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Neogene-Quaternary post-rift tectonic reactivation of the Bohai

Bay Basin, eastern China

Lei Huang, Chiyang Liu, Yingbin Wang, Junfeng Zhao, Nigel P. Mountney

ABSTRACT

TheBohai Bay Basin, located in the eastern Chimapnsidered to bae Cenozoic rifted basin.
The basin is atypical in terms of its Neogene{@ureary post-rift subsidee history in that it
experienced intensivéectonic reactivation, rather thatme relative tectonic quiescence
experienced during this stage by most tifasins. This Neogene-Quaternary tectonic
reactivation arose principally in response to tectonic events: (1) activity on a dense array
of shallow faults and (2) accelerated tectositbsidence that occurred during the post-rift
stage; these two events were neither stritetipporally nor spatially equivalent. The dense
array of shallow faults form a NW-SE trending belt in the central part of the basin, with
displacement on them having been inducedtliy reactivation of dler northeast- and
northwest-trending basement faults and an @asal substantial component of strike-slip
displacement occurring after 5.3 Mghe intense reactitian of these faultsontributed to the
atypical accelerated rate of post-rift tectositsidence of the basin, which commenced ~12
Ma. However, this was not the sole cause this accelerated tectonic subsidence: a
combination of geological activity at a deewdk within the crust led to the build-up of
intraplate stresses and this, combined withgoing thermal subsidence, acted as additional
contributory factors thadrove unusually high rates of sulbeide for this basin. This episode
of accelerated post-rift tectanreactivation resulted in comidns favorable for hydrocarbon

accumulation.

Keywords. Bohai Bay Basin, Neogene, Quaternatggtonic reactivation, shallow faults,
post-rift tectonic subsidence, craton destruction
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INTRODUCTION

The majority of rifted basins evolve in dwmain stages: the rifting stage and post-rift
subsidence stage. Post-rift subsidence isc@jyi characterized by an episode of relative
tectonic quiescence characterized by signitigameduced (or zero) fault activity and
relatively slow rates of thermal subsidencey(é\nza rift in Kenya, Bosworth and Morley,
1994; the Atlantic continental mgin, North Sea rift system, B9 1995; Sirt Basin of Libya,
Abadi et al, 2008). Contrary to this usual bebg the Bohai Bay Bani of eastern China,
which evolved as a Cenozoic rift basin, exg@eced intense tectonic reactivation during the
post-rift stage that was characterized by ingefasilting and substantial rates of tectonically
induced subsidence. This evolutionary charsstie of the Bohai Bg Basin has been noted
previously (e.g., Hu et al, 2001; Gong and Wang, 2001; Gong, 2004a, 2004b; Hsiao et al,
2004; Gong et al, 2010). However, results frittase earlier studies simply recognized the
two tectonic events (strong filing and anomalously high rate$ tectonic subsidence) and
noted their role in determining the hydrocarbbabitat of the basin. As a consequence,
several significant issues relating to theseot@ctevents have not previously been thoroughly
examined in detail, including the documentation and analysis of the specific characteristics
relating to the distribution and developmaedit post-rift renewedaulting, the timing and
location of zones of accelerated subsidence atinessasin, and the relationship of one to the
other.

The aim of this study is to undertake a thorouglestigation of thespatial and temporal
characteristics of the mechanisms and styléeofonic reactivation ithe Bohai Bay Basin,
and to account for the specific characterisaosl original relationsps of two significant
tectonic events: strong faulting and anomalousbh rates of tectonic subsidence. This is
achieved through analysis of a large and vad@&idset derived from axtensive program of
hydrocarbon exploration in the basin. Specificestyes of this study arto: (1) critically
assess current models that account for the sfyi\eeogene-Quaternaryrsttural deformation

in the Bohai Bay Basin; (2) digss the influence of the post-rift tectonic reactivation on the
2
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structural evolution of théasin and its role in influencing hydrocarbon accumulation and
habitat; (3) provide a novel case study for pdsttdctonic reactivation and evolutionary

history of a rifted basin.

GEOLOGICAL SETTING OF THE BOHAI BAY BASIN

The Bohai Bay Basin is a major continentalrpferous basin located in eastern China;
the entire basin occupies an area of ~200,000 (km,220 mf), of which the offshore part
covers ~73,000 kA{28,185 mf). The basin is surrounded by uplifted Precambrian basement
blocks: the Taihang Shan to its west, Yanshatstoorth, Luxi to its south, and Jiaoliao to its
east. Internally, the basin isaracterized by several secondamustural units, such as sags
and rises, giving it a ‘basin-amdnge’ type of structural cogiuration (Figure 1). Previous
studies have convincingly demorsed the overall struatal feature to ba rifted basin (e.g.

Li, 1980; Ye et al, 1985; Yang and Xu, 2G0Zhu et al, 2009) that was locally influenced by
strike-slip movement (Hu et,al2001; Huang et al, 2012b). Theotution of thebasin can be

clearly divided into two stages: the Paleoggfieng stage and Neoger@uaternary post-rift
stage. The Paleogene rifting stage is charaeigrby extension and rifting, tilting of fault
blocks, half-graben development and fillingydais additionally associated with volcanic
activity. By contrast, the Neogene-Quateynagost-rift stage is characterized by the
accumulation of a thick succession of relativelyiform and nearly flat-lying strata that
gently thickens toward the bastenter, giving rise to a steleead basin geometry (Figure 2).
The fill of the Paleogene rift stage of basevolution consists of three sedimentary
sequences represented by the Kongdianah8§e and Dongying formations, which
collectively have a total tbkness of 3,000 to 7,000m (9,842-22,96§%and which represent a
succession of non-marine, clastic strata (Figd)reBy contrast, three sedimentary sequences
record the Neogene-Quaternary post-rift fill toe basin and these are represented by the
Neogene Guantao and Minghuzhen formatiams the Quaternary Pingyuan Formation with

a total thickness of 1,000 to 5,00@&)281-16,404 ft), each also miostly non-marine (fluvial)
3
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origin (Figure 3). The offshore part of thmasin (called the Bozhong Depression), has a
sedimentary fill of up to 4,000-5,000 n13;123-16,403 ft) thick, and became a major
depocenter in the basinrihg the post-rift stage.

