution process of Ganchaigou area in west Qaidam basin was analyzed 
through microscopic observation, fluid inclusions, quantitative grain fluorescence and tectonic evolution history. The res-
ervoir rock in the Ganchaigou is dominated by carbonate rock and the pore space. The Ganchaigou area has experienced 
two stages of hydrocarbon charge and the destruction of late shallow reservoirs: the first stage was the deposition period of 
the Shangganchaigou Formation (approximately 27 Ma), which experienced low-mature and immature crude oil charge, 
with a Ro range from 0.35 to 0.72%. It has the characteristics of continuous accumulation of shale oil under self-sealing and 
self-storage conditions. The corresponding fluid inclusions are mainly yellow–brown and yellow in fluorescence color. The 
development of saline lacustrine source rocks, the early rapid burial of source rocks and tight carbonate-siliciclastic reser-
voir made the accumulation of early crude oil possible. The second stage is the late deposition period of the Xiayoushashan 
Formation (approximately 15 Ma ago), which experienced mature crude oil charge, with a Ro range from 0.51 to1.11%. 
Affected by the Himalayan orogenic movement, the shallow and deep traps formed a vertical stacking relationship, leading 
to a deep and shallow multilayered hydrocarbon accumulation model. After the deposition of the Shangyoushashan Forma-
tion, orogenic activities in the Eastern Kunlun Range and Altyn Tage Range intensified, a large amount of denudation in 
the shallow strata occurred, and the integrity of shallow local traps was destroyed, resulting in the loss of crude oil from the 
shallow traps and a large amount of oil sands forming in outcrop. The traps developed in deep strata still have great explora-
tion potential in this area.
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Introduction

Carbonate and clastic rocks are the two most common types 
of reservoirs in most oil fields. Bedrock and igneous reser-
voir may be involved in some oilfields, howerer, the overall 
proportion is small. In contrast, mixed rock hydrocarbon 
reservoirs are even rarer. Although mixed rock reservoirs 
are rare, they have good oil and gas storage performance 
(Feng et al. 2013; Gao et al. 2018). Mixed sediments were 
first thought to be sediments formed by mixing terrigenous 
clastic and carbonate rocks (Mount 1984), and some scholars 
have made further study about the phenomenon of mixed 
sediments (Roberts 1987; Doyle and Roberts 1988; Yose 
and Heller 1989; Dolan 1989). Later, some scholars put for-
ward the concept of mixed rocks (Yang and Sha 1990), and 
believed that mixed rocks refer to rocks with mixed terrig-
enous clastic and carbonate components. Siliceous clastic 
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rocks and carbonate rocks are not two completely different 
fields, they belong to a unified whole (Doyle and Roberts 
1988). The formation of mixed rocks requires a balance 
between terrigenous clastic supply and carbonate produc-
tion (Chiarella et al. 2017).

Mixed rocks complicate deposition, reservoirs, and 
hydrocarbon migration process, making the analysis of 
petroleum systems more difficult than conventional reser-
voirs (Campbell 2005; Palermo et al. 2008; Feng et al. 2011; 
García-Hidalgo et al. 2007; García-Garcíaet et al. 2009). 
In saline lacustrine basins and saline foreland compression 
basins, it often leads to the existence of mixed rocks (Warren 
2006). Saline lacustrine basins, due to the rapid changes in 
the salinity during the geological historical period, resulted 
in a complicated vertical stacking relationship between the 
lithology of the lake basin sediments. A complete saliniza-
tion sequence usually starts with fresh water and gradually 
progresses to brackish water (Warren 2006; Wang 2018; Wu 
et al., 2016c). As the lake became salty, deposits changed 
from clastic rock to carbonate deposits, and finally to salt 
and other evaporite rocks. The existence of multiple salini-
zation sequences and the frequent fluctuation of the water 
lead to mixed deposits of multiple lithologies (Warren 2006; 
Wu et al. 2020). The mixed rock deposited from the salini-
zation sequences environment belongs to primary origin. 
Give rise to the presence of salt formations in the foreland 
basins, the formation folds under the compression of tectonic 
stress, forming mixing lithology in space. The mixed rocks 
formed from tectonic activity belong to the late transforma-
tion origin.

The primary sedimentary mixed rock is mainly controlled 
by the influence of the saline sedimentary sequence of the 
lacustrine basin. Due to changes in the salinity of the water, 
the basin forms multiple salty sedimentary sequences in 
time and space, and a single salty sequence controls this 
complete combination of source, reservoir and cap, so rapid 
water fluctuations will form multiple salty sequences in 
space, forming multi-layered hydrocarbon accumulation. If 
strong tectonic movement is experienced in the later stage, 
the primary mixed rock will be further complicated and the 
complex reservoir space of fault block and breccia will be 
formed.

Complex piedmont structural areas often undergo multi-
stage tectonic activity and multi-stage of hydrocarbon gen-
eration, migration, accumulation and adjustment. Therefore, 
the hydrocarbon accumulation process and preservation con-
ditions are critical to the forming of current hydrocarbon 
reservoirs (Wu 2015; 2016a; 2016b). A good configuration 
between the trap forming and hydrocarbon charge time is 
conducive to the formation of large oil and gas reservoirs. 
Fluid inclusions dating technology combined with quantita-
tive grain fluorescence and other ancient reservoir analysis 
technologies can determine the time of hydrocarbon activity 

process. Cooperated with the trap evolution and the thermal 
evolution process of the source rock can further understand 
the hydrocarbon accumulation evolution and later adjust-
ment process.

