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Abstract: Although several studies V& considered the sedeéntary facies of the
Upper Triassic Yanchang Formation irns of their hydrocdmon potential in the
petroliferous Ordos Basin, such studies hawastly interpreted subsurface data and
few have systematically examined the detailed outcrop-based anatomy of this
succession. This study characterizes a sefiegll-exposed outcrop sections along an
80-km-long E-W oriented series of roadttigs in the southeast Ordos Basin to
reconstruct the sedimentary architectuné a fluvio-lacustrine succession and
determine the principal controls thajoverned the style of accumulation and
preservation. The Yanchang Formation is divided into 10 depositional units — Chang 10
(base) to Chang 1 (top) — that record thersedtary evolution of a series of large scale
fluvial systems that constructed delta-frontlgro-delta bodies as they entered a large,
interior-draining lake. Deposits of the Chah@ to 1 units record major lacustrine
transgressive events during the late Triassic in the form of 10 to 20 m-thick
oil-shale-prone intervals. Sandstone-prone facies associations mainly accumulated in
fluvial channel, delta-plaimnd upper delta-front envirorants; these units record 4
major progradational events. The upperm@siang 1 interval is characterized by
laterally accreted fluviabandstone bodies overlain loyaystone overbank deposits
with thin interbedded coal seams and recdatis-stage filling of the lacustrine basin.
Detailed analysis of the internal architeets of the delta-fmt bodies records the
mechanism of growth of a large-scakhallow-water delta succession. However,
significant differences are identified in the development of this lacustrine delta
compared to that of more commonly ogaized marine shelf-edge delta systems.

Lacustrine subaqueous distributary channels have 3 to 15 m-thick sandstone fills and



are more abundant and better develoghdn their marine counterparts: such
channelized bodies are highly elongate amahy can be traced several kilometres.
Such bodies can be shown to be commondpeaiated with thin-bedded mouth-bar and
subaqueous interdistributary-bay deposition. Overall, the Yanchang Formation is
characterized by 4 major transgressive-@egive cycles, the development of which
was controlled by a combination of changeshim rate of tectonic subsidence, the rate
of sediment delivery from the basin mardimterland and climate — factors that were

themselves influenced by intracontinergedwth of the neighouring Qinling Orogen.

Key words: Fluvio-lacustrine succession, meandg river, shallow-water delta,

architectural elements, outcrof@nchang Formation, Ordos Basin.

1 Introduction

Fluvio-lacustrine depositional systemse acommonly recognized palaeoenvironments
that have been interpreted from a wideiety of ancient preserved successions. Several
aspects of the sedimentology af\flo- lacustrine depositional stems have been the focus of
considerable attention: (i) the establishmentuteria for the reagnition of the preserved
expression of different types of river systeasheir point of terminus into lakes (eJjpo et
al,2005; Eric, 2007; Dill et al.,2006; Nichols and Fisher, 2007; Ghinassi et al, 2009;
Weissmann et al, 20)0 (i) the impact of terrest vegetation on fluvio-lacustrine
sedimentation avies and Gibling, 20109;b(iii) the role of gravity-current and sandy
debris-flow processes in governing sedimerstridiution to deep or off-shore lake areas
(Shanmugam, 2000; Bouma, 200@iv) the development obbjective criteria for the
identification of lacustrine deltad/prris et al, 1991; Olsen,1995; Carroll and Bohacs, 1999;
Tanner and Lucas, 2010; Olariu et al., 2010) the development adequence stratigraphic
models for fluvio-lacustrine successiok@{ghley et al, 2003; Keighley and Flint, 2008i)
quantitative studies of the sedimentary aetuture of fluvio-lacstrine succession$/1prris
and Richmond, 1992; Taylor and RitR004; Colombera et al, 2012, 2D13

Fluvio-lacustrine successions are widetleveloped in numeus Meso-Cenozoic



sedimentary basins in China, from whichore than 90% of domestic Chinese liquid
hydrocarbon production originatesy( et al, 1998; Zhao et al, 2010; Yu and Li, 2P0Oehus,
gaining an improved understanding of the indr@natomy and the external controls on the
style of stacking of larger scale bodies such successions has applied importance.
Furthermore, demonstrating how and whye threserved sedimentary architectures of
fluvio-lacustrine deltaic successions différom those of more commonly recognized
marine-influenced deltaic successions is impurtar establishing criteria for the recognition
of such bodies and for wider palaeogeqpic reconstruction. Previous studies of
fluvio-lacustrine successions from Chinese sexlitary basins have é&e based primarily on
analysis of subsurface borehole lMeg and seismic data sets (ednu et al, 2012; Yu et al,
2010; relatively few studies have focused detailed outcrop-based sedimentary anatomy
(Jiao et al,1995, 200R)i et al, 2009; Xin et al, 199%ang, 2001; Yu et al, 2013; Zou et al,
2010; Zou et al, 2012

The Ordos Basin is the secotalgest petroliferous basin in China; both the rate of
hydrocarbon production and the estimate of ultenacoverable reserves have increased in
recent yearsYang et al, 2005; Xiao et,a2005; Liu et al, 2008; Fig.)1Petroleum resources
of the basin are mainly accumulated in flulagustrine deposits of the Upper Triassic
Yanchang FormatiorDeng et al, 2011 Although a small number girevious outcrop-based
studies of the Yanchang Formation have foduse the characterization of the sedimentology
and the recognition of architectural elemendiaq et al, 1995; Zou et al, 2010; Wang et al,
2004; Zhang et al, 2006;Zhao et al, 2))2hese have primarily éused on reservoir property
surveys, geological modelling and the ebkthiment of a regional sequence stratigraphic
framework to assist in hydrocarbon explavatand field development at a regional scale

The aim of this study is to document theailed internal anatomy of a well-exposed
fluvio-lacustrine succession and to establible autogenic and allogenic controls that
governed the style of accumulation and predemaf the succession. Specific objectives are
as follows: (i) to document the typical littaafies types present in the fluvio-lacustrine
succession represented by the various intervals of the Yanchang Formation; (ii) to document
the lithofacies composition and internal architeal arrangement of elements that comprise
the fluvial, delta front and shallow-water Iatune components of the system and their
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inter-relationships; (iii) to develop a mddwith which to account for the pattern of
sedimentation recorded inehYanchang Formation and to relate this to long-term and
large-scale development of the intracratodcdos Basin; (iv) toprovide a detailed
outcrop-based case study that can be uasdan analog for subsurface reservoir
characterization; (v) to contratste sedimentology of a shallomater fluvio-lacustrine deltaic

succession with that of more commonly redagd marine-influencedeltaic successions.

2 Geological setting

The Ordos Basin is a large scale residdaisozoic intracratonic down-warped basin
located in the western part of the North Gh®raton (NCC). It deveped during the Middle
Triassic to Early Cretaceous in a positiopetumposed upon the larger, Palaeozoic North
China Basin(iu et al, 2008. The Ordos Basin originaligovered an area of ~5 to 61",
However, the region has been affected by intensive post-depositional uplift and reformation
in the eastern NCC since the Late Cretaceous, meaning that the eastern part of the original
Ordos Basin has beenignificantly erodedLl{iu et al, 2008; Zou et al, 20L0The present-day
residual western part of thedia covers an area of 2.5x1km” The sedimentary fill of the
Ordos Basin is characterized predominartly fluvio-lacustrine successions of middle
Triassic to middle Jurassic age, wheredtermating fluvial and aeolian successions
accumulated in the early Cretaceous! et al, 2008; Zhao et al, 200Big. 2).

The 800 to 1500 m-thick Upper Triassic Yanofdormation is an important petroleum
exploration interval in the Ordos Basin, withgeneral trend of thickening southward. The
area between Yanchi, Wugi and Fuxidfg( 3) represents a northwest-southeast oriented
depocentre that developed during the latesti@a A series of meandering fluvial channel
systems occupied a broad delta plain in the north-eastern part of the basin during deposition
of Yanchang Formation, whereas a seriedmifided river-deltaic systems and fan deltaic
systems developed in the sowtkstern part of the basiZdu et al, 2010; Fig. )3 The
provenance of sediment delivered to the bass the Palaeo-Yin Mouain to the north and
the Qinling orogenic belt to ¢hsouth of the Ordos BasiAdu et al, 2010;Yet al, 2013; Fig.

3).

The entire Yanchang Formation is divided into ten oil-prone layers or lithological



intervals named Chang 10 (base) to Chang J,(tbp boundaries of which are defined by the
occurrence of laterally pastent marker layers (KKo), including syn-sedimentary tuff beds

and oil-shale units developed within the Yaaog Formation, each of which has a distinct
response on wire-line logs, making them ubkdbr subsurface correlation. Within the
Yanchang Formation, the Chang 7 intervalhie main source rockyhereas the sand-prone
Chang 8, 6, 5 and 4 intervals'ge as the major reservoifssi et al, 2009; Deng et al, 2011)

In recent years, the lowermost Chang 10 and 9 intervals have also been identified as
important hydrocarbon reserv@nd source unifgespectively{Wanyan et al, 2011)

The studied sections discussed herein argddcia the south-eastepart of the Ordos
Basin along the XianchuaRiver and the Luo RiverHg. 1) where the Yanchang Formation
is well exposed in a series of laterally eda®e road cuttings and natural outcrops. The
effects of post-depositional inversion of the basin are relativély in this region and the
Mesozoic strata are essentially non-deformegh gbat the succession is nearly flat-lying and

not disrupted by faulting.