Within the Bohai Bay Basin, three major grougsault system are developed: NNE (or
NE)-trending, NW-trending and easest-trending. The majority of faults in these groups can
be shown to have existed prior to the Cenozoic, and to have experienced repeated movement
and displacement of differenttemnsities during the Cenozoic (11i980; Ye et al, 1985; Zhu et
al, 2009). The NNE(or NE)-trending faults fortine dominant group o$tructures present
across the majority of the BahBay Basin, and these experiengeténse right-lateral motion
during the Neogene-Quaternagmong them, the well-known Tdn+ Fault Zone occupies a
position close to the eastern edge of the basth is considered to have exerted the most
significant control on basin development (Klime1983; Chen and Nabelek, 1988; Allen et al,
1997, 1998; Hou et al, 1998; Gongat2007, 2010; Zhu et al, 2009).

Additional NW-trending and east-west-trendifigults are developed in the offshore
portion of the basin. The NW-trending faultsdha component of left-lateral motion during
the Neogene-Quaternanyithin this group, th&Zhangjiakou-Penglai Fault Zone, which runs
through Bohai Bay, is especially significantc@nit is a very largand active, yet hidden,
basement fault that behaves in a conjugdtgioaship with the Tan—Lu Fault Zone in terms
of the sense of slip movement. This fault zone is associated with a presently active seismic
zone from which many historical and recent egutikes have been recedd(Liu, 1987; Fu et

al, 2004; Figure 1).

MAIN MANIFESTATIONS OF NEOGENE-QUATERNARY TECTONIC
REACTIVATION

During the Neogene-Quaternary post-rift subsite stage, some regions in the Bohai Bay
Basin experienced an anomalous tectonic éwwlary process markely intensive tectonic

reactivation, which is usually referred to as eetnism in the existinkiferature (e.g. Zhu et
4
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al, 2009; Gong et al, 2010). The stamotable manifestations tfis are two tectonic events:
(1) the development of a dense network of shaflaults and (2) acceleled rates of tectonic
subsidence. These two events are best knoeeause of their significant influence on the
hydrocarbon habitaif the basin.

Numerous angular unconformities of grenal extent are recognized in the
Neogene-Quaternary sequence and these dedeiopeesponse to deformation associated
with compressional stress and tectonic uplifg afso indicate intensive tectonic reactivation
during this period. Of these unconformities, thestmabvious one is located at the base of the
Quaternary succession and is characteribgdtruncation of a lwmad anticline in the
underlying strata; this unconformity demonstgstthat an intensév regional compressive
tectonic event occurred ab@ut 2.6 Ma (Huang et al, 2012a).

Investigations of a major rivéerrace that developed in resyze to tectoniactivity around
the Bohai Bay Basin demonstrate at least Ipbdepisodes) of tectonic activity during the
Quaternary in the Bohai Seand these occurred in the l&epleistocene (900-400 Ka), the

late to middle Pleistocene (100-B@) and the late Epipleistocerid0-8 Ka) (Xu et al, 2005;

Gong, 2005; Gong et al, 2007).

Frequent historic and recent earthquakes @ésnonstrate intense tectonic activity in the
Bohai Bay Basin (Chen and Nableld988; Hsiao et al, 2004; Fuadt 2004; Zhwet al, 2009).
The epicentres for these earthquakes descritistiactive pattern oflistribution (Figure 4):
(1) they occurred along the NNE(NE)-trending and NW-trendingasement faults, and were
characterized by focal points that were nbtabrranged into a dense cluster in the
NW-trending middle segment of the basin, esponding to the Zhajigkou-Penglai Fault
Zone (Fu et al, 2004); (R}tatistical analysis Isashown that most earthquakes greater than 6.0
Ms occurred in Tan-Lu Fault Zone and BAbpakou-Penglai Fault Zone, and most
earthquakes greater than 7.0 Murred at or close to thet@msection of these two fault
zones (Teng et al, 1997). The focal mechansolutions for thesearthquakes indicate

NE-trending right laterallip (Chen and Nabelek, 1988).
5
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NEOGENE-QUATERNARY FAULTS

Geometrical Characteristicsand Spatial Distribution
In the middle of the Offshore Bohai Sea (Bezhong region), seismic data reveal two

different sets of normal fault systems devetbpePaleogene and Neogene-Quaternary strata,

the sections and time slicdsom three-dimensional (3)Dseismic show the following
characteristics for the Neogene-Quaternary faults:

(1) The pattern of arrangement of faulexhibits significantly greater density in
Neogene-Quaternary strata compared todegee strata, and the arrangement becomes
progressively denser with decreasing deptle dénsity of the Neogene-Quaternary faults
is apparently mostly controlled by thespexisting palaeogeomorphology, being greater at
the margin of the Paleogene half-grabens and grabens (Figs 5 & 6).

(2) Some of the Neogene-Quaternary faultse inherited from the NNE (or NE)-trending
and NW-trending Paleogene or basement fatitasvever, many adddnal newly formed
faults developed adjacent to these inheritaalts during this timgand most of these
extend downward to the top of the Dongyingriation and upward to the sea floor. The
majority of these more recent faults (though albf grew to a size where they became
connected with the oldenherited faults (Figure 5).

(3) The pattern of arrangement of most faults ginge to a “flower streture” in section view.
This is characterized by an upward divergpattern of faulting in Neogene-Quaternary
strata and a merging of faultt depth with the basemefdults (eithersub-vertical
strike-slip faults or listric normal faults) in Paleogene strata (Figure 5).

(4) Most of these faults trend either NE-SWctose to E-W, have a small size in plan-view,
and are related to the large NNE (or NEAding and NW-trending basement faults
(Figure 7).

(5) The distribution of faults becomes progigsly denser with increasing proximity to

basement faults, and most tregiidan acute angle to the mdiasement faults, displaying
6



163 anen-echelorpattern in plan-view (Figure 6, 7).

164 Together, these characteristics indicate that the Neogene-Quaternary faults are mostly the
165 subsidiary normal faults of NNE (or NHrending and NW-trending basement faults
166 reactivated in strike-slip moveme Most of these basemenufts are the boundary faults of

167 the Paleogene half-grabens and grabens, thereby resulting in a denser arrangement of faults at
168 the margin of the Paleogene half-grabens and grabens.