The hydrocarbon in Ganchaigou area mainly accumu-
lated in the mixed rock layer of E3

2 Member. Meanwhile, 
there are obvious oil seepage on the surface. The reservoirs 
in this area have obviously undergone later adjustment and 
transformation, the hydrocarbon accumulation process is not 
clear. This study combines rock mineral X-ray diffraction 
(XRD) analysis, thin section, scanning electron microscopy 
(SEM) and other reservoir analysis methods to carry out the 
characterization of the mixed rock reservoir in the Ganchai-
gou area of the Qaidam Basin. With the help of fluid inclu-
sion microscopic observation, homogenization temperature 
(Th) measurement and basin modeling technologies, the 
burial history, thermal history, and trap evolution history are 
unraveled. Moreover, combined with actual geological data, 
the hydrocarbon evolution process and exploration potential 
in the Ganchaigou area can be addressed, which is of great 
significance to the petroleum exploration and deepening 
geological understanding in the basin.

Geological setting

The Qaidam Basin is one of the main petroliferous basins 
formed during the uplift of the Tibet Plateau (Harrison 
et al. 1992; Chung et al. 1998; Zhisheng et al. 2001; Wang 
et al. 2008; Yu et al. 2019). Due to the collision between 
the Asia-Europe plate and the Indian plate, the Tibet Pla-
teau continued to uplift and push northward, and the crust 
slipped northward and eastward to escape, forming large-
scale strike-slip and thrust faults, resulting in the uplift of 
ranges and flexural basins (Harrison et al. 1992). According 
to the distribution and characteristics of the main petroleum 
exploration areas, the basin is divided into five first-order 
tectonic units, namely the western Qaidam depression zone, 
the Altyn Tage Range (ATR) front zone, the Qilian Range 
front zone, the eastern Qaidam Sanhu depression zone, and 
the abdominal anticline zone. The study area in this paper is 
located in the western Qaidam depression. A large Cenozoic 
petroleum system develops in the western Qaidam area. Its 
main source rock is the upper member of Xiaganchaigou 
Formation (E3

2) of the Paleogene (Zhang et al. 2017a). The 
main hydrocarbon reservoirs span multiple strata, from the 
Paleogene to the Neogene. The hydrocarbon-bearing char-
acteristics of this multilayered system are not only related 
to the multi-phase tectonic movement, but also to the large-
scale mixed rock reservoir formed under the control of the 
multi-phase salinization sequence in the area. In the west-
ern Qaidam basin, there are multiple saline sedimentary 
sequences in the E3

2 Member of the Paleogene (Guo et al. 
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2019), and there are multiple hydrocarbon-bearing layers 
in the vertical space. At the same time, under the influence 
of the piedmont compression structure, the reservoir is fur-
ther complicated by faults and compression and other tec-
tonic effects, forming multi-fault blocks and multi-layer oil 
and gas accumulations. With the deepening exploration in 
the western Qaidam basin, the focus of exploration targets 
gradually shifted to the deep Paleogene. The mixed rocks are 
dominated by carbonate, and some sections develop clastic 
rocks. Generally speaking, the lithology of the reservoir is 
relatively tight, mainly relying on carbonate intercrystalline 
pores, dissolved cavities and fractures as the main storage 
space (Liu et al. 2021). A good salt caprock layer is also 
developed on the top of this interval, which can form a good 
deep source-reservoir-seal combination in E3

2 Member.
With the large-scale oil and gas discoveries in the Yingx-

iongling area in western Qaidam basin, especially the break-
through in the deep layers of Yingxi, petroleum exploration 
in the Yingxiongling area has become a hot spot. The Gan-
chaigou area is adjacent to the northern part of the Yingx-
iongling area in western Qaidam basin (Fig. 1), with the 
Xianshuiquan area in the northeast and ATR in the north-
west. The northeast-southwest trend is generally represented 
as a fault anticline structure, and the northwest-southeast 
trend is a large nose structure. The fault slipped inside the 
E3

2 Member, and the strata overlapped and repeated verti-
cally in the shallow Ganchaigou area. Affected by the Him-
alayan orogeny, the ATR and the EKR formed strike-slip 
uplift structures, which had a key influence on the formation 
and later transformation of the main petroliferous structures 
in the western Qaidam Basin. The formation of the structure 

in the western Qaidam area is similar to that in the Yingxi 
area. The embryonic structure was formed relatively early 
(Guan et al. 2017; Wu et al. 2021a). In the later period, 
the trap uplift was further aggravated by the compression 
and uplift orogeny, and the closure height and area were 
enlarged. The stratum uplift is obvious in the late period, 
which has an obvious reforming or destructive effect on the 
structure formed in the early period.

The main source rocks in the Ganchaigou area are similar 
to those in the Yingxi area, and they are both fine-grained 
mixed rocks of the upper member of the Xiaganchaigou 
Formation. The main reservoirs are the carbonate rock and 
a small amount of argillaceous siltstone, sandy limestone, 
sandy mudstone and gypsum mudstone in the upper mem-
ber of the Xiaganchaigou Formation. The Shangganchaigou 
Formation and Xiayoushashan Formation in the shallow part 
are also well-developed reservoirs, but in the late period due 
to the rapid uplift of ATR and EKR (Meyer 1998; Jolivet 
et al. 2003; Fu 2007; Yin 2007; 2008a; 2008b; Zhang 2012; 
Cheng 2014), causing the integrity of the shallow strata 
caprock to be locally damaged by the fault, so the shallow 
preservation conditions are relatively poor.

Materials and methods

Sampling

The mixed rock reservoirs have become the main areas for 
oil production in the western Qaidam basin. Some wells 
with daily output of 1,000 tons of oil equivalent have been 

Fig. 1   Plane structure map of 
the upper member of Xiagan-
chaigou Formation (E3

2) in the 
Ganchaigou area, Qaidam basin
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discovered in this area, which have made significant con-
tributions to the increase of oil reserves and production in 
the Qaidam basin, and also promoted the surrounding areas 
petroleum exploration.

