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ABSTRACT

Rapid lateral facies and thickness changes, autogenic processes, and irregular topography
of nonmarine rift basins challenge the application of traditional marine sequence stratigraphic
techniques. Stratigraphic architecture may be reconstructed with a process-based approach, using
interpreted climatic and tectonic controlling processes on sedimentation in addition to observable
attributes to correlate sedimentary cycles. This hypothesis is tested for Lower Permian Lucaogou
and Hongyanchi low-order cycles (LCs) in the Tarlong-Taodonggou half-graben, using outcrop
and petrographic data. The exposed graben fill covers 88 km2. Depositional environments and
controlling sedimentary processes were interpreted on five measured sections, 0.2 – 5 km apart.
Microscopic and X-ray Diffraction data on grain composition and texture substantiate field
interpretations and minimize stratigraphic miscorrelation. Humid to arid climatic conditions were
interpreted using climate-sensitive lithologies, such as paleosols; tectonic movements were
interpreted in terms of source area uplift, basin subsidence, and spill-point movement.
The Lucaogou-Hongyanchi LC boundary (LCB) separates uppermost Lucaogou
fluctuating profundal lacustrine high-order cycles (HC) from basal Hongyanchi fluvial-deltaic
HCs, indicating drastic environmental change. The LCB is an erosional unconformity across
which the type and magnitude of facies shifts varies greatly across the half-graben. A processbased sequence-stratigraphic reconstruction across the LCB enables reconstruction of the threedimensional distribution of lithofacies across the boundary, and provides insights to the potential
causes for drastic environmental change. A better understanding of the nature and origins of the
LCB may be applicable to other similar nonmarine rift basins.
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CHAPTER ONE
INTRODUCTION

The study of ancient lake deposits is important to understanding and predicting their
significant economic resources, unraveling continental paleoclimatic records, and
understanding the tectonic evolution of the basin in which they are situated. The challenges in
interpreting ancient lake deposits and their basin-filling histories are mainly due to the
complexity of modern lake systems (Talbot and Allen, 1996; Carroll and Bohacs, 1999;
Alonso-Zarza, 2002; Bohacs et al. 2005). For example, modern Utah Lake is a freshwater lake,
but it drains ~70 km away into Great Salt Lake, a hypersaline lake within the same climate
zone (Stansbury, 1852). Basin geometry and gradient of the lake margin have a strong
influence on the occurrence and location of fluvial-lacustrine facies (Cohen, 1990; Scholz et
al., 1990; Lin, 1991; Smoot, 1991; Miall, 1996; Soreghan and Cohen, 1996). Lake systems are
sensitive to changes in hydrology, sediment input, temperature changes, and changes in
accommodation space, all of which are controlled by climate and tectonics (Tucker and
Wright, 1990; Carroll and Bohacs, 1999, Bohacs et al. 2005). Repetitive migration of fluviallacustrine facies results in their stacking into sedimentary cycles. Thus, basin-filling history of
a nonmarine basin may be best reconstructed using not only sedimentologic and stratigraphic
evidence, but also interpretations of the processes controlling the type and distribution of
sedimentary cycles.
Considering the complexities of modern lake deposits, several questions persist when
interpreting ancient lake deposits. What are the criteria for interpretation of climatic and
tectonic controlling processes? To what effect do different controlling processes have at
different spatial and temporal scales? The Tarlong-Taodonggou half-graben (TTHG) provides
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an excellent opportunity to study the relationships between basin geometry, the threedimensional (3-D) distribution of fluvial-lacustrine facies, nonmarine sedimentary cycles, and
controlling processes.
The primary focus of the research is to address the following: 1) a detailed
sedimentologic facies analysis of fluvial-lacustrine facies for uppermost Lucaogou and basal
Hongyanchi low-order cycles (LCs), and recognition and interpretation of their repetitive
stacking into primary high-order cycles (HCs), 2) a detailed, cm- to m- scale 3-D sequence
stratigraphic reconstruction of the basin-fill architecture across the Lucaogou-Hongyanchi loworder cycle boundary (LCB), 3) interpretation of the nature and origins of the major nonmarine
stratigraphic boundary, and 4) speculation of how basin geometry and geologic processes in a
half-graben setting controlled paleoenvironmental changes and the 3-D distribution of cyclic
sedimentary facies.
The Lucaogou LC represents the onset of lacustrine-dominated synrift deposition in the
TTHG. It has a transgressive base, overlying alluvial fan deposits of the Upper Daheyan LC,
and is composed of mixed siliciclastic-carbonate lacustrine deposits. Thickening trends and
types of fluvial-lacustrine lithofacies suggest a northeast-deepening basin asymmetry. Deltaic
deposits predominate in the southwest and southeast, whereas thick profundal deposits
accumulated in the northeast, suggesting northeast-deepening bottom topography of the halfgraben.
The Lucaogou-Hongyanchi LCB is an erosional unconformity in some places and a
disconformity and conformity in other places. Thus, it is a major stratigraphic boundary
indicating drastic environmental change. The boundary shows variable facies juxtapositions on
five sections 0.2 – 5 km apart. The type and magnitude of facies shifts across the boundary
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varies greatly across the half-graben. Graben-wide, braided channels cut into lake-margin HCs
in the northwestern part of the TTHG in Taodonggou, and braided and meandering channels
cut into fluctuating profundal HCs in northeast (NE) Tarlong, both suggesting a major
regression and incision by a fluvial system from the north. In southeast (SE) Tarlong, however,
the boundary is a transgressive surface separating fluctuating profundal HCs from overlying
beach and deltaic HCs. In southwest (SW) Tarlong, the boundary changes to a transgressive
surface separating deltaic HCs from overlying marginal and fluctuating profundal HCs. Thus,
deltas shifted from southwest to southeast, and regression occurred in the north and
transgression in the south across the boundary. In NE Tarlong, the fluvial erosional boundary
changes over ~500 m to the west into a conformable surface separating fluctuating profundal
HCs from overlying fluvial overbank HCs. Upward the stratigraphic succession is the
Hongyanchi LC, which is composed of fluvial deposits in the basal part and mixed carbonatesiliciclastic lacustrine deposits upward.
The Lucaogou and Hongyanchi succession shows multi-order cyclicity. Higher-order
cycles may be more likely attributed to climatic fluctuations (Yang et al., 2010). Lower-order
cycles are likely due to longer-term changes in tectonic movement of the source areas and
depositional sites. In addition, HCs are less correlative than LCs, wherein many HCs pinch out
over distances of 1 – 500 m, whereas LCs may be correlated over a distance of 1 – 5 km.
Results may provide insight into climatic and tectonic controlling processes in other fluviallacustrine stratigraphic records. Paleoclimatic interpretations may provide insight into
continental paleoclimate of northeastern Pangea during the Lower Permian, a period that ended
with Earth’s greatest mass extinction (Erwin, 1993; Yang et al., 2010).
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CHAPTER TWO
GEOLOGIC SETTING

The field study area is located ~15 km north of the town of Daheyan, a train depot
along the transcontinental railway, Xinjiang Uygur Autonomous Region, northwestern China
(Fig. 1). The Bogda Mountains is a giant anticline separating the Turpan-Hami and Junggar
basins (Zhang, 1981). Uppermost Carboniferous-Lower Triassic fluvial and lacustrine deposits
occur along the foothills of the Bogda Mountains (Liao et al, 1987; Cheng and Lucas, 1993;
Carroll et al., 1995; Wartes et al., 2002; Greene et al., 2005; Metcalfe et al., 2008; Yang et al.,
2010). They were deposited in the greater Turpan-Junggar rift basin prior to uplift of the Bogda
Mountains and partitioning of the basins (Greene et al., 2005). The Tarlong-Taodonggou area
is a west-plunging syncline in the southern foothills of the Bogda Mountains, providing
superbly exposed outcrop (Fig. 1; Yang et al., 2010).
The study area was located on the northeastern coast of Pangea during Permian time at
a paleolatitude of approximately 40oN (Fig. 1, Nie, 1990; Allen et al., 1995; Yin et al., 1996;
Scotese, 2001). The greater Turpan-Junggar Basin developed on the easternmost Kazakhstan
Plate during uppermost Carboniferous (late Gzhelian), to the north of the Tian Shan orogenic
belt (Allen et al., 1995). The Carboniferous basement is probably composed of volcanic arcaccretionary wedge complexes of the Altaid Orogeny, formed during the final phase of
amalgamation of the Junggar and Northern Tianshan plates (Fig. 2; Allen et al., 1995; Carroll
et al., 1995, Shao et al., 1999; Heubeck, 2001; Greene et al., 2005; Yang et al., 2010). It has
been debated whether the basin developed as a flexural foreland basin or as an extensional rift
basin. Allen et al. (1995) proposed the formation of large, E-W trending strike-slip faults along
previously formed Altaid sutures, the Irtysh Shear Zone to the north and Junggar Fault to the
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southwest, initiating the development of a broad (>1000 km) sinistral shear zone between the
East European and Angaran cratons, causing northwest-southeast extension. Evidence includes
types and rates of sedimentation, a shift from compressional to extensional magmatism in
Permian granitoids, rotations of structural trends within Junggar and Irtysh fault zones, and
paleomagnetic data (Sengor and Natal’in, 1996). The arrangement of depocenters in the basin
and their proximity to normal faults, from geologic mapping and seismic profiles, suggest a
series of half-grabens in a rift basin (Sengor and Natal’in, 1996; Yang et al., 2010). Yang
(2008) speculated that the Permo-Triassic paleogeography of the greater Turpan-Junggar basin
is similar to that of the Quaternary Basin and Range Province of western US with active
alluvial and lacustrine sedimentation in many small grabens and half grabens (Fig. 1; see also
Allen et al., 1995; Sengor and Nat’lin, 1996).
The Turpan-Junggar Basin was in the early-rifting phase during the latest
Carboniferous-Middle Permian as a fragmented, fast subsiding basin. Synrift sediments
accumulated in half-grabens, sourced from local horsts and from episodic uplifts to the south,
as unroofing of the northern and central Tianshan arc terranes occurred (Shao et al., 2001;
Wartes et al., 2002; Greene et al., 2005, Guan et al., 2010). The late-rifting phase began during
Late Permian to Early Triassic, as the basin floor became more stably subsiding (Sengor and
Natal’in, 1996). Early Jurassic uplift of the Bogda Mountains and partitioning of the TurpanHami and Junggar basins is indicated by provenance and geochemical data (Hendrix et al.,
2000; Green et al., 2005; Carroll et al, 2005). The region experienced compression during the
Mesozoic Cimmeride and Cenozoic Alpide orogenic events (Allen et al., 1995).
The Tarlong-Taodonggou study area was interpreted as a half-graben by Yang et al.
(2010) based on seismic profiles from the adjacent Turpan-Hami Basin, showing thickening of
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strata toward border normal faults and rapid lateral thickness changes, as well as stratigraphic
correlation of low-order cycles in the area (Figs. 1, 3). In outcrop, rift-related structures are
difficult to identify due to structural overprinting by post-deformational Mesozoic and
Cenozoic tectonic events. However, there is a general northeast-thickening trend of Lucaogou
and Hongyanchi LCs (Fig. 3; Yang et al., 2010). In addition, lacustrine facies deepen toward
the northeast. Thus, Yang et al. (2010) postulated that subsidence was greatest in the northeast,
indicating the northeast was closest to the steep border-fault margin of the half-graben. Deltas
formed in the southwest and southeast parts of the half-graben, suggesting a ramp margin to
the southwest (Fig. 3).
Chronostratigraphy in the greater Turpan-Junggar basin is poorly constrained mainly by
biostratigraphy of invertebrates (mainly ostracods and conchostracans), plants, spores and
pollens, and vertebrates (Fig. 2; Zhang, 1981; Liao et al., 1987; Cheng and Lucas, 1993; Zhou
et al., 1997; Liu, 2000; Wartes et al., 2002; Zhu et al., 2005; Metcalfe et al., 2008; and
references within). The improved chronostratigraphy by Yang et al. (2010) places Lucaogou
LC between lower-middle Sakamarian to basal Artinskian (291-284 Ma), and the Hongyanchi
LC between basal and middle Artinskian (284-280 Ma). These improved ages were obtained
by means of physical tracing of biostratigraphic zones to the study area, zircon dating of
bentonite layers in the study area, and calculated average sedimentation rates used to calculate
the duration of individual LCs in proportion to their thicknesses.
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CHAPTER THREE
DATA AND METHODOLOGY

3.1.

Methods of Data Collection
The Lucaogou-Hongyanchi low-order cycle boundary (LCB) was observed in four

outcrop localities 0.5 – 6 km apart, including northeast NE Tarlong, Taodonggou, SE Tarlong,
and SW Tarlong, interpreted to represent generally the northeastern, northwestern,
southeastern, and southwestern basin margins of the Tarlong-Taodonggou half-graben
(TTHG), respectively (Figs. 1, 3). Stratigraphic sections were measured at a cm-m scale at
each locality in order to document the nature of facies across the LCB. Previously measured
sections by Yang et al. (2010) of entire Lucaogou and Hongyanchi LCs of SE Tarlong,
Taodonggou, and NE Tarlong suggested highly variable facies across an unconformable to
nearly conformable LCB. Due to the occurrence of a fluvial valley and erosional unconformity
at the LCB in NE Tarlong, during the summer of 2009 two detailed sections were measured of
~40 m each across the LCB as part of this study, ~200 m and ~500 m to the west of the NE
Tarlong section, in order to document lateral facies change along the LCB (Appendix A). In
addition, a well-exposed section of entire Lucaogou and Hongyanchi LCs was measured in SW
Tarlong in order to better understand the southwestern margin of the TTHG.
Bed thicknesses were measured at a cm-m scale, and observed characteristics were
documented including composition, sedimentary texture and structure, fossils, stratal geometry,
and boundary relationships. Lithofacies were assigned to genetically-related beds containing
similar sedimentary textures and structures. The observed features of lithofacies were used to
assign depositional conditions, including depositional energy. The conditions, combined with
stratigraphic relationships of overlying and underlying lithofacies, with the incorporation of

7

existing depositional models, were used to interpret the environment of deposition of a specific
lithofacies. Rock samples were collected of representative lithofacies for petrographic analysis
in order to refine field interpretations. The definition/identification of lithofacies,
environmental interpretation of lithofacies, and recognition of systematic environmental
changes provide the basis for high-order cycle delineation. A high-order cycle (HC) signifies a
cycle of environmental shift associated with lake expansion-contraction, or a cycle of fluvial
erosion-deposition. High-order cycles, recognized in outcrop, provide the basic building blocks
of a multi-order cyclostratigraphic framework. Controlling climatic and tectonic processes on
cyclic fluvial-lacustrine deposition were discussed in the field and refined with the addition of
petrographic data.

