HIGH-RESOLUTION CHEMOSTRATIGRAPHY OF THE MANCOS SHALE



MAPPING THE CHEMOSTRATIGRAPHY OF THE UPPER
CRETACEOUS MANCOS SHALE, NEwW MEXIco, USA,
USING HIGH-RESOLUTION XRF CORE SCANNING
TECHNIQUES.

By JEREMY J. GABRIEL B.Sc.(Hons), M.Sc

A Thesis Submitted to the School of Graduate Studies in Partial Fulfilment of

the Requirements for the Degree of Doctor of Philosophy

McMaster University (C) Copyright by Jeremy J. Gabriel, September 2022


http://www.mcmaster.ca/

Ph.D. Thesis - J. Gabriel McMaster University - School of Earth, Environment, and Society

McMaster University DOCTOR OF PHILOSOPHY (2022) Hamilton, Ontario

(Earth Sciences)

TITLE: Mapping the chemostratigraphy of the Upper Cretaceous Mancos Shale, New
Mexico, USA, using high-resolution XRF core scanning techniques.

AUTHOR: Jeremy J. Gabriel

SUPERVISOR: Dr. Eduard G. Reinhardt

NUMBER OF PAGES: xx, 146

ii


http://www.mcmaster.ca/

LAY ABSTRACT

Elemental data were collected at high-resolution sampling (0.5 mm) from sedimentary
rock core to determine environmental changes and shoreline trajectories during the Up-
per Cretaceous. Chemofacies, which group the intervals based on their elemental signa-
ture, were developed using a statistical clustering algorithm to investigate the character
and variability of several depositional environments with respect to their proximity to
shoreline and relative water depth. Chemostratigraphy, which maps the elemental vari-
ations through the core, was used to show shoreline advance and retreat due to relative
changes in sea level, which could be correlated with previous studies. This is the first
time in which these high-resolution shoreline trajectories could be established in marine

mudstones that are typically visually homogeneous.
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ABSTRACT

High-resolution (500 pum) elemental data were collected from marine sedimentary rocks
of the Upper Cretaceous Western Interior Seaway of North America using an Itrax
uXRF core scanner in order to create detailed chemofacies and chemostratigraphic pro-
files to aid in the construction of sequence-stratigraphic frameworks in mudstone suc-
cessions. Chemofacies were created for several depositional environments associated
with siliciclastic shorelines such as fluvial channels, delta front, prodelta, mudbelt, and
sediment-starved shelf using an unsupervised, hierarchical clustering algorithm known as
a Self-Organising Map, which is topologically invariant so the clusters could be further
grouped into superclusters to investigate variability within the depositional environ-
ments at a number of scales. Chemostratigraphic mapping was done on a 94-metre long
section of Mancos Shale from a single well. The high-resolution data showed marine
transgressive-regressive cycles at several orders that could be correlated to shoreline tra-
jectories established in near-shore facies. Both the point of maximum regression, which
indicates the initial flooding during a relative sea-level rise, and maximum transgres-
sion (i.e., the maximum flooding surface), could be accurately identified indicating that
a complete cycle was recorded at each order. The data between the two represents a
correlative conformity, which can provide palaeoenvironmental information that is not
retained in near-shore facies. This research proves that marine mudstones retain a more
complete record than near-shore sandstones and that they contain a wealth of palaeoen-
vironmental information. The high-resolution sampling of a uXRF core scanner is the
only method that can fully map the chemostratigraphy of these mudstones, which are
often visually homogeneous. By applying these techniques to other mudstone cores from
the Western Interior Seaway or another Upper Cretaceous epeiric sea, high-resolution
sequence-stratigraphic frameworks can be developed that can be used to reconstruct
palaeoclimates at local to global scales.
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Gallup Sandstone; BPL — Borrego Pass Lentil; Dt Ss — Dalton Sand-
stone; PL Ss — Point Lookout Sandstone; Mul — Mulatto Tongue, Satan
— Satan Tongue, both of the Mancos Shale. Dotted box represents area
denoted in Figure 4.2. INSET: The Western Interior Seaway during the
Middle Coniacian with the locations of the San Juan Basin, the USGS
D-D’ cross-section line, and the well location for this study (Well ID:
San Juan 28-6 Ut 148M). Basemap from Colorado Plateau Geosystems
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clusters are shown on the right, along with the major lithologic units. The
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as indicated by the high Ti/K although this core is showing a higher-order
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4.5 Examples of some of the lithofacies that make up the Mancos Core. All
images are ~1 m intervals; white number stamps represent core drilling
depth in feet. I1a —structureless, intermediate (CF1) mudstone that com-
prises almost the entire 29 m of I1. I1b — carbonate-rich interval at 9 m.
It has gradational top and bottom contacts and internal structures (wavy
laminations?) are visible. I2a — transgressive surface in the upper portion
of 12 with basal scour underlying rippled-siltstone and moderate bioturba-
tion. I2b — relatively structureless mudstone towards the top of 12. The
carbonate nodule has sharp contacts all around and deformation of the
surrounding laminae is visible. I2c¢ — the calcareous mudstone (CF2) at
the base of 12 with significantly more laminations, including wave ripples
with basal scour and dense planar laminae. I3a — top portion of 13 show-
ing highest-energy conditions with wave rippled silt to very fine sandstone.
The coarser sediments are comprised of skeletal carbonate material, not
quartz, indicating deep-water deposition and reworking by storm waves.
I3b — calcitic grainstone bed. I3c — transition from silt-streaked cal-
careous mudstone (CF2) to structureless intermediate mudstone (CF1)
i.e., marine regression. In shallow siliciclastic environments, this transi-
tion may be interpreted as a flooding surface (transgression) due to the
decrease and disappearance of silt-sized lamina. I4 — silt-streaked inter-
mediate mudstone that comprises the entirety of 14; laminations decrease
upcore. I5a — thick-bedded sandstone near the top of the Juana Lopez
Member, indicating the highest-energy depocentre. I5b — siliceous mud-
stone (CF3) with wave-rippled sandstone at the base of I5. The sandstone
beds have basal scour and show internal cross-laminations. Despite look-
ing similar to the structureless mudstone of 11, the mudstone intervals in
I5 belong to the siliceous mudstone chemofacies (CF3) and are therefore

shallow-water mudstones. . . . . . . . . . . ... o 102
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Finally, I used data collected by Xueke Chang, who described the lithology of the sam-
ple used in Chapter 2 as part of an undergraduate thesis under the supervision of Dr.
Bhattacharya, Cristina Genovese, who described the lithology of the Mancos core as part
of a M.Sc. thesis under the supervision of Dr. Bhattacharya, and Majed Turkistani,
who prepared and analysed the samples from the Caineville outcrop and produced the
stratigraphic log in Chapter 3 as part of a Ph.D. thesis under the supervision of Dr.
Reinhardt.

All the writing, figures, and tables in this thesis were produced by me, with edits

and comments provided by Drs Reinhardt, Bhattacharya, and Paez.
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Chapter 1.

INTRODUCTION

Epicontinental, or epeiric, seas have frequently occupied extensive areas of the continents
during periods of sea-level highstand and a large portion of sedimentary research has been
conducted on their associated deposits (Algeo et al., 2004; Bhattacharya and Tye, 2004;
Algeo et al., 2007; Macquaker et al., 2010; Olde et al., 2015; Baioumy and Lehmann, 2017;
Beil et al., 2018; Lin et al., 2019). The relative flatness and shallow depths (likely < 200
m) of these seas resulted in the deposition of thin, but laterally extensive, sedimentary
sequences that can be correlated over areas at least an order of magnitude greater than
modern continental shelf deposits (1000s of km compared to several 10s to 100s; Schieber,
2016). Furthermore, since these sea-level highstands are associated with ‘greenhouse’ pe-
riods, the sedimentary deposits can provide valuable information about how the climate
system operates during such conditions, thus providing a better understanding of the
impact of modern climate change. In addition to providing a valuable climate record, the
sediments of these epeiric seas often host vast hydrocarbon reservoirs and so their study
is of economic importance as well. During the Upper Cretaceous, much of North America
was flooded by the Western Interior Seaway (WIS), a 3000-km long, 1500-km wide epeiric

sea, which connected the Boreal Ocean in the north (proto-Arctic Ocean) to the Tethys
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Ocean (proto-Atlantic/Gulf of Mexico) in the south (Miall et al., 2008, ; Figure 1.1). The
WIS occupied a retroarc foreland basin that formed as a result of crustal flexure and load-
ing from the subduction of the ancient Farallon Plate beneath the western margin of the
North American Plate. Sediments eroded from the uplifting Sevier Orogenic Belt were
fluvially transported to the western shore of the WIS where the coarser sand fraction was
deposited in a series of deltaic complexes,
such as the Ferron, Gallup, and Point
Lookout systems, while the finer-grained
silt and clay fraction was deposited deeper
in the basin as a wide mudbelt spanning
storm-weather wave base (SWB). Fur-
ther orogenic activity during the Laramide
event (late Upper Cretaceous — early
Palaeogene) divided the WIS into a series

of sub-basins (e.g., Uinta, Piceance, and

San Juan), which helped to preserve the

marine strata. Figure 1.1: A reconstruction of the

Western Interior Seaway during the mid-
Coniacian (from Colorado Plateau Geosys-
tems; www.deeptimemaps.com )

Sequence Stratigraphy

Basin reconstructions are generally done using sequence stratigraphy, which groups near-
shore and distal sediments into a ‘conformable succession’ known as a sequence that
is bounded on top and bottom by regional unconformities (van Wagoner et al., 1990;
Bhattacharya, 2011). The earliest sequences established for the North American interior
were continental in scale, 100s of metres thick, and were bounded by unconformities
that could be mapped over 1000s of kilometres (Sloss, 1963). However, within these

large sequences, which are now generally considered to be ‘supersequences’ (Catuneanu,
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2019), less extensive unconformities were often present indicating that these sequences
were built of higher-order cycles. The development of seismic-stratigraphic techniques
in the late 1970s was able to significantly divide the original Sloss (1963) supersequences
into smaller sequences and led to the concept of eustasy being the driving force in the
formation of sequences (Vail et al., 1977). Further research using higher-resolution tech-
niques such as well-logs and bed-scale lithologic mapping of core and outcrops led to
the division of these sequences into smaller stratal units such as systems tracts and
parasequences that were bounded by chronostratigraphically-significant marine flooding
surfaces (van Wagoner et al., 1990). Recently, bed- to lamina-scale lithologic stud-
ies on well-preserved outcrops of the WIS have created detailed sequence-stratigraphic
frameworks that demonstrate shoreline trajectory changes at metre-scale occurring at
Milankovitch frequencies (100 ka, 46 ka, 20 ka; Zhu et al., 2012; Lin et al., 2019). At
each scale, all the way down to local sedimentologic cycles operating over decades or cen-
turies at sub-metre to centimetre-scale, the ‘conformable succession’ can be divided into
a series of higher-order depositional cycles representing higher-frequency, and perhaps
more localised, sea-level fluctuations (Catuneanu, 2019). The upper limit on the order
is controlled by the sampling resolution and the sedimentation rate. While these higher-
resolution lithologic analyses of outcrop work well in sandier facies, the high weathering
potential of mudstone facies, those with grain size less than 63 pm, causes them to be
poorly preserved and exposed in outcrop and thus they are comparatively understud-
ied in the literature (Dypvik and Harris, 2001; Schieber et al., 2007; Bhattacharya and
MacEachern, 2009; Taylor and Macquaker, 2014). However, fine-grained sediments and
rocks (mudstone) comprise roughly two-thirds of the global sedimentary record (Boggs
Jr. and Boggs, 2009; Macquaker et al., 2010; Lazar et al., 2015) and successions of these
rocks often contain a more complete record than their coarser-grained counterparts,
which are subject to significant periods of erosion or non-deposition (Bhattacharya et al.,

2019). Furthermore, recent research of clay-sized sediment in flume experiments (e.g.,
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Schieber et al., 2007, 2013) has shown these grains to be susceptible to flocculation at
certain suspended-sediment concentrations and energy regimes, settling out of the wa-
ter column in a wide range of environments and thus can provide valuable information
regarding palaeoclimates, water energy and chemistry conditions, and sediment prove-
nance (Pietras and Spiegel, 2018). Therefore, including them in sequence-stratigraphic

frameworks is crucial to fully reconstructing the evolution of a basin.

The sequence stratigraphy of mudstones has been difficult to establish for several
reasons. In addition to the poor preservation potential in outcrop (as mentioned above),
the subtle textural and structural changes in even coarser-grained mudstones (medium
to coarse silt; 15-63 pum) make them difficult to characterise with traditional techniques.
Well-log data that measure the natural gamma radioactivity (NGR), which is a function
of the presence of elements such as K and Th that are generally enriched in fine-grained
sediments, and the deep and shallow resistivity of the sediments, which is mainly a func-
tion of grain size but can also be impacted by diagenetic alteration such as carbonate
cementation, are the most common since they do not require the collection of physical
material (i.e., cores). However, the limited number of proxies and lower-resolution sam-
pling (0.5-1 m) make distinguishing mudstones or accurately identifying key surfaces
difficult, which can lead to ambiguous correlations between boreholes (Pearce et al.,
1999; Turner et al., 2016). This has led to the development of basin cross sections with
large, mainly undifferentiated mudstone successions that span millions of years (e.g.,
Nummedal and Molenaar, 1995; Molenaar et al., 2001; Ridgley et al., 2013). Even where
rock core has been collected, lithologic analysis of these sediments is difficult to do at
a macroscale and often require petrographic thin sections, X-ray diffraction analysis, or
even electron microscopy to accurate log them (Boggs Jr. and Boggs, 2009; Plint, 2014;

Taylor and Macquaker, 2014; Birgenheier et al., 2017; Yoon et al., 2019).
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Mudstone Chemostratigraphy and Chemofacies

Despite the apparent visual and physical homogeneity, several studies have demonstrated
that there is a significant level of variability in elemental abundances through these
muddy successions (e.g., Algeo et al., 2004; Lash and Blood, 2014; Olde et al., 2015;
El-Attar and Pranter, 2016; Beil et al., 2018; Profe et al., 2018). Chemostratigraphy,
which maps the downcore variations of elemental concentrations in sedimentary rock,
can greatly enhance the interpretation of depositional environments due to the number
of proxies that are available, which is on the order of dozens to hundreds when elements
and ratios (e.g., Zr/Rb, Sr/Ca, Ca/Ti) are used (Craigie, 2018). Traditional methods for
analysing elemental concentrations, such as inductively-coupled plasma optic emission
spectrometry (ICP-OES) or mass spectrometry (ICP-MS), are able to provide highly
accurate data, down to the ppm or ppb for some major elements, however they require
the collection and pre-treatment (e.g., digestion or fusion) of subsamples with enough
material (milligrams to grams) to be properly analysed. In fine-grained sediments with
lower sedimentation rates, each subsample may homogenise several millimetre-scale lam-
inae that were each deposited in separate events, thus aliasing the palaeoclimate signal.
When combined with the lower overall sampling resolution, on the order of one sample
per 0.5-1 metre (Craigie, 2018), these traditional methods lack the spatial resolution to
detect significant higher-frequency fluctuations. For example, Olde et al. (2015) exam-
ined a 405-m core of hemipelagic sediments from the Upper Cretaceous Bohemian Basin
(Czech Republic) and were able to identify major marine trangressions at 0.4-1 Ma cy-
cles but the lower sampling resolution (2-m intervals equating to ~22 ka) means that
higher-order cycles at 100 ka frequency or less are not reliably detectable and therefore
correlating them with high-resolution sequence-stratigraphic frameworks of proximal en-

vironments (e.g., Zhu et al., 2012; Lin et al., 2019) is difficult.

Recent advances in core scanners using energy-dispersive X-ray fluorescence (ED-
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XRF), herein referred to as uXRF, has allowed for the collection of ultra high-resolution
elemental intensity data at sampling intervals as low as 100um. These scanners, such
as the Itrax Core Scanner (Cox Systems, Molndal, Sweden), can analyse entire split
sediment and sedimentary rock cores with minimal preparation (i.e., no subsampling or
pre-treatments) in a single automated run, which can be completed at a fraction of the
cost and time of traditional techniques. The core, up to 1.8 metres long, is placed onto
a stage that moves at set increments past an X-ray generator (Figure 1.2), exposing
the core to high-energy (up to 3kW) X-rays that cause the excitation and ejection of

inner-shell electrons from the elements that are present. As outer-shell electrons drop

Figure 1.2: The Itrax uXRF core scanner with core loaded on the stage. The core is
moved incrementally through the housing containing the (A) optical camera, (B) laser
triangulation, (C) XRF detector, (D) 3kW X-ray generator, (E) X-ray waveguide,
and (F) radiograph camera.

to fill in the space, they emit a photon with a characteristic energy that is counted by
the X-ray detector; raw Itrax data are presented as total counts (cts) of a photon at a

distinct energy level.

The raw data are calibrated against the X-ray detector settings and a suite of
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elements to convert them into elemental intensities, also presented in cts, providing
meaningful abundance data on elements between aluminium (Al; Z=13) to uranium (U;
7=92). In addition to the vertical sampling interval, the user can also change the X-ray
energy and the duration of exposure that the sample is subjected to so the total counts
are not only a function of the abundance of each element, but also the time of expo-
sure; heavier elements will have better detection with higher-energy X-rays and longer
exposure times. The elemental intensity data do not have the same level of accuracy as
ICP-OES/MS (i.e., ppm or ppb) but previous research by Weltje et al. (2015), Gregory
et al. (2019), and Cerda-Domenech et al. (2020), proves that the data have exceptional
precision (reproducibility) over multiple scans (see subsection 2.3.1) and show moderate
to strong correlations to absolute concentrations obtained with ICP-OES/MS, partic-
ularly when the down-core trends are compared (see subsection 2.3.3). In addition to
elemental data, the Itrax obtains an optical image (RGB) and X-radiograph (greyscale
density) allowing the elemental data to be directly compared to the core image. Colour
data such as luminosity (L*), redness (a*), and yellowness (b*) have been used by
previous researchers to establish limestone-marlstone couplets that are the result of Mi-
lankovitch cyclicity (Li et al., 2019; Ma and Li, 2020), so these additional colour data

obtained from the Itrax may be useful for establishing astrochronological cycles.

While studies conducted using ED-XRF elemental data originally focused on uncon-
solidated marine and lacustrine sediment cores (see Croudace et al., 2006 and Croudace
and Rothwell, 2015 for comprehensive reviews), more studies are focusing on sedimen-
tary rock successions, particularly mudstone (e.g., Rowe et al., 2012; Ma et al., 2014;
Turner et al., 2016; Birgenheier et al., 2017; Beil et al., 2018; Pietras and Spiegel, 2018).
Beil et al. (2018) conducted a 1-cm resolution study on a continuous 325-metre long
core of Cretaceous (Albian-Turonian) pelagic mudstone using an ED-XRF core scanner

to identify transgressive surfaces based on terrigenous input, grain size, clay compo-
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sition, and bottom-water oxygenation. The transgressive surface, which is commonly
coarser-grained due to winnowing, was characterised by a peak in the Zr/Rb log-ratio
(grain-size) and an associated low in the log-ratio of terrestrial, which they represented
with the sum of the siliciclastic elements Al, Fe, K, Si, and Ti, to marine, Ca, indi-
cators. They also showed a correlation between weathering intensity, indicated by the
log-ratio of K/Al, and bottom-water oxygenation, indicated by the log-ratio of Mn/S.
During periods of decreased weathering (i.e., drier; high K/Al) there was increased oxy-
gen depletion (low Mn/S) as a result of lower energy and mixing at the sediment-water
interface (Beil et al., 2018). Turner et al. (2016) also established systems tracts based on
‘chemostratigraphic flooding surfaces’ in ED-XRF data, using a portable handheld unit
directly on an exposed outcrop. Retrogradational and progradational successions were
defined by upward decreasing and increasing values in terrigenous elements, respectively,
and the chemostratigraphic flooding surface was placed where the retrogradational trend

switched to progradational (i.e., the maximum flooding surface).

Materials and Methods

This research focuses on the Mancos Shale, a muddy marine deposit that formed in the
WIS during the Upper Cretaceous (Cenomanian - mid-Campanian). The early Upper
Cretaceous (Cenomanian-late Turonian; 97-91 Ma) was by far the warmest period in the
past 115 Ma, with tropical sea-surface temperatures estimated at > 35°C and even mid-
latitude intermediate water temperatures as high as 20°C in the southern hemisphere
(Friedrich et al., 2012). After 91 Ma, the opening of the Equatorial Atlantic Gateway
(EAG) between Africa and South America increased longitudinal oceanic circulation
allowing for colder polar waters to move into the proto-North Atlantic and global tem-
peratures started to decrease, a trend that has continued to the present (Friedrich et al.,

2012).
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The first part of this research analyses a short (28.5 cm) section of the Blue Gate
Member of the Mancos Shale collected from the Uinta Basin, Utah, by Schlumberger / TerraTek,
though the exact location is not known for proprietary reasons (chapter 2). This highly
interbedded (~240 laminae) section of mudstone to very-fine sandstone was deposited
on a storm-wave-dominant shelf with fluvial input, as indicated by the presence of ter-
restrial organic macerals in petrographic thin section (Grigg, 2016). This section was
first scanned multiple times at 0.2- and 0.5-mm sampling intervals (1426 and 571 ob-
servations, respectively) with an Itrax core scanner to determine the level of precision
(reproducibility) of the data (subsection 2.3.1). Several subsequent analyses were con-
ducted on this interval including lithology, whole rock geochemistry (ICP-OES/MS), and
petrology that were compared against the uXRF elemental data to fully understand the
relationship between the absolute elemental and mineral concentrations and the Itrax
elemental intensities. Fifteen samples of ~0.2 g each were collected from individual lam-
ina (2-3 mm wide) for ICP-OES/MS analysis and three large petrographic thin sections
(5x7 cm) were made from the opposing face. The results from this analysis will guide the
interpretation of the uXRF data collected from the second part of this research, where

ICP-OES/MS and petrographic data were not obtainable.

The second part of this research uses a 94-metre long succession of Mancos Shale, in
5 continuous but separated intervals, which was collected from the San Juan Basin in
Rio Arriba County, New Mexico by Schlumberger/ TerraTek (Well ID: San Juan 28-6
148M; 36.6425°N, -107.4506°W) and archived at the New Mexico Bureau of Geology
and Mineral Resources in Socorro, New Mexico. The slabbed (archival) half of the core
was loaned to McMaster University for non-destructive elemental analysis using an Itrax
uXREF core scanner. The first goal with this succession will be to define the geochemical
signature for distal depositional environments, such as the mudbelt and sediment-starved

shelf, and establish their chemofacies by comparing them to the signature of sediments
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collected from outcrop in known proximal environments, such as fluvial, delta front,
prodelta areas (chapter 3). The chemofacies will be established using a hierarchical
clustering algorithm known as a Self-Organising Map (SOM), to define each sample
interval according to its total elemental makeup. While the general geochemical makeup
of sedimentary rocks from these environments has been described previously (e.g., Hart,
2016; Birgenheier et al., 2017), the volume of data collected from an Itrax core scanner
will provide significantly more information regarding not only the variation in average
values between environments but also the spread and variance of the data within each
environment. These robust chemofacies will provide for more accurate, less ambiguous

correlations of mudstones across a basin.

After establishing the chemofacies of the different depositional environments, the en-
tire 94-metre succession will be analysed, providing a high-resolution chemostratigraphic
mapping of the sediments. The entire section will be clustered using the SOM to estab-
lish the chemofacies and the chemostratigraphic trends of several elemental proxies will
be analysed in order to identify marine transgressive-regressive (T-R) cycles at several or-
ders. Depending on the order, these cycles can be correlated to near-shore frameworks in

5th

the San Juan Basin (5""-order and above) as well as with lower-resolution chemostratig-

raphy studies using ICP-OES from other basins (4"

-order and below). This research will
look to provide the first geochemical signature of depositional surfaces and cycles, such
as the distal correlative conformity that is associated with near-shore unconformities.
The correlative conformity is an important phase to identify as it records palaeoen-
vironmental information that may be lost in near-shore environments due to periods
of non-deposition or erosion. This research will also look to provide the first example
of sub-Milankovitch cyclicity in fine-grained muddy successions. Overall, these results

will be crucial to incorporating mudstones into high-resolution sequence-stratigraphic

frameworks, which will allow for a better understanding of how the climate operates in
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a greenhouse world.