3 Methodology

As an important oil and gas producing areastef thousands of boreholes penetrate the
Upper Triassic Yanchang Formation in the Ordos Basin, subsurface data from which have
enabled the construction of a detailed limés scheme to account for the principal
depositional environmentsi(et al, 2009; Deng et aR011; Yu et al, 2000 To complement
these studies that utilized subsurface data, study analyses an texsive outcrop-based
dataset collected from two main areéise Xianchuan River and the Luo Rive¥idq. 1).
Representative outcrop sections of each intgf@abhng 10 to Chang 1) have been studied in
detail. Nine principal lithofaes types and 14 architectural element types are recogiialed (

1, 2. Lithofacies and architectural elements @eessified and descrideusing the a modified
version of the popular asification scheme dfliall (1985; 1988a,b)Architectural elements
refer to bodies of rock strata characteridgdspecific lithofacies aemblages, lithosome
geometries, scales, antbntact relationshipsMiall 1988a,l). Sixteen 1D sedimentary
graphic-log profiles have beaneasured, and these record data from a total of 280 m of

measured section. Graphic profiles recttdology, grain size, sedimentary textures and



structures. Detailed sedimentary architecturaktierahips have been recied on a series of
2D architectural panels that record a total of 3.7ibof outcropping stratigraphic sections
in the form of scaled architectural asvings depicting bedding and bounding-surface
relationships in a variety of onéations relative to inferregalaeoflow direction. Forty-three
palaeocurrent measurements have beenntdi@n planar and tugh cross-bedding and
asymmetric ripple marks and climbing-rippleoss-stratification. Outcps of the Yanchang
Formation in the study area have a persistentlgevestward tectonic dip of <1°; as such
each interval of the Yanchang Formation (@dpalO to Chang 1) is exposed along an 80

km-long traverse from east to west.
4 Sedimentological Analysis of the Upper Triassic Yanchang Formation

4.1 Chang 10 interval

Description. The basal-most Chang 10 intervahconformably overlies purple-red
mudstone of the Mid-Triassic Zhifang FormationfT(Fig. 2. The Chang 10 interval is
201-350 m thick and consists generally of salmomrey-green medium to coarse grained
quarto-feldspathic (arkosic) samoise that occurs interbeddedth silty mudstone. Sandstone
layers are primarily developed thie base of the interval. &tstudied outcroppg section lies
at the contact interface with the underlyingfZhg Formation. The Chang 10 interval forms
an upward-fining succession consigtipredominantly of sandstoniig. 4. The middle and
lower parts of the section are characted by stacked, grey-gge trough or tabular
cross-bedded sandstone beds that are teobdc 15 to 24 m thick and comprise two
superposed lenticular sand bodies, eaclwloith is >450m in lateral extenFi¢. 4). The
contact interface at thieottom of these sand bodies is a markedly undulating scour surface
with up to 1.6 m of relief filled with mugebbles and fossilized plant-stem debfig) (4 — 4,

5, 6). The sand bodies are charaized by 0.3 to 1.2 m-thickets of trough and tabular
cross-bedding and parallel beddingig. 4 — 1, 2, 7, B which record westerly-directed
palaeoflow. Some of the beds have undergone syn-depositional defornkagiond ¢ 1, 2)
The upper part of the Chang ffterval is characterized bgterbedded sandstone-mudstone
layers arranged into thin cyclésat are each 0.8 to 1.0 m thick.

Interpretation. The undulating scour surface anssaciated occurrence of mud pebble
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clasts and fossilized plant-stem debris at the bottom base of the formation demonstrates the
action of a scour and fill procesThe two juxtaposelénticular sand bods, which internally
comprise trough and tabular cross-bedded seisparallel bedded sets of sandstone, arose
via barform migration withira channelized settingMalker, 1978; Friend, 1979By contrast,

the interbedded thin sandstemeidstone layers in the uppeart of the studied outcrop
record repeated shifts between episodeguiéscence and the accumulation of floodplain
sediments (FF), and a moderate energy redima¢ is typical in natural levee (LV) and
crevasse spray (CS) settings (&tien,1970. The westward palaeogcent direction showed

by cross bedding implies a provenance to the &&st4).

Previous interpretations of the Chang 10nveie have been based on regional subsurface
well-log and core data supplemented by vbmyited outcrop data. Bb alluvial-fan and
fluvial palaeoenvironments were recognizedthwdeposits via fluvial stream-flow processes
being dominantWWanyan et al, 2091 Both braided and meandering fluvial styles have been
inferred; deposits of the former occur predoamtty in the central and western part of the
basin, whereas deposits of thater occur in the south-eastern part of the basin. The
depocentre is possibly in the West Henawovifrce-East Qinling region, located to the

southeast of the remnant Ordos Basifafyan et al, 201Deng et al, 2011, Fig.)3

4.2 Chang 9 interval

Description The Chang 9 interval is 80 to 100 thick and is composed mainly of
grey-green fine-grained sand, siltstone and 4plagk or dark-grey mudstone, shale and oil
shale; the sandstone proportignabout 35-45%, significantless than in the Chang 10
interval. This interval comprise 4 to 6 uakd-coarsening sedimentary cycles and each
successive cycle contains progressively less sandstone and more mudstanet (af, 2010;
Deng et al, 2011 The studied section records the midoliet of the Chang 9 interval in west
Qiulin town (Fig. 19d. Three upward-coarsening cyclase well exposed, each 10 to 15 m
thick. Each cycle can be traced laterallgreg the road cutting for a distance of 1000Fig.

5, 6). Each cycle has a lower part of dark-gregay-black horizontally laminated mudstone
that parts readily to expose lamination surac@on which fine plant debris is evident.

Overlying beds are thin grey-green siltstaared mudstone interbed$he siltstone-prone



intervals are 0.3 to 0.5 m thick and contain ®puasitional deformatiostructures including
convolute bedding and watescape feature§ig. 5 — 3, 3. The uppermost padf each cycle
consists of 2.5 to 4.0 m-thick beds of fisandstone with sharp but flat basal surfaces.
Internally, the sandstone beds comerirough and tabular cross-beddifgy(5 — 1, 4 and
in places these structures are overturrigd. (5 — 3. In the uppermost part of the Chang 9

interval, oil shale is present the lower part of each cyc{€ig. 5 -6, 7)

Interpretation. The assemblage of lithofacies aséddimentary struates and their
arrangement into distinct upwekcoarsening cycles records ttepeated progradation of the
distal parts of lobes o& subaqueous delta (&ou et al, 2010; Q@iriu et al., 201D The
lowermost part of each cycle (dark grey Itack mudstone with horizontal bedding)
represents an environment below wave base jmmo-delta (PD) seatig. The overlying thin
grey-green siltstone-mudstone interbeds momeak scouring processes and wave action,
which is typical of distal bar (B) and mouth bar (MB) deposit3yrner et al, 2006 The
sand-prone upper part of each cycle resdrdchannel deposition via weak hydrodynamic
processes{lariu et al., 201 The presence of deformatiomusttures implies localized relief
on the accumulation surface and rapid accutimapossibly in a subaqueous distributary
channel (SCH) settingZ6u et al, 2010Deng et al, 2011

The Chang 9 interval records the initial deyehent of the late Triassic Ordos lake basin
in which a deltaic-lacustrine sedimentary succession accumulated, fed mostly from
meandering fluvial systems to the northeasi #me braided river dimic systems in the
southwest (cfYu et al, 2010; Dengt al, 2011: Fig. 3)The lake basin strikes NW-SE and
gradually enlarged from the early to the late Chang 9 stage, when the semi-deep lake area
covered an area of ~4x@m?, and developed as an impoitaource-rock interval — the
“Lijiapan Shale” (also namedKnarker bed), which is present in the upper Chang 9 interval

(Fu et al, 2012; Fig.)2

4.3 Chang 8 interval

Description. The Chang 8 interval is 75 to 90 m thick and consists of grey-green,
medium- to fine-grained, lithic-feldspathic sandstone and feldspathic-lithic sandstone
interbedded with greytack carbonaceous mudstone. Thisnné¢is sand-rich sedimentary
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succession that differs markedly from the underlying mud-prone Chang 9 interval. The
studied section lies to the eadtthe county town of YichuanF{g. 1d where a series of
outcrops reveal the lower part of the Chahgnterval. The sedimentary architecture is
represented by an eastern and a wegtanel that are adjacent each other.

