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Abstract Destructive processes are thought to be common in pre‐Cenozoic oil‐gas reservoirs. The timing,
mechanism, and even identification of these processes, however, are difficult to clearly characterize,
which obscures the evolution of such systems and the assessment of oil and gas reserves. Here, we reveal a
new link between secondary chemical remanent magnetization acquisition and tectonically driven
destruction of hydrocarbon reservoirs, which can be used to date the destructive processes and identify their
tectonic controls. We performed a detailed paleomagnetic analysis of rocks from a typical destroyed reservoir
(Majiang reservoir, China) and combined these data with scanning electronic microscope imaging and
strontium isotope, total organic carbon, and clay analysis. We found that the Late Triassic syntilting
secondary chemical remanent magnetizations of source and reservoir rocks resulted from the destructive
processes driven by the Indosinian orogeny. We therefore argue that palaeomagnetic methods can be used to
constrain destructive events within hydrocarbon reservoirs worldwide.

1. Introduction

Destructive processes in reservoirs are defined as those that cause the alteration or physical removal of
hydrocarbons from a trap (Macgregor, 1996). They are commonly observed in oilfields and represent a key
stage in the evolution of a reservoir; consequently, they are considered important when assessing hydrocar-
bon reserves. Postentrapment tectonism is thought to be the most significant control on hydrocarbon
reservoir destruction, leading to, for example, leakage, hydrodynamic flushing, and hydrocarbon remigra-
tion (Macgregor, 1993, 1996; Nalivkin et al., 1984; Pang et al., 2018), though there are other factors not
related to tectonism that can lead to destruction, for example, biodegradation (Emmerton et al., 2013;
Wilhelms et al., 2001). If tectonically driven, there are many cases where it is unclear whether an oilfield
has been affected by destructive processes, as evidence is rarely preserved (Macgregor, 1996). In other
instances, a lack of constraints on the timing of the destructive processes makes identification of related tec-
tonic events challenging. These uncertainties make it difficult to conduct analysis of hydrocarbon evolution
and the role of determination of tectonics in hydrocarbon systems.

Paleomagnetism can be used to identify and date complex geological processes by isolating secondary chemi-
cal remanent magnetizations (CRMs) and comparing these with the apparent polar wander path for the
region in question (Benthien & Elmore, 1987; Cioppa et al., 2003; De Kock et al., 2008; Elmore & Dulin,
2007; Jackson et al., 1988, 1992; Wilkinson et al., 2017; Zegers et al., 2003). A necessary condition for this
technique to be successful is a link between acquisition of the secondary CRMs and geological processes.
In hydrocarbon‐bearing strata, the acquisition of CRM is usually linked to the maturation of organic matter
and hydrocarbon migration and accumulation (Elmore et al., 1987; Blumstein et al., 2004; Emmerton et al.,
2013; Abubakar et al., 2015; Manning & Elmore, 2015; Zhang et al., 2016, 2018), which are other important
stages of reservoir evolution.

It is the aim of this study to test whether it is possible to identify a link between a secondary CRM and
destructive processes of hydrocarbon reservoirs. In addition, as the orogenic fluids during the tectonic
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events could have widely altered the units in the reservoir, we also want to know the relationship between
the remagnetization, tectonism and wide alteration by orogenic fluids in these units. The Majiang
paleoreservoir in south China (Figure 1) is ideal for this purpose as it represents a typical, destroyed
reservoir with well‐exposed source rocks and reservoir rocks. The reservoir was also affected by multiple
tectonic events, which likely had significant impacts on the destructive processes (Ge et al., 2016; Wu, 1989).

2. Geological Setting

The Majiang paleoreservoir is one of the largest hydrocarbon reservoirs in South China to display evidence
for destruction (Deng et al., 2014). The source rock is a lower Cambrian black shale, and the reservoir com-
prises sandy limestone of the middle Silurian Wenxiang Group and limestone of the Lower Ordovician
Honghuayuan Formation. The Wenxiang Group unconformably overlies the Honghuayuan Formation.
These hydrocarbon‐bearing strata show a linear distribution along the flank of the folds, while the oil‐free
sandy shale of the Cambrian Palang Formation and dolostone of Qinxudong‐Tongzi Formation are distrib-
uted at the core of the folds (Figure 1a). Other exposed oil‐free units around the reservoir include Ediacaran
and Devonian‐Middle Triassic sedimentary rocks (Figure 1).