Twenty-nine core samples from five wells (CX1, S60, 
S3-1, X102 and X10) were collected for the integrated pet-
rologic and geochemical study. All samples were obtained 
from the main oil-bearing layer Xiaganchaigou Fm. (E3

2). 
The mixed lithologies of the selected samples were domi-
nated by carbonate rock, followed by clastic rock. The pre-
processing steps for quantitative fluorescence technique 
(QFT) analysis samples can refer to (Liu and Eadington 
2005).

X‑ray diffraction (XRD)

Ten core samples were selected from well S60 to make the 
XRD analysis by using an Empyrean made by Netherland. 
The maximum power of the instrument can be up to 2.2 kW, 
and the maximum counting rate is more than 109cps, and the 
sample can be corrected in five directions at the same time. 
The ten samples are all from the mixed rock of E3

2 of the 
Ganchaigou area in the western Qaidam basin.

Petrography

The microscope used for optical observation was carried out 
on thin section by using a Zeiss Axiom Imager M2 with a 
magnification of × 1000 under incident-light, reflected-light, 
and ultraviolet-light (UV) modes. The UV micro-fluores-
cence observations were made by using Zeiss Axiom Imager 
M2 optical microscope equipped with an HBO-100 epi-flu-
orescence source filtered at 365 ± 5 nm and an LP400nm 
emission filter. The cement phase, fractures, veins, cross-
cutting relationship of fluid inclusions were recognized by 
using the optical and fluorescence. Mineral identification 
and pore type observation were mainly observed by single 
polarized light and orthogonal light mode.

Quantitative fluorescence techniques (QFT)

Three fluorescence techniques, quantitative grain fluores-
cence (QGF), quantitative grain fluorescence on Extract 
(QGF-E) and total scanning fluorescence (TSF), can detect 
palaeo-oil zones and current residual oil zones in petroleum 
wells (Liu and Eadington 2005; Liu et al. 2014). QGF can 
be used to characterize palaeo-oil reservoirs by detecting the 
hydrocarbon information inside the mineral particles. The 
QGF-E can identify the characteristics of current oil reser-
voirs by detecting the components of hydrocarbons adsorbed 
on the surface of mineral particles. Meanwhile, it can be 
used to compare with palaeo-oil reservoirs to study the evo-
lution process of oil and gas reservoirs (Liu and Eadington 

2005). The QGF index is the ratio of the QGF intensity to 
the fluorescence intensity corresponding to the wavelength 
of 300 nm. The higher the QGF index, the better the oil-
bearing properties of the palaeo-reservoir will be (Liu and 
Eadington 2005; Liu et al. 2007). The QGF-E intensity can 
be used to intuitively judge the current oil-bearing strength 
of the reservoir.

TSF can be used to identify information such as the com-
position and maturity of crude oil or adsorbed hydrocarbons 
in the reservoir. It also can be used as a tool for oil source 
comparison and petroleum migration pathway identification 
(Liu 2007). R1 is an important indicator in TSF technique 
indicating that the sample is excited by a 270 nm laser, cor-
responding to the ratio of the fluorescence intensity of the 
emission wavelength of 320–360 nm, which is similar to 
the ratio of tricyclic aromatic hydrocarbons and monocyclic 
aromatic hydrocarbons in crude oil (Liu 2007). R1 can be 
used to characterize the maturity of adsorbed hydrocarbon 
or crude oil. It is generally considered that when R1 < 2.0 
is condensate to very light oil, when 2.0 < R1 < 3.0 is light-
normal oil, and when R1 > 3.0 is medium-heavy oil.

Microthermometry of fluid inclusions

Homogenization temperature (Th) measurements were 
obtained using a microscope-mounted Linkam Thms-Q 600 
heating-freezing stage. The heating rate were set to 5–10 °C/
min at the beginning, changed the heating rate to 0.5–1 °C/
min when the inclusions are close to uniform. The precision 
of Th measurements was about 1 °C.

Basin modeling

The burial history and thermal evolution history of the Gan-
chaigou petroleum system were modeled using the PetroMod 
1D software. The drilling data from the drilling report of 
PetroChina and the published boundary conditions (Li et al. 
2015) were used to carry out the modeling. The bottom hole 
temperature and vitrinite reflectance data were used to cali-
brate and validate the thermal history result of the model.

Results

Reservoir characteristics

Mineral composition

The lithology of this mixed rock reservoir is mainly carbon-
ate rock, followed by clastic rock. Through X-ray diffraction 
(XRD) analysis of the lithologic minerals of the E3

2 Member 
in well S60, the results show that the composition of this 
mixed rock reservoir is mainly dolomite and calcite. Among 
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the carbonate rock components, calcite and ankerite account 
for the highest proportion. For example, the carbonate min-
eral content accounts for more than 74% and the ankerite 
accounts for 60.7% in the depth of 3032.93 m. The content 
of clastic rocks in a few intervals is also high, for instance, 
the mineral content of clastic rocks at a depth of 3034.35 m 
accounts for more than 58% (Fig. 2).

Pore characteristics

Give rise to the development of multiple lithologies and 
multi-phase tectonic movements, various types of reservoir 
spaces develop in the Ganchaigou area. Among them, it is 
divided into primary and secondary storage space, and the 
later secondary storage space is dominant. The primary res-
ervoir space mainly includes residual pores, intercrystalline 
pores and deposit genesis bedding fractures (Fig. 3). The 
residual pores filled with dolomite particles are relatively 
large, and the larger residual pores observed in the micro-
scope can reach 4 mm (Fig. 3a), but this type of pore is 
relatively rare. The size of intercrystalline pores in dolomite 
is relatively small (Fig. 3b), making it difficult to become a 
major crude oil storage space. The bedding fractures of sedi-
mentary origin mostly appear in the mixed rock development 
area, especially in the sandy limestone development area. 
The seepage capacity and storage capacity of the reservoir 
can be greatly improved for the existence of bedding frac-
tures, but this kind of reservoir does not occupy the main-
stream in Ganchaigou area.

