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ABSTRACT

Despite the fact that mud-dominated composite particles have increasingly
been recognized as important components of marine mudstones, the character-
istics, types and origins of these composite particles remain poorly under-
stood. This incomplete understanding of critical mudstone parameters (for
example, depositional grain size, composition at the particle scale and prove-
nance) severely limits the ability to accurately interpret the conditions (for
example, depositional environment and climate) under which these rocks
were deposited. Herein, detailed petrographic analysis was conducted in core
samples from a transect of contemporaneous proximal to distal deposits from
the Cenomanian Dunvegan Formation, a fluvial-dominated delta system in the
Western Canada Sedimentary Basin. Within the well-developed depositional
framework, mud-dominated composite particles can be tracked along the
depositional profile of the Dunvegan Formation from the fluvial to the marine
realm (from incised valley to distal prodelta). By following these particles from
source (hinterland erosion) to sink (offshore deposition), the origin and disper-
sal of various types of mud-dominated composite particles in marine mud-
stones can be unequivocally determined. Mud-dominated composite particles
derived from a wide range of origins are differentiated. Allochthonous mud-
dominated composite particles, supplied by rivers draining the hinterland,
comprise volcanic rock fragments (vitric or felsic in composition), chert
fragments, shale lithics (clay-mineral-rich or quartz-rich in composition),
metamorphic rock fragments and chlorite/siderite clasts. Autochthonous
mud-dominated composite particles include rip-up clasts (argillaceous, sideri-
tic or siliceous in composition) formed from intra-basinal erosion and contem-
poraneous floccules. The recognition of mud-dominated composite particles
shows that the Dunvegan prodelta ‘mudstones’ are much coarser grained and
more heterogeneous in terms of their petrographic composition than the grain
size of their component minerals would suggest. Results of this study call for a
critical reappraisal of the composition and actual grain size of mudstones in
general. Recognition of mud-dominated composite particles can provide valu-
able insights to unravel their provenance, transport history and depositional
setting, and will greatly enhance their utility as palaeoenvironmental archives.

Keywords Dunvegan Formation, floccule, lithic fragment, mudstone,
petrography, rip-up clast.
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INTRODUCTION

Mudstones are fine-grained sedimentary rocks
composed dominantly of clay-sized (<4 pm) and
silt-sized (4.0 to 62.5 um) grains (Lazar et al,
2015), and have been widely used to infer
changes in climate and environmental condi-
tions through geological time (Sageman et al.,
2003; Potter et al., 2005; Macquaker & Bohacs,
2007). Their suitability for this purpose is predi-
cated on the assumption that their apparent
homogeneity relates to relatively simple prove-
nance (for example, products of chemical weath-
ering) and transport history. Recent petrographic
studies of some marine mudstones, however,
have revealed that these rocks may consist of
common coarse silt to sand-sized mud-
dominated composite particles (MCPs) (particles
consisting of multiple clay-sized or silt-sized
mineral grains; sensu Li & Schieber, 2018). If the
depositional grain size of mudstones can be
determined to be relatively coarse due to the
dominant presence of MCPs (rather than fine-
grained based on the apparent grain size after
compaction), the transport and deposition of
muds are likely subject to more complex and
dynamic processes (for example, traction cur-
rents) besides passive settling from suspension
(Plint, 2014; Schieber, 2016; Laycock et al,
2017; Schieber et al., 2019).

Notwithstanding the importance of MCPs for
understanding the depositional processes of
mudstones, their origins are not easily ascer-
tained. Without careful SEM (scanning electron
microscopy) imaging of high quality polished
surfaces (for example, ultra-thin thin sections
and ion-milled samples), it can be very challeng-
ing to unambiguously differentiate among vari-
ous types of MCPs as well as identify them as
discrete entities within the enclosing fine-grained
matrix. Moreover, without an understanding of
the distribution of different types of MCPs across
different depositional environments, the origin of
MCPs in mudstones cannot be comprehensively
appreciated, limiting the ability to accurately
decipher the climatic and environmental signals
contained in these sediments.

This study focuses on the allomember E1 of
the Dunvegan Formation, an ancient fluvial-
dominated delta system. Although MCPs have
been previously documented as a volumetri-
cally significant component in the Dunvegan
prodelta mudstones (Plint, 2014), the dispersal
of MCPs along the depositional profile was not

critically examined, leading to questions as to
whether the observed MCPs are of autochtho-
nous (Plint, 2014; Plint & Cheadle, 2015) or
allochthonous (Schieber, 2015) origin. The well-
developed depositional and stratigraphic frame-
work of the Dunvegan Formation (Bhattacharya
& Walker, 1991a,b) provides a unique opportu-
nity to track MCPs from source (hinterland ero-
sion) to sink (offshore deposition). In this
study, coeval deposits from the proximal trunk
river to distal prodelta/offshore environments
were first traced and sampled based on subsur-
face correlations and then examined through
detailed petrographic analysis, allowing for a
much enhanced understanding of the origin
and dispersal of various types of MCPs in mar-
ine mudstones. The characteristics, distribution
and abundance of MCPs present in these strata,
are summarized below.