The reservoir is located within a foreland basin belt along the western margin of the Xuefeng Uplift in the
mid‐Yangtze Block, which has undergone multiple tectonic events including the Paleozoic Caledonian,

Figure 1. (a, b) Simplified geological map of the Majiang paleoreservoir (South China) showing the distribution of source
and reservoir rocks, as well as sampling locations used in this study. (c) Ediacaran‐Silurian stratigraphic column for the
Majiang paleoreservoir.
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Triassic Indosinian, and Cretaceous Yanshan orogenies (Ge et al., 2016). These events likely had significant
impacts on the evolution of petroleum systems in the region, and numerous tectonic models and age
constraints therefore have been proposed (Han et al., 1982; Gao et al., 2012; Ge et al., 2016; Tang & Cui,
2011; Wu, 1989; Xiang et al., 2008). Based on tectonic events and basin modeling, previous studies have
been unable to clearly identify the tectonic event that lead to the destruction of the hydrocarbon reservoir
(e.g., Xiang et al., 2008).

3. Sampling and Methods

To investigate the characteristic remanent magnetization (ChRM) in both source and reservoir rocks, three
groups of samples were collected from the Majiang paleoreservoir, over an area of ~42,000 km2 (Figure 1).
Group A samples were collected from 20 sites and comprise limestone and sandy limestone reservoir rocks
of the Honghuayuan Formation andWenxiang Group, respectively. Group B samples were collected from 14
sites within the source rocks (lower Cambrian shale). Group C samples were collected from various litholo-
gies, which lack evidence of hydrocarbon or bitumen impregnation. These samples were primarily Ediacaran
tillite (C6) and limestone (C7), lower Cambrian mudstone (C1, C5), middle Cambrian shale (C4), and dolo-
mite (C2, C3, and C8), and upper Cambrian carbonate (C9 and C11).

Figure 2. Progressive alternating field and thermal demagnetization plots for representative samples. ChRM and VRM
were identified as shown in the figure. VRM= viscous remanent magnetization; NRM= natural remanent magnetization.
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In a magnetically shielded room, samples were demagnetized through heating and alternating field demag-
netization and then measured using a 2G Enterprises cryogenic rock magnetometer. To determine the mag-
netic carriers, isothermal remanent magnetization acquisition and demagnetization experiments were also
conducted. To further characterize the magnetic carriers and diagenetic processes, fresh fragments and
polished sections were prepared for scanning electron microscopy (SEM) analysis. To constrain the nature
of fluids in the reservoir, seven Group A samples were selected for strontium (Sr) isotopic analysis. To quan-
tify hydrocarbon presence and migration, we measured the total organic carbon (TOC) and extractable
organic matter (EOM). To assess the role remagnetization and smectite‐illite transitions, we conducted
X‐ray diffraction analysis.

4. Results
4.1. Paleomagnetic Results

The samples were demagnetized and their ChRM directions determined (see Table S1 in the supporting
information). Demagnetization of most samples fromGroup A revealed a clear ChRM direction (mean value:
Dg = 44.3°, Ig = 46.6°, and α95 = 7.9°; Figures 2, 3, and S1). To test for the age of the ChRM relative to the
timing of folding, we applied the direction‐correction fold test (Enkin, 2003). This yielded a maximum con-
centration of ChRM directions at 58 ± 13 % unfolding for reservoir rocks (Figures 3 and S2), with northeast-
erly declinations and moderate‐steep upward inclinations. The fold test is indeterminate, which suggests a
synfolding acquisition. Approximately 55% of shale samples from Group B and 79% of the Group C samples
yield statistically indistinguishable ChRM directions compared to the reservoir rocks (Group B: Dg = 46.0°,
Inc = 46.5°, and α95 = 10°; Group C: Dg = 38.0°, Inc = 44.3°, and α95 = 8°; Figure 3), indicating that the
ChRM acquisition was coeval. The fold test for oil free samples yielded a maximum concentration of

