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Abstract

Fine-grained clastic sediments make up the gross lithology in interior basins of ancient
epicontinental seas, such as the Cretaceous Western Interior Seaway. This study provides a high-
resolution thin-bedded facies analysis and regional correlations to determine how the heterolithic
units of the Juana Lopez Member of the Mancos Shale were transported and deposited in the San
Juan Basin. Data for this study was obtained from outcrop observations in eleven measured
sections, spanning a distance of 115 kilometers. Eleven facies are observed, four sequences and
eleven parasequence sets are identified. A depositional model is determined through the high-
resolution facies analysis, which suggests deposition on a proximal to distal mudbelt through
multiple processes, including turbidity currents, hypopycnal plumes, wave enhanced sediment
gravity flows (WESGFs), storm surges, tides and oceanic currents. Overall, the Juana Lopez is
dominated by upward-shoaling parasequence sets, with an increasing number and thickness of
sandstone dominated bedsets, suggesting regressive sedimentation with distal expressions of
transgression found in two parasequence sets. The source of sediment is determined through 520
paleocurrent measurements and plaeogeographic data, and is determined to be transported by

along-shelf currents, dominantly from proximal NE clastic wedges.
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1. Introduction

Fine-grained clastic sediments, composed of particles smaller than 62 um, make up much
of the gross lithology in interior basins of ancient epicontinental seas, such as the Cretaceous
Western Interior Seaway (Fig. 1) (Schieber, 2016). These fine-grained sediments have been
historically considered as being deposited as ‘blankets’ of sediment that settled slowly out of
suspension, and the low levels of bioturbation and high TOC’s have been used to infer anoxic
conditions (Rhoads & Morse, 1971; Bromley & Ekdale, 1984; Savrda & Bottjer, 1987; Wignall,
1991; Wignall & Pickering, 1993; Martin, 2004; Potter et al., 2005; Laurin & Sageman, 2007).
However, new models of mud transportation and deposition have shown that through
flocculation, muds behave as larger aggregated particles that can be transported as bedload and
form ripples (MacQuaker & Bohacs, 2007; Schieber et al., 2007; Schieber & Southard, 2009;
Schieber, 2011; Yawar & Schieber, 2017). The processes that transport fine-grained sediments
across shorelines and into interior basins include turbidity currents (which include slope failure
and hyperpycnal flows), hypopycnal plumes, wave enhanced sediment gravity flows (WESGFs),
storm surges, tides and oceanic currents (Dalrymple et al., 2003; Bhattacharya & MacEachern,
2009; Plint, 2014; Wilson & Schieber, 2014; Harazim & Mcllroy, 2015; Li et al., 2015; Wilson
& Schieber, 2015; Schieber, 2016).

Hypopycnal plumes are able to transport flocculated mud particles tens to hundreds of
kilometers offshore (Schieber, 2016). Rivers feeding ancient epicontinental seas are known to be
smaller in size due to their smaller drainage areas and potential sediment supply, since most of
the continent was submerged under water. Therefore, it is unlikely for hypopycnal plumes to
solely spread suspended sediment hundreds of kilometers offshore in epicontinental seas

(Schieber, 2016). Sediments often settle out of hypopycnal plumes and can become remobilized



by waves and currents, and be moved further offshore as a liquid mud layer on slopes as small as
0.03° (Schieber, 2016). Turbidity currents, and WESGFs are able to carry sediment multiple
kilometers offshore; however, the minimum slope requirement for these currents to support
sediment in autosuspension is 0.7° (Bentley, 2003; Friedrichs & Wright, 2004; Friedrichs &
Scully 2007; Bhattacharya & MacEachern, 2009; Schieber, 2016). Storms induce offshore
flowing currents that move basinward and are deflected along-shelf by Coriolis effect, rather
than gravity acting on the suspended sediment (Aigner & Reineck, 1982; Duke, 1990). Storm
induced offshore transport can move mud up to about 400 km offshore, with a minimum slope
angle of 0.03° (Schieber, 2016). With epicontinental seas having small regional bottom slopes
(0.001° to 0.005°), and assuming a maximum water depth of 200 m, these processes are able to
move fine-grained sediments on the order of hundreds of kilometers offshore and along-shelf, as
summarized in Figure 2 (Schieber, 2016). Therefore, it is hypothesized that fine-grained
sediment is transported offshore and along-shelf in ancient epicontinental seas by tidal and wind
induced bottom current circulation (Schieber, 2016). Periods of lower sea level may also allow
more seaward deposition, for example a 20 meter fall in sea level on a slope of 0.03° results in a

38 kilometer seaward translation of the shorleine (Schieber, 2016).
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Figure 1- Cretaceous Western Interior Seaway showing the Cardium, Frontier, Vernal, Last
Chance, Notom, Kaiparowits (K) and Gallup delta complexes in Turonian paleogeography

(taken from Bhattacharya & MacEachern, 2009). Red box outlines the area under evaluation in
this study.
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1.1 Significance and Objectives

High-resolution stratigraphic analysis, as well as the transportation and depositional
mechanisms, of thin-bedded heterolithic facies have been overlooked and understudied due to
the difficulty in the study of fine-grained outcrops. Fine-grained heterolithic outcrops are
typically poorly exposed and easily weathered, causing them to seem featureless and
homogeneous. However, high-resolution regional correlations of thin-bedded heterolithic facies
play an important role in increasing production and profitability of unconventional hydrocarbon
resources for the global energy market. This study focuses on the laterally extensive and well
exposed cliff exposures of the thin-bedded, heterolithic Juana Lopez Member of the Mancos
Shale in Shiprock, New Mexico, where a high-resolution facies analysis and regional correlation
is possible.

This study has three primary objectives. The first objective is to provide a detailed facies
analysis of the Juana Lopez Member, in the San Juan Basin. This facies analysis will serve as a

model to evaluate the vertical and lateral facies variability in heterolithic units. Also, this facies



analysis will test the hypothesis of anoxic conditions, which is important in characterizing the
source rock in the system. The second objective is to define and track key boundaries within the
stratigraphic unit to determine whether coarsening-upward parasequence sets correlate
regionally. This regional correlation will offer the oil and gas industry an analog that documents
the lateral variability of heterolithic successions, which may consist of small scale reservoir seal
pairs. The final objective is to establish a depositional model for the Juana Lopez Member, based
on recent mud depositional models, such as Hart (2016), Schieber (2016), Birgenheier et al.
(2017), and Li and Schieber (2018). The depositional model is interpreted based on the dominant
depositional processes, as determined from the detailed facies analysis.

2. Geologic Setting

In the Late Cretaceous, western North America underwent crustal thickening through the
subduction and compression of the Farallon plate beneath the North American plate (Livaccari,
1991; DeCelles, 2004). The plate subduction and convergence created linear north-south
trending orogenic belts, including the Sevier fold-thrust belt (Livaccari, 1991; DeCelles, 2004;
Yonkee & Weil, 2015). East of the Sevier belt, subsidence created a flooded basin, named the
Western Interior Seaway (Fig. 1) in which hundreds to thousands of meters of sediment
accumulated in the foreland basin of the seaway during the Cretaceous (Kauffman, 1984;
DeCelles, 1994; DeCelles & Giles, 1996; Johnson, 2003). During the Late Cretaceous, the global
annual mean surface temperature was approximately 6°C higher than current global temperatures
and sea-floor spreading rates were increased, resulting in repeated flooding of the basin and a
global eustatic highstand (Kauffman, 1977, 1985; Savin, 1977; Barron, 1983; Kauffman &
Caldwell, 1993; Miller et al., 2005; Fluteau et al., 2007; Hay, 2008; Haq, 2014). The resulting

Western Interior Seaway became completely invaded by Thethyan waters from the Gulf of



Mexico and Boreal waters from the Arctic Ocean (He et al., 2005; Kauffman, 1977). This
epicontinental sea was up to 1,500 km wide with maximum water depths estimated to be about
200 m (Weimer, 1984; Kauffman 1985; Sageman & Arthurs, 1994; Schieber, 2016).

The Mancos Shale was deposited in the foredeep of the Western Interior Seaway, from
95 to 75 million years ago, as a mainly offshore marine shale fed by more proximal clastic
shallow-marine and fluvial units at the margins (Nummedal, 1990). The Mancos Shale is divided
into a lower and upper division and the Juana Lopez Member is found in the Lower Mancos
Shale (Fig. 3). The Juana Lopez Member was deposited during the Middle to Upper Turonian
during a series of high-frequency transgressive and regressive cycles (Barron et al., 1985;
Molenaar, 1983; Fischer et al., 1985; Kauffman, 1985; Nummedal, 1990; Leithold, 1994). The
Juana Lopez was deposited within the Inocermus dimidus and Scaphites whitfieldi biozones (Fig.
3) (Cobban et al., 1994; Joo & Sageman; 2014). These zones lie in the time intervals of ca 90.2
myr to ca 91.4 myr, encompassing a time interval of ca 1.2 myr (Fig. 3).

