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ARTICLE INFO ABSTRACT

Keywords: This study investigates the elemental signature of fine-grained sedimentary rock (mudstone) obtained using
Chemofacies energy-dispersive micro-X-ray fluorescence (uXRF). A short section (28.5 cm) of Upper Cretaceous Mancos Shale
Mudstone

was analysed with an Itrax yXRF core scanner at 0.2 mm intervals for comparison to elemental and petrographic
composition. Fifteen subsamples were collected at 2 cm intervals for ICP-OES/MS analysis to obtain absolute
concentrations of elements and oxides, and thin sections were used for petrographic and microfacies analysis.
The data obtained from the Itrax core scanner show a high level of reproducibility between separate scans and
moderate to strong Spearman-Rho correlation (R? > 0.6) to ICP-derived concentrations for several oxides: Fey03,
Si09, Al;03, K20, TiO2, and MnO. Common elemental ratios used in palaeoenvironmental studies (e.g., Zr/Rb,
Ca/Ti, Mn/Ti) also showed good correlation to ICP-derived data when the trends were compared. The elemental
signature obtained from the Itrax also showed good relationships to the petrography and lithology, with the Si/Ti
ratio accurately identifying quartz-rich layers, and the Ca/Ti and Mn/Ti ratios corresponding to increased car-
bonate content, which are of importance in the planning of hydraulic fracturing for unconventional resources. At
core scale, the elemental trends in Zr/Rb, Ti, and Si were useful for detecting short-term, rapid patterns of
sedimentary events, likely resulting from storm activity (e.g., tempestites, wave-enhanced sediment gravity
flows). The high-sampling resolution data from uXRF core scanners can provide advantages over traditional
geochemical techniques since data aliasing is minimized. Analysing these elements and ratios in longer core
sections from the Mancos Shale may serve as a proxy for determining high-frequency climatic changes in the
Cretaceous Interior Seaway and allow for improved correlations of intra- and inter-basinal events in other
Cretaceous basins.
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1. Introduction slabbed rock core without petrographic analysis, making the study of

mudstones significantly more complex than sandstones (Dypvik and

Fine-grained siliciclastic rocks (<63 pym) comprise approximately
half to two-thirds of the global sedimentary record (Dypvik and Harris,
2001; Boggs and Boggs, 2009) and although traditionally they have been
viewed as indicating deposition from suspension settling in low-energy
environments, recent research (e.g., Bhattacharya and MacEachern,
2009; Macquaker et al., 2010; Plint et al., 2012; Plint, 2014; Wilson and
Schieber, 2014; Schieber, 2016) has shown that mud can also be
deposited in hemipelagic environments 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 sediments can be subtle and may not be visible in
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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 patterns (e.g., Haug et al., 2003; Zarriess and
Mackensen, 2010), provenance and sediment transport processes (e.g.,
Chen et al., 2013; Ben-Awuah et al., 2017), and bottom-water redox
conditions (e.g., Algeo and Rowe, 2012; Baioumy and Lehmann, 2017)
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 Analytics). Two common tech-
niques for elemental and isotopic analysis are inductively-coupled
plasma  optical  emission  spectrometry/mass  spectrometry
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(ICP-OES/MS), and wavelength-dispersive X-ray fluorescence
(WD-XRF), which can detect 55 and 42 elements, respectively, with an
analytical precision as low as parts per million or billion (ppm/ppb) for
some elements and oxides. This provides at least 42 highly accurate
variables for use in chemostratigraphic 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 preparation,
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 ym) 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 (Weltje and Tjallingii,
2008; Gregory et al., 2019). The pre-treatment method chosen (e.g., acid
digestion, alkali fusion) can result in different detection limits and ac-
curacy of certain elements so the desired variables should be considered
prior to analysis. One centimetre sampling and analysis of a metre-long
core could take a couple weeks (Croudace et al., 2006) and cost thou-
sands of dollars, and since the methods are destructive, replicate ana-
lyses 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 reso-
lution (100 um) from marine and lacustrine sediment cores (Rothwell
and Rack, 2006; Rothwell and Croudace, 2015; Lowemark et al., 2019);
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
(element) 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 s 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 h (1.8 m at 1
cm interval and 30 s exposure time) and provide hundreds to thousands
of sampling intervals. As the data acquired by uXRF core scanners are 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; Croudace et al., 2006; Tjallingii et al., 2007). 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 anal-
ysis and comparison to values obtained using ICP-OES/MS and WD-XRF
(e.g., Weltje and Tjallingii, 2008; Rowe et al., 2012; Weltje et al., 2015;
Al Maliki et al., 2017; Arenas-Islas et al., 2019; Gregory et al., 2019).
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 yXRF are compared with concen-
trations measured using ICP-OES/MS. While this method provides more
accurate estimates of absolute element concentrations from their
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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:

