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Abstract

Building upon the geological cycle theory, this study proposes fault cycles as a critical
component of tectonic cyclicity in petroliferous basins. Focusing on reservoir-controlling
faults in the southwestern Qaidam Basin, we systematically analyze fault architectures
and identify three distinct fault activation episodes: the Lulehe Formation (LLH Fm.), the
upper part of the Xiaganchaigou Formation (UXG Fm.), and the Shizigou Formation (SZG
Fm.). Three types of fault cycle models are established. These fault cycles correlate with
the evolution of regional tectonic stress fields, corresponding to the Cenozoic transition
from extensional to compressional stress regimes in the basin. Mechanistic analysis reveals
the hierarchical control of fault cycles in hydrocarbon systems: the early cycle governs
the proto-basin geometry and low-amplitude structural trap development; the middle
cycle affects the source rock distribution; and the late cycle controls trap finalization and
hydrocarbon migration. This study proposes a fault cycle-controlled accumulation model,
providing a dynamic perspective that shifts from conventional static fault concepts to reveal
fault activity periodicity and its critical multi-phase control over hydrocarbon migration
and accumulation, essential for exploration in multi-episodic fault provinces.

Keywords: fault cycle; fault activity; petroleum accumulation events; southwestern
Qaidam basin

1. Introduction
In the second volume of his seminal work “Das Antlitz der Erde”, Eduard Suess [1]

first proposed the concept of a ‘geological cycle’ through meticulous analysis of stratig-
raphy and tectonic movements. He demonstrated that the evolution of Earth’s crust
follows cyclical patterns rather than linear progression, fundamentally reshaping geologi-
cal thinking. Subsequent studies expanded this concept to the tectonic cycle [2], which is
particularly critical in hydrocarbon systems as they govern basin formation and resource
distribution [3–6]. Fault systems, as dynamic components of the tectonic cycle, exhibit
dual roles in hydrocarbon migration; they act as vertical conduits while generating fracture
networks that enhance permeability [7–11].

However, current tectonic cycle research predominantly focuses on crustal-scale pro-
cesses such as orogeny and basin evolution [12], while neglecting the periodic activation
of intra-basin fault systems. Despite the pivotal role of faults in controlling hydrocarbon
migration and accumulation, analyzing their impact through traditional tectonic cycles
faces intrinsic scale mismatches.

Energies 2025, 18, 3571 https://doi.org/10.3390/en18133571

https://doi.org/10.3390/en18133571
https://doi.org/10.3390/en18133571
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0009-0008-6317-1399
https://orcid.org/0009-0009-7000-7869
https://doi.org/10.3390/en18133571
https://www.mdpi.com/article/10.3390/en18133571?type=check_update&version=2


Energies 2025, 18, 3571 2 of 18

In the Qaidam Basin of northwestern China, prevailing research prioritizes fault
formation mechanisms, structural styles, and spatial distribution [13–21]. Additionally,
research on hydrocarbon accumulation reveals that Liu et al. [22] suggest that the deposition
of thick source rocks influences hydrocarbon migration and accumulation; Wang et al. [23]
and Zeng et al. [24], based on paleo-structural analysis, propose that paleo-slopes and
paleo-uplifts are favorable enrichment zones; Sun et al. [25] considers the extensively
developed negative flower structures in the shallow southwestern basin as favorable
migration conduits; and Pang et al. [26], Fu et al. [27], and Li et al. [21] indicate that
widely developed deep-seated and late-stage strike-slip faults directly control hydrocarbon
migration and accumulation. However, studies on fault-activity history remain limited,
with insufficient analysis of periodic fault activity’s role in hydrocarbon reservoir formation
and inadequate investigation into the coupling relationships between fault activity and
hydrocarbon accumulation across different periods.

To resolve this problem between structural characterization and process dynamics, we
propose the concept of a “fault cycle”, which characterizes alternating phases of intense
activity and relative stability in fault movement. This represents a basin-scale refinement
of tectonic cycles. Focusing on Cenozoic fault systems in the southwestern Qaidam Basin,
we integrate high-resolution 3D seismic interpretation with quantitative displacement
analysis to clarify the characteristics of fault activity in the study area, establish fault
cycles patterns correlated with regional tectonic evolution, and elucidate the coupling
relationships between fault cycles and key hydrocarbon accumulation processes, including
basin formation, trap development, source rock distribution, and hydrocarbon migration.