The Juana Lopez Member is found within the San Juan Basin in New Mexico (Rankin,
1944; Dane et al., 1957; Lamb, 1973; Nummedal & Molenaar, 1995; Ridgley et al., 2013).
Rankin (1944) was the first to recognize and name the Juana Lopez Member in the eastern part
of the San Juan Basin. The Juana Lopez Member is found above the Dakota Sandstone and the
Carlile Member of the Mancos Shale, and below the Upper Gallup Sandstone (Fig. 4) (Dane et
al., 1957; Nummedal & Molenaar, 1995; Campbell, 1971; Anderson, 2010; Ridgley et al., 2013).
Primary stratigraphic observations describe the Juana Lopez as being predominantly shale
interbedded with silt to arenaceous limestone beds in southern New Mexico (Lamb, 1973).
Molenaar (1973) describes the Juana Lopez Member as being an organic-rich, mud-dominated

shale deposited in a shallow marine offshore environment with low clastic input. Anderson



(2010) interprets the Juana Lopez as being a highly restricted dysoxic to anoxic depositional
environment, due to the low diversity microfauna. The Juana Lopez Member is recognized as
being organic rich with TOC > 3% and hydrogen index values between 350 and 450, which are
much higher than found in the units below and above (Anderson, 2010). Anderson (2010)

hypothesizes the depositional controls on the Juana Lopez to be an interaction of tectonics and
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2.1 Study Area

The main study area for this analysis is located west of Shiprock, New Mexico (Fig. 5).
Data for this study was obtained from 10 stratigraphic measured sections (MS1, MS2, MS3A,
MS3B, MS4, MS5, MS6, MS7, MS8A, MS8B) along a north-south trending outcrop exposure of

the Juana Lopez (Fig. 5). Two of the ten sections (MS3B and MS8B) were collected by



undergraduate field assistants, Madison MacAndrew and Rachel Nelson, as part of their
undergraduate thesis data collection. In addition, one measured section (MS7) was taken just
outside of the Mesa Verde National Park in Colorado in a more distal location (shown in Fig.
5A). The Middle to Late Turonian paleoshoreline has been mapped southwest of the study area
(Molenaar, 1983), and runs northwest to southeast (Fig. 5). The outcrop exposure is oriented
oblique to this paleoshoreline. The distance between the southernmost section (MS3B) and the
northernmost section (MS8A) in the New Mexico study area is approximately 47 km (Fig. 5B).
The distance between the northernmost section (MS8A) in New Mexico, and the Colorado

section (MS7) is approximately 68 km.
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Figure 5- A) Location of the Gallup outcrop belt in the San Juan Basin (modified from
Campbell, 1971). The Juana Lopez Member is found directly underlying the Gallup outcrop belt.
Location of Colorado measured section (MS7) is shown by a green triangle. Late Turonian
transgressive shoreline taken from Molenaar (1983). (B) Locations of ten measured sections west
of Shiprock, New Mexico. Blue pins are sections collected by undergraduate students. Red line
indicates distance between the two outcrop exposures (47km) (images retrieved from Google
Earth).
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3. Methodology

The eleven measured sections were measured at centimeter scale. The sedimentological
data obtained included, lithology, grain size, sedimentary structures, bed thickness, grading,
ichnofacies, degree of bioturbation, fossils and paleocurrents. A bioturbation index of 0 to 6 was
used to classify the degree of bioturbation (Fig. 6).

The tools used in the field to collect the data included a Silva Compass for paleocurrent
measurements, measuring tape and Jacob’s staff for bed thicknesses, hand lens and grain size
card for grain size measurements and finally, a hammer and brush for the collection and cleaning
of samples and outcrop exposures. The Wentworth classification was used to determine grain
size. The percentage of clay content was determined by chewing the rock and through the
variation of colour. High percentage of clay content would feel smooth and pasty when chewed,
and was mostly dark gray in colour. Low percentage of clay content would feel grittier when
chewed, and showed a lighter and browner colour. The upper portion of the Juana Lopez
(approximately the top 20 meters) is exposed in outcrop, whereas the lower portion of the
member is covered by debris slopes; therefore, a pickaxe was used to excavate trenches to reveal
fresh rock for description.

A high-resolution thin-bedded facies analysis was conducted to help determine how the
heterolithic units were deposited. The varying depositional processes were identified through the
observation of grading patterns, sedimentary structures, bioturbation index and ichnofacies data,
allowing the relative proportion of facies association to be calculated. The range of facies
proportions are used between MS3A and MS5 in the facies descriptions. A sand-to-shale ratio
was determined for each section in the lateral and vertical facies analysis, which shows the

proportion of mudstone, heterolithics and sandstone. This classification quantifies the net-to-
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gross (N/G) ratio within these sections. The facies proportions used to interpret the relative
importance of various sediment delivery and transport processes that can be compared to recent
mudstone facies models (e.g. Hart (2016), Schieber (2016), Birgenheier et al. (2017), and Li &
Schieber (2018)). A total of 520 paleocurrent measurements were collected and plotted on Rose
Diagrams for each section, to interpret the source of sediment feeding the Juana Lopez.

To infer relative sea level fluctuation and to accurately correlate the eleven sections,
bentonite layers were used as isochronous datums. Data for both the sections was collected up to
3 meters above a top bentonite layer that lies below the Gallup Sandstone, and in this study is
named the “Lower Gallup Bentonite”. Where possible, sections were measured into the
underlying Carlile Member. The Juana Lopez was differentiated from the Carlile by the
appearance of more abundant sandstone laminations. In the study area, the differentiation
between the two members was made at a regionally correlated bentonite layer, wherein
sandstone laminations are less abundant below the bentonite and more abundant, with increasing

thickness, above the bentonite.

Bioturbation Percent T
Index Bioturbated Classification

0 0 No bioturbation

1 1tod Sparse bioturbation, bedding distinct and few discrete
traces or escape structures

2 5t030 Low bioturbation, bedding distinct, low trace density
and escape structures often commaon

3 31 to 60 Moderate bioturbation, bedding boundaries sharp,
traces discrete and overlap rare

4 61to 90 High bioturbation, bedding boundaries indistinct and
high trace density with overlap common

5 91 to 99 Intense bioturbation, bedding completely disturbed
{just visible), limited reworking and later burrows discrete

6 100 Complete bioturbation and sediment reworking|
because of repeated overprinting

Figure 6- Bioturbation index in relation to the percent of sediment that is bioturbated (taken from
Gingras et al., 2015, adapted from Taylor & Goldring, 1993).
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3.1 Identifying Thin-bedded Depositional Processes

Thin-bedded depositional processes were identified and interpreted based on previously
studied facies models of hypopycnal plumes, based on Bates (1953), Lowe (1979), Garvine,
(1982), Orton and Reading, (1993), Morehead and Syvitski, (1999), Traykovski et al. (2000),
McCool & Parsons (2004), and Schieber (2016), turbidity currents, which include slope failure
and hyperpycnal flows, based on Sanders (1960), Bouma (1962), Normark and Piper (1991),
Mulder et al. (2003), Friedrichs and Wright (2004), Pattison (2005), Bhattacharya and
MacEachern (2009), and Schieber (2016), wave and current enhanced sediment gravity flows,
based on Dalrymple et al. (2003), Macquaker et al. (2010), Plint et al. (2012), and Schieber
(2016), storm surges, based on Campbell (1966), Harms et al. (1975), Aigner and Reineck
(1982), Swift et al. (1983), Seilacher (1984), Duke (1985), Duke et al. (1991), Myrow et al.
(2002), and Schieber (2016), and tides, based on Nio and Yang (1991), Dalrymple (2010), and
Mackay and Dalrymple (2011).

3.2 Identifying Parasequences and Parasequence Sets

The violation of Walther’s Law was used to distinguish parasequences (Walther, 1984;
Middleton, 1973). Parasequences are identified by a general coarsening upward facies succession
capped by a flooding surface. Flooding surfaces at the top of parasequences were identified by a
basinward facies shift, where the most distal facies of the overlying parasequence is found
directly above the flooding surface. In this study, and other high-resolution Mancos Shale studies
(example the lower Blue Gate Member in the Uinta Basin, Utah from Birgenheier et al., 2017),
the thickness and frequency of siltstone and very fine sandstone interlaminations and beds
increases upwards within a parasequence, and the clay content decreases upwards (Fig. 7). There

is a jump to an increased clay content at the top of the parasequence, indicating a flooding
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surface (Fig. 7). Once the parasequences were identified, bentonite layers were used to constrain
correlations of parasequences between the eleven sections.