Wy I
In (W_zj)> = apln (i) + B D

where j and D represent the two different elements being measured at
interval i and ajp and gjp account for the matrix effect and detection
efficiency, respectively. It is considered a relative concentration since all
the elements measured are constrained 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 and Rothwell,
2006 for a comprehensive review) but more recently they have also been
applied to coal seams (Kelloway et al., 2014; Ward et al., 2018), spe-
leothems (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., Ma et al., 2014; Beil et al., 2018). 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 minimized, 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 collected from a pro-
prietary quarry in the Uinta Basin, Utah, by TerraTek/Schlumberger and
provided to McMaster University by the New Mexico Institute of Mining
and Technology. The goal of this study is to examine trends in the yXRF-
derived elemental intensities and how they correspond to the mineral
and elemental composition based on petrographic and ICP-OES/MS
analysis, respectively. The yXRF 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 suc-
cessions of Mancos Shale. Finally, this study will demonstrate the po-
tential of yXRF-derived chemofacies to identify characteristics such as
provenance (marine vs. terrestrial), flooding surfaces, and geo-
mechanical properties that are important to the exploration and
extraction of hydrocarbons.

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; Fig. 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; Miall et al., 2008; El-Attar and Pranter, 2016; Lowery et al., 2018).
Several marine transgressions occurred in the WIS throughout the
Cretaceous, but a trangression during the Cenomanian and Turonian
brought sea level to almost 300 m higher than present (McDonough and
Cross, 1991; Miall et al., 2008; Haq and Huber, 2017). 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
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Fig. 1. A) Reconstruction of North America during the Upper Cretaceous (mid-Coniacian, ~87.9 Ma; basemap from Colorado Plateau Geosystems www.deeptimem
aps.com). B) Close up of the Uinta Basin (UB, location from Birgenheier 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).

nearby Sevier orogenic belt and transported eastward (Armstrong, 1968;
Bhattacharya and MacEachern, 2009; Lin et al., 2019), and the Mancos
Shale represents the distal extent of those complexes. During the Lar-
amide orogeny of the late Upper Cretaceous and early Palaeogene, the
basin 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 (Ridgley et al., 2013; Broadhead, 2015; Hawkins
et al., 2016). 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., Zhu et al.,
2012; Li and Bhattacharya, 2013; Ahmed et al., 2014; Eldrett et al.,
2015; Wu et al., 2015; Li and Schieber, 2018; Lin et al., 2019) with other
studies looking into isotope chemostratigraphy (e.g., Joo and Sageman,
2014), microfossil assemblages (e.g., Lowery et al., 2018; Turkistani,
2020) 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
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(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;
Macquaker et al., 2010; Plint et al.,, 2012; Plint, 2014; Wilson and
Schieber, 2014; Schieber, 2016), 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, ob-
tained 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 (Fig. 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 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 typi-
cally 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 sediments across epicontinental seas are: river-fed hypopycnal

40-130km
(offshore dist.)
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plumes; river-fed hyperpycnal flows; and submarine ignitive gravity
flows, which can be aided by wave or bottom currents (Schieber, 2016).
Hypopycnal plumes typically come from large, continent-scale rivers (e.
g. Mississippi, Amazon), which do not often have the sediment con-
centration to become hyperpycnal, and can travel long distances (100 s
km) from the river mouth by longshore currents. Hyperpycnal flows are
more commonly associated with small, ‘dirty’ rivers, which were com-
mon on the western shore of the WIS. These ‘dirty’ rivers were suscep-
tible 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 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 100 s 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 sedi-
mentary structures can be difficult (Schieber, 2016).