3.2.

Principle of approach to cycle delineation and interpretation
In order to refine field interpretations, a total of 54 collected rock samples were slabbed

and prepared for thin section, and observed under stereo and polarizing microscopes in order to
identify mineralogy, textures, matrix, cements, porosity, pedogenetic features, and type and
abundance of fauna and flora (Table A, Appendix B). Hand samples were inspected using a
Meiji Techno EMZ-8TR stereo microscope, and thin sections were inspected using an
Olympus BX50 microscope. Photomicrographs were taken using a Meiji MX9300 polarizing
microscope with a Spot Insight QE 4.2 digital camera and Spot version 3.5 software (Figs. 5 –
9). Hand samples and thin sections were stained using Alizarin Red in order to identify calcite
and dolomite. Selected samples were analyzed for carbonate and clay mineral content using a
Rigaku MiniFlex II X-ray Diffractometer and Jade 9 software (Table B). Measured sections
were computer drafted using Canvas 10 software and plotted using the LCB as a datum to view
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the distribution of lithofacies along the LCB and facilitate sequence stratigraphic correlation
(Fig. 11). Interpretations of lake type, climate, and source and basin tectonics of individual
measured sections from combined field and petrographic data were plotted as curves to the left
of the measured sections in order to aid in sequence stratigraphic analysis and correlation.
Paleocurrent measurements were taken from fluvial cross-bedding orientations in NE Tarlong
(Fig. 11, Table B).
Interpretation of lake type is based on the classification of lake deposits and suggested
typical facies associations by Carroll and Bohacs (1999). Lake deposits may be classified
based on the relative balance between water and sediment input (climatic) and tectonicallydriven accommodation space (Carroll and Bohacs, 1999). Overfilled lakes are interpreted for
stratigraphic intervals containing abundant fluvial-deltaic deposits, whereas underfilled lakes
should contain abundant evaporite minerals and lack clastic input. A balance-filled lake is
characterized by a relatively stable, aggradational lake margin, littoral and deltaic sandstones
and limestones, and profundal facies, suggesting relatively slow but steady sedimentation. The
interpretation of lake type is important in that it provides a link between sedimentation and
climatic and tectonic conditions.
Paleoclimatic conditions were interpreted in terms of net precipitation, or
precipitation/evaporation (P/E), of the lake basin. A shift to more humid climate (P/E>1) is
indicated by lake expansion, abundant coarse siliciclastic sediments due to high sediment yield
and transport by perennial rivers, humid-type paleosols, and fluvial-deltaic successions
containing abundant preserved plant material. Arid climate (P/E<1) is suggested by lake
contraction associated with evaporite minerals and arid-type paleosols, and minimal
siliciclastics due to decreased runoff and transportation, resulting in more common carbonates
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in lake deposits. Seasonal conditions are interpreted from interlaminated organic-rich
calcareous mudstones and siltstones occurring in profundal deposits, suggesting spring melting
and runoff. Seasonally frozen lakes are suggested where dropstones occur (Yang et al., 2010).
Occurrence of clusters of turbidites in profundal lacustrine deposits may indicate storminess
(Osleger et al., 1999). Climatic change was interpreted at an intra-cyclic to long-term scale.
Basin tectonics were interpreted with respect to vertical movement of the provenance
and catchment basin, depositional site, and spill point of the lake basin (Yang et al., 2010).
Lacustrine HCs commonly show both deepening- and shallowing- upward components,
suggesting considerably rapid basin subsidence during deposition of the HCs. Thicker
accumulations of coarse clastic fluvial-deltaic HCs may indicate increased uplift in the source
area, however, it is necessary to consider paleoclimate indicators, such as climate-sensitive
paleosols. For example, the increased siliciclastics could indicate increased precipitation and
runoff to the basin. Likewise, intra-cyclic climatic change can be superimposed on long-term
tectonic processes.
Spill point is defined as the lowest elevation at which the lake fills to, at which point
any more water added will cause the lake to overflow. Likewise, erosion beneath the spill point
will cause outflow from the lake. Spill point movements were interpreted in terms of erosional
events causing sudden outflow, or catastrophic uplifts of the spill point, such as by volcanic or
glacial ice damming, causing sudden deepening.

3.3.

Sequence stratigraphic correlation and paleogeographic reconstruction
Systematic facies types and trends of HCs reveal large-scale lake expansion and

contraction, and are grouped as sequences or intermediate-order cycles (ICs) using the method
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of Yang et al. (2010). An IC is composed of a succession of HCs that shows an upward trend
of deepening and shallowing of depositional environments (Yang et al., 2010). Similar to
marine sequence stratigraphic models, they may contain a lowstand, transgressive, highstand,
and regressive systems tracts; however, the controlling mechanisms are different in the
nonmarine setting (Yang et al., 2010). Thick intervals of many HCs and ICs showing similar
overall environments suggest similar long-term controlling processes, and are grouped as loworder cycles. The delineation of ICs and LCs is useful in that they are often more easily
correlated across greater distances than HCs.
Sequence stratigraphic correlation of the multi-order cycles was performed using a
process-based method of Yang et al. (2010) to produce paleogeographic reconstructions for
time-equivalent environments across the Lucaogou-Hongyanchi LCB. A process-response
approach uses a combination of the types and trends of interpreted depositional environments,
and interpreted controlling processes and their corresponding anticipated stratigraphic
responses in a half-graben setting (Yang et al., 2010). This approach enables correlation of
time-equivalent HCs which formed in different depositional environments, wherein both record
a change of the same processe(s). The method, based on graben-wide regional processes,
enables the interpretation of HCs responding to local autogenic processes.
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CHAPTER FOUR
LITHOFACIES, MICROFACIES, AND DEPOSITIONAL ENVIRONMENTS

Lithofacies were identified using grain composition, texture, fossil content, and
stratigraphic evidence, including stratigraphic thickness and geometry, lateral continuity,
sedimentary structures, grain size trend, and stacking pattern (Tables A, B, Figs. 4 – 9). Similar
lithologies occur in multiple environments (i.e. fluvial, beach, and deltaic conglomerate),
hence, subfacies were identified on the basis of interpreted depositional environments and
environmental energy conditions. In this case, the subfacies are environmental facies. A
subfacies may contain subordinate lithologies (e.g., fluvial conglomerate with sandstone
lenses). In those cases, the subfacies are named for the dominant lithology.

4.1.

Clast-supported conglomerate lithofacies
The clast-supported conglomerate lithofacies occur in fluvial, beach, and deltaic

environments (Fig. 5, Table A). Stratal boundaries are laterally non-persistent, with lenses
interfingering and grading with sandstone, siltstone, and shale. They are compositionally
immature, composed of aphanitic and porphyritic andesitic and basaltic clasts, and fluviallacustrine intraclasts. Conglomerates in uppermost Lucaogou LC occur as deltaic deposits in
SW Tarlong, and braided stream deposits in Taodonggou. The conglomerates are thickest and
most abundant in basal Hongyanchi, occurring as braided stream deposits in Taodonggou,
braided and coarse meandering stream deposits in NE Tarlong, and beach and deltaic deposits
in SE Tarlong. No thin sections of conglomerate subfacies were studied; however, microscopic
features of the intercalated sandstones are described with the sandstone lithofacies.
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Fluvial conglomerate subfacies. Fluvial conglomerates occur in the uppermost
Lucaogou LC in Taodonggou and in the basal Hongyanchi LC in Taodonggou and NE Tarlong
(Fig. 5A, B, Table A). They are lenticular, changing from 0 – 10 m over 5 – 100 m, and have a
high-relief (up to 2 m) erosional base. Thin- to medium- beds thin and fine upward to
sandstones, siltstones, and mudstones. They commonly contain high-angle tabular and trough
cross-bedding, internal erosional surfaces, and imbricated pebbles. They contain abundant
preserved plant debris. Rare ostracods and calcareous grain coatings are interpreted as
reworked lacustrine deposits. The fluvial conglomerates were deposited under high energy,
unidirectional flow. They are interpreted as channel lag deposits, and occur at the base of
fluvial HCs, overlain by and interspersed with point bar sandstones. Braided channels are
characterized by low-relief erosional surfaces and multiple lateral channel fills, and lacking
well-developed overbank and floodplain deposits. Coarse meandering streams were interpreted
based on laterally confined channels with overbank deposits containing mudrocks and
Protosols.

Beach conglomerate subfacies. Beach conglomerates occur in basal Hongyanchi in SE
Tarlong, NE Tarlong, and SW Tarlong (Fig. 5C, Table A). They are laterally persistent up to
200 m, have a sharp, relatively flat, erosional base. They contain low-angle, tabular cross beds,
and are interspersed with conglomeratic sandstones and sandy shales. They are well-washed,
well rounded to rounded, normal and reverse graded, and contain scattered skeletal and plant
debris. The conglomerates are interpreted to have formed in a beach environment under high
energy conditions, wherein wave action winnowed away finer-grained material. The beach
conglomerates are interspersed with finer-grained beds, interpreted as high-energy beach or
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littoral sandstones, indicating changing energy or small-scale lake-level fluctuations.

Deltaic conglomerate subfacies. Deltaic conglomerates occur in uppermost Lucaogou
in SW Tarlong, and basal Hongyanchi in SE Tarlong (Fig. 5D, Table A). Stratal geometry is
lenticular with a convex base and top, and thickness changes from 0 – 3 m over 2 – 100 m
lateral distance, interspersed with conglomeratic sandstone and sandstones. The base is sharp
and erosional, or gradational with underlying sandstones. Low- to high-angle, tabular and
trough cross beds, internal erosional surfaces, and multiple imbrication orientations indicate
multiple flow directions. The matrix is coarse to very coarse sand and granules, interpreted as
winnowing of fines under high wave energy. The conglomerates are interpreted to be formed
on the delta front, grading upward to delta plain sandstones and mudstones. Lenticular beds
that pinch out over lateral distances of less than 10 m were interpreted as channel mouth bar
deposits.

4.2. Sandstone lithofacies
The sandstone lithofacies occur in all measured sections in the vicinity of the
Lucaogou-Hongyanchi LCB, and include lithic wacke, subarenite, arenite, and conglomeratic
arenite (Fig. 6, Table A). Sandstone subfacies are interpreted based grain composition,
sedimentary texture and structure, fossil content, stratal geometry, boundary relationship,
vertical textural, structural, and thickness trends, and facies associations (Yang et al., 2010).
Sandstones are compositionally immature, and contain abundant porphyritic igneous grains and
minor minor feldspar (5 – 20%) and rare quartz (<10%). Grain sizes range from coarse silt to
granule, subangular to well rounded. Many sandstones contain a variable amount of well-
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preserved plants. Ostracods, conchostracans, algal clasts, and superficial ooids also occur in
lacustrine sandstones. Microscopic observations, combined with stratigraphic context, suggest
the igneous-dominated lithic component is more likely to occur near fluvial-deltaic
depocenters, wherein fluvial systems transported sediments from distant source areas.
Conversely, sedimentary-dominant, intraclast-dominated lithic assemblages are more likely to
occur along lake margins, wherein waves, lake currents, and transgression and regression of
shoreline reworked marginal sediments.

Fluvial sandstone subfacies. Fluvial sandstones include arenites, conglomeratic
arenites, subarenites, and wackes, interspersed with conglomerates, mudstones, and shales
(Fig. 6A, B, Table A). The deposits are 0.5 – 1 m thick, laterally persistent over 10 – 200 m,
and have with an erosional base with up to 1 m relief. Grains are poorly- to well- sorted,
subangular to rounded, and commonly normally graded with minor reverse graded beds.
Lithics are dominantly igneous and volcanic grains, and less common sedimentary grains,
suggesting a large input from distant igneous source area(s). Mud chips occur increasingupward, and intercalated silty mudrocks 2 – 4 cm thick were interpreted as floodplain deposits,
and plant and stick remains (1 – 40 mm) indicate vegetated banks. Rare ostracods and
superficial ooids were interpreted as reworked lacustrine grains. Grains contain clay coatings.
The matrix is dominantly composed of siliciclastic mud, and M/(C+P)
(matrix/(cement+porosity)) is high, indicating settling of fines between framework grains.
Calcite cements are incomplete or partially dissolved, show pendant or isopachous geometry,
and commonly encircle more than one grain. They suggest a meteoric or diagenetic origin.
The fluvial sandstones are further subdivided based on grain size. Coarse-grained
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fluvial sandstones are thin- to medium- bedded, with low-angle tabular cross beds, cross ripple
laminations, internal erosional surfaces, and imbrication of elongate grains. Fine-grained
fluvial sandstones are thick-laminated to thin-bedded, and have a sharp to gradational base.
Mud chips are much more abundant than in the coarse-grained deposits, and account, in some
cases, for up to 80% of lithics. Minor burrows and root tubes up to 3 mm in diameter are filled
with sparry calcite cements. The coarse-grained sandstones are interpreted to have been
deposited on the point bar and within tributary channels of braided and coarse meandering
streams. They are thickest and most persistent in basal Hongyanchi, NE Tarlong. The finegrained sandstones are interpreted to have formed in the overbank environment, as crevasse
splay or levee deposits. They are most common in basal Hongyanchi in NE Tarlong.