169 By contrast, the Liaodongwan region inetmorth of the offshore Bohai Sea has a
170 markedly different style of Neogene-Quaternary fault development (Figure 6 and seismic line
171 Fin Figure 8): only a few fault@re developed in the Neogened@ernary strata, far less than

172 that in the Paleogene strata, and these beqmogressively more sparse with increasing
173  proximity to the surface. Most of these Neog€heaternary faults were inherited from the

174  older faults that controlled the developmentPafleogene sags. Morecently formed faults

175 that can be shown not to have been inheritechfthe older faults are few in number, as are
176  subsidiary faults related to the reactivatioihthe older faults during Neogene-Quaternary.
177  The situation in the southern portion of thehi Bay Basin (the Jiym Depression) is very

178 similar to that in tk Liaodongwan region: botiegions are characterizédy a relatively small

179 number of Neogene-Quaternary faults (FeguB). Furthermore, a similar pattern of

180 Neogene-Quaternary fault despment also exist in the wesh portion of the Bohai Bay

181 Basin (the Jizhong and Huanghua Depurssi (Zhai, 1988; Editorial Committee of

182  Petroleum Geology of Dagang Oil Field, 1991anhg, 2001, Li et al, 2@) Ren et al, 2010).

183 The arrangement of Neogene-Quaternary fantts dense networks therefore confined

184 to a NW-trending belt with a width of about 200 km running through the Bohai Sea from east
185 to west (as shown in FigufeC). The boundary between the deasd sparse arrangements of
186 Neogene-Quaternary faults canrediably identified via angbis of hydrocarbon exploration

187 data in the basin. For example, the boundsatyveen the Liaodongwan and Bozhong regions
188 is evident from and can be constrained by shallow faults’ distribution map and the 3-D

189  seismic time slice (Figure 6A, C); two seismécsons located on either side of the boundary
7



190 reveal differences in the styté Neogene-Quaternary faultingifle D in Figure 5 versus Line
191 F in Figure 8). The boundary between the r@dand southern portions of the Bohai Bay
192  Basin can also be identified from gais data (Lines G and H in Figure 8).

193 Based on the above-mentioned investigati@is Neogene-Quaternary faulting, the
194 following conclusions can be reached: (1) treh& Bay Basin can be divided into northern,
195 middle and southern segments (Figure 1C);a(8ense arrangemeunit Neogene-Quaternary
196 faults developed in the middle segment, velasrsparse arrangement of Neogene-Quaternary
197 faults developed in the nogm and southern segments.

198

199 Evolutionary History

200 In this study, reconstructed ratef active dip-slip faulting he been used to reveal the
201 faults evolutionary history. Thisapproach assumes that differences in the thickness of
202 syn-kinematic strata between the hangingveadtl footwall of individual fault planes are
203 related to active periods of fawlip (cf. Maloney et al, @L2); thus, for any given stratal
204 interval, the ratio of the thickness diffame between the hangingwall and footwall and
205 duration of the interval over which the body afisa accumulated can beed as an indicator
206  of dip-slip faulting rate (fodetails of the methodf calculation employed, see Fig. 9C). The
207 assumption in this method requires that time-averaged sedimentation rate is equal to or
208 greater than the rate of fault slip during synchronous periods of deposition and fault activity
209 (Cartwright et al, 1998; Maloreet al, 2012). Sedimentaticates in the region where the
210 investigated faults are located have beppraximately determined from the ratio of the
211 present stratal thickness and the relating sedtiang duration via seismic data. Results show
212 that all the Neogene-Quaternary stratal intervainsidered had sedimentation rates greater
213 than rates of fault slip (>25 m/Myr forily, >60 m/Myr for Nm", >100 m/Myr for Nm",

214 and >150 m/Myr for @; the assumption made in the methedherefore reasonable for this
215  study.

216 Rates of active dip-slip fault displacementé&deen calculated for individual faults and
8
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average rates have additionallyem calculated for groums main faults in the southern part

of the Offshore Bohai Bay Basin (Figure 9A aBf Results for individual faults show that

the larger faults that controlled the devel@mnof Paleogene half-grans had higher active
rates of dip-slip during the Paleogene, whereas, for the majority of faults that did not
penetrate the entire Paleogemeccession, the rate of adiwdip-slip during the lower
Paleogene was less (Fig. 5, FA.ine B). In the post-rift stagehe majority of faults have a
greater rate of fdu movement during Bim“-Q, deposition (5.3 Ma to the present day)
compared to that experienced duringmN-N,g deposition (24.6 Ma to 5.3 Ma), and many
faults apparently were not active duringgN(24.6 Ma to 12 Ma) deposition (Figure 9A).
Similar results relating to average active rates of fault movement also reveal more generally
that the faults exhibited the higdterates of displacement duringrit-Q, deposition (5.3Ma

to the present day) for the wiegbost-rift stage (Figure 9B).

Analysis of 3-D seismic data indicates that the Neogene-Quaternary faults in the middle
segment of the basin were mainly developed after 5.3 Ma, which is supported by the
following observations (Figure 10): (1) the numlmé faults present in the sequence that
accumulated from 5.3 Ma to the present day isentioan twice the number of faults present in
the sequence that accumulated from 12 Ma to 5.3 Ma (Figure 10A); (2) the sequences that
accumulated from 24.6 Ma to 5.3 Ma reveal nsible difference in thickness in the stratal
packages present in the hangingwall aodtWwall of most Neogene-Quaternary faults,
suggesting no syn-depositional fault activity fiois period, despite many such faults having a
throw of several hundreds of meters. This intlisghat these faults were effectively inactive
during this period (Figure 10B}3) a large number of faulextend upward to the sea floor,
demonstrating that they remain active to thespnt day. Given the above-mentioned frequent
occurrence of historic and recerdrthquakes in the Bohai Sea, this is to be expected. Indeed,
the distribution of these earthquakes and focathanism solutions demonstrate the close
relationship between the Neogene-Quaternanjtfaand the strike-slip behavior of the

Tan—Lu and Zhangjiakou-Penglai fault zorf€men and Nabelek,1988; ide et al, 2004; Fu
9



244 et al, 2004; Zhu et al,2009).

245

246 Origin and Controls

247 The Neogene-Quaternary faults in thH&gohai Bay Basin demonstrate that the
248 NW-trending middle segment of the basin experienced intense faulting during the post-rift
249 subsidence stage; this behavior is inconsisigtit the style of evoltion of typical rifted
250 basins, which tend to be characterized dgady but generally weak faulting during the
251 post-rift subsidence stage (Mckenzie, 19Z#&gler and Cloetingh, 2004). Based on the
252 geometrical characteristics ancetlistributions of the faultst can be concluded that the
253 faulting was closely associated with the N NE)-trending and NW-trending basement
254  faults, and activity on these post-rift faultssmaostly induced by theeactivation of these
255 two major fault systems with a significantneponent of strike-gii movement during the
256 Neogene and Quaternary. It is there therefqer@priate to refer to this phase of intense
257 tectonic activity in the Bohai Bay Basas Neogene-Quaternagctonic reactivation.