GEOLOGICAL SETTING

The early to mid-Cenomanian Dunvegan Forma-
tion represents a large fluvial-dominated delta
complex deposited into the north-western part
of the Cretaceous Western Interior Seaway
(Plint & Wadsworth, 2003). The seaway was sit-
uated within a broad foreland basin that had
formed in response to flexural loading by the
Sevier thrust belt to the west (Kauffman, 1985).
The depositional and allostratigraphic frame-
work of the Dunvegan Formation is described
in detail by Bhattacharya & Walker (1991a,b).
Within the Dunvegan Formation, seven
allomembers have been correlated and mapped
based on regional transgressive surfaces (Fig. 1).
The focus of this study, allomember E1, was
deposited during a lowstand of sea level. It con-
sists of an extensive tributary incised-valley
system and a trunk valley in the north-west that
directly feeds river-dominated delta front and
prodelta deposits towards the south-east (Fig. 1;
Plint & Wadsworth, 2003).

METHODS

The facies scheme developed for the Dunvegan
Formation by Bhattacharya & Walker (1991a) is
adopted here. A total of 19 samples including
the incised channel fill, river-dominated delta
front (distributary channel or mouth bar) and
prodelta facies associations of allomember E1
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Fig. 1. (A) Regional cross-section across the Western Canada Sedimentary Basin illustrating the allostratigraphic
interpretation of the Dunvegan Formation (from Bhattacharya & Walker, 1991a,b). The Dunvegan Formation com-
prises several stacked allomembers (‘G’ to ‘A’), each of which consists of several smaller-scale parasequences
mapped as sandy delta lobes and associated prodelta mudstones. The delta lobe of allomember E1 can be correlated
updip to a feeder valley. Cores located at both proximal (cores 1 and 2) and distal (cores 3 and 4) settings (white bars)
were sampled. (B) Map of valleys and lowstand deltas in allomember E of the Dunvegan (Bhattacharya & MacEach-
ern, 2009). The location of regional cross-section shown in (A) is indicated by A-A’.

were collected from four cores to make polished
thin sections and ion-milled samples (Fig. 2).
Both mudstones and sandstones were sampled
from each facies association.

Detailed petrographic examination of pol-
ished thin sections and ion-milled samples
were conducted using a petrographic micro-
scope and a FEI Quanta 400 scanning electron
microscope (SEM) (FEI, Hillsboro, OR, USA).
The SEM was operated at 15 kV and a working
distance of 10 mm. Energy-dispersive X-ray
spectroscopy (EDS) was used to determine the
composition and mineralogy of individual
grains. Through integrated optical microscopy
and SEM analysis, the characteristics and ori-
gin of the various types of MCPs (Table 1), as
well as their distribution from proximal (in-
cised valley) to distal (prodelta) deposits, were
determined.

To quantitatively characterize the abundance
and grain-size distribution of MCPs across dif-
ferent depositional environments, interpreted
outlines of all MCPs in representative SEM pho-
tomicrographs (four to five representative views
from each sample) from the incised valley to
prodelta deposits were first manually traced in
Adobe Illustrator©. Abundances (volume by 2D
area) and grain size (circle equivalent diameter)
of different types of MCPs in these same pho-
tomicrographs were then measured with the
image analysis software Image].

OBSERVATIONS

Types and origins of mud-dominated
composite particles

Based on compositional and textural contrast
with the surrounding fine-grained matrix (areas
consisting dominantly of clay-sized to fine-
silt-sized grains while no distinct MCPs can be
identified), six general types of MCPs can be dis-
tinctly identified (Types A to F in Table 1). These
include volcanic rock fragments (Fig. 3), chert
fragments (Fig. 4), shale lithics (Fig. 4), metamor-
phic rock fragments (Fig. 5), chlorite/siderite
clasts (Fig. 6) and mud rip-up clasts (Figs 7 and
8). Floccules (Type G in Table 1) are presumably
another important type of MCPs present in the
Dunvegan prodelta mudstones, but they cannot
always be recognized directly (Fig. 7D). Detailed
characteristics (composition and texture) of each
type of MCP and their possible origins are sum-
marized in Table 1. The MCPs that are relatively
‘hard’ (compaction-resistant) include volcanic
rock fragments, chert fragments, shale lithics,
metamorphic rock fragments and chlorite/siderite
clasts. Relatively ‘soft” MCPs, including argilla-
ceous mud rip-up clasts and floccules, show
highly ‘flattened’ or strongly indented/deformed
shapes (Fig. 7). Mud rip-up clasts that are silic-
eous or sideritic in composition are more resis-
tant to compaction (Figs 7E and 8).
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Fig. 2. Correlation of sampled cores 1 to 4 within the depositional and allostratigraphic framework shown in
Fig. 1. Note the base of incised valley system of allomember E1 truncates portions of allomember E2 in the proxi-
mal setting. See Fig. 1A for legend of facies associations. Red stars represent sampling locations. Representative
scanning electron microscopy (SEM) images of incised valley, proximal delta front, distal delta front and prodelta
facies shown in Fig. 9 are from samples a, b, ¢ and d, respectively.

