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Abstract

Fine grained sediments were common in epicontinental seas, with shallow slopes, such as
the Cretaceous Western Interior Seaway. However, proposed mechanisms for offshore mud
transport, such as turbidity currents, tempestites, and hyperpycnal flows, require significant
slopes. A core from the Upper Mancos Shale, Mancos C, located in the San Juan Basin of New
Mexico was analysed to determine the dominant transport processes bringing sediment offshore.
A detailed facies analysis was conducted, over 54 m of slabbed core, using sedimentological
data, such as grain size, type of sedimentary structures, bed thickness, lithology, clay content,
fossils, ichnofacies, and degree of bioturbation. The facies observed in the core show that
multiple processes, including ignitive turbidity currents, hypopycnal and hyperpycnal flows, and
tempestites, were responsible for the deposition of the Mancos C core. The resuspension of mud
on the inner shelf by storm waves also played a key role in moving mud further offshore. Tidal

influence within the Mancos C was relatively small.
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1. Introduction

Fine grained sediments were common in ancient large epicontental seas, such as the
Cretaceous Western Interior Seaway (Schieber, 2016). These seas had bottom slopes ranging
from 0.001-0.005° (absolute values: 1.7 x 10 to 8.7 x 10®) (Schieber, 2016). Therefore, it is
likely that the proposed mechanisms for offshore mud transport, such as turbidity currents,
tempestites, and hyperpycnites, would not have been able to transport sediment far into the
Cretaceous Western Interior Seaway (Schieber, 2016). Many of these processes, except
hyperpycnal flows, require steeper slopes (>0.1°) for the sustained movement of sediment
(figure 1; Schieber, 2016). Because of this, they would only be able to transport fine grained
sediments up to 100 kilometers offshore (figure 1; Schieber, 2016). Therefore, it is unlikely that
these processes were the main mechanisms responsible for offshore sediment transport. Instead,
it is hypothesized that wind and tide induced bottom circulation was the main mechanism
spreading muddy sediments across epicontinental seas (Schieber, 2016).

Fine-grained sediments also have the ability to be transported alongshelf. Coriolis forces
deflect the flow to the right (northern hemisphere) or left (southern hemisphere) resulting in a
geostrophic flow that is capable of moving sediment alongshelf or obliquely across the shelf,
creating mud belts extending 1000s of kilometers alongshelf (Duke, 1990; Kineke et al., 1996;
Nittrouer et al., 1996; Correggiari et al., 2005; Plint et al., 2012). Alongshelf transport can also
affect the ability of processes, such as hyperpycnal flows, turbidity currents, etc., to transport

sediment offshore (Khan et al., 2005).
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Figure 1: Slope angles and potential offshore reach for depositional processes, such as

tempestites, wave/tide/current aided hyperpycnal flow, wave and current enhanced sediment
gravity flows, and turbidites (taken from Schieber, 2016).

Objectives

The main objective of this study is to evaluate the vertical facies variability within the
Mancos C Shale in New Mexico on a millimeter to centimeter scale. The Mancos C was chosen
because it showed the greatest variability of facies throughout the core and it is of interest to oil
companies. This study will also evaluate the vertical facies within multiple parasequences
throughout the Mancos C to determine the main processes transporting mud offshore and
alongshelf, forming these thin beds, and to classify the dominant depositional processes (i.e.,
wave, tidal, fluvial, or mixed) within a parasequence.

In most studies today, detailed facies analysis of mudstones is done by looking at thin
sections (e.g., Macquaker et al., 2010; Plint, 2014). From these studies, millimeter scale facies
can be observed, and, with the use of SEMs, micrometer scale mineral composition of clay and
silt, and grain orientation can be observed. This study will also attempt to see if the same

amount of detail can be observed within a well preserved core.
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2. Geologic Setting and Study Area

The Mancos Shale was deposited in the Western Interior Seaway of North America
during the Turonian and Coniacian ages (figure 2; Ridgley et al., 2013). The Western Interior
Seaway (figure 3) was a vast foreland basin lasting for over 50 myr during the mid-to late
Cretaceous (Sageman and Arthur, 1994). At its maximum extent, the basin extended from the
Arctic Ocean to the Gulf of Mexico, a distance of 4800 km in the north-south direction, and from
Utah to lowa, a distance of 1600 km in the west-east direction (Sageman and Arthur, 1994).
Tethyan waters from the Gulf of Mexico and Boreal waters from the Arctic Ocean both flooded
the basin in the Late Albian (He et al., 2005). The seaway lasted until Maastrichtian times (He et
al., 2005).

In the San Juan Basin, the Mancos Shale is subdivided into the Lower and the Upper
Mancos Shale, which are separated by the basal Niobrara unconformity (figure 4) (Lamb, 1968;
Ridgley et al., 2013). The Upper Mancos Shale consists of dark gray, kerogen-rich marine shale
that is interbedded with marine siltstones and fine grained sandstones (Broadhead, 2015).
Broadhead (2015) recently further subdivided the Upper Mancos Shale into three units: Mancos
A, Mancos B and C (figure 4). These subdivisions are based on laterally continuous sand, silt,
and carbonate markers seen on gamma ray and resistivity logs (Broadhead, 2015). The Mancos
C is 75 to 470 ft thick and thickens towards the northwest (Broadhead, 2015).

This study focuses on sedimentological data obtained from a slabbed core that was drilled
in the San Juan Basin, Rio Arriba County of northwestern New Mexico (figure 3). The core,
labelled 148 M San Juan 28-6 Unit, was made available by the New Mexico Bureau of Geology
and Mineral Resources in Socorro, New Mexico. The analysed portion of the core for this study

only includes Mancos C, which has a thickness of approximately 419 ft.
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Regional correlations (figure 2) and paleogeographic reconstructions (figure 3) indicate

the cored well was located about 137 km (85 miles) from shorelines to the west. Sediment was

likely deposited in a water depth of < 100 m, indicating that the slope angle of the San Juan

Basin shelf was 0.04 degrees (absolute value: 7 x 10%). This angle is an order magnitude higher

than predicted slopes for ancient continental seas (e.g., 8.7 x 107°), however, it is still quite a

shallow slope.
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Figure 2: Time-stratigraphic cross section in the San Juan Basin. Location of cored well in
Mancos C of the Upper Mancos Shale is represented by red dot on the index map, and a yellow
star on cross section (taken from Ridgley et al., 2013).
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3. Methodology

A detailed thin bedded facies analysis was done on 54 m of slabbed core from the Upper
Mancos Shale, Mancos C (figure 5). Thin beds are defined as having thicknesses between 3 and
10 cm (figure 6; Passey et al., 2006). In this study, beds range in thickness from 0.1 mm to 20
cm, but on average the bed thicknesses range from several millimeters to a few centimeters.
Sedimentological data, such as grain size, type of sedimentary structures, bed thickness,
lithology, clay content, fossils, ichnofacies, and degree of bioturbation were measured for each
bed. The tools used to collect the data included a measuring tape, grain size card and hand lens.
The core was photographed using a copy stand and SLR camera.

To determine grain size, the Wentworth classification was used. The percentage of clay
and silt was determined by chewing the rock and looking at the variations in colour. The lower
the clay content, the grittier the rock will feel when chewed, while mudstones with a higher clay
content will have a smoother texture. Beds with a low clay content appear lighter and greyish
than beds with a high clay content, which usually appear very dark.

The Bioturbation Index was used to determine the degree of bioturbation. A number
from zero to six was assigned to distinct units of the core, with O representing no bioturbation
and six representing complete bioturbation (Taylor and Goldring, 1993). Numerous sections of
the core appeared to be structureless and homogeneous mudstone. However, using contrast
enhancements as described by Schieber (2003), burrows could be seen in some of these sections.