2. Research Object and Methodology
2.1. Research Object
2.1.1. Location, Stratigraphy, and Tectonic Settings

The Qaidam basin, located in the northern part of the Tibetan Plateau, represents a
critical Cenozoic intramontane basin; it constitutes China’s principal hydrocarbon province
in the northwestern regions. Covering approximately 121,000 km2 with rhomboid geometry
bounded by three mountain ranges, it comprises four first-order structural elements: the
Western Qaidam Uplift, Southern Altyn Tagh Slope, Yiliping-Sanhu Depression, and Northern
Qaidam Uplift (Figure 1A) [28–31]. The Western Qaidam Uplift, developed under Himalayan
tectonic compression, displays a NWW-trending structural framework characterized by
alternating uplifts and depressions in an oblique arrangement. This framework is primarily
controlled by deep-seated basement faults, all exhibiting reverse faulting characteristics,
including the near-EW-oriented Kunbei fault, XIII fault, Altyn fault, and XI fault (Figure 1B).

Cenozoic sedimentary sequences, ranging from the Paleocene to the Quaternary, dom-
inate the drilled stratigraphic column in the southwestern Qaidam Basin. Integrated strati-
graphic studies and paleontological data demonstrate that the Cenozoic lithostratigraphic
units are subdivided from bottom to top into: the Paleocene-Eocene Lulehe Formation
(LLH Fm., 63–52 Ma, 0–500 m, conglomerates, sandstones, and mudstones), Xiaganchaigou
Formation (lower part: LXG Fm., 350–850 m, mudstones and siltstones with sandstones,
and upper part: UXG Fm., 52–35.5 Ma, 750–2700 m, dark gray mudstones and shales
with gypsum), Miocene Shangganchaigou Formation (SGC Fm., 35.3–22 Ma, 400–1600 m,
gray mudstones and siltstones with sandstones and carbonates), Pliocene Xiayoushashan
Formation (XYS Fm., 22–15.3 Ma, 700–2400 m, sandstones and conglomerates with mud-
stones), Shangyoushashan Formation (SYS Fm., 15.3–8.1 Ma, 450–2250 m, mudstones and
siltstones with sandstones and conglomerates), Shizigou Formation (SZG Fm., 8.1–2.8 Ma,
0–1250 m, conglomerates, sandstones, and mudstones), and Quaternary Pleistocene Qige-
quan Formation (QGQ Fm., 2.8–0 Ma, 0–500 m, conglomerates, sandstones, and mudstones)
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(Figure 1C) [32–36]. Since the Cenozoic period, the southwestern Qaidam basin has experi-
enced three main tectonic evolutionary phase: (1) the Eocene–Early Oligocene strike-slip
stretching stage; (2) the Middle Oligocene–Miocene weak compression stage, and (3) the
Pliocene to present intense compression stage, exhibiting progressively intensifying tectonic
activity over time (Figure 2) [37].
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Figure 1. (A) Digital elevation map (DEM) of the Qaidam basin area (From PetroChina Qinghai Oilfield
Company, Dunhuang, China), (B) Geologic map of the SW Qaidam basin (Revised from Wu et al. [38]).
1: Pleistocene; 2: Pliocene; 3: Miocene; 4: Oligocene; 5: Cretaceous; 6: Pre-Cenozoic; 7: Surficial
strike-slip fault; 8: Surficial thrust fault at the surface; 9: Fault along Shangganchaigou Formation;
10: Unconformity; 11: Anticline; 12: Stratigraphic boundary; 13: City; 14: Research area; 15: Seis-
mic section across the southwestern Qaidam; 16: Discovered hydrocarbon reservoirs; 17: well, and
(C) Stratigraphic column of the Cenozoic strata in the southwestern Qaidam basin (From Wu et al. [38]).