As this work has been completed as a ‘sandwich’ thesis, each Chapter aside from the
Introduction and Conclusion has been prepared as a stand-alone study for publication in
a peer-reviewed journal. Therefore, there is some overlap in the information presented
in each Chapter that pertains to background geology and methodology. However, each
Chapter presents new independent results and discussions and Chapters 3 and 4 build
upon the knowledge gained from the previous chapter(s). All three chapters have multi-
ple authors who assisted in data collection or editing in some way but the main body of

work, including all writing, figures, and tables, was produced by myself, Jeremy Gabriel.
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Chapter 2.

APPLICATION OF uXRF ANALYSIS
ON THE UPPER CRETACEOUS
MANCOS SHALE: A COMPARISON
WITH ICP-OES/MS

This chapter was published in Marine and Petroleum Geology as
Gabriel JJ, Reinhardt EG, Chang X, Bhattacharya JP (2022). Application of uXRF
analysis on the Upper Cretaceous Mancos Shale: A comparison with ICP-OES/MS.
Marine and Petroleum Geology 140, https://doi.org/10.1016/j.marpetgeo.2022.105662

2.1 Introduction

Fine-grained siliciclastic rocks (< 63 pum) comprise approximately half to two-thirds of
the global sedimentary record (Boggs Jr. and Boggs, 2009; Dypvik and Harris, 2001) and
although traditionally they have been viewed as indicating deposition from suspension
settling in low-energy environments, recent research (e.g., Bhattacharya and MacEach-
ern, 2009; Plint et al., 2012; Plint, 2014; Schieber, 2016; Macquaker et al., 2010; Wilson

and Schieber, 2014) has shown that mud can also be deposited in hemipelagic environ-

12
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ments that are subject to significant wave, tidal, and bottom-current energy, and thus
often contain similar bedforms to those found in shallower environments (e.g., ripples,
cross-lamination, grading). However, the textural and lithological changes in these sed-
iments can be subtle and may not be visible in slabbed rock core without petrographic
analysis, making the study of mudstones significantly more complex than sandstones

(Dypvik and Harris, 2001).

Chemostratigraphy of fine-grained rock and sediment cores based on elemental and
isotopic composition has been used to effectively show changes in precipitation pat-
terns (e.g., Zarriess and Mackensen, 2010; Haug et al., 2003), provenance and sediment
transport processes (e.g., Ben-Awuah et al., 2017; Chen et al., 2013), and bottom-water
redox conditions (e.g., Baioumy and Lehmann, 2017; Algeo and Rowe, 2012) in both
modern and ancient systems; a search of the literature showed over 1500 publications
relating to chemostratigraphy or chemofacies since 2000 (Web of Science, Clarivate An-
alytics). Two common techniques for elemental and isotopic analysis are inductively-
coupled plasma optical emission spectrometry/mass spectrometry (ICP-OES/MS), and
wavelength-dispersive X-ray fluorescence (WD-XRF), which can detect 55 and 42 ele-
ments, respectively, with an analytical precision as low as parts per million or billion
(ppm/ppb). This provides at least 42 highly accurate variables for use in chemostrati-
graphic correlations and when elemental ratios (e.g., Ti/Al, Zr/Rb, Ca/Fe) are used,
the number of variables can exceed 250 (Craigie, 2018). However, these methods are
destructive and can be very intensive in terms of time (subsampling, sample prepara-
tion, pre-treatment) and cost, so down-core sampling resolution is often on the order of 1
sample per metre. Subsamples are collected, ground, and homogenised into roughly 1-2g
of fine (< 10 pum) powder, which is then liquefied, for ICP-OES/MS analysis (Craigie,
2018), or fused and pressed into a lithium-borate pellet, for WD-XRF analysis (Gregory

et al., 2019; Weltje and Tjallingii, 2008). The pre-treatment method chosen (e.g., acid
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digestion, alkali fusion) can result in different detection limits and accuracy of certain
elements so the desired variables should be considered prior to analysis. One centime-
tre sampling and analysis of a metre-long core could take a couple weeks (Croudace
et al., 2006) and cost thousands of dollars, and since the methods are destructive, repli-
cate analyses would require the collection of more material, which may have a different

elemental composition due to vertical and lateral heterogeneities.

Recently (~20 years), technological advancement of core scanners using energy-
dispersive XRF (ED-XRF), such as the Itrax Core Scanner (Cox Systems, Sweden),
has allowed for a much higher sampling resolution (100 pm) from marine and lacustrine
sediment cores (Lowemark et al., 2019; Rothwell and Croudace, 2015a; Rothwell and
Rack, 2006); herein, this method is referred to as uXRF. These core scanners allow
for rapid and non-destructive analysis of elemental composition from Al (Z=13) to U
(Z=92) by recording the spectrum of energy intensities, in keV, from emitted photons.
Energy-dispersive XRF does not have the elemental precision of WD-XRF but it can
rapidly collect data on more variables simultaneously than WD-XRF, which requires
a diffraction crystal that is tuned to permit transmission of a specific wavelength (el-
ement) of interest. The core requires minimal preparation, aside from ensuring a flat,
even surface and there are no pre-treatments necessary since the sample or split core is
placed into the core scanner whole for analysis (Lowemark et al., 2019). The Itrax is
equipped with a 3 kW X-ray generating tube, typically of either Cr or Mo, and can be
operated up to 60 kV and 50 mA, although 30 kV and 30 mA is suitable for detecting
most elements (Croudace et al., 2006); other user-defined options include measurement
interval and exposure time (from 1 sec to 1 min). Split cores up to 1.8 m in length
can be analysed in a single, automated scan, which could be completed in less than
2 hours (1.8 m at 1 cm interval and 30 second exposure time) and provide hundreds

to thousands of sampling intervals. As the data acquired by uXRF core scanners are

14



Ph.D. Thesis - J. Gabriel McMaster University - School of Earth, Environment, and Society

in total counts of emitted photons, the final result will not only be a function of the
presence and abundance of the various elements within the core, but also a function
of the exposure time and power of the incident beam. Furthermore, since a discrete
sample is not homogenised prior to analysis, the interval can be heterogeneous in terms
of grain size, pore space, organic matter, and water content (so-called matrix effects;
Tjallingii et al., 2007; Croudace et al., 2006). These matrix effects can lead to increased
scattering, which can influence the final spectra, with the effects being more pronounced
with lighter elements that eject lower energy photons (Tjallingii et al., 2007). However,
several studies have shown that calibration of elemental intensities obtained from ED-
XRF to absolute concentrations is possible through statistical analysis and comparison
to values obtained using ICP-OES/MS and WD-XRF (e.g., Arenas-Islas et al., 2019;
Gregory et al., 2019; Al Maliki et al., 2017; Rowe et al., 2012; Weltje et al., 2015; Weltje
and Tjallingii, 2008). Weltje et al. (2015) showed that the most accurate method was
a multivariate log-ratio calibration (MLC), in which the ratios of elemental intensities
measured from uXRF are compared with concentrations measured using ICP-OES/MS.
While this method provides more accurate estimates of absolute element concentrations
from their measured intensities, it does increase time and cost of the analysis (Gregory
et al., 2019). A univariate log-ratio calibration (ULC), which relates "relative” element
concentration (W) to the elemental intensity (I), does not require calibration against
data from other methods and can be used to adequately describe the system through

the linear relationship:

W 1
in (VV]> = oszln ([;> + 5jD (2.1)

where j and D represent the two different elements being measured at interval i and
a;p and Bjp account for the matrix effect and detection efficiency, respectively. It

is considered a relative concentration since all the elements measured are constrained
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to unity, despite the fact that not every element (i.e Z < 13 and Z > 92) can be
detected. Gregory et al. (2019) found that normalizing elements to the X-ray scatter
ratio (incoherent:coherent) produced statistically significant results and this divisor is
often used in palaeoenvironmental studies to account for water content (e.g., Boyle et al.,

2015) and organic matter (e.g., Brown et al., 2007).

Micro-XRF core scanners have been used extensively in research on soft sediment
cores (see Croudace and Rothwell, 2015 Rothwell, 2006 for a comprehensive review) but
more recently they have also been applied to coal seams (Ward et al., 2018; Kelloway
et al., 2014), speleothems (Scroxton et al., 2018), tephras (Peti et al., 2019), and glass
samples (Ernst et al., 2014). Their use on rock cores, however, is lacking (e.g., Beil et al.,
2018; Ma et al., 2014). Micro-XRF is an optimal method for chemofacies analysis of rock
cores because the cut surface of the core is smooth and flat and the matrix effects are

minimised, especially with fine-grained rocks like siltstone and shale.

This study focuses on a short section (28.5 cm; herein referred to as the ‘Cheese
Slab’) of the Blue Gate Formation of the Mancos Shale, a muddy shelf deposit from the
Upper Cretaceous Western Interior Seaway of North America. The Cheese Slab was col-
lected from a proprietary quarry in the Uinta Basin, Utah, by TerraTek/Schlumberger
and provided to McMaster University by the New Mexico Institute of Mining and Tech-
nology. The goal of this study is to examine trends in the uXRF-derived elemental
intensities and how they correspond to the mineral and elemental composition based
on petrographic and ICP-OES/MS analysis, respectively. The uXRF data will also be
compared to the macro- and microscale lithology to demonstrate how it can be used to
identify and refine lithofacies for eventual application to longer successions of Mancos
Shale. Finally, this study will demonstrate the potential of uXRF-derived chemofacies
to identify characteristics such as provenance (marine vs. terrestrial), flooding surfaces,

and geomechanical properties that are important to the exploration and extraction of
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hydrocarbons.

2.1.1 Geologic Background

The Mancos Shale was deposited into the Western Interior Seaway (WIS) of North
America, which covered the central part of the continent during the Upper Cretaceous
(Cenomanian - mid-Campanian; Figure 2.1). Subduction of the ancient Farallon Plate
during westward migration of the North American tectonic plate caused building and
uplift of the Sevier orogeny on the western margin of the North American plate resulting
in the formation of an asymmetric foreland basin (Armstrong, 1968; Lowery et al., 2018;
El-Attar and Pranter, 2016; Miall et al., 2008). Several marine transgressions occurred
in the WIS throughout the Cretaceous, but a transgression during the Cenomanian
and Turonian brought sea level to almost 300 m higher than present (Haq and Huber,
2017; Miall et al., 2008; McDonough and Cross, 1991). At this time, the WIS spanned
it’s maximum extent, connecting the northern Boreal (Arctic) Ocean with the southern
Tethys (Gulf of Mexico). During this highstand several deltaic complexes, such as the
Ferron, Frontier, and Gallup, were deposited into the WIS, as sediments were eroded
from the nearby Sevier orogenic belt and transported eastward (Armstrong, 1968; Lin
et al., 2019; Bhattacharya and MacEachern, 2009), and the Mancos Shale represents
the distal extent of those complexes. During the Laramide orogeny of the late Upper
Cretaceous and early Palaeogene, the WIS was segmented into several sub-basins such
as the Uinta (Utah), Piceance (central-western Colorado), and the San Juan and Zuni
(north-western New Mexico), which preserved the Upper Cretaceous marine sequences
(Hawkins et al., 2016; Broadhead, 2015; Ridgley et al., 2013). Due to the exceptional
outcrop exposure and preservation, these fluvio-deltaic complexes have been extensively
studied in terms of their facies architecture and sequence stratigraphy (e.g., Lin et al.,

2019; Li and Schieber, 2018; Eldrett et al., 2015; Wu et al., 2015; Ahmed et al., 2014;
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Zone of high subsidence Stable eastern platform zone:
Zone of maximum and sedimentation rate: “Hinge zone” low subsidence and C
subsidence, sedimentation rate: deepest water in west- moderate subsidence sedimentation rate;
shallow water central troughs and water depths shelf depths; many disconformities
. v V \'%
Vertical scale Colorado Kigas
ft. m Utah and Wyoming and Nebraska Towa

Marine Limestone
sandstone and chalk

Continental deposits: Continental deposits: Mari
Indianola fine grained . coarse grained arine
group coal bearing piedmont facies Shale

Figure 2.1: A) Reconstruction of North America during the Upper Creta-
ceous (mid-Coniacian, ~87.9 Ma; basemap from Colorado Plateau Geosystems
www.deeptimemaps.com). B) Close up of the Uinta Basin (UB, location from Bir-
genheier et al., 2017) and Piceance Basin (PB, location from Hawkins et al., 2016);
the two basins are separated by the Douglas Arch. C) Generalized west-east transect
of the Uinta basin from Birgenheier et al. (2017) (originally in Armstrong, 1968).
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Li and Bhattacharya, 2013; Zhu et al., 2012) with other studies looking into isotope
chemostratigraphy (e.g., Joo and Sageman, 2014), microfossil assemblages (e.g., Turk-
istani et al., 2022; Lowery et al., 2018) and palynology (e.g., Akyuz et al., 2016). The
combined results of these studies indicate that the early-mid Upper Cretaceous climate

of the southern WIS was an ever-wet, sub-tropical to tropical environment.

In the Uinta basin, the Mancos Shale is over 1200 m thick with a high detrital quartz
and clay content relative to carbonate sediment (Birgenheier et al., 2017). It is separated
into two members that span the mid-Turonian to late-Campanian (~92-79 Ma): the
lower Tununk shale, which unconformably overlies the paralic Dakota Formation, and
the upper, more extensive Blue Gate shale; the two units are separated by an organic-
rich heterolith called the Juana Lopez Member (Molenaar and Cobban, 1991). Fine-
grained sediment deposition in more distal marine environments (distal prodelta and
mudbelt) has been a common focus of research in recent years (e.g., Bhattacharya and
MacEachern, 2009; Plint et al., 2012; Plint, 2014; Schieber, 2016; Macquaker et al.,
2010; Wilson and Schieber, 2014), as mudstones typically contain a more continuous
record than near-shore deposits, which are more prone to periods of erosion and gaps
in deposition (Bhattacharya et al., 2019). Birgenheier et al. (2017) developed a detailed
record of the lower Blue Gate member based on lithology, stratigraphy and geochemistry,
obtained using a handheld ED-XRF unit at 0.3-0.9 m intervals. They characterised ten
facies based on grain size, mineralogic composition, and sedimentary structures, such
as lamination and ripple style, that were deposited in three different marine settings:
prodelta, mudbelt, and sediment-starved shelf (Figure 2.2). The prodelta, which is
closest to the shoreline, contains interlaminated siltstone to very fine sandstone, with a
medium to high detrital quartz content, and is dominated by river-fed hyperpycnal flow.
The hyperpycnites observed were characterised by normal grading and basal scour (i.e.

asymmetrical), with evidence of dewatering due to a high rate of sediment input. Moving
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further into the basin, the mudbelt spans storm-wave base and was divided into six facies.
The upper two facies were interpreted to have been deposited above storm-wave base,
due to the very high detrital quartz content and intense reworking from storm waves
and bioturbation. The other four facies of the mudbelt were deposited below storm-wave
base and typically showed the distal expressions of wave-enhanced sediment gravity flows
(WESGFs; Macquaker et al., 2010) that were initiated above storm-wave base but flowed
downslope. These facies had increasing preservation of lamination and ripples, higher
clay content (mainly illite and kaolinite), and low to moderate bioturbation (BI = 2-3),
although in some areas it was higher (BI = 5) (Birgenheier et al., 2017). Finally, the
sediment-starved shelf contained moderate to high clay and calcite content (values not
seen in the other facies) and showed only faint laminations and low bioturbation levels
due to suboxic conditions. This area was mainly influenced by shelfal currents in the

proximal shelf and suspension settling more distally (Birgenheier et al., 2017).

Generally, the three processes responsible for moving and depositing muddy sedi-
ments across epicontinental seas are: river-fed hypopycnal plumes; river-fed hyperpycnal
flows; and submarine ignitive gravity flows, which can be aided by wave or bottom cur-
rents (Schieber, 2016). Hypopycnal plumes typically come from large, continent-scale
rivers (e.g. Mississippi, Amazon), which do not often have the sediment concentration to
become hyperpycnal, and can travel long distances (100s km) from the river mouth by
longshore currents. Hyperpycnal flows are more commonly associated with small, ‘dirty’
rivers, which were common on the western shore of the WIS. These ‘dirty’ rivers were sus-
ceptible to periods of intense flooding and sediment overload that produced sufficiently
dense plumes that would sink and move along the seabed. Typically, a hyperpycnite
will display a symmetrical grain size profile, with a basal inversely-graded unit overlain
by a normally-graded unit as a result of changing flow velocities as the flood waxes

and wanes. However, erosion of sediments during maximum flow or subsequent wave
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and current reworking may lead to asymmetric deposits (Schieber, 2016). Hyperpycnal
flows require bottom slopes of > 0.7° to maintain autosuspension and are thus typically
confined to within a few tens of kilometres of the river mouth, although the distance
can be greater during periods of more intense fluvial weathering and mud generation
(Bhattacharya and MacEachern, 2009). In more distal environments, bottom currents
and wave action act together to suspend fine-grained sediments in a fluid mud, which can
move down slopes with lower gradients (~0.03°) and tends to form normally graded thin
beds with sharp, basal contacts. These deposits can be resuspended and moved several
times and therefore can reach 100s km from the shoreline. All three of these mechanisms
can produce a similar succession in the rock record, thus differentiating between them

based on lithology and sedimentary structures can be difficult (Schieber, 2016).

[ Delta plain/backshore
[ ] Delta front/shoreface
B Prodelta

B Mudbelt

[ sediment-starved shelf

> Riverfed hyperpycnal flows
Storm-wave enhanced sediment
gravity flows

s~~~ Shelfal currents

------ Storm-wave base

—
40-130k
(offshore d'i?t.)

Figure 2.2: Depositional environments and their relationship to shoreline and deltaic
tributaries. Adapted from Bhattacharya (2010). Blue star demarcates approximate
core location (see subsection 2.3.4 and subsection 2.4.2).

2.2 Methods

The Cheese Slab is a highly interbedded very fine sandstone to mudstone sequence

with approximately 240 individual laminae (Figure 2.3); grain sizes were estimated by
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microscope analysis of thin sections. Since accurate determination of grain size (i.e., silt
vs. clay) in the darker, finer-grained lamina was not possible, herein we use the term
mudstone to distinguish these from the lighter, coarser-grained sandstone laminae. A
6 cm wide and 2 c¢m thick piece was slabbed using a water-tile saw and adhered to a
clear acrylic sheet using double-sided tape to allow for consistent positioning through
the various analyses. Prior to being cut, the piece was vacuum-infused with an epoxy
to prevent the fine-grained shale from being pulverized; this epoxy can be seen filling in
the large fracture at ~130 mm. Lithofacies were established by millimetre-scale analysis
of the laminae to measure characteristics such as lamina thickness, relative grain size,
presence/preservation of sedimentary structures, and bioturbation.
Three large-sized (5x7 cm) thin sections were
- < made by Wagner Petrographic, Utah, USA from
the opposing face of the scanned surface for petro-
graphic analysis (A - top, B - middle, C - bottom).

The samples were infused with a rose dye to ac-

~—

100 — L centuate microfractures and structures, ground to
= 25 pm, and polished (i.e. no slide cover). Each
% ) slide was digitally scanned with an Epson V850
E’ - Pro photo slide scanner (48-bit colour, 4800 dpi)

in both plane-polarized (PPL) and cross-polarized

20— (XPL) light to see the overall sedimentary struc-

= tures and then analysed with a Leica petrographic
i - microscope to determine the mineral composition.
- = The remaining material from the thin section pro-

duction was also analysed with the Itrax (30 kV, 33

Figure 2.3: The core section show- . )
ing location of thin sections (dotted mA, 200 pm, 15 sec) to allow for precise alignment

red boxes) and ICP-OES/MS sam-
ples (grey arrows are from a mud-
stone interval, yellow from sand-
stone).

of the uXRF data to the structures and mineral
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Table 2.1: Itrax run parameters

Run Tube Parameters
kV | mA | Exposure time (sec) | Interval (mm) | Position
1-4 | 30 | 33 15 0.5 Centre
5130 | 33 15 0.2 Right

content.

2.2.1 TItrax uXRF

Elemental intensities were obtained from five separate analytical runs using an Itrax
uXRF Core Scanner (Cox Analytical Systems, Mélndal, Sweden) at the McMaster Uni-
versity Core Scanning Laboratory (MUCS-Lab): scans 1-4 were performed down the
centre at 0.5 mm resolution, while scan 5 went down the right side at 0.2 mm resolution
for comparison to the ICP-OES/MS data (Table 2.1). The X-ray beam is 8 mm long,
perpendicular to the longitudinal axis, and 0.1 mm wide (0.8 mm?; Kelloway et al.,
2014), with a penetration depth on the order of 1 mm, though penetration may be even
less in denser material like siltstone and shale. The raw energy spectra of each analytical
scan were batch evaluated in QSpec software (Cox Analytics) and an additional calibra-
tion was performed on scan 5 using the Cody Shale (USGS rock standard Sco-1), which
is an Upper Cretaceous formation from the Powder River Basin, Wyoming, USA (Hu-
bert et al., 1972). This calibration converts the elemental counts to major oxide (SiOq,
Aly03, TiOg, FeaOs, KoO, Ca0O, and MnO) concentrations in weight percent and the
remaining elements in ppm. In addition to this calibration, the data were transformed
using the ULC with the incoherent:coherent scatter ratio (In([Element]/ICR)), counts
per second (In([Element]/cps)), and a conservative element (In([Element]/[Si])) used as
divisors to determine the impact on correlation between uXRF elemental intensities and

ICP-OES/MS elemental concentrations (Cf. Gregory et al., 2019).
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2.2.2 ICP-OES/MS

Fifteen subsamples, 8 mudstone and 7 sandstone (based on colour), were collected at
roughly 2 cm intervals for analysis using inductively-coupled plasma techniques (ICP-
OES/MS; see Figure 2.3). For brevity, we will simply use ICP to refer to these meth-
ods collectively. A rotary drill (Foredom TX Series) with a diamond-encrusted carbide
milling tip was used to collect about 0.2 g of material from individual laminae and pul-
verize the material into a fine powder (< 40 pum). Each sample had a vertical width and
penetration depth of 2-3 mm, while the horizontal length varied between 10 and 20 mm,
which is a total sample footprint of ~40-180 mm?®. Samples were digested and analysed
by Activation Laboratories Ltd in Ancaster, Ontario, Canada using a lithium metab-
orate/tetraborate fusion technique and analysed by ICP for major and trace element
concentrations; oxide results were presented for comparison with the Cody-calibrated

uXRFE data.

2.3 Results

2.3.1 Itrax Reproducibility

Spectra from each sample interval record the total counts (cts) of energy intensities,
which are compared to the ‘expected’ intensity curve based on the user-defined elements
using a least mean-square error (MSE) method. The average individual MSE for all
intervals in the four runs was 1.28 (1.02-1.77, n=2284) so there was good fit between
the energies detected and the user-defined elements (expected curve). The 55-60 ele-
ments that were detected in the scans were reduced to 16 elements that are common to
palaeoenvironmental research (e.g., Gregory et al., 2019; Croudace et al., 2006; Thomson

et al., 2006) and had sufficiently high intensities (~ 10?2 — 10° cts): Al, Si, S, K, Ca, Ti,
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V, Cr, Mn, Fe, Cu, Ni, Rb, Sr, Zr, and Ba. Boxplots, which are effective at showing the
spread and summary statistics of a dataset, were used to compare the data between each
run (n=4; Figure 2.4). The box (interquartile range; 3Q-1Q) contains 50% of the data,
with the median value represented by the notch and any outliers indicated by circles
beyond the ‘whiskers’. Major elements (K, Ti, Ca, Si, Fe, Sr) all showed less than 1%
variation in the median value while Al, Zr, Rb, Cr, Mn, Ni, and S had < 3% variation.
The elements V, Cu, and Ba showed the most variation between the median values, al-
though it was still < 5%. Even the elements that showed more outliers, such as Ca, Sr,
Zr, and Si, had similar outlier values across all four scans. The near-overlapping median
and box range values across the four scans indicates that the true median values are
similar (95% confidence interval). Scatterplot comparisons between two scans showed
strong to very strong average Spearman correlation (R? > 0.6; cf. Leclezio et al., 2015;
Selala et al., 2019) for Sr, Rb, S, and Zr, with Fe, Ca, Ti, K, and Si having correlation
values greater than 0.96. The remaining elements all showed weak to very weak correla-
tions (R? < 0.4) with increased scatter about the y = x regression line, although a linear
trend was still apparent in Mn and Cu, likely due to the overall lower concentration of

these elements (see subsection 2.3.2).