Figure 3. ChRM directions in (a) geographic and (b) stratigraphic coordinates. Black circles = reservoir rock; blue
circles = source rock; brown circles = oil‐free rock; red star = mean directions (c) Low‐temperature components shown in
geographic coordinates. (d) Fold test results. Optimum grouping of the data occurs at 38 ± 13%, 58 ± 13%, and 43.4 ± 40%
unfolding for all samples (black solid line), Group A samples (dotted line) and Group C samples (brown solid line),
respectively. Abbreviations: Dg, Ig, Ds, and Is = declination and inclination in geographic and stratigraphic coordinates,
respectively; α95 = 95% confidence cone; K the precision parameter, Kmax = maximum value of the precision parameter
and N the number of specimens used to determine the statistics.
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ChRM directions at 42.9 ± 40% unfolding, which may also suggest a synfolding acquisition. The Group B
samples were only exposed at the eastern limb of two folds, so we did not perform fold tests on this
groups' data.

4.2. The Results of Rock Magnetism and SEM

Isothermal remanent magnetization and its thermal demagnetization analyses indicate that magnetite is the
principal carrier of the ChRM (see supporting information Figures S3 and S4). These findings are supported
by SEM observations, which identified fine‐grained iron oxides and pyrite. Iron oxides partly occur as disse-
minated grains (<10 μm in diameter) along fractures and pores, with part of grains occurring as framboidal
clusters (Figures 4 and S5). We also frequently observed pyrite grains with iron oxides rims within fractures
and pores (Figures 4 and S6).

4.3. Sr Isotope Results

The reservoir samples are characterized by 87Sr/86Sr ratios that range from 0.708977 to 0.713530, which are
radiogenic relative to the Sr curves of seawater in the Early Ordovician (~0.7088) and middle Silurian
(~0.7081; McArthur et al., 2001; Figure S7). The 87Sr/86Sr ratios of the Ordovician samples exhibit

Figure 4. (a, b) Disseminated pyrite and magnetite grains distributed along linear features in fractures and pores.
(c, d) Framboidal clusters of pyrite and magnetite in source and reservoir rocks. (e) Pyrite grains rimmed by magnetite,
with residual pyrite preserved in the cores of the grains. (f) energy‐dispersive spectroscopy map of the same area presented
in Figure 4e illustrating the distribution of S (yellow) and Fe (green).
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Figure 5. Binary diagram illustrating the relationship between TOC and NRM for (a) source rock and (b) reservoir rocks,
(c) between the EOM and NRM for reservoir rocks, (d) between the extracted clay and NRM for representative reservoir
and source rocks. EOM = extractable organic matter; NRM = natural remanent magnetization; TOC = total organic
carbon.

Figure 6. ChRM poles plotted with the apparent polar wander path for the south China Block. The blue oval represents
the ChRM direction at Kmax, the orange oval is the fold‐corrected direction, and the purple oval represents the in situ
direction.
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significant scatter despite the small analytical uncertainties of the data, indicating that these rocks were
altered to different degrees, by radiogenic, chemically active fluids.

4.4. The Results of TOC and EOM

A subset of 25 representative source and reservoir rock samples were selected for TOC measurement from
those samples with obvious ChRM directions (Table S2). The source rock samples exhibit higher TOC values,
ranging from 0.20 to 7.53 wt.%, while reservoir rocks ranging from 0.02 to 0.97 wt.%. A weak negative corre-
lation exists between TOC and natural remanent magnetization (NRM; reflecting the magnetite concentra-
tion), with R2 (coefficient of determination) values of 0.25 for source rock samples and 0.05 for reservoir rock
samples (Figure 5). EOMwas determined for 14 representative samples (including 12 reservoir rock samples)
containing obvious ChRM directions, and the values ranged from 134.1 to 3,640 ppm. The correlation
between the EOM and NRM is very weak with R2 at 0.07 (Figure 5).

4.5. The Clay Analysis

Clay minerals were extracted from insoluble residue that remained after dissolution of source and reservoir
rocks in weak acid and hydrogen peroxide. The proportion of insoluble residue containing clay ranged from
69.1 to 94.4 wt.% for source rocks, 3.8 to 5.9 wt.% for reservoir limestone rocks, and 23.7 to 94.3 wt.% for reser-
voir sandy limestone rocks (Table S2). The proportion of extracted clay (3.3–53.2 mg) also varied (0.076 to
1.57 wt.%) and exhibited no correlation with NRM (R2 = 0.0259; Figure 5). Based on the X‐ray diffraction
analyses on the extracted clay, the clay minerals largely comprise chlorite and illite, with no smectite for
all source and reservoir rocks (Figure S8).

