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Abstract—Sedimentary and diagenetic processes control the distribution of clay minerals in sedimentary
basins, although these processes have seldom been studied continuously in continental sedimentary basins.
The Songliao Basin, northeast China, is a large continental, petroleum-bearing basin, and provides a
unique study site to understand the sedimentary and diagenetic processes that influence clay assemblages.
In this paper, the clay mineralogy of a 2500 m-thick Late Cretaceous (late Turonian to Maastrichtian)
terrestrial sedimentary succession (SK-1s and SK-1n cores), retrieved by the International Continental
Scientific Drilling Program in the Songliao Basin, was examined. The objective was to determine the
diagenetic and paleoenvironmental variations that controlled the formation of clay mineral assemblages,
and to determine the thermal and paleoenvironmental evolution of the basin. The results from both cores
show that illite is ubiquitous through the succession, smectite is frequently encountered in the upper strata,
and ordered mixed-layer illite-smectite (I-S), chlorite, and kaolinite are abundant in the lower strata. Burial
diagenesis is the primary control on the observed decrease of smectite and increasing illite, I-S, and
chlorite with depth. Observations of clay-mineral diagenesis are used to reconstruct the paleotemperatures
and maximum burial depths to which the sediments were subjected. The lowermost sediments could have
reached a maximum burial of ~1000 m deeper than today and temperatures ~50ºC higher than today in the
latest Cretaceous. The transition of smectite to I-S in the SK-1 cores and the inferred paleotemperatures
provide new constraints for basin modeling of oil maturation at elevated temperatures in the Songliao
Basin. Authigenic kaolinite and smectite are enriched in sandstones with respect to the coeval mudstones
from the SK-1n core, as a result of early diagenesis with the participation of primary aluminosilicates and
pore fluids. In the upper part of both SK-1 cores, variations in smectite and illite were controlled primarily
by paleoenvironmental changes. Increases in smectite and decreases in illite from the late Campanian to
Maastrichtian are interpreted as resulting from increasing humidity, a conclusion consistent with previous
paleoenvironmental interpretations.

Key Words—Clay Minerals, Diagenesis, Thermal Evolution, Paleoenvironment, Late Cretaceous,
Songliao Basin, China.

INTRODUCTION

Clay minerals (<2 mm phyllosilicates) in sedimentary

basins are controlled by multiple factors during sedi-

mentary and diagenetic processes (Chamley, 1989;

Thiry, 2000; Środoń et al., 2013). Sedimentary clay

minerals are weathering products of rocks in the source

area, which are influenced by provenance lithology,

paleoclimate, depositional environment, etc. (e.g.

Chamley, 1989). These clay minerals may originate

from physical weathering on parent rocks, from leaching

and reorganization of ions under climatic conditions

with more intense chemical weathering, or from

differential sorting and settling during transportation

and deposition (Singer, 1984; Thiry, 2000). Using semi-

quantitative identification methods, clay minerals con-

trolled by sedimentary processes have been used

successfully to reconstruct paleoenvironments in a

variety of sedimentary basins of various ages (Sáez et

al., 2003; Deconinck et al., 2005; Dera et al., 2009; Liu

et al., 2010).

Diagenetic processes, driven by either post-deposi-

tional changes in pore-water chemistry or by increasing

temperature with increased sedimentary burial, can

significantly change the primary clay composition

(Hower et al., 1976; Chamley, 1989; Środoń, 1999;

Bjørlykke, 2014). In shallow-buried sediments, early

diagenesis is characterized by authigenesis of secondary

clay minerals during interaction of primary aluminosi-

licates and pore fluids (Wilson and Pittman, 1977;

Vanderaveroet and Deconinck, 1997; Bjørlykke, 2014).

For example, authigenic kaolinite may precipitate under

low K+/H+ and low silica concentrations in the pore

water, which can be derived from meteoric water or

organic acids (Bjørlykke, 1998; Wilson et al., 2014).

Precipitation of smectite is induced by the presence of

volcanic substrates under various conditions (Cuadros et

al., 1999; Fesharaki et al., 2007). Early diagenesis,

therefore, not only undermines the use of clay-mineral
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assemblages for paleoenvironmental reconstruction, but

also causes formation damage to reservoir sandstone in

petroleum-bearing sedimentary basins (Bjørlykke, 2014;

Wilson et al., 2014).

Burial diagenesis changes the clay mineralogical

assemblages in deeper buried sediments by a series of

governing chemical reactions, including the smectite–

illite transformation, kaolinite�illite transformation, etc.

(Hower et al., 1976; Środoń, 1999; Day-Stirrat et al.,

2010). Although variables such as reaction order and

inorganic fluid chemistry may influence these clay

mineralogical changes (Pytte and Reynolds, 1988; Velde

and Vasseur, 1992; Huang et al., 1993; Elliott and

Matisoff, 1996; Środoń, 1999), the most important factor

is increasing temperature during burial (Hower et al.,

1976; Środoń, 1999; Osborn et al., 2014). Clay minerals

formed during burial diagenesis have been used to

estimate the thermal and tectonic evolution of sedimen-

tary rocks in basins and mountain belts (Bjørlykke, 1998;

Wilkinson et al., 2006; Deconinck et al., 2014).