Two subtypes of volcanic rock fragments were
identified, including vitric (Type A1) and felsic
(Type A2) ones. Vitric volcanic rock fragments
consist of mostly illite and a small amount
micrometre-sized mineral grains such as quartz,
feldspar and biotite (Fig. 3A and B), similar to
the mineral composition and texture of volcanic
ash after burial diagenesis in marine environ-
ments (i.e. volcanic glass altered into smectite
during early diagenesis, then into illite during
deeper burial; Li et al., 2020). The original flux
of most volcanic ash into the Dunvegan system
was probably wind-transported (Nadeau &

Reynolds, 1981). Different from vitric volcanic
rock fragments, felsic volcanic rock fragments
may contain feldspar, quartz and biotite; and
commonly show intergrowth texture (Fig. 3C
and D). Different compositions and textures
indicate different sources and transport mecha-
nisms between the two subtypes of volcanic
rock fragments. Felsic volcanic rock fragments
were likely derived from rivers that drained the
volcanic hinterland.

Type B (chert fragment) and Type C (shale
lithics) MCPs are sedimentary rock fragments
(Fig. 4). Chert fragments can be easily recognized
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Fig. 3. Scanning electron microscopy (SEM) photomicrographs showing petrographic characteristics of volcanic
rock fragments. Red letters indicate different types of mud-dominated composite particles (MCPs) as listed in
Table 1. Black letters are abbreviations for different minerals. (A) A type A1 MCP (vitric volcanic rock fragment)
surrounded by fine-grained matrix (consisting dominantly of clay-sized to fine-silt-sized grains) in a prodelta mud-
stone sample. (B) Closer view of a type A1 MCP. Vitric volcanic rock fragment consists dominantly of illite, which
is recognized based on the weakly crenulated to filamentous morphology and distinct K peak suggested by
energy-dispersive X-ray spectroscopy (EDS). (C) and (D) A type A2 MCP (felsic volcanic rock fragment) in a pro-
delta mudstone sample. Felsic volcanic rock fragments show intergrowth of quartz, feldspar and sometimes bio-
tite. Q, quartz; I, illite; Bio, biotite. (A) and (C) are backscatter images. (B) and (D) are secondary electron images.

based on the ‘salt and pepper’ texture under
cross-polarized light and dominant microcrys-
talline fabric under the SEM (Fig. 4A and B).
Shale lithics show essentially the same character-
istics as fully compacted mudstones/shales, and
therefore are resistant to compaction and act as
framework grains (Fig. 4C to F). Based on differ-
ences in composition, Type C MCPs can be subdi-
vided into Type C1 clay-mineral-rich shale
lithics (Fig. 4C and D) and Type C2 quartz-rich
shale lithics (Fig. 4E and F). Both chert fragments
and shale lithics were derived from recycled sedi-
mentary rocks (i.e. older chert and mudstones/
shales of different compositions).

Type D MCPs (metamorphic rock fragments)
can be recognized based on the elongated quartz
crystals, preferred orientation of clay minerals
such as illite, chlorite and mica (Fig. 5). Some
metamorphic rock fragments show foliated tex-
ture. Metamorphic rock fragments were likely
derived from rivers that drained the metamor-
phic hinterland.

Type E MCPs (chlorite/siderite clasts) consist
of siderite and chlorite (Fig. 6). Shapes of chlo-
rite/siderite clasts are highly variable, largely due
to indentation by surrounding harder grains
(Fig. 6A). Based on the high iron content, these
clasts were probably derived from erosion of

© 2020 The Authors. Sedimentology © 2020 International Association of Sedimentologists, Sedimentology, 68, 737—-754

850807 SUOWIWOD A1) 3|edldde ayy Aq peusenoh ae sapife VO ‘8sn Jo sajn. 10} ArIqiT8uljuO A8|IM UO (SUORIPUOD-PUB-SWLBI WO A8 | 1M ARIq 1 BUIUO//:SANY) SUOIIPUOD pue SWia | 8u1 88S *[520z/20/T€] uo AriqiTauliuo A8 ‘Sa1keid! AIseAIUN euelpu| AQ TOSZT PeS/TTTT OT/I0P/L00 A8 | ARelq1jeuljuo//Sdny Wwouy pepeojumod ‘Z ‘TZ0Z ‘T60ESIET