The secondary reservoir space in Ganchaigou area is 
relatively developed, mainly including dissolution pores 
and fractures. The dissolution pores are mainly distributed 
in dolomite and limestone (Fig. 3d, f, g). Some dissolution 
pores are developed in the gypsum grains (Fig. 3e), while 

some dissolution pores are developed in the mixed area of 
sandy limestone. A large number of pores are formed by dis-
solution, and some quartz particles and marl content remain 
after dissolution (Fig. 3g, h, i). Due to the occurrence of 
multi-episode tectonic movement in the geological history in 
Ganchaigou area, a large number of fractures were formed in 
the reservoir. Give rise to the salty sedimentary environment 
of the western Qaidam basin, the fractures were mostly filled 
by carbonate and evaporate. The secondary dissolution pores 
mostly developed along the structural fractures (Fig. 3d, g), 
forming a large number of dissolution fracture-cavity net-
works reservoir system.

Dissolution pores are well developed in some intervals 
in the Ganchaigou area, but the connectivity of the pores 
is poor. High-angle fractures develop in some interval, 
however, due to the low fracture density and number, the 
fracture connectivity rate is low. By measuring the porosity 
and permeability of reservoir core samples, the results indi-
cate that the average porosity of 84 samples was 7.57%, and 
porosity below 8% accounted for 83% (Fig. 4). The overall 
reservoir is tight and the pores are poorly developed. The 
average permeability of the 58 samples is 0.58md, and sam-
ples permeability at 0.1md accounted for 84%. The reservoir 
permeability is also low. Generally speaking, the reservoirs 
in this area have the characteristics of low porosity and low 
permeability (Fig. 4). Low porosity and low permeability are 
typical characteristics of general carbonate samples (Rashid 
et al. 2015, 2017), but the development of dissolution pores 
or fractures in some samples will greatly increase the poros-
ity and permeability of the reservoir. Since the upper mem-
ber of the Lower Ganchaigou Formation is a self-generating 
and self-storing oil reservoir, its hydrocarbon supply con-
ditions will not become a problem that restricts petroleum 

Fig. 2   Mineral composition of the upper member of the Xiaganchaigou Formation (E3
2) in the Well Shi 60
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accumulation. This type of oil reservoir will mostly undergo 
artificial volume fracturing to increase productivity.

QFT characteristics

The characteristics of QGF and QGF‑E

The Paleogene reservoirs in the Ganchaigou area are gener-
ally tight, and the reservoirs are mostly stratified or discon-
tinuous, and there is no uniform oil–water interface. The 

palaeo-reservoirs and the current ones mostly have the char-
acteristics of inheritance or late transformation.

The QGF index of the core sample of well S60 in the 
vicinity of Ganchaigou is not much different from the value 
of the adjacent well X10, which basically fluctuates around 
4 to 5 (Table 1), indicating that some hydrocarbon charge 
occurred in the early period. However, from the perspec-
tive of the QGF-E intensity (Table 1), the S60 well block is 
generally above 20 pc, while the X10 well block is generally 
low, indicating that hydrocarbon is well preserved in the 

Fig. 3   Microscopic characteristics of the pore space of the mixed 
rock reservoir in the Ganchaigou area. a Well S60, dolomite residual 
intergranular pores, 3447.76m, E32,  b Well S60, carbonate inter-
crystalline pores, 3027.17m,  c  Well S60, micrite limestone bedding 
fractures, 3454.61 m,  d  Well S60, dissolution pores inside calcite 
veins,  e  Well S60, gypsum limestone, dissolution pores of gypsum 
particles, 3335.5m, f Well Shi60, sandy marl, in mixed rocks Dissolu-
tion holes in anhydrite, 3372.5m, g S60 well, sandy limestone, inter-

nal dissolution holes in the mixed zone of clastic rock and carbonate 
rock, 3566m, h S60 well, sandy limestone, clastic Dissolution holes 
in the mixed zone of rock and carbonate rock, 3566m,  i Well S60, 
sandy limestone, dissolution holes in the mixed zone of clastic rock 
and carbonate rock, 3566m. The blue color in the photographs repre-
sents the pore space. The arrows in the Figures indicate pores. P pore, 
F fracture

Fig. 4   Reservoir physical prop-
erties of the upper member of 
the Xiaganchaigou Formation 
(E3

2) in the Ganchaigou area
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E3
2 formation of S60 well block, while the X10 well block 

obviously experienced leakage in the late period. The fluo-
rescence spectrum peak (λmax) of QGF or QGF-E can be 
used to characterize the maturity information of crude oil. 
From λmax values of QGF and QGF-E spectra in Ganchai-
gou area (Table 1, Fig. 5), the range of QGF is 391 ~ 403 nm, 
and QGF-E is 355 ~ 378 nm, which is significantly smaller 
than the λmax of QGF spectra. It shows that the current res-
ervoir is filled with relatively high-mature hydrocarbon in 
the late episode and mixed with early hydrocarbon, showing 
relatively high maturity characteristics. 

Characteristics of TSF

TSF can be used to identify information such as the compo-
sition and maturity of crude oil or adsorbed hydrocarbons 
in the reservoir, and can be used as a tool for oil source 
comparison and crude oil migration pathway identification 
(Liu 2007). R1 can be used to characterize the maturity and 
composition information of crude oil or hydrocarbons inside 
inclusions. The R1 of S60 well block is between 3.59 and 
3.76%, which is the characteristic of medium oil. The over-
all R1 of the X10 well area, ranging from 1.0 to 1.56%, is 
lower than that of the S60 well area. Some shallow layer 
samples such as 1071.6 m appear abnormally high R1 value 
(Fig. 6) shows the presence of heavy components (mainly 
residual bitumen), reflecting the late shallow oil reservoir 
destruction. The TSF spectra of the reservoirs in the Gan-
chaigou area and adjacent areas all show a single peak, indi-
cating that the hydrocarbon in the current reservoir is from 
the same source rock. Give rise to the burial depth, it may 
experience destruction in the shallow strata, and continu-
ously accumulated early low-mature and late-stage relatively 
mature oil in deep strata where preservation conditions are 
relatively good.