Figure 2. Tectonic evolution in the southwestern Qaidam basin (stratigraphic abbreviations defined
in Section 2.2.1). Modified from Wang et al. [39].
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2.1.2. Characteristics of Petroleum Geology and Geochemistry

The Qaidam Basin hosts three distinct petroleum systems: the Jurassic petroleum
system along the northern margin, the Paleogene petroleum system in the western de-
pression, and the Quaternary petroleum system in the central-eastern basin [26]. Within
the western Paleogene petroleum system, two predominant source rock units have been
identified: the UXG Fm., composed of mixed siliciclastic-carbonate deposits, and lacus-
trine mudstones of the SGC Fm. [40]. The UXG Fm. demonstrates superior hydrocarbon
generation potential despite its moderate total organic carbon content (average TOC < 1%,
Ro = 0.6–1.2%), which is attributed to its extensive distribution (effective source area:
1.26 × 104 km2; cumulative thickness: 1000 m), hydrogen-rich Type I-II1 kerogen, and
elevated carbon conversion efficiency [4,21]. The reservoir systems exhibit significant strati-
graphic heterogeneity. Paleogene strata are dominated by saline lacustrine mixed carbonate
rocks (e.g., algal-laminated dolomicrite and grainstones), characterized by composite pore
networks comprising intergranular pores, dissolution vugs, and tectonic fractures. In
contrast, Neogene reservoirs predominantly comprise fan-delta, braided-river delta, and
beach-bar sandstone bodies [21,41,42]. Regional sealing is provided by Paleogene gypsum-
salt and Neogene thick-bedded mudstone [43]. Structural deformation has generated four
trap types: thrust anticlines, fault-nose structures, structural-lithologic combinations, and
inversion-drape anticlines [44].

2.2. Methodology
2.2.1. Data

The dataset, provided by the PetroChina Qinghai Oilfield Company, comprises core
samples, thin sections, fluid inclusion analyses, and post-stack 3D seismic volumes (800 km2

coverage) from the southwestern Qaidam Basin. Fault geometry and displacement were
quantified through integrated seismic interpretation, well-to-seismic calibration, and horizon
tracking, ensuring stratigraphic consistency and accurate fault throw measurements.

Pre-analysis erosion restoration accounted for tectonic uplift effects on the stratigraphic
architecture. The QGQ Formation exhibited extensive erosion, particularly in uplifted zones,
while the SZG Formation experienced notable erosion near the Altyn Tagh Mountains and
structural highs. The SYS Formation erosion is localized in the Yingxiongling area, and
the XYS Formation shows minimal erosion. Erosion thicknesses (Table 1) were restored
following Sun’s [45] stratigraphic correlation framework.

Table 1. Stratal erosion magnitude in different regions of the southwestern Qaidam. Data from Sun [45].

Area Eroded Strata Range of Erosion Depth (m)

Kunbei SYS~QGQ 1500~2200
Zhahaquan SZG~QGQ 0~500

Yingxi SYS~QGQ 1500~1800
Yingdong SYS~QGQ 1500~1700

2.2.2. Fault Activity Analysis Method

The fault activity rate method was selected to evaluate syndepositional faults in the
southwestern Qaidam Basin [39], as it integrates geological time and provides a quanti-
tative measure of activity intensity, overcoming the limitations of the fault growth index
(sedimentation rate/erosion dependency) and paleofault displacement methods (lacking
geological time constraints). Seismic profiles were used to identify hanging wall and
footwall stratigraphic thickness variations across sedimentary periods (Figure 3). Activity
rates were calculated by correlating these thickness differences with sedimentation time
(Equation (1)).
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Figure 3. Schematic diagram illustrating the calculation of paleo-throw (D) across the fault.

The fault slip rate (v) is calculated by dividing the paleo-throw (Dp) by the depositional
duration (Td):

v = Dp/Td (1)

2.2.3. Fault Cycle Division

Cyclical geological processes, manifesting in tectonic and sedimentary systems, dis-
play periodic alternations between high- and low-intensity phases within a cycle [46]. In
this study, we propose the concept of a “fault cycle”, which is based on the periodic nature
of the fault activity and its characteristics: (1) intense activity with rapid displacement
accumulation; (2) relative stability with reduced displacement rates (Figure 4). Rela-
tive stability represents sustained displacement accrual at diminished rates rather than
complete quiescence.