Lake margin and shallow littoral sandstone subfacies. The lake margin is the area along
shoreline which is periodically underwater during storm surges and wave actions. Sandstone
subfacies along the lake margin include subaerial sand flats, and beach deposits which are
commonly submerged by lake water. The shallow littoral environment is adjacent to the lake
margin, and always under water, above wave base. The subfacies occur in basal Hongyanchi in
SE Tarlong, SW Tarlong, and NE Tarlong (Fig. 6C, D, G, H, Table A). The deposits are 0.5 –
3 m thick, laterally persistent over 10 – 200 m, and consist of arenite, conglomeratic arenite,
subarenite, and wacke. Grains range from coarse silt to granule, subangular to well rounded,
moderate- to well- sorted.
The lake margin and shallow littoral subfacies are subdivided based on depositional
energy. Whereas the shallow littoral deposits are formed under lower energy conditions than
the lake margin deposits, different lake margins are exposed to different overall energy
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conditions; a high-energy margin occurs where wave/current energy is high, and a moderate- to
low- energy margin where wave/current energy is low. Alternately, increased storm activity
would have the ability to transport larger grains and result in less mud accumulation along any
lake margin. Different energy conditions along a lake margin may also be the result of changes
in the relative speed and frequency of shoreline migration, wherein rapid lake expansion causes
rapid transgression of shoreline and increased wave energy. Thick accumulations of marginal
deposits indicate stationary, aggradational shoreline.
Moderate- to low- energy shoreline sandstones include arenite, subarenite, and
siltstone, with 2 – 4 cm thick shale intercalations, interpreted as slack water deposits formed
during periods of decreased depositional energy (6G, H, Table A). They are thin- to mediumbedded with normal and reverse grading, climbing ripple laminations, and small-scale, highangle tabular cross beds, which may represent beach shingles. Lithics are dominantly mudstone
intraclasts (90 – 95%), indicating abundant local wave reworking associated with shoreline
migration. The deposits contain scattered plants, ostracods, and algal filaments. Clay coatings
on grains may have formed in the subaerial environment. The subfacies is interpreted to have
been formed along a moderate- to low- energy lake margin, such as along an embayment.
Corresponding moderate- to low- energy shallow littoral sandstones include arenite, subarenite,
and wacke, intercalated with shallow littoral mudstones and shales.
High-energy lake margin deposits include arenite and conglomeratic arenite (6C, D,
Table A). The base is sharp, flat, erosional, and laterally persistent up to 200 m. Beds are thicklaminated to thin-bedded, and contain low-angle tabular and tangential cross beds and cross
ripple laminations. Grains are normal and reverse graded, well rounded to subrounded, well- to
moderately- sorted, and some preferentially oriented parallel to bedding. Lithics are
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predominantly intraclastic sedimentary grains and mud chips, suggesting local reworking of
marginal deposits by waves. High grain/matrix (G/M) ratios, low matrix/(cement + porosity)
(M/(C+P)) ratios, and lack of plant and skeletal debris suggest wave winnowing of fines.
Grains containing thin clay coatings may have been formed in a subaerial environment. The
deposits are interpreted to have been formed along a high-energy lake margin, such as along a
beach. Corresponding shallow littoral deposits include arenite, subarenite, and minor wacke,
wherein grain size and overall lack of mud are interpreted to represent shallow littoral
sedimentation along a high-energy lake margin.

Deltaic sandstone subfacies. Deltaic sandstones include arenite, conglomeratic arenite,
and subarenite, deposited in the delta front environment, within the shallow littoral zone, and
distal delta front arenites, subarenites, and wackes, occurring within in the sublittoral zone
(Fig. 6E, F, Table A). The facies association generally occurs as distal delta front deposits
overlying prodeltaic shale, and grading upward into delta front deposits. They occur in
uppermost Lucaogou in SW Tarlong, and basal Hongyanchi in NE and SE Tarlong.
Distal delta front sandstones are 2 cm – 3 m thick, and the deposits are laterally
persistent up to 200 m. They are well laminated to thin-bedded, with cross and climbing ripple
laminations, intercalations of shale, reverse grading, and scattered plant debris. A relatively
high M/(C+P) indicates suspension settling of fines below wave base. Tangential and concavoconvex grain contacts suggest great compaction following deposition. Internal erosional
surfaces separate fining-up laminae, which may be interpreted as storm deposit or turbidite
(Fig. 6F).
Delta front sandstones are commonly interbedded with conglomerate, and overlie
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gradationally distal delta front sandstones. They are 0.5 m – 3 m thick, laterally persistent over
5 – 100 m, and have a lenticular geometry with a gradational or erosional concave base and
top. Beds contain low- to high- angle tabular and tangential cross beds, accretionary and
internal erosional surfaces, climbing ripple laminations, and imbrication. Beds commonly
contain a coarsening-upward lower part and fining-upward upper part. Lithic grains are
composed of both local sedimentary intraclasts and detrital igneous grains, suggesting local
reworking in addition to sediments derived from or supplied by fluvial systems. Mud chips and
scattered plants are common, and minor superficial ooids. M/(C+P) is low, indicating
winnowing of fines; cements include patchy poikilotopic calcite cement, interpreted to be
replacing primary interparticle porosity, and minor pendant cements. Minor occurrence of
superficial ooids may indicate evaporative conditions associated with lake contraction, and
minor pendant cements may indicate exposure of the delta front by extreme lake contraction,
forming vadose conditions.

Turbidite sandstone subfacies. As described by Yang et al. (2010), the turbidites
include arenites, subarenites, and wackes, and occur as 1 – 5 cm thick beds within the littoral to
profundal sandstone and shale subfacies (Fig. 6F, Table A). They are most common in thick
packages of profundal shale of Hongyanchi in NE Tarlong. The base is sharp, even, with less
than 5 cm of relief, and they are laterally continuous over 50 – 500 m, as seen in NE Tarlong
sections measured at a 100 – m scale. Grains range from silt to granule, poorly- to well- sorted,
subrounded to rounded, and in thin section appear to be weakly aligned parallel to bedding.
Extreme lateral continuity suggests that turbidite sedimentation, triggered by a major storm or
tectonic event, spreads far across the basin floor. Clusters of turbidites within profundal shale
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may indicate increased storminess (Osleger et al., 2009), or increased tectonism (i.e., turbidites
triggered by earthquakes) along border faults.

4.3.

Mudrock lithofacies
The mudrock lithofacies include mudstones (massive mudrock) and shales (laminated

mudrock), and occur in fluvial overbank, delta plain, mudflat, shallow littoral, sublittoral,
prodeltaic, and profundal environments (Fig. 7; Table A). Depositional environmental
interpretation is based on mineral composition, sedimentary texture and structure, fossil
content, and facies associations. They are generally the most laterally persistent lithofacies,
particularly in the lacustrine environment, where deposits may persist over distances of 500 m
to graben-wide.

Fluvial overbank mudrock subfacies. Floodplain deposits in the overbank environment
are mudrocks that are commonly silty and sandy, and occur with fluvial sandstone subfacies.
They are 2 – 50 cm thick, laterally persistent up to 200 m, and have a sharp, even base. They
are thick-laminated, and platy to blocky. Blockiness suggests possible minor pedogenic
alteration during subaerial exposure. The deposits contain abundant carbonized plant remains
up to 5 cm large, and subangular to subrounded mud chips 2 – 20 mm in size.

Delta plain mudrock subfacies. The delta plain mudrock subfacies includes shale and
mudstone with silt and very find sand, and minor wacke, subarenite, and arenite, and occur
with deltaic sandstone and conglomerate subfacies (Fig. 7A). The mudrocks are generally less
than 1 m thick, and laterally persistent up to 200 m. They are laminated to massive and may
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have experienced minor pedogenic alteration. The deposits are organic-rich, containing
scattered plants and charophytes. Rhizoconcretions are 0.5 – 1 mm in diameter and randomly
oriented, suggesting swamp/marsh environments. Rare ostracods and algal clasts, mud chips,
internal erosional surfaces, and climbing ripple laminae indicate local reworking, whereas
abundant igneous lithic grains suggests distant transport of grains.

Shallow littoral mudrock subfacies. Shallow littoral mudstones and minor shales form
under shallow, low wave-energy conditions, such as in an embayment, mudflat, or away from a
deltaic depocenter (Fig. 7C). They are 2 cm – 5 m thick, laterally persistent over 10 – 500 m,
and have a sharp to gradational, uneven base and top. Beds are thick-laminated to massive,
platy to blocky. The blocks are angular; some are variegated, suggesting episodic exposure and
pedogenesis during lake-level fall. They contain silt to fine sand, and occur with littoral and
sublittoral sandstone and mudrock subfacies. Sparse scattered plants, mud chips, sub-mmlaminations, and cryptalgal laminations are also indicative of littoral lacustrine conditions.

Sublittoral mudrock subfacies. Sublittoral mudstones and shales occur with shallow
littoral sandstone and mudrock, and profundal shale subfacies (Fig. 7D). Beds are 2 cm – 5 m
thick, laterally persistent over 10 – 500 m. Base and top surfaces are sharp to gradational and
uneven. The shales are well thin- to sub-mm- laminated. They are calcareous, organic-rich, and
contain silt and sand, and minor mud chips, scattered plants, ostracods, conchostracans, and
rare fish scales and algal clasts. The subfacies has some sparry replacive calcite cement. Low
energy, subaqueous suspension deposition is interpreted on the basis of sub-mm-lamination,
and preservation of skeletal debris and fish scales. The absence of coarse siliciclastics and
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sparse plant remains suggest an environment away from a deltaic depocenter.

Prodeltaic mudrock subfacies. Prodeltaic shales occur with the deltaic sandstone
subfacies (Fig. 7E). Beds are 5 cm – 5 m thick, and laterally persistent over 10 – 500 m. They
are well laminated to thin-bedded, climbing ripple-laminated, and platy to fissile. They contain
silt and very fine sand with intercalated very fine-grained arenite, minor well rounded pebbles,
mud chips, sparse to abundant scattered plants, ostracods, and conchostracans. The subfacies
was interpreted as suspension deposits, which are winnowed mud and plant remains from the
delta front by waves. Intercalated arenites are interpreted as redeposited sediments from the
deltaic environment, turbidites, and/or storm deposits.

Profundal shale subfacies. Profundal shales occur with sublittoral mudrocks and
beneath limestones in fluctuating profundal HCs. They are interpreted to have been deposited
in the profundal lacustrine environment which is farthest away from the shoreline, or in the
sublittoral zone where coarse siliciclastic influx is minimal. They can form thick accumulations
of several meters, and may persist laterally over several kilometers. The beds contain welldefined thin to sub-mm-laminations. They are dark gray to grayish black, organic-rich, variably
calcareous; contain minor silt and sand, and a variable amount of well-preserved ostracods,
conchostracans, fish skeletons and scales, sparse scattered plants, and sparse mud chips.
Calcareous septarian nodules are present with a spherical to ellipsoid shape, bedding parallel,
and in some cases, contain well-preserved fish fossils in SW Tarlong (Fig. 7F), or crude oil in
NE Tarlong. Locally concentrated skeletal debris was interpreted as preservation in anoxic
bottom waters, reflecting the deepest part of the lake during maximum lake expansion.
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4.4.

Paleosol lithofacies
Paleosols occur in basal Hongyanchi as Protosols, identified by features indicative of

pedogenic alteration of floodplain or delta plain subfacies (Fig. 8A; Retallack, 2001; Mack,
2001). The stratal boudaries and geometries of Protosols are similar to parent lithofacies,
however, Protosol development commonly forms along horizons within the parent subfacies.
They commonly retain parent rock composition, texture, and structures, with the addition or
overprinting of features indicating soil-forming processes, such as desiccation and ped
formation. In addition to original texture and structures of the parent mudrock, they may be
massively bedded, blocky, and/or mottled.
Palustrine limestones are deposits interpreted to have formed in ponds on the floodplain
(Alonso-Zarza, 2002). They are generally calcareous mudstones and limestones, and occur in
SE Tarlong and SW Tarlong. Like the Protosols, they retain parent lithology and contain
features indicative of subaerial exposure. Desiccation cracks are absent, suggesting they were
either eroded or that environmental conditions probably remained relatively wet.
Rhizoconcretions and charophytes indicate a swampy or marshy area. Microscopically, they
may be brecciated with nodular texture of rounded granule-sized peds surrounded by calcite
spar replacing of original mud matrix, interpreted to have been formed by vadose water
infiltration, ped formation, and calcite precipitation in vadose zone or around groundwater
table (Fig. 8B, C). The occurrence of dissolutional channels filled with calcite spars and
dissolutionally rounded clasts suggest intense vadose infiltration and dissolution and
precipitation. In minor occurrences, 90 – 95% of the total sample is replacive cement, and
thick, isopachous cements occur with fan-shaped cements and cone-in-cone structures,
suggesting phreatic zone cementation, or post-depositional diagenetic processes (Fig. 8D).
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4.5.

Limestone lithofacies
Limestones occur in regressive lacustrine deposits of uppermost Lucaogou in NE

Tarlong, and basal Hongyanchi in SW Tarlong and SE Tarlong. They overlie littoral to
profundal mudrocks, and less commonly, littoral sandstones. Beds are 5 – 25 cm thick with
undulating upper and lower boundary resulting in thickness changes up to 20 cm. Beds are
laterally persistent for up to 500 m, and are useful as marker beds in the field. In NE Tarlong,
lime mudstones are organic-rich, with a white or tan weathered surface, and a black,
bituminous fresh surface. In SW Tarlong, organic-rich lime mudstones, wackestones, and
packstones occur. They are thin-bedded, massive, nodular, to sub-mm-laminated with local
coarse sand and granules and ostracods. In SE Tarlong, extensively pedogenically altered
argillaceous limestones are 5 – 10 cm thick and contain cryptalgal laminations, ostracods,
blackened coated grains, and scattered very coarse sand and granules. Formation of lacustrine
limestones may have been caused by oversaturation of calcium carbonate in lake water as a
result of increased evaporation and reduced river water influx. Thus, limestones may indicate a
relatively arid climatic condition (cf. Yang et al., 2011).

4.6.

Volcanic/volcaniclastic lithofacies
Bentonite subfacies. Bentonites are common graben-wide in basal Hongyanchi, present

in many fluvial-lacustrine deposits (Fig. 9B). They are 2 – 30 cm thick; in NE Tarlong, the
thickest (~35 cm) bentonite may be correlated across 500 m to a rhyolite bed. They are
commonly of a soapy texture, massive- to thin- laminated, and contain silt to granule sized
grains, skeletal algal fragments, plant debris, plagioclase phenocrysts, and zircons. Clay
minerals are often welded in bedding-parallel and other directions as a result of heat associated
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with ash fall. In addition to bentonite, tuffaceous sandstones and mudrocks are also common.
Tuffaceous mudrocks and sandstones are interpreted as the result of mixing of volcanic ash in
both fluvial and lacustrine environments with mud and sand, respectively. The origin of the
tuffs is unknown, but may be sourced from the active southern arc terrane, or by local riftrelated volcanism. In NE Tarlong, the tuffaceous deposits in basal Hongyanchi LC appear to be
related to the occurrence of a rhyolite.

Rhyolite subfacies. One rhyolite is present in lower Hongyanchi LC in NE Tarlong
(Figs. 9A). The base is sharp; bed thickness is 10’s of cm to ~2 m; the lateral extent is less than
200 m. It is red, tabular, and massive, and contains plagioclase and biotite phenocrysts and
zircons. In NE Tarlong, the rhyolite correlates with bentonites ~35 cm thick over ~0.5 km. The
rhyolite occurs stratigraphically above thick fluvial deposits, suggesting that the rhyolite may
have flowed along an ancient river valley.
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CHAPTER FIVE
DEPOSITIONAL SYSTEMS AND CYCLE TYPES

Fluvial and lacustrine environments respond to many climatic and tectonic forcing
mechanisms, which cause facies to rapidly migrate and form vertical stacking patterns that
reflect cyclic environmental change (Yang et al, 2010). Fluvial high-order cycles (HCs) are
formed by cycles of erosion followed by deposition, whereas lacustrine HCs are formed by
cycles of lake expansion and contraction. HCs rarely contain all possible component lithofacies
or depositional systems due to erosion or non-deposition. On the other hand, a component
lithofacies or depositional system may not be present in a stratigraphic section, but may be
present laterally within a time-correlative cycle. HC types were identified for uppermost
Lucaogou and basal Hongyanchi LCs (Figs. 10, 11; Yang et al., 2010).