2.3.2 ICP-OES/MS Elemental Concentrations

Lithogeochemistry derived from ICP analysis showed 10 oxides and 45 individual el-
ements. Two of the oxides (MgO and NayO) were of elements that are too light for
uXRF detection and one (P20j5) was not detected so they were excluded from further
analysis; combined, these three oxides comprised < 4% of the sample by weight. The
remaining oxides (SiOg, Al2O3, TiO2, FeaO3, K20, CaO, and MnO) comprised between
82.6 and 91.77 (median = 87.35) weight percent of the sample, with SiO9 being the most

prevalent (median = 67.47%; 59.32-74.03), followed by Al,O3 and CaO, FesO3 and KsO,
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Figure 2.4: Boxplots of the elemental data, in kilo-counts (kcts), from scans 1-4.
The notch represents the median value and the circles represent outliers. Note that
even in elements with greater numbers of outliers (e.g. Ca, Zr, Sr), their values are
similar between runs.

and trace amounts of TiOy and MnO. For the remaining elements of interest, Ba had
the highest concentration (median = 309 ppm; 269-331), followed closely by Zr (median
= 162 ppm; 143-205), Sr (median = 152 ppm; 137-238), and Rb (median = 87 ppm;

33-109); Cr, V, Ni, and Cu (in order of decreasing concentration) all had median values
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below 100 ppm.

The ICP data were quite distinct in the two different lithologies. The mudstone
intervals had higher concentrations of AlOs and K>O, likely incorporated into illite
and kaolinite, as well as higher concentrations of TiO9 and FeoOg, while the sandstone
intervals were typically higher in SiO2 (quartz), CaO, and Zr/Rb. The Zr values on their
own did not show a clear correlation to lithology so the Zr/Rb ratio is mainly driven
by the Rb content, which is consistently at least 50% higher in the mudstone laminae.
The mudstone intervals were also less oxygenated overall than the sandstone, as seen in
the redox-related proxies MnO/TiO2, which decreases with lower oxygen conditions in
the sediment (Croudace et al., 2006; Thomson et al., 2006), and Redox (sum of V, Cr,
and U), which increases with decreasing oxygen in sediments (Ben-Awuah et al., 2017;

Tribovillard et al., 2006; Dypvik and Harris, 2001).

2.3.3 Comparison of ICP-OES/MS to uXRF

Absolute elemental concentrations from ICP analysis were compared to the batched
Itrax data, the Cody Shale calibrated data, and log-ratioed (ULC) data to assess the
fit between the uXRF elemental intensities and the absolute concentrations obtained
through ICP analysis. At each ICP sample depth, the uXRF data were averaged over an
11-point window, centred on the depth, to provide the same number of total observations
(n = 15) and to account for the ~2-3 mm span of the ICP samples; an 11-pt window is
equivalent to 2 mm. While this provided a good way to compare the two datasets, there
will still be some discrepancy due to the micro-scale analytical footprint of an Itrax core
scanner (~0.8 mm3) compared to the total coverage of the subsamples collected for ICP
analysis (40-180 mm?; see section 2.2). For example, if the lamina is at an oblique angle
to the slab surface, then material from different lithologies can be incorporated into

the homogenised ICP subsample, which would not be present in the volume of material
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analysed by uXRF. Similarly, micro-shells and fragments may be present in the lamina,
which would be incorporated into the ICP subsample but may not be abundant enough

to pass directly beneath the X-ray detector of the core scanner.

Bivariate plots, comparing the ICP- and puXRF-derived oxide data using a linear
smoother (y ~ x) and Spearman correlation coefficient, were produced to show the
correlation between the two analytical methods (Figure 2.5). Most of the oxides (SiOq,
Al503, TiOg, FeaO3, and K20) showed strong Spearman-Rho correlation coefficients of
R? > 0.6 between the ICP and yuXRF data, whether the uXRF data were calibrated
to Cody Shale (wt.% and ppm) or left uncalibrated (counts). The ICP-derived MnO
had a strong correlation (R? = 0.66) when compared to the calibrated data but only
a moderate correlation (R? = 0.50) when compared to the uncalibrated data due to
increased scatter about the y = x regression line; however, a clear linear trend is still
apparent in the scatterplots. The CaO concentration showed only moderate correlation
for both calibrated and uncalibrated uXRF data (R? = 0.52 and 0.42, respectively) and
had a higher level of scatter about the regression line however, the correlation would
be stronger without a few outliers. The removal of the two highest outliers (red points,
Figure 2.5), corresponding to depths of 60.6 mm and 137.6 mm, yielded R? values of 0.67
and 0.62 for calibrated and raw puXRF data, respectively. The Si-log-normalised data
showed stronger correlations to the ICP concentrations compared to the uncalibrated
and calibrated data for Fe (R? = 0.83), K (R? = 0.70), and Ti (R? = 0.72) but similar
values for Al (R? = 0.69) and Mn (R? = 0.65). The relationship between CaO from ICP
and Si-log-normalised Ca from yXRF had a near zero correlation (R? = 0.02), possibly
due to the moderate positive correlation (R = 0.57) between Ca and Si, compared to
the strongly negative (R = —0.89 to —0.95) relationship between SiOg and the other
oxides. Since none of the calibrations resulted in significantly better correlations for all

elements, the uncalibrated uXRF data will be presented for the remainder of the paper.

28



Ph.D. Thesis - J. Gabriel McMaster University - School of Earth, Environment, and Society

Ca0 (%) Ca (kets) In(Ca/ICR) In(Calcps) In(Ca/Si)
11 15 19 25 35 45 9 9.35 97 1 0.6 0225 2.65 28
n
R'=0/52 R'=042 : R'=0145 : R'=032 : R'=0.02
8
o 85 — s : L i s 5
(3]
Fe,0; (%) Fe (kcts) In(Fe/ICR) In(Fe/cps) In(Fe/Si)
0.01 0.035 0.06 22 44 66 9 9.6 10208 0.3 0.2 22 2.85 35
R'=074 4 R'=0.76 DA R=0.77 b R'=0.76 K R'=0.83 ‘4
S 185 / / 4 4 A
07
Al,05 (%) Al (cts) In(AI/ICR) In(Al/cps) In(Al/Si)
s on 16 8 110 140 33 36 3966 635 6136 31 26
" | r=0r R'=062 4 R'=049 2 R'=048 v |R=0s P
O: 85 . . . . .
45
K,0 (%) K (kcts) In(K/ICR) In(K/cps) In(K/Si)
0.01 ‘ 0.035 0.06 3 46 6.2 69 73 7.7 29 -2.55 220 0.6 12
) R1=0L2 . M R'=060 S R'=056 - L R'=064 | 4 R=0.70 o
o 18 : < G
3" e s o e
06
Ti0, (%) Ti (kcts) In(Ti/ICR) In(Ti/cps) In(Ti/Si)
0.01 0.025 004 11 25 39 6 66 7239 31 27 4 02 06
07 |
R’:oLﬁ C | R L g R=060 | .| e| |R=002 s R'=072 A
9
S o ot / . - S
0.1
MnO (ppm) Mn (cts) In(Mn/ICR) In(Mn/cps) In(Mn/Si)
3 52 7.4 280 400 520 46 495 5353 5 4723 18 13

350 !
R=066 L |r=0s0 D ) T R=056 | | | |R=065

B :
Q.

3 o . . . e A e . ./ . ./ . . T o
Q¥ . . <. . T . Y . o . e

c

= : . 4

Si0, (%) Si (kcts) In(Si/ICR)
8 67

In(Si/cps)
5 89 18 24 3 64 3.2

7 35 29

2_ 4 2_ F 2_ | 2 1 4
R'=0.79 R'=0.80 4 R'=0.77 / R'=0.83 /(.

o 6 3 B r r
%) an y A P o

55

Figure 2.5: Bivariate plots of ICP-OES/MS results (y-axes) compared to various
calibrations of Itrax results: Cody-shale calibrated (%), QSpec-batched (counts),
and log-normalised. Red points in CaO graphs represent the outliers that result in
weaker correlations. 29
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Overall, these correlations are similar to those found by Gregory et al. (2019) when
analysing modern lake sediments and in some cases better, though direct comparison is

not possible as they used Kendall’s tau correlations.

The elemental variation as a function of depth shows that the aliased uXRF data are
very similar to the ICP concentrations (relative pattern of variation; Figure 2.6). When
comparing the Al values, the uXRF data showed an overall smoother curve (less varia-
tion) than the ICP data, particularly in the middle six intervals from 100-200mm, and
the Cody-calibrated values (Al;O3) showed a more distinct trend than the uncalibrated
Al. An opposite pattern can be seen in the Ca trends, where the uXRF data display
a more prominent trend throughout, although neither Itrax trend produced the same
peak at 137.6 mm as the ICP-OES data. To provide a semi-quantitative comparison
of the trends, simple confusion matrices were generated to examine how data points
shifted relative to their respective means, regardless of the magnitude of that shift. If
both datasets moved in the same direction (i.e. increased/decreased) relative to their
respective mean then a 1 was assigned, otherwise a zero was assigned; the total 1s and
Os are presented in Table 2.2. Nearly all of the elements show simultaneous movements
in both datasets, with the raw Ca trend showing the least similarity (60%) to the cal-
cium oxide (CaOjcp.ogs) trend; however, when the oxide and raw Ca and Ti values
are ratioed the trends become more similar (73%). The data sets moving opposite to
each other could be the result of sampling errors while preparing material for ICP-OES
analysis, which requires a larger sample size, so subtle offsets within the lithology could
create discrepancies in the data. However, in the case of ‘Redox’ (V+Cr+U) the lower
correlation is likely a result of the lower overall concentration of these elements (< 100
ppm; see subsection 2.3.2); a longer exposure time (e.g. 30 seconds) may increase the

correlation of these proxies.
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Table 2.2: Confusion matrix results of single and ratioed elements; Redox =
V+Cr+U. In the Cody-calibrated uXRF dataset, all but three Rb values were ei-
ther 1 or 0 so the Zr/Rb trend could not be compared to the ICP trend accurately.
Same (1): values (ICP and uXRF) responded the same relative to their respective
means; Diverge (0): values responded in opposite directions relative to their respec-
tive means.

Single Elements

Oxides
AlyO3 | Si09 | K30 | TiOy | FesOs | CaO | MnO
Same 13 14 14 14 14 12 13
Diverge 2 1 1 1 1 3 2

Raw Elements

Al S K T Fe Ca Mn

Same 11 14 14 14 13 9 12
Diverge 4 1 1 1 2 6 3
Element Ratios
Oxides
Zr/Rb | Redox | CaO/TiOy | MnO/TiOy | FeyO3/ K50
Same - 12 11 11 12
Diverge - 3 4 4 3
Raw Elements
Zr/Rb | Redox Ca/Ti Mn/Ti Fe/K
Same 14 9 11 12 12
Diverge 1 6 4 3 3

2.3.4 Lithofacies

Lithologic analysis of the Cheese Slab showed mostly continuous laminae, with a low-
angle inclination and preserved sedimentary structures (e.g. ripples, grading, cross-
laminations; Figure 2.7). Petrographic analysis of thin sections showed that the sand-
stone laminae were mostly well-sorted and dominated by subangular, very fine sand- to
coarse silt-sized quartz grains, with varying amounts of carbonate minerals, including

subhedral grains and interstitial cement (Figure 2.8). Using X-ray diffraction (XRD)
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on a different section of the same core block, Grigg (2016) determined that feldspars
were also a minor component of the sandstone but they were coated with calcite cement;
therefore some of our carbonate grains may in fact be feldspars (see Figure 2.8A). Min-
eral grains in the mudstone were too small for visual identification but XRD analysis
(Grigg, 2016) indicated these laminae to be dominated by illite and kaolinite, with higher
concentrations of organic carbon relative to the quartz-rich sand laminae; Birgenheier
et al. (2017) found similar results in their analysis of Blue Gate shale. Organic macerals
up to very fine sand size can be observed in most laminae but in the mudstone intervals
they also appear as distinct, though discontinuous, sub-millimetre thin beds, possibly

settling out of a storm-enhanced fluid mud by flocculation (e.g., Plint, 2014).

Bioturbation throughout the section was low to moderate, with a Bioturbation Index
(BI) of 1-4 (mean 2), which is a semi-quantitative measure indicating the ratio between
preserved and disturbed sedimentary structures as a result of burrowing infauna. A BI
of 0 indicates few or no burrows or trace fossils, BI of 3 indicates roughly 50% of the
sedimentary structures (laminae) remain, and a BI of 6 is completely burrowed with
no laminae preserved. Trace fossils of Palaeophycus, Teichichnus, Planolites, Chon-
drites, Helminthopsis, and Zoophycos were identified, which form the Cruziana ichnofa-
cies (MacEachern et al., 2010) or the more proximal Phycosiphon ichnofacies recently
described by MacEachern and Bann (2020), indicative of deposition in the sublittoral
zone on a moderate- to low-energy medial shelf. Very rare (~10 total) ‘rotalid’ and ‘bo-
livinid’ type calcareous foraminifera were observed in thin section with good preservation
indicating that they were likely part of the living benthos at the time of deposition. The
chambers were filled with carbonate cement (Figure 2.8C, D) and would produce anoma-
lously high Ca values if the uXRF analysis passed over one directly, which could explain

the lesser degree of correlation between the Itrax- and ICP-derived Ca concentrations.

Laminae were characterised and grouped according to their grain size, sedimentary
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Figure 2.7: Core photo, lithofacies, BI, measured section, and puXRF-derived ele-
ments and ratios. The negatively-correlated Ti and Si trends closely follow changes
in the lithology, with diverging trends associated with coarser-grained laminae. The
dashed red boxes correspond to Figure 2.8 and the blue band represents the track of
the 2 mm wide scanning beam. For the measured section, Cl = clay, Si = silt, and vf
= very fine sand. The laminasets (LS1-3) are identified next to the lithology. Values
for Ti and Si are in kilo-counts.
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structures, and degree of bioturbation into 7 different microfacies: 1) mudstone with
rare silt (29% of the section); 2) mudstone with laminated silt (12%); 3) starved-ripple
sandstone (10%); 4) wave-rippled sandstone (17%); 5) combined-flow-rippled sandstone
(12%); 6) laminated sandstone (14%); and 7) bioturbated sandstone (6%). Wave ripples
were distinguished based on their symmetrical profile and the presence of convex-up
cross-laminations, while combined-flow ripples have a slightly asymmetric profile and
concave up cross-laminations (Figure 2.9); no ripples observed showed a highly asymmet-
ric cross-section suggesting deposition by a solely unidirectional current. The presence of
cross-laminations and symmetrical and asymmetrical ripples suggests that the sediments
were dominated by combined flows. In thin section, the laminae show both normal grad-
ing, often with sharp and scoured basal contacts, and inverse grading, with evidence of
bioturbation at the upper contact. Some intervals also display inverse- to normal-grading
successions that are typical of river-fed hyperpycnal flows, however, the interpreted depth
and distance from the shoreline based on the other proxies suggests that these intervals
are either very distal expressions of river-fed hyperpycnal flows or they are wave- and

current-generated hyperpycnal flows (e.g., Bhattacharya and MacEachern, 2009).

Increasing thickness and frequency of sandstone laminae was used to identify lam-
inasets, which have sharp, upper contacts and an increase in wave and combined-flow
reworking of the laminae approaching the top of a laminaset. Three laminasets (LS1-3)
were identified in the Cheese Slab, though only LS2 is complete. The basal contact of
the first laminaset, LS1, is not present but the top contact is visible at ~255 mm, where
wave-modified sandstone laminae (Microfacies 4) transition to a mudstone-dominant
unit with sparse silt (Microfacies 1). Moving upcore, LS2 shows a complete succession
of mudstone with rare silt (Microfacies 1) at the base followed by an overall increase
in sandstone laminae and evidence of wave and combined-flow reworking (Microfacies

5) up to 80 mm. Bioturbation, which has been used as a proxy for sedimentation rate
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(e.g., Bhattacharya et al., 2020, 2019), is higher at the top of LS2 than LS1, including a
large Zoophycos burrow at 100 mm, indicating a significant decrease in the sedimenta-
tion rate, or a possible depositional hiatus, between LS2 and LS3. Laminaset 3, which
is also incomplete, shows a more rapid transition from laminated siltstone-mudstone to
combined-flow sandstone, with several millimetres at the base of LS3 compared to 30-40

mm at the base of LS2.

Generally, the grading patterns in the lower half of the core are more gradual and
complete, with few sharp contacts until the upper few centimetres of LS2. Above 100
mm, the laminae show more fining upward successions with abrupt basal contacts and
evidence of scour indicating more frequent, higher energy events. This pattern of fining
upward with a sharp basal contact is indicative of an ignitive surge (Mulder et al., 2003),
such as a wave-enhanced sediment gravity flow (WESGF; Macquaker et al., 2010), so
this could represent a transition to more frequent storms in LS3. However, there is
also a decrease in evidence of wave reworking (i.e. more parallel laminations) so the
area of deposition may have shifted slightly below storm-wave base. Alternatively, the
climatic conditions that existed during the deposition of LS2 may represent a period of
above-average storm intensity, thus increasing the depth of storm-wave influence. Since
the exact location of the core is unknown we are unable to provide an age but if we
assume sedimentation rates of several tenths of a millimetre per year then the core
represents roughly 200-300 years, so the climatic conditions of LS2 could be operating
on a centennial-scale cycle; this would need to be investigated over a longer section (i.e.

a few tens of metres).
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Figure 2.8: Thin Section photomicrographs in XPL: A) Grain size and mineral con-
tent comparison between the sandstone and mudstone intervals (Carb = Carbonate,
Qz = Quartz, scale bar = 0.25mm). As noted in the text, the carbonate grains may
actually be feldspar coated in calcite as seen by Grigg (2016); B) Fine-grained lam-
inations in a siltstone-dominant heterolith (Microfacies 2). The mostly continuous
laminations are indicative of the intermediate mudbelt; note the fine organic mat-
ter (OM) condensed horizons (scale bar = 1mm); C-D) Benthic, rotalid calcareous
foraminifera with infilled chambers of carbonate cement (scale bars = 0.25mm).

2.4 Discussion

2.4.1 pXRF and Lithology

The pXRF-derived Ti, Si and Zr/Rb curves showed good correlation to the lithology
and provided for added interpretation of coarsening- and fining-upward successions (see

Figure 2.7). In this section, the sandstone intervals had higher Zr/Rb, Si, and Ca values,
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Figure 2.9: Sedimentary structures as seen in thin section (plane-polarized light).
Dashed red lines indicate burrows and black box indicates location of scan. Notice
the presence of combined flow in the starved ripple in B, as indicated by the blue
arrows, compared to the undulating tops of wave-modified sediments at the top of
A. Pl = Planolites, OM = organic matter, Py = Pyrite (see Figure 2.10). Ti and Si
values are in kilo-counts (kcts).

while mudstone intervals were associated with Fe, Ti, K, and Al. The Zr/Rb ratio is
a common grain-size indicator, with increasing values corresponding to coarser-grained
sediments due to zirconium being contained in the heavy fraction, predominantly as zir-
cons, while rubidium resides in the clay fraction from weathered aluminosilicates (Beil
et al., 2018; Wang et al., 2011).The positive correlation between Si and Ca that we iden-
tified was also noticed to occur periodically in a 325 m long continuous succession from
the Cretaceous Tarfaya Basin of southern Morocco (Beil et al., 2018). They interpreted
these intervals as representing sediment winnowing and subsequent carbonate cementa-
tion at the trangressive surface, based on correlation to lithology, stable isotopes, and
foraminifera. It is unlikely that the short length of the Cheese Slab is recording that
large-scale of an event so the winnowing in our section is likely the result of increased
turbulence at the seabed. In addition to identifying the coarsening- and fining-upward

successions, the Ti, Si, and Zr/Rb curves provide information regarding the relative
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grain size changes through the section. The bottom half of the core shows more gradual
changes as well as lower overall peaks, especially in the Zr/Rb values, while the upper
75 mm show the sharp basal contacts that are also identified in the lithology. The cor-
relation can also be seen at the microscopic scale where the Ti, Si, and Zr/Rb follow the
normal and inverse grading trends and can be used to identify sharp or gradual contacts.
Even in cases of increased bioturbation, the underlying gradational trend is visible (see

Figure 2.9).

Comparing the elemental intensity trends from the uXRF data to thin sections also
allowed for a better understanding of the mineralogy (Figure 2.10). Since uXRF core
scanners are not able to determine the oxidation state of the elements, it is not possible
to know the mineral phase they are contained in. For example, Fe can be found as an
oxide (Fe203), associated with carbonate as siderite (FeCOg), or associated with sulphur
as pyrite (FeSy) depending on whether it’s Fe?* or Fe3* as a result of the redox state in
the sediments (Little et al., 2015; Tribovillard et al., 2006). However, comparing multiple
elements and ratios allows for an accurate mineralogic composition to be obtained. The
peaks in Si/Ti, Ca/Ti, and Mn/Ti ratios match the coarse-grained laminae and indicate
an abundance of quartz and carbonate. The mudstone laminae were enriched in Fe, Ti,
K, and Al indicating that these elements are being deposited in the clay fraction, mainly
as illite and kaolinite, though visual identification of mineral grains in these layers was
not possible. There are many thin, opaque laminae composed of organic matter present
throughout these layers but in a single location at ~60 mm there is a peak in both the
Fe and S/Fe curves indicating the presence of pyrite (i.e. sulfate-reducing conditions).
This is a very localised phenomenon so this just indicates that while the benthos was
mostly oxic to dysoxic, some areas may have been anoxic to euxinic (see Figure 2.9A);

this relationship could prove effective at identifying anoxic intervals in longer cores.
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Figure 2.10: Comparing the uXRF signature to mineralogy. Scanned thin section
images are in plane-polarized light. The peak in S/Fe in the top thin corresponds to
the pyrite seen in Figure 2.9A.
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2.4.2 Depositional Environment

Both the lithofacies and ichnofacies indicate the depositional environment to be close to,
or just below, storm-wave base and influenced by offshore bottom currents. The WIS is
thought to be storm dominated, although in any given location we can not be certain
how frequently the sea floor was influenced by large storms. Studies of linked river sys-
tems by Lin et al. (2019) and Sharma et al. (2017) suggest annual river flood occurences
that may have been storm-driven so it is likely that the sea floor was influenced by storm
activity on a decadal scale, possibly every few years. Given the ubiquity of burrowing,
the presence of benthic foraminifera, and lack of anoxic chemofacies the sediment water
interface was oxic, with very localised zones of dysoxic to anoxic conditions, as indicated
by the rare presence of pyrite. These localised low oxygen conditions help to explain
the low diversity of burrows as well as the preservation of organic matter, as seen in
thin section. Depositional mechanisms of sediments are typically interpreted based on
the grain size and structures in the laminasets. A complete river-fed hyperpycnite has
inverse to normal grading patterns, as flow energy waxes and wanes, and may also show
asymmetric ripples. However, differences in flood magnitude, duration, and the dis-
tance from shoreline can result in base-truncated (e.g. no inverse grading) sequences,
which can then be difficult to distinguish from other event beds (e.g., WESGF, tem-
pestite, turbidite; Mulder et al., 2003; Macquaker et al., 2010; Schieber, 2016)). Our
results show that adding chemofacies analysis using uXRF data may help to distinguish
between river-fed and remobilised marine sediments due to the high volume of data.
Previous research (e.g., Baumgardner and Rowe, 2017) has applied hierarchical cluster
analysis (HCA) to group the elements and provide a rapid and quantitative method to
establish chemofacies. For our data, we applied an unsupervised clustering algorithm
(self-organising map; SOM) to better understand the principle elemental controls. In a

SOM, observations in multi-dimensional space compete for nodes in a grid (tesselation)
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based on a discriminant function (e.g. Euclidean distance between the node parameters
and the observations), and the parameters of each node are re-evaluated as new intervals
are assigned. Since the clustering results from the SOM are topologically invariant, it
is possible to create hierarchical groupings of nodes based on their topological relation-
ships. In this way, nodes can subsequently be grouped into higher order ‘superclusters’
and ‘ultra-clusters’ if desired. We further grouped our observation clusters (n = 169)
into k = 5 ‘superclusters’ (Figure 2.11). The two main elemental controls on the super-
clusters were Sr, which was highest in supercluster 1 and correlated with the sandstone
laminae, and Fe, which was highest in supercluster 5 and correlated with the mudstone
layers. The higher levels of Sr, indicating the presence of aragonite, in the sandy layers
shows that these sediments originated from a shallow marine source, rather than directly
from a fluvial source, and are therefore likely submarine sediment flows aided by turbu-
lent conditions at the seabed from wave action. Based on the combined characteristics,
these sediments were likely deposited in the intermediate mudbelt, at or just below storm
wave base (see Figure 2.2; cf. Facies 2.4 of Birgenheier et al., 2017 and Microfacies 1 of
Plint, 2014). The increase in sharp-based, fining upward successions above 100 mm may
indicate a shift to more frequent events and this is supported further by an increase in
the Fe/K ratio (see subsection 2.3.3), which would indicate more intense weathering of

terrestrial rocks (e.g., Zarriess and Mackensen, 2010; Zarriess et al., 2011).