The eastern outcrop panélig. 7) records a typical upwarcbarsening succession. The
bottom of the succession consists of darktgherizontally laminated mudstone, overlain by
grey-green mudstone with terbedded 30 to 50 mme-thickltstone beds that preserve
wave-rippled upper surfaces and internally reveal tabular sets with cross-lamiRajioh-

5, 6). Interference ripple markseaipresent in some cases. Ttha-bedded siltstone bodies
form thin sheet-like bodies that can be tratzdrally for tens of metres. Medium-bedded sa
nd bodies occur in the form of lenses thatehaharp and flat bases but which have upper
surfaces that are conveki§. 7 — 3. The middle and upper part thfe recorded succession is
represented by a juxtaposition of at least 4-lé@s grey-green, fine-grained sand bodies,
each 6 to 8 m thick. These bodies have mumbjge and plant-stem lag deposits in their
basal-most partHig. 7 — 1, 2, and are composed internalhf sets of trough and tabular
cross-beddingKig. 7 — 4.

The western outcrop panel also recordsugmvard-coarsening succession but with a
thicker developed sandstone association. Thestdgoart consists ofjrey-green mudstone
interbedded with thin- to medan-bedded siltstone. Interferendgple marks, small-scale
ripple lamination and trough @ss-bedding are commofig. 8 — 2, 3, 8 The middle and
upper part of the western sien is dominated by 3 latdha juxtaposed sand bodiemérked
[, I, 1l in Fig. 8b). Erosional surfaces and associatati-pebble and plant-stem lag deposits
are common at the base and of each major sand Iboglyq — 5 and trough and tabular
cross-bedded sets are well devetbpethe upper parts of each.

Interpretation. The outcrop anatomy revealed by battthitectural panels records an
upward-coarsening, sandstone-prdeature in the lower parof Chang 8 interval. The
upward transition from mudstone, to interbeddedistone and siltstone is consistent with an
upward-shallowing trend withia lacustrine settingQlsen, 1995; Tanner et al, 2010 he
lens-like sand bodies with their flat basesl @onvex upper surfaces are typical of mouth-bar
deposits Bhattacharya, 200@&ig. 7 — 3. The offset lateral juxtaosition of the sand bodies is
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indicative of multi-stage channel migration and lateral aggradation, with multiple episodes of
cut, fill and migration. The assemblage olfidifacies with distinctivesedimentary structures,
together with the sand-body morphology and @eckure is collectigly consistent with
accumulation in a generally progradational subageeleltaic setting, within which pro-delta
(PD) mudstones were overlain by delta-front distal bars (DB), mouth bars (MB), sand sheets
(SB) and distributary bay (SDB) elementshich are in turn overlain by subaqueous
distributary channel (SCH) depositstla¢ top of the succession (€foleman and Prior,1982;
Bhattacharya, 2006; Ahmed et al, 2p14

In the western panel, a juxtaposition of thrgpward-coarsening delfeont successions is
recorded(Fig. 9) and these demonstratepeogressive westward datilding of the delta,
which resulted in the preferential preservatidra notably sand-prone succession in the west
of the study area. Although delta-front seditagy successions are observed in both the
Chang 9 and Chang 8 intervals, those in than@I8 interval are distinctly more sand prone
and contain thicker subaqueous distributargnetel elements (SCH), but lack widespread
oil-shale deposits. This suggesksmt this episode of delteonstruction occurred during a
period of intense fluvio-deltai construction, possibly in nesnse to heighted rates of
sediment delivery or reduced lalevel and contracted lake area.

Previous work based on regional studieisef al, 2013 argues that the base level of the
overall Chang 8 interval underwent a rapid fall-aiseé cycle, such that a lower sub-interval
recorded an episode of marked delta progradation, whareagpper one recorded delta
retrogradation. The outcrop succession of the Chang 8 interval studied here records the
progradational phase: the lakesimashrank and the lake levdlopped, enabling the delta to
advance a considerable distance into the basin as recorded more regionally by the extensive
presence of sand bodies. At this time, deepskaitie deposition represented by dark shale or
oil shale was restricted to the basin centre and did not cover a larg&lastal(,2010; Deng

et al, 201}

4.4 Chang 7 interval

Description. The Chang 7 interval is 100 to 120thick and consistsf dark mudstone

and oil shale interlayered with thin siltstorfsne sandstone or tuff. Two-to-five oil-shale

10



layers are developed in this interval witltamulative thickness of 10 to 20 m; collectively
this oil-shale prone unis known as the "Zhaijigtan Shale", which forms the most important
source rock for petroleum in the Ordos Ba3u €t al, 2010; Deng et al, 2011

The Chang 7 succession is exposed in outcsdpa west of the county town of Yichuan
(Fig.1d) where an upward-coarsening succession is deve{bge®). The lower part of the
section consists of foliated black oil shale,iethis more than 2 m thick; the base is not
exposed fig. 11 — ). Fossilized freshwater bivalve slsednd fish scales are common. The
oil shale is interbedded with 2 light-yellowff beds, each approximately 30 mm thick. The
upper part of the section comprises greyegrethick-bedded siltstone with wave-rippled
upper bedding surfaces. Towards the top ef ititerval, units of medium-bedded trough
cross-bedded sandstone are present, alatigaenvolute bedding ahsymmetrical ripple
marks.

| nterpretation. The oil shale accumulated in arslang-water, anoxic environment, likely

in a deep and offshore lacustrine setting (PMe overlying thin siktone with wave-ripple
bedding and convolute beddingimlicative of deposition undg¢he influence of wave and
river-mouth interaction, and likely representstdi mouth bar (DB) and sheet-like bar (SB)
deposits. The thick accumulation of oil shatedahe presence of such deposits across the
region (as recognized in well logs) demonstriiat the Chang 7 inteal represents the
episode of maximum lake exteriti (et al, 2009; Yu et al, 2030In and around the Yijun
region Fig. 3, which located in the centre tdie Chang 7 palaeo-lake basiig; 3), a >15
m-thick succession of oil shale is exposede Midespread tuffs interbeds demonstrate
volcanic activity around the basin that was $ynoous with sedimentation; they record the
sedimentary response to volcamcocesses associated withe Indosinian Orogeny in
Qinling Mountain near the southern amith-western margins of the Ordos Baspiu( et al,
2013.

Lacustrine transgression is recorded by thar@h7 interval; at this time lakes covered
much of the central and southern parts @& @rdos Basin. Deep-wat lacustrine deposits
accumulated over an area of ~9%1Mn’ (Deng et al, 2011 In these deep-water regions,
fine-grained silt and mud deposits intercathtwith fine-sand gravity-flow deposits
accumulated. On the periphery of the lake basin, fluvio-deltaic deposits with a
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retrogradational stacking arrangement hlagen recorded.{ et al., 2009; Yu et al, 20)0

4.5 Chang 6 interval

Description. The majority of the Chang 6 interval comprises grey-green sandstone
interlayered with subordinate damudstone and thin tuff beds, which are collectively 110 to
130 m thick(Deng et al, 2011; Fig. J0The Chang 6 intervalong the studied Yichuan
section is partly covered by QuaternaryslmeHowever, from a relatively well-exposed
section, 5 to 8 m-thick sandstone units have lstedied and these take the form of laterally
overlapping lenticular bodies, vdh internally comprise grey-green, fine sandstone with
parallel and trough cross-bedding. Scour surfacespresent at the base of the sand bodies
but generally have no ammiable erosional religfFig. 11 — 2) unlike the similar bodies in
the Changl0 interval. These sand bodies arerlamaldy grey-black, horizontally laminated
mudstone.

Interpretation. Coupled with observations fronulssurface core da, outcrop-based
lithofacies analysis suggests that the sand bodi#ss interval are subaqueous distributary
channel deposits (SCH), whereas underlyingdstone units are inter-distributary bay
deposits (SDB). Compared to Chang 7, thear@h6 interval is relatively sand prone and
records deposition at a time of relatively lake level that drove divio-deltaic progradation,
as supported by well-log studieof regional extent, whiit confirm an episode of
accumulation coincident with a relatively low lake levBlefig et al, 2011 A series of
meandering fluvial and deltaic systems aeeognized from subsurface data along the
northeast flank of the basifvy et al, 2010; Deng eal, 2011; Fig. R these sand prone
deposits form the principal hydrocarbon resar intervals for oil expelled from the

underlying Chang 7 interval.

4.6 Chang 5 and 4 intervals

Description. The Chang 5 and 4 intervals are 8090 m thick and comprise dark
mudstone, carbonaceous mudstone and copbsits interbedded withihin, grey-green
siltstone and fine sandstonéu(et al, 2010; Deng et al, 201TThe Chang 5 and 4 intervals
are not well exposed alongettXianchuan River sectidifrig. 12) though outcrops of limited
lateral extent reveal 3 m-thick sand bodmth trough cross-bedding and parallel bedding.

12



Many fossilized plant stem§&ig. 11 — 4 are identified on the undsree of these sand bodies.
The upper parts of the bodies comprise store—mudstone interbeds with wave-rippled
upper bedding surfaces and low-angle cross bed#iggll — 3)

| nterpretation. Deposits of theChang 5 and 4 intervals examined here from outcrop are
similar in character to those of Chang 6eythrecord the accumulan of delta-plain and
delta-front sand bodies. Althoughot exposed, the central parts of the Chang 5 and 4
intervals, by contrast, record a minor lakansgression, as revealed by the development of
offshore, shallow-water lacustrine deposi¥s €t al, 2010; Deng et al, 2011The studied
outcrop sections likely record near-shore,llshawater lacustrine sand beach (SSB) and
sand ridge (SSR) deposition. Regitty, Chang 5 and 4 intervals comprise thicker mudstone
beds that are present over aern area than equivalent depg®sn the underlying Chang 6:

this interval therefore likely recor@dmother episode ddike expansion.