Hydrocarbon charge period and accumulation 
process

Petrography of fluid inclusions

The main reservoir in the Ganchaigou area is located in 
the E3

2 Member mixed rock, and inclusions are mainly 
developed in calcite veins and quartz healing fractures. It 
is difficult to find inclusions in the host carbonate rocks 
of primary deposition, and only the fluid inclusions cap-
tured in the process of burial and diagenesis can record the 
time and characteristics of fluid charge. Fluid inclusion 
petrography usually uses information such as the occur-
rence relationship of inclusions in mineral particles, the 
single polarized color and the fluorescence color of the 
inclusions, the fluid phase state, and the gas–liquid ratio 
to classify and stage the development of inclusions (Munz Ta
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2001; Goldstein 2001; Wu et  al. 2015, 2016a, 2016b, 
2016c). Some scholars also use the fluorescent color of 
hydrocarbons fluid inclusions to classify the phases, which 
is a way to quickly identify the time when hydrocarbons 
formed. With the increase of hydrocarbon maturity, the 
fluorescence color of inclusions gradually changes from 
brown to dark yellow to orange, yellow white to green, 
blue-green to blue and white (Zhao and Chen 2008; Ping 
et al. 2017, 2019). This fluorescent color is determined by 
the carbon chain length of hydrocarbons and the character-
istics of branch chain development. The longer the carbon 
chain, the lower the maturity of the hydrocarbon, which 

emits yellowish fluorescence. High-mature hydrocarbons 
have relatively short carbon chains, and their groups emit 
bluish and white fluorescence under fluorescent irradia-
tion. Because the fluorescence recognition method is a 
qualitative method of identifying the stage and relative 
maturity, its application is relatively limited. In addition, 
due to some fluid inclusions have local micro-ruptures or 
carbon chain of hydrocarbon ruptures during the burial 
process, it will lead to the conversion of darker fluores-
cence to brighter fluorescence in the early stage, which 
will mislead the formation of successive stages (Wu et al. 
2016b). Therefore, in the actual application process, it 

Fig. 5   QGF (a) and QGF-E (b) spectra of reservoirs in Ganchaigou area, western Qaidam Basin

Fig. 6   Total scanning fluorescence (TSF) spectrum characteristics of Ganchaigou and adjacent areas
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is not accurate enough to judge the formation episodes 
and period only based on the fluorescence color of hydro-
carbon fluid inclusions. It is usually combined with the 
petrography, homogenization temperature of the hydro-
carbon inclusions and the associated brine inclusions to 
make the results more credible. It can be classified into 
three types according to the occurrence characteristics of 
fluid inclusions in well S60 of Ganchaigou area.

The first type, developed in the calcite veins with a ring 
shape, is the yellowish-brown or yellow pure liquid or 
vapor–liquid two phase hydrocarbon inclusions (Fig. 7a, 
b, c), and show black or brown color under single polar-
ized light. Most inclusions of this type are pure liquid 
phases, some of which are vapor–liquid two phase, and 

the vapor–liquid ratio is low, with a range of 4.1 ~ 17.5%. 
According to the low vapor–liquid ratio and the yel-
low–brown fluorescence color of the fluid inclusions, it can 
be inferred that the hydrocarbons in the inclusions formed 
at an early period.

The second type, also developed in the calcite veins with 
nebula or ring shape, is the blue-green or blue pure liquid 
or vapor–liquid two phase hydrocarbon inclusions (Fig. 7d, 
e, f), and present brown color under single polarized light. 
In another case, the calcite veins of this type of inclusions 
cut by linear healing seams show blue and blue-green fluo-
rescence, and they also show dark brown color under single 
polarized light. Moreover, most of this type of hydrocar-
bon inclusions presents pure liquid phase, while a small 

Fig. 7   Petrographic characteristics of fluid inclusions in Ganchaigou 
area, Qaidam Basin A yellow and yellowish brown fluorescent hydro-
carbon inclusions in calcite vein, 3338.65 m, E3

2, UV in well S60, B 
hydrocarbon inclusions in calcite vein in well S60, 3338.65 m, E3

2, 
single polarized light, C: yellow and yellow brown fluorescent hydro-
carbon inclusions in calcite vein in well S60, 3338.65 m, E3

2, UV, D 
Well S60, calcite vein internal yellow and yellow brown fluorescent 
hydrocarbon inclusions, 3338.65 m, E3

2, UV, D Well S60, calcite vein 
internal hydrocarbon inclusions, 3338.65 m, E3

2, UV In well shi-60, 
the yellow green fluorescent hydrocarbon inclusions and blue fluores-
cent hydrocarbon inclusions in calcite veins are distributed linearly, 

3338.65  m, E3
2, UV, E 1 In well S60, the yellow white fluorescent 

hydrocarbon inclusions and blue fluorescence in calcite veins are 
linearly distributed, 3338.65  m, E3

2, UV, F yellow white fluores-
cent hydrocarbon inclusions in calcite veins in well S60, 3338.65 m, 
E3

2, UV, G in well S60, the blue and white fluorescent hydrocarbon 
inclusions in the quartz grain healing fracture are linear distribution, 
3034.84 m, E3

2, left UV + right single polarized light, H in well S60, 
the distribution of hydrocarbon inclusions in the fracture of quartz 
particles is linear, 3034.84 m, E3

2, single polaried light; in well S60, 
the distribution of blue fluorescent hydrocarbon inclusions is linear, 
3034.84 m, E3

2, UV)
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amount present vapor–liquid two phase, with relatively low 
vapor–liquid ratio. They are usually associated with the first 
type of yellow and yellowish-brown fluorescent hydrocarbon 
inclusions in calcite veins.