2.4.3 Implications for Petroleum Geology

The chemofacies analysis of elemental trends and clusters demonstrated promising re-
sults for application to hydrocarbon exploration and production. When plotted next to
each other, the Ti and Si curves were well correlated with the lithology and mimicked
the appearance of wireline logs (gamma and resistivity), which are the foundation of

correlating surfaces across a basin. However, the number of elemental proxies, including
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Figure 2.11: The supercluster results from the Self-Organising Map. Each interval
was assigned to one of 5 superclusters, primarily controlled by Sr and Fe content, but
K, Si, and Mn are also included in the decision tree. The superclusters were resized
horizontally and coloured to correspond to lithology
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ratios, and high-resolution vertical sampling obtained from puXRF core scanning allow
for a more comprehensive investigation of the facies and have the potential to allow for
more precise mapping (see Turner et al., 2016). For example, the presence of increased
Sr in the sandstone layers indicates that these sediments were remobilised by wave ac-
tion from a shallow marine environment as opposed to being directly river-fed, which
provides information on the water depth and distance from shoreline. This information
can be useful when correlating across multiple cores so as not to correlate a river-fed
hyperpycnite with a wave-enhanced sediment gravity flow, which may have a similar

lithology in the rock record.

Understanding the mechanical properties of fine-grained rock is an important factor
in efficient hydrocarbon extraction as the mechanical strength, which increases with in-
creased carbonate and silica cement, influences the geometry and extent of hydraulically
induced fractures. Weaker, softer mudstones exhibit ductile deformation and may cause
induced fractures to close due to rock creep. Grigg (2016) investigated the mechanical
properties of the macro- and microfacies and their correlation to grain size and min-
eralogic composition. They found that XRD analysis, which is industry standard for
assessing whether rocks will exhibit brittle or ductile deformation, lacks the resolution
to characterise mudstones due to internal heterogeneity of micro-lithofacies. Our results
show that uXRF analysis has the resolution needed to rapidly characterise the microfa-
cies of very fine sandstone and mudstone based on relative grain size and composition,

which would be beneficial in the planning of hydraulic fracturing activities.

Finally, superclustering with an unsupervised SOM shows promise for identifying sig-
nificant boundaries, such as flooding surfaces, as well as providing information regarding
sediment provenance (terrigenous vs. marine). By applying this method to the entire
dataset first and then investigating the ‘choices’ made by the algorithm using a decision

tree, the researcher is given a more complete characterisation of the chemofacies but still
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has the ability to use previous knowledge to interpret depositional mechanisms and envi-
ronments. Our superclusters corresponded to visual changes in lithology when plotted by
depth and resized and coloured based on comparison to the core. This method will need
to be investigated further, first on longer successions and then to other cores laterally,

to understand it’s potential effectiveness at identifying regional bounding surfaces.

2.5 Conclusion

The data obtained from fine-grained sedimentary rock using an Itrax yXRF core scanner
showed the same high level of reproducibility as demonstrated on soft sediment cores,
with some major elements even demonstrating direct correlation between separate scans
(Ca and Fe; R? = 1). The common elements Al, Ti, K, Fe, Si, Ca, and Mn showed
strong to very strong Spearman correlation coefficients when compared to ICP-OES
concentrations and both datasets showed similar down-core trends. The elements Cr,
V, Ni, and Cu did not have as strong of a correlation due to their low concentrations
(< 100 pmm). Overall, there was no significant impact to the correlation between uXRF
elemental intensities and ICP-derived concentrations after calibrating the uXRF data
using a variety of techniques. When the data trends (i.e. the positive or negative shift
relative to the respective means) were compared using a simple confusion matrix, the
correlations were stronger, with most of the elements moving in the same direction in

each dataset in more than 80% of the samples.

The elemental signatures obtained from an Itrax uXRF core scanner showed strong
correlation to the lithology and mineralogy at both a macroscopic and microscopic scale.
The Ti and Si records, which were negatively correlated, effectively tracked lithology
changes and could indicate sharp and gradational contacts, particularly when coupled

with the Zr/Rb curve. When the data were clustered, a lower frequency signal was also
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evident indicating that the application of this method to longer successions of Mancos
Shale could allow for a more accurate reconstruction of climatic and environmental
changes within the Western Interior Seaway through the Upper Cretaceous. The yXRF
data also provided added information regarding the mineralogic composition, showing
that the sandstone layers had increased levels of Ca and Mn (as carbonates) and Sr
(aragonite), indicating they had a shallow marine source. Therefore, it is likely that
these laminae are recording submarine flows as a result of wave energy (e.g. WESGFs
or tempestites) rather than direct input from river-fed hyperpycnites. In order to resolve
these successions even further, palacocurrent and bathymetric data would be required

to determine whether the sediments flowed directly down slope or obliquely.

Our results indicate that fine-grained sedimentary rocks are ideal for palaeoenviron-
mental reconstructions using uXRF-derived elemental abundances as they minimise the
sources of error caused by matrix effects in unconsolidated sediments such as organic
matter, pore space, and water content. Additionally, fine-grained sediments from deeper
basins typically display a more complete record than proximal, coarser-grained sequences
as they do not undergo erosion or depositional hiatuses as frequently. The elemental
trends and ratios used in this study were able to provide accurate information about
petrography, depositional processes (turbidites, WESGFs), and environmental changes
recorded in the mudstone succession at a significantly lower cost and analysis time. A
single scan with the Itrax provided n = 1425 observations and was completed in less
than 6 hours for ~$150 USD compared to approximately three weeks and ~$1300 USD
required to prepare and analyse n = 15 samples with ICP-OES/MS. The high-resolution
trends will also allow for more accurate correlation of climatic conditions across other
Upper Cretaceous epeiric seas, thus improving our understanding of the climate system

in a hothouse world.
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Chapter 3.

ESTABLISHING HIGH-RESOLUTION
(500 uM) CHEMOFACIES OF
NON-MARINE AND MARINE

DEPOSITIONAL ENVIRONMENTS IN

THE UPPER CRETACEOUS WESTERN

INTERIOR SEAWAY USING A
HIERARCHICAL CLUSTERING
ALGORITHM ON puXRF ELEMENTAL
DATA.

This chapter has been prepared with the intention of submitting to the journal

“Sedimentology”
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3.1 INTRODUCTION

The origin and depositional mechanisms of fine-grained sedimentary rocks (mudstone)
is an ongoing debate among sedimentologists, particularly when it comes to interpreting
shallow- vs deep-water units. The upper-Devonian Bakken Formation of North Dakota,
for example, is interpreted by roughly two-thirds of the studies as being a deep-water fa-
cies based on sedimentology (fine-grained, laminated clay), while the other third support
shallow-water deposition based on stratigraphic relationships such as onlap patterns and
the lack of landward-equivalent shallow-water strata (Petty, 2022). This discrepancy is
due to the fact that mudstones are inherently difficult to map, owing to subtle variations
in grain-size, texture, and sedimentary structures (Dypvik and Harris, 2001; Baumgard-
ner and Rowe, 2017) and typically require petrographic thin-section analysis to detect
lamination style and therefore interpret the depositional environment (Macquaker et al.,
2010; Plint, 2014; Schieber, 2016; Birgenheier et al., 2017). Even electric well-log data
(gamma radioactivity, spontaneous potential, resistivity) from these sediments can be
relatively homogenous, showing more subtle variability down-core that can be difficult
to characterise (Pearce et al., 1999; Turner et al., 2016). Despite the apparent visual
and physical homogeneity, several studies have demonstrated that there is a significant
level of variability in elemental abundances through these muddy successions (e.g., Al-
geo et al., 2004; Lash and Blood, 2014; Olde et al., 2015; El-Attar and Pranter, 2016;
Beil et al., 2018; Profe et al., 2018), which can be used to establish detailed chemofacies
descriptions based on dozens of proxies (elements and elemental ratios such as Fe/Ca,
Ti/K, Zr/Rb) thereby improving the ability to interpret mudstones based on their depo-
sitional environment (Pearce et al., 1999; Turner et al., 2016; Pietras and Spiegel, 2018).
However, studies using traditional techniques to analyse whole-rock geochemistry (e.g.,

ICP-OES/MS, WD-XRF, INAA) are often conducted at metre-scale sampling resolu-
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tion and therefore merely provide ‘snapshots’ of the geochemical makeup of different

mudstone units.

Advances in energy-dispersive X-ray diffraction (ED-XRF) analysis have allowed re-
searchers to collect meaningful elemental data from cores at sub-millimetre sampling
resolution using laboratory-based scanners, herein referred to as uXRF, providing much
higher-resolution elemental data than is possible with traditional techniques. Micro-XRF
core scanners, such as the Itrax Core Scanner (Cox Systems, Sweden), are able to detect
the relative abundance of elements from Al (Z=13) to U (Z=92) at sampling intervals
as low as 100pm, which is particularly important when studying mudstones with lower
sedimentation rates or ancient sedimentary successions that have been vertically com-
pressed. And while the data do not have the analytical accuracy of ICP-OES/MS (i.e.,
ppm or ppb), they have been shown to correlate well with absolute concentrations and
mineral content obtained from traditional methods (Rowe et al., 2012; Gregory et al.,
2019; Cerda-Domenech et al., 2020; Gabriel et al., 2022a). Furthermore, since the instru-
ment simply counts the number of emitted photons with a given energy, the elements are
not subject to the dilution effect of traditional techniques, where the data are constrained
to a unit volume (e.g., wt. % or ppm). The method is non-destructive and has been
shown to have exceptional reproducibility between scans (Gabriel et al., 2022a), allow-
ing for multiple analytical runs of the same sample to improve the signal-to-noise ratio.
This paper uses lithology and high-resolution (500 ym) elemental data collected from an
Itrax uXRF core scanner to describe the depositional environments in Upper Cretaceous
(Turonian-Coniacian) coastal and marine sediments from the Western Interior Seaway of
North America (WIS), with respect to their proximity to shoreline, weathering intensity
at the seabed, and relative oxygenation in the sediment. These results will be impor-
tant for establishing detailed geochemical signatures of these environments, particularly

the more distal finer-grained units, which can then be applied to longer successions or
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cores from other epicontinental basins to enhance palaeoenvironmental interpretations

and basin reconstructions.

3.1.1 Marine Depositional Environments

Conceptual models of depositional systems in epicontinental seaways with siliciclastic
shorelines, such as the Upper Cretaceous Western Interior Seaway (WIS) of North
America, demonstrate the general changes in sediment composition with increasing
distance from shoreline and water depth (Walsh and Nittrouer, 2009; Bhattacharya,
2010; Hart, 2016; Birgenheier et al., 2017). Non-marine and shallow coastal sediments
(shoreface, delta front), herein referred to as near-shore sediments, are dominated by
coarser-grained siliciclastic sandstones with high concentrations of Ti, Si, K, and Al
from fluvial input. Depending on biologic productivity, the shallow marine sands may
also be enriched in aragonite (Sr) from macrofaunal shell precipitation (e.g., molluscs,
gastropods). Deeper marine sediments, which are transported farther into the basin by
wave- and current-enhanced sediment gravity flows (Macquaker et al., 2010) are domi-
nated by fine-grained (silt and clay) deposits that transition from siliciclastic mudstones
in the hemipelagic zone (prodelta and mudbelt) to more calcareous mudstones into the
pelagic zone (sediment-starved shelf) (Hart, 2016; Birgenheier et al., 2017). The deltaic
complexes of the WIS are interpreted to have been wave-dominated and therefore did not
protrude as far into the basin as river-dominated deltas (Bhattacharya and Tye, 2004;
Bhattacharya, 2006; Walsh and Nittrouer, 2009). In this type of system, the prodelta is
typically limited in extent as the sediments are quickly re-worked, transported, and de-
posited along- and offshore in a wide, expansive mudbelt (many 10s to 100s of km; Hart,
2016), though the sediment accumulation may occur in more concentrated ‘bulls-eye’
areas due to various hydrographic and structural controls (i.e., the marine-dispersal-

dominated (MDD) system of Walsh and Nittrouer, 2009).
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As the depositional environment moves basinward and the water depth increases, the
energy conditions at the seabed decrease, which decreases the amount of vertical mixing
and oxygenation of the water column. This dysoxia is reflected by an increase in redox-
sensitive elements, such as V, Cr, and U, which become insoluble in their reduced state
and are therefore incorporated into the sediments. The lower oxygen conditions also
increase the preservation potential for organic matter, which is reflected in variations in
organophilic elements like Ni and Cu that can adsorb to settling organometallic ligands
and thus be delivered to the sediments (Tribovillard et al., 2006). In some cases, these
elements can be retained in the sediments even after the original organic matter has
been consumed by microbial activity as post-depositional oxidation occurs (Thomson
et al., 2006). Manganese, which precipitates out of oxic waters as Mn-oxyhydroxides but
is soluble in its reduced state, also creates a very effective shuttle for delivering trace
elements like Ni, Cu, and V to the sediments from the overlying water column, where
they are released during reduction of the Mn-oxyhydroxides and are then available for
other reactions (Tribovillard et al., 2006). While these general characteristics have been
documented, the lower-resolution sampling is not as effective at identifying variability
within these different environments where the changes may be highly localised. A more
rigorous geochemical signature that combines multiple environmental proxies and their
variance is needed to provide more information about the processes that are acting on

the sediments at various points in the basin.

3.1.2 High-resolution Chemofacies

The amount of data obtained using uXRF core scanners can be difficult to analyse and
interpret stratigraphically, particularly when trying to incorporate multiple proxies, and
therefore multivariate statistical techniques are necessary to describe the chemofacies.

The most common of these techniques is a Principal Component Analysis (PCA), which
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aims to minimise the dataset by identifying the proxies that are contributing to the most
variance between observations (Wold et al., 1987; Abdi and Williams, 2010). While this
may provide a good starting point for investigation, the results may be of limited use to
marine sedimentology as the principal components are generally known and predictable
(e.g., Fe, Ti, Si, Al for terrestrial siliciclastics) and the PCA does not provide a com-
plete elemental characterisation of each observation. Hierarchical clustering algorithms
(HCAs) are more effective at developing chemofacies since they can group observations
according to their total elemental signature and therefore provide more information re-
garding how the geochemical composition is changing stratigraphically (Templ et al.,
2008; Al Ibrahim et al., 2015; Baumgardner and Rowe, 2017). One such algorithm is
known as a Self-Organising Map (SOM; Kohonen, 2013), which is an unsupervised, it-
erative algorithm where observations in multi-dimensional space compete for nodes in a
regular, two-dimensional grid based on a discriminant function, typically the Euclidean
distance between each observation and the nodes. Each node represents a different model
that is spatially ordered so as new observations are assigned to each node, it’s model
parameters, as well as those from a subset of neighbouring models/nodes, are updated
(Kohonen, 2013). By reducing the dataset to a much smaller set of models, the SOM
clustering can be performed at least an order of magnitude faster and lighter (in terms
of computational power) than traditional HCAs, which cluster the dataset by comparing
every single point with all of the others (Kohonen, 2013). This makes it ideal for use
with uXRF datasets, which can easily reach tens of thousands of observations e.g., an
1800 mm long core at 0.1-mm sampling interval would provide 18,000 data points. The
initial SOM clustering is unsupervised, thus removing researcher bias, but as the clusters
are topologically invariant they can be further grouped into higher order ‘superclusters’
to investigate the chemofacies at a variety of scales, depending on the research question.
Gabriel et al. (2022a) demonstrated the potential utility of using a SOM for establish-

ing chemofacies on a short (28.5 cm) section of highly interbedded (mud to very fine
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sand) Mancos Shale from the Uinta Basin using uXRF data at 200 pm intervals (1425
sample points). Their results showed that in addition to being rich in Si (quartz) the
sandstone laminae were also higher in Sr (aragonite) indicating that the sediments were
likely reworked and transported from a shallow-marine source rather than being directly

deposited by fluvial processes.

3.2 MATERIALS AND METHODS

This study focuses on two separate Upper Cretaceous (Turonian-Santonian) sedimen-
tary successions from the Western Interior Seaway (WIS) of North America (Figure 3.1),
which occupied a retroarc foreland basin that initially formed during the Upper Jurassic
(Oxfordian) as a result of subduction of the Farallon Plate beneath the North American
Plate (Decelles, 1994; Miall et al., 2008; Birgenheier et al., 2017). Basin subsidence, com-
bined with eustatic sea-level changes, resulted in several marine transgressions through-
out the Cretaceous, with the most extensive transgression (4250 m) occurring at the end
of the Turonian, when the WIS had a width of ~1500 km (Sageman et al., 1997; Miall
et al., 2008; Joo and Sageman, 2014). The Upper Cretaceous climate was a period of
sustained global warming, with extreme tropical sea-surface temperatures, ~35°C, and
high-latitude intermediate to bottom water temperatures ~20 °C occurring throughout
the Turonian until ~91 Ma (Friedrich et al., 2012). The regional climate of the south-
western WIS through the Turonian, which lay between 30°N-40°N (Lin et al., 2019), was
subtropical with consistent wet and humid conditions based on the abundance of coals
and lack of evaporites (Bhattacharya and Tye, 2004), and the presence of swamp and
floodplain palynomorphs in paralic settings (Akyuz et al., 2016); precipitation estimates
are between 1500 mm/yr during sea-level lowstand and 2200 mm/yr during highstands
(White et al., 2001). Studies of the Ferron and Gallup deltaic systems indicate fluvial

discharge on the order of 10?-10% m?3/s, which would have regularly produced hyperpy-
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cnal plumes, and that large storms likely impacted any given location on the coast at
a decadal-scale frequency (Bhattacharya and Tye, 2004; Sharma et al., 2017; Lin et al.,
2019). However, the more distal sediments around storm-wave base may have been im-
pacted more frequently. Circulation models indicate an overall anti-clockwise circulation
pattern in the WIS, with tropical Tethyan waters being drawn up the eastern margin
and cooler Boreal waters moving south along the western shore, and that the confluence
of these water masses was around modern-day New Mexico (Slingerland et al., 1996;

White et al., 2001; Hart, 2016; Lowery et al., 2018).

3.2.1 San Juan Basin (SJB) Core

The first sedimentary succession, the San Juan Basin (SJB) core, is a 17-metre long
section of Mancos Shale, a muddy shelf deposit from the WIS (Figure 3.1). The SJB
succession was analysed using slabbed core that was collected by Schlumberger /TerraTek
from the San Juan Basin in Rio Arriba County, New Mexico (Well ID: San Juan 28-6
148M; 36.6425°N, -107.4506°W) and archived at the New Mexico Bureau of Geology
and Mineral Resources in Socorro, New Mexico. Several intervals of this core were
loaned to McMaster University for non-destructive lithologic and elemental analyses and
this study focuses on the interval between 6898-6955 ft (2102-2120 m) drilling depth.
In the San Juan Basin, the Mancos Shale ranges from 500-700 metres thick and is
informally divided into two units, lower and upper Mancos, which are separated by the
end-Turonian Niobrara unconformity (Ridgley et al., 2013; Broadhead, 2015); this has
also been called the Tocito unconformity (Molenaar et al., 2001). The lower Mancos,
which intertongues with the underlying paralic Dakota Sandstone, is generally more
heterogeneous, with five members: Graneros Shale, Greenhorn Limestone, Lower Carlile
Shale, Juana Lopez Shale, and Upper Carlile Shale. The overlying upper Mancos on

the other hand, which comprises between 275-475 m of the total thickness, is mainly
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dark, kerogen-rich marine shales with some interbedded marine siltstone and sandstone
near the base that grades upward into mostly homogenous siliceous mudstone; it thickens
from the southwest to the northeast moving towards the basin depocentre (Ridgley et al.,
2013; Broadhead, 2015). Broadhead (2015) informally subdivided the upper Mancos into
three separate units (from top), A, B, and C, based on prominent markers in gamma-ray
and resistivity logs that indicated increased sand, silt, and possibly carbonate content;
upper Mancos unit A is overlain by the Point Lookout Sandstone. The SJB core is from
upper Mancos unit C and is interpreted to have been deposited between 150-180 km from
the contemporaneous shoreline, associated with the deposition of the Dalton Sandstone
and Dilco Coal members of the Crevasse Canyon Formation, based on comparison of the
well-log data (NGR, resistivity) to the USGS Cross Section (Molenaar et al., 2001). Shelf
slopes of the WIS were likely on the order of 0.04°-0.2° (Bhattacharya and MacEachern,
2009) so these sediments would have been deposited in ~100-125 m water depth. Each
SJB core box, which contained up to 3 metres of core, was first photographed using
a Nikon D3200 12-megapixel digital-SLR camera and the lithology was described to
the lamina scale using the core and photographs so that contrast could be enhanced
to accentuate the subtle variations in the more homogeneous intervals. Each visible
lamina was measured and logged based on the presence of sedimentary structures such
as ripple cross-bedding, laminations, and bioturbation. Where visible, bioturbation
levels were ranked on the Bioturbation Index (BI; range 0-6), a semi-quantitative value
indicating the amount of disturbance to laminae as a result of burrowing infauna, with
zero indicating no disturbance and six indicating complete disturbance with few to no

laminations remaining (MacEachern et al., 2010; MacEachern and Bann, 2020).
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3.2.2 Caineville Outcrop

In addition to the SJB core, 29 samples were collected from an exposed outcrop of
the Ferron-Notom deltaic system, near the town of Caineville, Utah, which includes
mudbelt, prodelta, delta front, and fluvial channel belt and floodplain facies; there is
no direct stratigraphic correlation between the core and outcrop samples. The full
lithology and sequence-stratigraphic framework for this system was previously described
and established by Zhu et al. (2012) based on 56 measured vertical sections, including this
180-metre Caineville section. The bottom of Caineville is represented by the prodeltaic
facies of the Tununk Member, which conformably transitions into the overlying Ferron
Member comprised of (moving upcore) prodelta, delta front, and finally fluvial channel-
belt and floodplain facies. The fluvial sandstones and mudstones at the top of the
Ferron Member are unconformably overlain by the deeper water mudbelt facies of the
Blue Gate Member, indicating a major hiatus (~4 Ma; Zhu et al., 2012) due to a marine
transgression. Each of the 29 samples (CN01-CN29) from this location were collected
from finer-grained intervals within the larger units, including from the delta front and
channel belts, to allow for a more accurate comparison to the mudstone deposits of the
SJB core, which consists of mudbelt and sediment-starved shelf deposits of the Mancos

Shale.

3.2.3 Elemental Composition

The elemental intensities were obtained using an Itrax uXRF core scanner with a molyb-
denum X-ray tube (30kV, 33mA), 500 pm vertical sampling resolution, and a 15 sec-
ond exposure time to obtain elemental data for major, minor, and trace elements. The
Caineville samples were disaggregated overnight in distilled water, mixed and centrifuged

to homogenise and concentrate the sediment, and then loaded into an acrylic Sequential
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Sample Reservoir (SSR) carrier for analysis with the Itrax (see Gregory et al., 2017, for
methodology). The SSRs used for the Caineville outcrop samples were ~1.5 cm long,
which provided 27-30 data points for each sample. The SJB core was transferred from
the boxes to an acrylic semi-tube, cut in half lengthwise, prior to being loaded into the
Itrax, which allowed us to ensure a flat, level surface to maximise scanning integrity.
Black, oil-based modelling clay was used to support the core and fill in gaps where nec-
essary. The raw uXRF spectra from each scan were batch analysed to obtain elemental
intensities using QSpec software (Cox Analytical Systems), which aims to minimise the
mean-squared error between the obtained raw spectra and the ‘expected’ spectral curve
based on the user-defined elements and X-ray tube parameters. All subsequent statis-
tical analyses were performed in RStudio® (GNU Affero General Public License v.3)

using R version 4.1.24+ (R Core Team, 2021).

In order to classify and group the observations of the SJB Core, the uXRF data
were clustered using a SOM (SOMbrero package; Vialaneix et al., 2020) to group every
observation according to its elemental signature, which could then be interpreted and
compared to the Caineville depositional environments. The data were first centred using
a row-wise Z-scale (row p = 0 and o0 = 1) using every element detected in the batch
analysis to normalise each element to the total signature of the observation. A selection
of those row-centred elements with high (> several hundred) original counts (cts) and
good detectability using uXRF (Croudace et al., 2006; Gregory et al., 2019; Gabriel
et al., 2022a) were then used in the SOM: Al, Si, S, Ca, Ti, K, Sb, V, Cr, Mn, Fe, Ni,
Cu, Zn, Rb, Sr, Zr, Th, U. The incoherent:coherent scatter ratio (ICR), which tends to
vary with sample density (Brown et al., 2007; Boyle et al., 2015), was also included in
the SOM. The initial tesselation is a square grid of ~ 5,/n nodes (n = 33,871), which,
in this case, is approximated by a 30x30 grid. These 900 clusters were subsequently

grouped into k = 4 and k = 8 superclusters to demonstrate changes in the chemofacies

o8



Ph.D. Thesis - J. Gabriel McMaster University - School of Earth, Environment, and Society

at various scales; these numbers were chosen based on reasonable splitting points in the

dendrogram (see subsection 3.3.3).