5. Discussion and Conclusion

The reservoir, source and oil‐free rocks all carry ChRMs, which are indistinguishable at a statistical level
(Figure 3 and Table S1). The mean pole position (40.9°N, 181.1°E) determined for reservoir and source rocks
in Majiang paleoreservoir plots close to the Late Triassic mean pole of the apparent polar wander path for
south China (Yang & Besse, 2001; Zhang et al., 2015; Figure 6). This postdates the early Paleozoic deposi-
tional age of samples, indicating that the ChRM is a secondary remagnetization. We identify the ChRM as
chemical remagnetization, because (1) the unblocking temperatures (up to 500 °C) are too high to be thermo-
viscous in origin and (2) SEM observations (Figure 4) identified fluid flow features along fractures, which is
indicative of chemical remagnetization events (Elmore et al., 2012).

We conclude that the action of orogenic fluids represents a viable remagnetization mechanism for hydrocar-
bon‐bearing strata in theMajiang paleoreservoir. The following three observations lead us to this conclusion:
First, this is supported by the apparent universality of the CRM acquisition; for example, the CRMwas found
to be recorded in black shale with rich organic matter and clay, hydrocarbon‐bearing limestone, oil‐free til-
lite, carbonate‐bearing rocks, and mudstone (Figure 1c). In the source rocks, the fluids could not have been
produced during the maturation of organic matter, as there is no positive correlation between source rock
TOC and NRM intensity (reflecting the magnetite concentration; Manning & Elmore, 2015; Zhang et al.,
2016). The TOC and EOM values for reservoir rocks also show very weak correlations with NRM intensity,
which suggests that the hydrocarbon migration is not the mechanism for CRM acquisition (Zhang et al.,
2016). The lack of correlation between the proportion of extracted clay and NRM intensity for both reservoir
and source rocks probably excludes clay diagenesis as the main mechanism for remagnetization. This con-
clusion is furtherly confirmed by the SEM observations, which indicates that the authigenic magnetite is
likely formed from the altered pyrite (Figure 4; Suk et al., 1990; Brothers et al., 1996; Fruit et al., 1995)
and not from a smectite‐illite transition (Katz et al., 1998; Lu et al., 1991; Moreau et al., 2005). Second, Sr iso-
topes from reservoir rocks indicate that the altered fluids were chemically evolved, which is the general fea-
ture of orogenic fluids (Elmore et al., 1993; O'Brien et al., 2007; Zechmeister et al., 2012). Thirdly, the Late
Triassic syntilting remagnetization was temporally and spatially related to the Indosinian orogeny, given that
the paleoreservoir was located in the foreland basin belts.

The Majiang paleoreservoir has undergone Caledonian, Indosinian, and Yanshanian tectonic events (Ge
et al., 2016; Wu, 1989). The Caledonian period has generally been accepted as the time of hydrocarbon
generation and accumulation (Ge et al., 2016; Han et al., 1982; Tang & Cui, 2011; Wu, 1989), though
the precise timing is controversial. During the Indosinian orogeny, our data suggest that source and
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reservoir rocks were strongly altered by large‐scale orogenic rather than hydrocarbon fluids, indicating
that the reservoir was hydrodynamically flushed and water washed, both of which are common destruc-
tive processes in foreland basins and complex tectonic zones (Dahlberg, 1995; Macgregor, 1996).
Additionally, the syntilting acquisition of remagnetization indicates that new deformations of the reservoir
(e.g., folds, faults, and even uplift) occurred during the alteration of orogenic fluids, and the reservoir
could have been further destroyed by these deformations during the orogeny, for example, leakages, remi-
grations (Dahlberg, 1995; Macgregor, 1996). Therefore, it is concluded that the Late Triassic Indosinian
tectonic event could have yielded an important destruction of the Majiang reservoir. During the
Yanshan orogeny, it was suggested that the tectonic events led to the uplift and near‐surface exposure
of the reservoir, which could have completely destroyed the Majiang reservoir (Ge et al., 2016).