Parasequence sets were identified based on major lap-out, flooding surfaces, as well as
observed progradational, aggradational and retrogradational stacking patterns of individual
parasequences. A conceptual depiction of the distal expression of sea level change was made
through the interpretation of stacking patterns, in combination with facies observations and

depositional environment changes.
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Figure 7- Juana Lopez outcrop exposure at MSBA to the Ieft and corresponding measured
section to the right. Parasequences are identified and flooding surfaces outlined with a blue line.
Refer to Figure 22 for a legend associated with the measured section.
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4. Facies Description and Interpretation

Facies 1: Bentonite
Bentonite laminae and beds are present in each measured section and throughout the

entire Juana Lopez (Fig. 8). Bentonite thickness ranges from 0.1 cm to 40 cm. An average of 10
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bentonite layers were found in each measured section. Bentonite layers are identified by their
distinctive white to very light grey colour in fresh exposures or orange colour when heavily
weathered. Another diagnostic feature is their pasty texture when saturated. The bioturbation in
this facies is very low, with Bl ranging from 1 to 2. Trace fossils such as Planolites,
Palaeophycus and Chondrites are occasionally found at the top of the bentonite layers (Fig.
9A&E). The proportion of this facies ranges from 0.7% to 1.7%.
Interpretation

Bentonites are layers of volcanic ash, which originate from a volcanic eruption
(Christidis & Huff, 2009). As volcanic ash is ejected from a volcano, it is transported by wind,
tides and currents into offshore marine environments where it then settles across the seafloor
(Christidis & Huff, 2009). Therefore, bentonites found in the Juana Lopez are a result of
suspension settling of volcanic ash. Due to the ability of volcanic ash to be spread across vast
areas of the seafloor, bentonites are used as isochronous datums and used for regional
correlation. Trace fossils found in this facies belong to the Cruziana ichnofacies indicating an
offshore shelf environment in the sublittoral zone of the basin (less than 200 m water depth)

(Seilacher, 1967; Frey et al, 1990; Pemberton et al., 1992).
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Figure 8- Letter “F” with corresponding numbers represent facies corresponding to the
stratigraphy A) F1 showing 2 mm bentonite lamina with a diagnostic orange colour due to
weathering B) F1 showing 5 cm bentonite with a diagnostic light grey colour.
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Figure 9- A) Lightly bioturbated current rippled sandstone (F8) (BI = 2) with Paleophycus (Pa),
Rhizocorallium (Rh), Planolites (PI), Bergaueria (Be), Cylindrichnus (Cy) and Teichichnus (Te)
trace fossils. B) Moderately bioturbated current rippled sandstone (F8) (Bl = 3) with Rh, Be, Te
and Skolithos (SK) trace fossils. C) Lightly bioturbated bottom of a wave rippled sandstone bed
(F9) (BI = 1) with Be, PI, and Lockeia (LK) trace fossils. D) Lightly bioturbated bottom of a
combined flow rippled sandstone bed (F10) (B1=2) with a Lk trace fossil. E) Lightly bioturbated
bottom of a current rippled siltstone bed (F8) (Bl = 2) with Chondrites (Ch) trace fossils.
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Facies 2: Normally Graded

Normally graded beds and laminae are found in each section, except for MS9 (Fig. 10).
These strata show an upward reduction in grain size from very fine lower sand to mud. The mud
present at the top of the normally graded units has clay contents ranging from 60% to 80%. The
graded beds are either structureless, or planar laminated, and lack wave-formed sedimentary
structure, such as symmetrical wavy laminations. The thickness of normally graded units range
from 0.2 cm to 5 cm. These units contain no bioturbation to very low bioturbation with a Bl
index of 1. The most abundant trace fossils found in this facies include Planolites and
Palaeophycus, with minor traces of Cylindrichnus (Fig. 9A). Shell fragments of inoceramid,
ammonite and bivalve fossils can be seen at the base of these units (Fig. 11D). The proportion of
this facies ranges from 2.4% to 2.9%.
Interpretation

Normally graded beds record the waning stages of flow, where different sizes of particles
settle at different rates (Mulder et al., 2003; Boggs, 2006). As the velocity of flow decreases,
coarser grained sediment will settle first, followed by finer and finer grained sediment (Mulder et
al., 2001; Mulder et al., 2003). Many of the known mud transport processes form normally
graded deposits, and currently it is hard to distinguish the minor differences between the deposits
to be able to assign them to specific processes. Normally graded beds can be attributed to
ignitive turbidites, hyperpycnites, tempestites, or suspension settling. The lack of wave-formed
sedimentary structures and predominance of structureless or planar laminated facies suggests
ignitive turbidites, hyperpycnal flows or hypopycnal flows. However, inverse grading was not
found in the Juana Lopez, and it is considered unlikely that the inverse grading was eroded from

the hyperpycnite deposit throughout the entire Juana Lopez. Therefore, in this study normal
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grading of fine-grained sediment is associated as being deposited by low density ignitive
turbidites (Normark & Piper, 1991). Trace fossils found in the normally graded units belong to
the Cruziana ichnofacies found in the proximal to distal offshore shelf (Seilacher, 1967; Frey et
al, 1990; Pemberton et al., 1992). The very low to non-existent Bl, as well as the disaggregated
shell fragments, indicates high sedimentation rates and a low infaunal biomass (Gingras et al.,
2015), consistent with high depositional rates from waning turbidity currents.
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Figure 11- A) Ammonite fossil preserved in shaly claystone (F4). B) Inoceramid and ammonite
fossils preserved in planar interlaminated mudstone and sandstone (F3). C) Bivalve fossil found
in a combined flow rippled sandstone (F10). D) Shell fragments, inoceramid fragments, coal
chips and organic matter found in a planar laminated sandstone bed (F6). E) Disaggregated shell
fragments (mostly of inocermids) typically found in the top rippled sandstones of the Juana
Lopez. F) Disaggregated shell fragments found in a siltstone starved ripple (F11).
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Facies 3: Planar Interlaminated Mudstone and Sandstone

This facies consists of rhythmic planar interlaminations of clays and silts with very fine
lower sands (Fig. 12). In a 2.1 cm sample of this facies, 31 very fine lower sandstone laminations
were found with interlaminated homogeneous and structureless mudstone (Fig. 12).
Interlaminated units range in thickness from 0.5 cm to 80 cm, and show no bioturbation to low
bioturbation with a Bl index of up to 2. Trace fossils found in these units include Planolites,
Palaeophycus, Thalassinoides, Phycosiphon, Bergauria, Rhizocorallium and Fugichnia, with
Planolites, Palaeophycus and Bergauria being the most abundant (Fig. 9A&B). Small scale shell
fragments are occasionally found in the sandstone laminations and mudstone laminations (Fig.
11D&F), whereas fully preserved inoceramid and ammonite fossils are occasionally found in the
mudstone laminations (Fig. 11A&B). This facies comprises the largest proportion of the Juana
Lopez sections, with proportions ranging from 26.0% to 42.1%.
Interpretation

The rhythmic pattern of alternating sand and mud likely represent tidal laminites, which
typically represent a single tidal cycle (Dalrymple, 2010). The planar laminations found in tidal
laminites are deposited from suspension, where sand is deposited when current speeds are the
highest (during the middle of each ebb and flow tide) (Nio &Yang, 1991; Dalrymple, 2010).
Fluid muds tend to lack bioturbation, grading and internal laminations (Dalrymple et al., 2003).
Recent studies have confirmed that, unlike passively deposited mud drapes, dynamically
deposited fluidized mud flows are also found in tidal deposits (Mackay & Dalrymple, 2011).
This facies is associated with tidal currents and fluid muds. Tides are interpreted to transport
sediment further offshore along with near bed currents formed by waves maintaining a traveling

layer of fluid mud, which can transport muds up to 400 km offshore (Bhattacharya &
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MacEachern, 2009; Mackay & Dalrymple, 2011; Schieber, 2016). Trace fossils found in this
facies belong to the Skolithos and Cruziana ichnofacies (Seilacher, 1967; Frey et al, 1990;
Pemberton et al., 1992). Skolithos can be formed by many different types of organisms and is
therefore found in virtually every type of marine depositional environment; however, Cruziana is
mostly found in the proximal to distal offshore shelf (Pemberton et al., 1992). The very low Bl
indicates high sedimentation rates (MacEachern et al., 2005; Hovikoski et al., 2008; Gingras et
al., 2015). Shell fragments found in the sandstone laminations would have been transported and

reworked during the middle of each ebb and flow tide, where energy increases and current

speeds are the highest (Nio &Yang, 1991; Dalrymple, 2010).

Figure 12- Planar interlaminated mudstone and sandstone in MS2 (F3) with a small starved
current rippled sandstone lamina (F8) and a Bl of 1. Fugichnia (Fu) burrow shown in F3.
Possible spring cycles are outlined within yellow bracketed packages on the left, and in between

are possible neap cycles.

Facies 4: Shaly Claystone

Shaly claystone is the one of the most abundant facies found in all the sections (Fig. 13).
This facies consists of fissile units of clay sized particles with 50% to 90% clay content. Clean
cut rows of the shaly claystone show no structure, however, thin sections may show otherwise.
These shale units range in thickness from 0.1 cm to 50 cm and have a Bl of 0 to 1 in all sections,
showing traces of Planolites (Fig. 9A). Very well preserved fossils of ammonites, inoceramids
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and fish scales can be found in this facies (Fig. 11A&B). The proportion of this facies ranges
from 17.1% to 25.0%.
Interpretation

Shaly claystone is likely the result of suspension settling of aggregated clay particles
from buoyant plumes (McCool & Parsons, 2004; Boggs, 2006). In this study, shaly claystone is
given a suspension settling association, since aggregated clay particles are assumed to be
transported offshore from along-shelf current buoyant plumes. Very low to non-existent Bl in
facies 4, found within the Cruziana ichnofacies, indicates high sedimentation rates with

suspended settling onto a distal offshore shelf (Pemberton et al., 1992; MacEachern et al., 2005;

Hovikoski et al., 2008; Gingras et al., 2015).

I - ek
Figure 13- Black shaly claystone displaying fissile nature and homogeneous texture.