In order to understand the processes forming the thin beds in the Mancos C, each
lamination was measured using detailed photographs of the core. Each lamination had to be
measured because the type of sedimentary structures varied almost every millimeter. This

detailed analysis proved to be time consuming, as it took almost 3 months to measure all
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laminations (~10 860) over all 54 m. In addition to this, 2 months were spent in the core lab
logging the core and making notes on grain size and clay content. The percentage of each facies
was calculated by dividing the total thickness of a facies by the total thickness of a parasequence.

Parasequences (figures 5 and 31) were chosen by looking for sections where grain size
increased upwards, as well as looking for sections where the number of laminations increase
upwards. Smaller parasequences, i.e., lamina bedsets (figure 31), can also be picked out,
however, for this study only the general parasequences were chosen.

Sequence boundaries, lowstand systems tracts, highstand systems tracts, and
transgressive sequence tracts were identified. Sequences boundaries were placed where there
was a distinct change in facies, for example, where there was a change from a thinly laminated
facies to a very thin bedded facies. Lowstand systems tracts were placed above the sequence
boundaries, while highstand systems tracts were placed below the sequence boundaries.
Transgressive surfaces were placed where Glossifungites surfaces were present. Above the
transgressive surfaces, fining upward transgressive systems tracts can be found, capped by a
maximum flooding surface. The maximum flooding surface is identified by a change in facies

from a less laminated muddy facies to a slightly higher laminated facies above the surface.
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Figure 5: Boxes of Mancos C core analysed. Sequence boundaries, transgressive surfaces, and maximum flooding surfaces
are marked. Parasequences are labelled with their number. Black arrow points in the direction of decreasing depth.
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Figure 5 continued: Boxes of Mancos C core analysed. Sequence boundaries, transgressive surfaces, and maximum flooding
surfaces are marked. Parasequences are labelled with their number. Black arrow points in the direction of decreasing depth.
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Figure 6: Common terminology for thin beds in the geological literature (taken from Passey et
al., 2006)

3.1 Recognition of thin-bedded processes

In deltaic systems, facies can be identified as being generated by fluvial, wave, or tidal
dominated processes (Galloway, 1975). However, evidence of mixed processes, where two or
three of the fluvial, wave, and tide processes may be expressed, have an influence on these facies
(Ainsworth et al., 2011). In the fluvial, wave, and tidal classification, modified by Ainsworth et
al. (2011), the area covered by each facies generated by fluvial-, wave-, and tide-dominated
processes can be calculated, and the proportion of each depositional process can be determined.
The depositional process with the highest proportion dominates deposition, while depositional
processes with the moderate and lowest proportions influence and affect deposition respectively
(Ainsworth et al., 2011).

Mud is transported offshore by processes such as ignitive turbidites, tempestites,
hypopycnal and hyperpycnal flows. Ignitive turbidites are generated from sediment instability or
failure, making them short lived events (minutes to days; Normark and Piper, 1991; Mulder et
al., 2003; Pattison, 2005). Their deposits typically show the Ta, Tg, Tc, To, and Te divisions of
the Bouma sequence (figure 7; Bouma, 1962). The Te division can be further divided to describe
fine-grained turbidites (Piper, 1978; Li et al., 2015). Hyperpycnites, produced by hyperpycnal

flows, are characterized by an inversely graded basal unit overlain by a normally graded Bouma
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sequence (Mulder et al., 2003). Depending on the relative duration and strength of waxing vs.
waning flow, these inverse and normally graded units may be marked by a scour. Hypopycnal
flow deposits are identified by moderately to highly bioturbated units. Wavy laminations and
storm wave ripples are characteristic of tempestites. Waves and tides can aid to these processes
allowing the formation of fluid muds, which can travel down slopes as shallow as 0.03°
(Schieber, 2016). Fluid muds typically form homogenous and structureless mudstone layers with
a thickness of 0.5 to >~1 cm, and lack bioturbation, grading and internal laminations (Dalrymple
et al., 2003). Finally, typical tidal deposits include mud drapes, tidal rhythmites, and flaser,

wavy, and lenticular bedding.

Ignitive turbidites, hypopycnal and hyperpycnal flows are river fed, indicating a fluvial

influence, while tempestites indicate a wave/storm influence.

Bouma sequence (1962)

Grain
Size
T‘ Piper (1978)
2
2| Te
} Burrowed
T
‘ o Ungraded/structureless
ﬁ Tes mudstone

Graded mudstone

T ___ Laminated and graded
E4 mudstone

[

Sand

Ta

r

Figure 7: Bouma Sequence exhibiting a fining upward succession. Divisions TA, TB, TC, TD,

and TE are displayed. A division of TE, proposed by Piper (1978), is also displayed (taken from
Liet al., 2015).
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4. Facies Description and Interpretation

A total of 12 facies were observed within the Mancos C core. Twenty parasequences,
showing coarsening upward facies, were picked (figure 5). Inoceramid fragments were present
throughout the entire Mancos C section. The 12 facies are described and interpretated below,

and a facies key is shown in figure 8.

Sedimentary Structures Facies Facies Association
—==n Current ripple lamination 1) Bioturbated Ignitive turbidite
=== Combined-flow ripple lamination . H it
&= Wave ripple lamination 2a) Wave ripple yperpycnite
<= = Starved ripple lamination 2b) Current ripple Ignitive turbidite/Hyperpycnite
——  Wavy lamination )
= Planar lamination 2¢) Combined-flow ripple Tempestite
4 Slightly bioturbated: Bl = 1-2 . -
4 M(?der);tel())/ Eiroturbated: Bl=3-4 2d) Starved ripple Wave-modified turbidite
i Highly bioturbated: Bl = 5-6 3) Planar lamination Bioturbated
g Inverse grading
8 Normal grading 4) Wavy lamination Fluid mud
= Soft sediment deformation : .
5) Normal gradin Tidal
@  calcareous nodule ) 4 3
6) Inverse grading Unknown
Trace Fossils
Fossils Pl Planolites 7) Structureless sand

Inoceramid Ch Chondrites

o 8) Structureless mud
Th Thalassinoides

9) Tidal laminite

Lithology
I:l Sandstone 10) Carbonate skeletal grainstone
D Silt dominant mudstone 11) Nodule
. Clay dominant mudstone 12) Bentonite
. Bentonite

Figure 8: Facies key for stratigraphic sections
Facies 1: Bioturbated

Some mudstone units show moderately to highly bioturbated facies (Bl = 3-6; figure 9).
Some of these burrows could not be named, but identifiable burrows such as Planolites,
Zoophycos, Chondrites, Thalassinoides, and Phycosiphon could be identified throughout other
sections of the core (figure 10). This facies ranges in thickness from 1 mm (very thin lamina) to
6.7 cm (thin bed). The highest proportion of this facies occurs in parasequence 20 at 15.8%,

while the lowest proportion can be found in parasequence 4 at 0.53%.
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Also included in this facies is a highly bioturbated fine upper grained glauconitic muddy
sandstone (figures 11 and 12). In this facies the trace fossils recognized are Planolites and
Thalassinoides.

Interpretation

In this study, the highly bioturbated mudstone facies is interpreted to represent low
sedimentation rates (MacEachern et al., 2005). The majority of these trace fossils belong to the
distal Cruziana- proximal Zoophycos ichnofacies, having a depth >50 m and <100 m, therefore
they indicate deposition in a fully marine setting, well below fair-weather wave base
(MacEachern et al., 2005). The abundance of wave ripple laminations indicates deposition
above storm wave base.