Figure 4. Schematic diagram of fault cycle division.

This study first conducts a detailed interpretation of three-dimensional high-resolution
seismic data, characterizes the distribution patterns of strata and faults, then counts the
ancient drop of faults and calculates the fault activity rate. Secondly, combined with the
tectonic evolution analysis of the study area, it classifies the fault cycle mode. Finally,
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it comprehensively analyzes the fault cycle and oil and gas accumulation. The detailed
research workflow is illustrated in Figure 5.

Figure 5. Research method flowchart.

3. Results
3.1. Characteristics of Fault Development

The Tibetan Plateau uplift induced a multistage tectonic stress field in the Qaidam
basin, forming a hierarchical fault system dominated by the southwestern Qaidam Uplift
structural belt. The early faults that transect the basement are primarily syn-depositional,
characterized by steeply dipping fault surfaces. In the Cenozoic strata, the tectonic stress
field of the Qaidam basin has undergone a reversal, leading to significant north–south
compressional stresses that have facilitated the development of numerous reverse faults.
These sustained compressional forces have caused the hanging walls of these faults to
move upward along the fault planes, accumulating displacement over time and resulting
in steeply inclined fault planes (Figure 6) [47,48].

Based on the relationship between the fault development scale and hydrocarbon
reservoirs in the study area, five major faults were selected for investigation: the Kunbei
fault, XIII fault, Shizigou fault, Youshashan fault, and XI fault (Figure 1B).

The Kunbei fault, a transtensional thrust fault initiated during the early Cenozoic
period, provided a vertical migration pathway for hydrocarbons from the Zhahaquan
depression to the Kunbei fault-step zone, controlling the formation of the Kunbei reservoir.
This fault exhibits a single-fault geometry in its cross-section (Figure 7A).

The XIII fault, a deep-seated fault E–W-trending thrust fault, governed the overall
tectonic framework of the Zhahaquan area and served as a crucial migration pathway for
lithological reservoirs, displaying similar single-fault characteristics in its cross-section
(Figure 7B).

The Shizigou and Youshashan faults, developed during Late Cenozoic tectonic activity,
have resulted from compressive stresses and the presence of a weak gypsum layer beneath
them, leading to detachment deformation and thrust fault characteristics [49]. These two
faults controlled the formation of the Yingxi and Yingdong oilfields, both with reserves
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exceeding 100 million tons. The Shizigou fault displays an antithetic Y-shaped configuration,
formed by the main fault and its secondary faults with opposing dip directions (Figure 7C),
while the Youshashan fault developed a similar antithetic Y-shaped pattern (Figure 7D).

Figure 6. Seismic reflection profile of the southwestern Qaidam basin. The locations of the profiles
can be observed in Figure 1B.

Figure 7. Seismic profile characteristics. (A) Seismic profile of the Kunbei fault in the Kunbei area;
(B) Seismic profile of the XIII fault in the Zhahaquan area; (C) Seismic profile of the Shizigou fault in
the Yingxi area; (D) Seismic profile of the Youshashan fault and XI fault in the Yingdong area.

The XI fault played a crucial role in shaping the tectonic framework of the south-
western Qaidam basin, manifesting as a wedge-shaped intrusion at the termination of
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the Youshashan fault in seismic profiles, forming a Y-shaped assemblage with associated
secondary faults (Figure 7D). The fundamental parameters of these faults are summarized
in Table 2.

Table 2. Structural characteristics of major faults in the southwestern Qaidam Basin.