Facies 5: Micro-hummocky Cross-stratified Sandstone

Micro-hummaocky cross-stratified sandstone is found in the upper Juana Lopez sandstone
units (Fig. 14). This facies consists of very fine lower to very fine upper sandstone with a sharp
erosional base. Wavelength of bedforms ranges from 10 cm to 25 cm. The thickness of this

facies ranges from 10 cm to 40 cm. The wavelength of micro-hummocks is differentiated from
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the wave rippled siltstone and sandstone facies (F9) by the larger scale. This facies shows light to
moderate bioturbation, with a Bl ranging between 0 and 3. A diversity of trace fossils is found in
this facies, including Planolites, Palaeophycus, Thalassinoides, Lockeia, Bergaueria,
Cylindruchnus, Skolithos, and Rhizocorallium. However, Skolithos, Lockeia and Bergaueria are
most common (Fig. 9C&D). Disaggregated shell fragments of larger scale inoceramids and
ammonites are commonly found in this facies, as well as organic matter (including coal chips
and wood chips) (Fig. 11E). The proportion of this facies ranges from 0.7% to 1.2%.
Interpretation

Micro-hummocky cross-stratification shows evidence of oscillatory flow. Above storm
wave base, strong storm-wave surges transport coastal sediment to the shelf under oscillatory-
dominant combined flows forming tempestite deposits (Duke et al., 1991; Aigner & Reineck,
1982). These combined-flows are produced by along-shelf geostrophic flows (Swift et al., 1983).
Skolithos ichnofacies (suggested by the most common trace fossils) and the abundant shell
fragments and organics, in conjunction with the interpretation of deposition above storm wave
base, suggest the depositional environment to be in a proximal offshore shelf (Frey et al, 1990;

Pemberton et al., 1992).
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Figure 14- Micro-huoc cross-stratified sandstone. A arg wavelength ripples are seen
that have a length of 20 cm. B) Larger scale undulating ripples.
Facies 6: Planar Laminated Siltstone and Sandstone

This facies consists of planar laminated beds of siltstone with 5% to 45% clay content to
very fine lower sandstone (Fig. 15). Laminations appear planar, however certain units appear to
have some gentle undulation, representing quasi-planar lamination (Arnott, 1993). These
deposits have an erosional base, where tool marks and scours are also found (Fig. 16). Units
range in thickness from 3 cm to 28 cm and have a low Bl of 0 to 2, showing traces of Planolites,
Phycosiphon and Bergauria (Fig. 9C). Shell fragments of inoceramids and ammonites, as well as
organics are common in this facies (Fig. 11D&E). The proportion of this facies ranges from
1.9% to 2.4%.
Interpretation

Planar laminated siltstone and sandstone can be interpreted as either the result of high

flow velocities washing out the formation of ripples as the formation of flow separation is

suppressed at higher velocites, or as the result of suspension settling of fine-grained silt and sand
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particles from buoyant plumes (Boggs 2006; Nichols, 2009). Quasi-planar lamination is
hypothesized to be produced by high-energy combined flows (Arnott, 1993). The presence of
tool marks and scours at the erosional base of these deposits indicate deposition by high velocity
unidirectional currents, suggesting wave modified turbidity currents. Low BI indicates rapid
settling rates (MacEachern et al., 2005; Hovikoski et al., 2008; Gingras et al., 2015). Trace
fossils suggest a Cruziana and Skolithos ichnofacies indicating a proximal to distal offshore shelf
environment (Seilacher, 1967; Frey et al, 1990; Pemberton et al., 1992). Shells would be
disaggregated and reworked when transported by wave modified turbidity currents onto the

proximal to distal shelf.
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Figure 15- A) Quasi-planar laminated silstone with 20% clay content showing subtle undulation.
B) Planar laminated very fine lower sandstone.
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Figure 16 — Tool marks and scours at the er05|onal base of a planar Iamlnated very flne Iower
sandstone bed. Blue arrow indicates general flow direction.

Facies 7: Structureless Siltstone and Sandstone

Structureless siltstone and sandstone units consist of silt sized particles with 5% to 45%
clay content to very fine lower sand sized particles that appear homogeneous and lack internal
sedimentary structures (Fig. 17). The structureless siltstones and sandstones have an erosional
base. These units range from 0.2 cm to 15 cm. There is little to no evidence of bioturbation, with
a maximum BI of 1, with rare Planolites. Occasionally, small scale disaggregated shell
fragments are found. The proportion of this facies ranges from 0.2% to 0.4%.
Interpretation

Similar to facies 4, the lack of internal structures and bioturbation in facies 7 indicates
very rapid deposition of silt to sand sized sediment formed from suspension (Boggs, 2006;
Macquaker et al., 2010). This facies could have also been deposited from a very highly
concentrated sediment dispersion during sediment gravity flows, suggesting an ignitive turbidite
deposit (Boggs, 2006; Macquaker et al., 2010). The lack of structure and erosional base may

represent the base of a Bouma Sequence. The very low to non-existent Bl in this facies suggest
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very rapid sedimentation rates (MacEachern et al., 2005; Hovikoski et al., 2008; Gingras et al.,

2015).

g ,

Figure 17- A) Stuctureless siltstone with 15% clay content. B) Structureless very fine Iower
sandstone with a Planolites (PI) burrow.
Facies 8: Current Rippled Siltstone and Sandstone

Current rippled siltstone and sandstone is found in all sections and consists of units with
silt to very fine lower sand grains, showing evidence of unidirectional ripple laminations with a
typical NW flow direction (Fig. 18). This facies is also seen as starved current rippled siltstone
and sandstone units. The thickness of these units ranges from 0.3 cm to 35 cm. This facies shows
a variety of lightly bioturbated to moderately bioturbated units with Bl ranging from 0 to 3.

Trace fossils include Planolites, Palaeophycus, Thalassinoides, Lockeia, Bergaueria, Skolithos,

and Rhizocorallium (Fig. 9A-D). The most abundant trace fossils are Planolites, Palaeophycus,
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Lockeia and Bergaueria. Shell fragments of inoceramids, ammonites and bivalves, as well as
organics are common. The proportion of this facies ranges from 4.0% to 8.0%.
Interpretation

Current rippled laminations form as the result of unidirectional flow and are distinctly
asymmetrical (Allen, 1969; Nichols, 2009). Current ripples are common in the T¢ division of the
Bouma sequence, suggesting deposition by ignitive turbidity currents. Storms with strong
unidirectional flow components are also capable of forming unidirectional ripple laminations, but
these will typically show reworking by waves. Along-shelf geostrophic and ocean currents may
also result in the formation of current ripples (Schieber, 2016). Contourites are formed by the
contour-parallel current enhanced sediment gravity flows that are reworked by the persistent
action of bottom currents, and also show evidence of current rippled lamination (Stow et al.,
2002; Rebesco et al., 2014). Low to moderate Bl indicate rapid to moderate sedimentation rates
(MacEachern et al., 2005; Hovikoski et al., 2008; Gingras et al., 2015). The majority of the trace
fossils are found in the Skolithos ichnofacies and suggest the depositional environment to be in
the proximal offshore shelf (Frey et al, 1990; Pemberton et al., 1992). Shells are transported from

the proximal shelf and are reworked and disaggregated by the time they are deposited.
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Figure 18- A) Current rippled siltstone with an overlying structureless siltstone bed (F7), fluid
mud lamination (F4) and planar laminated siltstone bed (F6). B) Current rippled very fine lower
sandstone bed.

Facies 9: Wave Rippled Siltstone and Sandstone

Wave rippled siltstone to very fine upper sandstone is present in all sections (Fig. 19).
Paleocurrents show a predominant NW-SE flow direction. The wavelength of the ripples are
smaller than those of the micro-hummocky cross stratified ripples (F5), and range from 1 cm to
10 cm. The base of these deposits are sharp and erosional. The thickness of this facies ranges
from 0.3 cm to 80 cm, and is also seen as starved rippled siltstone and sandstone units. This
facies shows light to moderate bioturbation with a Bl ranging between 0 and 3. Trace fossils
include Planolites, Palaeophycus, Thalassinoides, Lockeia, Bergaueria, Cylindruchnus,
Skolithos, and Rhizocorallium. Larger scale, intact, and disaggregated pieces of inoceramids,
ammonites and bivalves are very common (Fig. 11E). The proportion of this facies ranges from

6.0% to 19.2%.
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Interpretation

Wave-ripple laminations consists of parallel laminae that conform to the surface form of
a wave ripple and are formed as a result of oscillatory flow (Campbell, 1966). These wave ripple
laminations are likely caused by storm-generated waves and are therefore interpreted as
tempestites caused by storm surges (Harms et al., 1975; Aigner 1982; Duke, 1985; Myrow et al.,
2002). The presence of starved wave rippled siltstone and sandstone units indicates strong flow
caused by storm surges, with limited sediment supply (Kane et al., 2007; Nichols, 2009). Low to
moderate Bl indicate rapid to moderate sedimentation rates (MacEachern et al., 2005; Hovikoski
et al., 2008; Gingras et al., 2015). The majority of the trace fossils are from the Skolithos
ichnofacies, interpreted to be found in a proximal offshore shelf (Frey et al, 1990; Pemberton et

al., 1992). Storms are capable of transporting larger scale shells to the offshore, where storm-

generated waves would break them apart prior to their final deposition.