On a global scale, most pre‐Cenozoic reservoirs have been destroyed, and destructive processes have only
been documented in a limited number of well‐drilled basins (Macgregor, 1996). In this study, the presented
link between the chemical remagnetization and destruction of hydrocarbon reservoir provides new insights
for the identification and timing of destructive processes in hydrocarbon reservoir systems. Given that most
destructive processes are thought to involve the action of fluids that also lead to the formation of authigenic
magnetic minerals, this provides a protocol for constraining destructive processes in future studies, by com-
bining clear sampling strategies with paleomagnetism and other multidisciplinary techniques.

Previously paleomagnetic methods have been used to date maturation of organic matter (or hydrocarbon
generation) in source rocks and hydrocarbon migration and accumulation in reservoir rocks. Our paleomag-
netic dates from the Majiang paleoreservoir has not recorded hydrocarbon generation and migration but
rather hydrocarbon destruction. With this in mind, we suggest that future paleomagnetic studies need to
demonstrate a clear link between the hydrocarbon generation or migration processes and remagnetization
in hydrocarbon‐bearing strata, if the palaeomagnetic data are to be correctly interpreted.

References
Abubakar, R., Muxworthy, A. R., Sephton, M. A., Southern, P., Watson, J. S., Fraser, A. J., & Almeida, T. P. (2015). Formation of magnetic

minerals at hydrocarbon-generation conditions, Marine and Petroleum Geology, 68, 509–519. https://doi.org/10.1016/j.
marpetgeo.2015.10.003

Benthien, R. H., & Elmore, R. D. (1987). Origin of magnetization in the phosphoria formation at Sheep‐Mountain, Wyoming—A possible
relationship with hydrocarbons. Geophysical Research Letters, 14(4), 323–326. https://doi.org/10.1029/Gl014i004p00323

Blumstein, A. M., Elmore, R. D., & Engel, M. H. (2004). Paleomagnetic dating of burial diagenesis in Mississippian carbonates, Utah.
Journal of Geophysical Research, 109, B04101. https://doi.org/10.1029/2003JB002698

Brothers, L. A., Engel, M. H., & Elmore, R. D. (1996). The late diagenetic conversion of pyrite to magnetite by organically complexed ferric
iron. Chemical Geology, 130(1‐2), 1–14. https://doi.org/10.1016/0009‐2541(96)00007‐1

Cioppa, M. T., Al‐Aasm, I. S., Symons, D. T. A., & Gillen, K. P. (2003). Dating penecontemporaneous dolomitization in carbonate reservoirs:
Paleomagnetic, petrographic, and geochemical constraints. AAPG Bulletin, 87(1), 71–88.

Dahlberg, E. C. (1995). Applied Hydrodynamics in Petroleum (p. 304). New York: Springer–Verlag. https://doi.org/10.1007/978‐1‐4612‐
4258‐1

De Kock, M. O., Evans, D. A. D., Gutzmer, J., Beukes, N. J., & Dorland, H. C. (2008). Origin and timing of banded iron formation‐hosted
high‐grade hard hematite deposits—A paleomagnetic approach. Reviews in Economic Geology, 15, 49–71.

Deng, D., Mei, L., Shen, C., Liu, Z., Tang, J., & Fan, Y. (2014). Characteristics and distributions of marine paleo‐reservoirs in the northern
margin of the Jiangnan‐Xuefeng uplift, southern China. Oil Shale, 31, 225–237.

Elmore, R. D., & Dulin, S. (2007). New paleomagnetic age constraints on the Decaturville impact structure and Weaubleau structure
along the 38th parallel in Missouri (North America). Geophysical Research Letters, 34, L13308. https://doi.org/10.1029/
2007GL030113

Elmore, R. D., Engel, M. H., Crawford, L., Nick, K., Imbus, S., & Sofer, Z. (1987). Evidence for a relationship between hydrocarbons and
authigenic magnetite. Nature, 325(6103), 428–430. https://doi.org/10.1038/325428a0

Elmore, R. D., London, D., Bagley, D., Fruit, D., & Gao, G. Q. (1993). Remagnetization by basinal fluids—Testing the hypothesis in the Viola
Limestone, Southern Oklahoma. Journal of Geophysical Research, 98, 6237–6254. https://doi.org/10.1029/92JB02577