Fault Name Strike Dip (◦) Fault Properties Length (km) Faulted Horizon Displacement (m)

KunBei NWW 40–80 reverse >100 LLH-QGQ >3000
XI NWW 40–80 reverse >9 LLH-LXG >4500

XIII NWW 60–85 reverse >46.5 LLH-SYS >2000
Shizigou NNW 15–27 reverse >30 SGC-SYS >1300

Youshashan NW 10–27 reverse >62 SGC-SYS >1200

3.2. Analysis of Fault Activity

Quantitative statistical results reveal three distinct stages of fault activity in the south-
western Qaidam Basin (Table 3, Figure 8): The first stage initiated during the deposition
of the LLH Fm. (65–52 Ma), with activity rates ranging from 21 to 31 m/Ma; The sec-
ond stage, corresponding to the UXG Fm. (43.8–35.3 Ma), exhibited increased rates of
21–44 m/Ma; The third stage, occurring in the SZG Fm. (8.1–2.8 Ma), reached a peak
activity rate of 97.8 m/Ma, driven by the progressively intensifying Himalayan Movement.
Based on spatiotemporal evolution characteristics, the faults in the southwestern Qaidam
Basin can be classified into three types: the (1) persistent activity type (e.g., Kunbei fault
and XIII fault), (2) mid-term termination type (e.g., XI fault), and (3) late-stage activation
type (e.g., Shizigou fault and Youshashan fault).

Table 3. Statistical table of fault throw.

Strata

Fault Kunbei
Fault (m)

XIII
Fault (m)

XI Fault
(m)

Shizigou
Fault (m)

Youshashan
Fault (m)

QGQ - - - - -
SZG 518 - - 265.2 256
SYS 405 186 - 135 150
XYS 147 100 - 73 41
SGC 226 211 - - -
UXG 374 181 212 - -
LXG 101 129 160 - -
LLH 275 307 408 - -

Figure 8. Statistics of fault activity rates in southwest Qaidam.
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Overall, Cenozoic fault activity displays segmented evolutionary patterns, with three
phases concentrated in the LLH Fm., UXG Fm., and SZG Fm. Notably, the SZG Fm. stage
records peak activity rates exceeding earlier stages by several orders of magnitude.

3.3. Division of Fault Cycles

Based on the tectonic evolution and fault activity analysis, the Cenozoic fault cycle in
the southwestern Qaidam basin is divided into three stages (Figure 9): the early Cenozoic
(65–43.8 Ma), middle Cenozoic (43.8–22 Ma), and late Cenozoic (22 Ma-present). Three
distinct fault cycle models are identified: (1) a two-phase fault cycle model for the early
to middle Cenozoic (XI fault), (2) a three-phase fault cycle model representing continuous
activity from the early to late Cenozoic (Kunbei and XIII faults), and (3) a single-cycle
model for late Cenozoic activity (Shizigou and Youshashan faults).

Figure 9. Fault cycle model classification diagram.

It is worth noting that single-cycle faults are relatively rare in sedimentary basins, with
most faults exhibiting multi-cycle superimposed activity patterns.

4. Discussion
4.1. Tectonic Control of Fault Cycle in Southwest Qaidam Basin

The fault cycle in the southwestern Qaidam Basin exhibits synchronous variations
with the tectonic stress regime evolution in this region.

During the Eocene to Early Oligocene period (65–43.8 Ma), the continued north-
ward migration of the Indian Plate triggered subduction and collision between the Indian
and Eurasian plates, placing the Tibetan Plateau under a dominantly N–S compressional
regime [50]. However, in the southwestern Qaidam Basin, the combined control of struc-
turally heterogeneous faults, including sinistral strike-slip along the Altyn Tagh and East
Kunlun faults and dextral strike-slip along the XI fault, facilitated northeastward crustal
extrusion and extension (Figure 10A). This tectonic setting corresponds to a strike-slip
extensional regime [11,27], during which the first peak of fault activity emerged, with its
intensity increasing toward the basin center.

During the Late Oligocene to Miocene (43.8–22 Ma), intensified plate collision and
northward uplift of the Tibetan Plateau drove a transitional tectonic regime from strike-slip
extension to strike-slip compression [51] (Figure 10B). Basin-scale shortening occurred [39],
accompanied by a second peak of fault activity. The Kunbei Fault in the basin-margin
piedmont zone exhibited higher activity than contemporaneous intra-basin faults, likely
linked to the initial uplift of the Kunlun Shan [52,53].
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Figure 10. Schematic diagram of cenozoic tectonic stress field evolution in the southwestern Qaidam
basin. (A) Tectonic stress field in the southwestern Qaidam basin (65–48.3 Ma). (B) Tectonic stress
field in the southwestern Qaidam basin (48.3–22 Ma). (C) Tectonic stress field in the southwestern
Qaidam basin (22 Ma to Present).