258 The occurrence in the basin of a NW-trendinlj blearacterized by dense, shallow faults
259 implies that the NW-trending Amgjiakou-Penglai Fault Zone played the most significant
260 role. Noticeably, the NNE-trending Tan-Lu FRadone runs through the eastern part of the
261 basin rather than the middle segment of therhdle intensive faulting along this fault zone
262 also occurred in the northeamd southern segments of thesin during Neogene-Quaternary,
263 and this was characterized by a single domifeut that extended upward to a shallow level
264 and even to the sea floor apparently withassociation to a dengeetwork of subsidiary
265 normal faults (Figure 6, Line F in Figure 8).uRj it is worth discussing the likely conditions
266 required to cause such differences in tbeerall spatial patternof distribution of
267 Neogene-Quaternary faults.

268 Analysis of the conditions required foretHormation of Neogene-Quaternary faults
269 demonstrates that both the depsihd pattern of these shallowfes were probably related to

270 the thickness of Neogene-Quaternary strata. denng this aspect, four types of behavior
10



271 are envisaged to account for the developn@nshallow faults in the Bohai Bay Basin
272 (Figure 11):

273 Type l:in areas characterized by a very thadcumulation of Neogene-Quaternary strata
274  (equating to more than 2 seconds two-wayédldawme on the seismic profiles), such as the
275 central portion of Bozhong sags and other despgs, the shallow faults are very densely
276  packed, most were initiated during the Newg®uaternary, and a small number are not
277 connect with the older faults either directly odirectly (Figure 5: lefpart of Line A, right

278 part of Line B and Line E). In this situan, one single old fault apparently induced the
279 initiation and development of a wideetwork of Neogene-Quaternary faults.

280 Type II: in areas characterized by a moderate thickness of accumulation of
281 Neogene-Quaternary strata (etjug to about 1 to 2 secontiso-way travel time on seismic
282  profiles), shallow faults are arranged into a véeynse pattern; most were initiated during the
283 Neogene-Quaternary, and nearlyannect with the older faulesither directly or indirectly.

284 In this situation, one single old fault, either a sub-vertical strike-slip fault or a listric normal
285 fault, apparently induced a narrower networkN&fogene-Quaternary faults than in the first
286  situation (compare the left part anght part of Line A in figure 5).

287 Type lll: in areas characterized by a vahyn accumulation of Neogene-Quaternary
288 strata (equating to less thamnsécond two-way travel time on seismic profiles), such as the
289 northern and southern segmenttbé basin, the shallow faults that elsewhere form dense
290 networks are very sparse, andplaces only the major Paleggefaults extend upward to the
291 shallow level and even to the sea floor (Figure 8).

292 Type IV: elsewhere in the areas charaaedi by a very thin accumulation of
293 Neogene-Quaternary strata (equating to leas th second two-way travel time on seismic
294  profiles), denser arrangementssbiallow faults may occur. This type of situation only occurs
295 in eastern part of the middle segrewnf the basin where the NW-trending
296 Zhangjiakou-Penglai Fault Zorand NNE-trending Tan-Lu Faultione intersect (right parts

297 of geological section XXin Figure 2 and seismic line A in Figure 5).
11



298 Based on the above discussion, the origithefdense Neogene-Quatary faults in the

299 middle segment of the basin arose mainlydsponse to two conditions: (1) the interaction

300 between the NW-trending and NNE(or NE)rAdéeng faults, and (2) the occurrence of a

301 thicker developed succession of Neogene-Quaternary strata. Both of these conditions favor
302 the occurrence of a greater noen of subsidiary faults at relatively shallow levels.

303 The great majority of Neogene-Quaternarylts discussed above were induced by the
304 reactivation of older faults; exceptions to this are a relatively small number of
305 Neogene-Quaternary faults thatrevenitiated by other conditionscluding fadts associated

306  with igneous intrusions, as illustratby seismic sections B and E (Figure 5).

307

308 ACCELERATED TECTONIC SUBSIDENCE

309 A second noteworthy characteristic of tNeogene-Quaternary evolution of the Bohai

310 Bay Basin is a marked acceleration in the rateectonic subsidence that occurred at ~12 Ma.
311 This event has been documented by the previessarchers (Hu et al, 2001; He and Wang,
312 2003; Xie et al, 2007) and has been interpreds rapid tectonisubsidence that was

313 considered to result from the dextral movemeinthe Tan-Lu Fault Zone. Further analysis

314 and interpretation of this phenonmemis provided in this study.

315 The back-stripping method (Steckler and Wal&/8) is herein used to quantify the rate

316 and history of tectonic subsidenicethe main structural unitsnluding rises and sags) of the

317 Bohai Bay Basin for the Cenozoic and Quaternary. Data from 120 wells have been analyzed.
318 A correction for compaction has been appliemshgiporosity-depth reteonships based on the

319 observed lithologies, and by ngi standard mean exponentralationships, and material

320 parameters (cf. Sclater and Christie, 1980). traia include lithologyage and paleo-water

321 depth. Lithologies and stratal ages have ba#ained from well datahe biostratigraphy of

322 Neogene-Quaternary strata have been studied in detail for the offshore the Bohai Sea (e.g.
323 Deng and Li, 2008; Zhu et al, 2009), such that gatéaining to lithology and stratal ages for

324 all investigated wells are credible. Paleat@vadepths are inferred from depositional
12



325 environment; the water depths during Paleogetiagistage are restricted to a narrow range
326 of less than 50 m because most of the reedis were deposited in continental shallow
327 lacustrine environments (FigriB); by contrast, the waterpths during Neogene-Quaternary

328 post-rift stage are treated as zero because the great majority of the succession accumulated in
329 anon-marine fluvial environment.

330 The wells used in this study are distributedh non-uniform arrarggent across both the

331 rises and sags, through more are located the rises. Despite this, because the
332 Neogene-Quaternary strata ameatively uniform and nealfét-lying with only gradual

333 thickening to the basin center, it can be dertrated that the Paleogene topography exerted
334 only a modest influence on the thickness of aadation of the succession; thus, the pattern
335 and history of Neogene-Quaternary subsidencealed by the studied well data reflects the

336 overall trends for the entire &ia. Given that somevells in the basin have been drilled on

337 Neogene structural highs, care is required susnthat these wells do not bias results due to
338 the occurrence of locally anomalous data; considering this aspect, data from these wells have
339 been ignored to eliminate this risk in thstudy. Given that the analysis of Paleogene
340 subsidence is not the focus of this study, the datained solely from wells located in sags

341 are considered sufficient for this analysis.