In hypopycnal flows, river water containing fine-grained sediments, such as clay and silt,
tends to float on denser marine water as a buoyant plume (Bates, 1953). These buoyant plumes
can extend offshore for tens of kilometers, where the suspended sediment flocculates and settles
out onto the basin floor (Nemec, 1995; Schieber, 2016). It is possible that the mud settled slowly
enough to allow enough time for the sediment to be reworked by organisms. As mentioned
above, this facies was deposited in a marine setting therefore this facies can be classified as a
marine event bed. It is also important to note that hypopycnal plumes can be deflected
alongshore, for 1000s of kilometers, by Coriolis forces (Kineke et al., 1996; Nittrouer et al.,

1996; Correggiari et al., 2005)
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Figure 9: Black shale showing cryptobioturbation located at 7258 ft. (A) Original image. ‘
Contrast has been increased to help distinguish the burrows. Arrows are pointing to burrows.
Scale is in centimeters.
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100 )

% Clay
Figure 10: Bioturbated units showing Chondrites (Ch) and Planolites (PI) at a depth of 7228 ft.
Correlated facies, measured section, and Bl log are also included. See figure 8 for facies key.
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(cm)

Figure 11: Highly bioturbated (Bl = 5-6) glauconitic muddy sandstone, located at a depth of
7184.7 ft.
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Figure 12: Thin sections of bioturbated glauconitic muddy sandstone, located at a depth of
7184.7 ft., obtained from Weatherford Laboratories (2010).

Facies 2: Rippled laminations
Facies 2a: Wave ripple laminations

Wave rippled laminations consist of very fine lower to fine lower sand and show
evidence of oscillatory flow (figure 13). Wave ripples were identified by their symmetrical,
rounded crests, and internal laminae dipping in two directions showing a concave downward

shape (figure 14). The wave ripples are present as both starved ripples and continuous rippled
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laminations, and some have an erosive base. The thickness of this facies ranges from 0.1 mm
(very thin lamina) to 2 cm (very thin bed). The highest proportion of this facies is found in
parasequence 6 at 21.1%. The lowest proportion is found in parasequence 14 at 0.35%.
Bioturbation within these units is low, with a Bl ranging from O to 3.

Interpretation

In deeper water environments, wave ripples form as the result of oscillatory motion,
likely from storm generated waves (Myrow et al., 2002), rather than fair-weather waves. The
presence of starved wave ripples in these parasequences is evidence of strong flow from large
storms, with limited sediment supply (Lock et al., 2009). Therefore, this facies is interpreted to
be deposited by tempestites, and is classified as storm wave-dominated.

Tempestites are normally graded and therefore associated with waning flow. They are
identified by an erosional surface, cut by a storm event, that is overlain by low-angle laminated
to hummocky cross-stratified sands (Suter, 2006). As the storm weakens, wave ripples and/or
combined-flow ripples form (Suter, 2006). Once the storm ends, a mud drape, produced from
suspension fallout, caps the sequence (Suter, 2006). Storm waves are capable of resuspending
sediment to produce wave-enhanced sediment gravity flows (WESGFs; Macquaker et al., 2010).
WESGFs are preserved as a triplet bed which consists of an erosional surface overlain by sand
ripple laminae, followed by a wavy parallel lamina set composed of alternating silt and clay
laminae, with the entire sequence being capped by a structureless mud (Macquaker et al., 2010).

This tripartite division of sand-silt-mud was rarely observed within the Mancos C core.
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Figure 13: Very fine upper to fine lower sandstones with wave ripple laminations, located at a
depth of 7219.8 ft., with correlated facies, measured section, and Bl log. See figure 8 for facies
key.

(cm)

Figure 14: Wave rippled sandstones at a depth of 7219.8 ft. Line drawing highlights cross
laminations dipping in two directions. Some of these laminations have a concave down shape
and have a mounded appearance.
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Facies 2b: Current ripple laminations

Current ripple laminations consist of very fine lower to fine lower sand and show
evidence of unidirectional flow (figure 15). The unidirectional component of flow is evident
from foresets dipping in one direction, downlapping the basal surface (figure 16). The crests of
current ripples are usually asymmetric, however some current ripples in the core show a
relatively flat top. This facies is seen as both starved and continuous rippled laminations, and
some of these ripples have an erosive base. The thickness of this facies ranges from 0.3 mm
(very thin lamina) to 0.4 cm (thin lamina). Its highest proportion, of 4.9%, is found in
parasequence 6, while its lowest proportion, of 0.04%, is found in parasequence 15, and in
general, current ripples are minor compared to wave-formed sedimentary structures. These units
either show no signs of bioturbation or are lightly bioturbated, with a Bl ranging from 1 to 2.
Interpretation

Current ripples are the result of unidirectional flow which produces ripples with a gently
sloping stoss side and a steep lee side (Reineck and Singh, 1973). Current ripples are common in
the Tc division of the Bouma sequence (figure 15; Bouma, 1962). This facies is attributed to
river fed hyperpycnal flows and ignitive turbidity currents and thus this facies represents fluvial

dominant processes.
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Figure 15: Very fine upper sandstones with planar laminations, current ripples, and wave
ripples, located at a depth of 7190.5 ft., with correlated facies, measured section, and Bl log. Ts
and Tc divisions of the Bouma sequence are also labelled. See figure 8 for facies key.

(cm)
Figure 16: Parallel laminate to current ripple sandstone at a depth of 7190.5 ft. Line drawing
highlights dipping foresets.

Facies 2c: Combined-flow ripple laminations

Combined-flow ripple laminations consist of very fine lower to very fine upper sand and
show evidence of both unidirectional and oscillatory flows (figure 17). The unidirectional
component is evident from high angle foresets (< 25°) dipping in one direction, downlapping the
basal surface (figure 18). The oscillatory motion overprints the unidirectional component, and is
evident from the symmetrical crest of the combined-flow ripple. This facies is seen as both

starved and continuous rippled laminations, and some of these ripples have an erosive base. The
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thicknesses of this facies range from 0.5 mm (very thin lamina) to 0.8 cm (thin lamina). The
highest proportion of this facies is found in parasequence 6 at 5.13%, and its lowest proportion is
found in parasequence 14 at 0.03%. Again, this facies is minor and about equivalent in
percentage to current ripples. The BI of this facies ranges from 0 to 2.
Interpretation

Combined-flow ripples present in these parasequences show dipping foresets overprinted
by oscillatory wave motion, which indicates both fluvial and wave influence. Combined-flow
ripples are likely the result of storm-induced tempestites, which include both oscillatory and
density-induced flows (Myrow et al., 2002), or wave-modified turbidites. Therefore, this facies

can be classified as both fluvial and storm wave-dominated.
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Figure 17: Multiple very fine upper combined-flow ripples and wavy laminations, located at a
depth of 7228.4 ft., with correlated facies, measured section, and Bl log. See figure 8 for facies
key.
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(cm)

Figure 18: Combined-flow ripples at a depth of 7219.8 ft. Line drawing highlights foresets
dipping to the right of the core, indicating unidirectional flow. Overprinted on these foresets is a
symmetrical mounded crest indicating oscillatory wave motion.
Facies 2d: Starved ripple laminations

Starved ripples consist of silt to fine lower sand lenticular beds with no clear evidence of
unidirectional or symmetrical cross laminations (figure 19). The thickness of this facies ranges
from 0.1 mmto 1.1 cm. This facies has a Bl index ranging from 0 to 2, meaning that units either
show no bioturbation or are lightly bioturbated. This facies occurs in all parasequences with its
highest proportion of 24.7% located in parasequence 5, and its lowest proportion of 3.1% located
in parasequence 19.
Interpretation

These starved ripples were produced by either unidirectional or symmetrical ripple
processes. However, because lamina symmetry could not be established, it was not possible to

confidently conclude what process produced the starved ripples. With magnified photo

enhancement and thin section analysis it would be possible to see if there are any cross
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laminations. It is likely they these ripples are the result of storm waves, since wave ripples

(facies 2a) make up a greater percentage than current and combined-flow ripples.