2. Methods

The Cheese Slab is a highly interbedded very fine sandstone to
mudstone sequence with approximately 240 individual laminae (Fig. 3);
grain sizes were estimated by 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 cm 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

. Delta plain/backshore

|:| Delta front/shoreface

. Prodelta
. Mudbelt

. Sediment-starved shelf

> River-fed hyperpycnal flows

Storm-wave enhanced sediment

~— 1 gravity flows

v Shelfal currents

Storm-wave base

Fig. 2. Depositional environments and their relationship to shoreline and deltaic tributaries. Adapted from Birgenheier et al. (2017); after Bhattacharya (2010). Blue
star demarcates approximate core location (see subsection 3.4 and subsection 4.2). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 3. The core section showing location of thin sections (dotted red boxes)
and ICP-OES/MS samples (grey arrows are from a mudstone interval, yellow
from sandstone). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

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 (5 x 7 cm) thin sections were made by Wagner
Petrographic, Utah, USA from the opposing face of the scanned surface
for petrographic analysis (A - top, B - middle, C - bottom). The samples
were infused with a rose dye to accentuate microfractures and struc-
tures, ground to 25 ym, and polished (i.e., no slide cover). Each slide was
digitally scanned with an Epson V850 Pro photo slide scanner (48-bit
colour, 4800 dpi) in both plane-polarized (PPL) and cross-polarized
(XPL) light to see the overall sedimentary structures and then ana-
lysed with a Leica petrographic microscope to determine the mineral
composition. The remaining material from the thin section production
was also analysed with the Itrax (30 kV, 33 mA, 200 ym, 15 s) to allow
for precise alignment of the uXRF data to the structures and mineral
content.

2.1. Itrax yXRF

Elemental intensities were obtained from five separate analytical
runs using an Itrax yXRF Core Scanner (Cox Analytical Systems,
Molndal, Sweden) at the McMaster University Core Scanning Laboratory
(MUCS-Lab): scans 1-4 were performed down the centre at 0.5 mm
resolution (n = 571 observations), while scan 5 went down the right side
at 0.2 mm resolution (n = 1425 observations) for comparison to the ICP-
OES/MS data (Table 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
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Table 1
Itrax run parameters.
Run Tube Parameters
kv mA Exposure time (sec) Interval (mm) Position
1-4 30 33 15 0.5 Centre
30 33 15 0.2 Right

(Cox Analytics) and an additional calibration 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
(Hubert et al., 1972). The Cody calibration converts the elemental
counts to major oxide (SiO3, Aly0O3, TiO3, Feo03, K20, CaO, 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 ([Ele-
ment]/[Si])) used as divisors to determine the impact on correlation
between uXRF elemental intensities and ICP-OES/MS elemental con-
centrations (Cf. Gregory et al., 2019).

2.2. ICP-OES/MS

Fifteen subsamples (~0.2 g each), 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 Fig. 3).
For brevity, we will simply use ICP to refer to these methods 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 pulverize the material into a fine powder (<40 pym). 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
metaborate/tetraborate fusion technique and analysed by ICP for major
and trace element concentrations. Oxide results were presented for
comparison with the Cody-calibrated yXRF data. When comparing the
values between the two techniques, we used the Spearman-Rho corre-
lation since it is more robust against outliers and the yXRF data are
rarely normally-distributed, which is a requirement when using the
Pearson correlation coefficient (Schober et al., 2018). In this paper, we
have followed the terminology of Schober et al. (2018) when referring to
the ‘strength’ of correlation, such that values >0.90 are considered ‘very
strong’, 0.70-0.89 is considered ‘strong’, 0.40-0.69 is ‘moderate’,
0.1-0.39 is ‘weak’, and <0.1 is ‘negligible’, though we recognise that
these specific cutoff values and descriptors are somewhat arbitrary (as
discussed by Schober et al., 2018).