5.1.

Fluvial high-order cycles
Fluvial HCs are characterized by a moderate to high-relief erosional base, overlain by a

fining-upward succession composed of conglomerates, sandstones, and mudrocks. They are
generally 0.5 – 6 m thick, and occur in basal Hongyanchi as braided and coarse meandering
stream HCs in NE Tarlong and Taodonggou (Fig. 10D, 11, Yang et al., 2010). The basal
conglomerates and sandstones commonly contain imbricated pebbles and rip-up clasts, and
were interpreted as channel lag and lower bar deposits, grading upward to lower and upper
point bar deposits. The point bar deposits are overlain by overbank lithofacies, including
floodplain shale and mudstone, Protosol, and thin tributary channel and crevasse splay
sandstones. Braided stream HCs have a lower-relief erosional base, and are less laterally
confined than coarse meandering stream HCs, which have a higher-relief erosional base and
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better-developed overbank deposits.
Successively stacked fluvial HCs indicate infilling of a fluvial valley, which may have
been caused by rapid source uplift and erosion, and/or greater precipitation and runoff caused
by shift to a more humid condition which promoted sediment yield and transport. Lake type
interpretation of fluvial HCs is speculative for a possible nearby lake if one existed: a coarse
meandering stream may indicate perennial flow, thus an over-filled lake, whereas a braided
stream may have been ephemeral and indicate a balance- to under- filled lake.

5.2.

Lacustrine high-order cycles
Lacustrine HCs are subdivided on the basis of lake subfacies and interpreted proximity

to a deltaic depocenter (Fig. 10A – C). Due to high subsidence rates in the basin, lacustrine
HCs commonly consist of a transgressive marginal subfacies, deepening-upward to a
maximum expansion subfacies, and a shallowing-upward marginal lithofacies. Thickness of
HCs and of individual component lithofacies is controlled by climate, tectonics, and
sedimentary processes, as well as topographic gradient of the lake margin.

Lake margin – littoral siliciclastic lacustrine HCs. Lake margin – littoral HCs have a
transgressive subfacies, deepening-upward to littoral subfacies, and shallowing-upward to
shallow littoral and Protosol subfacies (Fig. 10A). They are relatively thin, ranging from 0.5 –
3 m. The type of component lithofacies of lake margin – littoral HCs varies, depending on
depositional energy.
A low-energy lake margin – littoral cycle may be composed of a transgressive shoreline
sandstone, overlain by shallow littoral mudstones, deepening-upward to sublittoral shale, and
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shallowing-upward to shallow littoral mudstone, shoreline sandstone, mudstone, and Protosol.
Thick shoreline or marginal component lithofacies are common and indicate a stationary
shoreline and/or gradual, low-energy shoreline migration. Low-energy conditions may occur
on the low-gradient ramp margin, such as in an embayment or mud flat. Commonly, abundant
preserved plants suggest a marsh/swamp environment.
A high-energy lake margin – littoral cycle is composed of a transgressive shoreline or
beach sandstone or conglomerate, overlain by shallow littoral sandstone, sublittoral shale,
shallow littoral sandstone, regressive shoreline or beach sandstone or conglomerate, and
muddy Protosol. Shoreline and shallow littoral sediments are well washed, indicating wave
winnowing. Thin beach, shoreline, and marginal component lithofacies are common and
suggest rapid shoreline migration. This type of HC probably formed at a steep and/or highenergy lake margin, such as a windward margin. The depositional site would be away from, or
perhaps on the outer fringe of a delta headland.
Interpretations of controlling processes for lacustrine cycles takes into consideration the
vertical stacking patterns and lateral correlation of HCs, since several different types of
lacustrine HCs can develop at the same time at different sites within the graben (i.e., nearshore
vs. offshore areas, steep vs. shallow gradient margins). Due to the lack of thick coarse clastic
deposits, and abundance of reworked intraclasts within component lithofacies, low sediment
yield and transport and subdued source uplift were interpreted for lake margin – littoral cycles.
Alternately, the depositional site may have been located away from or on the fringe of a
fluvial-deltaic depocenter. Lack of anoxic, profundal shale and carbonates indicates circulated,
non-stratified lake water, suggesting lake turnover; however, a stratified deeper part of the lake
may exist away from the depositional site.
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Lacustrine – deltaic HCs. Lacustrine – deltaic HCs are composed of mainly deltaic
depositional systems, and have a vertical facies succession representing lake expansion, deltaic
infilling, and lake contraction (Fig. 10B). Cycles are ~0.5 – 7 m thick, and typically have a
transgressive beach or shoreline sandstone and/or conglomerate, which are overlain by
profundal or prodeltaic shale, followed by distal delta front siltstone and sandstone and delta
front sandstone and/or conglomerate, beach/shoreline sandstone, delta plain mudstone and
Protosol. Profundal deposits may contain many thin sandstone beds or laminae interpreted as
turbidites/storm deposits (Yang et al., 2010), or deposits during minor lake contractions. The
regressive delta plain and delta front facies may have lenticular sand bodies as distributary
channel deposits and channel mouth bar deposits, respectively. Abundant coarse-clastic deltaic
deposits may indicate high sediment transport to a balance- to over-filled lake, under high
precipitation and associated with high source uplift rate. Higher-energy lacustrine-deltaic HCs
contain more conglomerates, and often contain many stacked autogenic delta front cycles with
erosional bases, suggesting high sediment influx.

Fluctuating profundal mixed carbonate and siliciclastic HCs. The fluctuating profundal
HCs are ~0.5 – 5 m thick (Fig. 10C). The lack of thick coarse deposits suggests an
environment away from a river mouth or the absence of major river influx. It represents largeamplitude fluctuations of lake levels and great shoreline transgression and regression. The
cycles may contain a transgressive subfacies overlain by profundal shale, which, in turn, is
overlain by subfacies commonly containing beds of shale, sandstone, limestone, calcareous
shale, or possibly dolomitic shale. Thick profundal shale deposits suggest great basin
subsidence associated with lake expansion. Regressive limestones may indicate increased
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climatic aridity associated with lake contraction. Lack of coarse siliciclastics suggests subdued
source uplift, and/or the depositional site may have been away from a deltaic depocenter.

5.3.

Stacking patterns of high-order cycles
Stacking patterns of fluvial-lacustrine HCs reveal large-scale lake expansion and

contraction systems tracts, grouped as sequences and referred to as intermediate-order cycles
(ICs; Fig. 11; Yang et al., 2010). Similar to lithofacies within a HC, not all component HCs are
always present within an IC due to erosion or changes in long-term controlling processes,
hence the "complete" IC is described. A basal portion composed of braided stream HCs
indicates the onset of lake expansion at the end of lake-level lowstand. The braided stream HCs
are overlain by coarse meandering stream HCs, suggesting increased vegetation and climatic
humidity associated with lake expansion. Upward are transgressive lake margin – littoral HCs,
with maximum-expansion deposits getting thicker and deeper, and fluctuating profundal HCs
are formed during maximum expansion. Lacustrine-deltaic HCs are formed during lake-level
highstand, with paleosols becoming more abundant and thicker within individual HCs upward
during lake contraction. Regressive systems tracts include paleosol-dominated cycles. HCs and
ICs group into low-order cycles (LCs), formed under similar long-term climatic and tectonic
conditions (Yang et al., 2010).
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5.4.

One-dimensional sequence stratigraphic interpretation of measured sections
The Lucaogou-Hongyanchi low-order cycle boundary (LCB) was identified first on

individual sections in order to reconstruct facies architecture below and above the boundary
(Fig. 11). The type and magnitude of environmental shifts are highly variable in different
locations of the Tarlong-Taodonggou half-graben.

NE Tarlong. In TE Tarlong, uppermost Lucaogou is composed of fluctuating profundal
mixed carbonate and siliciclastic HCs, with thick profundal shales and thin, regressive
limestones (Fig. 11). Minimal siliciclastics and occurrence of limestones suggest an arid
condition at the end of Lucaogou time. Sub-mm-laminated, organic-rich shales indicate
stratified, anoxic bottom waters. The LCB is a high-relief erosional unconformity separating
fluctuating profundal deposits from overlying thick braided stream cycles in the basal
Hongyanchi. The braided stream HCs at basal Hongyanchi change laterally to overbank
tributary channel HCs, ~300 m west, and overbank crevasse splay HCs, ~200 m further west
(Fig. 11). Fluvial deposits represent a lake contraction, fluvial erosion and development of a
fluvial valley, followed by fluvial deposition. Paleocurrent measurements were recorded from
16 cross-beds from 4 different channel fills, and reflect an average southern paleoflow
direction (Fig. 11, Table B). The fluvial deposition suggests source uplift to the north and/or a
shift to more humid climate.
The basal Hongyanchi HCs and ICs in NE Tarlong represent the gradual large-scale
expansion of the Hongyanchi lake. This is evidenced by a ~40 m thick deepening-upward
fluvial-deltaic transition to thick profundal shale above the LCB, seen in three sections
measured at the 100-m scale in NE Tarlong (Fig. 11). Small-scale lake expansions and
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contractions occurred during overall Hongyanchi lake expansion, and are discussed in further
detail in Chapter 6. In general, transgressive deposits onlapped toward the east, and timeequivalent deltas prograded to the west, suggesting deepening to the west, and a
paleotopographic high and paleovalley to the east (or in the middle). The fluvial valley changes
upward to the site of shallow lacustrine deposition, deepening-upward to thick, profundal
shale. Coarse siliciclastics are overall decreasing-upward, suggesting reduced relief of source
area and/or enlargement of the catchment basin. Maximum expansion of the lake may have
been related to a thick rhyolite layer, which occurs beneath the profundal shales, by means of
volcanic damming.

Taodonggou. In Taodonggou, uppermost Lucaogou contains lake margin – littoral HCs
with a fluvial HC (Fig. 11). The LCB is an erosional unconformity separating shallow
lacustrine HCs from an overlying braided stream HC. The braided stream HC changes upward
to shallow-water deposits, indicating expansion of the Hongyanchi lake. Abundant coarse
siliciclastics in basal Hongyanchi suggests source uplift (to the north) under subhumid to
humid conditions, and if a nearby lake existed, it may have high sediment influx to a balance to
overfilled lake.

SE Tarlong. In SE Tarlong, uppermost Lucaogou contains fluctuating profundal HCs,
with implications of intra-cyclic shifts to more arid climate as in NE Tarlong (Fig. 11). The
LCB is a transgressive surface that separates profundal shale from overlying beach
conglomerate and deltaic cycles, suggesting a deltaic depocenter developed at the beginning of
Hongyanchi time. An influx of abundant coarse siliciclastics at the base of Hongyanchi LC
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corresponds to abundant coarse clastics in basal Hongyanchi in NE Tarlong and Taodonggou,
indicating graben-wide response to similar climatic and tectonic controlling processes. Yang et
al. (2010) suggested that the deltas may have been fed by streams in NE Tarlong, suggested by
paleocurrent data gathered in NE Tarlong as part of this study (Fig. 11, Table B). The deltaic
HCs change upward to littoral to profundal cycles containing carbonates. Great expansion of
Hongyanchi lake is indicated by overlying fluctuating profundal lacustrine HCs with turbidites.

SW Tarlong. In SW Tarlong, the Lucaogou-Hongyanchi boundary is seemingly
conformable, with the least magnitude of facies shift in the field area, thus making difficult the
identification of the LCB in the field. The LCB was identified by a transgressive surface
separating uppermost Lucaogou deltaic HCs from overlying thick shoreline deposits (Fig. 11).
The transgressive shoreline deposits change upward to fluctuating profundal HCs, indicating
expansion-deepening of the Hongyanchi lake. The transition to Hongyanchi profundal shale is
the thinnest in the study area, ~0.5 m thick, compared to the ~40 m thick fluvial-deltaic
deepening-upward transition to profundal shale in NE Tarlong. The profundal HCs of basal
Hongyanchi contain calcareous shales and regressive carbonate beds, with implications to
intra-cyclic shifts to more arid climate in the Hongyanchi lake. However, abundant
preservation of plants suggests overall semi-arid to subhumid conditions. Upward, the
profundal HCs are overlain by stacked deltaic cycles, indicating an episode of progradational
deltaic infilling of the Hongyanchi lake and a shift to more humid climate. Uppermost
Hongyanchi is capped by a graben-wide Calcisol and thick red beds of Quanzijie low-order
cycle (Yang et al., 2010).
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CHAPTER SIX
SEQUENCE STRATIGRAPHIC INTERPRETATION

The process-response sequence stratigraphic approach to correlating fluvial-lacustrine
cycles enables more accurate paleogeographic reconstructions for uppermost Lucaogou and
basal Hongyanchi, providing insights to potential causes for major environmental change. Due
to rapid lateral facies changes, many HCs cannot be correlated graben-wide. The processresponse approach attempts to correlate HCs of different type formed in response to similar
interpreted controlling processes, in addition to observable attributes (Yang, personal
communication, 2010). The low-order cycle boundary was identified first on individual
sections, as surfaces with a facies change and environmental shift of the greatest magnitude.
HCs were then grouped into ICs below and above the boundary on each section. Then,
correlation of ICs among all the measured sections was attempted. The correlation produced
time-equivalent ICs in the study area, and the paleogeographic reconstruction of individual ICs
was carried out. The result is a high-resolution three-dimensional distribution of successive
environment changes across the boundary (Fig. 11). A simplified stratigraphy across the loworder cycle boundary includes uppermost Lucaogou thick profundal shales, unconformably
overlain by a northeast-thickening Hongyanchi fluvial-deltaic wedge, overlain by thick shales.

6.1.