: ) 1

hel
18|

Clay |silvilFl 0123456
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Figure 19: Starved ripples where cross-laminations could not be observed, located at a depth of
7256.8 ft., with correlated facies, measured section, and Bl log. See figure 8 for facies key.

Facies 3: Planar laminations

Planar laminations found in this study are composed of silt to very fine upper sand (figure
20). The thicknesses of these unit range from 0.1 mm (very thin lamina) to 1.7 cm (very thin
bed). The highest proportion of this facies occurs in parasequence 11 at 3.55%, while the lowest
proportion occurs in parasequence 10 at 0.18%. These laminations show little to no bioturbation,
with a Bl ranging from 0 to 2. Some planar laminations have a rhythmic appearance (figure 20),
indicating a possible tidal influence.
Interpretation

Planar laminations commonly indicate continuous sediment deposition by suspension
settling (Lazar et al., 2015). Processes such as hypopycnal flows, hyperpycnal flows, and
ignitive turbidites are capable of depositing planar laminations, therefore this facies has been
classified as fluvial-dominated. These planar laminations have a low Bl index which implies a

moderate to high sedimentation rate (MacEachern et al., 2005).
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Figure 20: Silty parallel laminations, at a depth of 7238.1 ft., with correlated facies, measured
section, and Bl log. See figure 8 for facies key. Part of the photo was shifted down to display its
original view. Laminations look rhythmic, indicating a tidal influence.
Facies 4. Wavy laminations

Wavy laminations in this study are composed of silt to very fine upper sand (figure 21).
Thicknesses of these units range from 0.1 mm (very thin lamina) to 1.3 cm (very thin bed).
Parasequence 6 has the highest proportion of this facies at 6.53%, while parasequence 10 has the
lowest at 0.05%. These units are either lightly bioturbated (Bl = 1-2) or show no evidence of
bioturbation.
Interpretation

Wavy laminations are likely to have been deposited by oscillatory flow from tempestites.

Therefore, this facies is classified as storm wave-dominated. The low Bl index of this facies

again implies a moderate to high sedimentation rate (MacEachern et al., 2005).
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Figure 21: Millimeter scale very fine lower wavy laminations, located at 7195.6 ft., with
correlated facies, measured section, and Bl log. See figure 8 for facies key.

Facies 5: Normal grading

Normally graded beds, where grain size decreases upward from very fine lower sand to
clay are present in a couple of parasequences (figure 22). These units range in thickness from
0.1 mm (very thin lamina) to 1.4 cm (very thin bed), and some have an erosive base. The highest
proportion of this facies occurs in parasequence 4 at 3.1%, and the lowest proportion occurs in
parasequence 14 at 0.01%. Bioturbation within these beds is low, Bl = 0-1.
Interpretation

Normal grading is the result of a decreasing or waning flow (Mulder et al., 2003). As a
flow decreases in velocity, it will initially deposit coarser sediments followed by the deposition
of finer and finer sediments as the flow velocity continues to drop (Mulder et al., 2001). In this
study, when a normally graded unit is followed by an inversely graded unit, it can be attributed
to hyperpycnal flows. If the unit is only normally graded, then it can be attributed to ignitive
turbidites, tempestites, or suspension settling. A majority of the normally graded units are either
massive or planar laminated, and therefore can be associated with river fed ignitive turbidites,

hyperpycnal or hypopycnal flows.
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Figure 22: Seven normally graded units decreasing in grain size from very fine lower sand to
mud, located at a depth of 7207 ft. Correlated facies, measured section, and Bl log are also
included. See figure 8 for facies key.
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Facies 6: Inverse grading

Some parasequences have inversely graded beds, where grain size increases upward from
clay to very fine lower sand (figure 23). These units range in thickness from 0.4 mm (very thin
lamina) to 0.45 cm (thin lamina), and some have an erosive base. This facies is present in
exceedingly small amounts, with its lowest proportion of 0.02% located in parasequence 14, and
its highest proportion of 0.6% located in parasequence 6. The inversely graded beds show no
signs of bioturbation within the bed.
Interpretation

Inverse grading is the result of an increasing or waxing flow (Mulder et al., 2003). As a
flow increases in velocity, finer sediments will be deposited first followed by the deposition of
coarser sediments (Mulder et al., 2003). Inverse grading is thought to be diagnostic of
hyperpycnal flows. Hyperpycnal flows form when the density of river water is greater than that
of the marine environment which it is entering (Mulder et al., 2003). Areas with steep slopes (>
0.7°) are required to carry mud far offshore (Milliman and Syvitski, 1992; Bentley, 2003;

Schieber, 2016).

(cm)

Figure 23: Inversely graded lamina set located at 7209.4 ft, with correlated facies. Grain size
increases from silt to very fine lower sand. See figure 8 for facies key.

Facies 7: Structureless sandstone
Structureless sandstone, consisting of very fine lower to fine upper sand, is present within

a few parasegeunces (figure 24). The thickness of these units range from 0.3 cm (thin lamina) to
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2.1 cm (very thin bed). The highest proportion of this facies is found in parasequence 5 at 45%,
while its lowest proportion is found in parasequence 1 at 0.53%. This facies appears
homogeneous and lacks any internal sedimentary structures, however some units show signs of
soft sediment deformation.
Interpretation

The lack of internal structures suggests that sand was deposited very rapidly from
suspension or from very highly concentrated sediment dispersions during sediment-gravity flows
(Lowe, 1982; Kneller and Branney, 1995; Talling et al., 2012). In the case of this study, this
facies can be a result of hyperpycnal flows, ignitive turbidites, or slurry/debris flows, and is

classified as fluvial-dominated.

(cm)
Figure 24: Structureless sandstone bed at a depth of 7191.8 ft., with correlated facies. See figure
8 for facies key.

28



M.Sc. Thesis — C. Genovese; McMaster University

Facies 8: Structureless mudstone

Structureless mudstone consists of grain sizes ranging from clay to silt, and lacks any
internal sedimentary structures (figure 25). Bioturbation is low, with a Bl ranging from 0 to 2.
This facies has thicknesses ranging from 0.2 mm (very thin lamina) to 17.2 cm (medium bed).
The highest proportion of this facies can be found in parasequence 19 at 93.1%, while the lowest
proportion can be found in parasequence 5 at 15.3%.
Interpretation

Because the majority of the Mancos C core is composed of structureless mudstone it is
likely that these layers are fluid muds. Fluid muds are bottom-hugging mobile bodies of fine-
grained sediment, clay and silt, with a concentration of solids >10 g L (Kirby and Parker,
1983). Mud originally deposited in shallow water was likely resuspended by wave action
forming a fluid mud that is able to move downslope across the shelf under the influence of
gravity (Traykovski et al., 2000; Friedrichs and Wright, 2004). These fluid mud units either lack
bioturbation or are lightly bioturbated (BI = 1-2), indicating that the muds accumulated relatively
quickly within hours (Ichaso and Dalrymple, 2009). The rarity of tidal facies within the Mancos
C in this core suggests that tides did not play a major role in forming fluid muds. Therefore, this

facies can be classified as storm wave-dominated.