744 Z. Liet al.

Fig. 4. Petrographic characteristics of sedimentary rock fragments. Red letters indicate different types of mud-
dominated composite particles (MCPs) as listed in Table 1. (A) Photomicrograph shows a type B MCP (chert frag-
ment) characterized by ‘salt and pepper’ texture in an incised valley sandstone sample. (B) Type B MCP (chert
fragment) and a type F3 MCP (benthic-foraminifera-like rip-up clast) in a prodelta mudstone sample. (C) Type C1
MCP (clay-mineral-rich shale lithic) and a type C2 MCP (quartz-rich shale lithic) in a prodelta mudstone sample.
Note both shale lithics are resistant to compaction and act as framework grains. (D) Closer view of the type C1
MCP (clay-mineral-rich shale lithic) in (C). (E) and (F) Closer view of a type C2 MCP (quartz-rich shale lithic) in a
prodelta mudstone sample. (A) was acquired in cross-polarized light. (B) to (D) and (F) are secondary electron
images. Black and white arrows in (C), (E) and (F) indicate the outlines of MCPs. (E) was taken in backscatter elec-
tron mode. QQ, quartz.
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Fig. 5. Scanning electron microscopy (SEM) photomicrographs showing petrographic characteristics of type D
mud-dominated composite particle (MCP) (metamorphic rock fragment). (A) From an incised valley sandstone
sample. (B) Closer view of the metamorphic rock fragment shown in (A). (C) From a prodelta mudstone sample.
(D) Closer view of the metamorphic rock fragment in (C). Note the elongated quartz crystals in both metamorphic
rock fragments shown in (B) and (D). (A) and (C) are backscatter images. (B) and (D) are secondary electron
images. Arrows in (A) and (C) indicate the outlines of MCPs. Q, quartz; Ca/P, apatite; E (red letter), chlorite/side-

rite clast; Chl, chlorite; Sid, siderite; Bio, biotite; I: illite.

chlorite/siderite-rich rocks associated with the
Precambrian iron formations exposed in the
catchment area (James, 1951; Bekker et al., 2010).

Type F MCPs (rip-up clasts) can be recognized
based on evidence indicating reworking/erosion of
previously deposited surficial or shallowing bur-
ied muds. Argillaceous rip-up clasts (Type F1)
usually show indentation by surrounding harder
particles or a significant degree of vertical shorten-
ing (Fig. 7A to D) and are interpreted as derived
from erosion of previously deposited muds that
were still water-rich but had become cohesive
enough to resist disaggregation (Schieber et al,
2010). The early diagenetic siderite cement (Moz-
ley, 1989; Bhattacharya & Walker, 1991a) in the

sideritic rip-up clasts (Type F2) also indicates
reworking/erosion of previously buried muds
(Fig. 7A and E). The presence of siliceous (ben-
thic-foraminifera-like) rip-up clasts (Type F3) pro-
vides another line of evidence of reworking/
erosion of the seabed, during which surficial or
shallowly buried muds containing benthic aggluti-
nated foraminifera were eroded and broken into
siliceous rip-up clasts (Fig. 8). Due to better
cementation, sideritic and siliceous rip-up clasts
are more resistant to compaction compared to
argillaceous rip-up clasts. In sandstone beds, mud
rip-up clasts are more easily recognized (Fig. 7A
and B). When surrounded by the fine-grained
matrix, the limited lithological contrast may
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Fig. 6. Scanning electron microscopy (SEM) photomicrographs (backscatter images) showing petrographic charac-
teristics of type E mud-dominated composite particle (MCP) (chlorite/siderite clast). (A) Image from an incised val-
ley sandstone sample. (B) Closer view of a chlorite/siderite clast in a prodelta mudstone sample. Chl, chlorite; Sid,

siderite.

preclude the recognition of argillaceous rip-up
clasts, especially faecal pellets or burrows, some-
times may also show a similarly lenticular fabric
(Fig. 7C). Nevertheless, the lens-shaped particles
in Fig. 7C (indicated by orange arrows) were iden-
tified as argillaceous rip-up clasts rather than fae-
cal pellets or burrows based on several additional
criteria. Firstly, these particles occur directly
above an erosional surface (dashed line in
Fig. 7C). The erosion of the muddy substrate
would likely produce some mud rip-up clasts.
Secondly, the sedimentation rate following the
erosional event was probably too high to allow any
benthic organisms to colonize the deposits. If these
particles were reworked planktonic faecal pellets,
they would contain some plankton debris, which
is not the case. Rather, the close similarity between
the rip-up clasts and the muddy substrate in both
composition and texture (Fig. 7D) strongly suggest
a direct link. Detailed SEM analysis, integrated
with the depositional context inferred from careful
analysis of small-scale sedimentary structures, can
aid in distinguishing argillaceous rip-up clasts
from faecal pellets or burrows.

Another important type of MCPs presumably
present in the Dunvegan delta system is floccules
(Type G MCP), which are also water-rich (85% or
more original water content by volume) MCPs
consisting dominantly of clay-sized to fine-silt
sized mineral grains and organic debris (Schieber
et al., 2010). Because floccules have essentially
the same composition as the fine-grained matrix
(for example, the matrix in Fig. 7D), it is rather

challenging to justify the original presence of
individual floccules by directly recognizing their
outlines in mudstones after compaction even
through SEM analysis (Shchepetkina et al., 2018).
Nevertheless, the presence of traction-generated
structures such as erosional base, starved silt rip-
ples (black arrows in Fig. 7C) and parallel lami-
nations in some mudstone intervals (for example,
the muddy substrate in Fig. 7C) indicate that
these apparently fine-grained mudstones were
likely deposited from bedload transport of mud
floccules (Schieber et al., 2007).