Elmore, R. D., Muxworthy, A. R., & Aldana, M. (2012). Remagnetization and chemical alteration of sedimentary rocks. Geological Society of
London, Special Publication, 371(1), 1–21. https://doi.org/10.1144/sp371.15

Emmerton, S., Muxworthy, A. R., Sephton, M. A., Aldana, M., Costanzo‐Alvarez, V., Bayona, G., & Williams, W. (2013). Correlating bio-
degradation to magnetization in oil bearing sedimentary rocks.Geochimica et Cosmochimica Acta, 112, 146–165. https://doi.org/10.1016/
j.gca.2013.03.008

Enkin, R. J. (2003). The direction–correction tilt test: An all–purpose tilt/fold test for paleomagnetic studies. Earth and Planetary Science
Letters, 212(1‐2), 151–166. https://doi.org/10.1016/S0012‐821X(03)00238‐3

Fruit, D., Elmore, R. D., & Halgedahl, S. (1995). Remagnetization of the Folded Belden Formation, Northwest Colorado. Journal of
Geophysical Research, 100, 15,009–15,023. https://doi.org/10.1029/95JB00045

Gao, B., Wo, Y., Zhou, Y., Peng, Y., Liu, Q., & Li, S. (2012). Hydrocarbon accumulation phases of Majiang paleo‐oil reservoir in Guizhou.Oil
& Gas Geology, 33, 417–423.

Ge, X., Shen, C. B., Selby, D., Deng, D. F., & Mei, L. F. (2016). Apatite fission‐track and Re‐Os geochronology of the Xuefeng uplift, China:
Temporal implications for dry gas associated hydrocarbon systems. Geology, 44(6), 491–494. https://doi.org/10.1130/G37666.1

10.1029/2019GL084812Geophysical Research Letters

ZHANG ET AL. 8

Acknowledgments
This study was funded by the National
S&T Major Project of China
(2016ZX05003001 and
2017ZX005008001) and the Nature
Science Foundation of China (41702202
and 41902206) and Jiangsu Province
(BK20170868). The data for the work in
this paper can be downloaded from the
figshare website (doi: 10.6084/m9.
figshare.9891125.v2). Supporting
information figures can be found in the
supporting information. We thank to
Chengzao Jia, Yongxiang Li, and
Hongwei Yin for their helpful
suggestions and Xiao Zhang, Jun Liu,
and Xuzhi Hu for their help during field
and experimental work.

https://doi.org/10.1016/j.marpetgeo.2015.10.003
https://doi.org/10.1016/j.marpetgeo.2015.10.003
https://doi.org/10.1029/Gl014i004p00323
https://doi.org/10.1029/2003JB002698
https://doi.org/10.1016/0009-2541(96)00007-1
https://doi.org/10.1007/978-1-4612-4258-1
https://doi.org/10.1007/978-1-4612-4258-1
https://doi.org/10.1029/2007GL030113
https://doi.org/10.1029/2007GL030113
https://doi.org/10.1038/325428a0
https://doi.org/10.1029/92JB02577
https://doi.org/10.1144/sp371.15
https://doi.org/10.1016/j.gca.2013.03.008
https://doi.org/10.1016/j.gca.2013.03.008
https://doi.org/10.1016/S0012-821X(03)00238-3
https://doi.org/10.1029/95JB00045
https://doi.org/10.1130/G37666.1


Han, S. Q., Wang, S. D., & Hu, W. Y. (1982). The discovery of a paleopool in Majiang and its geological significance. Oil & Gas Geology, 3,
316–326.

Jackson, M., Mccabe, C., Ballard, M. M., & Vandervoo, R. (1988). Magnetite authigenesis and diagenetic paleotemperatures across the
Northern Appalachian Basin. Geology, 16(7), 592–595. https://doi.org/10.1130/0091‐7613(1988)016<0592:Maadpa>2.3.Co;2

Jackson, M., Sun, W. W., & Craddock, J. P. (1992). The rock magnetic fingerprint of chemical remagnetization in midcontinental Paleozoic
carbonates. Geophysical Research Letters, 19, 781–784. https://doi.org/10.1029/92GL00832