3.3 RESULTS

3.3.1 uXRF Environmental Proxies

A total of 55-60 different elements were present in the data after batch analysis but this
study focuses on a subset of high-concentration elements with high (> several hundred)
total counts (cts) and good detectability using uXRF (Croudace et al., 2006; Gregory
et al., 2019; Gabriel et al., 2022a). Visual analysis of the SJB core elemental data
compared to the Itrax photograph showed that the total counts per second (cps) and
coherent scatter (Mo coh) values dropped significantly at cracks in the core as well as
at a some intervals (few centimetres) where the sensor lifted to avoid damage. These
intervals of poor data, a total of 735 observations (0.368 m; 2.1%), were excluded from
subsequent statistical analyses. For the Caineville samples, the acrylic reservoir dividers
had significantly higher values of incoherent:coherent scatter relative to the sediment

samples so these intervals were also removed from the analysis (Gregory et al., 2017).

Sediment Source and Composition

The relative changes in dominant sediment input, terrestrial vs marine, were shown with
the Fe/Ca ratio, which is commonly used in palaeoenvironmental studies (Croudace and
Rothwell, 2015). The Fe values had moderate to strong correlation to other siliciclastic
elements, such as Ti (R? = 0.7), K (R? = 0.62), and Si (R? = 0.63), and a weak
correlation to redox-sensitive elements (e.g., V, R? = 0.29) indicating that it mainly
has a terrestrial source and has not been enriched due to authigenic processes (e.g.,

anoxia in the water/sediment). In addition to the overall composition, the relative
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grain-size changes were shown using the Zr/Rb ratio, which has commonly been used
in palaeoenvironmental studies as a relative grain-size indicator (Dypvik and Harris,
2001; Wang et al., 2011; Hsiung et al., 2021) as Zr is typically contained in the heavier
mineral zircon while Rb is contained in clay minerals, such as illite and micas. The
relative weathering conditions (i.e., water energy) at the sediment-water interface were
determined based on the relationship between Ti and K. In terms of mobility during
weathering, Ti-bearing minerals, such as rutile, ilmenite, and titanomagnetite, are among
the most stable and thus less susceptible to weathering compared to K, which is among
the most mobile (Lisitzin, 1996), so variations in the Ti concentration of sediments have
been shown to positively correlate with riverine runoff (e.g., Haug et al., 2003) and
negatively correlate with transport distance (e.g., Chen et al., 2013). Finally, the Sr/Ca
ratio was used as a proxy for aragonite presence and to distinguish shallower-water

carbonate facies from deeper ones (Rothwell et al., 2006).

In addition to the lithologic composition, organic matter preservation and relative
oxygenation were determined with the Cu/Ti and V/Cr ratios, respectively. Copper
is commonly delivered to the sediments through adsorption onto organometallic ligands
(Tribovillard et al., 2006; Rothwell and Croudace, 2015b) and can therefore represent the
flux of marine organic matter (MOM) while V and Cr are the most easily reduced of the
redox-sensitive transition metals making them useful for indicating even weakly reducing
(i.e., suboxic) conditions (Cole et al., 2017) that may preserve the MOM. Since MOM is
necessary for the formation of liquid hydrocarbons, identifying enriched intervals could

help identify potential source rocks.
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Figure 3.2: Measured section lithology and elemental data for the Caineville strati-
graphic section. Sequence (SB) and parasequence boundaries (PS) were established
by Zhu et al. (2012) based on regional lithostratigraphy.
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3.3.2 Lithology

Caineville Outcrop

The Caineville section is 180 metres high and contains 19 parasequence (e.g., PS17¢) and
5 sequence boundaries (e.g., SB1) from four depositional environments (Figure 3.2). A
detailed description of the lithofacies and regional sequence-stratigraphic framework is
beyond the scope of this research (readers are directed to Zhu et al. (2012)) but the gen-
eral lithologic units and facies are as follows. The lowest lithologic unit is the Tununk
Shale (>112 m), which is comprises prodeltaic marine mudstone, with sparse planar
siltstone laminations at the base that transition up-section to rippled, very-fine lower
sandstone laminations as the shoreline progrades. The Tununk Shale conformably tran-
sitions into the overlying Ferron Sandstone (3-112 m), which shows continued shoreline
progradation as the basal prodelta mudstone transitions to delta-front sandstone (50-112
m) and finally to fluvial channel belt sandstone and floodplain mudstone (3-50 m). The
Blue Gate Shale (0-3 m), which comprises proximal-mudbelt mudstones (Birgenheier
et al., 2017; Gabriel et al., 2022a), unconformably overlies the floodplain mudstones of
the upper Ferron Sandstone at 3 m; the hiatus between the two units is ~4 Ma, roughly

spanning the Coniacian (Fielding, 2010).

SJB Core

The SJB Core is a continuous 17-metre long section (6898-6955 feet drilling depth) of
mainly dark grey, homogenous mudstone (silt and clay) from the Upper Mancos C unit,
although there were intervals of siltstone and very-fine sandstone interbedding. The core
was originally logged by Jim Rine of Weatherford Laboratories, Houston, whose final
report was provided along with the core. Four main lithofacies were identified in the

core along with two unique-event units.
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The most prevalent lithofacies in this core is structureless mudstone (LF1; ~62.8%),
which is dark grey and is lacking in apparent stratification, though there are occasional
millimetre-scale, planar lenses of fine silt, as well as several Inoceramid fragments, scat-
tered throughout. Detrital matrix (i.e., clay minerals) comprises roughly 50% by volume
of these sediments, based on thin section analysis by Weatherford Laboratories (J.Rine,
pers. comm.), with quartz grains making up only ~2%. In the uXRF data, this facies
has higher Fe/Ca values, relative to the median, indicating a more siliceous mudstone,
with relatively stable conditions as seen by the median values in Zr/Rb as well as median
values in the Ti/K ratio although this lithofacies had the lowest variance in Ti/K by an
order of magnitude. The lack of features and stratification would suggest that this facies
was deposited from settling of a fluid mud that was either delivered as a hyperpycnal
plume from riverine input or resuspended in shallower water by wave or current energy

and transported deeper into the basin.

The second most prevalent lithofacies was mudstone with siltstone laminae (silt-
streaked mudstone; LF2), which comprises ~30.6% of the total core. This facies differs
from LF1 by the increased number, and apparent grain size, of silt- and sandstone
laminae, though these tend to be discontinuous over the width of the core. The laminae
commonly show evidence of starved ripples, low-angle lamination, and millimetre-scale
scour at the base, which indicates that they were deposited in the presence of bottom
currents. Thin section analysis of the silt- and sandstone laminae showed they were
mainly comprised of carbonate cement, foraminifer tests, and shell fragments that were
too small to identify (J.Rine, pers. comm.). This facies is associated with the lowest
Fe/Ca values, aside from the carbonate grainstone event bed at 6.5 m, indicating a more
calcareous mudstone and while the Ti/K ratio is the lowest of any facies, the variance
is significantly higher than in LF1 as a result of more variable energy conditions at the

seabed.
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Lithofacies 3 (LF3) comprises ~ 6.1% of the core and is characterised by siltstone to
very-fine sandstone with nearly symmetrical convex-up ripples, a higher Ca content, rel-
ative to the median, higher Zr/Rb ratio, and generally higher variance in the Ti/K ratio,
though the values tend to vary close to the median. As with the laminae in LF2, the silt-
and sand-sized particles were carbonate-dominant, though in this lithofacies there was
no carbonate cement and the shell fragments were large enough to identify (Inoceramid,
pelecypod, brachiopod; J.Rine, pers. comm.). All of these proxies indicate that these
sediments were deposited above storm-wave base in the highest energy conditions of any
of the lithofacies, where they were continually reworked by wave action, probably from

large storms, and bottom currents.

Finally, laminated siltstone (LF4) was the least prevalent (~0.4% of the core) and
is characterised by planar-laminated siltstone to very-fine lower sandstone, with thin,
millimetre scale laminae that were mostly planar and continuous across the width of
the core. This type of lamination has been attributed to bottom currents where turbu-
lent flow has been suppressed by high clay content in the water column directly above
the seabed, so the laminae lack any wavy or inclined orientations (Plint, 2014). The
carbonate content and Zr/Rb ratio are generally higher than median values in this litho-
facies, indicating that the siltstone laminae are likely composed of biogenic material
(e.g., foraminifera, radiolaria). Alternatively, winnowing of the clay fraction may have
left voids surrounding the remaining silt-sized quartz grains that were subsequently filled
in with carbonate cement growth (Cf. Beil et al., 2018; Yoon et al., 2019; Gabriel et al.,
2022a). Both of these interpretations would indicate deposition in the mid to distal

mudbelt near storm-wave base.

In addition to these four lithofacies, two ‘event units’ were also identified: a carbonate
grainstone and a bentonite at depths of 6.75 m and 13.25 m, respectively. The grainstone

unit is approximately 20 cm thick, with a high carbonate content (up to 50%; J.Rine,
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pers. comm.), though thin (centimetre-scale) siliciclastic mudstone interbeds are present
throughout and they increase in thickness and frequency approaching the top of the
bed, which is moderately bioturbated (BI = 2-3). The relative square-form shape of the
uXRF elemental trends would suggest that the individual carbonate beds, which range
from a few to several centimetres, were deposited rapidly and that there was minimal
reworking post-deposition; even the structureless mudstone of LF1 showed continual
higher frequency peaks in the elemental trends, albeit with much lower amplitude. The
bentonite unit is approximately 2 cm thick and showed the highest values of K and Zr,
which display a sharp basal contact with the underlying sediments but a more gradual
upper contact, likely as a result of some incorporation of the tephra into the overlying

muddy sediments.

3.3.3 Chemofacies

Caineville Outcrop

To establish the chemofacies for the depositional environments of the Caineville section,
the mean and standard deviations were calculated using all of the intervals from that
environment. The supratidal floodplain mudstone samples (CN04-CN07 and CN10-
CN12) showed the lowest overall abundance of Ca (u = 0.16 x10%; ¢ = 0.12 x10%), high
Fe (1 = 9.98 x10% o = 2.61 x10%), and the highest Ti (1 = 6.03 x103; o = 1.11 x10%)
but lowest K (u = 3.60 x103%; o = 1.31 x10%). Within the channel belt samples (CNOS,
CN09, CN13, CN14), the sediments have higher Ca (u = 0.27 x10%; o = 0.16 x10%)
and Fe (p = 10.06 x10%; o = 4.0 x10*) values, as well as higher variances due to more
variable conditions, but the variances in Ti and K significantly decreased (o = 0.76
x10% and o = 0.64 x103, respectively) as the higher and more-constant water energy
is able to continuously mobilise the heavier Ti-bearing minerals as well as the clay

minerals. The fully-marine delta front (samples CN15-CN26) is where a large volume
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of sediment is first deposited and subjected to nearly constant energy conditions, which
in the case of the WIS is mainly from wave action, although fluvial, and likely some
tidal, processes would also have had an influence. This environment has the highest Fe
(p = 10.59 x10% o = 1.25 x10%), an increase in Ca (u = 2.41 x10%* o = 0.89 x10%)
over the fluvial environments, and an even abundance of Ti and K (u = 4.75 x10% and
p = 4.79 x103, respectively); there is also a further drop in the variance in Ti and K,
indicating the most consistent (i.e., average) conditions. Beyond the delta front, the
overall terrestrial composition begins to decline, although the clay fraction continues
to increase through the prodelta (ux = 6.64 x103; samples CN27-CN29) and into the
proximal mudbelt (CN01-CN03), which has the highest K (u = 7.77 x10%) and where
the siliciclastic fraction commonly exists as a fluid mud. The increase in clay, the lack
of a hard substrate, as well as frequent influxes of fresh water from hyperpyncal plumes
creating brackish (i.e., stressed) conditions, causes a decrease in marine productivity
compared to the delta front, which can be seen in the lower Ca values (u = 0.91 x10%)

with an increased variance (o = 0.54 x10%).

There were also differences in the relative oxygenation state between these environ-
ments, as seen in the V/Cr ratio. The lowest V/Cr, and therefore the highest oxygena-
tion, occurs in the delta front (1 = 0.447; o = 0.231), where the constant wave action
keeps the waters well mixed. Moving landward, the V/Cr values increase in the channel
belt (= 0.472; 0 = 0.211) and further in the floodplain (@ = 0.513; o = 0.228), where
calm and even stagnant conditions may exist periodically, resulting in decreased mixing
of the uppermost sediments. This is combined with a higher influx of terrestrial organic
matter, which can outpace the aerobic activity of microorganisms and lead to reduced
conditions. Basinward from the delta front, the V/Cr values increase much more rapidly
and are highest, with respect to the Caineville environments, in the proximal mudbelt

(b = 0.659; 0 = 0.483) as the energy at the seabed decreases with increasing water
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Figure 3.4: Hierarchical dendrogram (Ward’s distance) from the Self-Organising
Map showing elements re-scaled from 0 (red) to 1 (blue). The divisions for k = 4
(CF1-4)and k = 8 (1-8) are outlined and the bentonite cluster (2) is highlighted
in magenta. The interpreted depositional environment for CF1-CF3 is written in
brackets and matches the environments in Table 3.1 and Figure 3.5.

depth. There is also an increase in Cu/Ti (u = 0.046; 0 = 0.023) in this zone suggesting
a higher preservation of MOM. However, the higher variances in these proxies indicates
that this environment is subject to significant shifts in oxygen conditions at the seabed
due to mixing from storms or changes in freshwater input and organic matter flux to the

sediments.

SJB Core

The cluster dendrogram for the SJB Core chemofacies, based on Ward’s distance, is
shown in Figure 3.4 along with heat logs of individual elements scaled to [0,1], using the

equation x — min(x)/A(x). Due to the exceptionally high values of some elements in
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the bentonite, particularly K and Zr, these intervals were excluded from the scaling to
better showcase the variability between the sediments. For this core, four superclusters
were sufficient to accurately map the major units identified in the lithofacies (LF1-LF4;
Figure 3.3). Overall, three of the superclusters show a trend of decreasing siliciclastic
elements and increasing carbonates (Table 3.1), with the fourth being associated with
the carbonate-rich beds (e.g., the grainstone unit at 6.75 m). Chemofacies 1 (CF1) had
the highest concentration of siliciclastic elements, both clay (Fe, Ti, Rb, K) and sand
(Si and Zr), and the lowest, albeit still moderate, concentration of Ca, indicating the
highest input from terrigenous sediments of any of the chemofacies. Despite high silici-
clastic input, including clay, the organophile (Ni and Cu) and redox-sensitive elements
(V, Cr, U) are the lowest in this chemofacies so the influx of organic matter associated
with the mud fraction was not high enough to overcome the available oxygen in the
water column. Chemofacies 2 (CF2) decreases in the abundance of siliciclastic elements,
particularly in the sand and Ti-bearing heavy mineral fractions, and increases in Ca
content indicating a decrease in terrestrial influence as the depocentre moves further off-
shore. While still very low, there is also a slight increase in the abundance of organophile
and redox-sensitive elements, suggesting lower oxygen and more preservation of organic
matter in the sediments. This trend in elemental abundance continues into chemofacies
3(CF3), which shows the highest abundance of Ca and Mn of any chemofacies, aside
from chemofacies 4, indicating that this facies was deposited the furthest from shoreline.
The increased abundance of Ni and Cu suggest that there was an oxic and biologically
productive water column, which increased the flux of MOM to the sediments, combined
with dysoxic conditions in the sediment, as seen in the increased V, Cr, and U, which

helped preserve the MOM.

Even with a cursory glance at the dendrogram, smaller clusters in one or more

elements can be clearly seen dividing the four superclusters. At k = 8 superclusters,
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each of the three main chemofacies (CF1-CF3) were divided into two distinct groups,
with CF4 remaining the same, and a third cluster was identified within CF1, which was
associated with the bentonite (magenta band in Figure 3.4). Aside from the bentonite,
CF'1 was separated into a group with the highest siliciclastic, including Si and Zr, and
lowest carbonate (1) and a group with lower siliciclastic, mainly Zr, and higher Ca and
Sr (3), which may be indicating differences between times of increased fluvial runoff
and relatively calmer periods with increased marine productivity; a similar division
occurred in CF2. The distal chemofacies, CF3, had similar low siliciclastic content
in both divisions and were instead differentiated based on higher and lower amounts of
redox (V, Cr, U) and organophiles (Ni and Cu), indicating variability in the preservation
of MOM.

3.4 DISCUSSION

3.4.1 Chemofacies of Depositional Environments

Comparison of the SJB Core chemofacies to the known depositional environments of the
Caineville section, as well as the depositional models of Hart (2016) and Birgenheier
et al. (2017), showed that the entire SJB core had a more distal depocentre (i.e., bas-
inward of the prodelta) than the Caineville section, and the combination of the two, as
well as additional Blue Gate Shale data from Gabriel et al. (2022a), contains a near-
continual basinward trend from supra-/intertidal floodplain mudstone and channel-belt
sandstones (upper Ferron - Caineville), through delta front sandstone and mudstone
(lower Ferron - Caineville), the prodelta (Tununk - Caineville), the mudbelt (Blue Gate
- Caineville; CF1 & CF2 - SJB core), and finally the sediment-starved shelf (CF3 - SJB
core). Even though all of the samples were from the finer-grained fraction, there were

still significant differences in their composition along a basinward transect, with the
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Figure 3.5: Comparison of the mean and standard deviation values for Fe, Ca, Ti,
K, and V/Cr by depositional environment.
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Figure 3.6: Cross plots showing the differences in Ca vs Fe and Ti vs K based on
depositional facies. Low-Res plots use only the average values for each Caineville
sample, two samples from the Gabriel et al. (2022a) Blue Gate, and 33 observations
from the SJB core, representing 0.5 metre sampling. In the High-Res Ti vs K plot,
the trendline and slope for each facies is given. The length of the trendline is related
to the overall spread of the data and the decreasing slope away from the delta front
indicates K is the more dominant control on siliciclastic variance in the lower energy
environments. In the Fe vs Ca plot, the black arrows show the direction of increasing
distance from shoreline; note the axes have been reversed to relate to water depth.
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mean and standard deviations in Fe, Ca, Ti, K, and V/Cr effectively distinguishing each
environment (Figure 3.5). The proxies Zr/Rb, Sr/Ca, Mn/Ti, and Cu/Ti were not as
effective at distinguishing each environment but differences could be seen between the
shallow areas and the deeper ones. Those proxies were better suited to investigating the

chemostratigraphic changes through the core.

Fluvial Floodplain & Channel Belt

As expected, the channel-belt and floodplain deposits are almost entirely siliciclastic in
their composition, with very low Ca values, although differences can be seen between the
two environments (Figure 3.5). The floodplain chemofacies has the highest Ti and lowest
K, on average, of any depositional environment but also the highest standard deviation
relative to the mean in these elements. During times of increased flooding (e.g., storms),
siliciclastic sediments comprised of both Ti- and K-bearing minerals would be deposited
across the floodplain but as the flood wanes, the lower energy conditions on the floodplain
would preferentially weather and transport the lighter K-bearing clay minerals. The
scatterplot of Ti versus K shows that the data are separated into three groups, with
one group being more abundant in Ti, a second having similar amounts of each element,
and the last having lower amounts of both elements (Figure 3.6). These differences
may be the result of variations in flood strength during wetter or drier periods or they
might be the result of differences in the proximity of the sediments to the channel bank,
where higher slopes would result in higher energy. The floodplain sediments also have
a moderate V/Cr value resulting from some dysoxia due to organic-rich sediments that
are seldom reworked to increase oxygenation. The channel-belt sediments had higher
amounts of Fe and K but lower Ti and Ti/K resulting from the more-continuous energy
conditions within the channel from fluvial activity. There was also an increase in Ca in

the channel sediments, likely due to the erosion of older underlying marine sediments as
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the river cuts the channel belt but it could also indicate a more-direct connection to the

marine environment if the channels are within the tidal backwater limit.

Shallow-Water Mudstone — Delta Front & Prodelta

The delta front is where fluvial and marine processes interact and is the location where a
majority of the coarser-grained sand is deposited (Bhattacharya, 2006). Geochemically,
this facies increased in both its overall carbonate content and variability, which indicates
that the near-shore environment was subject to fluctuations in siliciclastic input (i.e.,
fluvial discharge) that would have impacted the productivity of the shallow-marine biota.
Based on the microfossil (testate amoeba and foraminifera) assemblages, Turkistani et al.
(2022) developed a salinity index for this Caineville section which shows highly variable
conditions during the deposition of the Ferron-Notom delta-front sediments, from marine
to brackish, as a result of changes in the amount of freshwater input. While there were
fluctuations in the fluvial input, this environment seems to be balanced, on average,
between input (fluvial) energy and output energy (from the reworking and transport
due to marine processes), with equal amounts of Ti and K (up;/x = 0.993, m = 0.9)
and the lowest V/Cr (i.e., well-oxygenated; Table 3.1; Figure 3.6). It should be noted
that due to the nature of the elemental data collected from a uXRF core scanner, these
slope values in Ti vs K cannot be directly compared to elemental data collected from
traditional techniques (e.g., ICP-OES), where the typical slope between Ti and K for
bulk continental crust is around 0.49 (McLennan, 2001). Nevertheless, the relative slope
change in the uXRF data between environments provides valuable information regarding

the trends within and between them.

The prodelta is where fine-grained sediments, silt and clay, begin to accumulate in
large amounts through hyperpyncal and wave-enhanced gravity flows (Bhattacharya,

2006; Walsh and Nittrouer, 2009). These sediments typically have a high water con-
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tent and exist as fluid muds (nepheloid layers) on the seafloor with abundant suspended
sediment (Bhattacharya, 2006; Hart, 2016) and tend to be deposited in relatively rapid
events (e.g., hyperpycnal and sediment-gravity flows), resulting in highly variable biotur-
bation rates (MacEachern and Bann, 2020). As a result, the chemofacies of the prodelta
has higher K values, with a continued decrease in Ti and a significant decrease in Ca
content compared to the more productive delta front. Oxygen conditions in the sedi-
ments are also decreasing as the water depth and distance from shoreline increases. The
slope in Ti vs K also decreases in the prodelta as the more-mobile clay minerals become
the dominant source of siliciclastic variability in the lower energy environments; this

decrease in slope continues through the remainder of the depositional environments.

Deep-Water Mudstone — Mudbelt & Shelf

The prodelta sediments are still mainly sourced from their associated delta but due to the
high mobility of muds in the marine realm (Plint, 2014; Macquaker et al., 2010; Schieber
et al., 2007), the sediments in the mudbelt may be transported 100s of kilometres from
their original source and so can accumulate even in the absence of a local fluvial source
(Figure 3.7). The WIS is interpreted to be mainly wave-dominated and so the sediments
of the mudbelt may have been concentrated in more localised areas that migrated across
the basin with longshore drift (Marine-dispersal-dominant (MDD) system; Walsh and
Nittrouer, 2009). The chemofacies of the proximal mudbelt is defined by the highest clay
content (K), but an overall decrease in siliciclastic content, and an increase in variability
in these proxies, which may be reflecting changes in the locus of sedimentation on the
mudbelt. In the more distal parts of the mudbelt, at or below SWB, the fine-grained
sediments generally exist as a fluid mud with high suspended sediment concentration
that likely acted to suppress the water energy from bottom currents as the standard

deviation in most siliciclastic elements is low. As the total siliciclastic content decreases
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even further into the sediment-starved shelf, bottom currents are able to rework any
remaining sediments, winnowing the clays and creating silt-sized ripples of skeletal car-
bonate material from foraminifera, coccolithophores, and shell micro-fragments. Even
though Ti/K is the lowest in this environment, there is an increase in the standard
deviation, particularly in K, as a result of intermittent settling and remobilisation of

siliceous clays.