4.7 Chang 3and 2 intervals

Description. The Chang 3 and 2 intervals comprliggt-grey and grey-green, massive,
fine-medium-grianed sandstone interbedded w@itk-grey mudstone. These intervals are 90
to 110 m and 120 to 150 m thick, respectiv@lgth are sand-rich sgessions sharing the
same features. Core and waljl data reveal thafhang 3 and 2 intervals are composed of
3-5 sedimentary cycleZ@u et al, 201} To the west of Yingwand~(g. 1d, a near-complete
upward-coarsening succession is expoded. (13. A cross-section records three thick
overlapping sand bodies, with weak scour s@dagresent at the bottom of each. Fossilized
plant stems and boulder-sized clay clastspesent directlylsve these surfaceBi(. 11 -5,

6, 7, 9. Internally, the sand bodies contain bothugh and planar crodsedding; thin-bedded
mudstone interlayers are common.

| nterpretation. The studied outcrop succession is mastiously interpreted as a series
of laterally juxtaposed but offset subaqueowsdritiutary channels (SCHpdicative of a lake
regression episode late in the history of accumulation of the Yanchang Formation. Both the
Chang 3 and Chang 2 intervals record episodéamkefcontraction andssociated fluvial and
delta progradation. The presence of largeydddled channel bodieshat have cut and

scoured into underlying lacuste mudstone deposits may have been generated by the
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progressive draw-down of the lake leveldaan associated reduction in accommodation in

lake-margin settings (cbeng et al, 2011

4.8 Chang 1 interval

Description. The uppermost Chang 1 interval isachcterized dominantly by grey-green
mudstone interbedded with siltstone, finedstone and coal beds. As a consequence of
tectonic uplift, which occurred after accumida of the Yanchang Formation, the Chang 1
interval has been partly eroded and is incomplete; the preserved thickness 0 toY246tm (
al, 2010; Deng et al, 201.10n the west of the Xianchuan River section and south of the Luo
River section, the upper Chang 1 Formationwal exposed (Fig.1). Along the Luo River
section, outcrops of the Changl interval extend for ~2fign 14) The lower 5 to 6 m is
dominated by fine sandstone amgad into lenticular bodie~ig. 14 — 1, 5) Wavy scour
surfaces are identified at the base of smaad bodies, whereas parallel bedding, cross
bedding and ripple lamination are present inside tffeém 14 — 2, 3) Ten mm-thick muddy
interlayers are commonly presentween the lenticular sand bodigsg. 14 — 5) The upper
5 to 7 m of the interval comprises mudstanéerbedded with tih- or medium-bedded
siltstone and coal seams. The siltstongpodés exhibit climmg-ripple stratification,
asymmetrical ripple marks on upper beddingate$, fossilized plant stems and mud cracks
(Fig. 14-6, 7,8, 9).

| nterpretation. The lenticular sand bodies present in the lower part of the interval are
typical of channelized deposii with lateral accretion Bfidge, 2006; Miall, 2014
Lithofacies and associated sedimentary structiwéise upper part of the interval record the
action of weak tractional currents that opedatea non-confined floodplain setting that was
influenced by a sub-humid to humid climateMidll, 2006; 2014. The
fine-sandstone-dominated lower part andrthelstone- and coal-seam+dinated upper part
compose a fining—upward vertical succession. ffagyethey are indidave of a meandering
fluvial succession Bridge, 2006; Ethridge 2011; Miall, 2013 Based on lithofacies
associations, associated sedimentary strestand sand-body geomgtlateral accretion
(LA), channel (CH), natural levee (LV), crasse splay (CS), flood plain (FF) and swamp
(SW) architectural elemésn are all identifiedKig. 14. Specifically, the laterally offset but
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partly juxtaposed relationship of the sand bodesords laterally accretion from north to
south across the studied outcrop.

Regionally, during accumulation of the Chahgnterval, the palaeogeographic setting
was characterized by a reduced rate of basibsidence and deposition and development of a
peneplain palaeo-topographiiyf et al, 2008; Deng et al, 2011Widespread meandering
river systems developed with broad floodptichannel avulsion was likely common over
the low-relief floodplain; vegetation developnt on the floodplain was extensive. During
accumulation of the Chang 1 interval, the lake extent reduced substaitigll®)( probably
reflecting a reduced rate of basiubsidence at the end of theeldriassic. The basin at this

time was largely filled by fluvial deposits.
5. Discussion

5.1 Controlson fluvio-lacustrine delta evolution

Results of facies characterization based on flata the studied outcrop sections reveal a
sedimentary setting that conforms to the mgeaeral history of evation of the Yanchang
Formation revealed by data from tens of thousands of well-kigs.(2, 1$. The anatomy of
the Xianchuan River section and review aéyous findings from regional subsurface studies
demonstrate a clear periodicity and rhythmictyake-basin changes during accumulation of
the Yanchang Formation. Overall, the formatrecords the evolution cd large lake basin
from inception, to growth, to repeated empi@n and contraction, to final infillind=(g. 15.
The early episode of development ofetlYanchang Formation was characterized by
significant topographic elevatiodifference from the basin margin to its centre, and by an
abundant sediment supply, which resultedha development and accumulation of major
large-scaled meandering and braided river systéhes Chang 9 intervalas a period of lake
transgression when the lake basin undetwiaitial expansion. The Chang 8 interval
experienced a marked fluvial progradation isp@nse to a lowered lake level at which time a
major fluvio-deltaic system prograded substlly into the basin-centre lake system. The
Chang 7 interval witnessed a second, more sypdead lake transgress and the growth of
the lake to its maximum extent, therebyakling the accumulation and preservation of

organic rich oil shale that actss an important source kocThe Chang 6 interval records
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another episode of lake regression and/ifi-deltaic progradatn. The Chang 5 and 4
intervals record notable lakeansgression. The Chang 3 and tiwals record a final lake
regression and substantial fluvio-deltaic depatent. Following a final minor and localized

lake transgression, the lake basin became fitleal point whereby minor meandering fluvial
systems filled much of the remaining aswoodation. Exploration efforts reveal that
high-quality source rocks were developed during the Chang 7 and 9 stages when the lake
expanded, whereas river-delta progradation was intense during the Chang 6, 8, 3, 2 and 10
stages when the lake regressed, presethiege successions as important reservoirs.

The four major fluvio-lacustrine transgressregressive cycles recorded in the
Yanchang Formation were likely driven by multiple external parameters: tectonics, climate
change and variations in rateksediment delivery. Togethehese factors influenced both
lake level and the rate at which the lake became infilled. During the Mesozoic, the basin
developed in an intracratonic settiigu et al, 2008. The late Triassic records the climax of
the main orogenic episode in the evolutiontiedé Qinling Mountains that bordered the
southern margin of the Ordos Basithéng et al, 2004; Li et al, 2007; Dong et al, 2011; Bao
et al, 201%. Northward compression of the Qinlingd@en in the late Triassic is thought to
have occurred as a series of pulses that degekc subsidence of theouthern part of the
Ordos Basin and also delivered an abundant gugptlastic detritus to the subsiding basin
as a response to each uplift episdde, (1998, 2000; Yang, 2004; Li el, 2007; Liu et al,

2008; Deng et al, 20)3 The multiple tuff interlayers identified within the Yanchang

Formation demonstrate that volcanic activity occurring in the Qinling region was

contemporaneous with on-going basin subsidence and sedimentdizomy (et al, 2009; Qiu

et al, 2013.

Climate changes influenced botegional precipitation and tes of fluvial discharge;

together these factors governedth lake level and the ratd fluvio-deltaic progradation.

During the Chang 9 and 7 stages, the climate was huthah( et al, 2007; Fan et al, 2012
Heightened precipitation and flali discharge resulted in lake expansion within the basin.
The transgression and regression of thke ldevel controlled the manner by which
fluvio-deltaic sand bodies became stacked. The Chang 9 and 7 intervals record episodes of

higher lake level, and these intervals csp@nd to retrogradational styles of deltaic
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sand-body stacking. By contrast, the Changn@él 6 intervals correspond to episodes of
reduced lake level and assoertaccelerated rates of fluviteltaic progradation, thereby
accounting for the dominance of sand-proneifi-deltaic deposits in these intervals.