342 Tectonic subsidence curves for the entdenozoic and Neogene-Quaternary post-rift
343 stage are shown in Figure 12. The curves (BdiA) reveal an anomalous post-rift tectonic

344 subsidence history that is characterized by &ethincrease in subsidence rate. This differs
345 significantly from the theoretit&rend predicted by conventional post-rift subsidence models,
346  which predict an exponentially decreasindgeraf subsidence. This departure from the

347 expected norm is demonstrated by comparison of subsidence curves from this study with
348 theoretical post-rift tectonicupsidence curves arising from different stretching factors in a
349 theoretical rift basin (cf. Bawst al, 2010) in Figure 12A.

350 To more fully describe and agak the change in tectonic sidence a distinction is here

351 made between rapid tectonic subsidence andl@@ted tectonic subsidence. Rapid tectonic
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subsidence refers to a change in total tectsubsidence in space, whereas accelerated

tectonic subsidence emphasizes a change in tectonic subsidence rate over time; in this study,

the former term is reflected by the total tectosubsidence of several sedimentary intervals

(Ng, Nom“, NomY, Q) (Figure 13), whereas the latter teimeflected by the accelerated rate

of tectonic subsidence relative to thggNectonic subsidence ratec€elerated intensity or Al

for short, Figure 14); a steepening of the slope of the tectohgdence curve (distance/time)

for a given point demonstrates accelerasetisidence (Figure 12B). For comparison, the

contour maps in Figures 12 and 13 illustrate well the difference between the two terms: the

area with greater total tectorsabsidence (i.e., rapid tectosigbsidence) may not necessarily
experience an increase in the accelerated imyenistectonic subsidere. The two terms have

no strict inter-relationship or dependency (ptisdmeasons for this are discussed below).

From this study, the following interptations are made regarding the

Neogene-Quaternary tectonic suleside of the Bohai Bay Basin:

(1) Rapid tectonic subsidence occurred distynimn the middle segment of the basin during
the Neogene-Quaternary, and was charactebyedcreased total tectonic subsidence. It
has a regular pattern such tliae total tectonisubsidence is greatein the Bozhong
region (i.e., the Bozhong depression) durggch sedimentary interval but gradually
decreases with distance away from the geoit¢his region. The Liaodongwan region, for
example, experienced no deposition from&.8Ma and consequently had a zero tectonic
subsidence during this interval (Figure 13).

(2) From the changes in the slope of the post-rift tectonic subsidence curve (Figure 12B), the
following interpretations are made. The tectonic subsidence of the later post-rift
subsidence stage (12-0 Ma)tive entire Bohai Bay Basin wakearly accelerated relative
to that of the early post-rift subsidence stéye6-12 Ma) and this emge is here defined
as an accelerated tectonic subsidence eVmdeed, three phases of accelerated tectonic
subsidence are recognized: 12-5.3 Ma, 5.3-2.6aMh2.6-0 Ma. Most of the data reveal

that the accelerated intensity of the three phascreased with time, with the exception of
14



379 data from the Liaodongwan region, whichd diot experience tectansubsidence from

380 5.3-2.6 Ma. This phenomenon identified here imgonsistent with the theoretical

381 understanding regarding a purely thermal gldrgce history during the post-rift thermal

382 subsidence stage of rifted basin evauati which is characterized by an exponential
383 reduction in the rate of subsidenover time (Mckenzie, 1978).

384 (3) Contour maps of the accelerated intensity @#d¥ed on analysis of well data reveal some

385 detailed information about the nature oé thccelerated tectonic subsidence (Figure 14):
386 the entire configuration of the contours is simiath that of the contours of total tectonic
387 subsidence in Figure 13, although it is importemnote that the center of the Bozhong
388 Depression, which has a greater total dei subsidence has a smaller accelerated
389 intensity, whereas the area around the depres$siera larger accele¢ea intensity. Also,
390 the Liaodongwan region has a negative ame¢bd intensity during the period from
391 5.3-2.6 Ma due to the zero tectosubsidence. The overall dibution of the contours is
392 not strictly controlled by the location ofdhNE-trending Tan-LuFault Zone and this
393 indicates that the dextral moventef this fault zone exertieonly a weak influence on the
394 accelerated tectonic subsidence.

395 (4) The rapid tectonic subsidence in thezBang region is characteed by a large total

396 tectonic subsidence that was initiated during thg deposition following the rifting stage

397 of the whole basin (Figure 13). This is cotem with the location of the depocenter and

398 subsidence center of the whole Paleogenengifbasin; it may therefore reflect a natural

399 evolutionary process of the rifted basin. Bgntrast, the onset of accelerated tectonic

400 subsidence at 12Ma, which occurred in the whadsin and even in the entire East Asia

401 continental margin (Hu et al., 2001; Rena&t2002; Yang et aR004; Xie et al, 2006),

402 may reflect a change of regional geodynamic setting. Significantly, the occurrence of
403 similar accelerated tectonic subsidence eventsther rifted basins during their post-rift

404 subsidence stages are usually considered to have arisen as an effect of intraplate stresses
405 (e.g. Southern North Sea, Kooi et al.,19915dI Sea Basin, Cloetgh et al., 2003). Thus,
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it is conceivable, and arguallitely, that the post-rift sulidence of the Bohai Bay Basin
was markedly influencebly intraplate stresses.

(5) The final phase of accelerated tectonibssdence (2.6 Ma to present) was most the
intense and extensive (Figure 14B), implyingtth arose in response to a dynamic setting
that operated over a broad region. Notitgalthis phase of accelerated tectonic
subsidence was more intense in some partietiaodongwan region than in the other
parts of the basin. By camaist, the Bozhong region, whigxperienced a greater total
tectonic subsidence during the Quaternarywahith is characterized by a relatively thick
Neogene-Quaternary sedimentary successaperienced weaker accelerated tectonic

subsidence during this period (Figure14B).