Variations in the composition and apparent
grain size from proximal to distal deposits

All MCP types except for floccules are present
from the proximal incised valley to distal prodelta
environments. In addition to single mineral grains
and recognizable MCPs (i.e. all types of MCPs
except for floccules), prodelta mudstones (Fig. 91
and J), compared to their proximal counterparts
(Fig. 9A, B, D and E), contain a distinctly higher
proportion of fine-grained matrix in which no dis-
tinct MCPs can be identified (Fig. 91 and J). The
fine-grained matrix consists dominantly of clay-
sized to fine-silt-sized grains and has a relatively
uniform texture (for example, Figs 3A, 4B and
7D), similar to some argillaceous mud rip-up
clasts (Fig. 7D) and presumably floccules.

Both monocrystalline quartz and recognizable
MCPs noticeably decrease in size from proxi-
mal to distal settings (Fig. 9). Both incised
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Fig. 7. Characteristics of type F1 mud-dominated composite particle (MCP) (argillaceous rip-up clast) and type F2
MCP (sideritic rip-up clast). (A) Core photograph showing common mud rip-up clasts in an incised valley sand-
stone sample. Brown rip-up clasts are cemented by siderite and more resistant to compaction, whereas dark-
coloured ones are argillaceous in composition and ‘flattened’ to various degrees. Note that one relatively soft
argillaceous rip-up clast is indented by a harder sideritic rip-up clast (white arrows). Also note the wide range of
grain size of argillaceous rip-up clasts. (B) Scanning electron microscopy (SEM) photomicrograph showing a
highly ‘flattened’ and indented argillaceous rip-up clast in an incised valley sandstone sample. (C) Scanned thin
section image of a prodelta ‘mudstone’. The presence of common argillaceous rip-up clasts (orange arrows) right
above an erosional surface (white dashed line) indicates that the rip-up clasts were probably derived from erosion
of the muddy substrate. The muddy substrate shows traction-generated structures including erosional base and
starved silt ripples (black arrows). (D) Closer view of the dashed area in (C) showing characteristics of the muddy
substrate below the erosional surface (white dashed line) and an argillaceous rip-up clast (outlined in orange).
The presence of traction-generated structures [black arrows in (C)] indicates that the apparently fine-grained inter-
val below the erosional surface was likely deposited from bedload transport of mud floccules (indicated by the
red letter ‘G’), although their original outlines cannot be recognized. (E) SEM photomicrograph (backscatter image)
showing a type F2 mud-dominated composite particle (MCP) (sideritic rip-up clast) and a type E MCP (chlorite/
siderite) clast in a prodelta mudstone sample. (B) and (D) are secondary electron images.
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Fig. 8. (A) and (B) Scanning electron microscopy (SEM) photomicrograph showing petrographic characteristics of
type F3 mud-dominated composite particles (MCPs) (siliceous rip-up clasts). (C) A complete collapsed benthic aggluti-
nated foraminifera. The aggregates of silt-sized particles probably represent the ‘detrital cover’ that agglutinated forami-
nifera erected around themselves while building a new chamber (Pike & Kemp, 1996). (D) Closer view of the area
within the agglutinated foraminifera shown in (C). The similarity between the texture of the agglutinated foraminifera
in (D) and those type F3 MCPs (siliceous rip-up clasts) shown in (A) and (B) indicates that siliceous rip-up clasts are
broken pieces of benthic agglutinated foraminifera. Q, quartz; QC, quartz cement. All images are secondary electron
images and from prodelta mudstone samples.

Fig. 9. Representative scanning electron microscopy (SEM) images and grain size (circle equivalent diameter) dis-
tribution of monocrystalline quartz and mud-dominated composite particles (MCPs) from the incised valley (A) to
(C), proximal delta front (D) to (F), distal delta front (G) and (H), to prodelta (I) to (K) facies associations (samples
‘a’ to ‘d’ in Fig. 2). The MCPs account for approximately 32%, 31%, 14% and 20% (volume by 2D area) in (A),
(D), (G) and (I), respectively. Note the x axis (particle size) in (C), (F), (H) and (K) is logarithmic in millimetres.
Tick marks on the y axes indicate different types of particles, which are coded by different colours. Note that (A),
(B), (D) and (E) contain no fine-grained matrix [the ‘dirty’ areas in (A) and (D) can be readily recognized as various
types of MCPs that have different fine-grained textures] in (B) and (E), whereas (G), (I) and (J) contain a higher
proportion (>20%) of fine-grained matrix (‘dirty’ areas) in which no distinct type of MCP can be confidently iden-
tified. SEM images for each depositional environment are from only one representative view, whereas the plots of
grain-size distribution are based on results from SEM images from four to five representative views of each deposi-
tional environment. (A), (D), (G) and (I) are secondary electron SEM images. (B), (E) and (J) are backscattered SEM
images. Q, quartz; cc, calcite cement.
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valley and proximal delta front facies contain
dominantly fine-sand-sized (125 to 250 pm)
quartz grains and a very similar suite of MCP
types (Fig. 9C and F). In distal delta front and
prodelta deposits most quartz grains are in the
medium to coarse silt range, while the ‘largest’
quartz grains are of smaller (finer) size in pro-
delta deposits (Fig. 9H and K). Similarly, all
recognized MCPs in the prodelta facies are
overall finer in size when compared to those
in the distal delta front facies (Fig. 9G and K).