Figure 19- A) Wave rippled siltstone with 10% clay content and a wavelength of 6 cm. B) Wave
rippled very fine lower sandstone.
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Facies 10: Combined Flow Rippled Siltstone and Sandstone

Combined flow rippled siltstone to very fine upper sandstone is found in all sections and
consists of units with silt to very fine upper sand sized grains (Fig. 20). Flow directions for
current rippled laminations are typically NW and flow directions for wave rippled laminations
are typically NW-SE (i.e. perpendicular to wave ripple crests). The thickness of these units range
from 1 cm to 1.75 m. This facies is lightly to moderately bioturbated, with a Bl range of O to 3.
There are a variety of trace fossils in this facies, such as Planolites, Palaeophycus,
Cylindrichnus, Rhizocorallium, Skolithos, Thalassinoides, Bergaueria, and Lockeia, and rare
Teichichnus. Larger scale, fully preserved, and disaggregated pieces of inoceramids, ammonites
and bivalves, as well as organics, are very common (Fig. 11E). The proportion of this facies
ranges from 9.2% to 21.2%
Interpretation

Combined flow rippled laminations are a result of the action of both waves and currents
(Nichols, 2009). This facies is likely the result of wave-modified tempestites, or wave-modified
turbidites, which include oscillatory and density-induced flows (Duke, 1985; Myrow et al.,
2002). This process occurs when a current is generated by a storm surge at the same time as
high-amplitude waves reach deep below the surface (Nichols, 2009). Therefore, this facies is

classified as a wave modified turbidite/tempestite.
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Figure 20- Very fine lower combined flow rippled sandstone showing both current and
oscillatory flow.

Facies 11: Starved Rippled Siltstone and Sandstone

The starved rippled siltstone and sandstone facies consists of lenticular silt to very fine
lower sand beds with undefined ripple laminations, as shown in Figure 21. This facies was
present in all sections with thicknesses ranging from 0.1 cm to 6 cm. This facies is lightly
bioturbated with a Bl ranging from 1 to 2. These units have Planolites, Palaeophycus,
Bergaueria, Lockeia and Rhizocorallium. Small scale shell fragments are occasionally found.
The proportion of this facies ranges from 1.1% to 5.0%.
Interpretation

Starved siltstone/sandstone ripples indicate limited sediment availability, which was
driven by unidirectional or oscillatory flows (turbidity currents or storm surges) and draped by
suspended mud sized particles when flow energy waned (Kane et al., 2007). Since the type of

ripples are unrecognizable in these facies, the exact origin cannot be unequivocally determined.
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Figure 21- A) Starved rippled siltstone laminations within a planar interlaminated mudstone and
sandstone unit. (B) Starved rippled sandstone bed (F11) with an observed external asymmetric
current ripple and no internal features, surrounded by planar interlaminated mudstone and
sandstone (F3).

5. Vertical and Lateral Facies Variability

Measured sections are between 22 to 56 meters thick. The thickness of the entire Juana
Lopez, in the sections where it was possible to measure (MS3A and MS3B), ranges from 37 to
43 meters. A legend and facies key associated with the measured sections and facies analysis is
shown in Figure 22.
Vertical Facies Analysis

A vertical facies analysis was conducted between a proximal section (MS3B) containing

the complete Juana Lopez stratigraphy, and a distal section (MS5) containing the most complete
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distal Juana Lopez stratigraphy (Fig. 23). The vertical facies analysis is divided into 3 portions;
(1) the Carlile Shale, (2) the lower Juana Lopez and (3) the upper Juana Lopez. Table 1 shows
the percentages of each facies in each of the 3 portions, as well as the facies associations
corresponding to each facies. The resulting percentages of depositional processes in each portion
are recorded in Table 2. For the sand-to-shale analysis, the mudstone facies association is made
up of F4, the heterolithics facies association is made up of F2 and F3, and the sandstone facies
association is made up of F5, F6, F7, F8, F9, F10 and F11.

The dominant facies in the Carlile Shale include shaly claystone (F4) and planar
interlaminated mudstone and sandstone (F3), resulting in the highest proportion of depositional
processes to be suspension settling and fluid muds/tidal currents. The sand-to-shale ratios are
dominated by mudstones.

Similar to the Carlile Shale, the dominant facies in the lower Juana Lopez include shaly
claystone (F4) and planar interlaminated mudstones and sandstones (F3); however, the
percentage of rippled siltstone and sandstone (F8, F9 and F10) increases noticeably in the lower
Juana Lopez. Planar interlaminated mudstones and sandstones facies (F3) are most abundant in
the lower Juana Lopez portion, making the sand-to-shale ratios to be dominated by heterolithic
reservoirs, and indicating fluid muds/tidal currents to be the dominant depositional process. In
addition, an increase in tempestites, ignitive turbidites and wave modified turbidites/tempestites
is also observed.

The upper Juana Lopez has a noticeable decrease in shaly claystone (F4) and planar
interlaminated mudstones and sandstones (F3), with wave and combined flow rippled sandstones
(F9 and F10) being the most abundant. Micro-hummocky cross stratified sandstone is only found

in the upper Juana Lopez portion, suggesting a transition to a higher energy storm influenced
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environment, where waves from storm surges have a stronger ability to rework the sediment on
the seafloor. With rippled siltstones and sandstones being the most abundant in the upper Juana
Lopez, tempestite, ignitive turbidite and wave modified turbidite/tempestite are the dominant
depositional processes. The sand-to-shale ratios are dominated by sandstone reservoirs, making
the upper Juana Lopez a sandstone-dominated unit.

Moving vertically up the stratigraphic section from the Carlile to the lower to upper Juana
Lopez, the percentage of siltstone and sandstone facies increases, and the sand-to-shale ratios go
from mudstone-dominated to heterolithics-dominated to sandstone-dominated, respectively.
These trends suggest an overall shoaling and regressive environment. Bl generally decreases
from the lower to upper Juana Lopez, whereas disaggregated shell fragments increase in rippled
siltstones and sandstones, suggesting increasing energy, sedimentation rate and dynamically
deposited sedimentary structures.
Lateral Facies Analysis

A lateral facies analysis was conducted within the middle portion of the Juana Lopez,
which correlated across the entire study area (outlined in Fig. 24). This stratigraphic interval was
defined between a bentonite (at the base) and a flooding surface (at the top). The bentonite layer
thickens northward from 1 cm to 30 cm. The flooding surface is found on top of a sandstone
bedset package exhibiting wave to micro-hummaocky cross stratification (F9 and F5). Table 3
shows the percentages of each facies in each individual measured section arranged from south to
north, as well as the depositional processes corresponding to each facies. The resulting
percentages of depositional processes are recorded in Table 4.

The percentage of rippled siltstone and sandstone facies (F5, F8, F9 and F10) decreases

from south (MS3A) to north (MS7), whereas the percentage of planar interlaminated mudstones
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and sandstones (F3) increases (also shown in Fig. 23 between MS3A and MS5). This results in
sandstone reservoirs in the sand-to-shale ratios to be decreasing northward, and heterolithic
reservoirs to be increasing. This is due to the increasing distance away from the shoreline, where
sandstone dominated bedsets pinch-out into laminae. This trend results in a systematic increases
in fluid muds/tidal currents to the north, with the highest proportion shown in the distal MS7
Colorado section.

MS1, MS2 and MS4 have the highest proportions of turbidites, due to the increase in
normal grading (F2) and current rippled siltstones and sandstones (F8). This observation
suggests proximity to a delta source in this area. The proportion of wave rippled siltstones and
sandstones (F9) increase northward of MS4 and southward of MS1, away from the delta source.
This results in tempestite and wave modified turbidites/tempestites to increase southward and
northward from the possible delta source area. Li et al. (2015) shows similar observations in
parasequence 6 of the middle Turonian Tununk Member underlying the Ferron Sandstone in
Utah. Parasequence 6 in the Tununk displays a wave-dominated environment to the north
passing abruptly into a fluvial-dominated, wave-influenced environment southward and back to a
wave-dominated environment further south (Li et al., 2015). These observations lead to the
interpretation of a storm-dominated symmetrical delta with a large river-dominated bayhead

system (Li et al., 2015).
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Figure 22- Legend used for measured sections and facies analysis.
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Figure 23— Vertical facies variability in 3 different portions (1) the Carlile Shale, (2) the lower
Juana Lopez and (3) the upper Juana Lopez, between MS3A and MS5. In each section the upper
pie charts are showing the proportions of facies (left pie chart) and the proportions of associated
depositional processes (right pie chart), the lower pie chart is showing the sand-to-shale (N/G)
ratios. Poster size shown in Appendix as Poster 1.
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Table 1- Facies proportions (from Figure 23) observed in MS3A and MS5 in three vertically different stratigraphic portions along with
their corresponding depositional processes. The various colours correspond to the depositional processes grouped in Table 2.

Percentages (%0)
(1) Carlile (2) Lower Juana Lopez | (3) Upper Juana Lopez
Facies Process MS3A MS5 MS3A MS35 MS3A MS5
1) Bentonite Suspension settling 2.3 1.4 1.3 1.8 0.1 1.6

Table 2 - Totaled depositional process proportions observed in in MS3A and MS5 in three vertically different stratigraphic portions.

Percentages (%)

(1) Carlile (2) Lower Juana Lopez | (3) Upper Juana Lopez
Process MS3A M S5 MS3A M S5 MS3A M S5
Suspension Settling 65.0 72.2 19.2 27.4 16.6 10.7
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Figure 24- Juana Lopez measured sections from north to south with correlated stratigraphic area u'sfed for lateral facies analysis
outlined with two pink lines and shaded in grey. Below the area are pie charts, the upper showing the proportions of facies in each
section; the middle showing the proportions of associated depositional processes, and the lower showing the sand-to-shale (N/G)
ratios. Poster size shown in Appendix as Poster 2.
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Table 3- Facies proportions (from Figure 24) observed in the ten measured sections (going from south to north) along with their
corresponding depositional process. The various colours correspond to the depositional processes grouped in Table 2.