Analyses of sedimentary and diagenetic processes

controlling clay mineral assemblages have been carried

out primarily in marine sedimentary basins (e.g. Hower

et al., 1976; Bjørlykke, 1998; Day-Stirrat et al., 2010).

In continental sedimentary basins, however, these

processes have seldom been studied continuously, due

to the fragmentary and discontinuous nature of terrestrial

sedimentation. The Songliao Basin in northeastern

China, which is a large and long-lived, Cretaceous,

continental sedimentary basin, provides a suitable site to

study different controls on clay-mineral assemblages in

terrestrial sediments. This basin preserves a terrigenous

sequence up to 10,000 m thick and contains a rich

petroleum reservoir: >40 billion barrels of proven oil

reserves and >300 billion m3 of proven natural gas

reserves (Hou et al., 2009; Feng et al., 2010; Wang et

al., 2013a). The thick and nearly continuous terrigenous

sequence in the Songliao Basin provides an opportunity

for terrestrial paleoclimatic studies of the Cretaceous

climatic optimum (Wang et al., 2013a, 2013b). Many

paleoenvironmental proxies, including clay minerals,

have been applied previously to outcrop and core

sediments over the past two decades (Wang et al.,

1994; Gao et al., 1999; Gao et al., 2013; Wang et al.,

2013a). Researchers have been cautious about interpret-

ing whether these proxies were altered by diagenesis

(Wang, G. et al., 2008; Chamberlain et al., 2013), and a

systematic study of clay mineralogy may provide

evidence for the diagenetic processes influencing these

sediments. On the other hand, diagenetic clay minerals

may provide information about the thermal evolution of

sedimentary rocks, although they have been applied

minimally in previous sedimentology and petroleum

geology studies of the Songliao Basin (Wang et al.,

1990; Sun et al., 2007; Gao et al., 2013).

The present study takes advantage of the >2500 m of

nearly continuous, terrestrial sediments of Cretaceous

age obtained by the first phase of the Continental

Scientific Drilling Project of Cretaceous Songliao Basin

(SK-1), which is the only drilling project targeting

Cretaceous terrestrial strata under the framework of the

International Continental Scientific Drilling Program

(ICDP). The clay mineralogy of the SK-1 cores was

examined at a detailed sampling interval (~10 m)

through the Late Cretaceous. The objectives of the

present study were: (1) to determine the diagenetic and

sedimentary origins of the clay minerals; (2) to discuss

the implications of diagenetic clay minerals for the

thermal and tectonic evolution of the Songliao Basin;

and (3) to interpret the terrestrial paleoenvironment of

the Songliao Basin in the Late Cretaceous based on

sedimentary clay minerals when they can be proved as

being minimally influenced by diagenesis.

GEOLOGICAL SETTING

The Songliao Basin is 750 km long, 330�370 km

wide, and covers roughly 260,000 km2 in northeastern

China (Figure 1; Wang et al., 2013a). Up to 10,000 m of

volcaniclastic, alluvial fan, fluvial, and lacustrine

sediments were deposited during the basin evolution in

Cretaceous times (Chen and Chang, 1994; Wang et al.,

1994; Feng et al., 2010). The ‘Continental Scientific

Drilling project of Cretaceous Songliao Basin,’ under the

ICDP framework, is currently underway, designed to

obtain a continuous terrestrial Cretaceous record which

is as complete as possible (Feng et al., 2013; Wang et

al., 2013a). In its first phase (namely the SK-1 drilling

project) completed in 2007, ~2500 m of core of Late

Cretaceous age was recovered with a recovery ratio of

~95% (Wang, C.S. et al., 2008; Feng et al., 2013). An

ongoing second phase (SK-2 drilling project) has the

goal of coring the Lower Cretaceous and Upper Jurassic

terrestrial strata in the Songliao Basin (Wang, C.S. et al.,

2008; Feng et al., 2013).

The SK-1 drilling project consisted of two boreholes,

the south borehole (SK-1s) and the north borehole

(SK-1n), which are 60 km apart (Figures 1, 2). Six

stratigraphic formations in both cores have been

identified and a basin-wide oilshale layer near the base

of the Nenjiang Formation (Fm.) has been used to

correlate the two cores (Figures 2, 3; Feng et al., 2013).

Based upon a combination of biostratigraphy, magneto-

stratigraphy, cyclostratigraphy, and radiometric datings,

the age of the cores has been constrained from late

Turonian in the Quantou Fm. to the end-Cretaceous in

the Mingshui Fm. (Figure 3; Li et al., 2011; He et al.,

2012; Scott et al., 2012; Deng et al., 2013; Wan et al.,

2013; Wu et al., 2013, 2015).

Tectonic evolution of the Songliao Basin

During the Late Mesozoic, an extensional rift-valley

system developed in northeastern China and southern

Mongolia which may have resulted from the interaction
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between the Eurasian and Pacific plates (Graham et al.,

2001; Ren et al., 2002). The Songliao Basin in north-

eastern China was formed as a rift basin in this

extensional system from the Late Jurassic through the

Cretaceous (Graham et al., 2001; Ren et al., 2002; Feng

et al., 2010).