Ca

>  Mud dispersal pathways

Storm-wave enhanced sediment
gravity flows

~ 1>

o~ Shelfal currents
------ Storm-wave base

Marine Organic Matter
Preservation

Depositional Environment

. Delta plain/backshore Prodelta

. Floodplain
Mudbelt

. Channel Belt

|:| Delta front/shoreface |:| Sediment-starved shelf

Figure 3.7: A conceptual model of depositional environments in an epicontinental
sea with a wave-dominated, siliciclastic shoreline. Fine-grained sediments (silt and
clay) are transported off- and along-shore by longshore drift, wave-enhanced sedi-
ment gravity flows, and bottom currents and accumulate in relatively local deposits
(Marine-dispersal-dominant (MDD) system; Walsh and Nittrouer, 2009). Adapted
from Walsh and Nittrouer (2009); Bhattacharya (2010); Hart (2016); Birgenheier
et al. (2017).
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Figure 3.8: Chemostratigraphy and chemofacies changes in the SJB Core compared
to the lithology and well-log data. The systems tracts and depositional environments
on the right can only be established using the high-resolution uXRF elemental data,
combined with the lithology.
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3.4.2 Deposition of the SJB Core

The chemofacies, along with the chemostratigraphic variations in Mn/Ti, Sr/Ca and
Cu/Ti, show significantly more variation than the well-log data and can be used to
establish candidate flooding surfaces and systems tracts (Figure 3.8). The base of the
core, up to 15.5 m, is mainly comprised of calcareous mudstone from the sediment-starved
shelf (CF 3) and shows transgressive systems tract (T'ST) up to a flooding surface at
~17 m, identified by a minimum in terrestrial input (Fe/Ca) and a maximum in Mn/Ti
(maximum flooding surface; Corbin et al., 2000; De Rafélis et al., 2001; Olde et al., 2015).
Above the maximum flooding surface, the highstand systems tract (HST) is defined by
increasing terrestrial input and decreasing Mn/Ti, which shows a minimum at sequence
boundaries, although the sediments are still being deposited in the distal mudbelt (CF 2)
to shelf environments. There is a rapid shift above 15.5 m to significantly more siliceous
mudstone of the mid-mudbelt (CF 1), which at higher scale occurs over ~0.1 m and
may be the correlative conformity associated with a near-shore sequence boundary from
relative sea-level fall (forced regression), which is further supported by the minimum
values in Mn/Ti. Alternatively, this signature may be the result of lateral movement of
muddy sediment across the mudbelt and not due to a change in sea level. There is also a
sharp decrease in Cu/Ti and V/Cr across this transition indicating a lower preservation
of MOM due to increased oxygen in the sediments (see Figure 3.7). Above 15.5 m, the
sediments are more siliceous and are deposited in the mid-mudbelt, near or below SWB,
as part of a potential lowstand systems tract (LST). While overall the chemostratigraphy
is relatively constant through the LST (1.5-15.5 m) and is mainly part of the mid-mudbelt
chemofacies (CF 2), the interval from 4-9 metres is more variable. Above 1.5 m, the
terrestrial input starts to decrease again, along with increasing Mn/Ti and V/Cr, and
the chemofacies transition to more distal mudbelt and shelf environments, potentially

indicating the start of the next TST.
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This framework is not identifiable at all in the well-log data, which are mostly un-
changing through this interval, and while a traditional geochemical study may have iden-
tified some variation downcore, the lower resolution would be unable to accurately iden-
tify the centimetre-scale transitions between the systems tracts. Furthermore, without
the chemofacies, the lithologic analysis of this section may misinterpret the sequence-
boundary correlative conformity as a flooding surface. The base of the core contains
coarser-grained, starved-ripple laminae, some of which are a few millimetres thick, that
transition upward to dark-grey, structureless mudstone, which would generally be inter-
preted as a marine transgression (i.e., flooding surface) in near-shore siliciclastic sedi-
ments. The chemofacies show that the environment actually shifts from a pelagic to a

hemipelagic zone and therefore represents a shallower depocentre.

3.4.3 Shallow- vs Deep-Water Mudstone

As recent research has shown, fine-grained sediments (silt and clay) can be deposited
in wide range of water depths and energy conditions (Plint et al., 2012; Plint, 2014;
Schieber et al., 2013; Schieber, 2016) and that using lithology or stratigraphy alone can
result in ambiguous interpretations between shallow- and deep-water mudstones (Petty,
2022). In deeper, calcareous sediments, the guidelines for interpreting the lithology are
not the same as for near-shore siliciclastic sediments. In proximal settings, the transition
from laminated or thinly-bedded units to overlying structureless mudstone is interpreted
as a flooding surface due to a relative rise in sea level (transgression). However, in
distal hemipelagic to pelagic environments this relationship is somewhat reversed, with
the deeper sediment-starved shelf being defined by mudstone with thin, starved-ripple
laminations of silt-sized grains that are being reworked mainly by shore-normal bottom
currents, while the shallower distal mudbelt is mostly structureless mudstone settling out

of a fluid mud where the concentration of suspended sediment is probably too high to be
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reworked by the lower-energy bottom currents. Therefore, the transition to structureless
mudstone in this environment actually represents a shallower /more proximal depocentre

as a result of a relative sea-level fall.

The uXRF data showed that shallow-water sediments (delta front, prodelta) have
higher Ti/K values due to closer proximity to the fluvial source but the relationship
between the two elements is closer to equilibrium, as indicated by the higher slope val-
ues, suggesting more-equal input and output energies. The deep-water muds, beyond
the prodelta, have lower Ti/K values as the heavier Ti-bearing minerals settle out faster
than the K-bearing clays as well as lower slopes due to the more-mobile clays accounting
for the majority of the variation. In the mid- to distal mudbelt, suspended sediment
concentration is high enough to suppress the energy of the bottom currents and the
siliciclastic variation is lower but as that concentration decreases basinward into the
sediment-starved shelf, the sediments are exposed to those currents and the siliciclas-
tic variation increases. While the average Fe values only slightly decrease beyond the
prodelta, the Ca values increase rapidly as the sediments become more calcareous. The
deep-water mudstones also have higher values and variations in the V/Cr ratio, indicat-

ing lower overall oxygen conditions that are still quite variable.

3.5 CONCLUSION

The high-resolution elemental data obtained with an Itrax uXRF core scanner were
able to provide detailed chemofacies descriptions of the depositional environments of the
Western Interior Seaway. The volume of data obtained from this method allows for the
analysis of elemental variability at a scale not possible with traditional techniques. In
addition to showing the relationship between different elements, the uXRF data showed

the variance in each element within the different environments. The delta front had the
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most consistent conditions based on the lowest standard deviation with respect to the
mean in Fe and Ca and nearly equal values and standard deviations of Ti and K. Moving
landward or seaward resulted not only in changes in data variance, but which proxy was
controlling it. Moving landward, the variance in shoreline proximity indicators is more
controlled by Fe while basinward it is controlled by Ca; in both directions, clay minerals
(K) become the more dominant control on variations in weathering intensity. To the best
of our knowledge, this is the first research to document this geochemical characteristic
of different depositional environments of ancient epicontinental seaways. By defining
these slope values, they can provide a reference point for all uXRF core scanning studies
since the nature of the data do not allow them to be directly compared to traditional
techniques (e.g., ICP-OES). These chemofacies and chemostratigraphic descriptions will
provide a reference point for future studies of marine sediments from epicontinental seas
and allow for the rapid classification of sediments with respect to their depositional
environment and proximity to shoreline, as well the accurate identification of significant
surfaces, which will lead to more robust models of basin evolution due to fluctuating sea

level and climate.

The uXRF elemental data can be collected much faster than lamina-scale lithologic
analysis (~34,000 data points in < 7 days) and were more effective at showcasing the
heterogeneities in the mudstone than traditional methods. Hierarchical clustering of
the uXRF data using a Self-Organising Map was an effective way to rapidly cluster
the intervals into chemofacies that could be investigated at a variety of scales with
even a cursory glance. The more superclusters that are created, the more localised the
variation would be. By applying this technique to other cores from within a basin, similar

chemofacies could be established that would allow for more accurate correlations.
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Chapter 4.

MAPPING MARINE
TRANSGRESSIVE-REGRESSIVE
DEPOSITIONAL CYCLES FROM THE
WESTERN INTERIOR SEAWAY OF
NORTH AMERICA USING
HIGH-RESOLUTION (500 pM)
CHEMOSTRATIGRAPHY OF THE
UPPER CRETACEOUS MANCOS
SHALE

This chapter has been prepared with the intention of submitting to the journal

“Palaeogeography, Palacoclimatology, Palacoecology”
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4.1 Introduction

The sedimentary deposits of epicontinental seaways, which have frequently occupied ex-
tensive areas of the continents during periods of sea-level highstands, provide valuable
information about how the climate system operates in global greenhouse conditions.
Due to their relative flatness and shallow depths, the sedimentary sequences from these
basins can be correlated over distances at least an order of magnitude greater than mod-
ern continental shelf deposits (Schieber, 2016), providing much more information about
the scope (e.g., local, regional, global) of environmental changes, including eurybatic
(relative sea-level; Haq, 2014) shifts. Sequence stratigraphy greatly enhanced our under-
standing of, and ability to reconstruct, ancient epicontinental marine basins. Traditional
lithostratigraphy simply grouped units of similar lithology (e.g., sand vs mud) and used
arbitrary vertical cutoffs as the boundary between lithostratigraphic units, with little
consideration being given to the lateral continuity of the different groups, units, or mem-
bers (e.g., Wheeler and Mallory, 1953, 1956). Conversely, sequence stratigraphy takes
into account the offshore progression of sedimentary facies, from fluvial to shallow marine
to deep basin, and associates them as a single, genetically-related conformable unit, or
sequence, that is bounded by an unconformity surface (van Wagoner et al., 1990; Bhat-
tacharya, 2011). The original cratonic-scale sequences from the interior of North America
were described from outcrop based on gross lithology (quartz sand, shale, carbonate) and
separated by six laterally extensive unconformities that could be mapped over thousands
of kilometres (Sloss, 1963). These sequences, which span the latest Precambrian to the
present, were on the order of 102-10 metres thick and represented time scales of 10°-107
years, although more localized unconformities could be observed in numerous locations
subdividing these sequences. More recently, higher-resolution techniques such as seismic

stratigraphy and detailed lithologic analysis have shown that these early sequences (now
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generally recognised as ‘supersequences’; Krapez, 1996; Catuneanu, 2019) are comprised
of several higher-order conformable successions (Sloss, 1988; van Wagoner et al., 1990).
There are no set spatial or temporal ranges associated with each order and the upper
limit on the number of orders is mainly a function of data resolution (Catuneanu, 2019).
In areas with extensive and well-preserved outcrops, such as those associated with the
Cretaceous Western Interior Seaway (WIS) of North America, studies using detailed
(sub-metre scale) lithologic analysis of coastal and near-shore sandstone facies have de-
veloped sequence-stratigraphic frameworks of shoreline trajectories showing higher-order
cycles operating over 1-10 metres on time scales of 10%-10° years (Zhu et al., 2012; Lin
et al., 2019). As these higher-order cycles tend to be basinal, or even sub-basinal, in
extent, identifying them is important to creating basin-specific sequence-stratigraphic

frameworks that demonstrate climate variability at a more local scale.

Mudstone facies on the other hand have poor preservation potential in outcrop and
the relative homogeneity in their composition and texture make them notoriously dif-
ficult to map, even in core (Dypvik and Harris, 2001; Baumgardner and Rowe, 2017).
However, since mudstones occupy a much larger area of the basin (10s to 100s of km
wide in epicontinental seaways; Hart, 2016) and often retain a more complete record than
sandier facies, including them in sequence-stratigraphic frameworks is crucial to fully re-
constructing the basin evolution. Typically these units are mapped in the subsurface
based on seismic and well-log data (gamma radiation, spontaneous potential, resistivity)
but these methods lack the resolution to accurately define cycles operating at submetre-
scale, which can lead to ambiguous correlations (Pearce et al., 1999; Turner et al., 2016).
These limitations have led to the development of basin cross-sections with thick, largely
undifferentiated muddy successions (Figure 4.1; see also Nummedal and Molenaar, 1995;
Molenaar et al., 2001; Ridgley et al., 2013) since they cannot be reliably correlated with

the higher-resolution cycles established in near-shore environments (North et al., 2005).
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Even where core has been collected, the subtle variations in lithology and texture make
lithologic analysis a very time-consuming procedure, often requiring petrographic thin
sections and X-ray diffraction (XRD) to observe the sedimentary structures and miner-

alogic composition (Yoon et al., 2019).
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Figure 4.1: Stratigraphic cross section (dip-oriented) of the San Juan Basin from
eastern-central Arizona through northwestern New Mexico based on measured out-
crop (locations 6-20) and well-log data (locations 21-26; SP - spontaneous potential,
R - resistivity, GR - gamma ray) adapted from Molenaar et al. (2001). The dashed
surfaces and the (7) are taken directly from Molenaar et al. (2001) and represent
uncertainty in the location/continuity of a surface. Dk Ss — Dakota Sandstone; BC
Ls — Bridge Creek Limestone (also referred to as Greenhorn Limestone (Broadhead,
2021)); JL Sh — Juana Lopez shale; Tc U — Tocito unconformity (also referred to as
the Niobrara unconformity (Broadhead, 2021)); Gl Ss — Gallup Sandstone; BPL —
Borrego Pass Lentil; Dt Ss — Dalton Sandstone; PL Ss — Point Lookout Sandstone;
Mul — Mulatto Tongue, Satan — Satan Tongue, both of the Mancos Shale. Dotted
box represents area denoted in Figure 4.2. INSET: The Western Interior Seaway
during the Middle Coniacian with the locations of the San Juan Basin, the USGS
D-D’ cross-section line, and the well location for this study (Well ID: San Juan 28-6
Ut 148M). Basemap from Colorado Plateau Geosystems (www.deeptimemaps.com).
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4.1.1 Chemofacies & Chemostratigraphy

Variations in the elemental abundances of mudstone units can provide much more infor-
mation about their depositional environment, mainly because of the number of proxies
that can be used, which is > 200 when various elemental ratios are included (Craigie,
2018), compared to the 2-3 proxies typically measured by well-log techniques. Estab-
lishing the chemostratigraphy, which maps the downcore variations in elemental abun-
dances, can be used to identify shoreline trajectories and significant surfaces based on
the changes in siliciclastic input (e.g., Pearce et al., 1999; De Rafélis et al., 2001; Algeo
et al., 2004; Olde et al., 2015; Turner et al., 2016) while the chemofacies, which describe
the geochemical signature of each observation, can be used to classify the sediments
and group them according to their depositional environment (e.g., delta front, prodelta,

mudbelt Hart, 2016; Birgenheier et al., 2017; Gabriel et al., 2022b).

A number of studies on mudstones have investigated the correlation of chemostratig-
raphy to sequence stratigraphy. De Rafélis et al. (2001) and Jarvis et al. (2001) used
the geochemistry of hemipelagic and pelagic mudstones to establish criteria for deter-
mining systems tracts and sea-level change and showed that in addition to the trends in
siliciclastic input (Si, Ti, and Zr), Mn was also well-correlated with the systems tracts
showing minimum values at sequence boundaries (3" order) and through the lowstand
systems tract (LST), which increase through the transgressive systems tract (TST) to
the maximum flooding surface (MFS) and then decline again through the highstand sys-
tems tract (HST) to the sequence boundary. Olde et al. (2015) examined a 405-m core
of hemipelagic sediments from the Upper Cretaceous Bohemian Basin (Czech Republic)
and were able to identify major marine trangressions at 0.4-1 Ma cycles based on varia-
tions in Ti/Al, Si/Al, Zr/Al, and Mn. Major regressive cycles (1-2 Ma) were defined by
long-term highs in Ti/Al, Si/Al, and Zr/Al with an associated low in Mn. At a smaller

scale, sharp-based increases in Ti/Al followed by more gradual declines were associ-
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ated with transgressive surfaces where finer-grained clays are more easily eroded during
the initial marine transgression before overall siliciclastic content decreases; these cycles
were operating at ~0.4 Ma frequency. However, the lower sampling resolution of these
studies (~1-2 m intervals), combined with lower sedimentation rates in hemipelagic and
pelagic settings, means that higher-order cycles at 100 ka frequency or less are not reli-
ably detectable (Olde et al., 2015) and therefore correlating them with high-resolution
sequence-stratigraphic frameworks of proximal environments (e.g., Lin et al., 2019) is

difficult.

4.1.2 pXRF Core Scanning

Recent technological advances in core scanners utilising energy-dispersive X-ray fluores-
cence (ED-XRF), such as the Itrax Core Scanner (Cox Systems, Sweden), have allowed
for the collection of elemental data from sediment cores at sampling resolutions as low as
100 pm cheaper and faster than traditional techniques; these data are typically referred
to as uXRF. Gabriel et al. (2022a) used both ICP-OES and uXRF elemental data, at 2
cm and 0.2 mm sampling resolution, respectively, to describe a short (28.5 cm) section of
Mancos Shale from the Uinta Basin, Utah. The 15 samples collected for ICP-OES, each
of which homogenised 2-3 mm, required approximately 3 weeks to collect, process, and
analyse and cost ~$1700 CAD. In contrast, the uXRF analysis, which only took 6 hours
and cost less than $200 CAD, provided 1425 data points, each of which ‘homogenised’
only 100 pm (X-ray beam width); that is, there were 10-15 uXRF data points within
each ICP-OES sample. This allowed the researchers identify sharp-based transitions in
the lithology occurring over a few millimetres that were associated with short-lived sed-
iment gravity flows induced by wave and current action. Gabriel et al. (2022b) provided
a detailed chemofacies description of sedimentary rocks from various coastal and marine

environments of the WIS using Itrax uXRF elemental data, showing not only the aver-
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age values of different proxies in these environments, but also the variance in them. The
relationship between Ti, which is less mobile in the environment (Lisitzin, 1996), and K
was particularly useful at distinguishing between the various zones. Titanium showed
a continual decrease moving offshore, as siliciclastic input decreases, but K, which is
typically associated with clay minerals weathered from aluminosilicates and feldspars,
increased from the intertidal and shoreline environments to the prodelta and mudbelt,
where the majority of siliceous mud is deposited, and then decreased into the calcareous
mud of the pelagic zone. These environments could be further distinguished by the slope
in Ti vs K, which was the highest (m = 0.9) in the delta front as a result of relatively
continuous input and reworking energies, and decreased in both directions away from
the delta front as lower, but in areas more variable, energy conditions preferentially

weathered the more-mobile K-bearing minerals (see Figure 6 in Gabriel et al., 2022b).

This current study builds on the previous chemofacies research and attempts to
identify the chemostratigraphic signature of different depositional cycles and surfaces,
which can then be correlated with the sequence-stratigraphic framework from near-shore
environments (e.g., Sixsmith et al., 2008; Lin et al., 2019). Using high-resolution (0.5
mm sampling interval) elemental data obtained from an Itrax uXRF core scanner, this
research will establish chemostratigraphic flooding surfaces and chemofacies in a muddy
shelf deposit, the Mancos Shale, from the Western Interior Seaway (WIS) of North
America in order to identify transgressive-regressive (T-R) depositional cycles that can
be correlated with near-shore facies. Additionally, these high-resolution data will allow us
to characterise the elemental signature of different systems tracts and flooding surfaces,
something that has been lacking from the literature (LaGrange et al., 2020). While other
studies have used ED-XRF to analyse the chemostratigraphy of mudrock and establish
depositional cycles (Turner et al., 2016; Beil et al., 2018; Ma et al., 2014), to the best

of our knowledge this is the highest-resolution chemostratigraphic study ever conducted
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on marine mudstone deposits from an epicontinental seaway.

4.2 Geologic Setting

The Mancos Shale is a distal muddy marine deposit that formed in the WIS during the
Upper Cretaceous (Cenomanian - mid-Campanian; Figure 4.1). The period between 97
and 91 Ma (Cenomanian to late Turonian) has been shown to be the warmest interval in
the past 115 Ma with tropical sea-surface temperatures >35 °C, which was followed by an
overall cooling trend to the present, likely as a result of increased connection and water
mixing between the north and south Atlantic (Friedrich et al., 2012). The WIS, which at
its maximum extent connected the northern Boreal Ocean (Arctic Ocean) to the Tethys
Sea (Gulf of Mexico) and was ~1500 km wide, occupied a retroarc foreland basin that
formed as a result of the westward migration of the North American Plate due to rapid
spreading of the Atlantic mid-ocean ridge starting in the Middle Jurassic (Miall et al.,
2008); other contemporary epicontinental marine basins include the Bohemian Basin
(eastern Europe; Olde et al., 2015), the Tarfaya Basin (Morocco; Beil et al., 2018), and
the Levant Basin (Egypt; Baioumy and Lehmann, 2017). Uplift and erosion of the Se-
vier orogenic belt along the western continental margin caused the deposition of several
sandy deposits in the near-shore environments (e.g., beaches, barrier islands, deltas) that
intertongue with the finer-grained sediments (silt and clay) of the Mancos Shale moving
to the northeast. Subsequent structural deformation during the Laramide orogeny (late
Upper Cretaceous to Palaeogene) resulted in the formation of several sub-basins, includ-
ing the San Juan Basin of New Mexico, which helped to preserve the Upper Cretaceous
strata (Broadhead, 2015, 2021). High-resolution sequence stratigraphy of Upper Creta-
ceous deltaic complexes of the WIS, such as the Gallup and Ferron Sandstones, have
shown marine transgressive-regressive cycles at several Milankovitch-scale frequencies,

with sequences, parasequence sets, and parasequences operating on 100 ka, 46.2 ka, and
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19.7 ka, respectively (Zhu et al., 2012; Lin et al., 2019). The parasequence sets of Lin
et al. (2019) show shoreline advance and retreat of 60 km and 48 km, respectively, which
roughly equate to relative sea-level changes of 34-38 m. The scale and frequency of
these shifts, as well as similar data from the tropical Atlantic, suggests a glacio-eustatic
control on sea-level fluctuations caused by Antarctic ice caps that have been estimated

at ~5-10 x10% km3(Miller et al., 2003; Bornemann et al., 2008).

The Mancos Shale is informally divided into two main units, the upper and lower
Mancos, which are separated by the end-Turonian Tocito unconformity (see page 86);
the Tocito has also been referred to as the basal Niobrara unconformity (e.g., Ridgley
et al., 2013; Broadhead, 2015). The lower Mancos overlies and intertongues with the
paralic Dakota Sandstone as a dark-grey, marine shale (Graneros Member) which gra-
dationally transitions upward to more calcareous-rich shales in the Greenhorn (Bridge
Creek) Limestone Member and then back to darker, thin-bedded shales through the
Lower Carlile and Juana Lopez Members, where thin beds of calcarenite and very-fine
sandstone are also present. In the southwest of the San Juan Basin, the Juana Lopez
is conformably overlain by the Montezuma Valley (Upper Carlile) Member, which inter-
tongues with the Gallup Sandstone, but in the more distal regions erosion has removed
these overlying strata and the Juana Lopez is unconformably overlain by the upper
Mancos at the Tocito unconformity. In contrast, the upper Mancos, which has been
informally divided into units (descending) A, B, and C, and reaches thicknesses of 500
metres in the centre of the basin (Broadhead, 2015), is mainly dark-grey marine shales
with considerably less interbedding and sedimentary structures, particularly in units A
and B. The upper Mancos A intertongues with, and is overlain by, the Point Lookout
Sandstone. The San Juan Basin has been producing oil and natural gas since the 1920s
and the upper Mancos unit C has been the primary source rock, though recently it

has been given increasing attention as an unconventional reservoir as well (Broadhead,

91



Ph.D. Thesis - J. Gabriel McMaster University - School of Earth, Environment, and Society

2021).

Detrital zircon analysis and dating has shown a major shift in sediment provenance
in the San Juan Basin across the Tocito unconformity (Ferron, 2019). The underlying
Gallup fluvial sandstones, which would be associated with the lower Mancos, show a
dominant source from western terranes such as the Sevier orogenic belt, the Cordilleran
Magmatic Arc, as well as other mixed terranes while the overlying Torrivo sandstones,
which are part of the Coniacian Crevasse Canyon Formation, are mainly sourced from
the southern Mogollon highlands and are more feldspathic than the Gallup (Ferron,
2019). Geochemical studies of the Mancos Shale (and various members of it; e.g., Blue
Gate, Tununk) have shown it to be overall a more siliceous mudstone relative to other
mudstones of North America such as the Marcellus, Eagleford, and Haynesville Shales,
with less than 20% carbonate content and roughly equal amounts (~40% each) of silica
(quartz) and clay, mainly illite but also some kaolinite and smectite (Birgenheier et al.,
2017). However, there is strong variation in the relative amounts of each of these compo-
nents with increasing distance from shoreline. While total siliciclastic content decreases
offshore, the clay fraction (Al, K, Rb) increases from the shoreline to the prodelta and
proximal mudbelt before decreasing through the rest of the hemipelagic zone with the
other siliciclastics (Gabriel et al., 2022b). In addition to being more calcareous, these
distal hemipelagic and pelagic sediments, which are deposited well below storm-wave
base (SWB), typically have higher amounts of Cu and redox-sensitive elements indicat-
ing an increased preservation of marine organic matter (MOM) relative to more proximal

depocentres (Hart, 2016; Birgenheier et al., 2017; Gabriel et al., 2022b).