The third type is hydrocarbon inclusions in the healing 
fractures of quartz grains developed in a mixed rock reser-
voir (Fig. 7g, h, i), which usually show linearly distribution 
cutting through quartz grains. This type of fluid inclusions 
is mostly blue fluorescence, and present yellow–brown color 
under single polarized light, with a higher vapor–liquid ratio 
around 17.4 ~ 23.5%.

Hydrocarbon charge period

The theoretical premise for the study of the uniform temper-
ature of fluid inclusions is that the volume of fluid inclusions 
remains unchanged during the burial process after formation 
and is captured under uniform phase conditions (Munz 2001; 
Goldstein 2001). In fact, there will be a certain difference 
in the homogenization temperature of hydrocarbon inclu-
sions and associated brine inclusions captured during the 
same period. It is generally believed that the associated brine 
inclusions can better reflect the geological conditions during 
the capture period. This is because hydrocarbon inclusions 
may have certain changes during the later burial process.

The fluid inclusions developed in the core samples of 
well S60 are mainly hydrocarbon inclusions, and the num-
ber of associated brine inclusions is relatively small. The 
Th range of yellow–brown and yellow fluorescent oil inclu-
sions is mainly concentrated around 55 ~ 85 °C (Fig. 8), 
and the associated brine inclusions are less developed. The 
small amount of associated brine inclusions Th is mainly 
around 71 ~ 75 °C (Fig. 8). The Th of blue-green fluores-
cent and blue fluorescent hydrocarbon inclusions is mainly 
concentrated between 66 ℃ and 85 ℃, and its Th is slightly 
higher than that of yellow–brown hydrocarbon inclusions. 

However, the Th range of yellow–brown hydrocarbon inclu-
sions is larger, and partly coincides with the Th of such blue-
green hydrocarbon inclusions, indicating that the charge 
time of the two hydrocarbons is not much different. It is the 
product of continuous hydrocarbon charge. Therefore, it can 
be considered that the two types of inclusions recorded the 
same period of hydrocarbon charge. Based on the Th data of 
the brine inclusions associated with the yellow–brown and 
yellow fluorescent oil inclusions, combined with the burial 
history and thermal history data (Fig. 9), it can be deter-
mined that the crude oil charge time of this period is about 
27 Ma, which is the Xiaganchaigou Formation sedimentary 
period in the Oligocene. The Th of blue and blue-white 
fluorescent hydrocarbon inclusions is mainly distributed in 
100 ~ 120 °C, with a peak value of 110 °C ~ 115 °C (Fig. 8). 
Combining the history of burial and thermal evolution, it 
is determined that the crude oil charge time is about 15 Ma 
(Fig. 9), which is the deposition period of the Xiayoushashan 
Formation (N2

1) in the Pliocene. 

Configuration between charge time and thermal history

The degree of thermal evolution of source rock is closely 
related to formation temperature and geological time, and 
the change of geothermal temperature in unit geological 
time is closely related to formation burial velocity, that is, 
for a specific study area, burial history plays a key role in 
the thermal evolution process of source rock (Gussow 1954; 
Baur et al. 2018; Wu et al. 2021a, 2021b). In the western of 
Qaidam Basin, the depocenter changes frequently during the 
geological historical period, and since the Cenozoic, there 
has been a trend of migration from southwest to northeast 
(Meng et al. 2008; Cheng et al. 2018a, b, 2019; Wu et al. 
2021a, 2021b). The burial process of strata in Ganchaigou 
area is more similar to that in southwest Qaidam Basin. 
Therefore, since the formation of source rocks in the upper 

Fig. 8   Homogenization 
temperature of well S60 in 
Ganchaigou area
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member of Xiaganchaigou Formation (E3
2), the burial rate 

of early Oligocene is relatively fast, and the deposition thick-
ness is large. The burial rate of Pliocene strata is relatively 
slow and the deposition thickness is thinner. Such “early fast 
late slow” burial process also makes the thermal evolution 
process of source rocks present the characteristics of “early 
fast late slow”.

According to the fluid inclusion characteristics, Th data 
and thermal history, Ganchaigou area experienced two 
episodes of hydrocarbon charge: the first stage was about 
27 Ma, and the second stage was about 15 Ma. According to 
the thermal evolution diagram of the source rock of well S60 
in Ganchaigou area (Fig. 10), the vitrinite reflectance (Ro) of 
the source rock at the bottom interface of the E3

2 was 0.72%, 

Fig. 9   Burial history and thermal evolution history of well S60 in Ganchaigou area

Fig. 10   Thermal evolution history of source rock in Well S60 in Ganchaigou area
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while the top interface was 0.35%. In this period, the matu-
rity of source rocks is so limited that it is difficult to generate 
oil on a large scale. Only the lower part of the E3

2 Member 
reaches the stage of generating low mature oil, while the 
upper layer is still in the immature stage. However, in terms 
of the abundance of fluid inclusions, the scale of crude oil 
generated in this period may be relatively large. Subject to 
the control of the reservoir of E3

2 Member, the hydrocarbon 
accumulation is likely to be in a self-generation, self-storage 
and self-sealed mode. The E3

2 Member is a low-porosity 
and low-permeability mixed rock interval, and tectonic is 
relatively stable in the the first hydrocarbon charge period 
(~ 27 Ma), the oil generated in the early stage may not be 
well migrated away from the source rock and stay in the 
mixed rock reservoir, forming large-scale in-situ accumu-
lation of crude oil and oil inclusions. Some scholars (Liu 
et al. 2021; Gong et al. 2019, 2021) believe that the crude oil 
accumulated in this interval belongs to the type of shale oil.