Four episodes of deformation, which are related to

regional tectonics and associated with stratigraphic

signatures, are recognized in the Songliao Basin: mantle

upwelling, rifting, post-rift thermal subsidence, and

structural inversion (Feng et al., 2010). The episodes

of mantle upwelling and rifting occurred from the

Middle Jurassic to the Early Cretaceous and formed

thick volcanic strata and alluvial and fluvial strata not

cored by SK-1 (Feng et al., 2010, 2013).

During post-rift thermal subsidence, regional defor-

mation and subsidence were caused by lithospheric

cooling and extension from the Early Cretaceous to the

Late Cretaceous (Feng et al., 2010). The Songliao Basin

gradually evolved to a large lake with lake-level

fluctuations and possible marine incursions (Wang et

al., 1994; Wang et al., 2013b). Typical sediment

packages are 3000�4000 m thick, with a maximum

thickness of 6000 m, comprising lacustrine, fluvial, and

alluvial sediments (Wang et al., 2013a). Sediments in

the SK-1 cores were mostly deposited during the post-

rift thermal subsidence stage.

Structural inversion, including uplift and folding due

to subduction of the Pacific plate, began with deposition

of the upper Nenjiang Fm. and culminated at the end of

the Cretaceous (Feng et al., 2010). The eastern part of

the basin underwent continuous uplift (northeastern and

southeastern uplift zones shown in Figure 1), causing

westward migration of the depocenter and the absence of

Figure 1. Major structural zones in the Songliao Basin and the drilling sites of SK-1s and SK-1n. (I) Western Slope Zone;

(II) Northern Plunge Zone; (III) Central Downwarp Zone; (IV) Northeastern Uplift Zone; (V) Southeastern Uplift Zone;

(VI) Southwestern Uplift Zone. (1) Basin Boundary; (2) First-order structural boundary; (3) Drilling sites of SK-1 (north borehole�
SK-1n and south borehole � SK-1s); (4) cities; (5) faults. A�A’ and the dashed line indicate the location of the structure cross-

section in Figure 2 (modified after Feng et al. (2013) and Wang et al. (2013b)).
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Figure 3. Stratigraphic logs of the SK-1n (left) and SK-1s (right) cores. The two core sections can be correlated by the basin-wide oil shale

layer at the lower part of Nenjiang Fm. The differences in the grayscales in the figure indicate the different colors of the rock.Abbreviations:

m�mudstone; sm� siltymudstone; as� argillaceous siltstone; ss� siltstone; fs� fine sandstone; sc� sandy conglomerate. Note that the

scale of the oil shale marker beds is exaggerated (modified after Feng et al. (2013) and Wan et al. (2013)).
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Sifangtai-Mingshui Formations on the eastern side of the

basin (Xiang et al., 2007; Chen et al., 2010). During the

structural inversion, several regional unconformities

developed, most notably on top of the Nenjiang Fm.

and on top of the Mingshui Fm. (Chen et al., 2010; Feng

et al., 2010). After this stage, six structural units were

formed in the Songliao Basin: the northern plunge, the

central downwarp, the northeastern uplift, the south-

eastern uplift, the southwestern uplift, and the western

slope (Figure 1).

Stratigraphic features of the SK-1 cores

The six stratigraphic formations seen in the SK-1

cores consist mainly of mudstones, siltstones, and

sandstones, deposited in diverse paleoenvironments

ranging from deep lakes to flood plains (Wang et al.,

2013a). Sedimentary features of these formations are

described below beginning with the base of the section.

The Quantou Fm. (1915 m�1783 m in SK-1s) is the

lowermost formation in SK-1 cores; only the upper strata

were penetrated by SK-1s. This formation is character-

ized by interlayered brownish mudstone and grayish

sandstone formed in a fluvial environment. The Quantou

Fm. is late Turonian in age (Wan et al., 2013).

The Qingshankou Fm. (1783 m�1286 m in SK-1s)

consists mainly of black-gray mudstone interbedded

with oil shale and gray sandstone and siltstone. The

black mudstone in the lower strata of this formation, the

most important petroleum source rock in the Songliao

Basin, was deposited in a deep lacustrine environment

(Feng et al., 2010). The black-gray mudstone in the

upper part was formed primarily in a shallow lacustrine

environment. The Qingshankou Fm. is late Turonian to

late Coniacian in age.

The Yaojia Fm. (1286 m�1128 m in SK-1s) overlies

unconformably the Qingshankou Fm. and is represented

by deltaic to shallow-lacustrine mudstones and sand-

stones. The Yaojia Fm. is late Coniacian to early

Santonian in age.

The Nenjiang Fm. (1128 m�968 m in SK-1s and

1783 m�1022 m in SK-1n) consists of very different

lithologies and depositional environments between its

lower and upper units. The lower part consists of deep

lacustrine gray to black mudstone, marl, shelly lime-

stone, and oil shale interbedded with gray siltstone and

fine sandstone, while the upper part consists of shallow

lacustrine to deltaic grayish siltstone, sandstone, and

grayish, greenish to brownish mudstone. The Nenjiang

Fm. is late Santonian to early Campanian in age.

T h e S i f a n g t a i Fm . a n d M i n g s h u i Fm .

(1022 m�210 m in SK-1n) are the uppermost two

formations in the Cretaceous SK-1 cores. Strata in

these two formations are gray-green and brown-red

mudstone and sandstone, which comprise sequences of

alluvial plain-shore to shallow-lake deposits (Wang et

al., 2013). These two formations are late Campanian to

Maastrichtian in age. Two large unconformities separate

these two formations from the underlying Nenjiang Fm.

and overlying Cenozoic strata (Figure 3).