92



Ph.D. Thesis - J. Gabriel

McMaster University - School of Earth, Environment, and Society

4.3 Materials & Methods

The core used for this study is a 94-metre

succession of Mancos Shale, in five con-

tinuous but separated intervals, that was drilled from the San Juan Basin by Schlum-
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Figure 4.2: Alignment of the well-log data
from Well 148M 28-6 (this study) to the
well-log data from the cross section of Mole-
naar et al. (2001). Fine dashed lines repre-
sent uncertain contacts, wavy lines represent
unconformities (see Figure 4.1), and the blue
lines (dashed and solid) denote the mem-
ber boundaries of the upper Mancos as de-
fined by Broadhead (2015). Estimated con-
tacts that are within the entire span of the
core are numbered but only b6, which marks
the boundary between the Juana Lopez and
Montezuma Valley member, and b3, which
may be associated with a minor flooding sur-
face in the Dalton Sandstone, appear to in-
tersect with any of the core intervals (I5 and
I3, respectively). The Tocito unconformity
(TcU) also intersects with I5.
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(Well ID: San Juan 28-6 148M; 36.6425°N,
-107.4506°W) in Rio Arriba County, New
Mexico (see Figure 4.1). The core is
archived at the New Mexico Bureau of
Geology and Mineral Resources in So-
corro, New Mexico and the slab portion
was loaned to McMaster University for
non-destructive analysis of the lithology
and elemental composition. In addition
to the core material, well-log data (NGR,
SP, resistivity) and an overall core de-
scription and interpretation by Weather-
ford Industries were provided. The well-
log data were used to approximately align
this core to the USGS cross-section for the
northwestern San Juan Basin to provide
stratigraphic position and allow correla-
tion of the distal mudstone to shoreline
facies transitions (Figure 4.2). It should

be noted that a direct correlation was dif-

ficult because 1) this well is located to the
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southeast of the transect between hole 24
and 25 and therefore may have had local differences in depositional environment, and 2)
the USGS cross-section used a variable datum for interpretation and therefore the sur-
faces may not be in the correct orientation to align with the San Juan well. Each core
box, which contained up to 3 metres (10 feet), was photographed prior to any analysis
using a Nikon D3200 12-megapixel digital-SLR camera and lithology was then described
from the core and the photographs, which allowed for contrast and scale changes to

enhance the subtle variations through the more-visually homogenous intervals.

4.3.1 pXRF Data

Elemental data were collected with an Itrax uXRF Core Scanner, which can analyse up
to 1.8 metres of core in a single, automated process with minimal preparation of the
sample required, particularly with well-consolidated sedimentary rock. The core was
transferred from the boxes to an acrylic semi-tube with an internal diameter matching
the core (~9 cm) to be loaded into the scanner and black modelling clay was used to
support the core and fill in cracks where necessary to ensure a flat, level surface. Each
section was analysed with a molybdenum X-ray tube (30 kV, 33 mA) at a 0.5-mm
sampling interval and 15-second exposure time. To obtain the elemental intensities in
total counts (cts), the raw energy spectra from each interval were batch analysed using
QSpec software (Cox Analytic Systems), which aims to minimise the mean-squared error
between the obtained raw spectra and the ‘expected’ spectral curve by adjusting the X-
ray tube parameters and which elements are present. All subsequent statistical analyses
were performed in RStudio® (GNU Affero General Public License v.3) using R version

4.1.2+ (R Core Team, 2021) and various openly-available statistical packages.

The chemofacies were established using an unsupervised, hierarchical clustering al-

gorithm known as a Self-Organising Map (SOM; R Package SOMbrero Vialaneix et al.,
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2020), which is an iterative algorithm where observations in multi-dimensional space
compete for nodes in a grid based on a discriminant function, such as the Euclidian
distance between the node and observation (see Gabriel et al., 2022a,b). Prior to be-
ing input into the SOM, the data were ‘centred’ using a row-wise Z scaling (o = 0,
orow = 1) so that each element was normalised to the total elemental signature of that
interval, which represents an instant of geologic time. By scaling the data to the obser-
vation rather than the variable (i.e., element), the strong distinction between laminae
of different lithologies, say siliciclastic mud and sand, is maintained (Gabriel et al.,
2022a,b). After scaling, the dataset was reduced to 19 elements that are common to
palacoenvironmental studies and have good detection efficiency with an Itrax (Croudace
et al., 2006; Gregory et al., 2019; Gabriel et al., 2022a): Al, Si, S, Ca, Ti, K, Sh, V,
Cr, Mn, Fe, Ni, Cu, Zn, Rb, Sr, Zr, Th, and U; the ratio of incoherent:coherent scatter
(ICR) was also included as it tends to vary with sample density (Brown et al., 2007;
Boyle et al., 2015) and has values of a similar order as the normalised elements. The
initial tesselation is approximated by a square grid with side length of ~ 5,/n, where
n is the number of observations, and since the SOM is topologically invariant, those
clusters can be further grouped into superclusters to address the specific questions of
the research. For example, Gabriel et al. (2022b) used four superclusters to characterise
the dominant depositional environments in a 17-metre long interval of Mancos Shale but
showed that eight superclusters were able to further divide the intervals into periods
of higher marine organic matter (MOM) preservation or increased siliciclastic input, as

well as isolate a visually-identified bentonite layer.
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4.4 Results

4.4.1 Chemofacies from the SOM

For the entire dataset (n = 185,237 observations), an initial grid of 40 by 40 was used
(1600 clusters) and then further clustered into k = 4, k = 8, and k = 12 superclusters to
describe the chemofacies and associate them with a depositional environment (Figure 4.3;
Cf. Gabriel et al., 2022b). Overall, the chemofacies established using k& = 4 superclusters
show an increasing water depth and distance from a fluvial source, as seen by Gabriel
et al. (2022b), based on variations in Fe, Ca, Ti, K, and V/Cr. Chemofacies 3 (CF3;
n = 30,992 observations) is a siliceous mudstone with exceptionally high values of Fe
(p = 17.13 x10%) relative to Ca (u = 2.96 x10%), similar values of Ti relative to K
(u = 6.66 x10% and p = 7.73 x103, respectively), and low V/Cr (i.e., oxic sediment, p =
1.00). Chemofacies 1 (CF1), which was the most abundant (n = 94,969 observations),
is an intermediate mudstone with nearly equal values of Fe and Ca (u = 8.34 x10*
and p = 8.96 x10%, respectively), similar values of K relative to CF3 (u = 7.44 x103),
although there is a significant drop in Ti (u = 3.62 x10%), and a slight increase in
V/Cr (p = 1.91) suggesting decreased oxygen in the sediments. Chemofacies 2 (CF2;
n = 58,629 observations) is a calcareous mudstone showing further decreases in Fe
(p = 6.81 x10%), Ti (p = 2.13 x10%), and K (z = 5.00 x10%) and the highest Ca
(u = 18.05 x10%) and all proxies have a higher standard deviation than CF1 indicating
more variable conditions. Chemofacies 4 (CF4) has moderate values in all proxies, falling
roughly between CF1 and CF2, but rarely occurs through the core (n = 647) so was not

included in the overall chemostratigraphic interpretation.

At k = 8 and k = 12 superclusters, the three main chemofacies were divided into

groups with enrichments in various elements. The siliceous mudstone, CF3, was divided
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Figure 4.3: Cluster dendrogram and heat maps of select elements included in the
Self-Organising Map. The initial 1600 clusters are generated with an unsupervised
algorithm, which eliminates any researcher bias, but the number of superclusters,
k, can be chosen based on researcher knowledge and to match the specific research
goals.

into a group with higher Fe, Ti, V, Cu, and S at k = 8 (cf6) suggesting higher terrestrial
input resulting in lower oxygen conditions and more preservation of organic matter and
at k = 12, a group clustered out with exceptionally high Si compared to any other cluster
in the core (7). This group also had low abundances of Ti and K and the lowest V/Cr
values, although the standard deviations were among the highest. The intermediate
mudstone, CF1, was also divided into groups based on higher values of Fe, K, Ti, and Si
(cf4) although the Fe, Ti, and Si abundances are all lower than any grouping from CF3; K
is similar in abundance and standard deviation between the groups. The abundances of
V, Cu, and S, which are the lowest in CF1, show minimal variation between the higher-
order superclusters, indicating consistently oxygenated conditions in these sediments.

Finally, the calcareous mudstone, CF2, was divided based on enrichments in V, Cu, and
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to a lesser degree, S (cf3), but the siliciclastic elements were low in both groups; cf3 also
had a single cluster with the highest S and high Fe indicating that some sparse areas of

anoxia existed during or post deposition of these sediments.

4.4.2 Chemostratigraphy

The core is in five separate but continuous intervals that have a total span of 6557’-
7285’ drilling depth: 11, 6557-6657" (~29 m); 12, 6729’-6789” (~18 m); 13, 6898’-6956’
(~17 m); 14, 7000’-7021" (~5.5 m); and I5, 7180’-7285" (~24 m); core was not collected
between these intervals (Figure 4.4). Most of the core comes from the upper Mancos,
units B and C (Broadhead, 2015, as described by), with a section of the lower Mancos
(Montezuma Valley and Juana Lopez members) present in I5 below a major surface of
erosion representing the Tocito unconformity at 71.5 m. Based on comparison with the
USGS cross section, 11 has the most distal depocentre, 170-180 km from shoreline, while
the lower part of I5 is the most proximal at roughly 70 km from shoreline. The WIS
likely had very shallow shelf slopes (0.04°-0.3° Bhattacharya and MacEachern, 2009;
Molenaar et al., 2001) so the water depths would be <100 m for I5 up to >150 m for I1,

which is evident in the lithology.

The elemental intensities, presented in total counts (cts) or kilo-counts (kets) of fluo-
resced X-rays with a given energy, along with the chemofacies were used to characterise
the sediments based on their composition and proximity to shoreline. In particular,
Fe/Ca (proximity/water depth), Ti+K+Si (siliciclastic input), Ti/K (weathering inten-
sity), V/Cr (relative oxygenation), and Cu/Ti (marine organic matter) have been shown
to have meaningful differences between depositional environment (delta front, prodelta,
mudbelt, sediment-starved shelf) not just in their respective values but also in the spread
and variance of the data (Gabriel et al., 2022b). Chemostratigraphic flooding surfaces

were placed at the point of maximum regression (transgressive flooding surface; TFS)
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Figure 4.4: The entire section of Mancos Core showing the variation in Fe/Ca (note
the order of magnitude drop between I5 and the other intervals), total siliciclastic
(K+Ti+Si), Ti/K, and V/Cr. The chemofacies for k = 4 superclusters are shown
on the right, along with the major lithologic units. The Gallup Regressive Package
represents a major regressive phase (3"¢ order) as indicated by the high Ti/K al-
though this core is showing a higher-order (4') transgressive phase as indicated by
the decreasing Fe/Ca. The Hosta Tongue Transgressive Package likely represents an
even higher-order (5'"?) cycle. Grey lines indicated higher-order cycle that comprise
the 4*" order transgressive phase; Mz — Montezuma Valley Member of lower Mancos.
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and maximum transgression (maximum flooding surface; MFS) to establish depositional
transgressive-regressive (T-R) cycles. Maximum regression was identified by peaks in the
Fe/Ca and siliciclastic content while maximum transgression occurred at the troughs of
those proxies; a complete T-R cycle is bounded by two MFS. The values in V/Cr and
Cu/Ti, proxies for dysoxia and MOM preservation, respectively, have a similar cycle

though it is roughly 90° out of phase relative to the terrestrial trends.

I1 — 6557-6657; 0-29.2 m

Interval 1 (I1) is from the upper Mancos B and is comprised almost entirely of dark-grey
mudstone with limited sedimentary structures or laminae, aside from two carbonate-rich
facies at 9 and 9.8 metres and some scattered Inoceramid and other bivalve fragments
(Figure 4.5). Overall, the Fe/Ca, siliciclastic input, and Ti/K values increase from the
bottom of the section to the top, with average values going from 0.541-1.52, 12.39-14.74
kets, and 0.416-0.509, respectively. There is an associated decrease in the average V/Cr,
with values going from 2.77 at the bottom to 1.67 at the top. The chemofacies at the
bottom of the core mainly comprise CF2 (calcareous mudstone), which fluctuates moving

upcore becoming more dominated by CF1 (intermediate mudstone).

I2 — 6729-6789’; 29.2-47.1 m

Interval 2 (I2), also from upper Mancos B, has considerably more lithologic variation.
The bottom 3 m (44-47 m) has numerous laminations and ripple beds comprised mainly
of silt- to sand-sized carbonate grains, based on thin section analysis by Weatherford In-
dustries (J.Rine, pers.comm.). This transitions upcore to a more homogenous lithofacies
(relative to the rest of 12) with sparse coarse-silt planar laminae defines much of the mid-
dle of this interval, up to ~39 m where silt lamina thickness and frequency increase and

wave-rippled laminations become more prominent; there is a large carbonate nodule at
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Figure 4.5: Examples of some of the lithofacies that make up the Mancos Core. All
images are ~1 m intervals; white number stamps represent core drilling depth in feet.
Ila — structureless, intermediate (CF1) mudstone that comprises almost the entire
29 m of I1. I1b — carbonate-rich interval at 9 m. It has gradational top and bottom
contacts and internal structures (wavy laminations?) are visible. I2a — transgressive
surface in the upper portion of 12 with basal scour underlying rippled-siltstone and
moderate bioturbation. I2b — relatively structureless mudstone towards the top
of 12. The carbonate nodule has sharp contacts all around and deformation of the
surrounding laminae is visible. I2¢ — the calcareous mudstone (CF2) at the base of 12
with significantly more laminations, including wave ripples with basal scour and dense
planar laminae. I3a — top portion of I3 showing highest-energy conditions with wave
rippled silt to very fine sandstone. The coarser sediments are comprised of skeletal
carbonate material, not quartz, indicating deep-water deposition and reworking by
storm waves. I3b — calcitic grainstone bed. I3c — transition from silt-streaked
calcareous mudstone (CF2) to structureless intermediate mudstone (CF1) i.e., marine
regression. In shallow siliciclastic environments, this transition may be interpreted
as a flooding surface (transgression) due to the decrease and disappearance of silt-
sized lamina. I4 — silt-streaked intermediate mudstone that comprises the entirety
of I4; laminations decrease upcore. I5a — thick-bedded sandstone near the top of
the Juana Lopez Member, indicating the highest-energy depocentre. I8b — siliceous
mudstone (CF3) with wave-rippled sandstone at the base of I5. The sandstone beds
have basal scour and show internal cross-laminations. Despite looking similar to the
structureless mudstone of 11, the mudstone intervals in I5 belong to the siliceous
mudstone chemofacies (CF3) and are therefore shallow-water mudstones.
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35 m. At 33 m, the lithofacies sharply transitions to a mudstone with numerous lamina-
tions and ripple beds of skeletal carbonate material (foraminifer, pelecypod, brachiopod,
Inoceramid fragments; J.Rine, pers.comm.), suggesting an erosive surface possibly due
to a marine transgression. This transitions to a final homogenous mudstone lithofacies
with sparse fine-silt lamina that is more similar in appearance to I1 than other sections

of I2.

This interval shows a similar overall increase in Fe/Ca from the bottom to the top,
although the regular cyclicity that is seen in I1 is not as apparent in this interval until
the upper few metres, above ~34 m. The siliciclastic input, V/Cr, and Ti/K (to a
lesser extent), however, all show an intermediary phase of shoreline transgression that
is not as apparent in the Fe/Ca signal. The trends are relatively straight from the
bottom to ~45 m, where there is a decrease in total siliciclastic and Ti/K to 42 m and
an associated increase in V/Cr, indicating a significant shoreline transgression. The
chemofacies through this section are dominated by CF2, with only sparse intervals of
CF1, indicating an even more calcareous mudstone, relative to the base of I1. Above 42
m, the siliciclastic and Ti/K values increase with the Fe/Ca, the V/Cr values decrease,
and the regular cyclicity observed in I1 becomes more apparent. This is also associated
with an increase in the abundance of CF1, indicating a more siliceous mudstone towards

the top of the interval.

I3 — 6898-6956’; 47.1-64.3 m

Interval 3 is a part of upper Mancos C, occurring below a major condensed section seen
in the gamma log, and shows a similar lithology to 12, with lithofacies varying between
more visually-homogenous mudstone with sparse fine-silt laminae to units with abundant
planar and wave-rippled silt to fine-sand laminae that are mainly comprised of carbon-

ate material. There is a 20-cm thick calcitic grainstone unit and 2-cm thick bentonite
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present in I13. The base of this interval is mudstone with sparse starved-ripple laminae
comprised of carbonate material, which transitions rapidly into structureless mudstone
~63 m that is punctuated only by the bentonite until ~55 m where the sediments become
more laminated with thin (millimetre-scale) siltstone laminae that are either relatively
planar and continuous across the core or starved-rippled and discontinuous. The top
1.5 m of this interval has centimetre-scale beds of silt-sized grains showing convex-up,
nearly symmetrical wave ripples, dense, planar laminations, and scour surfaces indicat-
ing deposition a relatively high-energy setting. As in 12, these silt-sized laminae were
comprised of skeletal carbonate material. The last 0.5 m transitions back to a more

homogeneous mudstone with streaked, thin silt laminations.

The silt-streaked mudstone at the base of this interval almost entirely comprises the
calcareous mudstone chemofacies, CF2, while the structureless and laminated mudstone
above 63 m mainly comprises the intermediate CF1 chemofacies indicating a transition
to a shallower, more proximal depocentre, although there are some areas with more
intervals of CF2. The top 0.5 m shows an increase in the frequency of CF2, indicating

a shift back to more pelagic settings (i.e., deeper, more distal depocentre).

I4 — 7000-7021’; 64.3-70 m

This short interval, also from Mancos C, comprises mudstone with thin silt laminae,
which decrease in thickness, frequency, and lateral continuity moving upcore. The trends
in Fe/Ca, siliciclastic content, and Ti/K are relatively stable through this interval but
there is a significant shift in the V/Cr (oxygenation) values, which are higher from the
base of the interval to ~66 m, where they rapidly decrease over several centimetres.

Overall, this interval comprises the intermediate mudstone chemofacies, CF1.
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I5 — 7180-7285’; 69.8-94.1 m

Interval 5 (I5) is lithologically the most heterogeneous and contains the end-Turonian
Tocito unconformity, which is a major erosive surface that resulted from tectonic uplift
(Figure 4.6). In the lithology, this surface is identified by structureless mudstone below
with a sharp transition to overlying highly bioturbated (BI=5-6) glauconitic muddy
sandstone and a burrowing surface indicative of a Glossifungites ichnofacies (Hu and
Plint, 2009; Li et al., 2010; Zhu et al., 2012) at 71.5 m. Geochemically, the most distinct
signature of this surface was in the Si/K values, which spike (i.e., sharp basal contact)
at the transgressive surface in contrast to the more gradual increases seen in the sandy
beds at the bottom of the figure. At k = 12 superclusters, this interval was isolated as a
sub-cluster of the siliceous mudstone chemofacies, CF3, and it does not occur anywhere
else in abundance in the whole core section.

The lowest 10 m of I5 is mostly dark, structureless mudstone with occasional centimetre-
scale beds of wave-rippled, very-fine sandstone, which could be the result of larger storm
events. Despite being visually similar to the structureless mudstone in the higher inter-
vals, the chemofacies shows these mudstones to be the most siliceous and were therefore
deposited much closer to the palaeoshoreline than the mudstones in the higher intervals.
The variability in all of the proxies appears higher in this lowest interval as well, further
supporting deposition in a higher-energy environment. Bedding thickness and frequency
increase from ~84 to 80 m, and some sandstone intervals show relatively high-angle beds
suggesting deposition within the prodelta, which would have higher-angle clinoforms
than the relatively flat mudbelt and shelf. There is a sharp transition to structureless
mudstone at 80 m (i.e., a flooding surface) but laminations begin within a metre, first
as millimetre-scale, starved ripples that are discontinuous across the core and then tran-
sitioning to larger, centimetre-scale laminations and finally to rippled sandstone beds

that are several centimetres thick. Around 72 m there is another rapid transition to
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Figure 4.6: The lithology, chemostratigraphy and chemofacies signature of the Tocito
unconformity. In the lithology, this surface is a sharp-contact between underlying
dark mudstone and overlying glauconitic sand with a Glossifungites ichnofacies at
the contact. Geochemically, this surface is mainly defined by a spike in Si/K as a
result of winnowing of the clay fraction in combination with an increased influence
from biogenic silica. The chemofacies that identifies this zone clustered out at k = 12
superclusters (see Figure 4.3)
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structureless mudstone, which would likely start a similar succession as the previous

cycle except for the major erosive surface associated with the Tocito unconformity.

4.5 Discussion

4.5.1 Chemofacies with a Self-Organising Map

The SOM clustering is a rapid way to group sediments, even visually homogenous ones,
based on their geochemical signature. Even prior to analysing and interpreting the
clusters, graphically plotting them can show variability at a variety of scales allowing
for more precise correlations (Figure 4.7). By plotting the elemental data as heat logs
against the dendrogram, even a cursory view can point out where different elements
are clustering together, and the number of superclusters can be adjusted accordingly to

isolate them.

Comparing the makeup of these chemofacies to those presented by Gabriel et al.
(2022b) allows the sediments to be interpreted based on their depositional environment
and proximity to shoreline. The siliceous chemofacies, CF3, had a similar makeup to
the prodelta facies identified in the late-Turonian Ferron-Notom delta, which is located
farther north along the palaeoshoreline from the San Juan Basin, but with higher val-
ues in siliciclastic elements, particularly Fe, suggesting increased fluvial runoff. This
chemofacies is only associated with the Juana Lopez member (I5), which was con-
temporaneous with the Ferron-Notom delta, indicating there were environmental dif-
ferences between these two areas. The difference between these environments could
be due to their locations with the WIS, which had an anti-clockwise circulation, with
northern Boreal (Arctic) waters being drawn south along the western shoreline (Slinger-
land et al., 1996; White et al., 2001; Hart, 2016; Lowery et al., 2018). The San Juan

Basin is farther south than the Ferron and therefore the more distal sedimentary record
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may be preserving a mixed signal from the Gallup deltaic system, which is the clos-

est source to this core, as well as the more-northern Ferron systems (Notom, Last

Chance, Vernal). Alternatively, the local palaeoclimate of the southern Gallup sys-

tem may have been wetter due to its closer proximity to the tropical Tethys Ocean.

The intermediate chemofacies, CF1, and calcare-
ous chemofacies each had values similar to those
identified by Gabriel et al. (2022b) for the mid- to
distal mudbelt and sediment-starved shelf, respec-
tively. Due to a lack of age control for the core, ac-
curate sedimentation rates can not be determined
and those may be contributing some bias to the
standard deviations. More proximal, siliceous sed-
iments deposited on the prodelta would have a
higher sedimentation rate than more distal sedi-
ments of the mudbelt and shelf so the prodelta sed-
iments would be expected to show more variation

over the same core length.

The hierarchical nature of the SOM, as well
as its ability to analyse large datasets (10% or 107
observations; Kohonen, 2013), makes it ideal for
analysing uXRF data with respect to sequence-
stratigraphic studies as they, too, are hierarchical
in nature and the SOM can be easily tailored to
meet the needs of the study. As the scale of the
study decreases, so too does the areal extent of

the surfaces and conformable units that are being
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Figure 4.7: A comparison of

the chemofacies for two visually-
identical structureless mudstone
units.  Even without interpret-
ing the chemofacies, differences can
clearly be seen between the two
units indicating they were subject
to different environmental condi-
tions at the time of deposition. By
increasing the number of superclus-
ters it can also be seen that the up-
per unit (1700-2400 mm) also has
more inherent heterogeneity than
the bottom unit, which shows a
nearly identical pattern in all three
logs even though the colours are
slightly different.
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mapped (Catuneanu, 2019). With k& = 4 superclus-

ters, the chemofacies described large-scale varia-

tions between depositional environments according

to water depth (prodelta, proximal mudbelt, and

distal mudbelt/shelf), likely at the scale of 3'¢ order sequences (seismic-scale). These
sequences typically describe continental- to global-scale variations and can therefore be
correlated across several basins. However, higher-order cycles describe variations at a
basinal or even sub-basinal scale and can therefore be used to correlate across more-
localised regions.