29



M.Sc. Thesis — C. Genovese; McMaster University

T VX

Clay [ silvfl Fl

80 60 40 20

100 50 0

% Clay

Figure 25: Massive mudstone units in between combined-flow and wave ripples. Located a
depth of 7219.6 ft. Correlated facies, measured section, and Bl log are also included. See figure
8 for facies key.
Facies 9: Tidal laminite

Tidal laminites consist of clay and very fine lower sand, and range in thickness from 1 to
2 cm (very thin bed) (figure 26). Only three parasequences display this facies and the relative
proportions are as follows: parasequence 3 at 0.84%, parasequence 4 at 0.29%, and parasequence
8 at 0.54%. This facies looks to have a rhythmic pattern with alternating mud and sand
laminations. The BI of these units range from no bioturbation to a Bl of 1.
Interpretation

Tides are periodic fluctuations in water level caused by the gravitational attraction of the
moon and sun deforming the ocean surface (Dalrymple, 2010). The positions of the moon and
sun relative to earth produce varying tidal ranges (Dalrymple, 2010). When the sun, moon, and
Earth are nearly aligned, greater than average tidal ranges, called spring tides, occur (Kvale,
2006). Tidal ranges that are smaller than average, called neap tides, occur when the sun and

moon are at right angles to the Earth (Kvale, 2006). The neap-spring variation for semi-diurnal

tides has a period of 14.77 days and contains 28 tidal cycles (Kvale, 2006; Dalrymple, 2010).
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Tidal laminites show a rhythmic pattern of alternating sand and mud that typically
represent a single tidal cycle (Dalrymple, 2010). Planar laminations associated with tidal
laminites are deposited from suspension, with sand being deposited during the middle of each
ebb and flow tide, when current speeds are at their greatest (Nio and Yang, 1991; Dalrymple,
2010). Changes in tidal ranges are seen within the rock record as changes in layer thickness (Nio
and Yang, 1991). Spring tides typically deposit thicker layers than neap tides (Dalrymple, 2010).
Deposits that do not show rhythmic cyclicity are termed non-cyclic rhythmites (Dalrymple,
2010).

Tidal bundle thickness plots were not conducted for this study, so it is unknown whether
these deposits were produced by tides. However, the rhythmic look to the deposits suggests that
there is a possibility that they are tidal, so they were included in this study.

Work on the Mancos A of this core by Dosen (2017) focused more directly on tidal
deposits (figure 27). Dosen (2017) created tidal bundle thickness plots (figure 28) to determine
if these deposits are tidal. It was concluded that these deposits are non-cyclic rhythmites since
they do not show 28 tidal cycles between neap-spring tides (Dosen, 2017). This indicates that
tides were a process that transported sediment within the Mancos Shale, however, other

processes such as waves likely interfered with tidal deposition (Dosen, 2017).

(cm)
Figure 26: Tidal laminate with alternating laminations of very fine sand and mud, displaying a
rhythmic pattern. Located at a depth of 7213 ft. Correlated facies are also included. See figure
8 for facies key.
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Figure 27: Rhythmically laminated sample within the Mancos A of the 148 M San Juan 28-6
Unit core, located at a depth of 6104.6 ft. Spring perigee (Sp), sping apogee (Sa), and neap (N)
deposits are labelled (taken from Dosen, 2017).
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Figure 28: Lamination thickness (mm) plotted against lamination number for the rhythmically
laminated sample in figure. Yellow bars represent sand laminations and grey bars represent clay
laminations. Possible spring-neap variations in tidal cyclicity, and perigee and apogee are
labelled (taken from Dosen, 2017).
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Facies 10: Carbonate Skeletal Grainstone

Carbonate skeletal grainstone layers consist of very fine lower to very fine upper sand
sized carbonate fragments (figure 26). The thicknesses of these units range from 0.7 cmto 3 cm,
and are found in parasequence 17 at a proportion of 1.98% and in parasequence 18 at 1.19%.
These units consist primarily of Inoceramus fragments, bivalve fragments, foraminifer tests, and
phosphatic (fish) particles (figure 27).
Interpretation

Some of the grainstone layers show cross laminations dipping in two directions indicating
wave action (figure 28). Tempestite deposits with wave ripples have been observed in
carbonates (e.g., Aigner, 1982). Therefore, the grainstone layers within this core can be

classified as storm wave-dominated.

(cm) | Clay 15i VI F |

80 60 40 20 Bl Log

100 0

% Clay
Figure 26: Carbonate skeletal grainstone layers, at a depth of 6920.8 ft, with correlated facies,
measured section, and Bl log are also included. See figure 8 for facies key. Red arrow indicates
location of thin sections in figure 27.

33



M.Sc. Thesis — C. Genovese; McMaster University

siliceous
mudstone
matrix

Inoceramus
fragments -

undifferentiated
calcite replaced
shell fragments

clayey calcareous
skeletal grainstone

layer
blocky calcite

Inoceramus
cement

fragments

50X

echinoid X 3
fragments? |
artially replaced 1 2 3 4 s 6 7 8 9 100 1 12 13 W 15
y euhedral

quartz

Inoceramus
fragments
quartz

argillaceous

mudstone

matrix -3 X .

(17.69%) - s 3 Inoceramus
e, e B fragments

. F
argillaceous
mudstone
matrix G G

blocky calcite
cement

blocky calcite
cement

200X
quartz

Figure 27: Thin sections obtained from Weatherford Laboratories (2010) show that these
grainstone layers are primarily composed of Inoceramus fragments, bivalve fragments,
foraminifer tests, and phosphatic (fish) particles.
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Figure 28: Carbonate skeletal grainstone layers, at a depth of 6920.8 ft. Line drawing highlights
foresets dipping in two directions indicating oscillatory wave motion.

Facies 11: Nodules

Three nodules are present throughout the Mancos C core (figure 29). The thicknesses of
these units are 13.8 cm in parasequence 1, 16.6 cm in parasequence 2, and 12.5 cm in
parasequence 4. The proportion of this facies in each parasequence is 9.7% in parasequence 1,

5.6% in parasequence 2, and 1.9% in parasequence 4.

35



M.Sc. Thesis — C. Genovese; McMaster University

(cm)

Figure 29: Carbonate nodule with Inoceramus fragments, located at a depth of 7198 ft.
Correlated facies is included, see figure 8 for facies key.

Facies 12: Bentonite

Four bentonites are present throughout the Mancos C core, with three bentonites being
located in the identified parasequences (figure 30). In core, a bentonite is recognized by its light
grey/tan colour. Parasequence 2 and 7 both contain one bentonite with a thickness of 0.5 cm

(thin lamina). Parasequence 14 has one bentonite with a thickness of 1 cm (very thin bed).
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These bentonites only make up a very small portion of their parasequence. The proportion of
this facies in parasegence 2 is 0.18%, parasequence 7 is 1.5%, and parasequence 14 is 0.4%.
Interpretation

Bentonites are layers of volcanic ash that are deposited on the sea floor as a result of a
volcanic eruption (Christidis and Huff, 2009). Volcanic ash ejected from a volcano is carried by
wind into offshore marine environments where is settles on the seafloor (Christidis and Huff,

2009). Therefore, it is assumed in this study that bentonites are the result of suspension settling.
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Figure 30: Bentonite layer located, at a depth of 6942.1 ft., with correlated faces. See figure 8
for facies key.

5. Parasequence Analysis

Parasequences were classified based on the proportion of facies that indicate a fluvial
fed-, storm wave-, or tide-dominated process (tables 1 and 2). This allows for the determination
of the amount of fluvial, wave, or tide influence within a parasequence. A mixed depositional
processes is interpreted to represent 50% wave influence and 50% fluvial influence. Facies
associations are assigned to the vertical succession of facies to indicate their formative process.
A facies key associated with all parasequences is presented in figure 8. Refer to figure 31 for a

detailed stratigraphic log of all parasequences.
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Figure 31: Detailed stratigraphic log of Mancos C, with identified parasequences. Facies
associations are assigned to facies. Refer to figure 8 for a facies key.
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Figure 31 continued: Detailed stratigraphic log of Mancos C, with identified parasequences.
Facies associations are assigned to facies. Refer to figure 8 for a facies key.
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Figure 31 continued: Detailed stratigraphic log of Mancos C, with identified parasequences.
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Facies associations are assigned to facies. Refer to figure 8 for a facies key.