DISCUSSION
Relationship between the Neogene-Quaternary Faults and Accelerated Tectonic
Subsidence

The enhancement of the syn-depositional normal faulting is the usual mechanism that
results in accelerated tectorsabsidence; the rifting stageitiv intense faulting would be
expected to result in a fasteate of tectonic subsidence thdre post-rift stage. However,
during the post-rift stage of the Bohai Bay Basig faulting also caused accelerated tectonic
subsidence, as illustrated by the horizon-flageg$mic section in Figure 10B, for example,
where the hangingwall reveals a thicker wanalated succession, thereby demonstrating
syn-depositional fault activity (5.3-0 Ma). Thuthe accelerated intats of the tectonic
subsidence rate around the Bozhong Depression igthah in the center of the depression;
this may be due to the development of tie@work of dense faults around the depression
(Figure 14).

A significant question is to be resolvedwhether all the accelerated subsidence of the
Bohai Bay Basin occurred in response to Neogene-Quaternary faulti. If this was the

case then the accelerated subsidence wouddylikave occurred in the hangingwall only,
16
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whereas the footwall and areas where no adawdting was present euld not have been
subjected to accelerated subsidencEollowing this reasoning, we use the
Neogene-Quaternary tectonic sidesice history from two well@Nell-1 and Well-2), located
on the hangingwall and footwall of a master fatd reveal the retaonship between tectonic
subsidence and faulting intensity (Figure 15). The following observations are made. (1)
During the Ng deposition, the master fault ceased activity, whereas the footwall (Well-2)
experienced more rapid tectonic subsidence than the hangingwall (Well-1); since that time,
the master fault experienced intensive activity and tectonic subsidence in the hangingwall was
substantially accelerated (especially duringnNand Q); this demonstrates that the intense
reactivity of the fault did inéed induce the accelerated subsitk. (2) for the same period,
variation in the slopes of the dacurves record that some accelerated subsidence occurred in
boththe hangingwall and the footwall; this trencpires that the accelerated subsidence is not
entirely produced by the intense reactivity of the fault alone.

Furthermore, comparison of the distributiasfsthe densely spaced faults and the region
that experienced an acceleratei@nsity of tectonic subsiden¢Eigure 6, 14) reveals that the
two tectonic events did not wholly temporallyrrspatially overlap and intense reactivation of
the faults was not alone responsible fongating the entire component of accelerated
subsidence; there must, therefore, be additifmetors that contributed to the accelerated

subsidence.

Geodynamics

Previous studies show that the Bohai $eahe location of the thinnest crust and
lithosphere in northern China (Teng et al, 19Griffin et al 1998; Kusky et al, 2007; R.X.
Zhu et al 2012). The broader region has bgenerally referred to athe site of craton
destruction in the North China Craton, and ssaxiated with widespread crustal extension
and the formation of many rift bans (e.g. Wu et al., 2005; Zhaiadt, 2007; Li et al, 2010; G.

Zhu et al., 2012; R.X. Zhu et al., 2012; Fig@#e). Results from this study suggest that the
17
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post-rift accelerated tectonic subsidence tire Bohai Bay Basin is most likely the
manifestation of the reduced thickness of lifftteye, and is therefore a probable indicator of
craton destruction in the Mt China Craton. Although the t&st occurrence of craton
destruction proposed previously has been e@dynozoic (Xu et al, ZID; R.X. Zhu et al.,
2012), this post-rift acceleratectonic subsidence may iodie a new phase of craton
destruction in the North China Craton, widm onset age of 12 Ma. Furthermore, the
widespread occurrence of a #an accelerated tectonic subsideraent, also with an onset
age of 12 Ma, in the East Asia continental nrafglu et al., 2001; Reet al, 2002; Yang, et al,
2004; Xie, et al, 2006) indicatéisat the geodynamics of thisctenic event may be related to
the subduction of the Pacific Platéatéve to the Eurasian Plat€his conclusion is consistent
with recent insights into dominant geodynaroantrols on craton destruction of the North
China Craton (R.X. Zhu et al., 2012).

Recent GPS measurement and seismo-tectonic studies show that the eastward extrusion
induced by India-Asia conveegce is the dominant mode block kinematics in north of
China (Shen et al., 2000; Wang et al, 2001; XialeR004; Xu et al2008). It is therefore
possible, and arguably probabilleat India-Asia convergence tlse driving face responsible
for the widepsread development of the dense networks of shallow faults after 5.3 Ma.
Specifically, the far-field effect of this coekgence could be responsible for the lateral
movements on the massifs around the BoSaa Basin, which induced the intense
reactivation of the basemenufts and produced the high denditgogene-Quaternary faults.
This intense faulting would contribute to thecelerated tectonic subsidence. The post-rift
accelerated tectonic subsidence in the Bohai Basin may therefore have arisen as a result
of deep geological function involving intraplas¢&resses, combined with rift-basin thermal

subsidence.

Influence of Tectonic Reactivity on Hydrocarbon Accumulation

The significance of the Neogene-Quaternary post-rift tectonic reactivation in terms of
18
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petroleum geology is that it prodest numerous structural traps well as directly reforming

the primary pressure and fluid fields of thasin; thus, it inducedhe redistribution and

re-accumulation of hydrocarbons. Thddwing discussion points arise:

(1) The accelerated tectonic subsidence oswyafter 12 Ma in the Bohai Bay Basin buried
the Paleogene source rocks of the basin deeper, resulting in a higher maturity. This is
especially the case for the Bozhong depression, offshore the Bohai Sea, site of the
shallowest viable source rocks accumudatkuring Paleogene rifting stage (i.e., the
source rock for the lower paof Dongying Formation). Tik additional subsidence
enabled the source rocks to reach maturity due to the emplacement of additional
overburden (Gong et al, 2010). Furthermoreaadirect result of accelerated tectonic
subsidence, the offshore Bohai Sea depositaliiosh) argillaceous leustrine successions,
and these likely served to enable the juxtéposof seal and reservoir rocks required for
the development of viable hydrdon plays (Deng and Li, 2008).

(2) The networks of dense Neogene-Quaternary faults provided the most important pathway
for vertical hydrocarbon migration fronthe Paleogene sequence to the Neogene
sequence. Although some previous studiggu@ragainst the function of these shallow
faults as conduits for the transport of hychdons (e.g., Hao et al, 2007), statistical data
analysed as part of this study relating tecdvered reserves in the offshore Bohai Sea
demonstrate that, in the middle segmemzlong region) of the Offshore Bohai Sea,
61% of the reserves are hosted in the Neogeneence, suggestingthhe existence of
shallow faults connecting the Paleogene sotmck with the Neogene reservoir rock has
been critical for enabling hydrocarbon nagon (Figure 16). Bycontrast, in the
Liaodongwan region, where shallow faulte aparsely develode shallow hydrocarbon
reservoir are few in number. Thus, it is hanggested that these shallow faults played an
active role in vertial hydrocarbon migration, and wetke critical in enabling the
charging of Neogene reservoirs the Offshore Bohai Se®irect evidence to support

this claim includes the occurrences of gasncieys imaged on seismic data and gas vent
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pits observed on the seafloor in the Offshoréd@dSea, which indicates that faults that
extend upward to the sea floare highly efficient pathwayf®r gas seepage to the sea
floor (Deng and Li, 2008; Gong et al, 2010).