METHODS

X-ray diffraction (XRD) analysis

A total of 276 mudstone and sandstone samples,

covering the whole succession and diverse facies, were

collected continuously at a ~10 m sampling interval

along both SK-1 cores. Sample pretreatments and clay-

mineral analysis followed the methods of Gao et al.

(2013). Samples were ground lightly and then reacted

with 0.1 N HCl to remove carbonates. Deflocculation

was accomplished by successive washings with distilled

water, and particles of <2 mm size were separated by

sedimentation and centrifugation (Liu et al., 2004). Clay

minerals (<2 mm) were studied using XRD on mounts of

non-calcareous clay-sized particles oriented on glass

slides. The XRD was carried out using a PANalytical

X’Pert PRO diffractometer (Almelo, Netherlands) with

CuKa radiation, Ni filter, and divergence slit of

0.38 mm, under 40 kV voltage and 25 mA current, at

the State Key Laboratory of Marine Geology, Tongji

University, China. Three XRD runs were performed,

following air drying, ethylene-glycol solvation for 24 h,

and heating at 490ºC for 2 h. The goniometer scan was

from 3 to 30º2y for each run, with a scanning step size of

0.0167º/s.

Identification of clay minerals was by means of the

positions of the (001) basal reflections on the XRD

patterns under three different conditions (Moore and

Reynolds, 1997). In the present study, smectite includes

randomly ordered mixed-layer illite-smectite (R = 0,

10�50% illite), with a diagnostic expanded 17 Å peak

upon ethylene-glycol treatment, while ordered illite-

smectite (R 5 1, >50% illite) is represented as I-S.

Semi-quantitative calculations were carried out on the

XRD patterns, collected under ethylene glycol-solution

conditions, using the MacDiff software (Petschick et al.,

1996). The relative abundances of each clay-mineral

species were estimated mainly according to the areas of

the (001) series of basal reflections, i.e. smectites (17 Å),

I-S (11�13 Å), illite (10 Å), and kaolinite/chlorite (7 Å).

The percentage of smectitic layers in I-S was determined

by the locations of smectite-illite 002/001 and 003/002

peaks and the peak around d = 11.1 Å which contains

components of the illite 001 reflection and of the fourth

order of a 47.0 Å superstructure peak. Relative propor-

tions of kaolinite and chlorite were determined using the

ratios of the 3.57/3.54 Å peak areas (Liu et al., 2004).

Scanning electron microscope (SEM) analysis

Based on clay mineralogical composition and sedi-

mentary facies, six samples were selected for SEM

analysis at China University of Geosciences (Beijing).

Thin sections of the samples were coated with Pt and

adhered to the sample tray using Cu. The analysis was
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carried out on thin sections using a Supra 55 Field

Emission Scanning Electron Microscopy (FESEM),

manufactured by Zeiss (Oberkochen, Germany), in

secondary electron imaging mode, with an accelerating

voltage of 15 kV, a beam current of 1�3 nA, system

vacuum of 5610�5 mbar , a gun vacuum of

2610�9 mbar, and a spot size of 1 mm. Elemental

concentrations were determined using an X-act Energy

Dispersive X-ray Spectroscopy (EDS) instrument, man-

ufactured by Oxford Ins t ruments (Abingdon,

Oxfordshire, England). The relative abundances of the

following elements were used to aid in identifying clay

minerals: (1) kaolinite � Al; (2) illite � K; (3) chlorite

� Fe and/or Mg; (4) smectite � Mg, Ca, and Na.

RESULTS

Clay mineralogy in SK-1n

Illite and smectite are the dominant clay minerals

throughout the SK-1n core in which I-S, kaolinite, and

chlorite are more abundant in the lower strata. Clay

mineral assemblages in SK-1n (Figure 4) show changes

with depth and variations between mudstones (black

bars) and sandstones (gray bars). Three intervals were

identified according to their dominant clay assemblages.

Interval N1, 250 m�820 m in SK-1n (Uppermost

Sifangtai Fm. to Mingshui Fm., late Campanian to

Maastrichtian). Smectite is dominant; illite, kaolinite,

and chlorite are present in minor amounts except for a

few samples; and I-S is negligible. In sandstone samples,

smectite is very abundant (>80%) in almost all samples

(Figure 4), and shows a very intense (001) reflection in

XRD patterns (Figure 5a). The XRD reflection of

smectite in mudstone samples is less intense compared

with those in coeval sandstone samples (Figure 5b).

Interval N2, 820 m�1200 m in SK-1n (Upper Nenjiang

Fm. to Sifangtai Fm., mid–late Campanian). Illite and

smectite occur as dominant species. Kaolinite and

chlorite are present in minor amounts except for a few

data points, and I-S is negligible. As in the previous

250 m�820 m interval, smectite is very abundant

(>80%) in almost all sandstone samples (Figure 4), and

shows a very intense (001) reflection in XRD patterns

(Figure 5a). In mudstone samples, the clay composition

is dominated by either smectite or illite (Figure 4). The

XRD reflections of smectite and illite in mudstone

samples are less intense compared with those in sand-

stone samples (Figure 5b).