The implications of steadily falling lakeJel on the long-term piservation potential of
the fluvio-deltaic deposits that were progradiout from the basin margin are worthy of
further consideration. In responsea lake-level fall, fluvial sstems will potentially respond
by down-cutting to reach the new lowered base level. As such, they might be expected to
scour into and partly erodegsiously deposited fluvio-lacustie sand bodies. However, this
need not necessarily always lte the case. For predominantly shallow-water lake systems
with low-gradient lake beds, a lowering lake level by even a modest amount can be
expected to result in a significant dislocatminthe palaeo-lake shoreline towards the centre
of the basin. However, this need not necessarily result in incision: for such low-gradient
systems, lowering of lake level may extetiee equilibrium fluvial profile but need not

necessarily steepen it, buthrar is merely extend iEmery and Myers,1996

5.2 Characteristics of shallow-water lacustrine deltaic deposits

Shallow-water deltas in lake basins have biensubject of considerable study in recent
years Keighley et al, 2003; Keighley and Flint, 2Q@8lariu et al, 2006, 2010; Turner and
Tester, 2006; Zou et al, 2010The Ordos Basin is commonly cited as an example of a
shallow-water deltaic systeni@qu et al, 2010; Deng et al, 2013Many authors argue that
shallow-water delta front successionse aprominently characterized by subaqueous
distributary-channel elements and it is thdsmlies that preferentially accumulate and
become preserved over more out-board (i.awsed or lakeward) elements such as mouth
bars. Thus, it is distributaryhannel elements that tend to peeserved as the major sand
bodies, whereas mouth bars are usually indetely preserved angoorly expressed in
stratigraphic sections as incomplete upwewdrsening vertical facies successiodi(and
Lin, 1991; Lu et al, 1999; Zhu et al, 2008owever, based on observations from the
Xianchuan river sections and other outcrops of the Ordos Biam €t al, 1995; Zhao et al,
2014), deltaic deposits of this system caimsp both subaqueous distributary channel

elements and delta-front sand bodies such asthbar , distal-bar and sand-sheet elements
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(Fig. 16. The type and association mfeserved subaqueous deltsand bodies relate to their
distance to the river estuatie depth of the lake-basin tga body (and its ta and sign of
on-going change at the time of sedimentation), the gradient of the lake floor over which the
deltaic lake-edge system progrddand the rate of progradation.

Outcrop and seismic data from multiple studies demonstrate the existence of
progradational configurations of most deltart bodies, whether in mae or lake basins
(Overeem et al, 2003; Olariu and Bhattacha®@)6; Olariu et al, 2010; Turner and Tester,
2006; Jacob et al, 2010; Beate et al, 20Based on the type of basin, the gradient of the
accumulation surface, and ratio between the rate of generation of accommodation via
subsidence and the rate sédiment accumulation on the delta front, sand-body stacking
patterns indicative of progradation can take form of oblique,sigmoid and low-angle
shingled arrangemen{Berg, 1982; George, 1990n the Chang 9, 8 and 7 intervals of the
studied sections, which arexposed in sections paralléb the inferred direction of
outbuilding, progradational sd-body configurations are naibvious, nor are “classic”
clinoform geometries recognized ather outcrops of the Ordos Basiha et al, 1995; Zhao
et al, 201J. This is to be expected in large intracratonic lake basin succession like that of the
Yanchang Formation in the Ordos Basin. Rivdebouched into the interior-draining lake
basin from multiple entry points via low-gradiefluvial plains. In sub-humid climatic
settings, fluvial sediments carried by frestter flows into shallow-water lakes that
themselves are also characterised by fresiwtnd to form an effluent plume via a
hypopycnal flow that distributesdlsediment load over a broad area within tlceiveng lake
basin. As a consequence, subaqueous distribcitarynels, mouth bars and distal bars tend to
develop over widespread areas in sudtesa and with variable orientationSig. 16. The
operation of these processes gives rise to itapbrelationships: (i) deposition occurs over a
wide area at any given time anda variety of directions; (iifhe resultant gradient of the
developing delta front is low sudhat classic clinoform geonmrets may not be evident; (iii)
the rate of progradation in dleav-water lake bodies is potgally very high,especially in
interior draining lakes for which there is caterable run-off of sediment ladened flows
emanating from large catchments. Thus, prodgradal configurations athe delta front do

not necessarily manifest themselves obviously or simply in outcrop successions.
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6 Conclusions

A clear correlation exists between the ssehtary architecture revealed by this
outcrop-based study and the general large-samad¢omy of the fluvidacustrine Yanchang
Formation revealed by analysis of subsurfac#-Mvg and core data deed from boreholes
spread over a wide part ofetfDrdos Basin. Evolution of the Yanchang Formation exhibited
distinct periodicity and rhythmicity such th#te 10 recognized inteals of the Yanchang
Formation (Chang 10 to Chang 1) recordméjor transgressive-regressive cycles. The
preserved sedimentary expression of theseesychn be identified over a series outcrop
sections distributed along &0 km-long transect. The Chang 9, 7, 4+5 and lower part of
Chang 1 intervals record 4 major lacustrirensigressive events, whereas the Chang 10, 8, 6,
3 and 2 intervals record 4 major progradadioevents. The rhythmic evolution of the
succession arose in response to systematic chamgates of tectonisubsidence, sediment
supply and changes in climate. Among theseofacttectonic subsidence was controlled by
intracontinental orogenic activity in the Qmg Orogen that bordered the southern Ordos
Basin.

In contrast to more comwmnly recognized cdmental shelf-edge delta systems,
subaqueous distributary channels in this largjellow-water lacustrine delta are widely
developed and tend to form elongate bodiesdktnd continuously over tens of kilometres
and accumulate several metres of channeldagubsits. Such bodies argically associated
with thin-bedded mouth barnd subaqueous inter-distribtgabay deposition. Generally,
there is an upward-coarsening successiondrstiidied sections. Hower, the progradational
architecture of the delta front is difficult r@cognize in outcrop lbause of the low-angle

trajectory of progradation into the large Istiallowly dipping intacratonic Ordos Basin.

Acknowledgements

This study was supported by National NaturakB8ce Foundation of China (Grant Nos.
41330315 and 41002071) and Opening Foundation of State Key Laboratory of Continental
Dynamics, Northwest University (GrantoN BJ12146). Mountney is grateful to Areva,
BHPBIlliton, ConocoPhillips, Nexen, Saudi Arao Shell, Tullow Oil, Woodside and YPF

for supporting the FRG-ERG research programme at the University of Leeds.

19



References

Ahmed, S., Bhattacharya,J.P., Garza,D.E., Li,Y., 26ies architecture drstratigraphic evolution
of a river—dominated delta front, Turonian Ferron Sandstone, Utah, U.S.A. Journal of Sedimentary
Research, 84, 97-121.

Allen, J.R.L., 1970. Studies in fluviatile sedimentation: A comparison of finingupwards cyclothems,
with special reference to coarse—member composition and interpretation. Journal of Sedimentary Petrology
40, 2S8-323.

Bao, C., Chen, Y., Li, D., Wang, S.,2014. Provenances of the Mesozoic sediments in the Ordos Basin
and implications for collision between the North Ghidraton (NCC) and the South China Craton (SCC) .
Journal of Asian Earth Sciences 96, 296-307.

Beate, L.S., Leren, J., Howell, H.E., Allard, W. M., 2010. Controls on stratigraphic architecture in
contemporaneous delta systems from the Eocene Roda Sandstone, Tremp—Graus basin, northern Spain.
Sedimentary Geology 229,9-40.

Berg, O.R., 1982. Seismic detection and evaluation of delta and turbidite sequence: their application to
the exploration for the subtle traphe American Association of Peteaim Geologists Bulletin 66 (9),
57-75.

Bhattacharya, J. P.,2006. Deltas. In: Facies Models Revisited (Eds R.G. Walker and H. Posamentier),
SEPM Spec. Publ.,84, 237292.

Bouma, A.H., 2000. Coarse—grained and fine grained turbidite systems as end member models:
Applicability and dangers. Petroleum Geology 17 (1), 137-143.

Bridge, J. S.,2006. Fluvial facies models: Recent developments. In: Facies Models Revisited (Eds R.G.
Walker and H. PosamentieBEPM Spec. Publ.84, 85-170.

Carroll, A.R., Bohacs, K.M., 1999. Stratigraphic classification of ancient lakes; balancing tectonics
and climatic controls. Geology 27, 99-102.

Coleman, J.M., Prior, D.B.,1982. Deltaic environments of deposition. Sandstone depositional
environments. AAPG Memevoir 31,139-178.

Colombera, L., Mountney, N.P. and McCaffrey, W.D., 2012. A relational database for the digitization
of fluvial architecture: concepts and example applications. Petroleum Geoscience 18, 129-140.

Colombera, L., Mountney, N.P. and McCaffrey, W.D., 2013. A quantitative approach to fluvial facies
models: methods and example results. Sedimentology 60, 1526—1558.

Davies, N.S., Gibling, M.R., 2010a. Cambrian to Devonian evolution of alluvial systems: the
sedimentological impact of the earliest land plants. Earth Science Reviews 98, 171-200.

Davies, N.S., Gibling, M.R., 2010b. Paleozoic vegetation and the Siluro—Devonian rise of fluvial
lateral accretion sets. Geology 38,51-54.