Furthermore, fault patterns may alsdluence hydrocarbon accumulation (Figure
16): the Type Il and Type IV fault patteriidescribed above) are most favorable for
hydrocarbon accumulation at shallow levaisice they are characterized by large
numbers of Neogene subsidiafgults that connect to olddaults either directly or
indirectly. By contrast, the Type Ifault pattern is least favdske due the presence of
fewer Neogene subsidiary faults. Similarly, the Tydaudlt pattern in which Neogene
subsidiary faults do not connect to oldeults is also unfavorable for hydrocarbon

accumulation at shallow levels.

(3) Many Neogene structural traps were forndee to the influence of the post-rift tectonic

reactivation in the Bohai Sea. @utraps are mostly associated with anticlines formed in
response to regional compressional stressny of which are affected by the normal
faulting and strike-slip movement. Many of teestructural traps have been discussed in

the previous literature @, Deng and Li, 2008; Zhu at, 2009; Gong et al, 2010).

(4) Theoretically, hydrocarbon acguoulation is dominantly conthled by the latest tectonic

event. Therefore, the Neogene-Quaternacjotéc reactivation in the Bohai Bay Basin
was the critical tectonic event for hydesbon accumulation in the region. The peak
accumulation of hydrocarbons in the offshB@hai Sea occurredtaf 5.3 Ma (Gong et
al, 2010), and undoubtedly this waglirect result othis tectonic eventthe accelerated
tectonic subsidence after 12 Ma enablegl generation of abundant hydrocarbons and
the associated faulting facilted their migration to shallow reservoirs. The intensity and
long-lived duration of tectonic activity producedlarge number of shallow structural
closures, and also reformed the primargssure and fluid fids required to drive
migration and charge reservoirs. Pre-existger reservoirs were also deformed as a

consequence of this process, resultinfuimther hydrocarbon migration from the deeper
20
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reservoirs through the networks of densellsiv faults to further contribute to the

re-charging of the new closures.

CONCLUSIONS

The Bohai Bay Basin underwent intense pdsttectonic reactivation, which was
characterized by the development of a dense network of shallow faults and an anomalously
high rate of post-rift tectonic subsidence. The following new insights regarding the structural
deformation experienced in the Bohai Bay Basiring the Neogene-Qigsnary have arisen
as an outcome of this study:

(1) The dense network of shallow faultslegated solely in a NW-trending belt of the
basin where the Zhangjiakou-Penglai Fault Zone was developed. Activity on most of these
faults, which developed mainly after 5.3 Maas induced by the reactivation of NNE (or
NE)-trending and NW-trending basement faults, which themselves experienced a substantial
component of strike-slip movement duringe tiNeogene and Quaternary. The origin and
pattern of the dense network of faults aroseesponse to two conditions: interaction in the
zone of intersection between the NW-trendeagd NNE (or NE)-trending faults, and the
occurrence of a thick succession of Neogem& Quaternary strata. The accelerated rate of
post-rift tectonic subsidenceras distributed across the wla Bohai Bay Basin, and was
initiated by 12 Ma; it evolved in three phag#2-5.3 Ma, 5.3-2.6 Ma and 2.6-0 Ma) with each
phase characterized by an increased rateeabnic subsidence and a greater intensity of
tectonic subsidence at the margf the Bozhong Depression.

(2) Fault reactivation acted as a contributéamgtor that further enhanced the rate of
post-rift subsidence, espeltyaaround the Bozhong Depressidf#owever, inconsistencies in
the timing and spatial location of the faultingd accelerated subsidence demonstrates that
the intense faulting was not the sole caust®faccelerated tectonic subsidence. The post-rift
accelerated subsidence may indicate a new pblaseaton destruction of the North China

Craton, possibly related to the builg@ of intraplate stressesgreat depth combined with the
21



568 effects of rift-basin thermal subsidence. Resstrom this study imply a weak link between
569 the anomalously high rate of tectonic subsweand the dextral motion of the Tan-Lu Fault
570 Zone, which is contrary to most previous suggestions.

571 (3) This case study demonstrates that pdistactonic reactivatiomesults in conditions
572 that are favorable to hydrocarbon accumulationainift-basin setting. Post-rift tectonic
573 reactivation in the Neogene-Qaenary resulted in the gemagion of a unique hydrocarbon
574 habitat in the Bohai Bay Basin, whereby hyachrbon formation, migration and accumulation
575  within reservoirs occurred at a late and super-late stage, such that abundant shallow reservoirs
576 exist in the NW-trending middle segment whéie dense network of shallow faults that
577 connect to the older faults (eitherettly or indirectly) are developed.

578 (4) This study provides a detailed case sttalyan unusual style of post-rift tectonic
579 reactivation within a rift-basin setting. It indicatthat structural deformation associated with
580 post-rift tectonic reactivation bBaa different expression toahwhich occurred during the
581 syn-rift stage: it is less intense overalgt arose in response to a complex and dynamic
582 formative mechanism. This post-rift stru@lrdeformation may comprise two parts: one
583 requires the reactivation of thgrsrift structural elements (i.e., fault development), whereas
584 the other develops in a mannamrelated to syn-rift structal deformation (i.e., anomalous
585 tectonic subsidence).

586
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FIGURE CAPTIONS
Figure 1. (A) Regional location and (B) simpldistructure of the Cenozoic Bohai Bay Basin.

(C) Location of seismic and Welata used in this study.
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789

790  Figure 2. Geological section through the BdBay Basin. See Figure 1(C) for location.

791

792  Figure 3. General stratigraphy of the offsh8@hai Bay Basin showing major tectonic and
793 depositional events. Lacustrine source roclksamncentrated in the Dongying and Shahejie
794 formations. Form. = Formation; RPW depth = tieka paleowater depth. This stratigraphy is
795 representative of all wells analyzed in this study.

796

797  Figure 4. Epicenter distribution of earthquakes #8<) in Bohai Bay Basin and adjacent
798 areas for the period 1500 to 1999 (modified from Fu et al, 200%.focal mechanism
799  solutions are from Hsiao et al (2004).