Interval N3, 1200 m�1750 m in SK-1n (mid-Nenjiang

Fm., mid-Campanian). Less smectite but more illite than

the 250 m�1200 m interval was identified, and I-S occurs

sparsely in mudstone samples (Figure 4). Kaolinite and

chlorite are more abundant, especially in sandstone

samples at depths between 1300 m and 1600 m, with

sharp kaolinite peaks at 7 Å and for chlorite at 7 Å and

4.72 Å in the XRD patterns (Figure 5c).

Clay mineralogy in SK-1s

The main clay minerals in the SK-1s core are illite,

I-S, smectite, and chlorite. Changes in clay mineral

assemblages are obvious with depth but not with

lithology. Based on clay-mineral assemblage variations,

SK-1s was divided into three intervals (Figure 6).

Interval S1, 960 m�1020 m in SK-1s (Lower Nenjiang

Fm., early Campanian). Smectite and illite are the

predominant clay species (Figure 6). An obvious 17 Å

(001) reflection can be identified in the XRD patterns of

most samples under EG conditions (Figure 7a). In

addition, I-S is absent, kaolinite is negligible, and chlorite

is present in most samples, with an average of 7%.

Interval S2, 1020 m�1100 m in SK-1s (Lower Nenjiang

Fm., late Santonian). Compared with the previous

960 m�1020 m interval, smectite decreases in abun-

dance with depth while illite increases and becomes

dominant (Figure 6). I-S, kaolinite, and chlorite are still

minor components.

Interval S3, 1100 m�1915 m in SK-1s (Quantou Fm. to

lowermost Nenjiang Fm., late Turonian to early

Santonian). Smectite is not present in this interval, illite

is the dominant clay mineral, and I-S (average 19%

abundance) and chlorite (average 14% abundance) are

also common (Figure 6). Based on the low-angle

positions of I-S reflections in XRD analysis, the

percentages of smectitic layers in I-S are estimated to

be 20% at 1915 m and 25% at 1500 m (Figure 7c,d).

Scanning electron microscopy of clay minerals in SK-1

Clay minerals in both SK-1 cores present various

morphologies. Previous studies reported that in the

sandstones of the upper part of the SK-1n core, smectite

formed clay coatings around detrital grains (Fu et al.,

2012; Gao et al., 2013). This was confirmed by the

present study where smectite coatings with rose-like and

honeycomb textures were observed (Figure 8a). In

mudstones, however, smectite and illite form plates

(Figure 8b). Kaolinite aggregates formed stacked plates

in sandstones of the lower part of the SK-1n core (Figure

8c), while individual kaolinite plates present pseudohex-

agonal outlines (Figure 8d).

DISCUSSION

Burial diagenesis of clay minerals

A series of mineralogical reactions takes place in

sediments during burial diagenesis (e.g. Hower et al.,

1976; Chamley, 1989; Środoń, 1999; Day-Stirrat et al.,

2010). Transformations from smectite to illite and

chlorite involving mixed-layer clays are the most
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common burial diagenesis reactions, resulting in greater

abundances of illitic and chloritic minerals in more

deeply buried sediments (Środoń, 1999; Deconinck et

al., 2000).

The clay mineral assemblages in both SK-1 cores

show a downward trend of decreasing smectite and

increasing illite, I-S, and chlorite (Figures 4, 6). In

SK-1s, significant clay mineralogical change occurs at a

depth of ~1100 m (Figure 4). Smectite is present above

1100 m and is even dominant above 1023 m. In contrast,

below 1100 m, smectite is not present and illite, I-S, and

chlorite become dominant. In SK-1n, depth-dependent

variations of clay minerals are not as clear as in SK-1s,

due to the shallower burial depths, but the general trend

Figure 4. Clay-mineral distribution in the SK-1n core based on XRD results. Black bars�mudstone samples; gray bars� sandstone

samples. Dashed lines separate the intervals with different clay assemblages as described in the text.
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of decreasing smectite and increasing I-S and chlorite is

still observed below a depth of ~1000 m (Figure 6).

The trend of decreasing smectite and increasing illite,

I-S, and chlorite with depth in both cores was probably

caused by burial diagenesis. According to previous

basin-scale studies on clay mineralogy, the precursor

clay minerals in the Late Cretaceous sediments in

Songliao Basin were considered to have been dominated

by illite which originated from weathering of crystalline

igneous rocks and smectite which formed from the

alteration of volcanic rocks surrounding the basin (Liu,

1985; Wang et al., 1990; Gao et al., 2013). Illite

typically persists during burial diagenesis, but smectite

tends to incorporate Al3+ and K+ and form illitic layers,

associated with release of Si, Mg, and Fe (Hower et al.,

1976; Środoń et al., 1999). Such transformation requires

Al and K sourced from the dissolution of adjacent

feldspars and mica (Hower et al., 1976; Środoń et al.,

1999), and accompanied by the formation of authigenic

quartz due to release of silicon (Peltonen et al., 2007).

Meanwhile, chlorite is formed in the presence of

additional Mg and Fe which are released during the

transformation of smectite to illite (Hower et al., 1976;

Środoń, 1999), and/or from decomposition of mafic

volcanic clasts, commonly found in Songliao Basin

sediments (Wang et al., 1994).