3. Results
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 elements that were detected in the scans were reduced to 16 el-
ements that are common to palaeoenvironmental research (e.g., Crou-
dace et al., 2006; Thomson et al., 2006; Gregory et al., 2019) and had
sufficiently high intensities (~ 10% — 10° cts): Al, Si, S, K, Ca, Ti, 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; Fig. 4). The box
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Fig. 4. Boxplots of the elemental data, in kilo-counts (kcts), from scans 1-4 (n = 571 observations per scan). 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.

(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, although 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, using the Spearman-Rho correlation coefficient
showed strong to very strong average Spearman correlation (R? > 0.7)
for Sr, S, and Zr, with Fe, Ca, Ti, K, and Si having correlation values
greater than 0.96. The remaining elements all showed weak correlations
(R? < 0.4) with increased scatter about the y = x regression line, likely
due to the overall lower concentration of these elements (see subsection

3.2).

3.2. ICP-OES/MS elemental concentrations

Lithogeochemistry derived from ICP analysis showed 10 oxides and
45 individual elements. Two of the oxides (MgO and Nay0) were of el-
ements that are too light for yXRF detection and one (P20s) was not
detected so they were excluded from further analysis; combined, these
three oxides comprised < 4% of the sample by weight. The remaining
oxides (SiOj, Aly03, TiOs, FesO3, K20, CaO, and MnO) comprised be-
tween 82.6 and 91.77 (median = 87.35) weight percent of the sample,
with SiOy being the most prevalent (median = 67.47%; 59.32-74.03),
followed by Al;03 and CaO, Fe;03 and K»0, and trace amounts of TiO»
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
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Rb (median = 87 ppm; 33-109); Cr, V, Ni, and Cu (in order of decreasing

concentration) all had median values below 100 ppm.

The ICP data were quite distinct in the two different lithologies. The
mudstone intervals had higher concentrations of Al;03 and K20, likely

ICP-OES/MS

K20 (%)

TiO7 (%)

SiO; (%)

8.5

1.8

65

55
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incorporated into illite and kaolinite, as well as higher concentrations of

TiO4 and Fey03, while the sandstone intervals were typically higher in

SiO5 (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
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Fig. 5. Bivariate plots of ICP-OES oxide concentrations (y-axes) compared to various calibrations of yXRF data: Cody-shale calibrated (%), QSpec-batched (counts),
and log-normalised. Red points in CaO graphs represent the outliers that result in weaker correlations. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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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/TiO,, 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 (Dypvik and Harris,
2001; Tribovillard et al., 2006; Ben-Awuah et al., 2017).

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 yXRF elemental intensities and
the absolute concentrations obtained through ICP analysis. At each ICP
sample depth, the yXRF data were averaged over an 11-point window,
centred on the depth (e.g., 8.6 mm, 19.6 mm, etc.), 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 provides 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 mmg) compared to the total coverage of the sub-
samples collected for ICP analysis (40-180 mms; see section 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 homo-
genised ICP subsample, which would not be present in the volume of
material analysed by yXRF. 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.
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Bivariate plots, comparing the ICP- and yXRF-derived oxide data
using a linear smoother (y ~ x) and Spearman-Rho correlation coeffi-
cient, were produced to show the correlation between the two analytical
methods (Fig. 5). Most of the oxides (SiO2, Alo0O3, TiO3, Fe203, and K20)
showed moderate to strong Spearman-Rho correlation coefficients of R
> 0.6 between the ICP and uXRF data, whether the yXRF data were
calibrated to Cody Shale (wt.% and ppm) or left uncalibrated (counts).
The ICP-derived MnO showed a weaker correlation when compared to
the uncalibrated data (R2 = 0.50) than when compared to the calibrated
data (R? = 0.66) due to increased scatter about the y = x regression line
although a clear linear trend is still apparent in the scatterplots. The CaO
concentration showed only moderate correlation for both calibrated and
uncalibrated ;XRF 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, Fig. 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
uXRF 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 (R2 = 0.69 compared to 0.67) and Mn (R2 = 0.65
compared to 0.66). The relationship between CaO from ICP and Si-log-
normalised Ca from pXRF 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) rela-
tionship between SiO5 and the other oxides. 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 com-
parison is not possible as they used Kendall's tau correlations. Since