Paleogeography of uppermost Lucaogou
The uppermost Lucaogou LC, defined as the uppermost intermediate-order cycle in

each location, was deposited in a northeast-deepening, fluctuating profundal lake (Fig. 12A).
The interpretation is based on fluctuating profundal high-order cycles in Taodonggou, NE
Tarlong, and SE Tarlong, and deltaic cycles in SW Tarlong (Fig. 11). The paleogeography of
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uppermost Lucaogou would have been a laterally extensive lake, with shallow lacustrine and
fluvial deposition in Taodonggou, a deltaic depocenter in SW Tarlong on a ramp margin,
deepening toward SE Tarlong to distal deltaic/prodeltaic environment accumulating muddy
sediments, and deepening toward NE Tarlong to a profundal environment accumulating thick
shales, probably in the graben center along the base of the steep margin (Fig. 12A). Thus, the
lake is interpreted as a wide, deep, anoxic lake at end-Lucaogou time.

6.2.

The Lucaogou-Hongyanchi low-order cycle boundary
Environmental changes across the low-order cycle boundary vary at different locations

in the TTHG (Fig. 11). A high-relief erosional boundary separates uppermost Lucaogou
profundal shales from overlying braided stream conglomerates and sandstones in NE Tarlong
and Taodonggou, both suggesting a major regression and incision by a fluvial system from the
north. At a 500-m scale in NE Tarlong, the fluvial erosional boundary in the east becomes less
pronounced to the west, where a low-relief erosional boundary, indicated by rip-up clasts of
underlying shale, separates profundal deposits from overlying fluvial overbank or braidplain
deposits. In SE Tarlong, however, the boundary is a transgressive surface separating profundal
cycles from overlying beach and deltaic deposits. In SW Tarlong, the boundary is also a
transgressive surface separating deltaic cycles from overlying marginal and profundal cycles.
A speculation is that regression occurred in the north and transgression in the south, and deltas
shifted from southwest to southeast across the boundary.

6.3.

Paleogeography of basal Hongyanchi LC
The basal Hongyanchi LC is composed of a NE-thickening siliciclastic wedge of
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fluvial-deltaic and shallow lacustrine HCs and ICs that record an overall deepening-upward
transition representing Hongyanchi lake expansion (Fig. 11). The succession is capped by thick
graben-wide profundal shale accumulations, representing widespread expansion of the
Hongyanchi lake.
Thebasal Hongyanchi LC deposits that immediately overlie the low-order cycle
boundary are represented by braided stream conglomerates and sandstones in NE Tarlong and
Taodonggou, a highland in NE Tarlong, and a transgressive beach environment in SE and SW
Tarlong (Figs. 11, 12B). Initial lake expansion is interpreted from an upward change from
beach to deltaic deposits (Figs. 11, 12C). Paleocurrent directions in NE Tarlong, in addition to
cyclostratigraphic correlation, suggest that the northeast fluvial systems fed the southeastern
deltas (Fig. 11, Table B).
In NE Tarlong, an upward change from braided to coarse meandering streams is
interpreted from a shift to more laterally-confined channels, and the development of an
overbank at the 500-m scale to the west (Figs. 11, 12D). Overbank deposits include floodplain,
tributary channel, and crevasse splay deposits, associated with the thicker channel-fill and
point bar deposits to the east. Lake expansion is interpreted from a change from beach to
shallow littoral deposits in SW Tarlong, and distal deltaic and prodeltaic deposits in SE
Tarlong.
In SE and SW Tarlong, deltaic and littoral facies deepen upward, respectively, and in
NE Tarlong, fluvial deposits change upward to shallow-water fluvial-deltaic and mudflat
environments, indicating continued lake expansion (Figs. 11, 12E). At a 500-m scale in NE
Tarlong, the major, active fluvial channel migrated to the west, with a southeast paleoflow
direction (Figs. 11, 12F, Table B). The fluvial deposits are overlain by shallow littoral deposits,

36

which correspond to deeper-water deposits in SE and SW Tarlong (Figs. 11, 12G).
A major lake contraction is interpreted from regressive lake margin deposits in NE
Tarlong, the absence of deltas in SE Tarlong, and calcareous shales interpreted as regressive
shallow-water deposits in SW Tarlong (Figs. 11, 12H). In NE Tarlong, a rhyolite occurs, that
occurs within 500 m to the west as a 30 cm-thick tuffaceous sandy mudstones, interpreted as
ash-fall associated with eruption of the rhyolite. The paleogeography is interpreted as a
paleotopographic high in NE Tarlong, deepening toward SW and SE Tarlong (Fig. 12H). A
mixed carbonate-siliciclastic lacustrine expansion-contraction cycle in SE Tarlong pinches out
to the north and west, suggesting deepening to the southeast.
Following deposition of the rhyolite and widespread lake-level lowstand, the
Hongyanchi lake underwent a major expansion, when profundal lacustrine environments
prevailed on all measured sections (Figs. 11, 12I). The giant Hongyanchi lake was deepest in
NE Tarlong, based on greatest relative thickness and number of fluctuating profundal HCs.
Overlying the shale sequence in SW Tarlong are deltaic HCs, suggesting an approaching
deltaic depocenter. The paleogeography of a northeast-deepening lake is similar to that of endLucaogou time.

6.4.

Speculation of controlling processes
Fluctuating profundal cycles of uppermost Lucaogou lake suggest the lake was

probably balance-filled to overfilled, in a semi-arid to subhumid climate (Yang, 2010).
Regressive limestone beds may indicate intra-cyclic climatic shifts to more arid climate. Submm-laminated, organic-rich shales indicate stratified, anoxic bottom waters, and dropstones
suggest seasonally frozen lakes. More rapid subsidence is interpreted in NE Tarlong based on
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entire thickness of Lucaogou and Hongyanchi LCs (Yang et al., 2010), and substantially thick
profundal shale accumulations in NE Tarlong. No evidence of lake contraction toward the loworder cycle boundary is observed, even where erosion along the boundary was minimal,
suggesting either rapid lake contraction, or removal of lake contraction deposits by erosion at
the boundary.
Potential causes for major contraction of the uppermost Lucaogou lake include
increased aridity, sediment infilling, catastrophic spill-point lowering, and/or uplift of the lake
margin due to tectonic movement. Source uplift to the north is suggested by significant erosion
at the low-order cycle boundary in Taodonggou and NE Tarlong with a southern paleoflow
direction, a paleotopographic high in NE Tarlong, shoreline transgression in SE and SW
Tarlong, and rapid deepening in SW Tarlong. The northeast-thickening basal Hongyanchi
fluvial-deltaic siliciclastic wedge suggests uplift to the northeast, and progradational infilling
toward the south. They, in fact, may indicate a tilted lake basin, causing regression in the north
and transgression in the south. A rhyolite in the northeast suggests uplift may have been related
to volcanic doming or extrusion along the border fault. The modern analog is Yellowstone
Lake, which has been tilted due to volcanic dome uplift (Morgan et al., 2007).
The Hongyanchi lake was overfilled, subhumid to humid, and seasonal, with a rapidly
subsiding basin floor, and rapidly uplifting source area to the northeast. Lake expansion may
have been caused by increased precipitation and runoff to the basin, basin subsidence, uplift of
the spill point, and/or damming of the spillway by volcanic or glacial deposits. The gradual
lake expansion, marked by cyclic small-scale lake-level fluctuations, is in contrast to the
sudden lake contraction observed at the low-order cycle boundary. Whereas the drastic
environmental change and sudden influx of sediments across the low-order cycle boundary
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may have been caused by a major tectonic event, gradual Hongyanchi lake expansion and
infilling of the basin with water and sediments may be attributed to increased climatic
humidity, precipitation, and runoff. The possible cause for the shift to a giant Hongyanchi lake
could have been a catastrophic raising of spill point, such as by volcanic damming of the
spillway.
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CHAPTER SEVEN
CONCLUSIONS

The Lucaogou-Hongyanchi low-order cycle boundary is a disconformity that separates
different facies and environment types along the boundary, and is defined by a large magnitude
of environmental shift across the boundary. A detailed outcrop and petrographic study of
uppermost Lucaogou and basal Hongyanchi LCs across the Tarlong-Taodonggou half-graben
was performed in order to evaluate the nature of facies along the low-order cycle boundary,
and to interpret potential cause(s) for drastic environmental change across the boundary.
Depositional environments and conditions were interpreted, and primary fluvial-lacustrine
high-order cycles were delineated. Climatic and tectonic controlling processes in a half-graben
setting were interpreted to aid in sequence stratigraphic correlation of HCs and ICs formed
under similar conditions. A high-resolution sequence-stratigraphic reconstruction of
environments across the Lucaogou-Hongyanchi LCB enables a more accurate reconstruction of
paleogeographic evolution, illustrates the environmental reconfiguration across the boundary
as a response to controlling processes, and provides insights to the origins of the major
stratigraphic boundary.
The uppermost Lucaogou was deposited during graben-wide lake expansion-deepening
of a northeast-deepening, widespread, anoxic lake. The Lucaogou-Hongyanchi low-order cycle
boundary is an erosional unconformity, along which laterally becomes more gradational. The
type and magnitude of environmental shifts across the boundary vary greatly across the halfgraben. Graben-wide, the basal Hongyanchi deposits include regressive fluvial systems in NE
Tarlong and Taodonggou, and transgressive deposits in SE and SW Tarlong. A simplified
stratigraphy across the low-order cycle boundary includes uppermost Lucaogou thick
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profundal shales, unconformably overlain by a northeast-thickening Hongyanchi fluvial-deltaic
wedge, overlain by thick profundal shales (Fig. 11).The northeast-thickening wedge suggests
source uplift to the northeast, and deltaic progradation toward the south. The low-order cycle
boundary may represent an event that tilted the lake basin, causing northern regression and
southern transgression. The basal Hongyanchi deposits represent increased sediment and water
fill during lake expansion-deepening, interpreted to have been caused by increased
precipitation/evaporation ratio. Widespread lake expansion may be related to volcanic
damming of the spill point, suggested by the occurrence of a rhyolite in NE Tarlong, overlain
by thick profundal shales.

7.1.

Implications
The reconstructed high-resolution stratigraphic architecture across the LCB may be

useful toward the identification and interpretation of major stratigraphic boundaries in other
nonmarine half-graben. Insights may be provided into the interpretation and differentiation of
climatic, tectonic, and autogenic processes that affect other ancient fluvial-lacustrine deposits.
Rift-related tectonic interpretations based on sedimentary facies and sequence stratigraphy may
be useful to interpreting other half-graben where rift-related structures are tectonically
overprinted by younger orogenic events (Withjack et al., 2002). Paleoenvironmental and
paleoclimatic interpretations may be useful for terrestrial climate models for northeastern
Pangea during the Lower Permian, with implications for better understanding the contributing
factors of Earth’s greatest mass extinction, the end-Permian (Erwin, 1993; Yang et al., 2010).
Results may provide regional significance by serving as an outcrop and petrographic analog to
the basin-fills of other half-graben in the Turpan-Junggar Basin. The 3-D distribution of
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potential reservoir sandstones and conglomerates, and organic-rich shales that serve as highquality source and seals could serve as a potential model to guide hydrocarbon exploration in
the adjacent Turpan-Hami Basin.

7.2.

Future studies
Geochemical methods may benefit the understanding of causes for drastic

environmental change at the LCB. Oxygen isotopic data from ostracod shells may provide
information about lake temperature. Carbon isotopic data from calcareous nodules and organic
matter may provide information about climate and vegetation types (C3 and C4 plants). Lake
chemistry may be evaluated by analyzing inorganic calcite precipitates, such as ooid coatings,
using an electron microprobe. Clay mineralogy of profundal shales using X-ray Diffraction
may provide insights into continental weathering processes. Finally, in order to evaluate the
regional extent of environmental change at the LCB, the boundary could be identified in other
half-graben of the Turpan-Junggar Basin using subsurface seismic data.
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APPENDIX A
FIGURES

Figure 1. (A) Map showing the study area in Xinjiang, NW China. (B) Paleotectonic and
paleogeographic reconstruction of Pangea from Scotese (2001), showing the study area
(star) in the easternmost Kazakhstan Plate. (C) Geological map of eastern Xinjiang,
showing location of the Tarlong-Taodonggou study area, southern Bogda Mountains. The
Bogda Mountains is an anticline with Devonian and Carboniferous rocks in the core and
Permian, Triassic, Jurassic, Cretaceous, and Tertiary rocks on the flanks; it separates
Turpan-Hami Basin in the south from the eastern Junggar Basin in the north, all of which
are located in the easternmost part of the Kazakhastan Plate, Central Asia. (D) Geological
map of the study area, a syncline, showing locations of previously measured sections by
Yang et al. (2010) across the Lucaogou and Hongyanchi low-order cycle boundary in
Taodonggou, NE Tarlong, and SE Tarlong, and also sections measured as part of this study
during the summer of 2009 in NE Tarlong (B09-E and B09-W), and SW Tarlong. Base
maps are 1:10,000-scale topographic maps. Modified from Yang et al. (2010).

Figure 2. Chrono-, litho-, and cyclo- stratigraphy of Permian-Triassic strata in the NE Tarlong
and Taodonggou sections, from Yang et al. (2010). Absolute ages at stage boundaries from
Gradstein et al. (2004); lithostratigraphic and chronostratigraphy synthesized from Zhang
(1981), Liao et al. (1987), Wartes et al. (2002), and Zhu et al. (2005). Hachured areas
indicate missing strata, wavy lines are major unconformities, and dashed lines indicate
uncertain age correlations.
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Figure 3. Schematic three-dimensional diagram showing possible configuration of the TarlongTaodonggou half graben, speculated facies distribution, and controlling climatic, tectonic,
and sedimentary processes active during Lower Permian time. Purple bars indicate
locations and relative thickness of entire Lucaogou and Hongyanchi low-order cycles.
Possible fluvial-lacustrine depositional systems include (A) Coarse deposits along steep
margin, (B) Fluvial and deltaic deposits along rift axis, (C) fluvial and deltaic deposits on
ramp margin, (D) Profundal siliciclastic and chemical deposits, (E) Profundal sediment
gravity flows. Modified from Yang et al. (2010).

Figure 4. Schematic block diagram illustrating major depositional environments in map view
and cross section of uppermost Lucaogou and basal Hongyanchi LCs. Note that this is not a
paleogeographic reconstruction because not all depositional environments may have
occurred in the study area during the same time. Siliciclastic-dominated environments are
located proximal to a fluvial source, whereas carbonate environments are located away
from locations of major clastic sediment influx.