At 15 Ma, the vitrinite reflectivity of the source rock at 
the bottom interface in the E3

2 Member was about 1.11%, 
and the top interface was 0.51%. At this time, the main 
source rock of E3

2 Member has generally reached matured 
and has the ability to generate mature and normal oil. During 
the deposition period of the Shangyoushashan Formation 
(N2

2), affected by the strike-slip and uplift of the ATR and 
the EKR, the Ganchaigou area gradually began to uplift and 
some formations were eroded, which has a certain destruc-
tive effect on the shallow reservoir.

Discussion

According to the deposition thickness data of the Qaidam 
basin, the sedimentary center of the Qaidam basin gener-
ally has the characteristics of historical migration from 
west to east, and the depocenter of the western Qaidam 
basin generally has the characteristics of migration from 
the southwest to the northeast of the Qaidam basin (Meng 
et al. 2008; Cheng et al. 2018a, b, 2019; Wu et al. 2021a). 
Therefore, during the Paleogene period, the thickness of the 
stratigraphic deposits in the area near the ATR in western 
Qaidam basin was relatively large. For example, in Yingxi, 
Ganchaigou and adjacent regions, huge mixed rock depos-
its developed in the E3

2 Member, and the thickest area can 
be more than two kilometers, meanwhile, this stratigraphic 
section is also the main source rock development section of 
western Qaidam basin. It is equivalent to that the source rock 
has a relatively large burial rate during this period, and the 
source rock has a relatively fast thermal evolution rate owing 
to the thick strata of E3

2 Member. In the Neogene, controlled 
by the migration of the deposition center, the sedimentary 
strata gradually became thinner, which is equivalent to the 
gradually slowing down of the burial rate of the E3

2 Member 

source rock and its thermal evolution rate gradually slow-
ing down. The source rocks in this area can reach relatively 
high maturity in the early burial stage, enter the oil genera-
tion window, and form large-scale crude oil, because the 
Ganchaigou area has this typical “early fast and late slow” 
thermal evolution characteristics of source rocks.

The formation of the western Qaidam baisn structure was 
mainly controlled by the reactivation of the ATR and the 
EKR. The strike-slip fault was greatly affected by the colli-
sion of the India-Tibet plate. It began to be active during the 
deposition of the Lulehe Formation (E1+2) in the Eocene, 
with an approximate time of 60–45 Ma (Dupont-Nivet et al. 
2010; Garzanti and Van Haver 1988; Green et al. 2008; Hu 
et al. 2015). The activities in this period are mainly charac-
terized by strike-slip, and squeeze escape characteristics in 
front of Qilian Range (Bush et al. 2016; Cheng et al. 2015; 
Cheng et al. 2016; Molnar and Tapponnier, 1975), and the 
formation of a weak extensional environment in western 
Qaidam basin (Cheng et al. 2018a, b), the tectonic back-
ground affected the formation of high-quality source rocks 
in western Qaidam basin. The tectonic background of the N1 
in the late depositional period was converted into a compres-
sion environment (Wu et al. 2021a, b). In the perspective 
of Wang (2008), the uplifting period of the EKR was from 
the late Miocene (late deposition of the N1 Formation) to 
the early Pliocene (the deposition period of the Xiayoush-
ashan Formation (N2

1)), and the approximate time was about 
15–20 Ma (Wang et al. 2008), the tectonic activities in this 
period made the deep layer of the western Qaidam basin take 
shape, with the ability to capture early low-mature oil. From 
the late Pliocene (deposition period of the Shizigou Forma-
tion (N2

3)) to the Quaternary, the Himalayan orogenic move-
ment intensified, and the uplift of the EKR further intensi-
fied (Yin 2008b; Guan et al. 2017), which further expanded 
the scale of the deep trap of western Qaidam basin. A series 
of detachment fold structures were formed in the shallow 
layer, forming a large number of shallow traps. The Himala-
yan orogenic activity in this period controlled the formation 
of the main shallow oil reservoirs in the western Qaidam 
basin.

The evolution process and model of hydrocarbon accu-
mulation in Ganchaigou area have been established. It is 
believed that the Ganchaigou area mainly experienced two 
episodes of hydrocarbon charge, the Miocene Shanganchai-
gou Formation deposition period (~ 27 Ma) and the end of 
Xiayoushashan Formation deposition period (~ 15 Ma) of 
Pliocene. Later, it experienced uplifting and destruction 
after the late Shangyoushashan Formation deposition period, 
leading to the destruction of the local reservoir (Fig. 11).

During the deposition of the N1 Member, the traps of the 
upper member of the Xiaganchaigou Formation of Paleo-
gene began to take shape. Simultaneously, certain predomi-
nant reservoirs such as dissolution pores were formed in the 
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E3
2 Member, and early low-mature crude oil was formed 

and accumulated in low-amplitude traps. In areas such as 
Ganchaigou and Yingxi, a good salt caprock was deposited 
in the E3

2 Member to avoid the loss of early crude oil. At 
this time, the source rock mainly produces low-mature and 
some immature crude oil. The presence of a large amount of 
chloroform bitumen “A” in the low-mature saline lacustrine 
source rock proves that the source rock has the ability to 
generate low-mature and immature crude oil (Zhang et al. 
2017b). Hydrocarbon charge in this period corresponds to 
the formation of early low-mature oil inclusions. The flu-
orescent color is dominated by yellow–brown, and a few 
yellow-green and blue-green fluorescent inclusions develop. 
Although the early trap range is low, the dominant mixed 
rock reservoirs have a wide distribution area, and have the 

characteristics of self-generation, self-storage and continu-
ous accumulation of shale oil characteristics.