Following the Miocene (After 22 Ma), the tectonic stress field of the Qaidam Basin
experienced a fundamental transformation, transitioning to strike-slip-dominated compres-
sion (Figure 10C). During this phase, subdued compressional forces resulted in relatively
moderate fault activity, with slip rates consistently constrained below 20 m/Ma.

Subsequent to the Late Miocene (After 8.1 Ma), the southwestern Qaidam Basin
experienced a third phase of an intense fault cycle, triggered by N–S-oriented compressional
stresses. This episode exhibited slip rates an order of magnitude higher than preceding
stages, culminating in the formation of late-stage fault systems, including the Shizigou and
Youshashan faults.

4.2. Relationship Between Fault Cycle Models and Hydrocarbon Accumulation

Numerous studies have investigated hydrocarbon accumulation events in the south-
western Qaidam Basin (Figure 11) [21,27,40,49,54]. The UXG Fm. saline lacustrine mud-
stones have been identified as the principal high-quality source rocks governing hydro-
carbon generation in the western Qaidam Depression. Cenozoic tectonic intensification
in the basin’s southwestern sector facilitated the development of multiple compressional
fold structures, comprising early-stage low-amplitude closures (e.g., Qigequan and Yuejin
structures) and late-stage structural traps (e.g., Shizigou, Ganchaigou, and Xianshuiquan
anticlines). Reservoir fluid inclusion analyses further confirm that two significant oil
and gas accumulation events occurred in the southwestern Qaidam region (Figure 12).
By correlating fault cycles with hydrocarbon accumulation events in the study area, we
find that fault cycles exert distinct and stage-specific control of hydrocarbon migration
and accumulation.

4.2.1. Early Fault Cycle Controls Basin Formation and the Development of Early Traps

In recent years, significant progress has been made in understanding the Cenozoic
evolution of the Qaidam basin, leading to the development of distinct basin evolution
models [16,55]. However, increasing evidence suggests that during the early Cenozoic
(65–43.8 Ma), the southwestern Qaidam basin may have experienced a phase of weak ex-
tension [11,18,27,44,55,56]. Early-activated high-angle faults, such as the Kunbei, XIII, and
XI faults, under the influence of regional tectonic stresses, contributed to the formation of a
half-graben-like initial basin structure in the southwestern Qaidam basin (Figure 13) [39].
These early faulting cycles also resulted in minor folding and uplift of the strata in the
southwestern Qaidam region, causing bending and faulting of the strata near these faults.
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Consequently, early low-amplitude structural traps were formed within the LLH Fm. and
the LXG Fm.

Figure 11. Hydrocarbon accumulation events in the Southwestern Qaidam basin. Modified
from Li [21].

Figure 12. Analysis of fluid inclusions in the southwestern Qaidam basin (The arrow represents
magnification). (A) Well Shi32, 4105.5 m, Yellow fluorescent oil inclusions; (B) Well Zhatan1, 4643.7 m,
Hydrocarbon inclusions with a linear distribution exhibit pale yellow fluorescence; (C) Well Shi3-1,
4368 m, Yellow fluorescent oil inclusions; (D) Well Shi32, 4055 m, Blue fluorescent oil inclusions;
(E) Well Zha9-3-1, 2400 m, Hydrocarbon inclusions with a planar distribution exhibit blue-white
fluorescence; (F) Well Shi41-6-1, 3855 m, Blue fluorescent oil inclusions.

4.2.2. Mid Fault Cycle Controls the Formation and Distribution of High-Quality
Source Rocks

Verified hydrocarbon-generating depressions, including the Hongshi, Yingxiongling,
and Qiekelike hydrocarbon generation depressions, exhibit a strong association with fault
systems. These depressions are predominantly located along the downthrown sides of
major faults [42]. Specifically, the Kunbei fault and XIII fault exert direct control over the
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formation of the Qiekelike hydrocarbon generation depression, whereas the XI fault governs
the development and spatial distribution of the Hongshi and Yingxiongling hydrocarbon
generation depressions (Figure 14).