Percentages (%)

Facies

Process

MS3B

MS3A

MS1

MS2

MS4

MS9

MS6

MS5

MS8B MS8A

MS7

1) Bentonite

Suspension settling

0.2

0.1

1.7

2.0

12

3.5

2.4

2.1

4.2 4.6

6.8

Table 4- Totaled depositional process proportions observed in the eleven measured sections.
Percentages (%)

Process

MS3B

MS3A

MS1

MS2

MS4

MS9

MS6

MS5

MS8B

MS8A

MS7

Suspension Settling

10.9

14.8

33.9

24.4
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6. Correlation

A photographic correlation (Fig. 25) was completed of a 350 m outcrop exposure
photomosaic at MS8B, where bentonites, major flooding surfaces and sandstone dominated
bedset surfaces were correlated. The correlated surfaces across the photomosaic can be traced
across the northern Juana Lopez outcrop belt with high accuracy from MS8B to MS8A and from
MS8B to MS5, covering a total distance of 6 km. This photographic bedding diagram
demonstrates the ability to correlate key boundaries in the Juana Lopez with high confidence
within a distance of at least 6 km. In the bedding diagram (Fig. 25) it is evident that bedset
dominated sandstone surfaces (shown in black) increase in frequency when approaching a major

flooding surface (shown in blue), indicative of a parasequence set.
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Figure 25— Juana Lopez bedding diagram at MS8B outcrop exposure. (1) Outcrop exposure, (2) outcrop exposure with bentonite,
bedding and major flooding surfaces traced across, (3) bedding diagram.
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Correlations of many mud-rich heterolithic marine units in the Cretaceous Western
Interior Seaway, have been shown to contain recognizable clinoforms, progradation and lap-out
deposition (Asquith, 1970; Leithold, 1994; Bhattacharya & Walker, 1991; Hampson, 2010;
Birgenheier et al., 2017; Li & Schieber, 2018). The Juana Lopez correlation also shows evidence
of more complicated progradational and retrogradational stacking patterns, as well as onlap and
downlap geometries (Fig. 27).

4 sequences (S), 11 parasequence sets (PS), and 39 parasequences were identified in the
Juana Lopez (Fig, 27). The number of parasequences vary between sections, however 39
parasequences refer to those found in MS3A, which contains the complete Juana Lopez
stratigraphy. The 11 PS show the following stacking patterns: (i) aggradational (A), (ii)
aggradational to progradational (AP), (iii) progradational to aggradational (PA), and (iv)
retrogradational to aggradational (RA). The PS are bounded above by a major flooding surface
or sequence boundary. Each set consists of a varying number of smaller-scale parasequences,
which also vary laterally and show evidence of onlapping and downlapping geometries. These
parasequences are more abundant in the south compared to the north. This is due to the thinning
of top parasequence sandstone beds, which distally pinch-out or thin out to sandstone lamina
(Fig. 27). With a collective time span of ca 1.2 myr, these Juana Lopez PS encompass an average
of ca 110 kyr, likely representing Milankovitch-scale cycles of eccentricity.

PS1

PS 1 has an average thickness of 6 m across the entire area and shows little thickness change
towards the north. The number of coarsening-upward parasequences decreases southward from 8
to 1. This set undergoes a lateral facies change from more sandstone dominated bedsets in the

south to more shelf mudstone heteroliths dominated in the north, with combined flow rippled
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(F10) and wave rippled facies (F9) being dominant in the sandy bedsets. This set includes the
most mud-rich sediments in the Juana Lopez. The overall stacking pattern shown in this set is
aggradational to progradational (Fig. 27) suggesting overall regressive sedimentation. This set is
capped by a sequence boundary above a wave rippled (F9) to combined flow rippled (F10) very
fine lower sandstone bed with abundant amounts of inocermids, bivalves and ammonite fossils.
PS 2

PS 2 is a northward thinning wedge, passing from 8.5 to 4.5 m across the entire study area. The
number of parasequences decreases towards the south from 9 to 3 as they pinch-out. This set has
the most abundant and laterally extensive bentonite layers (F1), one of which correlates across
the entire study area. Sediments tend to be richer in thinly bedded wave rippled very fine
sandstones (F9) in the south, whereas planar interlaminated mudstone and sandstone (F3)
dominated towards the north. This set shows an aggradational stacking pattern (Fig. 27) with no
clear distinction of progradation or retrogradation, and downlaps the underlying sequence
boundary. This set is capped by a major flooding surface distinguished by an obvious increase in
clay content in the overlying shaly claystone facies (F4).

PS 3

PS 3 is 3 to 4 m thick, extends over the entire study area, and has no obvious thickening or
thinning behaviour. This set contains 3 to 4 parasequences, which contain much thicker rippled
sandstone dominated bedsets (F8, F9 and F10) in the south and very thin rippled sandstone
dominated bedsets and lamina in the north. PS 3 contains a progradational to aggradational
stacking pattern (Fig. 27) suggesting overall regressive sedimentation. PS 3 is capped by a major
flooding surface on top of a rippled sandstone bed containing shell fragments and an overlying

basinward facies shift.
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PS4

PS 4 is consistently thin and does not exceed 2.5 m. This set primarily consists of one
parasequence; however in MS4, 3 parasequences were distinguished. An aggradational stacking
pattern is shown with no clear distinction of progradation or retrogradation. This set is capped by
a sequence boundary on top of a northward thinning rippled very fine lower sandstone bed. This
sequence boundary is distinguished due to the onlapping of PS 5 onto this surface between MS1
and MS2.

PS5

PS 5 is a northward thickening wedge between MS2 and MS7 with thickness increasing from 3
to 5.5 m. This set consists of mostly upward coarsening units with 3 to 4 parasequences. A major
bentonite layer (F1) found in the upper part of PS 5 can be correlated across the entire set.
Rippled very fine lower sandstone beds (F9 and F10) at the top of the parasequences thin out
northward to very thin-bedded to lamina-scale sandstones. This set onlaps the underlying
sequence boundary. PS 5 shows a progradational to aggradational stacking pattern (Fig. 27) and
is capped by a major flooding surface with onlap above and is downlapped by PS6. PS 5 may be
a distal expression of a major regression.

PS6

PS 6 forms a wedge that pinches out northward between MS3B and MS9 with thickness
decreasing from 3 to 0 m. Parasequences within this set vary from 2 to 5. Rippled sandstone beds
(F8, F9 and F10) thin towards the north and downlap the underlying major flooding surface
between MS9 and MS6. This set shows a retrogradational to aggradational stacking pattern (Fig.
27) and is capped by a major flooding surface. This retrogradational stacking pattern may

represent the distal expression of transgression.
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PS 7

PS 7 is 4 to 5 m thick and extends over the entire study area. The number of parasequences
decreases from 6 to 2 northward as they pinch-out. Current rippled sandstone beds (F8) are
abundant in the south and turn to combined flow rippled sandstone beds (F10) in the north
suggesting wave reworking in the more distal area. PS 7 contains a progradational to
aggradational stacking pattern (Fig. 27) suggesting overall regressive sedimentation. PS 7 is
capped by major flooding surface on top of a combined flow rippled sandstone bed (F10). This
combined flow rippled sandstone bed contains a lag deposit with an abundance of shell
fragments, organic material and shark teeth found between MS9 and MS8A (Fig. 28).

PS8

PS 8 has a constant thickness of approximately 2 m across the entire study are. This set consists
of 1 to 3 parasequences. Combined flow rippled (F10) and wave rippled sandstone beds (F9) are
a lot thicker in the south and thin or pinch-out northward. The proportion of current, wave and
combined flow rippled sandstone facies (F8, F9 and F10) in PS 8 in the south is 90% compared
to 50% in the north. An aggradational to progradational stacking pattern is shown in this set (Fig.
27). This set is capped by a sequence boundary on top of a wave rippled dominated very fine
lower sandstone bed (F9). This sequence boundary is interpreted on the basis of onlapping of PS
9 onto this surface between MS1 and MS2.

PS9

PS 9 seems to have a lobate structure. This set is a northward and southward thinning wedge
between MS2 and MS8A with thickness decreasing from 2.5 m to 0.5 m to the south and from
2.5 m to 0.2 m to the north. This set consists of 2 parasequences that thin out to 1 parasequence

in both directions. This set onlaps the underlying sequence boundary between MS1 and MS2 and
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most likely downlaps onto the sequence boundary further north of MS8A. PS 9 consists of an
aggradational to progradational stacking pattern (Fig. 27) and is capped by an onlapping major
flooding surface. Similarly to PS 5, PS 9 may be a distal expression of a regression.
PS 10
PS 10 is 3.5 to 5 m thick. Parasequences decrease from 8 at MS3A to 2 at MS8B as they pinch-
out. PS 10 consists of thick rippled to micro-hummocky cross-stratified sandstone beds (F5)
which seem to amalgamate towards the north. This amalgamation could be the result of erosion,
pinch-out of shelf mudstone heteroliths or non-deposition. PS 10 contains a progradational to
aggradational stacking pattern (Fig. 27) suggesting overall regressive sedimentation. PS 10 is
capped by a major flooding surface on top of a micro-hummocky cross-stratified sandstone
bedset (F5) containing an abundance of shell fragments, inoceramids and organics (Fig. 29)
PS 11
PS 11 is the final PS found in the Juana Lopez. PS 11 seems to thicken northward from 5 to 7 m.
This set has the highest proportion of very fine lower to upper sandstone dominated bedsets,
which are mostly combined flow rippled (F10). Sandstone bedsets are not correlated throughout
the entire area due to missing data in the north, caused by erosion. However, in contrast to PS 10,
sandstone units seem to amalgamate southward, and downlap to the north. The stacking pattern
for PS 11 is aggradational to progradational (Fig. 27) suggesting a regressive unit. This set is
capped by the final major flooding surface in the Juana Lopez, above which a major basinward
shift of facies is found.