There are three main reasons for the formation of a large-
scale hydrocarbon charge in the early stage. (1) The develop-
ment of saline lacustrine source rocks with specific salinity 
is conducive to early hydrocarbon generation. Some scholars 
(Zhang et al. 2017a, 2017b) believe that there are a large num-
ber of saline lacustrine source rocks in the western Qaidam 
basin, and specific algae species (such as coccoliths) can grow 
in water with certain salinity ranges. The lipid content of algae 
is particularly high. After being buried and transformed into 
source rock in the later stage, a large amount of low-mature 
and immature oil will be generated at the low-mature or 
immature stage. A large amount of chloroform asphalt “A” is 
extracted from this kind of low-mature and immature source 

Fig. 11   Schematic diagram of hydrocarbon accumulation process in Ganchaigou area, western Qaidam basin
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rock is the direct evidence of hydrocarbon generation from 
soluble organic matter (Zhang et al. 2017b). (2) Early rapid 
stratigraphic burial patterns may also be one of the main rea-
sons for the early rapid maturation of source rocks. When the 
value of the terrestrial heat flow in a region is constant, the 
burial rate of the formation plays a key role in the thermal 
evolution of the source rock. If in the early stage, strata has 
a fast burial rate and the source rock has a fast early thermal 
evolution rate, it can reach a higher maturity in the early stage, 
and in the late stage, strata burial rate is slow, and the source 
rock thermal evolution rate will be relatively slow. Therefore, 
Ganchaigou area has a relatively fast burial rate in the early 
stage, so the source rock can reach the oil generation window 
in the early stage and generate considerable amount of hydro-
carbon, which is recorded by the first stage fluid inclusions. (3) 
As the E3

2 Member belongs to a low-porosity and low-perme-
ability reservoir section, the crude oil seepage ability is poor. 
In addition, due to the stability of the tectonic background 
in the early period, the hydrocarbon had not experienced the 
leakage and primary migration, resulting in a large amount of 
hydrocarbons staying in the reservoir inside the source rock, 
which is conducive to the formation of a large quantity of early 
inclusions.

During the depositional period of the Xiayoushashan For-
mation (N2

1), tectonic activity furtherly intensified, the ampli-
tude of traps increased, and large-scale shallow traps were 
formed. Meanwhile, the source rock of the E3

2 Member is 
mainly in the peak period of oil generation, and a large amount 
of mature oil is formed to migrate and accumulate in the shal-
low strata, forming the characteristics of vertical multilayered 
hydrocarbon accumulation, corresponding to the formation of 
blue, blue-white fluorescent mature hydrocarbon inclusions. 
The intensified tectonic activity has transformed the reservoir 
of E3

2 Member, the scale of the dissolution-type cavernous res-
ervoir has increased, and a part of the fractured reservoir has 
been formed at the same time, which provides favorable con-
ditions for the enrichment of hydrocarbon in the deep strata.

With the deposition of the Shangyoushashan Formation 
(N2

2), the Himalayan orogenic movement intensified, lead-
ing to the violent uplift of the formation in the Ganchaigou 
area. A large amount of erosion occurred in the formation, 
which destroyed the caprock of the shallow strata. The crude 
oil accumulated in the early shallow strata escaped and 
dried. The discovery of large-scale oil sands on the surface 
of Ganchaigou area is the direct evidence of the loss of crude 
oil during this period. For the deep E3

2 formation, owing to 
the sealing of top salt caprock, the deep structural high point 
is southerly, and the good self-sealing characteristics of the 
E3

2 Member, and it has better preservation condition than 
shallow traps. Therefore, the deep trap of E3

2 Member of 
Ganchaigou area still has exploration potential. The discov-
ery of hydrocarbon in part of E3

2 Member from well S60 is 

a direct proof, but further work related to the prediction of 
deep favorable reservoirs or sweet spots is needed.

Conclusions

In the Ganchaigou area, the rock composition of E3
2 Member 

is dominated by carbonate rock, and the mineral composition 
is mainly ankerite. The reservoir space of the mixed rock of 
E3

2 Member is dominated by dissolution pores and fractures. 
The reservoir of E3

2 Member has obvious characteristics of 
low porosity and low permeability, and is a typical tight oil 
reservoir, and the development of fractures in local intervals 
can increase reservoir permeability.

The Ganchaigou area has experienced two episodes of 
hydrocarbon charge and the destruction of the shallow res-
ervoirs in the late stage. The first period of hydrocarbon 
charge was the depositional period of the N1 Member (about 
27 Ma), and the corresponding hydrocarbon inclusions were 
mainly yellow–brown and yellow fluorescence. The second 
period of hydrocarbon charge was the deposition period of 
the N2

1 Member (about 15 Ma), the fluorescence of the cor-
responding oil inclusions is mainly blue and blue-white. The 
QFT analysis results also denote that the composition of cur-
rent oil reservoirs and palaeo-oil reservoirs are quite differ-
ent, indicating that it has multiple episodes of oil charge. The 
late Himalayan orogenic movement destroyed some shallow 
oil reservoirs, and deep reservoirs still have good prospects 
for exploration.

The Ganchaigou area experienced charge of low-mature 
and immature oil during the deposition of the N1 Member. 
The source rock burial process, special saline lacustrine 
source rock development environment and the self-sealing, 
self-storage characteristics of shale oil led to the accumu-
lation of considerable amount of oil in the E3

2 Member 
in early time. At the deposition period of the end of N2

1 
Member, the scale of deep traps expanded, and a series of 
detachment fold traps formed in shallow layers, accumulated 
a large amount of mature oil. From the Shangyoushashan 
Formation to the Quaternary deposition period, the ATR and 
EKR orogenic activities further intensified, the formation 
in the Ganchaigou area was violently uplifted, the shallow 
Neogene oil reservoirs were destroyed, and the deep Paleo-
gene oil reservoirs still have good exploration potential, but 
further favorable reservoirs selection is needed.
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