By increasing to k = 8 and k = 12, sub-environments could be identified within these
major zones (Figure 4.9), including the transgressive surface of erosion associated with
the Tocito unconformity at k = 12 superclusters, which was a grouping of the prodelta
chemofacies (CF3) with high Si values. Increasing the number of superclusters also show-
cases the variability in the prodeltaic environment, particularly in siliciclastic content,
and shelfal environment, where the variability can be seen mostly in the redox conditions,
compared to the relative stability of the mudbelt. As mentioned above, the higher sedi-
mentation rate in the prodelta, combined with those sediments being deposited during
the warmest period of the Turonian, would naturally lead to more variation in the envi-
ronmental proxies. However, the variation seen in the shelf, where sedimentation rates
are significantly lower, is an interesting result and suggests that bottom water currents
were highly variable in terms of their energy and oxygenation. More stable conditions
in terms of V/Cr (lower standard deviation) are associated with periods of higher sili-
ciclastic content (Fe, Ti, and K), which may indicate that the higher clay content acts
to suppress the bottom currents, similar to the mudbelt. During times of higher Ca,
the sediments comprise marine organic matter from pelagic fallout (foraminifera, coc-
colithophores, calcareous algae) and an increased flux of this organic matter could lead

to dysoxic conditions through microbial degradation. An alternative explanation is that
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Figure 4.8: Bar plots showing the mean and standard deviations for Fe, Ca, Ti,
K, and V/Cr by chemofacies/depositional environment. Data on the left are from
Gabriel et al. (2022b) (FP - Floodplain; CB - Channel Belt; DF - Delta Front; PD
- Prodelta; PM - Proximal Mudbelt; MM - Mid-Mudbelt; DM - Distal Mudbelt; Sh
- Shelf). The chemofacies identified here are mostly similar in composition to the
prodelta, mudbelt, and shelf although the prodelta facies in this core, CF3, is higher
in Fe, Ti, and K than the prodelta from their study, which is represented by the
Ferron-Notom Member of the Mancos Shale.

the variation is related to the location of this core in the WIS. Computer-generated
circulation models suggest that the WIS had an anti-clockwise circulation, with warmer
waters of the Tethys being drawn up the eastern shores and cooler Boreal water flowing
south along the western margin, and that the confluence of these waters may have been
close to the area of the San Juan Basin (Slingerland et al., 1996; Lowery et al., 2018).
Changes in thermohaline circulation may have caused the mixing front of these two wa-

ter masses to shift and since the Boreal waters are more oxygen-rich and carbonate-poor
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than the Tethyan, this would impact both the redox conditions and Ca content at the
sediment-water interface. It can also be seen that the average values of elements may not
be sufficient to distinguish between sediments deposited in different zones and instead

requires the spread of the data as well.

4.5.2 Chemostratigraphic Signature of Surfaces

Accurate reconstruction of depositional cycles in a basin requires the identification of
significant chronostratigraphic surfaces that can be correlated across several cores. Se-
quence boundaries have been shown to have significant diachroneity and therefore flood-
ing surfaces are considered more effective chronostratigraphic surfaces (Bhattacharya,
2011). Furthermore, all depositional cycles from the sequence down are built of smaller
stratal packages (e.g., parasequences, bedsets, laminasets) that are bounded by flooding
surfaces, so they are more appropriate to use in hierarchical analyses. Within a complete
T-R cycle there are two key flooding surfaces: the transgressive flooding surface (TFS)
which occurs at the point of maximum regression and the initial sea-level rise and the
maximum flooding surface (MFS) where sea level stabilises and the shoreline begins to
aggrade/prograde again. In the pXRF data, maximum regression is identified at the
point where increasing siliciclastic content due to shoreline progradation switches to a
decreasing trend as a result of relative sea-level rise (Figure 4.10). This is the point
where the chemostratigraphic TFS was placed. Above the TFS, siliciclastic content de-
creases rapidly through the marine transgressive phase, which is typical of the trends
seen in near-shore environments where the transgressive systems tract is condensed rel-
ative to the highstand and lowstand tracts (regression) due to lower sedimentation rates
as the depocentre increases in distance from the shoreline (Bhattacharya et al., 2019).
The chemostratigraphic MFS is identified at the end of the transgressive phase where

siliciclastic content starts to increase again.
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Figure 4.9: Mean and standard deviations of Fe, Ti, K, Si, Ca, and V/Cr by depo-
sitional environment for k£ = 4 (black), k£ = 8 (red), and k = 12 (blue) superclusters.
The prodelta chemofacies, CF3, shows the most intra-environmental variability, di-
viding into two and then four sub-groups while the mudbelt shows the most consistent
conditions. The light-blue vertical band represents the chemofacies associated with
the Tocito transgressive surface of erosion (Figure 4.6).
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Figure 4.10: Depositional cycles through I1. Blue dashed lines represent the trans-
gressive flooding surface and green dashed lines represent the maximum flooding
surface, two of which bound a complete T-R cycle. Shoreline trajectories for 3t
(black), 4" (blue), and 5" (red) order, or higher, cycles are shown based on a loess
smoother applied to the Fe/Ca data using a span of 1, 0.2, and 0.02, respectively.
Due to a lack of age control, the order numbers are estimated based on the cycles
present in the entire core. The variance in the Fe/Ca data was calculated in 20-cm

bins and also follows the shoreline trajectory.
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While these surfaces can be reliably identified in 3" and 4*"-order sequences (Algeo
et al., 2004; Olde et al., 2015; Turner et al., 2016), the ability to reliably identify both of
these surfaces in higher-order cycles is unique to the high-resolution sampling of uXRF.
In near-shore environments, these two surfaces often occupy the same space due to a
hiatus in sediment deposition (i.e., an unconformity) but in the distal environments
these surfaces separate and the data between them represent a correlative conformity.
Therefore, identifying both of these surfaces not only provides for better correlation to
near-shore depositional cycles but also provides a palacoenvironmental record of time
span between them, something that is not possible in near-shore environments. This
will enable the expansion of sequence-stratigraphic frameworks into the distal muddy
facies providing for more accurate basin reconstructions, aiding in both palaeoclimatic

research and hydrocarbon exploration.

The Tocito unconformity, present in this core at 71.5 m, is a major transgres-
sive surface of erosion resulting from tectonic uplift and shows a significantly different
chemostratigraphic signature. While the other areas of the core record the transgressive
phase following the TFS, the Tocito is represented by a sharp transition in several prox-
ies, but particularly in the Si/K ratio and in the chemofacies at k = 12 superclusters.
An increase of silica relative to the other siliciclastic elements can indicate intervals of
increased biogenic silica from siliceous micro-organisms such as diatoms and radiolaria.
The Si/K ratio is low and mostly constant through the lower interval of mudbelt deposi-
tion but spikes at the Glossifungites surface that lithologically identifies a transgressive
surface of erosion (Hu and Plint, 2009; Li et al., 2010; Zhu et al., 2012). There are a few
more spikes in the Si/K throughout the bioturbated, glauconitic sandy interval above
the Tocito unconformity, all of which are associated with Glossifungites surfaces, so this

may also prove to be a unique geochemical signature of this ichnofacies.
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4.5.3 Chemostratigraphic Signature of Depositional Phases

Not only were the uXRF data able to identify both surfaces with greater accuracy, they
provided significantly more information about the behaviour of each individual T-R cycle
related to the near-shore stacking patterns (progradational, aggradational, retrograda-
tional; Figure 4.11). Each T-R cycle is bounded top and bottom by a chemostratigraphic
MFS and could be observed at a number of different orders, which all typically con-
tain a longer record of the regressive phase than the transgressive one. The regressive
phase also showed differences in the stacking patterns (progradational, aggradational,
retrogradational), which are related to the relationship between sediment supply and
accommodation space. The regressive interval of the bottom cycle (TR1), which covers
~1500 mm, initially shows a strong progradational phase (i.e., low slope in Fe/Ca vs
Depth) followed by a moderate retrogradational phase and finally a second prograda-
tional phase; the subsequent transgressive interval of this cycle declines over ~250 mm.
In contrast, the next T-R cycle, TR2, exhibits only a single progradational phase which
is weaker (i.e., higher slope), due to a more aggradational stacking pattern, and slightly
shorter (~1200mm) than TR1 followed by a transgressive interval covering ~450 mm.
Finally, TR3 begins with a stronger progradtional phase, similar to TR1, which is fol-
lowed by an intermediate aggradational phase and then a second progradation before

the transgressive interval.

The chemostratigraphic signature of the correlative conformity has so far been lacking
in the literature (LaGrange et al., 2020) as traditional methods of analysing mudstone
(well-log, ICP-OES/MS) lack the sampling resolution to accurately identify both the
TFS and MFS. The uXRF chemostratigraphy of this Mancos core identifies two types
of correlative conformity (CC), one associated with flooding surfaces and one associated
with an erosional sequence boundary. The majority of the CCs were associated with

flooding surfaces and showed a condensed transgressive interval (i.e., decreasing Fe/Ca
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Figure 4.11: Stacking patterns in the highest-order T-R cycles identified in 1. These
individual sedimentary cycles, which each occur over ~1500 mm, show differences
in their progradational (P), aggradational (A), and retrogradational (R) patterns
that could be correlated to near-shore depositional systems. Each of these cycles
likely corresponds to a parasequence as identified by Lin et al. (2019) and therefore
represents ~20 ka.

and siliciclastic content), relative to the regressive phase, of shoreline retreat. At the
highest order cycle in I1, the CC is a relatively straight line indicating steady, continual
decline but at lower orders, the transgressive phase shows a series of backstepping, higher-
order cycles. Since I1 is entirely dark, structureless mudstone, these cycles can not be
identified lithologically and while a higher-resolution (0.5 m) traditional geochemical
study will show the overall trend, accurately identifying either of the surfaces would be

purely coincidental.

The other CC is associated with a regressive phase that may identify a sequence
boundary in near-shore facies as a result of relative sea-level fall (forced regression).
In I3, at ~63 m, there is a similar, but opposite, chemostratigraphic signature to the
transgressive CC where terrestrial input rapidly increases over a more calcareous lower

mudstone indicating shoreline progradation; this is also accompanied by a minimum
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in Mn/Ti, which has been previously associated with sequence boundaries (De Rafélis

et al., 2001; Olde et al., 2015).

Since strict age control or sedimentation rates are not available for this core it is
difficult to determine which order cycles are being identified here but if the highest-
frequency T-R cycles (1500 mm) are similar to those of the parasequences identified
in the Gallup sandstone by Lin et al. (2019) then each one represents ~19.7 ka, or
an average sedimentation rate of 76 mm/ka. This is similar to the sedimentation rates
estimated in the Bohemian Basin (Olde et al., 2015, 90 mm /ka;) and Tarfaya Basin (Beil
et al., 2018, 60-90mm /ka;) so the T-R cycles in I1 are likely parasequences resulting from
Milankovitch cyclicity (precession; 19 ka — 23 ka). The average sedimentation rate can
be further divided into a transgressive- and regressive-phase rate, with the latter being
3-10x higher than the former. Therefore, the uXRF data were able to not only detect

the Milankovitch precessional cycle but also map the variations within it.

4.5.4 Correlation to Near-Shore Depositional Cycles

The base of the core (I5) is part of an overall lower-order major regressive phase, indi-
cated by the high and nearly constant values in Ti/K. The Juana Lopez Member was
mainly fed by the Gallup Deltaic Complex, which was deposited over ~1.2 Ma as a
series of tongues showing an overall aggradational to progradational stacking pattern
(Lin et al., 2019). A similar geochemical signature was reported from the contempo-
raneous Bohemian Basin of Eastern Europe by Olde et al. (2015). In their core, the
chemostratigraphy of siliciclastic proxies (Si/Al, Ti/Al, and Zr/Al), which was done at
2-m sampling resolution, shows a long term regressive trend through the upper Turo-
nian, which is followed by a marine transgression into the Coniacian. While the Ti/Al
and Zr/Al values drop rather quickly at the start of the transgressive phase, the Si/Al

trend began a more gradual decrease much earlier (Olde et al., 2015, see Figure 5 in).
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The pXRF data show very similar patterns in the Ti/K and Fe/Ca trends, which would
correspond to the Ti/Al and Si/Al trends, respectively. The overall decreasing Fe/Ca
values indicate a back-stepping of the shoreline due to a higher-order marine transgres-
sion, which may be associated with the large shoreline retreat between the lower and
upper Gallup Sandstone (Lin et al., 2019). The highest value in Fe/Ca at the very
base of the core could be the initial transgressive flooding surface between the lower and
upper Gallup but it’s possible a higher peak exists stratigraphically lower. Even as the
Fe/Ca data show a back-stepping, the high and constant Ti/K values that quickly drop
at 72 m indicate a low-order lowstand systems tract during the late-Turonian ending
with a marine transgression that carried into the Coniacian; this is also identified in the
Bohemian Basin by Olde et al. (2015). The final regression associated with the youngest
tongue of the Gallup Sandstone is not preserved in the distal sediments of the Mancos
Core as tectonic uplift created a major surface of erosion, which is the end-Turonian
Tocito unconformity, although the drop in Ti/K just prior to the Tocito indicates a shift

to a transgressive/highstand systems tract.

The overlying upper Mancos represents the low-order highstand systems tract, with
an overall aggrading to prograding shoreline trajectory through the Crevasse Canyon
and Point Lookout Sandstone, respectively. This low-order trend is represented by the
overall gradual increase in Fe/Ca from 14 upwards, with an associated decrease in V/Cr
and Cu/Ti indicating higher oxygen and lower preservation of organic matter. Higher-
order cycles are identified in the near-shore environments, with the progradation of the
Borrego Pass Lentil and Dalton Sandstone, which are separated by the Mulatto Tongue
of the Mancos Shale. Based on the alignment of the core with the cross-section, the
rapid increase in siliciclastic content near the base of 13 is likely associated with a forced
regression during the initial deposition of the Dalton Sandstone, and would therefore

represent a correlative conformity of a near-shore sequence boundary.
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The core does not appear to cover the three highest fingers of the Dalton Sandstone
but the net transgressive Hosta Tongue can be seen in 12 with a relatively rapid decrease
in siliciclastic content combined with an increase to some of the highest values in V/Cr,
indicating the lowest oxygen conditions in the core and a prolonged period of calcareous
mudstone deposition (CF2). Rising sea level during the Hosta transgressed over top
of a wave-dominated barrier shoreline with a broad back-barrier platform, which may
have been enriched in organic matter due to calmer, lower oxygen conditions that would
have been reworked and transported deeper into the basin; this may explain the dysoxic
conditions implied by the V/Cr through this phase. Above the Hosta Tongue package,
siliciclastic values of I1 gradually increase while V/Cr values decrease through the initial

aggradational phase of the Point Lookout Sandstone.

The regularity of the higher-order cycles also increases moving upcore. The prodeltaic
sediments of I5 were deposited during the late Turonian when the climate was at its
hottest point in the last 115 Ma (Friedrich et al., 2012), major storm frequency was
likely at decadal-scale (Bhattacharya and Tye, 2004; Sharma et al., 2017; Lin et al.,
2019), and sediment provenance was from a variety of sources (Ferron, 2019), result-
ing in high siliciclastic input and variability. This may be indicating a mixed influence
on local sea-level fluctuations from storage in aquifers and wetlands (Hay et al., 2019,
e.g.,), tectonic activity (Mogollon Highlands failed rift; Bilodeau, 1986), and glacio-
eustasy (e.g., Bornemann et al., 2008; Zhu et al., 2012; Lin et al., 2019) resulting in a
less regular frequency. After the Turonian, the global climate began to cool as increased
separation of the American plates from Europe and Africa opened the connection be-
tween the north and south Atlantic oceans, increasing the mixing between intermediate
and deep oceanic water (Friedrich et al., 2012). The chemostratigraphic trends for all
proxies become less variable overall and begin to show more regular cycles operating at

Milankovitch-scale frequency (precession), which could be indicating the development of
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more extensive glaciation on the Antarctic peninsula. Alternatively, the difference in the
trends may relate to the differences in depositional environment between the bottom and
the top of the core. The prodeltaic sediments of the Juana Lopez Member would have
had a much higher sedimentation rate than the mudbelt sediments that comprise most
of the upper Mancos and therefore more variability in the sediments is expected. This
may also be the reason for the highest order T-R cycles in the Juana Lopez spanning

5-6 metres compared to the 1-1.5 metre span seen in upper Mancos B (I1).

4.6 Conclusion

The lower-resolution sampling of traditional techniques has not allowed for the reliable
establishment of 4*"-order cycles and above in mudstone units, and therefore correlating
them to near-shore sequence stratigraphic frameworks has not been very effective. The
500-um sampling obtained from a uXRF core scanner clearly showed complete depo-
sitional cycles (i.e., no unconformable surfaces) at a variety of scales and were able to
provide further information about the behaviour of each cycle (progradation, aggrada-
tional, retrogradational), which can be associated with stacking patterns in near-shore
facies. The shortest, regularly occurring cycle spanned ~1500 mm, which likely corre-
sponds to a parasequence representing ~20 ka (Milankovitch precessional cycle), and
even these cycles could frequently be subdivided into higher orders. Importantly, these
cycles were evident in a 29-m succession of visually homogenous, dark mudstone and
therefore could not have been reliably detected by any previous study. At each order,
the regressive phase was 3-10x longer than the transgressive phase. The continuous
record also provided a geochemical signature of two correlative conformities, one asso-
ciated with transgression and one with forced regression, which occurred over a much
shorter interval compared to the typical regressive phase. To the best of our knowl-

edge, this is the first reported instance of the geochemical signature of these correlative
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conformities.

In addition to the chemostratigraphy, hierarchical clustering of the elements allowed
for the establishment of high-resolution chemofacies that described the depositional con-
ditions for each individual interval in terms of its proximity to shoreline, and weathering
and redox conditions at the seabed. While the mean values for several proxies were very
similar between some environments, the spread of the data could be used in conjunction

with the mean to determine the depositional setting.

Elemental analysis using uXRF is ideal for studying mudstone successions, partic-
ularly where sedimentary changes lack the visual and physical heterogeneity required
to be accurately distinguished by lithologic or well-log analysis. The data appeared to
correlate well with near-shore depositional cycles of the San Juan Basin at several orders
and also showed similarities to geochemical data collected from the eastern European
Bohemian Basin using traditional low-resolution techniques. This shows that collecting
uXRF data from other cores, both intra- and inter-basinally, will allow for the correlation
of high- and low-frequency shoreline trajectory changes, thus providing more complete
sequence-stratigraphic frameworks for palaeoclimatic research and hydrocarbon explo-

ration.
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Chapter 5.

CONCLUSION

This research demonstrated the utility of uXRF core scanning data to palaeoenviron-
mental reconstructions using marine mudstone deposits from an ancient epicontinental
seaway. The high-resolution elemental intensities obtained from pXRF proved to be an
effective way to analyse mudstone successions from epicontinental basins in order to: 1)
characterise the sediments based on their depositional environment, including proximity
to shoreline, weathering intensity, and redox conditions at the sediment-water interface,
and 2) reconstruct marine transgressive-regressive cycles at several orders to develop

high-resolution sequence-stratigraphic frameworks of fine-grained sediments.

The first phase of this research showed that the elemental intensity data collected
from a uXRF core scanner had an exceptional level of reproducibility between multiple
scans, with boxplot spreads and median values showing less than 5% variation in all
elements with some major elements such as Fe, Ca, Ti, K, Si showing less than 1%
variation between four separate scans. Since pXRF core scanning is a non-destructive
analysis, this reproducibility means samples could be analysed multiple times and the
total data averaged, thus increasing the signal-to-noise ratio. It could also be scanned

with different parameters to obtain better detection of certain elements e.g., higher
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energy and exposure time to detect heavier elements.

This phase also showed that the uXRF data were well-correlated to the values ob-
tained using the traditional ICP-OES/MS method, as well as to the mineralogy observed
in petrographic thin sections. Spearman-Rho correlation coefficients showed moderate
to strong values (R? > 0.6) for most major oxides (SiOg, AloO3, TiO2, FesO3, and K20)
and when the trends were compared using a simple confusion matrix, where the data are
compared based on their position relative to their mean (higher or lower) and not their
absolute values, they were even more similar. In terms of lithology and mineralogy, the
uXRF were well-correlated to variations at lamina-scale and lower using the trends in Si
and Ti to identify very-fine quartz sandstone and mudstone laminae, respectively, and
that the sandstone laminae were also rich in Ca and Sr, indicating carbonate content
which thin section analysis showed to be in the form of intergranular cement. This is an
important characteristic of mudstone in the extraction of hydrocarbons as the strength
of the rock will determine the geometry and extent of hydraulically-induced fractures.
Sharp (i.e., nearly horizontal) transitions in the uXRF data were interpreted to represent
rapid lithologic changes resulting from wave- or current-enhanced sediment gravity flows

that are characterised by sharp-based, normally-graded laminae.

The main body of this research established detailed chemofacies and chemostrati-
graphic mapping of the Mancos Shale to gain a better insight into the depositional
conditions and environments that control fine-grained sediments in an epicontinental
seaway. The volume of elemental data obtained required the use of a hierarchical clus-
tering algorithm, a Self-Organising Map, to group each observation (over 185,000 in
total) according to its total elemental signature. The initial clustering is unsupervised,
thereby eliminating researcher bias, but those clusters can subsequently be grouped into
any number of ‘superclusters’ to address the specific goals of the study. Fewer super-

clusters, k = 4, grouped the sediments into their overall depositional environments such
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as the delta front, prodelta, and mudbelt and showed variability over several metres,
likely corresponding to 3"4- and 4'""-order depositional cycles (~1-3 Ma and 0.4-1 Ma,
respectively) but increasing the number of superclusters showed variability over tens of
centimetres or less, which would be the result of more localised environmental conditions
(i.e., 5*" order and higher; <0.1 Ma). The volume of data also allowed for the analysis of
elemental variance within each environment, not just the average relationships between
environments. For example, Fe had similar average values in the near-shore environ-
ments (fluvial, delta front, and prodelta) but significantly different standard deviations,
which decreased along a basinward transect. Beyond the prodelta, Fe values decrease
significantly through the mudbelt and into the shelf but the standard deviations decrease
to the mid-mudbelt but then increase again into the shelf where the lower suspended-
sediment concentration is more susceptible to reworking by bottom currents. This shows
that the absolute values in elemental concentration obtained from low-resolution tech-
niques (e.g., ICP-OES/MS, WD-XRF) may not be sufficient to accurately characterise

fine-grained sediments according to their depositional environment.

The high-resolution chemostratigraphic mapping was very effective at reconstructing
marine transgressive-regressive cycles at several orders based mainly on changes in the
ratio of Fe/Ca and the total siliciclastic input, which was indicated by the sum of Ti, K,
and Si. Regressive phases (i.e., shoreline progradation) were characterised by increasing
values of Fe/Ca and siliciclastic input, which peaked at the transgressive flooding surface
marking the transition the transgressive phase. Within each regressive phase, inferences
could be made about the stacking patterns in terms of progradational-aggradational-
retrogradational depending on the trend in the siliciclastic data. Progradational trends
were defined by a shallower slope, indicating a more rapid increase of siliciclastic content
through time while aggradational trends had steeper slopes indicating more consistent

sediment compositions. The transgressive phase was consistently 3-10x shorter than the
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regressive phase of the same order and was defined by a rapid decline in siliciclastic
values to a mimimum, which is where the maximum flooding surface was placed. At the
highest order, these transgressive phases were remarkably similar in shape and extent
but at lower orders, the transgressive phase was comprised of higher-order cycles as
well. The highest-order cycle likely corresponds to the parasequences logged in near-
shore environments and therefore is occurring over time scales of ~20 ka meaning that
the uXRF data are mapping the environmental changes occurring at sub-Milankovitch

scales (i.e., decadal to centennial).

Future research should focus on using the techniques presented in this thesis to
develop chemofacies and chemostratigraphy on other cores from within the San Juan
Basin to demonstrate the ability to correlate cores across a basin. With several cores
correlated, a high-resolution sequence-stratigraphic framework could be constructed for
the San Juan Basin, or any basin, that shows eurybatic sea-level changes, which could
then be compared with the frameworks constructed in other basins. This would provide
the ability to determine the extent of the sea-level changes and whether they represent
localised variations or a higher-frequency global signal. With more accurate age con-
trol, future research could also perform Fourier transforms or wavelet decompositions to
determine exactly what frequencies are present in the data and what time scales they
are operating on. This would provide invaluable information regarding climatic cycles
in a greenhouse climate, which could be used to determine both high-frequency global
fluctuations operating at sub-Milankovitch scales, as well as more localised fluctuations

due to topography, tectonics, and climate circulation patterns.
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