The majority of PS in the Juana Lopez show AP and PA stacking patterns (Fig. 27).
Strictly A stacking patterns are also identified in two of the eleven PS, where no distinct

progradation or retrogradation could be differentiated. RA accounts for a minor volume of the
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deposits and is only found in PS 6, and may represent a transgressive systems tract. Overall, the
Juana Lopez is dominated by upward-shoaling PS with an increasing number and thickness of
sandstone dominated bedsets, suggesting overall regressive sedimentation. Transgressions are

interpreted in PS 6 and PS 10 and may represent lowstand systems tracts.

Correlations
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Sandstone Dominated Bedsets
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Figure 26 - Legend associated with correlation surfaces and units in Figure 27.
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Figure 27 - Juana Lopez correlations, associated sequences, parasequence sets and stacking patterns, as well as bentonite correlations
in the Carlile Member of the Mancos Shale. Legend shown in Figure 26. Poster size shown in Appendix as Poster 3.
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Figure 28 - Very fine upper sandstone lag deposit found at the top of PS 7 with an abundance of
A) bivalves and shark teeth B) Ptychodus whipplei and C) Cretodus semiplicatus (shark tooth
fossil identification taken from Sealey & Lucas, 2006).
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Figure 29 - Abunde of inocermaid fragments, shell fragments, organic material and wood
chips in a very fine lower sandstone lag deposit capping PS 10.

7. Paleocurrent Data

Paleocurrent measurements of unidirectional and oscillatory flows from all eleven
measured sections are shown on Rose Diagrams in Figure 30. A total of 520 paleocurrent
measurements were made, with the highest number (79) recorded in MS1. An average of 23
unidirectional paleocurrent directions and 29 wave crest directions were measured in each
section.

Palaeoenvironmental reconstruction of the Western Interior Seaway during the Late
Cretaceous suggests circulation was controlled mainly by storms, waves and tidal currents
(Ericksen & Slingerland, 1990; Slingerland & Keen, 1999). The mean annual wind field,
latitudinal temperature gradient, and freshwater runoff also created a background circulation of
geostrophic flows (Slingerland & Keen; 1999). On the western shoreline, these controls
produced dominantly southward-directed alongshore currents and net sediment drift to the south

(Fig. 31) (Barron, 1989; Ericksen & Slingerland, 1990; Slingerland & Keen, 1999). In addition, a
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Coriolis driven counter-clockwise circulation gyre in the seaway deflected sediment southward
along the western shelf and may have formed mud belts that may extend 1000s of kilometers
along-shelf (Fig. 31) (Duke, 1990; Kineke et al., 1996; Nittrouer et al., 1996; Correggiari et al.,
2005; Fielding, 2010; Plint et al., 2012)

Unidirectional paleocurrent directions recorded in this study, from current rippled
laminations, show a dominant SE flow direction (Fig. 30). This SE flow may represent
southward-directed along-shelf currents hypothesized to dominate the seaway during the
Cretaceous. Less prevalent eastern flows are also recorded, mostly from the top sandstone
dominanted bedsets in PS 10 and PS 11. Oscillatory paleocurrent directions recorded from wave
rippled laminations show a NE-SW flow direction, which runs perpendicular to the Turonian
shoreline (Fig. 30). Similar paleocurrents are shown in the overlying Gallup Formation (Krueger,
2010). Krueger (2010) recorded 890 paleocurrent measurements in the Gallup, which determined
a NE-SW dominated oscillatory flow and SE dominated longshore currents, with NW dominated

currents in the river deposits.
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Figure 30 - A) Study area shown in relation to early Late Turonian transgressive shoreline, taken from Molenaar (1983). Paleocurrent
measurements shown in Rose Diagrams for all sections combined. Blue arrows show dominant SE unidirectional flow direction and
dominant NE-SW oscillatory flow direction in the Juana Lopez. B) Paleocurrent measurements shown in Rose Diagrams for each
measured section along the Juana Lopez outcrop belt. Rose Diagrams on the left represent paleocurrent directions recorded from
current rippled laminations, and wave crest directions on the right. Neighbouring blue arrows show dominant paleocurrent directions

in each Rose Diagram.
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Figure 31— Late Turonian paleogeographic map of the Western Interior Seaway (Blakey, 2014).
Blue arrows show generalized circulation of flow within the seaway (taken from Ericksen &
Slingerland, 1990; Slingerland & Keen, 1999). Dominant southward-directed alongshore

currents are seen along the western margin of the seaway. Study area shown by red dot.
8. Discussion

8.1 Sediment Source

Dominant unidirectional paleocurrent measurements suggest the source of silt and sand
feeding the Juana Lopez to be moving from the NW and along-shelf in a SE direction. Therefore,
sediment entering the seaway from proximal Turonian clastic wedges found northwest of the

study area are most likely traveling as an intershelf mudbelt and depositing into the San Juan
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Basin. As shown in Fig. 1, the Cretaceous Western Interior Seaway has several Middle to Late
Turonian, fluvio-deltaic clastic wedges found northwest of the study area. Assuming fine-grained
sediment traveled along-shelf within 1000 km along the shoreline, the possible clastic wedges
feeding the Juana Lopez include the Ferron Sandstone Member of the Mancos Shale, which is
informally divided into the Notom, Last Chance and Vernal Deltas in Utah, and the Tibbet
Canyon Member of the Straight Cliffs Formation of the Kaiparowits Delta in Southern Utah.

The Ferron Sandstone is an eastward prograding fluvial-deltaic system that consists of
both nonmarine river-dominated delta-plain deposits and genetically related shallow-marine
deposits (Peterson and Ryder, 1975; Garrison & van den Bergh, 2004; Li et al., 2015; Fielding,
2010; Zhu et al., 2012). In the Uinta Basin of Utah, the Ferron Sandstone is proximally
equivalent to the Juana Lopez (Fig. 32. River-fed hyperpycnal flows originating from the
eastward directed Ferron Sandstone encountered the counter-clockwise Coriolis forces, which
would have deflected sediment to the south, eventually depositing into the San Juan Basin
(Molenaar & Cobban, 1991; Anderson & Harris, 2006; Birgenheier et al., 2017; DeReuil &
Birgenheier, 2018).

The Tibbet Canyon Member of the Straight Cliffs Formation consists of regressive
northeast prograding shoreface sandstones and tidally influenced channel deposits (Eaton, 1991;
Shanley & McCabe, 1991). In the Kaiparowits Basin, the Tibbet Canyon Member is proximally
equivalent to the Ferron Sandstone and Juana Lopez Member (Fig. 33) (Molenaar; 1983; Eaton,
1991; Shanley & McCabe, 1991).

Sandstone dominated bedsets in the upper Juana Lopez show a more easterly
unidirectional paleocurrent flow direction, which are most likely fed by the east Lower Gallup

Atarque Member (Fig. 4). The Lower Gallup Atarque Member is found in the Zuni Basin and
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consists of a regressive coastal barrier sequence, which correlates with the upper portion of the
Juana Lopez in the San Juan Basin (Molenaar, 1973). The oldest Upper Gallup F tongue (shown
in Fig. 4) in the San Juan Basin lies in the late Turonian Scaphites whitfieldi ammonite zone, in
which the upper portion of the Juana Lopez also lies. Therefore, it is suggested that the
northeastern progradation of the updip Gallup Sandstone commenced and could have fed the
basinward accumulating Juana Lopez, also possibly explaining the more east-directed
paleocurrents in the top sandstone dominated bedsets. In addition, the increase in unidirectional
flows and turbidite deposits between MS1 and MS4 (shown in the lateral facies analysis Fig. 24)
may suggest the proximity to the easterly prograding Atarque Member and Gallup F tongue delta

source.
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Figure 32— West to east relative positions and chronology of the Mancos Shale members in the
Uinta Basin (taken from Birgenheier et al., 2017). The Ferron Sandstone is shown as being
proximally equivalent to the Juana Lopez Member.
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al., 1980).

8.2 Depositional Model

High-resolution facies analysis, with corresponding paleogeography and paleocurrent
data indicates that the fine-grained sediment of the Juana Lopez was deposited by both along-
and across-shelf currents onto a storm-dominated mudbelt, where resuspension by wind, storms
and tides took place before final deposition (Fig. 34).

The mudbelt depositional environment is composed of fine-grained sediment that is
initially supplied by rivers and advected along-shelf by geostrophic and longshore currents
(Plint, 2014; Birgenheier et al., 2017; DeReuil & Birgenheier, 2018). The sediment was then

resuspended by storm waves on the shelf, which generated sediment gravity flows that
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transported the sediment further across the shelf (Macquaker et al., 2010; Schieber, 2016;
Birgenheier, 2017). Recent studies on ancient mudbelt deposits (e.g. Birgenheier et al. (2017),
and Li and Schieber (2018)), and modern mudbelt deposits (e.g. Liu et al. (2006) and Liu et al.
(2018)) determine sediments to be transported up to 800 km along-shelf, and 100 km offshore,
with dominant grain size of silt to clay (less than 62.5 um) and an upper grain size limit of very
fine sand (less than 125 pm).