DISCUSSION

Allochthonous and autochthonous mud-
dominated composite particles

Because the incised valley trunk channel was
located between the final confluence of the tribu-
tary network and the initial bifurcation of the dis-
tributary system (Fig. 1), it can be considered as a
local depocentre of sediments eroded from the
entire catchment area. The fact that samples from
incised valley to prodelta facies show a similar
suite of MCPs (Fig. 9) indicates that a large por-
tion of MCPs deposited in offshore marine envi-
ronments were derived from the hinterland via
rivers and are allochthonous in nature. In this
respect, allochthonous MCPs within offshore
deposits are lithic fragments that were durable
enough to survive transport and reworking in
river and marine environments (Schieber, 2016).
The diverse types of lithic fragments (Figs 3) to 6)
indicate that sediments of the Dunvegan Forma-
tion were derived from erosion of basement expo-
sures as well as recycling of older sedimentary
rocks exposed within the Sevier orogenic belt,
consistent with detrital zircon provenance data
from sandstones in the Dunvegan Formation
(Buechmann, 2013; Quinn et al., 2016).

Mud rip-up clasts in the Dunvegan deposi-
tional system are autochthonous MCPs derived
from intra-basinal erosion. The erosion of por-
tions of allomember E2 (highstand prodelta
mudstones) at the sequence boundary below the
incised valley system of allomember E1 (Fig. 2)
likely generated abundant mud rip-up clasts that
were then dispersed across the entire Dunvegan
lowstand system (Figs 2 and 7A). In addition to
these deep incision (metre-scale) events associ-
ated with rapid relative fall of sea level, mud
rip-up clasts were probably also produced when
intermittent reworking and erosion of surficial
or shallowly buried muds occurred in the

Dunvegan delta system as a consequence of
common fluvial-dominated and storm-domi-
nated processes (for example, surge-type turbid-
ity current, hyperpycnal flow and storm surge;
Bhattacharya & MacEachern, 2009). Unlike silic-
eous or sideritic rip-up clasts, which were
cemented during early diagenesis, newly formed
argillaceous rip-up clasts would have had vary-
ing water content in accordance with the depth
from which they were eroded. After final depo-
sition and compaction, rip-up clasts with vari-
able water content can be expected to be
deformed and ‘flattened’ to various degrees and
show highly variable aspect ratios (Fig. 7).

Floccules are also considered here as auto-
chthonous MCPs because they were likely
formed in the ocean basin, despite that the dom-
inant constituents of floccules (i.e. clay-sized to
fine-silt-sized grains) were originally derived
from hinterland weathering. Studies of modern
shelves suggest that upon entering the sea, fine-
grained sediments supplied by rivers should
have undergone rapid aggregation in the highly
turbid waters at the river mouths (Sternberg
et al., 1999; Hill et al., 2000). The packaging of
fine-grained (clay-sized to fine-silt-sized) sedi-
ments into floccules could increase the effective
settling velocity of their clay-sized to silt-sized
constituent grains by one to two orders of mag-
nitude, and result in the rapid settling of fine-
grained sediments close to the river mouth
(Sternberg et al., 1999; Hill et al., 2000; McCool
& Parsons, 2004). The subsequent transport and
deposition of floccules was then likely subject to
currents and waves/storm actions in the bottom
boundary layer (Hill et al., 2001). Although it is
almost impossible to detect the outlines of indi-
vidual floccules in mudstones after compaction,
the common presence of bedload structures
(Figs 2 and 7C) in Dunvegan prodelta mud-
stones suggests that their fine-grained matrix
was probably transported and deposited as floc-
cules (Schieber et al., 2007).