Figure 5. Outcrop photos of conglomerate lithofacies. (A) Channel lag with high-relief
erosional surface, imbricated pebbles at base, NE Tarlong; (B) Interbedded point
bar/overbank sandstone and conglomerate channel fills, NE Tarlong; (C) Flat to undulating
transgressive surface separating profundal shale from overlying beach sandstone
conglomerate at the Lucaogou-Hongyanchi low-order cycle boundary, SE Tarlong; (D)
Lenticular channel mouth bar deposit, laterally changing to delta plain mudstone, NE
Tarlong.
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Figure 6. Photomicrographs of fluvial-lacustrine sandstone and siltstone lithofacies. (A) Lithic
arenite, interpreted as an overbank/tributary channel deposit containing reworked lacustrine
superficial ooids, XL, stained for calcite; NE Tarlong, B09-N1; (B) Calcite spar-filled root
burrow in muddy siltstone with organic matter and concentric laminae, interpreted as an
overbank deposit, PL, stained for calcite; NE Tarlong, B09-N8; (C) Lithic arenite,
containing mudstone and limestone intraclasts, interpreted as a high-energy lake margin
deposit, PL; NE Tarlong, B09-N18; (D) Conglomeratic arenite, containing well-rounded
detrital grains and elongate mud rip-ups, interpreted as a high-energy lake margin deposit,
PL; NE Tarlong, B09-N23. (E) Lithic arenite, containing well rounded igneous lithics and
detrital grains, interpreted as wave-winnowed deltaic sandstones; PL; NE Tarlong, B09N6; (F) Interlaminated silty mudstone and subarenite, internal erosional surface with
abundant iron oxides and coarser lamination, interpreted as a storm deposit; PL; NE
Tarlong, B09-N11; (G) Arenite, containing detrital and limestone grains, interpreted as a
shallow littoral sandstone, PL; NE Tarlong, B09-N14; (H) Subarenite, showing internal
erosional surface and finer-grained laminae containing organic matter, interpreted as a lowenergy shallow littoral sandstone, PL; NE Tarlong, B09-N19.

Figure 7. Photomicrographs of fluvial-lacustrine mudrock lithofacies: (A) Calcite-filled
burrow, scattered plant debris, and silt in argillaceous calcareous mudstone, interpreted as
floodplain, delta plain, or mudflat environment, PL, stained; NE Tarlong, B09-N2(a); (B)
Ostracods in calcareous shale, interpreted as a shallow littoral to sublittoral deposit, PL,
stained for calcite; SW Tarlong, B09-17; (C) Dolomitic cryptalgal laminations in
argillaceous micrite, containing (algal?) intraclasts, interpreted as a sublittoral deposit, PL,
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stained; SW Tarlong B09-15; (D) Cryptalgal laminations in calcareous shale, interpreted as
a sublittoral deposit, PL, stained; SW Tarlong, B09-7; (E) Internal erosional surface
separating arenite from underlying mudstone, containing abundant scattered plants,
interpreted as a prodeltaic deposit, PL; NE Tarlong HYC, B09-N4; (F) Large calcareous
nodule occurring in black, fissile shale, containing extremely well-preserved fish scales and
fins, interpreted as a profundal deposit, SW Tarlong.

Figure 8. Outcrop photo and photomicrographs of Protosols. (A) Floodplain Protosol, showing
variegated purple/green color and rounded, blocky weathering pattern suggesting subaerial
exposure; grades laterally to fluvial sandstone and conglomerate, NE Tarlong; (B and C)
Photomicrographs of Protosol from (A) showing nodular, brecciated texture of mudstone,
forming peds with calcite cements, and calcite-cemented root tubes, PL and stained for
calcite in (C); NE Tarlong, B09-N2(a); (D) Pervasive calcite cementation of original
mudstone, interpreted as pedogenic/palustrine autobrecciated feature, XL; SW Tarlong,
B09-9.

Figure 9. Outcrop and photomicrograph of thick volcanic rhyolite in NE Tarlong, exposed
~500 m to the west as a ~30 cm-thick tuff. (A) Rhyolite layer, red, background; petrified
wood in foreground; NE Tarlong; (B) Tuffaceous silty mudstone, showing welding of clay
minerals, interpreted to have formed by heat alteration, PL; NE Tarlong, B09-N5.
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Figure 10. Examples of fluvial-lacustrine high-order cycle types of uppermost Lucaogou and
basal Hongyanchi LCs. Descriptions and interpretations are shown to the right of the
stratigraphic columns, and interpreted curves representing changes in depositional
environment, lake type, climate, and tectonics are shown to the left of the columns.
Methods of interpretation described in text. Explanations adapted from Yang et al. (2010).
(A) Lake margin – littoral cycle, from NE Tarlong, basal Hongyanchi. (B) Fluctuating
profundal lacustrine cycle, SW Tarlong, basal Hongyanchi. Two fluctuating profundal
lacustrine cycles, wherein the lower cycle is more calcareous and thicker than the overlying
cycle. (C) Deltaic cycle, NE Tarlong, basal Hongyanchi. (D) Fluvial cycle, NE Tarlong,
basal Hongyanchi.

Figure 11. Sequence stratigraphic correlation of uppermost Lucaogou and basal Hongyanchi.
The low-order cycle boundary is the datum. (A – Plate) Plot of measured and interpreted
sections and cyclostratigraphic correlation results across the low-order cycle boundary.
Transgressive components are shaded blue, and highstand components red. Interpretation
of lake center and relative extent of expansion indicated by blue/red triangles, adapted from
Yang et al. (2009). Correlation of time-equivalent lithofacies provides the basis for
paleogeographic reconstructions; the letters A – I, to the right of the plot, correspond to the
stages of paleogeographic evolution of Figure 12. (B) Fence diagram of the uppermost
Lucaogou sequence (blue shaded) and basal Hongyanchi sequences representing lake
expansion (yellow shaded), overlain by graben-wide profundal shale. Distances between
sections are to scale. The two-dimensional correlation of (A) provides the basis for the
three-dimensional fence diagram of (B).
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Figure 12. Stages of paleogeographic evolution from (A) the uppermost Lucaogou lake, (B) the
low-order cycle boundary, and (C – I) gradual expansion-deepening of the Hongyanchi
lake. Stages described in detail in text.
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Depositional
environment

Lake Climate Tectonics
type (P/E)

A. Lake margin - littoral cycle
Arenite, subarenite. Thick laminated to thin bedded,
high angle tabular and tangential cross beds, grading
upward to blocky mudstone. Lake margin deposits.
Mudstone, blocky to platy, thick laminated to thin
bedded. Shallow littoral.
Shale, silty, platy to fissile, thin laminated, laterally
persistent over 50 m. Sublittoral.
Subarenite, grading upward to silty mudstone, rare
ostracods. Shallow littoral.
Arenite, well sorted, normally graded. Thin bedded,
5-10 cm high-angular tabular and tangential cross
beds, and 2-4 cm thick intercalations of calcareous
shale, platy with thick laminations. Grains are dominantly mud rip-ups. Moderate to low energy shoreline
deposits.

B. Deltaic lacustrine cycle
Arenite, well sorted, reverse graded lower part,
normally graded upper part. Contains 5-7 cm tangential cross beds. Fining upward to mudstone/shale,
silty, platy, thick laminated. Delta front or regressive
shoreline sandstone, overlain by delta plain mudrock.
Conglomeratic arenite, reverse graded lower part,
normally graded upper part. Thin bedded. Delta front.
Arenite, well sorted, thin bedded. Gradational base,
with intercalations of subarenite to wacke, reverse
graded. Distal delta front.
Shale, silty, dark colored, platy to fissile, well laminated, minor ostracods. Prodeltaic.
Conglomeratic arenite, thin bedded, sandy mudstone
intercalations, sharp base, normally graded upward to
arenite/subarenite with shale intercalations. Highenergy beach deposits, deepening upward to shallow
littoral.

(meters)

Figure 10
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Depositional
environment

Lake Climate Tectonics
type (P/E)

C. Profundal lacustrine cycle
Subarenite, cross ripple laminated. Shallow littoral to lake margin.
Shale, profundal.
Organic-rich calcareous silty shale/marl,
sub-mm-laminated, may contain cryptalgal
laminations. Shallow littoral to sublittoral.
Shale, dark gray to black, fissile, mm- to
sub mm- laminated, silty. Contains
ostracods; calcareous nodules contain
well-preserved fish fossils. Increasingly
calcareous upward. Profundal to
sublittoral.

D. Fluvial cycle
Subarenite, wacke,
sandy and silty shale,
normally graded. Platy
to blocky, massive to
thin laminated.
Overbank deposits.
Interbedded arenite and
conglomerate, thin to
medium bedded, 15-30
cm high-angle crossbeds, internal erosional
surfaces. Normally
graded. Upper point
bar deposits.

(meters)

Clast-supported lithic pebble conglomerate. Medium
to thick bedded with 15-30
cm high angle cross beds,
internal erosional surfaces,
imbrication. High-relief
erosional base of ~1 m.
Becomes medium to thin
bedded upward. Channel
lag and lower point bar
deposits.

Figure 10 (continued)
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APPENDIX B
LITHOFACIES, MICROSCOPIC OBSERVATIONS AND XRD RESULTS
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Symbol Occurrence

Color

Texture

Structure

Yelloworange
to
greengray

Clast-supported conglomerate
Cf
1. Fluvial
conglomerate

Basal
Hongyanchi
in NE Tarlong
and
Taodonggou;
uppermost
Lucaogou in
Taodonggou.

Clast-supported
lithic pebble- to
cobbleconglomerate,
sandstone lenses,
subrounded to
round, sandy
matrix.

Normal and local
reverse grading,
sorting increases
upward, grain
alignment and
imbrication. Thin- to
medium- bedded,
internal erosional
surfaces, high-angle
tabular and trough
cross beds, mud ripups.

Cb
2. Beach
conglomerate

Basal
Orange- Clast-supported
Hongyanchi
tan
lithic pebble
in SE
conglomerate,
Tarlong; basal
sandstone lenses,
Hongyanchi
subrounded to
in NE and SW
rounded, wellTarlong.
washed, sandy
matrix,
intercalations of
very fine sandy
shale.

Normal and reverse
grading, imbrication.
Thin-bedded, planebedded, and crude
low-angle tabular
cross beds.

Cd
3. Delta
front
conglomerate

Uppermost
Lucaogou in
SW Tarlong;
basal
Hongyanchi
in SE
Tarlong.

Reverse and local
normal grading,
imbrication. Thicklaminated, massive to
thin-bedded, planebedded and low-angle
tabular cross beds.

Tanorange,
greengray
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Clast-supported
lithic pebble- to
cobbleconglomerate,
sandstone lenses
10's of cm-thick,
subround to
rounded, sandy
matrix.

Fossils

Stratal geometry,
boundary relationship,
thickness, lithofacies
association

Depositional environment

Common carbonized
plant-stick remains,
detrital grains, and
reworked lacustrine
grains such as
ostracods and
superficial ooids.

<10 cm to ~6 m thick;
laterally non-persistent over
20 - 100 m, rapid lateral
thickness change up to 10
m. High-relief erosional
base, 10 cm - 2 m relief.
Fining upward to Sf and
Mf; laterally changes to Sf,
Mf, Pf.

High energy, unidirectional
flow. Channel lag, lower point
bar, and overbank distributary
channel deposits. Braided and
coarse meandering streams.
Meandering stream deposits are
more laterally confined, and
contain a greater amount of
associated floodplain deposits
than do braided stream deposits.

Rare ostracods,
scattered plants.

0.5 - 1 m thick. Laterally
persistent over 50 - 200 m.
Sharp, flat, erosional base,
fining and deepening
upward to Sb, Sl.

High energy beach
environment.

Rare scattered plants,
rare ostracods.

0.5 - 3 m thick, laterally
persistent over 5 - 100 m,
interfingering with deltaic
sandstones. Lenticular, with
slightly concave base and
top. Base is sharp/erosional,
or coarsening and
shallowing upward from
Sd. Upper surface fining
and shallowing upward to
Mdp, or erosional.

High energy, channel mouth bar
deposits, delta front
environment. Multiple erosional
surfaces and imbrication
directions may indicate high
wave energy, multi-directional
progradation suggestive of
braided deltas. Erosional upper
surface indicates wave
reworking.
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Sandstone
4. Fluvial sandstone
Sf Basal
4a. CoarseHongyanchi in
grained fluvial
NE Tarlong
sandstone
and
Taodonggou.

4b. Finegrained fluvial
sandstone

So

Basal
Hongyanchi in
NE Tarlong.

Tanorange

Lithic arenite,
conglomeratic
arenite; silt to
very coarsegrained, minor
granules,
moderately- to
poorly- sorted,
subangular to
rounded, equant
to elongate.
Intercalations
(2-4 cm) of
platy silty
mudstone.

Normal grading,
grain alignment
and imbrication.
Mud rip-ups
increasing upward.
Thin- to mediumbedded, low-angle
thin tabular cross
beds and cross
ripple laminations,
internal erosional
surfaces.

Yellowtan

Lithic arenite to
wacke; silt to
very coarsegrained,
moderately- to
well- sorted,
subrounded to
rounded.
Intercalations
of shale, silty,
laminated.

Reverse grading
and sorting
decreases upward
in lower part;
normal grading
and sorting
increases upward
in upper part.
Grain alignment.
Thick-laminated to
thin-bedded.

Lithic arenite,
subarenite, and
wacke; silt to
very coarsegrained, minor
granules,
moderately- to
well- sorted,
subangular to
well rounded.
2-4 cm shale
intercalations,
platy

Normal and
reverse grading.
Thin- to mediumbedded, with 5-10
cm high-angle
tabular and
tangential cross
beds; climbing
ripple laminations.

5. Lake margin and shallow littoral sandstone
Yellow5a. Low energy Ss Basal
Hongyanchi in tan, gray
lake margin
NE Tarlong;
sandstone
uppermost
Lucaogou and
basal
Hongyanchi in
SW Tarlong.
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Abundant plant
imprints (1-40 mm)
and carbonized plant
remains.

0.5 cm - 1 m thick; laterally
persistent over 10 - 200 m.
Lenticular, intercalated with
Cf, Mf, and fining upward to
Mf. Lower boundary sharp,
uneven over 15 cm - 1 m.

Upper point bar and overbank
tributary channel and crevasse
splay deposits.

Minor plant remains.

0.5 - 1 m thick, laterally nonpersistent over ~50 m.
Gradational base, coarsening
upward from Sf, Mf, or Pf;
alternately, has a sharp, even
base.

Fluvial overbank tributary
channel and crevasse splay
deposits, or distributary deposits
in the delta plain to shallow
delta front environment.

Abundant plant-stick
imprints on bedding
plane, rare large
petrified wood (10 cm
diameter, 2.5 m long),
scattered plant debris,
and ostracods.

2 cm - 3 m thick, laterally
persistent over 10 - 200 m. If
transgressive, will have a
sharp, erosional base,
overlain by Sl, Ml). If
regressive, grades upward
from underlying Sl, Ml, and
overlain by Mdp, Pc.