Katz, B., Elmore, R. D., Cogoini, M., & Ferry, S. (1998). Widespread chemical remagnetization: Orogenic fluids or burial diagenesis of clays?
Geology, 26(7), 603–606, https://doi.org/10.1130/0091-7613(1998)026<0603:WCROFO>2.3.CO;2

Lu, G., Mccabe, C., Hanor, J. S., & Ferrell, R. E. (1991). A genetic link between remagnetization and potassic metasomatism in the Devonian
Onondaga Formation, Northern Appalachian Basin. Geophysical Research Letters, 18, 2047–2050. https://doi.org/10.1029/91GL02665

Macgregor, D. S. (1993). Relationships between seepage, tectonics and subsurface petroleum reserves.Marine and Petroleum Geology, 10(6),
606–619. https://doi.org/10.1016/0264‐8172(93)90063‐X

Macgregor, D. S. (1996). Factors concrolling the destruction or preservation of giant light oilfields. Petroleum Geoscience, 2(3), 197–217.
https://doi.org/10.1144/petgeo.2.3.197

Manning, E. B., & Elmore, R. D. (2015). An integrated paleomagnetic, rock magnetic, and geochemical study of the Marcellus Shale in the
Valley and Ridge province in Pennsylvania and West Virginia. Journal of Geophysical Research: Solid Earth, 120, 705–724. https://doi.
org/10.1002/2014JB011418

McArthur, J. M., Howarth, R. J., & Bailey, T. R. (2001). Strontium isotope stratigraphy: LOWESS version 3: Best fit to the marine Sr‐isotope
curve for 0‐509 Ma and accompanying look‐up table for deriving numerical age. Journal of Geology, 109(2), 155–170. https://doi.org/
10.1086/319243

Moreau, M. G., Ader, M., & Enkin, R. J. (2005). The magnetization of clay‐rich rocks in sedimentary basins: Low‐temperature experimental
formation of magnetic carriers in natural samples. Earth and Planetary Science Letters, 230(1‐2), 193–210. https://doi.org/10.1016/j.
epsl.2004.11.013

Nalivkin, V. D., Gol'dberg, I. S., Kruglikov, N. M., Lazarev, V. S., Sakhibgareyev, R. S., Sverchkov, G. P., & Simakov, S. N. (1984). Destructive
processes affecting oil and gas pools and estimation of the hydrocarbon loss. International Geology Review, 26(10), 1185–1198. https://doi.
org/10.1080/00206818409466639

O'Brien, V. J., Moreland, K. M., Elmore, R. D., Engel, M. H., & Evans, M. A. (2007). Origin of orogenic remagnetizations in Mississippian
carbonates, Sawtooth Range, Montana. Journal of Geophysical Research, 112, B06208. https://doi.org/10.1029/2006JB004699

Pang, X., Jia, C., Pang, H., & Yang, H. (2018). Destruction of hydrocarbon reservoirs due to tectonic modifications: Conceptual models and
quantitative evaluation on the Tarim Basin, China. Marine and Petroleum Geology, 91, 401–421. https://doi.org/10.1016/j.
marpetgeo.2018.01.028

Suk, D., Peacor, D. R., & Vandervoo, R. (1990). Replacement of pyrite framboids by magnetite in limestone and implications for paleo-
magnetism. Nature, 345(6276), 611–613. https://doi.org/10.1038/345611a0

Tang, L. J., & Cui, M. (2011). Multiphase tectonic movements, cap formations and evolution of the Majiang paleo–reservoir. Petroleum
Science, 8(2), 127–133. https://doi.org/10.1007/s12182‐011‐0125‐1

Wilhelms, A., Larter, S. R., Head, I., Farrimond, P., di‐Primio, R., & Zwach, C. (2001). Biodegradation of oil in uplifted basins prevented by
deep‐burial sterilization. Nature, 411(6841), 1034–1037. https://doi.org/10.1038/35082535

Wilkinson, J. J., Vowles, K., Muxworthy, A. R., &Mac Niocaill, C. (2017). Regional remagnetization of Irish Carboniferous carbonates dates
Variscan orogenesis, not Zn‐Pb mineralization. Geology, 45(8), G39032.1–G39032.750. https://doi.org/10.1130/G39032.1