Temperature appears to be the primary control on

mineralogical reactions during burial diagenesis, espe-

cially for the conversion from smectite to illite in shales

(Hower et al., 1976; Środoń, 1999; Osborn et al., 2014).

Previous studies indicated that for Tertiary and Late

Mesozoic basins, the onset of illitization started at 60ºC,

the random/ordered mixed layer (R0/R1) transition

occurred at ~100ºC (over a range of 75�120ºC), and

the long-range ordering (R3) and illite appeared at 165ºC

and 210ºC, respectively (Środoń, 1999; Deconinck et al.,

2014; Do Campo et al., 2014). The mineralogical

changes in diagenesis may allow the thermal history of

the deeply buried sediments to be quantified directly.

The proportion of smectite in I-S in shales has also been

used as a paleogeothermometer, such that 10%, 20%,

and 25% smectite (of the total I-S) correspond to

i s o t h e rms fo r 180�185 ºC , 137�142 ºC , and

122�127ºC, respectively (Środoń et al., 2009).

About 20% of the smectite in I-S was estimated for

the mudstone at 1915 m depth in SK-1s, based on the

low-angle positions of I-S under EG conditions

(Figure 7; Moore and Reynolds, 1997; Deconinck et

Figure 5. Representative XRD (air-dried (gray), ethylene-glycol

solvated (black), and heated (dotted gray)) patterns of <2 mm
samples in the SK-1n core. (a) Light gray sandstone sample at

570 m, SK-1n; (b) medium-gray mudstone sample at 800 m,

SK-1n; and (c) medium-gray sandstone sample at 1590 m,

SK-1n. Abbreviations: N � air-dried, EG � ethylene-glycol

solvated, H � heated.
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al., 2014). This mudstone sample may have experienced

a temperature of ~140ºC, although the modern borehole

temperature at 1900 m is ~95ºC (Wang, C.S. et al.,

2008). Similarly, ~25% smectite in I-S suggests a

maximum burial temperature of ~125ºC for the mud-

stone from 1500 m in SK-1s, compared to a modern

borehole temperature of ~75ºC (Wang, C.S. et al., 2008).

The transition of smectite to I-S occurs at ~1100 m in

SK-1s and, thus, corresponds to a diagenetic temperature

of ~100ºC. This estimate agrees with the total organic

carbon Tmax temperature within the oil window (Song et

al., 2013; Deconinck et al., 2014). At a depth of 1100 m,

the modern borehole temperature was 40�50ºC (Wang,

C.S. et al., 2008). The paleogeothermal gradient of the

Songliao Basin in the Cretaceous was restored to

4.26�4.80ºC/100 m, based on vitrinite reflectance,

inclusion thermometry, and clay-mineral transition

temperature (Ren et al., 2001). Assuming that this

geothermal gradient has been maintained since the

Cretaceous, the erosion of ~1000 m can be inferred

since the sediments of SK-1s reached their maximum

burial depth. In SK-1n, sediments at 1200�1700 m

could reach a maximum paleo-temperature near 100ºC

(modern borehole temperature ~50�75ºC, Wang, C.S. et

al., 2008), as I-S occurs in this interval. A denudation of

~500�1000 m was, thus, inferred in SK-1n, assuming a

similar geothermal gradient of ~5ºC/100 m during the

Late Cretaceous.

The tectonic evolution of the Songliao Basin

indicates that basin-scale subsidence continued in the

Late Cretaceous through the end of deposition of the

upper Nenjiang Fm., when the structural inversion and

Figure 6. Clay-mineral distribution in the SK-1s core based on XRD results. Black bars�mudstone samples; gray bars� sandstone

samples; Camp. � Campanian. Dashed lines separate the intervals with different clay assemblages as described in the text.
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denudation started due to the subduction of the Pacific

plate (Feng et al., 2010). During the structural inversion

stage, two major tectonic events occurred with denuda-

tion of sedimentary strata causing two regional uncon-

formities on top of the Nenjiang Fm. and Mingshui Fm.,

respectively (Chen et al., 2010; Feng et al., 2010). Upon

the cessation of deposition of the upper Nenjiang Fm.,

regional uplift caused denudation of ~500 m in the

Central Downwarp Zone (Guo et al., 2009; Chen et al.,

2010) in which the SK-1 drilling sites are located

(Figure 1). This is consistent with ~400 m of denudation

based on a proposed 3.6�4.6 Ma hiatus between the

Nenjiang Fm. and the Sifangtai Fm. in SK-1n con-

strained by biostratigraphy and cyclostratigraphy (Scott

et al., 2012; Wu et al., 2015), and assumptions of a

continuous sedimentation rate of 183 m/Ma (Deng et al.,

2013) for ~2 Ma. Upon cessation of deposition of the

Mingshui Fm., strong tectonic movement folded the

strata and caused denudation of ~1000 m in the Central

Downwarp Zone (Xiang et al., 2007). According to

biostratigraphy in the SK-1 cores, the unconformity

between the Mingshui Fm. and the overlying Taikang

Fm. is estimated to span >30 Ma (Li et al., 2011), much

longer than that of the terminal Nenjiang Fm. unconfor-

mity. Sediments in both cores probably reached a

maximum burial depth and temperature during the

Figure 7. Representative XRD (air-dried (gray), ethylene-glycol solvated (black), and heated (dotted gray)) patterns of <2 mm
samples in the SK-1s core. (a) Dark gray mudstone sample at 970 m, SK-1s; (b) grayish black mudstone sample at 1087 m, SK-1s;

(c) medium-gray mudstone sample at 1510 m, SK-1s; and (d) grayish-brown silty mudstone at 1915 m, SK-1s. Abbreviations: N �
air-dried, EG � ethylene-glycol solvated, H � heated.
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deposition of the Mingshui Fm. in the latest Cretaceous,

and subsequently experienced significant erosion at the

end of the Cretaceous and during the Cenozoic. The

transition of smectite to I-S in the SK-1 cores and the

inferred paleotemperatures and basin denudation history

provide new constraints for basin modeling of oil

maturation at elevated temperatures in the Songliao

Basin.