800

801 Figure 5. Non-interpreted and interpreted seissaictions through the middle of the Offshore
802 Bohai Sea showing a network of denser fadéigeloped in Neogene-Qeanary strata. Note
803 the presence of an anticline below the Quaternary sequence in daigm; indicating an
804 intensive regional compressive tectonic evasdurring at about 2.6 M&ee Figure 1(C) for
805 location.

806

807 Figure 6. The planimetric distribution of theufes at the bottom of Pliocene sequence (A,
808 about 5.3 Ma) and Oligocene sequence (B, aB8u¥la), offshore the Bohai Sea. Map C is
809 the 3-D seismic coherency time slice (800ms) within the Neogene sequence of the area
810 marked in Map A.

811

812 Figure 7. 3-D coherency seismic time sliceB0(6ns) within the Neogene sequence showing
813 the distribution of Neogene faslin the Offshore Bohai Sq&). (B)-(E) show details of
814 some local areas that contrast the stylal®@felopment of Paleogersnd Neogene faults.

815 Time slices from 1000 ms and 2500 ms from imithhe Paleogene sequence and basement are
30



816 presented. Then-echelompattern of the subsidiary faulitsdicates the strike-slip movement
817 of the basement faults during Neogene-Quaternary. See Figure 1(C) for location.

818

819 Figure 8. Non-interpreted and interpreted m@is sections showing different styles of
820 development of Neogene faults. See Figd@ for location. See the text for further
821 explanation.

822

823 Figure 9. (A) Rates of active dip-slip faulting fr@some of the main faults indicated by black
824 lines on the seismic sections shown in Figiwresd 10; the numbéehind the gray columns
825 are the rates of active dip-slip of the faultgNiyr); F1-F6 are marked on the seismic sections;
826 note that for the analysis of F3, two parallellfa were treated as a whole. (B) Average rates
827 of active dip-slip faulting of the main faulis the southern part dhe Offshore Bohai Bay
828 Basin. (C) Explanation of the methodology uded the calculation of the active rate of
829  dip-slip faulting.

830

831 Figure 10. Seismic sections demonstrating thatNeogene-Quaternary faults were mainly
832 developed after 5.3 Ma. (A) Two seismic sectidmavgthat most of the faults were developed
833 in the Nm" and Q sequences (5.3-0 Ma). (B) 8 Line B in Figure 5 without fault
834 interpretation, and horizon-flattesections from the base of the 5.3 Ma horizon and the 12 Ma
835 horizon. Note the variety of the shaded atestsveen the hangingwalhd footwall that show
836 that notable differences in accumulated thicknesses caused by syn-depositional faulting
837 between the hangingwall and footwall only occurred in tha“Nind Q sequences (5.3-0 Ma).
838 See Figure 5 for fault interpretationlahe B. See Figure 1C for location.

839

840 Figure 11. Models describing tistyle of development of shallow faults in the Bohai Bay
841 Basin. See the text for further explanation.

842
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843 Figure 12. Back-strippin@nalysis of tectonic subsiden¢m) using data from wells in the
844 Bohai Bay Basin during the whole Cenozoig ¢5-0 Ma) and Neogene-Quaternary post-rift
845 stage (B, 24.6-0 Ma). The broad gray curvegAh show the theoreticgbost-rift tectonic
846  subsidence with different stretching factorsdstandard rift basinrdm a uniform Mckenzie
847 model, modified from Baur etl, 2010). The curves reveal the marked anomalous post-rift
848 tectonic subsidence history of the Bohai BaysiBacharacterized byncreasing subsidence
849 rate instead of thexponentially decreasing sublence rate). See Figure 1C for well locations.
850 All wells shown in Figure 1C are used in (Byhereas only those irahted as black dots in
851 circle are used in (A).

852

853 Figure 13 Contour maps of tectonic subsidefm} of (A) Quaternary, 2.6-0 Ma; (B),h",

854 5.3-2.6 Ma; (C) Mm", 12-5.3 Ma; (D) Ng, 24.6-12 Ma; (E) Neogene and Quaternary, 24.6-0
855 Ma. For comparison, the mainulés at the bottom of the iy (indicated as red lines) are
856  superimposed; location of analyzedlls are indicated by black dots.

857

858 Figure 14. Contour maps @A) tectonic subsidence rate (m/Myr) duringgNdeposition
859 (24.6-12 Ma), and the accelerated intensity eftértonic subsidencetearelative to the Ny

860 tectonic subsidence rate duri() Quaternary, 2.6-0 Ma; (C) ", 5.3-2.6 Ma; (D) Mm",

861 12-5.3 Ma. The numbers in maps B, C, D #ne accelerated inteity of the tectonic
862 subsidence rate relative to the early post-rift tectonic subsidence rate, and are obtained by the
863 equation Al= (R-RN)/RN, where Al is the accelerated intensity,aRd RN are the tectonic
864 subsidence rates during the esponding period (Quaternary.ri, Nom*) and the episode
865 of Nig deposition (24.6-12 Ma), respectively; looatiof the analyzed well is indicated by the
866  black dot.

867

868 Figure 15. (A) Seismic section across theumdary fault of a Paleogene half-graben

869 (indicated as black line), which undesat intensive reactivation during the
32



870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

Neogene—Quaternary to produce many Neogende@ay faults; (B) the active rate of

tectonic subsidence (m/Myr) of this master fa(C) tectonic subsidence curves of two wells
located on the hangingwall and footwall of thisstes fault, respectively. They indicate the
relationship between fault reactivatiorand accelerated subsidence during the

Neogene-Quaternary. See the text for further explanation.

Figure 16. Schematic-cross-section of Neogererwirs in the Offshore Bohai Sea showing
the relationship between hydrocarbon accumuladiah Neogene-Quaternary faulting. In the
area with sparse Neogene-Quaternary faulesetiare no Neogene reservoirs; by contrast, in
the area characterized by a network of dehNeogene-Quaternary faults, many Neogene
reservoirs are documented and these are usuabglglrelated to old (Paleogene) faults that
have been continuously actiand their Neogene subsidiafgults, which connect to the
Paleogene faults either directy indirectly. Type Il and IV falt patterns are most favorable
for hydrocarbon accumulation at shallow levelsevdas the Type Il fault pattern is least
favorable; the Type | fault pattern, in which d¢ene subsidiary faul@o not connect to the

older faults, is also unfavorable floydrocarbon accumulation at shallow levels.
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