Deng, X., Fu, J., Yao, J., Pang, J., Sun, B., 2011. Sedimentary facies of the Middle—Upper Triassic
Yanchang Formation in Ordos basin and breakidno in petroleum exploration. Journal of
Palaeogeography 13(4), 443-455. (In Chinese with English abstract)

Deng, X., Luo, A., Zhang, Z., Liu, X., 2013. Geochronological comparison on Indosinian tectonic

20



events between Qinling orogeny and Ordos basin. Acta Sedimentologica Sinica 31(6), 939-953. (In
Chinese with English abstract)

Dill, H.G., Khishigsuren, S., Bulgamaa, J., Bolorma K., Melcher, F., 2006. Lithofacies and
fluvial-lacustrine environments of the Palaeogene Sevkhuul and Ergil Members. Geol. Mag. 143 (2),
165-179.

Dong, Y., Zhang, G., Neubauer, F.,Liu X., Genser, J.,Hauzenberger, C., 2011. Tectonic evolution of the
Qinling orogen, China: Review and synthesis. Journal of Asian Earth Sciences 41, 213-237.

Emery, D., Myers,K.J., 1996. Sequence Stratigraphy. Wiley—Blackwell,pp. 1-304.

Eric, M.R., 2007. Facies architecture and d#pmnal environments of the Upper Cretaceous
Kaiparowits Formation, southern Utah. Sedimentary Geology 197, 207—233.

Ethridge, F.G., 2011. Interpretation of ancient fluvial channel deposits: review and recommendations.
In: From river to rock record (Eds. Davidson,K.S., Leleu,S. and North,C.P.), SEPM Special Publication 97,
pp. 9-36.

Fan, Y., Qu H., Wang, H., Feng, Y., 2012. The agpion of trace elements analysis to identifying
sedimentary media environment: a case study of Late Triassic strata in the middle part of western Ordos
basin. Geology in China 39(2), 382—389. (In Chinese with English abstract)

Friend, P.F., Slater, M.J., Williams, R.C., 1979. Vertical and lateral building of river sandstone bodies,
Ebro basin, Spain. J. Geol. Soc. London 146, 39-46.

Fu, J., Li, S., Liu, X., Deng, X., 2012. Sedimentaagiés and its evolution of the Chang 9 interval of
Upper Triassic Yanchang Formation in Ordos badwurnal of Palaeogeography 14(3), 269-284. (In
Chinese with English abstract)

George, P., 1990. An analysis of the variation in delta architecture. Terra Nova 2( 2),124-130.

Ghinassi, M., Libsekal, Y., Papini, M. and Rook, L., 2009. Palaeoenvironments of the Buia Homo site:
High—resolution facies analysis and non—-marine sempustratigraphy in the Alat Formation (Pleistocene
Dandiero basin, Danakil depression, Eritrea). Palaeogeography, Palaeoclimatology, Palaeocology 280,
415-431.

Jacob, A.C., Romans, W., Stephan, A.G., 2009. Outcrop expression of a continental-margin—scale
shelf-edge delta from the Cretaceous Magallanes basin, Chile. Journal of Sedimentary Research 79,
523-539.

Jiao, Y., Li, S., Li, Z.,Yang, S.,Fu, Q., Lu, Z.,9% Meandering river, delta systems and architectures
of typical framework sandstones. Wuhan: Press of China University of Geosciences, pp. 1-32. (In Chinese
with English abstract)

Jiao, Y., Yan, J., Li, S., Yang, R., Lang, F., YaBg, 2005. Architectural units and heterogeneity of
channel reservoirs in the Karamay Formation, outcrop area of Karamay oil field, Junggar basin, northwest
China. The American Association of Pettoin Geologists Bulletin 89(4), 529-545.

Keighley, D.G. and Flint, S.S., 2008. Fluvial sandbody geometry and connectivity in the Middle Green
River Formation, Nine Mile Canyon, southwestern Uinta basin. In: Longman, M.W. and Morgan, C.D.
(eds), Hydrocarbon systems and production in the Uinta basin, Utah. Rocky Mountain Association of
Geologists and Utah Geological Association Publication 37, 101-119.

21



Keighley, D., Flint, S., Howell, J. and Mosariello,, 003. Sequence stratigraphy in lacustrine basins:
a model for part of the Green River Fomation (Eocene), southwest Uinta basin, Utah, U.S.A. Journal of
Sedimentary Research 73, 987-1006.

Li, S., Chu, M., Huang, J., Guo, Z., 2013. Characteristics and genetic mechanism of sandbody
architecture in Chang-8 oil layer of Yanchang Fation, Ordos basin. Acta Petrolei Sinica 34(3), 435—-444.
(In Chinese with English abstract)

Li, S., Kusky, T.M., Wang, L., Lai, S., Liu, .XDong, S., Zhao, G., 2007. Collision leading to
multiple—stage large—scale extrusion in the Qinling orogen: insights from the Mianlue suture. Gondwana
Research 12, 121-143.

Li, W., Pang, J., Cao, H., Xiao, L., Wang,, R009. Depositional system and paleogeographic
evolution of the late Triassic Yangchang stageOirdos basin. Journal of Northwest University 39,
501-506. (In Chinese with English abstract)

Liu S., 1998. The coupling mechanism of basin and orogen in the western Ordos basin and adjacent
regions of China. Journal of Asian Earth Science 16, 369-383.

Liu, C., Zhao, H., Zhao, J., Wang, J., Zhang, D., Yang, M., 2008. Temporo—spatial coordinates of
evolution of the Ordos basin and its mineralization responses. Acta Geologica Sinica(English Edition)
82(6), 1229-1243.

Liu, S., Yang, S., 2000. Upper Triassic—Jurassic sequence stratigraphy and its structural controls in the
western Ordos basin, China. Basin Research 12, 1-18.

Lu, X., Li, C., Cai, X., Li, B., Zhao, H., 1999. Degitional characteristics and front facies reservoir
framework model in Songliao shallow lacustrine delta. Acta Sedimentologica Sinica 17(4), 572-577. (In
Chinese with English abstract)

Mei, Z., Lin, J., 1991. Stratigraphic pattern and elbtar of skeletal sandbodies in lacustrine deltas.
Acta Sedimentologica Sinica 9(4), 1-11. (In Chinese with English abstract)

Miall, A.D., 1985. Architectural element analysis: a new method of facies analysis applied to fluvial
deposits. Earth Science Reviews 22, 261-308.

Miall, A.D., 1988a. Architectural elements and bdung surfaces in fluvial deposits, Anatomy of the
Kayenta Formation (Lower Jurassic), southwest Colorado. Sedimentary Geology 55(3), 233-262.

Miall, A.D., 1988b. Reservoir Heterogeneities in Fluvial Sandstones: Lessons from Outcrop Studies.
The American Association of Petroleum Geologists Bulletin 72(6), 682—697.

Miall, A.D.,2006. The Geology of fluvial deposits. Springer Berlin Heidelberg, New York, pp.
131-168.

Miall, A.D.,2014. Fluvial depositional dystems. Springer Cham Heidelberg, New York,pp. 1-316.

Morris, T.H. and Richmond, D.R., 1992. A predictive model for reservoir continuity in fluvial
sandstone bodies of a lacustrine deltaic system, Colton Formation, Utah, In Fouch, T.D., Nuccio, V.F. and
Chidsey, T.C. Jr. (eds) Hydrocarbon and Mineral Resources of the Uinta Basin, Utah and Colorado. Utah
Geological Association Guidebook 20, 227-236.

Morris, T.H., Richmond, D.R., Marifio, J.E., 1991. The Paleocene/Eocene Colton Formation: a
fluvial-dominated lacustrine deltaic system, RodiffS; Utah. Utah Geological Association Publication

22



19, 129-140.

Nichols, G.J., Fisher, J.A., 200Processes, facies and architecture of fluvial distributary system
deposits. Sedimentary Geology 195, 75-90.

Olariu, C., Bhattacharya, J.P., 2006. Terminal distdry channels and delta front architecture of
fluvial dominated delta systems. Journal of Sedimentary Research 76, 212—-233.

Olariu, C., Steel, R.J., Petter, A.L., 2010. Delta—front hyperpycnal bed geometry and implications for
reservoir modeling: Cretaceous Panther Tongue delta, Book Cliffs, Utah. The American Association of
Petroleum Geologists Bulletin 94(6), 819-845.

Olsen,T., 1995. Fluvial and fluvio—lacustrine facies and depositional environments of the
Maastrichtian to Paleocene north Horn | Formation, Price Canyon, Utah. The Mountain Geologist
32(2):27-44.

Overeem, I., Kroonenberg, S.B., Veldkamp. A., Groenesteijn, K., Rusakov,G.V., Svitoch A.A.,2003.
Small-scale stratigraphy in a large ramp delta: recent and Holocene sedimentation in the Volga delta,
Caspian Sea. Sedimentary Geology 159;13B857.

Qi, Y., Zhang, Z., Zhou, M., Zheng, W., 2008ithofacies and Sedimentary Facies from middle
Triassic fluvial deposits of Youfangzhuang Formation, Jiyuan Area, western Henan. Acta Sedimentologica
Sinica 27(2), 254-264. (In Chinese with English abstract)

Qiu, X, Liu, C., Mao, G,, Deng, Yu., Wang, F., Wadg,2014. Late Triassic tuff intervals in the Ordos
Basin, Central China: their epositional, petrographic, geochemical characteristics and regional implications.
Journal of Asian Earth Sciences 80, 148-160.