Actual (depositional) grain size of mudstones

Although the Dunvegan prodelta deposits were
described as mudstones based on their fine-
grained appearance in cores (containing domi-
nantly clay-sized to silt-sized mineral grains that
cannot be resolved with a hand lens), SEM anal-
ysis shows them to contain a significant propor-
tion of coarse silt to fine-sand-sized MCPs
(Fig. 9). Regardless of origin or type, allochtho-
nous MCPs decrease in average grain size from
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incised valley (fine sand; Fig. 9) to prodelta
(coarse silt; Fig. 9), due to preferential deposi-
tion of coarser particles in proximal settings.
Although distal prodelta mudstones are charac-
terized by a paucity of easily recognizable MCPs,
studies of modern shelf muds (Sternberg et al.,
1999; Hill et al., 2000) make it seem plausible
that they consisted largely of autochthonous
MCPs such as water-rich mud rip-up clasts and
floccules. These water-rich MCPs can be up to
several hundreds of micrometres (medium-sand
to coarse-sand size) in length (Fig. 7C and D;
Sternberg et al., 1999) and are transport-equiva-
lent to quartz silt/sand (based on the concur-
rence of these particles in these deposits;
Fig. 7A and B). Due to their water-rich nature
these relatively soft argillaceous rip-up clasts
and floccules may disaggregate during energetic
floods or storms due to high turbulence-induced
stress or collision with harder particles (Hill
et al., 2001). The observation of multiple types
of mud rip-up clasts (Figs 7 and 8) indicates that
depositional events strong enough to rework/
erode the muddy seabed were not uncommon.
Therefore, it is likely that muds in the Dunvegan
delta system underwent multiple cycles of depo-
sition and resuspension before arriving at their
final site of deposition. During each cycle of
reworking and advection, finer-grained single
mineral grains and allochthonous MCPs, newly
formed rip-up clasts, as well as fine-grained sed-
iments derived from disaggregated argillaceous
rip-up clasts and floccules, will be preferentially
transported and deposited in more distal set-
tings. These disaggregated fine-grained sedi-
ments, however, would most likely re-flocculate
when turbulence-induced stress decreased (Hill
et al., 2001). Thus, the distal Dunvegan mud
deposits would be dominated by argillaceous
rip-up clasts and floccules.

Because of their original water-rich nature and
minimal lithological contrast, the recognition of
autochthonous MCPs in the rock record is greatly
facilitated when they are surrounded by
grains/particles with sufficient compositional or
textural contrast (Figs 7B and 10). Outside of
such fortuitous instances, outlines of original
water-rich MCPs in ancient mudstones are no
longer discernible and they merge into what is
commonly referred to as ‘fine-grained matrix’
(Figs 7D, 91, 9], 10E and 10F; Laycock et al., 2017;
Li & Schieber, 2018; Shchepetkina et al., 2018).
Therefore, the apparent decrease in grain size and
increase in the proportion of ‘fine-grained matrix’
from the proximal to distal marine environments

Composite particles in mudstones 751

does not necessarily reflect a decrease in the
actual grain size of the transported particles, but
rather a decrease in the amount of more easily
recognized allochthonous MCPs, and a concomi-
tant increase in autochthonous MCPs with low
textural preservation potential (Fig. 10).

One should also note that the supposed fine-
grained nature of mudstones (or the designation
of rocks as mudstones) is in most instances
predicated on the observed grain size of mineral
constituents rather than the grain size of under-
lying composite particles determined through
high end petrographic studies (as in this study).
This a priori assumption of fine grain size is at
the root of the common overemphasis of the role
of suspension settling in the accumulation of
many ancient mudstone successions. Given that
the settling velocity of disaggregated fine-grained
sediments is one to two orders of magnitude
lower than that of floccules (or rip-up clasts)
(Sternberg et al., 1999), and considering the high
sedimentation rates of the Dunvegan system
(1 to 10 m ka™'; Bhattacharya et al., 2019), the
deposition of prodelta mudstones in the ener-
getic Dunvegan system would have been physi-
cally impossible without MCPs dominating
transport and depositional processes.

A comprehensive understanding of the actual
(depositional) grain size of mudstones is there-
fore critical to accurately interpret the deposi-
tional processes and environments of these
rocks. The identification of different types of
allochthonous MCPs requires SEM analysis of
highly polished mudstone samples (ultra-thin
thin sections and preferably ion-milled sam-
ples). Despite the low preservation potential of
autochthonous MCPs in fully compacted mud-
stones, careful SEM analysis, integrated with
detailed analysis of small-scale sedimentary fea-
tures (for example, bedload structures), can
inform on the presence and abundance of water-
rich MCPs, as well as the actual (depositional)
grain-size of mudstones.