Moderate to low energy
shoreline deposits, mudflat or
embayment environment. Mud
intercalations represent minor
lake level fluctuation and
suspension deposition.
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5b. High
energy
beach
sandstone

Sb

Basal
Hongyanchi
in NE and SE
Tarlong.

Yellowtan,
graygreen

5c. Low
energy
shallow
littoral
sandstone

Sl

Basal
Hongyanchi
in NE and SE
Tarlong.

Greengray

5d. High
energy
shallow
littoral
sandstone

Ssd Basal
Hongyanchi
in SE
Tarlong.

Yellowbrown,
orange,
gray,
green

Lithic arenite
and
conglomeratic
arenite; very
fine- to very
coarse- grained,
minor granules,
moderately- to
well- sorted,
subrounded to
well rounded,
equant,
tangential
contacts.
Intercalations of
shale.
Lithic arenite to
subarenite; very
fine- to coarsegrained,
moderately wellto well- sorted,
subrounded to
well rounded.

Sorting and mud
increasing upward;
grain alignment.
Thick laminated to
thin-bedded, 2-10 cm
low-angle tabular and
tangential cross beds.

Lithic arenite,
subarenite, and
wacke; very
fine-grained,
minor granules
and pebbles,
conglomeratic
lenses.
Moderately- to
well- sorted,
subangular to
subrounded.
Discontinuous
lenses of silty,
thick-laminated
to platy shale.
Mud increasing
upward.

Thick-laminated to
thin-bedded, low- to
high- angle tabular
cross beds 5-10 cm
thick.
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Normal grading
(transgressive) or
reverse grading
(regressive). Thicklaminated to thinbedded, high-angle
10-15 cm tabular and
tangential cross beds;
climbing ripple
laminations.

Rare disseminated
plants, ostracods.

0.5 - 1 m thick, laterally
persistent over 50 - 200 m.
If transgressive, sharp, flat,
erosional base grades
upward to Ss, Sl, or Ml. If
regressive, grades upward
from underlying Ml, Sl, or
Ss.

High energy, wave-washed
beach deposits.

Some plant remains
and cm-long plant
fragments.

Laterally persistent.
Gradational to sharp base
and top.

Shallow littoral environment.
Lack of coarse clastics indicates
moderate to low wave energy.
Alternately, may indicate away
from deltaic depocenter.

Disseminated plant
remains.

0.5 - 3 m thick, laterally
persistent over ~100 - 200
m. Sharp to gradational
base, coarsening and
shallowing upward from
Mpd. Sharp top, fining
upward to Mdp or Pc.
Lateral changes to Sd, Sb,
Ss, Mdp, Pc.

High wave energy, or near to
deltaic depocenter.
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6. Deltaic sandstone
Sd Basal
6a. Delta
Hongyanchi
front
in NE and SE
sandstone
Tarlong;
uppermost
Lucaogou in
SW Tarlong.

Orangetan,
greengray,
redgray,
purplegreen

Lithic arenite,
conglomeratic
arenite,
subarenite; finegrained, minor
granules,
moderately- to
well- sorted,
subrounded to
well rounded.
Intercalated silty
shale.

Reverse grading and
sorting decreases in
lower part, normal
grading and sorting
increases in upper
part. Low- to highangle tabular and
tangential cross beds,
commonly bimodal,
and accretionary
surfaces, climbing
ripple laminations,
imbrication, mud ripups.

6b. Distal
delta front
sandstone
and
siltstone

Sdd Basal
Hongyanchi
sequence
HST in NE
and SE
Tarlong.

Tanorange,
greengray

Interbedded
lithic arenite,
subarenite,
wacke; silt to
coarse-grained,
poorly- to wellsorted,
subrounded to
rounded. Lenses
of mudstone and
mud rip-ups.

Reverse grading.
Well laminated to
thin-bedded, 5-10 cm
high-angle tabular
and tangential cross
beds, commonly bidirectional.

7.
Turbidite
sandstone,
siltstone,
wacke

St

Dark
graygreen,
tan

Lithic arenite,
subarenite,
wacke; silt to
very coarsegrained, minor
granules, poor to
well sorted,
subrounded to
rounded, equant
to elongate.

Weak grain
alignment and
imbrication.

Basal
Hongyanchi
in NE
Tarlong.
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Scattered plants.

0.5 - 3 m thick, laterally
persistent over 5 - 100 m.
Sharp/erosional to
gradational base.
Coarsening and shallowing
upward from underlying
Sdd, Mpd. Sharp to
gradational top, coarsening
upward to Cd, or fining and
shallowing upward to Mdp
or Pc. Alternately, the
upper surface may be
erosional. Laterally changes
to Ml, Cd, Ssd, or Sdd.

Delta front environment.
Interbedded sandstones and
conglomerates indicate
transition to distal delta front, or
wave/storm reworking. Bimodal
cross bedding may indicate
multiple progradational
directions, and may support
fluvial input by braided streams.
Erosional top indicates wavereworking.

Scattered plants.

2 cm - 3 m thick, laterally
persistent over 10 - 200 m.
Sharp to gradational base
and top, coarsening and
shallowing upward from
Mpd or Mp, and coarsening
and shallowing upward to
Sd.

Distal delta front environment.

1 - 5 cm thick, laterally
persistent over 50 - 500 m.
Sharp, even base of <5 cm
relief. Associated with
Mpd, Mp.

High energy turbidity current
deposition, or storm event
sedimentation, in prodeltaic
environment.
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Mudrock
8. Fluvial
overbank
mudstone
and shale

Mf

Basal
Hongyanchi
in NE
Tarlong and
Taodonggou.

9. Delta
plain
mudstone
and shale

Mdp Basal
Hongyanchi
in NE
Tarlong;
upper
Lucaogou in
SW Tarlong.

10.
Shallow
littoral
mudstone
and shale

Ml

Basal
Hongyanchi
in NE
Tarlong.

Browntan, dark
gray

Mudstones and
minor shales,
containing silt
to very finegrained sand,
subrounded to
rounded.
Intercalations of
very finegrained
sandstone,
moderate to
well sorted,
subrounded to
rounded.
Dark gray- Mudstone and
greenshale,
purple
containing silt
and very fine
sand, and lenses
of wacke,
subarenite and
arenite.
Variegated Mudstone and
greenshale, variably
purple
calcareous,
containing silt
to fine sand,
subrounded to
rounded. Local
dolomitization.
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Thick-laminated,
platy to blocky.
Mud rip-ups, 2-20
mm, subangular
to subrounded.

Laminated to
massive, platy to
blocky, contains
mud rip-ups.

Massive, or thicklaminated to thinbedded, platy to
blocky-angular,
mud rip-ups.
Cryptalgal, submm laminations,
possibly
dolomitic.

Abundant plants, up
to 5 cm.

2 - 50 cm thick, laterally
Floodplain deposits, fluvial
persistent over 10 - 200 m. overbank environment.
Sharp, even base with 5 10 cm relief. Fining upward
from Sf.

Scattered plants.

2 - 10 cm thick, sharp base,
fining and shallowing
upward from underlying
Sd, Ssd, or Cd.

Delta plain environment.

Minor scattered
plants.

2 cm - 5 m thick, laterally
persistent over 10 - 500 m,
lateral thickness changes up
to 5 m. Sharp to
gradational, uneven base
and top. If transgressive,
fining and deepening
upward from Sb, Ss, and
grading upward to Ms, Mp.
If regressive, fining and
shallowing upward from
Mp or Ms, and coarsening
and shallowing upward to
Ss, Sb.

Shallow littoral environment,
mudflat or embayment
environment. Lack of coarse
clastics indicates distant from
deltaic depocenter. Massive,
blocky mudstone may indicate
pedogenic alteration.
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11.
Sublittoral
shale

Ms

12.
Prodeltaic
shale

13.
Profundal
shale

Basal
Hongyanchi
in NE and SE
Tarlong.

Purple, Shale, variably
gray,
calcareous,
maroon organic-rich,
minor silt to
fine sand,
subangular to
subrounded.

Well laminated,
platy to fissile. May
contain mm to submm laminae.

Mpd Basal
Hongyanchi
in NE and SE
Tarlong;
uppermost
Lucaogou in
SW Tarlong.

Black,
dark
gray,
green,
purple

Shale,
containing silt
and very fine
sand.
Intercalations
(3-4) cm of very
fine-grained
sandstone, tan,
subrounded to
rounded, thinbedded.

Reverse and local
normal grading.
Mud rip-ups and
scattered isolated
sand to pebbles,
well rounded. Well
laminated to thinbedded, fissile to
platy-blocky.
Climbing ripple
laminations.

Mp

Black,
gray,
greenpurple,
greenbrown

Shales, variably
calcareous,
containing
minor silt and
very fine sand.

Sub-mm-laminated,
fissile. Calcareous
septarian nodules,
~5-50 cm in
diameter, ellipsoid
with long axis
parallel to bedding,
may be organic-rich
and contain crude
oil (NE Tarlong), or
may contain wellpreserved fish
fossils (SW
Tarlong). Minor
mud rip-ups.

Uppermost
Lucaogou in
NE and SE
Tarlong;
basal
Hongyanchi
in NE and
SW Tarlong.
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Scattered plants,
ostracods,
conchostracans, rare
fish scales.

2 cm - 5 m thick, laterally
persistent over 10 - 500 m,
lateral thickness change of
up to 5 m. Sharp to
gradational, uneven base
and top. If transgressive,
fining and deepening
upward from underlying
Sb, Ss, Sl; and grading
upward to overlying Mp. If
regressive, fining and
shallowing upward from
Mp; grading upward to Ml,
Ss, Sb.

Low energy sublittoral
environment, based on sub-mmlaminations, and preservation of
plant and skeletal debris. Lack
of coarse clastics indicates away
from deltaic depocenter. Platy
sublittoral mudstones are
interpreted to be shallower than
fissile mudstones.

Sparse to abundant
scattered plant
remains, ostracods,
conchostracans,

2 cm - 5 m thick, laterally
persistent over 10 - 200 m.
Lateral thickness change of
up to 5 m. Sharp to
gradational, uneven base
and top. Fining and
deepening upward from
underlying Sb, Ss;
coarsening and shallowing
upward to Sdd, Sd.
Laterally changes to Sdd,
Sd.

Plant-rich, sandy shale
interpreted as suspension
deposition in the prodeltaic
environment from the proximal
delta. Sandstone intercalations
interpreted as event
sedimentation from the delta, by
storms, or as turbidites.
Ostracod-rich intervals
interpreted as deeper
environment.

Ostracods,
conchostracans, fish
fossils and scales,
minor scattered
plants. Locally
concentrated skeletal
and plant fragments.
Algal fragments.

0.5 - 5 m thick, laterally
persistent over 50 m - 8 km.
Sharp, uneven base and top.
Fining and deepening
upward from underlying
Ms; coarsening and
shallowing upward to Ms.

Anoxic conditions interpreted
based on color, sub-mm
laminations, abundant fossil
preservation, and septarian
nodules. Local concentrations
of abundant fossil preservation
interpreted as deeper
environment. Shallower
deposits contain thicker
laminations, and may be platy,
and/or contain more sand and
plant debris.
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Paleosol
Pd Above basal
14. Delta
Hongyanchi
plain/mudflat
sequence,
Protosol
RST, NE
Tarlong.

Basal
Hongyanchi
in NE
Tarlong and
Taodonggou.

Variegated
green,
purple, and
gray.

Mudstone,
containing
shale
intercalations.

Massive, blockyangular
mudstones;
laminated shale.

Variegated
green,
purple, and
gray.

Mudstone,
containing silt
to fine sand,
intercalated
with shale.

Thick-laminated
to massive,
blocky with
rounded to
angular blocky
peds.

Calcareous
mudstone.

Tabular to
lenticular;
contains illuvial
clay.

15. Fluvial
overbank
Protosol

Pf

16. Calcrete

Pc Basal
Hongyanchi
in NE, SE,
and SW
Tarlong.

Bluish
gray,
greenish
gray.

17.
Limestone

L

White-tan Lime mudstone,
to black,
wackestone,
bituminous packstone;
argillaceous.
Local coarsegrained sand
and blackened
peloids,
superficial
ooids, and/or
pisoids. Local
dolomitization.

Uppermost
Lucaogou in
SE Tarlong.
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Massive, or submm-laminated to
thin-bedded,
cryptalgal
laminations,
nodular.

Scattered plants.

Sharp base. Overlying and
intercalated with Mdp.
Fining and shallowing
upward from underlying Sd
or Cd.

Angular blocky weathering and
variegated coloring interpreted
as pedogenic alteration of
mudflat or delta plain
mudrocks.

Scattered plants.

2 - 50 cm thick, laterally
persistent over 10 - 200 m.
Sharp, even base with 5 10 cm relief. Fining upward
from underlying Mf, Sf.

Variegated color and blocky
weathering interpreted as
pedogenic alteration of
floodplain mudrocks.

Rare charophytes,
oogonia?

Up to 2 m thick,
gradational to sharp base
and top with Ml, Ms.

Shallow littoral deposits that
have been subaerially exposed
and pedogenically altered.

Organic-rich. Local
ostracod-rich beds.

5 - 25 cm thick, laterally
persistent over 500 m,
lateral thickness changes up
to 20 cm, undulating base
and top, gradational/sharp
with Ml, Mpd, Ms, or Mp.

Littoral to sublittoral
environment, may indicate
evaporative conditions
associated with lake
contraction.
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18.
Bentonite

T

Randomly
occurs
throughout
study area;
thick deposits
occur in basal
Hongyanchi
in NE
Tarlong.

White,
orange,
pinkyellowolive
green

Tuffaceous
sandstones,
siltstones,
mudstones;
contains minor
sand-sized
lithics,
subrounded;
calcareous clay
matrix,
plagioclase
phenocrysts and
zircons.

Soapy, fissile,
massive to thinlaminated.

19.
Rhyolite

R

Rare, occurs
in basal
Hongyanchi
in NE
Tarlong.

Red

Porphyritic

Tabular, massive.
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In tuffaceous
sandstones - minor
skeletal, algal, and/or
plant debris.

Sharp base.

Volcanic ash fall. Variable
grain size and stratigraphic
context of tuffaceous mudstones
and sandstones suggests ash
falling in multiple fluviallacustrine environments.

10 cm to ~2 m thick,
laterally persistent over 200
m. Sharp base.

Rhyolite lava flow.
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Matrix

Grain composition

Cements

Fluvial
sandstone

G/M=8595%,
M/(C+P)=90100%;
calcareous
mud-clay
matrix.