Above storm wave base, on the proximal part of the mudbelt, sandstone-dominated
bedsets of the upper Juana Lopez, which contain combined, current or wave rippled laminations,
or in some cases micro-hummocky cross-stratification, are deposited by storm surges, wave-
enhanced sediment gravity flows and geostrophic flows (as shown in Facies 5, 8, 9 and 10). The
dominance of sandstone (grain size less than 125 pum) suggests deposits to be closer to a river
source (Liu et al., (2006); Liu et al., (2018))

Distal mudbelt deposits consist of shaly claystones, interlaminated mudstones and
sandstones with discontinuous laminations, scours and starved-rippled siltstone and very fine
lower sandstone laminations (as shown in Facies 3, 4 and 11). These deposits formed through
resuspension due to storms, wave and current enhanced sediment gravity flows, as well as tidal
and along-shelf currents. These heterolithic deposits contain basal scour surfaces, and traction
features, such as ripples and normal grading (as shown in Facies 3 and 6).

Mudbelts are known to extend hundreds of kilometers alongshore and tens of kilometers,
and in some cases over 100 km, across the basin (Nittrouer et al., 1986; Kuehl et al., 1997,
Allison et al., 2000; Liu et al., 2007; Birgenheier et al., 2017). According to the maximum
transgressive paleoshoreline of the Late Turonian (Fig. 31, taken from Molenaar, 1987), the

study area of the Juana Lopez lies about 80 km into the basin. Therefore, in this study the
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mudbelt environment is considered to be at least 80 km wide. This mudbelt width is consistent
with a basinward reach of current and wave enhanced sediment gravity flows, proposed by
Schieber (2016), being on the scale of 100 km.

In general, grain size and Bl decreases from the proximal to distal mudbelt facies. The
low BI indicates high sedimentation in a possibly stressed environment, which has been
hypothesized to infer anoxic conditions (e.g. Rhoads & Morse, 1971; Wignall, 1991; Martin,
2004; Laurin & Sageman, 2007). However, the abundance of rapid deposition of interlaminated
mudstones and sandstones, fluid muds, graded beds, rippled siltstones and sandstone, as well as
calcareous (inoceramids, ammonites and bivalves) and biogenic material (fish scales), and the
presence of bioturbation suggests that simple suspension settling in a reduced oxygenated basin
was not an important component of deposition in the mudbelt of the Juana Lopez. Instead, the
mudbelt displays evidence of dynamically deposited sedimentary structures along with preserved
trace fossils, and calcareous and biogenic material in an oxic-suboxic environment (DeReuil &

Birgenheier, 2018).

61



27777, Sediment-starved .. . /. ./

..... shelf floor

Resuspension by
A
B waves and storms

/ Longshore currents

Storm wave-enhanced

\N&diment gravity flows

Figure 34 - Schematic illustration of the depositional model for the Juana Lopez Member.
Majority of sediment supply is from updrift Middle to Late Turonian wedges (Ferron Sandstone
and Tibbet Canyon Member of the Straight Cliffs Formation). This diagram is based on the
results of this study and from models proposed for analogous mud-rich shelves supplied by
longshore-currents (Allison et al., 2000; Schieber, 2016; Birgenheier et al., 2017; Li & Schieber,
2018) (modified from Li & Schieber, 2018).

8.3 Nature of Cyclicity

4 sequences, 11 parasequence sets, and 39 parasequences were identified in the Juana
Lopez. Given an overall time of ca 1.2 myr, the sequences, parasequence sets and parasequences
encompass an average of ca 300 kyr, ca 110 kyr and ca 30 kyr, respectively.

High-frequency stratigraphic cycles, have been recognized in several clastic wedges in

the Cretaceous Western Interior Seaway, such as the Ferron Sandstone in southern Utah
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(Garrison & van den Bergh, 2004; Zhu et al., 2012) and the Tres Harmanos Formation in
southern New Mexico (Mack et al., 2015). These studies provide clear evidence of glacio-
eustatic Milankovitch cycles in the Turonian Western Interior Seaway. These studies reveal the
frequency of the Milankovitch cycles to be approximately 50 to 300 kyr; therefore, the Juana
Lopez cyclicity likely represents Milankovitch cycles.

In reference to broader Cretaceous cyclostratigraphy, many studies have confirmed that
the observed Milankovitch-scaled cyclicity in the Cretaceous must be controlled by glacio-
eustasy (Schwarzacher & Fischer, 1982; Barron et al., 1985; Fischer et al., 1985; Plint 1991,
Gale et al., 2002; Miller et al., 2003, 2004, 2005).

With complete analysis from the Upper Cretaceous Russian platform and the New Jersey
margin, Miller et al. (2003, 2004, 2005) concludes that the only known mechanism for the
observed rapid, sub-million-year, sea-level changes in excess of 10 m or less is glacioeustasy
since other hypothesized mechanisms are too small or too slow. Even though geological
evidence points to warm high-latitude temperatures during the Upper Cretaceous, Miller et al.
(2005) proposes Late Cretaceous to early Eocene ephemeral glaciers to be restricted in area in
Antarctica, and paced by Milankovitch forcing.

Early studies have also supported a glacio-eustatic control in the Cretaceous, studies such
as Schwarzacher and Fischer (1982), Barron et al. (1985), and Plint (1991). Schwarzacher and
Fischer (1982) analyzed depositional rates of Carboniferous and Cretaceous limestones bundles
in Ireland and Italy and confirmed a correlation of cyclicity with the Earth’s 100 kyr short cycle
in eccentricity, with the control being sensitive fluctuations in ice volumes. Similarly, Barron et
al. (1985) confirmed average cyclicity of about 40 kyr in the Cenomanian-Turonian Greenhorn

Cyclothem in the Western Interior Seaway, which corresponds remarkably well with climate and
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orbital model simulations. This frequency again supports climate-driven Milankovitch scaled
cyclicity. Finally, Plint (1991) identified 15 regionally correlated parasequences in the
Coniacian-Santonian Muskiki and Marshybank Formations in Alberta to have an average
frequency of about 100 kyr. Plint (1991) argues that this frequency of cyclity is controlled by an
orbital forced glacio-eustatic mechanism rather than changes in subsidence or sediment-supply
rates.

With similar Milankovitch cyclicity found in the Upper Cretaceous Juana Lopez, the ca
30 kyr to ca 300 kyr cycles are interpreted to be glacio-eustatic in origin, which supports the
presence of ephemeral glaciers in the Cretaceous Period.

8.4 Hydrocarbon Reservoir Potential

There is an increasing demand to understand, explore, and exploit thin-bedded
heterolithic reservoirs, in which hydrocarbons found in sandstone beds are below the resolution
of conventional logging tools, or are found in mud-rich deposits (Schieber et al., 2007; Wilson &
Schieber, 2014). The detailed facies analysis and regional correlation of the Juana Lopez
provides an analog to oil and gas industries that documents the vertical and lateral variability of
heterolithic successions, which can increase production and profitability of unconventional
hydrocarbon resources. In addition, observing the vertical and lateral changes in facies and
depositional processes provides insight into minor and major geochemical changes, as well as
permeability and porosity changes in potential reservoir seal pairs.

The mudbelt deposits of the Juana Lopez are prospective heterolithic hydrocarbon
resources due to the elevated organic and carbonate content. Observing the lateral heterogeneity
of potential hydrocarbon filled sandstone reservoirs in the Juana Lopez is important in further

determining their extent of profitability. The upper PS of the Juana Lopez (PS 10 and PS 11) are
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abundant in very fine lower to very fine upper sandstone dominated bedsets that commonly
pinch-out to the north (Fig. 27). The thickness of the sandstone packages in PS 10 and PS 11
ranges from 0.05 m to 2.5 m, and have a width of 2 km to 47 km (extend throughout the entire
New Mexico study area) (Fig. 27). The largest amalgamated sandstone package, with a thickness
of 2.5 m, is found between MS5 and MS8A in PS 10 (Fig. 27). These laterally extensive
sandstone packages can be potential hydrocarbon reservoir targets that are worth exploring.
9. Conclusion

The Juana Lopez Member in the San Juan Basin exhibits a variety of facies produced by
a number of depositional processes, allowing fine-grained sediments, carbonate material and
organics to be moved at least 80 km offshore. A total of 11 facies, 4 sequences, 11 parasequence
sets, and 39 parasequences are observed. Vertical and lateral facies analysis indicates an overall
regressive environment; however, observations of stacking patterns and lap-out relationships in
the regional correlation show evidence of transgressive cycles in PS 6 and PS 10. 520
paleocurrent measurements, along with the lateral facies analysis suggest the source of sediment
to be from easterly prograding Ferron Sandstone and Tibbet Canyon Member of the Straight
Cliffs Formation found NW of the San Juan Basin, as well as the Lower Gallup Atarque Member
and F Tongue of the Gallup, east of the San Juan Basin. The Juana Lopez is interpreted to be
deposited above storm wave base on a high energy oxic-suboxic mudbelt. The lower
heterolithics-dominated Juana Lopez is deposited on the distal mudbelt, where the dominant
depositional processes include suspension settling from geostrophic and along-shelf currents, as
well as tides; whereas, the upper sandstone-dominated Juana Lopez on the proximal mudbelt,
closer to a river source, where the dominant depositional processes include turbidity currents,

storm surges, wave-enhanced sediment gravity flows and geostrophic flows. Most of the upper
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sandstone dominated bedsets are correlated to be at least 47 km wide with thicknesses ranging
from 0.05 m to 2.5 m, and may be potential hydrocarbon reservoir targets that are worth

exploring.
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