Along the depositional profile examined in this
study, autochthonous MCPs become increasingly
dominant components in relatively distal pro-
delta settings, whereas mudstones deposited in
proximal settings contain a higher proportion of
readily recognized allochthonous MCPs. The
ratio between the amounts of allochthonous and
autochthonous MCPs in marine mudstones, care-
fully inferred from integrated petrographic and
sedimentological analysis, may therefore serve as
a useful indicator of their depositional setting
(proximal versus distal; Fig. 10) and can be
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Fig. 10. Schematic drawing illustrating differences in the preservation potential water-rich autochthonous
mud-dominated composite particles (MCPs) (mud rip-up clasts and floccules) from proximal and distal marine envi-
ronments. (A) and (B) Incised valley and proximal delta front environments. (C) and (D) Prodelta (proximal) environ-
ment. (E) and (F) Prodelta (distal) environment. Upper row: before compaction. Lower row: after compaction (only
mechanical compaction is considered). Rip-up clasts depicted in these drawings are exclusively argillaceous in com-
position. Rip-up clasts that are well cemented during early diagenesis (for example, siliceous and sideritic in composi-
tion) would behave similarly to relatively ‘hard’ allochthonous MCPs during transport, deposition and compaction. In
relatively proximal settings, sediment supply of allochthonous MCPs is high. Additionally, collision between auto-
chthonous water-rich MCPs and hard particles (for example, quartz, feldspar and hard MCPs) can result in disaggrega-
tion of these water-rich MCPs. Consequently, few autochthonous MCPs are generally preserved in proximal deposits,
and the preserved autochthonous MCPs are relatively easy to be identified based on distinct compositional and textu-
ral characteristics [(A) to (D)]. In distal prodelta settings, autochthonous MCPs increase in abundance in seabed sedi-
ments. Higher abundance of water-rich MCPs at deposition results in higher degree of compaction. Despite their
abundance, it is very challenging to recognize outlines of individual mud rip-up clasts and floccules after compaction
due to their close compositional similarity and water-rich nature [(E) and (F)]. It is important to note that outlines of
floccules and mud rip-up clasts indicated in (E) and (F) are only for illustrative purposes. Considering the close compo-
sitional and textural similarity, these water-rich MCPs, even before compaction (E), are not easy to differentiate from
one another —imagine how challenging it would be to identify individual MCPs without outlines in (E).

applied to stratigraphic analysis (for example, hinterland via rivers, constitute an important com-
sequence stratigraphy) of mudstone-dominated ponent of offshore marine mudstones. Although
successions characterized by obscure variations sand-sized allochthonous MCPs may be preferen-
in apparent grain size. tially deposited in proximal settings close to the

river mouth (Fig. 9), allochthonous MCPs ranging
from medium silt to very fine sand size can be dis-
persed to more distal settings and have been docu-
mented in outer shelf (ca 100 km away from the
Results of this study indicate that allochthonous palaeoshoreline) deposits of the Tununk Shale
MCPs (i.e. lithic fragments), derived from the Member of the Mancos Shale (south-central Utah,

Complex provenance and polycyclic origin of
mudstones
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USA; Li & Schieber, 2018). The types of allochtho-
nous MCPs documented in the Dunvegan prodelta
mudstones are likely not exhaustive because any
lithic fragments with fine-grained internal texture
may end up as allochthonous MCPs in marine
mudstones. The analysis of MCPs can therefore
aid in unravelling potentially complex provenance
and polycyclic origins of marine mudstones, a crit-
ical yet largely neglected issue in the use of mud-
stone successions as archives of climate and
environmental change.

Due to the apparent fine-grained nature and
homogeneity of mudstones, researchers typically
resort to analysis of more readily acquired proxy
data such as mineralogical, elemental and isotopic
composition to infer the conditions under which
mudstones were deposited. However, the wide
range of lithic fragments and recycled detritus doc-
umented in Dunvegan prodelta ‘mudstones’ and
other successions studied in a similar fashion (Li
& Schieber, 2018) indicate that compositional sig-
nals thought to be characteristic of climatic and
environmental conditions can be (and likely are)
mixed or overprinted by variants of these signals
associated with MCPs that formed under different
environmental conditions and ages. The roles of
MCPs in the formation of mudstone successions
need to be critically investigated, because they
provide valuable information regarding the prove-
nance and dispersal pathways of these rocks. It is
also critical to examine in detail how various types
and amounts of MCPs in mudstones may modify
or overprint mineralogical and elemental signals
characteristic of climate and environmental condi-
tions, so as to enable accurate interpretations of
palaeoclimate and environmental conditions
based on proxy data from mudstone successions.

CONCLUSIONS

1 Marine mudstones can contain diverse
types of mud-dominated composite particles
(MCPs) derived from both allochthonous and
autochthonous sources. Dunvegan prodelta
‘mudstones’, as well as many other marine mud-
stones, are probably only fine-grained in terms
of their mineralogical composition.

2 The common presence of coarse silt to
sand-sized MCPs in marine mudstones rein-
forces the important role of bedload transport of
mud under relatively energetic conditions.
Detailed petrographic analysis of the actual
depositional grain size and components,

Composite particles in mudstones 753

integrated with careful detailed analysis of sedi-
mentary structures, is critical to accurate inter-
pretation of mudstone depositional processes
and environments.

3 The mixing of various types of MCPs with
different compositions and textures essentially
produced the compositional and textural hetero-
geneity seen in petrographic thin sections of Dun-
vegan mudstones, a result that likely applies to
many other mudstone successions elsewhere.

4 The analysis of mud-dominated composite
particles in of mudstones can inform about their
potentially complex provenance and transport
history (for example, polycyclic), and can pro-
vide indispensable insights for effective extrac-
tion of palaeoenvironmental information
preserved in the mudstone record.
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