Shanmugam, G., 2000. 50 Years of the turbidite paradigm (1950s-1990s): deep—water processes and
facies models—a critical perspective. Marine and Petroleum Geology 17, 285-342.

Tanner, L.H., Lucas, S.G., 2010. Deposition and deformation of fluvial-lacustrine sediments of the
Upper Triassic—Lower Jurassic Whitmore Point Member, Moenave Formation, northern Arizona.
Sedimentary Geology 223, 180-191.

Taylor, A.W. and Ritts, B.D., 2004. Mesoscale heterogeneity of fluvial-lacustrine reservoir analogues:
examples from the Eocene Green River and Coltemdtons, Uinta Basin, Utah, USA. Journal of
Petroleum Geology 27, 3—-26

Turner, B.R., Tester, G. N., 2006. The Table Rocks sandstone: a fluvial, friction—dominated lobate
mouth bar sandbody in the Westphalian B coal measures, NE England. Sedimentary Geology 190, 97-119.

Walker, R.G., 1978. Facies models. Geo. Sci. Canada Rep. Ser. 1, 171-188.

Wang, S., 2001. Fluvial depositional systems and river pattern evolution of middle Jurassic Series,
Datong basin. Acta Sedimentologica Sinica 19(4), 501-505. (In Chinese with English abstract)

Wang, Z., He, Z., Zhang, C., Li, S., Xu, L., 2004. Analysis on reservoir hierarchy of deltaic front
outcrops —taking Tanjiahe outcrop in eastern OrdasrBas an example. Journal of Jianghan Petroleum
Institute 26(3), 32—35. (In Chinese with English abstract)

Wanyan, R., Li, X., Liu, H., Wei, L., Liao, J., Huang, J., Huang, S., 2011. Depositional environment
and eedimentary eystem of Chang 10 stage Yanchang Formation in the Ordos Basin. Acta Sedimentologica
Sinica 29(6), 1105-1114. (@hinese with English abstract)

23



Weissmann, G.S., Hartley, A.J., Nichols, G.J., Sdudeh., Olson, M., Buehler, H., Banteah, R., 2010.
Fluvial form in modern continental sedimentary basins: Distributive fluvial systems. Geology, 38(1),
39-42.

Xiao, X.M., Zhao, B.Q., Thu, Z.L., Song, Z.G.,, Mihs, R.W.T., 2005. Upper Paleozoic petroleum
system, Ordos Basin, China. Marine and Petroleum Geology 22, 385

Xin, R., Liu, C., Lei, S., 1997. Depositional ar@utture analysis of coarse meandering rivers system—
a case study on Jijialing outcrop. Journal of Daging Petroleum Institute 21(3), 16—-19. (In Chinese with
English abstract)

Xu, A., Mu, L., Qiu, Y., 1998. Distribution pattern of OOIP and remaining mobile oil in different types
of sedimentary reservoir of China. Petroleum Exation and development 25(5), 41-44. (In Chinese with
English abstract)

Yang, Y., 2004. Influence of Qinling orogenic movements in Indo—Chinese epoch to sedimentary
characteristics of Yanchang Formation in Ordos Basin. Coal Geology and Exploration 32(5), 7-9. (In
Chinese with English abstract)

Yang, Y., Li, W., Ma, L.,2005. Tectonic and stratigraphic controls of hydrocarbon systems in the Ordos
Basin: a multicycle cratonic basin in central China. The American Association of Petroleum Geologists
Bulletin 89, 255-269.

Yu, J., Yang, Y., Du, J., 2010. Sedimentation durirggtthnsgression period in Late Triassic Yanchang
Formation, Ordos Basin. Petroleum Exploration and Development 37(2), 181-187.

Yu, X., Li, S., 2009. The Development and hotspot problems of clastic petroleum reservoir
sedimentology. Acta Sedimentologica Sinica 27(5), 880—-895. (In Chinese with English abstract)

Yu, X., Li, S., Tan, C., Xie, J., Chen, B., Yang, #013. The response of deltaic systems to climatic
and hydrological changes in Daihai Lake rift basin, Inner Mongolia, northern China. Journal of
Palaeogeography 2(1), 41-55.

Zhang, G.W., Dong, Y.P,, Lai, S.C., 2004. Mianlue tectonic zone and Mianlue suture zone on southern
margin of Qinling—Dabie orogenic belt. Science in China (Series D) 47, 300-316.

Zhang, W., Yang, H., Fu, S., Zan, C., 2007. On the development mechanism of the lacustrine
high—grade oil source rocks of Chang®mber in Ordos the basin. Science in China 37, 33-38.

Zhang, W., Yang, H., Peng, P., Yang, Y., Zhang, H., Shi, X., 2009. The influence of late Triassic
volcanism in the development of Chang 7 high gréaydrocarbon source rock in the Ordos Basin.
Geochimica 38(6), 573-582.

Zhang, X., Luo, P., Gu, J., Luo, Z., Liu, L., Chen, F., 2006. Establishment of the delta sandbody
framework model in the third order base level cycle: taking Ansai delta outcrop as an example. Acta
Sedimentologica Sinica 24(4), 540-548. (In Chinese with English abstract)

Zhao, J., Liu, C., Wang, X., Zhang, C., 2009. Migration of depocenters and accumulation centers and
its indication of subsidence centers in the Mesozoic Ordos Basin. Acta Geologica Sinica (English Edition)
83 (2), 278-294.

Zhao, J., Qu, H., Lin, J., Liu, X., Yang, Y., Lin,2014. Outcrop Based Anatomy of a Lacustrine Delta
Succession: a Case Study from Peizhuang Section, Ordos Basin. Acta Sedimentologica Sinica 32(6), 9-17.

24



(In Chinese with English abstract)

Zhao, W., Wang, H., Yuan, X., Wang, Z., Zhu, G., 2010. Petroleum systems of Chinese nonmarine
basins. Basin Research 22, 4-16.

Zhu, W., Li J., Zhou, X., Guo, Y.,2008. Neogene shallow—water deltaic system and large hydrocarbon
accumulations in Bohai Bay, China. Acta Sedimégica Sinica, 26(4):5%-582. (In Chinese with
English abstract)

Zou, C., Wang, L., Li, Y., Tao, S., Hou, L., 2012. Deep—lacustrine transformation of sandy debrites into
turbidites, Upper Triassic, Central China. Sedimentary Geology 265-266, 143—-155.

Zou, C., Zhang, X., Luo, P, Wang, L., Luo, Z., Liu, L., 2010. Shallow—lacustrine sand-rich deltaic
depositional cycles and sequence stratigraphy of the Upper Triassic Yanchang Formation, Ordos
Basin,China. Basin Research 22, 108-125.

Table Captions
Table 1 Summary of the characteristeatures of lithofacies types encountered in the Yanchang
Formation.

Table 2.Classification of architectural elements encountered in the Yanchang Formation.

Figure Captions

Figure 1 Map showing the location of the study area. ajitdi elevation map of China and the location of

the Ordos Basin. b) Geological map of the OrdosiBavith the location of the basin cross-section and
study area shown. c) Geological profile of the southern Ordos Basin along an east-west orientation. d)
Location of the studied sites where the principal surveyed sections discussed in this paper are located.

Figure 2 a) Simplified stratigraphy of the Ordos Badij.Stratigraphic subdivision of the Yanchang
Formation in the south-eastern part of the Ordos Basin.

Figure 3.Palaeogeographic and isopach map of the Upper Triassic Yanchang Formation in the Ordos
Basin.

Figure 4.Typical facies expression in the Chang 10 interval of the Yanchang Formation. a) Outcrop
photomosaic. b) Architectural relationships of lithces with interpretatioaf architectural elements.

Detailed sedimentary structure: 1, 2 — medium-scale trough cross-bedding and deformed bedding; 3 —
vertical succession in the middle part of measured section; 4 — mud pebbles deposited along an erosional
bounding surface; 5 — preserved pleamains on bedding surfaces: woatibris and leaf impressions; 6 —
trough-shaped erosional sack and associated in-fill structure; 7, 8 — trough cross-bedding and parallel
bedding in channel-fill sandstone. See Figure 1 for location.

Figure 5 Typical facies association in the Chang 9 interval of the Yanchang Formation. a, b) Outcrop

photomosaic. c) Architectural relationships of litacies with interpretatioaf architectural elements.
Detailed sedimentary structure: 1 — low-angle troo@iss-bedding; 2 — large-scale trough cross-bedding
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and deformed bedding; 3, 4 — deformation structur@south-bar sandstone; 5 — parallel bedding and
trough cross-bedding in a subaqueous distributary channel; 6 — plant fragments in dark mudstone; 7 — black
shale deposited in prodelta or deep or distal lacustrine environment. See Figure 1 for location.

Figure 6 The third coarsing-upward cycle mieasured section in the Chang 9 interval, Ordos Basin. See
Figure 1 for location.