Al,03 Al SiOy Si K,0 K TiOy Ti Fe,03 Fe CaO Ca MnO Mn
%) (cts) (%) (kcts) (%) (kts) (%) (kts) %) (kets) (%) (kets) (ppm) (cts)
4 12 70 150 50 80 1. 2 023 25 65 0 06 1 4 0 3 20 10 6 12200 50 250 350 250 550
< SN < < < 'ard 1 4 <
7z g N 1k \ \ N
> (A oo > > Yot
> > < X { Q { ol < <
y » ( > » ) { . r )
/A 4 N\ .‘\ <' / /" ‘ ¢ A L \\ (/}‘
_ ¥ ¥ ] { i o Y 4
€ £ \ o /1] ), I £ / “‘
£ /A T 7 . £ - (
= 4 /I i X K 4 4 N A
< / \ \ / VN
a A { ¥ S » { Y
8 (R N D ¢ 1 « { (| ‘ { |
\ N ‘oA o ok \ \ F ; \ \
\ u\ I/ \ «\\ '\ \ \\ / ) » \
AN Vi e % - 1 I / \ }
\ | [ 1
5 i VL gy )y 1 J I g
= < < » <
T N i % TS %N LS P SN
6 16 g0 90 02 o8 0 006 0 006 1 2 25 75
A|203 SiOZ K0 Ti02 Fe203 Ca0o MnO
(%) (%) (%) (%) (%) (%) (ppm)
Fe/K Zr/Rb Ca/Ti Mn/Ti Redox (ppm)
08 12 8 12 0 6 05 25 60 0 30 0 018 01 028 80 200 500 800
TS YN N s Yy < <
L [ { [ ¢ [ / \ S
/ \ N \ \
[ b > » ] e
ot { « {4 £ N
/ \ \ N A ¢
—~100 {4 PN A \. ! Y i
e {1 - A
1S . N . % ’ )
= b > > .
< / \ > 74 7/ \
2 . : < (< Y
a {4 R > » ) < f
\ 1 | % / 'y’ | /
: ¥ i 4 1
"y 1 /‘ 1 74 g / /h / ’,,' \ \\
). 'y + I/ e * M \’ \?
.<' A > i i VoL . (,A
( = ) » » o4
& -t / 4 d ~
| s ¢ | S Y L
0.06 0.1 0 25 20 130 0.01 0.03 0 7

Fig. 6. Oxide and elemental trends for ICP-OES (red), Cody-calibrated yXRF (blue), and batched uXRF (green) data. The Cody-calibrated Zr/Rb had two infinite
intervals (121.6 and 137.6 mm) due to zeros in the Rb data so there is a break in the trend. The fine dashed line on each graph represents the mean. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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none of the calibrations resulted in significantly better correlations for
all elements, the uncalibrated yXRF data will be presented for the
remainder of the paper. The elemental variation as a function of depth
shows that the aliased uXRF data are very similar to the ICP concen-
trations (relative pattern of variation; Fig. 6). When comparing the Al
values, the uXRF data showed an overall smoother curve (less variation)
than the ICP data, particularly in the middle six intervals from 100 to
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200 mm, and the Cody-calibrated values (AloO3) 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 com-
parison of the trends, simple confusion matrices were generated to
examine how data points shifted relative to their respective means,

Zr/Rb
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Mudstone
with rare silt

Laminated
mudstone/siltstone

Starved-ripple
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Fig. 7. Core photo, lithofacies, BI, measured section, and yXRF-derived elements 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 Fig. 8 and the blue band represents the track of the 8
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. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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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. Nearly all of the elements show
simultaneous movements in both datasets, with the raw Ca trend
showing the least similarity (60%) to the calcium oxide (CaOjcp.ors)
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 ma-
terial 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 3.2); a longer exposure time (e.g., 30 s) may
increase the correlation of these proxies.