Early diagenesis of clay minerals in shallow-buried

sandstones

Early diagenesis of clay minerals refers to the

diagenetic processes influencing shallow-buried sedi-

ments, the clay mineral assemblages of which are

commonly related to low-temperature fluids but not

significantly dependent on the influence of temperature

and other factors due to increasing burial depth

(Chamley, 1989). Compared with mudstones, clay

composition in sandstones may experience obvious

early diagenetic modifications because of greater

porosity and increased pore fluid (Wilson and Pittman,

1977; Bjørlykke, 1998; Fesharaki et al., 2007).

The fluvial and deltaic sandstones at depths between

1300 m and 1600 m in SK-1n contain a large amount of

kaolinite, much more than that of the adjacent mud-

stones (Figure 4). The kaolinite is characterized by a

very sharp 7 Å peak in the XRD pattern in Figure 5c,

stacked plates for aggregates, and pseudohexagonal

outlines for individual plates under SEM (Figure 8c,d).

These features indicate original crystallinity and, thus,

an authigenic origin (Wilson and Pittman, 1977;

Bjørlykke, 1998).

Authigenic kaolinite usually forms in sandstones

from the dissolution or alteration of aluminosilicate

minerals such as feldspar aided by the action of low-pH

fluid (Bjørlykke, 1998; Khidir and Catuneanu, 2009;

Wilson et al., 2014). Feldspar and mica usually provide

the Al3+ necessary for the formation of kaolinite, while

low-pH pore fluids supply the necessary protons and

remove the dissolved aqueous species such as Na+, K+,

and Si4+ (Bjørlykke, 1998; Wilson et al., 2014). The

fluid sources of the authigenic kaolinite in SK-1n could

be meteoric waters penetrating the sandstones, and/or

organic acids derived from the black (oil) shale

Figure 8. Scanning electron microscopic images of samples in SK-1 cores. (a) Light-gray sandstone sample at 345 m, SK-1n, rose-

like smectite; (b) gray mudstone sample at 605 m, SK-1n, platy smectite and illite; (c) medium-gray sandstone sample at 1590 m,

SK-1n, stacked plates of kaolinite; and (d) medium-gray sandstone sample at 1590 m, SK-1n, pseudohexagonal outlines of

kaolinite.
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stratigraphically below the kaolinite-rich zone (Figure 3;

Wang et al., 1990; Bjørlykke, 1998; Wilkinson et al.,

2006).

Fluvial sandstones at depths between 300 m and

1200 m in SK-1n are rich in smectite (Figure 4). The

high degree of smectite crystallization in the sandstone

units is demonstrated by the very large 15 Å peak under

air-dried conditions and the 17 Å peak under EG

conditions in XRD patterns (Figure 5a). Under SEM

analysis, smectite presents ‘rose-like’ or ‘honeycomb’

morphology, and forms coatings on detrital grains

(Figure 8a; Gao et al., 2013). These features indicate

an authigenic origin of smectite (Wilson and Pittman,

1977; Vanderaveroet and Deconinck, 1997; Fesharaki et

al., 2007; Gao et al., 2013).

Authigenic smectite is frequently encountered in

shallow-buried sandstones, especially when volcaniclas-

tic components are abundant, because neoformation of

smectite may be the result of hydrolysis and alteration of

primary feldspar and mica (Wilson and Pittman, 1977;

Cuadros et al., 1999; Fesharaki et al., 2007; Franke and

Ehrmann, 2010). Volcanic lithics previously reported in

a shorter interval of the SK-1n core further support an

early diagenetic origin for smectite (Gao et al., 2013).

Paleoenvironmental control on clay minerals in

shallow-buried mudstones

Clay minerals in the shallow-buried mudstones tend

to be more resistant to burial and early diagenetic

alterations, when mudstones have low temperature and

permeability. These clay minerals are formed under

sedimentary conditions, controlled by factors such as

provenance, depositional environment, and paleoclimate

(Singer, 1984; Thiry, 2000; Sáez et al., 2003; Deconinck

et al., 2005; Liu et al., 2010). Consequently, clay

assemblages can be used as paleoenvironmental indica-

tors (Deconinck et al., 2000; Dera et al., 2009; Do

Campo et al., 2014).

Clay-mineral assemblages in mudstones above

~1200 m in SK-1n are dominated by abundant smectite

and illite, minor kaolinite and chlorite, and the absence

of I-S, different from the smectite-dominated composi-

tion in adjacent sandstones (Figure 4). The platy shapes

of these clay minerals indicate a detrital origin

(Figure 8b). The temperature reached by the sediments

is <<100ºC because such clay minerals tend to be less

influenced by thermodynamic effects (as discussed

above). Moreover, oscillating depth-dependent varia-

tions of smectite and illite are not typical features of

burial diagenesis.