40



M.Sc. Thesis — C. Genovese; McMaster University

Facies

: Facies i
Facies  accociations Facies  pssociations
7199 ft — 7199 ft — g 7189 ft —, 7189 ft
P6

7200 ft —8&] 7200 ft —| T 7190t 7190 ft —

C i
7201 ft — 7201 ft é 7191t 7191/t —

= - P
7202 ft — =2 7202 ft 7192 ft 7192t —

P4

7203 ft = 7203 ft 7193 ft 7193 ft —
7204 ft 7204 ft — 7194 ft 7194 ft —
7205 ft — [ — 7205 ft —| 7195t — B8 7195 ft —

= 1 =
7206t — = 7206 ft — 7196 ft — &= 7196 ft
7207 ft — B 7207 ft — 7197 ft = 7197 ft —
7208 ft — [ 7208 ft — 7198 ft 7198t

m -

= 1

= /

=)

= = /

- L

=7

= — 7199 ft == g 7199t |
7209 00 T VR 2200 e E T 0123456

e L
% Clay % Clay

Figure 31 continued: Detailed stratigraphic log of Mancos C, with identified parasequences.
Facies associations are assigned to facies. Refer to figure 8 for a facies key.
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Figure 31 continued: Detailed stratigraphic log of Mancos C, with identified parasequences.
Facies associations are assigned to facies. Refer to figure 8 for a facies key.
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Figure 31 continued: Detailed stratigraphic log of Mancos C, with identified parasequences.
Facies associations are assigned to facies. Refer to figure 8 for a facies key.
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Figure 31 continued: Detailed stratigraphic log of Mancos C, with identified parasequences.
Facies associations are assigned to facies. Refer to figure 8 for a facies key.
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Figure 31 continued: Detailed stratigraphic log of Mancos C, with identified parasequences.
Facies associations are assigned to facies. Refer to figure 8 for a facies key.
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Figure 31 continued: Detailed stratigraphic log of Mancos C, with identified parasequences.
Facies associations are assigned to facies. Refer to figure 8 for a facies key.
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Table 1: Facies recorded in this study and the relative percentage of each generated by fluvial, wave, and tide-dominated processes

Facies Depositional Process |P1(%) |P2 (%) [P3 (%) [P4 (%) |P5 (%) |P6 (%) |P7 (%) |P8 (%) | P9 (%) |P10 (%) [P11 (%) [P12 (%) |P13 (%) |P14 (%) |P15 (%) |P16 (%) [P17 (%) |P18 (%) |P19 (%) |P20 (%)
1) Bioturbated Fluvial-fed 9.5 4.1 13 | 0.53 | 11.8 7.6 | 115 - - - - - - - - - 7.6 - - 15.8
2a) Wave ripple Storm wave 4.4 10.3 2.8 8.1 - 21.1 7.8 7.1 4.0 1.1 3.7 - - 0.35 0.91 5.0 4.8 1.6 1.2 9.5
2b) Current ripple Fluvial-fed 1.6 0.64 | 0.27 | 0.44 - 4.9 0.25 1.6 1.3 - - - - - 0.038 0.21 0.12 0.29 0.076 0.40
2c) Combined-flow ripple |Mixed 2.5 1.9 0.95 2.0 - 5.1 2.0 1.5 0.60 0.19 0.33 - 0.25 0.030 | 0.057 0.26 0.46 0.21 0.29 0.58
2d) Starved ripple Unknown 6.0 6.1 104 | 17.0 | 24.7 | 13.8 9.0 6.5 14.0 8.9 14.4 7.1 5.7 5.6 6.2 17.8 8.9 8.5 3.1 13.4
3) Planar lamination Fluvial-fed 1.3 | 0.54 | 0.84 1.4 - 29 | 0.61 | 0.73 1.8 0.18 3.5 0.93 1.5 1.5 1.5 2.1 1.3 0.74 0.54 0.30
4) Wavy lamination Storm wave 0.62 1.0 1.6 3.9 3.2 6.5 2.8 1.3 14 0.055 3.1 0.99 0.63 0.64 1.3 3.7 1.6 0.77 1.2 4.3
5) Normal grading Fluvial-fed 13 1.3 | 0.38 3.1 - 0.40 - - - - - - - 0.010 | 0.076 - - 0.047 | 0.34 -
6) Inverse grading Fluvial-fed 0.32 - - 0.19 - 2.2 - - - - - - - 0.015 - - - 0.10 0.15 -
7) Structureless sandstone |Fluvial-fed 053 | 081 | 22 | 0.70 | 45.0 | 15.5 | 21.7 - - - - - - - 0.13 - - - - -
8) Structureless mudstone [Storm wave 62.2 | 67.4 | 73.8 | 60.4 | 153 | 17.9 | 32.4 | 69.3 | 76.9 89.6 75.0 91.0 91.8 91.5 89.6 70.8 75.5 86.6 93.1 60.6
9) Tidal laminite Tidal - - 0.84 | 0.29 - - - 0.54 - - - - - - - - - - - -
10) Grainstone Wave - - - - - - - - - - - - - - - - 2.0 1.2 - -
11) Nodules Biogenic 9.7 5.7 - 1.9 - - - - - - - - - - - - - - - -
12) Bentonite Suspension settling - 0.2 - - - - 1.5 - - - - - - 0.40 - - - - - -
Parasequence Thickness (m) 1.4 2.9 1.2 6.60 [ 0.13 | 0.76 | 0.33 2.1 2.6 1.8 0.61 1.2 0.59 2.50 4 0.58 1.5 2.2 3.3 1.1

Table 2: Fluvial versus wave versus tide dominance in each parasequence

P1(%) |P2 (%) [P3 (%) |P4 (%) |P5 (%) [P6 (%) |P7 (%) | P8 (%) [P9 (%) |P10 (%) [P11 (%) [P12 (%) [P13 (%) |P14 (%) |P15 (%) |P16 (%) |P17 (%) P18 (%) [P19 (%) |P20 (%)
Fluvial-fed 145 | 7.5 5.0 6.5 | 569 | 37.1 | 46.0 | 2.3 3.0 0.18 35 0.93 15 15 1.7 2.4 9.0 1.2 11 17.2
Storm wave 673 | 787 | 782 | 72.4 | 184 | 456 | 43.0 | 77.6 | 823 [ 90.7 81.8 92.0 92.5 92.5 91.8 79.6 83.9 90.1 95.4 74.4
Mixed 2.5 19 | 095 | 20 - 5.1 2.0 15 0.6 0.19 0.33 - 0.25 0.03 0.06 0.26 0.46 0.21 0.29 0.58
Tidal - - 0.84 | 0.29 - - - 0.54 - - - - - - - - - - - -
Biogenic 9.7 5.7 - 1.9 - - - - - - - - - - - - - - - -
Suspension settling - 0.18 - - - - 1.5 - - - - - - 0.40 - - - - - -
Unknown 6.0 6.1 [ 10.4 | 17.0 [ 24.7 | 13.8 [ 9.0 6.5 [ 14.0 8.9 14.4 7.1 5.7 5.6 6.2 17.8 8.9 8.5 3.1 13.4
Classification WF WF | Wft | Wft Fw Wi Fw | Wft | Wf WF WF WF WF Wft Wf Wf Wf Wf Wf Wf
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5.1 Parasequence Description and Interpretation