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; Fig. 7). Petrographic
analysis of thin sections showed that the sandstone 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 (Fig. 8). Using X-ray
diffraction (XRD) on a different section of the same core block, Yoon
et al. (2019) 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 Fig. 8A). Mineral
grains in the mudstone were too small for visual identification but XRD
analysis (Yoon et al., 2019) indicated these laminae to be dominated by
illite and kaolinite, with higher concentrations of organic carbon rela-
tive 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

Table 2

Confusion matrix results of single and ratioed elements; Redox =V + Cr + U. In
the Cody-calibrated ;4XRF dataset, all but three Rb values were either 1 or 0 so
the Zr/Rb trend could not be compared to the ICP trend accurately. Same (1):
values (ICP and pXRF) responded the same relative to their respective means;
Diverge (0): values responded in opposite directions relative to their respective
means.

Single Elements

Oxides
Al,05 SiO, K>0 TiO, Fey05 CaO MnO
Same 13 14 14 14 14 12 13
Diverge 2 1 1 1 1 3 2
Raw Elements
Al Si K Ti 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/TiO, MnO/TiO, Fe,03/K,0
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
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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 sedi-
mentary 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, Chondrites, Helminthopsis, and Zoophycos were
identified, which form the Crugiana ichnofacies (MacFachern et al.,
2010) or the more proximal Phycosiphon ichnofacies recently described
by MacEachern and Bann (2020), indicative of deposition in the sub-
littoral zone on a moderate-to low-energy medial shelf. Very rare (~10
total) ‘rotalid’ and ‘bolivinid’ 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 (Fig. 8C and D) and would
produce anomalously high Ca values if the yXRF analysis passed over
one directly, which could explain the lesser degree of correlation be-
tween the Itrax- and ICP-derived Ca concentrations.

Laminae were characterised and grouped according to their grain
size, sedimentary 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 (Fig. 9); no ripples were observed that showed a
highly asymmetric cross-section (i.e., unidirectional current ripple). 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 grading, often with sharp and
scoured basal contacts, and inverse grading, with evidence of bio-
turbation 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 (Bhattacharya and MacEachern,
2009).

Increasing thickness and frequency of sandstone laminae was used to
identify laminasets, 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 lami-
naset, 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 (Microf-
acies 5) up to 80 mm. Bioturbation, which has been used as a proxy for
sedimentation rate (e.g., Bhattacharya et al., 2019, 2020), is higher at
the top of LS2 than LS1, including a large Zoophycos burrow at 100 mm,
indicating a significant decrease in the sedimentation 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 milli-
metres 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 up-
ward successions with abrupt basal contacts and evidence of scour
indicating more frequent, higher energy events. This pattern of fining
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Fig. 8. Thin Section photomicrographs in XPL: A) Grain size and mineral content comparison between the sandstone and mudstone intervals (Carb = Carbonate, Qz
= Quartz, scale bar = 0.25 mm). As noted in the text, the carbonate grains may actually be feldspar coated in calcite as seen by Yoon et al. (2019); B) Fine-grained
laminations in a siltstone-dominant heterolith (Microfacies 2). The mostly continuous laminations are indicative of the intermediate mudbelt; note the fine organic
matter (OM) condensed horizons (scale bar = 1 mm); C-D) Benthic, rotalid calcareous foraminifera with infilled chambers of carbonate cement (scale bars =

0.25 mm).

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 evi-
dence of wave reworking (i.e. more parallel laminations) so the area of
deposition may have shifted slightly below storm-wave base. Alterna-
tively, 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 sedimen-
tation 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).

4. Discussion
4.1. uXRF and lithology

The yXRF-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 Fig. 7). In this section, the sandstone
intervals had higher Zr/Rb, Si, and Ca values, 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
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fraction, predominantly as zircons, while rubidium resides in the clay
fraction from weathered aluminosilicates (Wang et al., 2011; Beil et al.,
2018). The positive correlation between Si and Ca that we identified 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 win-
nowing and subsequent carbonate cementation at the trangressive sur-
face, 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 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 correlation 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
Fig. 9).