The variations of clay mineral assemblages in the

200 m�1200 m interval of SK-1n core (Figure 4) are

interpreted as being a result of paleoenvironmental

change. Provenance lithology determines the weathering

products in the source area which may influence

significantly clay assemblages in sedimentary basins

(Thiry, 2000; Sáez et al., 2003). During the deposition of

the Sifangtai and Mingshui Formations, the provenance

was the Lesser Xing’an�Zhangguangcai Range east and

north of the Basin (Feng et al., 2010; Wang et al.,

2013a). Previous sedimentological and geophysical

studies have indicated that these mountain ranges

remained tectonically stable during the Late Cretaceous

(Feng et al., 2010; Li et al., 2010). The provenance,

therefore, changed little and may not be the main control

on changes in the clay assemblages observed in the SK-1

core. The depositional environment can influence the

clay composition in sedimentary basins during different

transportation and deposition processes (Thiry, 2000;

Suresh et al., 2004). Clay sorting and differential settling

during depositional environment changes, e.g. from a

trunk to a flood plain, may control frequent changes in

clay-mineral assemblages within tens of meters. Such

processes, however, could not explain the general trend

of increasing smectite and decreasing illite from 1200 m

to 200 m as sedimentary facies did not change sig-

nificantly in this interval (Cheng et al., 2009; Wang et

al., 2013a).

Climate may influence the clay-mineral compositions

in weathering profiles and soils, in which smectite

indicates a seasonally wet-dry climate and illite corre-

sponds to a relatively dry climate (Singer, 1984; Robert

and Kennett, 1994; Hong et al., 2007). During the

deposition of the Sifangtai and Mingshui Formations,

paleosols developed primarily in an alluvial-plain

environment (Cheng et al., 2009; Huang et al., 2013;

Gao et al., 2015), and could provide a source for clay

minerals in the upper strata of the SK-1n core (Gao et

al., 2013). The observed trend from an illite-dominated

interval (800�1200 m) to a smectite-dominated interval

(250�800 m) is, therefore, interpreted as resulting from

the transition from a relatively dry climate to a

seasonally wet climate. This trend in increasing humid-

ity is consistent with previous paleoclimatic reconstruc-

tions in the Songliao Basin. For example, pollen and

spores records indicate a semi-arid climate when the

Sifangtai Fm. was deposited and a semi-humid climate

during deposition of the Mingshui Fm. (Gao et al., 1999;

Wang et al., 2013a). Evidence from paleosol types

determined by their pedogenic features from these two

formations was previously found to indicate a transition

to a more humid climate during the latest Cretaceous

(Huang et al., 2010; Wang et al., 2013a). Finally, recent

stable isotope analyses on pedogenic carbonates from

the SK-1n core suggest a general warming and wetting

trend over this period (Gao et al., 2015).

CONCLUSIONS

The present study took advantage of the 2500 m of

nearly continuous sediments from the Songliao Basin

SK-1 cores, and determined the clay mineralogy of the

Late Cretaceous terrestrial sediments. Illite is ubiquitous

through the succession, smectite is frequently encoun-
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tered in the upper part, and mixed-layer illite-smectite

(I-S), chlorite, and kaolinite are abundant in the lower

part. The overall trend of decreasing smectite and

increasing illite, I-S, and chlorite with increasing depth

in both cores was caused largely by burial diagenesis.

Diagenetic clay minerals have been applied in a very

limited way to estimate the thermal evolution of

sedimentary rocks in previous sedimentology and petro-

leum-geology studies of the Songliao Basin. Using

observations of clay-mineral diagenesis to reconstruct

the paleotemperatures and burial depths to which the

sediments were subjected, the present study infers that the

deeper sediments of the SK-1 cores could have reached a

maximum burial depth of ~1000 m deeper than the

present-day and temperatures ~50ºC higher than today

in the latest Cretaceous. The transition of smectite to I-S

in the SK-1 cores and the inferred paleotemperatures

provide new constraints for basin modeling of oil

maturation at elevated temperatures in the Songliao Basin.

Previous researchers have been cautious about inter-

preting whether paleoenvironmental proxies in the

Songliao Basin were altered by diagenesis. The present

study has indicated that authigenic kaolinite and

smectite were enriched in sandstones with respect to

the coeval mudstones in the SK-1n core as a result of

early diagenesis by interaction with primary aluminosi-

licates and pore fluids. The fluid sources could be

meteoric waters penetrating the sandstones, and/or

organic acids derived from adjacent dark-colored shale.

In the mudstones of the upper strata of the SK-1n core,

variations in smectite and illite are primarily controlled

by paleoenvironmental changes. In addition, increases in

smectite and decreases in illite were observed from the

late Campanian to Maastrichtian. Changes in clay

mineralogical assemblages indicate the transition from

a relatively dry climate to a seasonally wet climate,

consistent with previous paleoenvironmental interpreta-

tions for the Songliao Basin.
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Środoń, J. (1999) Nature of mixed-layer clays and mechanisms

of their formation and alteration. Annual Review of Earth

and Planetary Sciences, 27, 19�53.
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