All of the parasequences, except for parasequences 5 and 7, are storm wave-dominated
and fluvial-influenced (Wf). Structureless mudstone is the dominant facies within each of these
parasequences. Frequent storms were likely responsible for resuspending mud and allowing it to
move further offshore as a fluid mud, thus giving this structureless mudstone a storm wave-
dominance. Fluvial influence within the wave-dominated, fluvial influenced parasequences is
evident from facies such as bioturbated units, current ripples, planar laminations, normal and
inverse grading, and structureless sandstone. Since the core is located about 137 km offshore,
these facies would have initially been brought offshore by fluvial influences, however storms and
waves were responsible for the transport of these sediments further into the basin. Bioturbated
units could be the result of slow suspension settling from hypopycnal flows, which would allow
enough time for colonization. Current ripples, planar laminations, normal grading, and
structureless sandstone are all capable of being produced by ignitive turbidites and hyperpycnal
flows. Within this core it is difficult to discern which facies belong to which process, since full
turbidite and hyperpycnite deposits are not preserved. Inverse grading, however, can be
attributed to hyperpycnal flows. Three parasequences, 3, 4, and 8, show evidence of possible
tidal rhythmites. Therefore, these parasequences can be classified as wave-dominated, fluvial-
influenced, and tidally affected (Wft).

Parasequence 5 is fluvial-dominated and storm wave-influenced. This parasequence is
also the thinnest (0.13 m), making percentages seem higher than normal. Structureless sandstone
and bioturbated units are the main fluvial influences within the parasequence, while structureless

mudstone and wavy laminations are the main storm wave influences. Again, fluvial influence
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can be attributed to either ignitive turbidites, hyperpycnal or hypopycnal flows, that are fed by
fluvial river sediment.

Parasequence 7 shows mixed fluvial (46%) and storm wave (43%) influence, with
structureless mudstone being the dominant facies within the parasequence.
6. Discussion
6.1 Parasequence Variability

In this study, parasequences within different systems tracts can be compared. Multiple
systems tracts were identified in the core and can be seen in figure 5. Lowstand systems tracts
(7192.7 to 7196.1 ft and 6903.6 to 6898.6 ft) show coarser grains and thicker laminations,
indicating slow sea level fall. Above the LST a transgressive surface is found. Above the first
transgressive surface is a bioturbated, fine upper, glauconitic sandstone. This unit is thought to
correlate with the Tocito sandstones, which are the primary oil reservoirs in the San Juan Basin
(Ridgley et al., 2013). Dominant burrows in both transgressive systems tracts include
Thalassinoides. Highstand systems tracts (7259 to 7192.7 ft and 6916.2 to 6903.6 ft) lie above
the maximum flooding surface and show parasequences with finer grains and thinner
laminations.
6.2 Frequency of events

The Mancos C was deposited during the middle Coniacian to early Turonian (figure 2)
and it is assumed that it took approximately 2 myr to deposit (Nummedal and Molenaar, 1995).
A total of 10,860 beds were measured within Mancos C, therefore there is an average frequency
of 184 years between events. This is a large time gap between events, considering the lack of
bioturbation throughout the core. It is likely that this time is associated with flooding surfaces,

where bioturbation tends to increase. In terms of parasequence cyclicity, 20 parasequences were

49



M.Sc. Thesis — C. Genovese; McMaster University

observed within the core, suggesting an average frequency of 100 kyr for the 20 parasequences.
This cyclicity frequency potentially represents Milankovitch cycles.
6.3 Variability between thin beds and the importance of mud depositional processes

The depositional processes responsible for the formation of thin beds, as discussed
earlier, are important to understanding shale geophysics (Hart et al., 2013). These processes are
able to (1) control the minerology, porosity, organic content, and fabric of mudstones; (2) control
lateral and vertical heterogeneity; (3) control the thickness of mudstone successions (Hart et al.,
2013). These properties are important for understanding source-rock reservoirs because they
have a control on hydrocarbon type and volume, porosity, and permeability (Hart et al., 2013).
They also have a control on how rocks will respond to hydraulic fractures, and how seismic
waves will reflect off of beds (Hart et al., 2013).

At the lamina scale (micrometer to millimeters) mudstones are often anisotropic, meaning
that they change faster vertically than they do laterally (Hart et al., 2013). This anisotropy is
associated with lamina that have variations in grain size, mineralogy, and or porosity (Hart et al.,
2013). These variations can all be attributed to processes such as ignitive turbidites, hypopycnal
and hyperpycnal flows, tempestites, tides, and fluid muds. In the case of this study, grain sizes
vary vertically but not all of the time. Isotropy can exist in mudstones at this scale, which
include bioturbated deposits and some suspension deposits (Hart et al., 2013). It is, however,
difficult to measure the lateral extent of laminations, especially in core. Only well exposed
outcrops allow millimeter-scale laminations to be traced out laterally over only a few meters
(Hart et al., 2013).

Anisotropy is also present at bed and bedset scale (several centimeters to several meters),

due to the interbeding of mudstones with other lithologies (Hart et al., 2013). At the bed and
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bedset scale, anisotropy is due to the interbedding of mudstones with other lithologies (Hart et
al., 2013).

In this study, the Mancos C core can be broken down into three major facies: (1)
laminated mudstone (mm scale); (2) very thin bedded mudstone (cm scale); and (3) structureless
mudstone. The three facies show anisotropy at a larger scale, similar to the bed and bedset scale
disscused by Hart et al. (2013). However, the focus of this study was on lamina scale (mm to cm
scale) heterogeneity, which is evident throughout the core. Moving up a parasequence, there are
a variety of different sedimentary structures deposited from processes such as ignitive turbidites,
hyperpycnites, and tempestites. Some facies are present in stacking patterns such as inverse and
normal grading, Bouma Sequences, and tempestite sequences. Others are seen as single
laminations, such as wave ripples, combined-flow ripples, current ripples, planar and wavy
laminations.

On average, storm wave-driven processes comprise approximately 75% of the Mancos C
core. In contrast, fluvial-fed driven processes comprise, on average, 11%. The average
percentages of current ripples (0.9%) and combined-flow ripples (1%) are minor compared to
those of wave ripples (5.5%). This indicates that fair weather waves had no influence on
deposition, therefore deposition occurred below fair weather wave base, but above storm wave
base. Structureless mudstone is the dominant facies throughout the entire Mancos C core,
averaging 70%, meaning that inner shelf mud processes, such as wave resuspension of mud,
played a key role in moving sediment further offshore. The lack of evidence for the tripartite
divisions of WESGFs suggests that this process was not dominant within the Mancos C core.