Figure 13. Schematic diagram of early fault cycle controlling basin formation.

Figure 14. Thickness distribution of effective source rocks in southwestern Qaidam basin.
(A) Sedimentary period of UXG Fm. (B) Sedimentary period of SGC Fm.

The impact of fault cycles on hydrocarbon source rocks in the southwestern Qaidam
basin primarily stems from mid-Cenozoic fault activity, which significantly influenced
mudstone deposition. Vigorous fault activity induced extensive basin subsidence, partic-
ularly peaking during the late Oligocene. This tectonic phase coincided with increased
sediment flux [31], facilitating the continuous deposition of thick lacustrine-dark fine-
grained mudstones that constitute the primary source rock systems in the southwestern
basin (Figure 15).

Fault activity significantly impacts source rock thickness. During the deposition of
the UXG Fm. (43.8–35.3 Ma), Kunbei fault, XI fault, and XIII fault, they exhibited normal
fault characteristics. Intensive extensional activity amplified stratigraphic displacement
between hanging walls and footwalls, thereby increasing the accommodation space favor-
able for mudstone accumulation. In contrast, reduced fault activity during the SGC Fm.
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(35.3–22 Ma) diminished displacement magnitudes and accommodation space, resulting in
smaller-scale mudstone deposition and, consequently, thinner source rock.

Figure 15. Schematic diagram of mid fault cycle controlling hydrocarbon source rock deposition.

4.2.3. Late Fault Cycle Controls Trap Finalization and Oil–Gas Migration

Numerous structural traps have been identified in the southwestern Qaidam basin,
many of which are arranged in linear or clustered patterns along fault zones [51]. This late-
stage tectonic activity has not only continued to expand the areas of pre-existing anticline
traps, such as those found in the deep structures of Yuejin and Qigequan, but has also
generated novel trap configurations, including anticlines, faulted noses, and fault blocks,
exemplified by the Youshashan area and shallow traps in Shizigou. These newly formed
and expanded traps typically exhibit a NW–SE belt-like distribution pattern [27,56]. By
correlating with the formation and stabilization of these traps (Table 4), it is evident that
most structural traps in the southwestern Qaidam region were established and stabilized
during periods of heightened tectonic activity associated with the later stages of faulting.
The late-stage fault cycles demonstrate a critical role in trap genesis and the stabilization of
these late-forming structural traps.

Table 4. The formation and stabilization period of typical structural traps in the southwestern
Qaidam basin.

Traps’ Name Formation Period of Traps Stabilization Period of Traps

Qigequan LLH QGQ
Yuejinyihao LLH SZG

Wunan SGC QGQ
Shizigou XYS SZG

Youshashan XYS SZG
Ganchaigou XYS SZG

Hydrocarbon migration pathways in the southwestern Qaidam Basin are primarily
composed of faults and conductive sand bodies, as evidenced by current drilling data.
However, conductive sand bodies exhibit limited influence on hydrocarbon migration due
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to their restricted lateral continuity, establishing faults as the dominant migration conduits.
The Kunbei fault and XIII fault penetrate nearly the entire Cenozoic succession. Later-
stage compressional tectonics formed the Shizigou and Youshashan faults, which extend
downward into the UXG Fm. These fault systems effectively link deep source rocks with
intermediate-to-shallow favorable reservoirs, acting as critical vertical migration pathways.
Fault activity also generates tectonic fractures (Figure 16), including vertical opening
fractures, horizontal opening fractures, and bedding-parallel slip fractures associated with
late-stage reverse faults [18]. These fractures, predominantly clustered near fault zones,
enhance pore connectivity and reservoir permeability [19,38]. Hydrocarbon staining within
fractures further confirms their role in facilitating fluid migration.

Figure 16. Fractured core samples from the Qaidam basin (The dashed lines represent cracks).
(A) Well Shi38, 3145 m, Oil staining in fractures; (B) Well Shi41-2, 4297 m, high-angle and low-angle
fractures; (C) Well Sha35, 2097 m, Oil Traces in Fractures; (D) sWell Jitan1, 4823 m, high-angle and
low-angle fractures.