Comparing the elemental intensity trends from the yXRF data to thin
sections also allowed for a better understanding of the mineralogy
(Fig. 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



J.J. Gabriel et al.

Marine and Petroleum Geology 140 (2022) 105662

Ti Zr/Rb
10 O 2:5

—

. 8
Si

Fig. 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. P1
= Planolites, OM = organic matter, Py = Pyrite (see Fig. 10). Ti and Si values are in kilo-counts (kcts). (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

(Fex03), associated with carbonate as siderite (FeCOs3), or associated
with sulphur as pyrite (FeSy) depending on whether it’s Fe>* or Fe>* as a
result of the redox state in the sediments (Tribovillard et al., 2006; Little
et al., 2015). 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 pres-
ence 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
Fig. 9A); this relationship could prove effective at identifying anoxic
intervals in longer cores.

4.2. Depositional environment

Both the lithofacies and ichnofacies indicate the depositional envi-
ronment 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 systems
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 inter-
face 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
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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 distance 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, tempestite,
turbidite; Mulder et al., 2003; Macquaker et al., 2010; Schieber, 2016)).
Our results show that adding chemofacies analysis using 4XRF 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) based on a discriminant function (e.g. Euclidean distance
between the node parameters and the observation). The SOM algorithm
is iterative so the parameters of each node are continuously 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 relationships. 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’ (Fig. 11). The two main elemental con-
trols on the superclusters 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 sub-
marine sediment flows aided by turbulent conditions at the seabed from
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wave action. Based on the combined characteristics, these sediments
were likely deposited in the intermediate mudbelt, at or just below storm

wave base (see Fig. 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 Fig. 6),

4.3. Implications for petroleum geology

which would indicate more intense weathering of terrestrial rocks
(Zarriess and Mackensen, 2010; Zarriess et al., 2011).

The chemofacies analysis of elemental trends and clusters
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demonstrated promising results for application to hydrocarbon explo-
ration 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 ratios, and high-resolution vertical
sampling obtained from yXRF core scanning allow for a more compre-
hensive investigation of the facies and have the potential to allow for
more precise mapping (see Turner et al., 2016). For example, the pres-
ence of increased Sr in the sandstone layers indicates that these
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sediments were remobilised by wave action from a shallow marine
environment as opposed to being directly river-fed, which provides in-
formation on the water depth and distance from shoreline. This infor-
mation 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 increased carbonate and silica cement,
influences the geometry and extent of hydraulically induced fractures.
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Weaker, softer mudstones exhibit ductile deformation and may cause
induced fractures to close due to rock creep. Yoon et al. (2019) inves-
tigated the mechanical properties of the macro- and microfacies and
their correlation to grain size and mineralogic 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 yXRF analysis has the resolution
needed to rapidly characterise the microfacies 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 significant 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 che-
mofacies but still has the ability to use previous knowledge to interpret
depositional mechanisms and environments. Our superclusters corre-
sponded 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 iden-
tifying regional bounding surfaces.

5. Conclusion

The data obtained from fine-grained sedimentary rock using an Itrax
uXRF core scanner showed the same high level of reproducibility as
previously demonstrated on soft sediment cores, with some major ele-
ments even demonstrating direct correlation between separate scans (Ca
and Fe; R? = 1). The common elements Al, Ti, K, Fe, Si, Ca, and Mn
showed moderate to 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 ppm). Overall,
there was no significant impact to the correlation between uXRF
elemental intensities and ICP-derived concentrations after calibrating
the yXRF 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 yXRF 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 evident indicating that the application of this method to longer
successions of Mancos Shale could allow for a more accurate recon-
struction 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, palaeocurrent 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
palaeoenvironmental reconstructions using uXRF-derived elemental
abundances as they minimise the sources of error caused by matrix ef-
fects in unconsolidated sediments such as organic matter, pore space,
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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 hia-
tuses as frequently. The elemental trends and ratios used in this study
were able to provide accurate information about petrography, deposi-
tional 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 observa-
tions and was completed in less than 6 h 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 under-
standing of the climate system in a hothouse world.
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