Elongate silty mud ripups (75-80%),
porphyritic igneous
(20-25%), minor
plants, Fe-oxide
minerals, rare
ostracods. Calcified
burrows/root tubes up
to 3 mm diameter.

Thin clay grain
coatings. Isopachous,
minor pendant calcite
cements, commonly
coating multiple grains,
interpreted as
diagenetic.

Beach
sandstone

G/M=95100%,
M/(C+P)=90100%;
argillaceous
micrite
matrix.

Mud rip-ups (80-85%),
porphyritic igneous (510%), feldspar (<5%),
quartz (<5%); minor
plants.

Micritic to sparry
intergranular calcite
cement. Thin clay
coatings on grains. Red
clay mineral replacing
feldspars and matrix,
preferentially in
coarser-grained laminae
(diagenetic).

Shallow
littoral
sandstone

G/M=95100%,
M/(C+P)=95100%,
calcareous
clay matrix.

Mudstone and
sandstone intraclasts
(80-85%), limestone
intraclasts (5-10%),
feldspars (5-10%),
porphyritic igneous
(<5%), quartz (<5%);
minor plants, rare
ostracods, algae, Feoxide minerals.

May show an
autobrecciated fabric,
with calcite cement
replacing 5-10% of
original matrix. Clay
grain coatings.
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Microscopic
texture/structure

Microscopic
interpretations

XRD results

XRD
interpretations

Tangential grain
Mud rip-ups
contacts; grain alignment interpreted as
and imbrication.
reworked floodplain
deposits. Burrows,
root tubes, and clay
grain coatings
indicate subaerial
environment.

quartz, ±calcite,
±montmorillonite,
±kaolinite,
±sanidine,
±anorthite,
±gypsum

Minerals
identified are
attributed to
igneous lithics;
montmorillonite
and kaolinite
may indicate
contemporaneous
volcanism.

Spherical to
subspherical, smooth to
pitted, elongate grains
aligned parallel to
laminae, tangential
contacts, minor clay
coatings. Cross-ripple
laminae. Internal
erosional surfaces with
concentrated iron-oxides
separating graded
laminae. Red replacive
clay mineral.

Clay matrix and
coatings on grains
suggest subaerial
origin. Minimal
matrix suggests
wave winnowing.
Mud rip-ups
interpreted as
reworked subaerial
lake margin
deposits.

-

-

Equant to elongate
grains with pitted
surfaces, tangential
contacts. Weak
alignment and
imbrication of elongates.
Faint cross laminations,
sub-mm-laminations,
internal erosional
surfaces, reverse graded
laminae. Red clay
mineral replacement of
grains, matrix, and
cements.

Abundant
intraclasts indicates
local reworking of
marginal facies.

Quartz,
±kaolinite,
±anorthite,
±anhydrite.
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Deltaic
sandstone

G/M=90100%,
M/(C+P)=7095%;
argillaceous
calcite matrix.

Intraclasts (70-75%) of
silty mudstone and
minor limestone,
porphyritic igneous
(15-20%); feldspars
(5-10%); quartz
(<5%), rare scattered
plants, algal
fragments, ostracods,
and iron oxide
minerals.

Patchy calcite cement,
poikilotopic, minor
pendant cements.
Minor superficial
ooids.

G/M=20-30%,
M/(C+P)=60%;
matrix is
argillaceous
micrite.

Grains include red
mud chips (70%),
igneous/volcanics (2025%), rare feldspar
and quartz, rare
ostracods and
blackened algal clasts,
charophytes and
rhizoconcretions,
randomly oriented, 1/2
mm diameter.

Thin, isopachous
calcite cements.
Abundant red clasts
and replacive red clay.

Mudrock
Fluvial
overbank
mudstone
and shale

Delta plain
mudstone
and shale

Shallow
littoral
mudstone
and shale
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Equant, tabular, to
elongate grains with
pitted to smooth
surfaces, tangential to
concavo-convex
contacts, random
orientations. Bimodal
grain size distribution.
Fining- and coarseningup laminae.

High cement/matrix
ratio suggests wave
winnowing.

quartz, ±albite,
±anorthite,
±montmorillonite

Organic-rich, mudstone
to wacke, internal
erosional surfaces,
climbing ripple laminae.
Plant debris aligned
parallel to laminae.

Ostracods, algal
clasts, and
charophytes
indicates lacustrine
environment.
Rhizoconcretions
indicates subaerial
exposure.

Quartz, ±calcite,
±albite,
±muscovite.
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G/M=0-5%,
M/(C+P)=95100%; matrix
is calcareous
mud.

Gray mudstone (85Minor sparry intraparticle
90%), feldspars (10calcite cement.
15%), limestone
(<5%), igneous
(<5%), quartz (<5%);
minor mud chips, rare
algal clasts, ostracods,
conchostracans,
plants aligned with
laminae, Fe-oxide
minerals.

G/M=1015%,
M/(C+P)=8085%; gray
clay matrix.

Minor silt to fine
sand, equant to
elongate; minor
charophytes

Brecciated texture containing
abundant calcite sparry
cement; rhizoconcretions.

Calcrete

Silty mudstone clasts
(5%), f-vc, green,
subangular to
subrounded, elongate,
contain scattered
plants.

Thick, isopachous cements
on the mudstone clasts and
pervasive calcite
cementation of matrix (9095% of rock is cement).

Bentonite

Plagioclase
phenocrysts, biotite,
zircon. Very fine to
coarse lithics (<5%),
subrounded to
rounded, equant,
minor plant and
skeletal debris.

Tuffaceous clay matrix with
flow structures indicating
heat alteration.

Prodeltaic
shale

Profundal
shale

Protosol
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Thin calcareous mud
coatings. Sub-mmlaminated.

Fossils indicative of
lacustrine
environment; plants
and organics
suggest deltaic
depocenter.

Quartz, ±albite,
±anorthite.
±calcite, ±nacrite.
±muscovite.
±orthoclase,
±zircon, ±sylvite,
±organic carbon

Quartz, ±calcite,
±albite,
±anorthite(?)

Nodular, brecciated
(pedogenic) fabric with
rounded peds.

Internal brecciation with
dissolutionally rounded
clasts, mm-size pisoids
with calcitic coats, and
rhizoliths. Dissolutional
channels filled with calcite
spars.

Quartz, calcite,
copper
minerals(?)

Shallow littoral.
Pervasive calcite
cements may
indicate pedogenic
alteration in
shallow littoral
environment, or
water table
cementation.
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Assorted lithic
assemblage
suggests
suspension
deposition from
a delta.

APPENDIX C
PALEOCURRENT DATA

Paleocurrent measurements were taken from 17 cross beds from four different channel forms at
the base of Hongyanchi and corrected for structural dip. Beds 1, 2, and 3 correspond to three
basal channel forms of NE Tarlong in ascending order; bed 4 corresponds to the B09-E section
(see Fig. 11).
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Rose diagram of paleocurrent measurements, NE Tarlong.
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APPENDIX D
MEASURED SECTIONS

N

B09-W

B09-E

~ 100 m

Outcrop photo facing west showing the location of measured sections B09-E and B09-W.
Photo taken from NE Tarlong measured section.
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B09-E

100

B09-W
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APPENDIX E
SAMPLE LIST

NE Tarlong
Measured
Section,
location
Thin
(meters)
section
B09-N1
B09-N2(a)
B09-N2(b)
B09-N3
B09-N4
B09-N5
B09-N6
B09-N7
B09-N8
B09-N9
B09-N10
B09-N11
B09-N12
B09-N13
B09-N14
B09-N15
B09-N17
B09-N18
B09-N19
B09-N21
B09-N22
B09-N23
B09-N24
B09-N25
B09-N26
B09-N27
B09-N28

E6.5
E18.7
E19.4
E29.2
E32.1
E33.6
E35
W2.8
W3.9
W5.2
W11.2
W12.1
W20
W28.3
W32.3
W35.7
E9
E15.5
E15.9
E26.8
E30.3
E35.7
E37.2
E27.7
W7.3
W22.5
W26.6

x
x

XRD

x
x

x
x
x
x
x
x
x
x
x
x

x
x

x
x

x
x
x

x
x
x
x
x
x

Lithology
lithic arenite
sandy mudstone
tuffaceous mudstone
mudstone
conglomeritic lithic arenite-mudstone
tuffaceous sandy mudstone
lithic arenite
lithic arenite
silt to vf-grained sandstone
lithic arenite-subarenite
lithic arenite
lithic arenite-subarenite-wacke
lithic arenite
lithic arenite
lithic arenite
mudstone
lithic arenite
lithic arenite
lithic arenite
lithic arenite
mudstone/shale
lithic arenite
mudstone
lithic wacke-subarenite
mudstone
lithic arenite
lithic arenite
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SW Tarlong

Location
(meters)
B09-1
B09-2
B09-3
B09-4
B09-5
B09-6
B09-7
B09-8
B09-9
B09-10
B09-11
B09-12
B09-14
B09-15
B09-16
B09-17
B09-18
B09-19
B09-20
B09-21
B09-22
B09-23
B09-24
B09-25
B09-26
B09-27
B09-28

0.2
0.7
17.1
19.3
31.2
31.4
42.2
43.4
52.9
48
53.1
53.9
54.3
56.8
57.3
58
58.5
64.5
61.8
90.2
100.2
101.3
114.4
113.8
114.2
114.4
117.9

thin
section

XRD

x
x
x
x

x

x
x
x
x

x
x

x
x
x
x
x
x
x

x
x

x
x
x
x
x
x
x

x
x

x
x

lithology
lithic arenite
shale
lithic arenite
lithic arenite
silty-sandy shale
silty-sandy shale
lithic wacke
shale
organic-rich lime mudstone
tuff-wackestone/mudstone
shale
calcareous silty shale
mudstone
organic-rich calcareous silty shale
silty shale
organic-rich calcareous mudstone
mudstone/shale, cement-rich
lithic arenite
tuffaceous lithic arenite-subarenite
lithic subarenite
lithic arenite
ooid wackestone
tuffaceous sandstone
tuffaceous lithic arenite-wacke
ooid pack-grainstone
ooid grainstone-conglomerate
oncoid packstone
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Southeast Tarlong

Cyclostratigraphy of Uppermost Lucaogou and Basal Hongyanchi Low-Order Cycles
Depositional
environment

I

Lake Climate Tectonics
type (P/E)

Alluvial/highland
Braided stream
Meandering stream
Lake margin
Delta/s. littoral
Prodelta/sub-littoral
Profundal
Underfilled
Balance-filled
Overfilled
Arid
Semi-arid
Subhumid
Humid
Spill point lowering
Source uplifting
Stable
Basin subsiding
Spill point uplifting

Low-order cycle boundary
Intermediate-order cycle boundary
Systems tract boundary
Cycle boundary

Northeast Tarlong B09-E

RST: Regressive systems tract

Lake Climate Tectonics
type (P/E)

Alluvial/highland
Braided stream
Meandering stream
Lake margin
Delta/s. littoral
Prodelta/sub-littoral
Profundal
Underfilled
Balance-filled
Overfilled
Arid
Semi-arid
Subhumid
Humid
Spill point lowering
Source uplifting
Stable
Basin subsiding
Spill point uplifting

Depositional
environment

TST: Transgressive systems tract
LST: Lowstand systems tract

H

Northeast Tarlong

Overlain by ~ 35 m thick
profundal shale with
turbidites.

Depositional
environment

Lake Climate Tectonics
type (P/E)

Alluvial/highland
Braided stream
Meandering stream
Lake margin
Delta/s. littoral
Prodelta/sub-littoral
Profundal
Underfilled
Balance-filled
Overfilled
Arid
Semi-arid
Subhumid
Humid
Spill point lowering
Source uplifting
Stable
Basin subsiding
Spill point uplifting

HST: Highstand systems tract

Expansion

Overlain by ~
10m thick
profundal
shale with
turbidites.

Northeast Tarlong B09-W

EXPLANATION

Contraction

Lake Climate Tectonics
type (P/E)

Alluvial/highland
Braided stream
Meandering stream
Lake margin
Delta/s. littoral
Prodelta/sub-littoral
Profundal
Underfilled
Balance-filled
Overfilled
Arid
Semi-arid
Subhumid
Humid
Spill point lowering
Source uplifting
Stable
Basin subsiding
Spill point uplifting

Depositional
environment

Lake center and interpreted lateral extent, modified
from Yang et al. (2009).

G

Paleocurrent direction

F

Southwest Tarlong
Taodonggou

Lake Climate Tectonics
type (P/E)

Alluvial/highland
Braided stream
Meandering stream
Lake margin
Delta/s. littoral
Prodelta/sub-littoral
Profundal
Underfilled
Balance-filled
Overfilled
Arid
Semi-arid
Subhumid
Humid
Spill point lowering
Source uplifting
Stable
Basin subsiding
Spill point uplifting

Lake Climate Tectonics
type (P/E)

Alluvial/highland
Braided stream
Meandering stream
Lake margin
Delta/s. littoral
Prodelta/sub-littoral
Profundal
Underfilled
Balance-filled
Overfilled
Arid
Semi-arid
Subhumid
Humid
Spill point lowering
Source uplifting
Stable
Basin subsiding
Spill point uplifting

Depositional
environment

Depositional
environment

Overlain by ~ 30 m of
shallow lacustrine
cycles.

33

Overlain by ~ 40 m thick
stacked aggradational
lacustrine deltaic cycles,
up to the upper HYC
boundary of Calcisol.

E

D

C

B
TST/HST

A
HST

Letters correspond
to paleogeographic
reconstructions

TST/CS

RST

89

TST

19

87

54

54

86

53

53

85

~100 m above the base of
LCG in SE Tarlong. Underlying stacked lacustrine
deltaic HCs are upwardthickening, indicating rapid
subsidence and a gradually deepening and expanding LCG lake up to the
LCB.

clay
silt
fs
ms
cs
vcs
gr
pb

mud

~80 m above the base of LCG in
Taodonggou Below are shallow
lacustrine and fluvial-deltaic HCs.

18

HST

gravel

39

HST

17
84

51

50

~150 m above the base of LCG in
N E Ta r l o n g . B e l o w i s m i x e d
siliciclastic-profundal lacustrine deltaic HCs with thick profundal shale,
indicating the most rapid basin subsidence is in the NE.

49

~3 km

SW

NE

~ 6 km

W

E

~ 300 m

W

E

~ 200 m

NE

gravel

E

sand

W

mud
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SE

~ 4 km

sand

mud

RST

gravel

sand

mud
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gravel

HST

~70 m above the base of LCG in
SW Tarlong. Below is stacked
progradational and aggradational
lacustrine deltaic HCs. SW
Tarlong has the thinnest LCG in
the basin.
sand

TST

88

HST