Fluvial-influenced processes, such as ignitive turbidites and hyperpycnal flows, proved to

be difficult to distinguish from one another. This is because both hyperpycnal flows and ignitive
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turbidites are capable of depositing normally graded beds once their flow wanes. Also,
depending on the magnitude of the flood, the entire inversely graded unit of a hyperpycnite can
be fully eroded before the deposition of a normally graded unit (Mulder and Alexander, 2001).
Full successions of ignitive turbidite are rarely preserved. In this study, Bouma Tg-Tc and Tpo-Te
sequences were locally observed (figure 15). Certain sedimentary structures can be produced by
multiple depositional processes. For example, current ripple laminations can be produced from
either ignitive turbidity currents or hyperpycnal flows (Li et al., 2015). Both indicate
unidirectional flow and therefore does not impact whether the setting of deposition is fluvial or
wave. The only distinctive characteristic separating hyperpycnites and turbidity currents is the
inverse grading found in hyperpycnites as a result of waxing flow. This allowed for the
confident conclusion that these inversely graded beds could be assigned to hyperpycnal flows.
Some of the bioturbated units within the Mancos C core show evidence of
cryptobioturbation (figure 9). Crypobioturbation is caused by subtle biogenic disturbances, such
as micro borings, bacterial trails, meiofaunal burrows, etc. (Pemberton et al., 2008). In fine-
grained sediments, cryptobioturbation is produced in marine and freshwater environments
(Pemberton et al., 2008). These units looked homogeneous at first glance, but with image
enhancement small burrows could be picked out, however the type of burrow could not be
determined. Because these units are highly reworked, creating an almost massive appearance, it
is likely that there was slow deposition of sediment to allow cryptobioturbation to occur
(MacEachern et al., 2005). The trace fossils that are clearly seen in other sections of the core,
such as Planolites, Chondrites, etc., are isolated and occur in small amounts. This lack of
diversity may indicate a storm flood dominance. Storm floods are short-lived increases in

discharge from small rivers, as the result of extreme rainfall events (Wheatcroft, 2000). The high
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sediment discharge, produced by these floods, enters the ocean and can subsequently be
reworked and distributed by oceanic processes (Wheatcroft, 2000). It is possible that these storm
floods may have created stressed conditions for certain organisms to live, therefore, leading to a
lack of diversity in the type of burrows found within the Mancos C core.
6.4 Relationship with current depositional facies models

The results of this study can be compared to a mudstone facies model developed by Hart
(2016) (figure 32). This model links sedimentary processes and their depositonal products in a
large epicontinental basin (Hart, 2016). Proximal areas should be dominated by siliciclastic
mudstones interbedded with sandstone beds deposited by bottom flows, such as turbidity
currents, hyperpycnal flows, tempestites, and WESGFs (Hart, 2016). With increasing distance
from the shoreline, mudstones become enriched in biogenic components such as planktonic
foraminifera (Hart, 2016). As sea level and sediment supply changes, these facies can shift
laterally, expand, or shrink (Hart, 2016).

The Mancos C core was located 137 km offshore and deposited within a water depth of <
100 m. Therefore, the San Juan Basin shelf had a slope of approximately 0.04° (absolute value:
7 x 10). This slope is too shallow for purely hyperpycnal flows or turbidity currents to
transport sediment across the shelf (figure 1). Storm waves and tides would have aided these
processes, allowing them to travel down a slope of 0.04°, and carry them up to 137 km offshore.
Clastics dominate within the core making up more than 95%, while carbonate grainstones make
up less than 5%. This indicates that deposition within the Mancos C core is quite proximal,

taking place between zones 1 and 2 of Hart’s facies model (figure 32).
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Figure 32: Mudstone/source rock deposition model in an epicontinental seaway. Red arrows
represent processes that deposit sediment. Proximal deposits are dominated by shorelines
sandstones. Proximal mudstones are dominated by siliclastic components such as clay and
quartz silt). The proportion of biogenic sediments, such as planktonic calcite, increases further
offshore. Marine organic matter (MOM) presevation is represented in three main zones. Zone 1
is dominated by siliclastic mudstones with a low preservation for MOM. Zone 2 is dominated by
calcareous mudstones that have good preservation potential for MOM. Zone 3 is dominated by
pelagic limestones with low MOM content (taken from Hart, 2016). The yellow star indicates
the approximate location of deposition in the Mancos C core.
6.5 Comparison of thin-bedded facies in core

Facies from the Mancos C core can be compared to other delatic systems. Plint (2014)
created thin sections from prodelatic core of the Dunvegan to determine the origin of different
grain types and the possible transport processes bringing mud offshore. Using thin sections,
Plint (2014) was able to measure mm scale beds and identify microfacies. Rippled microfacies
(figure 33) look very similar to those found within the Mancos C core. As well, siltstone
lamination thicknesses within Plint’s core range from 0.1 mm to 1 cm. These thicknesses show a

resemblance to siltstone and sandstone laminations found within the Mancos C core, which range

from 0.1 mm to 3 cm. This shows that a well preserved core can provide almost the same level
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of detailed facies as those found in thin sections. Thin sections and the use of SEMs would be
useful to identify the composition of the mudstone and types of grains (e.g., flocs, rip-up clasts,
pyrite framboids) within the Mancos C core.

Like the Mancos C core, within the Dunvegan core there is great vertical variability,
indicating a very dynamic depositional environment (Plint, 2014). Plint (2014) tried to correlate
between stratigraphic thin sections, spaced 20 mm apart, which proved to be difficult. Extreme
lateral variability could be observed between thin sections due to the lateral change in thickness
of microfacies and the millimeter scale erosion at the base of the beds (Plint, 2014). Since only
one core was observed in this thesis, a correlation could not be done. However, it is
hypothesized that there would be great lateral variability between cores since there is vertical
variability within the Mancos C core.

6.6 Importance and application for future studies

Previous studies have not looked at the Mancos Shale in the same level of detail as this
study. These studies provide broad descriptions for the Mancos Shale, and regional cross
sections of the Mancos Shale display the unit as being made up of just clay or silt (Molenaar,
1973, 1977; Nummedal and Molenaar, 1995). There is no indication of any interbedded
sandstone laminations and therefore no indication of the types of facies found within the Mancos
Shale. Molenaar (1977) describes the Mancos Shale as being deposited in deeper, quieter water
in offshore areas with low energy levels. This is not the case in Mancos C, of the Upper Mancos
Shale, as it is a storm-dominated environment where wave action helps to deposit clay and silt.
Therefore, detailed facies analysis is critical to understand the type of environment that the
Mancos Shale was deposited in, which helps to update what previous studies have concluded

about the Mancos Shale.
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Facies analysis of other Mancos Shale cores could be done at a less detailed scale (i.e.,
not measuring every lamination), however the percentages of each facies would have less
accuracy. Grouping a number of laminations together would either cause an overestimation or
underestimation of that facies. This would also affect the accuracy of whether the environments
within each parasequence are wave-, fluvial, or tide-dominated. Perhaps, some type of computer
automation could help to pick out sandstone versus shale layers and measure their thicknesses.
This would greatly reduce the amount of time when analyzing the core. Doing a detailed facies
analyis by measuring each lamination ensures the most accurate measurement of each facies and

their depositional process.
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Figure 33: Well-sorted rippled sandstone from thin-bedded deposits of the Dunvegan formation.
Rippled or structureless well-sorted siltstone (F1); silt-streaked claystone (F2); structureless silty
claystone (F3); clay-rich mudstone (F4). All images are from thin section scans (taken from
Plint, 2014).
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7. Conclusions

Mancos C of the Upper Mancos Shale exhibits a variety of different facies produced by a
number of depositional processes. Storm wave-driven processes comprise 75% of the core
compared to fluvial-fed driven processes, which make up only 11%. The proportion of wave
ripples (5.5%) is greater than that of current (0.9%) and combined-flow ripples (1%), indicating
that deposition occurred below fair weather wave base, but above storm wave base. The
dominant facies throughout the entire Mancos C core was structureless mudstone (70%). This
indicates that inner shelf mud processes, such as wave resuspension of mud, played a key role in
moving sediment up to 137 km offshore. Gravity driven processes such as hyperpycnal flows,
tempestites, and turbidites, as well as hypopycnal flows and wave modified flows, also
contributed to the movement of these muds within the Cretaceous Western Interior Seaway,
however, only for short distances.

Overall, the analysed core was located proximal to the shoreline, falling between zones 1
and 2 of Hart’s epicontinental facies model. This is evident from the high percentage of clastic
sediments (95%), compared to carbonates (5%).

Detailed thin-bedded analysis of well preserved core is able to produce similar results as
thin-bedded studies conducted using thin sections, allowing large sections of core to be analysed,

rather than a number of small specific locations.
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