Figure 7 Typical facies association in the Chang 8 interval of the Yanchang Formation taken from eastern
panel of Yichuan county town section. a) Outcrop phmasaic. b) Architectural relationships of lithofacies
with interpretation of architectural elements. Detagedimentary structure: 1, 2 — preserved plant remains
on bedding surface; 3 — detailed viewtlod section, arrow points to thenvex lenticular mouth bar ; 4 —
planar cross-bedding in a thick sandstone bed in the upper part of the interval; 5, 6 — small-scale ripple
laminations in thin-bedded sandstone in the lower part of the Chang 8 interval. See Figure 1 for location.

Figure 8 Typical facies association in the Chang 8 interval of the Yanchang Formation taken from western
panel of Yichuan county town section. a) Outcrop phmasaic. b) Architectural relationships of lithofacies

with interpretation of architectural elements. hseiperimposed very-thick sandstone packages are

inclined down-dip toward the west. These are intéggras the preserved record of three episodes of
progradation of the delta front. Detailed sedimgngiructure: 1 — large-scale trough cross-bedding

structure; 2, 3 — ripple cross-lamination developed in a siltstone interlayer; 4 — interference ripple marks on
a sandstone surface; 5 — sandstone beds dominaevest (up-dip) and middle parts of measured

section; 6 — trough cross-bedding with preserved wedalyt debris resting on erosional surface; 7 — dark
mudstone layer developed in the lower part of the section; 8 — lateral accretion surface and underlying mud
bed; 9 — upward-coarsening succession developed gagtern part of the measured section. See Figure 1

for location.

Figure 9 Typical facies association in the Chang 7 interval of the Yanchang Formation. a) Outcrop
photomosaic. b) Architectural relationships of lithaégowith interpretation of architectural elements. See
Figure 1 for location.

Figure 10 Typical facies association in the Chang 6rivdkof the Yanchang Formation. a) Outcrop
photomosaic. b) Architectural relationships of lithaégowith interpretation of architectural elements. See
Figure 1 for location.

Figure 11 Typical sedimentary structures developed in the Yanchang Formation: 1 — oil shale unit
developed in the Chang 7 interval. 2 — trough cross-bedding and parallel bedding developed in the Chang 6
interval; 3 — low-angle cross bedding developed in the Chang 4 and 5 intervals; 4 — in-situ tree stump in
sandstone beds in the Chang 4 and 5 intervals; 5 — preserved tree trunks and associated plant debris on
sandstone bedding surface in the Chang4 and 5 ahtérv current lineation structure on sandstone

surface accompanied with parallel bedding developddeitChang 3 interval; 7 — grey-green sandstone

and underlying muddy gravel lag deposits developed in the Chang 3 interval; 9 — large-scale trough
cross-bedding and parallel bedding developed in the Chang 2 interval.
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Figure 12 Typical facies association in the Chang 4 and 5 interval of the Yanchang Formation based on
outcrop photomosaic. See Figure 1 for location.

Figure 13Typical facies association in the Chang 2 interval of the Yanchang Formation based on outcrop
photomosaic. See Figure 1 for location.

Figure 14 Typical facies association in the Chang 1rvdéof the Yanchang Formation. a) Outcrop
photomosaic. b) Architectural relationships of lithcies with interpretatioaf architectural elements.

Detailed sedimentary structure: 1 — lateral accretion badiks in the western part of measured section; 2

— small- scale ripple lamination; 3 — mud pebbles deposited along an erosional bounding surface; 4 —
trough cross-bedding and erosional bounding surfacelal@ed at the base of a point-bar sandstone; 5 —
mud drape on lateral accretion bding surface; 6 — asymmetrical ripple marks; 7 — preserved tree trunks
in mudstone; 8 — climbing-ripple lamination; 9 — low-angle ripple lamination; 10 — thin coal bed developed
in a fine-grained succession in the upper mostqfdte interval; 11 — ferrous concretion on siltstone
surface. See Figure 1 for location.

Figure 15Regional cross section based on boreholestaiwing facies distribution and evolution of the
Upper Triassic Yanchang Formation, Ordos Basin. See Figure 3 for location of the section. See Figure 3 for
location.

Figure 16.Model depicting the typical organization of shallow-water fluvio-deltaic facies in the Yanchang
Formation. Representative vertical sections stnewn: a) upward-coarseg succession recording a
vertical transition from pro-delta, telta front, to deltglain; b) proxinal delta-front sucession; c) distal
delta-front succession. DCH — Distributary Channel; CS — Crevasse Splay; LV — Levee; LK — Small
Floodplain Lake; SW — Swamp; SCH — Subaqueous Distributary Channel; SDB — Subaqueous Distributary
Bay; MB — Mouth Bar; DB — Distal Mouth Bar; SB — Sheet-like Bar; PD- Prodelta.
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Table 1. Summary of the characteristic features of the lithofacies types encountered in
the Yanchang Formation.

Code |Lithology Sedimentary structure I nter pretation
Fine- to medium-grained sandstone;, . Rapid, in-channel deposition, mainly as
Sm (lylasswe, structureless .
sage green, yellow-green or flesh re scour fill
. Lower flow regime; sets <0.3 m thick
. . . Medium to large scale trough
Fine- to medium-grained sandstone; represent 3D mesoforms (dunes); sets >0.3
St cross-bedded; extra-clasts at base; . .
sage green, yellow-green m thick represent macroforms (bars) with
rarely deformed . .
curved or sinuous crest lines
Lower flow regime; sets <0.3 m thick
S Fine- to medium-grained sandstonejMedium to large scale planar |represent 2D mesoforms (dunes); sets >0.3
P sage green, yellow-green cross-bedded m thick represent macroforms (bars) with
straight crest lines
Fine- to medium-grained sandstone; - Upper flow regime; primary current
Sl 9 <10°inclined planar foresets . PP . 9 P &4
sage green, yellow-green lineation
. . Ripple cross-laminated,; .
Fr Siltstone and silty claystone PP 2D and 3D current and wave ripples
small-scale cross-bedded
. . . Overbank deposition; waning-stage flood
Fh Siltstone and silty claystone Horizontally bedded . P g . g
deposits; subaqueous suspension fallout
. Wavy, lenticular or flaser Alternating energy regies; typical of wave
Fw Interbedded siltstone and claystone vy . N L g .gy o yp .
lamination and cross-laminationaction in shoreline and near-shore setting
. . Overbank or drape deposits; subaqueous
Fm Siltstone and claystone Massive;structureless . P P q
suspension fallout
) Laminated, commonly clay-pro .
C Thincoalbed ycayp Erequent flooding of coal swamp

and platy




Table 2. Classification of architectural elements encountered in the Yanchang Formation.

Sediment hitectural o . . ) Interval i
.|men aryfarchiteciur Code |Characterigtic lithofacies, notable features and relationships : ferv S - n
environment |element type which recognised
Lithofacies: Sc, St, S|, Sp. Basarface erosional with 0.2—-0)5
m of incision; composed internally of LA elements; commo
Channel CH overall upward-fining trendsand bodies typically have rbhanglo, Changl
lenticular geometries.
Lateral accretion LA Lithofacies: Sc, St, SI, Sp. Lécular-shaped bodies, laterally|Changl
juxtaposed to form the main part of the fill of CH elements.
MeanderindCrevasse spla cs Lithofacies: Sm, Sh, St, Sr, FI, Fm. Chang10, Changl
river g play Poorly sorted, lobes andnicular sheet like bodies
Lithofacies: FI, Fr, commonly with desiccation cracks; sheeClmng10, Changl
Levee Lv .
wedge-shaped bodies.
Lithofacies: intercalations of FFm, commonly in the form of Chang10, Chang1l
Floodplain fine | FF |siltstone-mudstone couplets; sheet like or irregular tabular
bodies
Lithofacies: C alterrting with FI, Fm. @cur as thin bodies |Changl
Swamp SW o
nested within FF elements.
Subagueous Lithofacies: Sc, St, Sp, SI. Modéeao slight erosion on basalChang9, Chang8,
q SCH [surfaces; commonly associated with mud-pebble lag deposBhang6, Chang3,
Channel . -
may occur as severpaixtaposed sand bodies. Chang2
Subaqueous SDB Lithofacies: Fh, Fm. Sheet- or wedge-like, fine-grained bodZhang9, Changs,
Distributary Bay commonly intimately associated with SCH. Chang6
Subaqueou Mouth bar MB Lithofacies: Fr, Fl, Sp. Lenticulaand body with sharp but ﬂa{:hangs
delta basal surface and convex-up upper surface.
. Lithofacies: Fr, Fl. Syn-depositnal deformation structures ar,
Distal mouth bar| DB common; sheet- or wedge-shaped body; distal part of MB. EhanQS
Sheet-like bar SB Lithofacies: Fr, Fl. Shéké body; re-deposited sand from MB Chang8
Pro-delta PD L!thofames: Fm, Fl. Depositdoklow wave base, fish and Chang9,Chang?
bivalve fossils common.
Shallow Lake SSB Lithofacies: Fr, Fl, Fw, St. sheet-like bodies interbedded W%han 445
Shallow Sand beach thin layers of mudstone. 9
Lake Shallow Lake SSR Lithofacies: Fr, Fl, Sp, St. Strigesand body with sharp but ﬂa&hang4+5
Sand ridge basal surface and convex-up upper surface.
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