Boiling fluid inclusion evidence in the Qaidam Basin reservoirs indicates pulsed
hydrocarbon migration driven by overpressure [51]. Late-stage fault activity induced a
sharp increase in fluid potential within the UXG Fm. (source rocks), triggering shallow
rock fracturing, seal failure, and volumetric expansion, thereby reducing fluid potential.
The resulting fluid potential gradient facilitated rapid hydrocarbon migration from deep
high-potential zones to shallow low-potential traps, with hydrocarbons preferentially
accumulating in the fault hanging wall.

Temporal correlations between the southwestern Qaidam Basin fault cycle and hydro-
carbon charging reveals two distinct phases: During the initial phase (22–18 Ma), weak
fault activity and relatively low fluid potential gradients [57] limited vertical migration,
confining hydrocarbons near source rocks. The second phase (6.1–5.8 Ma) marked criti-
cal reservoir adjustment, coinciding with intensified fault reactivation post–15.3 Ma [22].
Enhanced compressional tectonics generated overpressure-driven hydrocarbon surges,
replenishing earlier reservoirs and charging newly formed traps in the Youshashan and
Shizigou Formations.

Integrated analysis demonstrates that a late-stage fault cycle governed hydrocarbon
accumulation in the southwestern Qaidam Basin, synchronizing with structural trap forma-
tion, hydrocarbon generation, and migration histories (Figure 17).

The conventional fault-controlled hydrocarbon accumulation model typically treats
faults as static or long-term stable migration pathways, focusing primarily on the direct in-
fluence of fault geometry and sealing capacity on hydrocarbon migration and accumulation,
while neglecting the dynamic evolution process of fault activity and its phased control on
hydrocarbon accumulation. The fault-cycle-controlled hydrocarbon accumulation model
proposed in this study systematically reveals the periodic characteristics of fault activity
and its multi-phase control mechanism on hydrocarbon accumulation from a dynamic
evolution perspective. This model emphasizes the differential impacts of various fault
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activity cycle stages on basin tectonic evolution, trap formation, source rock distribution,
and hydrocarbon migration, with a particular focus on the dynamic regulatory role of
periodic fault activity in hydrocarbon accumulation.

Figure 17. Schematic diagram of late fault cycle controlling hydrocarbon migration and accumulation.

However, this study still has some limitations, particularly regarding the quantitative
coupling relationship between fault cycles and hydrocarbon migration dynamics, as well
as the differences in migration efficiency between active and quiescent periods. Future
research should incorporate numerical simulation and other methods to further deepen the
quantitative understanding of hydrocarbon migration under fault cycle influences.

5. Conclusions
This study analyzes the characteristics and activity of the primary reservoir-controlling

faults in the southwestern Qaidam basin and investigates the relationship between fault
cycles and hydrocarbon accumulation. The following conclusions can be drawn:

(1) Influenced by multi-phase tectonic movements, fault activity in the southwestern
Qaidam basin exhibits periodic characteristics, with three distinct periods of intense
activity occurring during the LLH Fm., the UXG Fm., and the SZG Fm.

(2) Based on the structural evolution history and fault activity characteristics of the
southwestern Qaidam basin, a fault cycle model for this region is established. Fault
activity in the southwestern Qaidam basin can be classified into three fault cycle types:
early-middle, early-middle-late, and late fault cycles.

(3) The proposed fault-cycle-controlled hydrocarbon accumulation model demonstrates
that the dynamic evolution of fault cycles exerts multi-phase control on hydrocarbon
accumulation. The early fault cycle primarily controls the basin’s initial morphology
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and the formation of early traps. The middle fault cycle is crucial for the distribution of
high-quality source rocks, while the late fault cycle determines the final configuration
of traps and hydrocarbon migration.

This model diverges from traditional static fault analyses by focusing on analyzing
fault dynamic activities, thereby providing new insights into hydrocarbon accumulation
mechanisms in multi-episodic basins.
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