Wu, W. (1989). The formation and destruction of palaeo–oil–reservoirs in the East of Guizhou Province. Geology of Guizhou, 6, 9–22.
Xiang, C. F., Tang, L. J., Li, R. F., & Pang, X. Q. (2008). Episodic fluid movements in superimposed basin: Combined evidence from outcrop

and fluid inclusions of the Majiang ancient oil reservoir, Guizhou Province. Science in China Series D: Earth Sciences, 51(S2), 78–87.
https://doi.org/10.1007/s11430‐008‐6028‐3

Yang, Z. Y., & Besse, J. (2001). New Mesozoic apparent polar wander path for south China: Tectonic consequences. Journal of Geophysical
Research, 106, 8493–8520. https://doi.org/10.1029/2000JB900338

Zechmeister, M. S., Pannalal, S., & Elmore, R. D. (2012). Amultidisciplinary investigation of multiple remagnetizations within the Southern
Canadian Cordillera, SWAlberta and SE British Columbia.Geological Society of London, Special Publication, 371(1), 123–144. https://doi.
org/10.1144/SP371.11

Zegers, T. E., Dekkers, M. J., & Bailly, S. (2003). Late Carboniferous to Permian remagnetization of Devonian limestones in the Ardennes:
Role of temperature, fluids, and deformation. Journal of Geophysical Research, 108(B7), 2357. https://doi.org/10.1029/2002JB002213

Zhang, S. H., Li, H. Y., Jiang, G. Q., Evans, D. A. D., Dong, J., Wu, H. C., et al. (2015). New paleomagnetic results from the Ediacaran
Doushantuo Formation in South China and their paleogeographic implications. Precambrian Research, 259, 130–142. https://doi.org/
10.1016/j.precamres.2014.09.018

Zhang, Y., Jia, D., Muxworthy, A. R., Li, Y., Xia, B., Xie, Z., et al. (2018). The chemical remagnetization of Ediacaran Dolomite in the
Taishan Paleo‐Reservoir, South China. Journal of Geophysical Research: Solid Earth, 123, 6161–6175. https://doi.org/10.1029/
2018JB015547

Zhang, Y., Jia, D., Yin, H.W., Liu, M. C., Xie, W. R., Wei, G. Q., & Li, Y. X. (2016). Remagnetization of lower Silurian black shale and insights
into shale gas in the Sichuan Basin, south China. Journal of Geophysical Research: Solid Earth, 121, 491–505. https://doi.org/10.1002/
2015JB012502

10.1029/2019GL084812Geophysical Research Letters

ZHANG ET AL. 9

https://doi.org/10.1130/0091-7613(1988)016%3c0592:Maadpa%3e2.3.Co;2
https://doi.org/10.1029/92GL00832
https://doi.org/10.1130/0091-7613(1998)026%3c0603:WCROFO%3e2.3.CO;2
https://doi.org/10.1029/91GL02665
https://doi.org/10.1016/0264-8172(93)90063-X
https://doi.org/10.1144/petgeo.2.3.197
https://doi.org/10.1002/2014JB011418
https://doi.org/10.1002/2014JB011418
https://doi.org/10.1086/319243
https://doi.org/10.1086/319243
https://doi.org/10.1016/j.epsl.2004.11.013
https://doi.org/10.1016/j.epsl.2004.11.013
https://doi.org/10.1080/00206818409466639
https://doi.org/10.1080/00206818409466639
https://doi.org/10.1029/2006JB004699
https://doi.org/10.1016/j.marpetgeo.2018.01.028
https://doi.org/10.1016/j.marpetgeo.2018.01.028
https://doi.org/10.1038/345611a0
https://doi.org/10.1007/s12182-011-0125-1
https://doi.org/10.1038/35082535
https://doi.org/10.1130/G39032.1
https://doi.org/10.1007/s11430-008-6028-3
https://doi.org/10.1029/2000JB900338
https://doi.org/10.1144/SP371.11
https://doi.org/10.1144/SP371.11
https://doi.org/10.1029/2002JB002213
https://doi.org/10.1016/j.precamres.2014.09.018
https://doi.org/10.1016/j.precamres.2014.09.018
https://doi.org/10.1029/2018JB015547
https://doi.org/10.1029/2018JB015547
https://doi.org/10.1002/2015JB012502
https://doi.org/10.1002/2015JB012502


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


