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Abstract

The Upland Complex (UC) on the southern half of Crowley’s Ridge in Northeastern
Arkansas is a 2.6 to 0.2 Ma high-energy, braided sand and gravel containing two thin zones of
clay preserved near the top of the UC. Minimum age of the clay was acquired from overlying
Brown and Foreman (2012) thermoluminescence ages and maximum age was acquired from
Odom et al. (2019) Al/Be age of the basal UC. This project aims to discern if these clay layers
formed from pyroclastic material and if so, what the provenance of the parent material is. The
investigation of the clay layers included a lithofacies analyses coupled with X-ray diffraction
(XRD) and Scanning Electron Microscopy-Energy Dispersive X-ray spectroscopy (SEM-EDS).
SEM-EDS analysis of the clay identified igneous minerals such as sanidine, volcanic glass,
albite, leucite, and pumice grains. XRD analysis indicated that kaolinite content in the gravels
and sands was higher than in the clay, which is interpreted as an in-situ weathering product. This
is in contrast to the clay rich layers which are dominated by illite-smectite, indicating an igneous
origin. The presence of igneous components and the occurrence of montmorillonite and altered
volcanic glass indicates the clay has a pyroclastic origin. Igneous components identified in SEM-
EDS were not limited to clay layers, but were also present in the clay fraction of sands and
gravels.

The lithofacies analysis identified nine lithofacies organized into four architectural
elements. The gravel and sand lithofacies were organized into gravel bars and bedform

architectural elements interpreted as braided ancestral Mississippi River deposits. Clay layers



were assigned an abandoned channel architectural element and interpreted as abandoned
barchute deposits. In this instance, ash fall layers were deposited in a high energy fresh water
environment and then altered into smectite. The alteration of smectite to illite-smectite likely
occurred through K-fixation induced by repetitive wetting and drying cycles.

Potential sources of the igneous material include the Valles Caldera, Yellowstone Caldera,
Acoculco Caldera, and Long Valley Caldera, however the Yellowstone eruptions seem most

probable because of their explosive and voluminous eruptions.
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Chapter 1

Introduction

Crowley’s Ridge (CR) is a topographic ridge within the northern Mississippi River
Valley of northeastern Arkansas and southern Missouri (Figure 1). The clay rich horizons were
found in numerous gravel and sand layers known as the Upland Complex (UC) a ~3.0 Ma
ancestral Mississippi River alluvium found on Crowley’s Ridge (Odom et al., 2020). The clay
layers were discovered by my advisor Dr. Ron Counts while conducting research on the UC in
Crowley’s Ridge. These gravels typically represent high energy environments and clays indicate
low-energy settings, the close association between these two lithofacies prompted a reevaluation
of the UC system.

An investigation of these clay rich horizons was conducted at Drum Pit in the southern
portion of CR, ~25 km south of Jonesboro and ~6 km north of Harrisburg (Figure 2). This study
builds on a preliminary X-ray diffraction (XRD) analysis of the clay, performed at the University
of Cincinnati, which revealed that the clay included smectite (Warren Huff, personal
communication), a clay mineral that has the potential to form from the alteration of pyroclastic
material (Southard & Miller 1966; Denton et al., 2009; Huff, 2016; Badurina et al., 2021).

This reseach tests the hypothesis that the clay-rich layers present in the Drum pit formed
from the weathering of pyroclastic material that accumulated in a fluvial system and was later
deposited in an abandoned channel. The objective of this project is to use lithofacies analysis

(LA) to investigate the depositional environments and the mechanisms that transported the clay.



In addition to LA and XRD, Scanning Electron Microscopy-Energy Dispersive X-ray
spectroscopy (SEM-EDS) was utilized to study the global and clay fraction mineralogy, and

phase chemistry in order to determine clay mineralogy, microtexture and likely provenance.
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Figure 1. Digital Elevation Model of Crowley's Ridge. White line is the modern Mississippi River
Channel. The blue dot is the study area.
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Figure 2. Study Area relative to Harrisburg, AR.



Chapter 2

Geologic Background

2.1 Mississippi Embayment

2.1.1 Formation of the Mississippi Embayment

The Mississippi Embayment (MSE) is a structural trough extending northward along the
axis of the Mississippi River from the Gulf of Mexico into southern Illinois (Dockery &
Thompson, 2016) (Figure 3). The MSE is a Late Cretaceous and early Tertiary sedimentary basin
that forms a northward excursion of the Gulf of Mexico and is an extension of the coastal plain
(Stearns, 1957). This feature became an active basin in the Late Cretaceous and early Paleocene
and is a part of the larger Gulf of Mexico Basin Region (Dockery & Thompson, 2016).

The MSE lies within the failed arm of a late Precambrian triple junction associated with
rifting and the opening of the Gulf of Mexico (Burke & Dewey, 1973; Ervin & McGinnis, 1975;
Stein et al., 2022). Geophysical research using seismic refraction (Mooney et al., 1983)
reinforced the idea that the MSE is the site of a Late Precambrian continental rift that was
reactivated in the Mesozoic. The seismic refraction survey revealed that the crust of the MSE
includes two layers that represent departures from the standard continental crust and suggest
sediment was deposited in the graben after rifting, and the lower crust has been altered by
injection of mantle material (Mooney et al., 1983).

The exact mechanisms that caused the failed rifting beneath the MSE debated. The first

theory attributes the formation of the MSE to isostatic disequilibrium due to the intrusion of



high-density rocks, prompting renewed subsidence (Ervin & McGinnis, 1975). A second theory
hypothesizes that the MSE formed from the Mississippi Valley graben (MVG) passing over the
Bermuda hotspot ~90 Ma (Braile et al., 1986; Cox & Van Arsdale, 1997). The graben was
perturbed by passage over the Bermuda hotspot, which caused uplift of the fault blocks, and
intrusion of magma along fault planes and decreased lithospheric strength (Cox & Van Arsdale,
1997). Following the thermal doming from passage of rifted crust over a mantle hotspot,

subsidence and erosion of the graben ensued (Cox & Van Arsdale, 2002).



Figure 3. DEM of the Mississippi Embayment (R. Van Arsdale, 2009). The Mississippi
Embayment in green and yellow; Mississippi River Valley in gray. C— Cairo, lllinois;
M—Memphis, Tennessee; BR—Baton Rouge, Louisiana; OZ—Ozark Mountains; A—
Appalachian Mountains; O—Quachita Mountains; LR—Little Rock, Arkansas; NO—New
Orleans, Louisiana; ND—Nashville dome (modified from the U.S. Geological Survey).
Central Mississippi River Valley is shown in box. Crowley’s Ridge is the topographic
high region in the upper MSE.



2.1.2 Geology of the Northern Embayment

Subsurface data suggest that the northern MSE Cretaceous, Paleocene, and lower Eocene
deposition started with the deposition of the Cretaceous nonmarine Tuscaloosa formation
(Stearns, 1957). Marine advance and depositional limits reached a maximum in the Paleocene
with the deposition of the Porters Creek Clay, which once generally extended beyond the MSE
limit (Cushing et al., 1964).

The entire MSE is underlain by igneous rocks that form the synclinal structure of the
MSE, that are Paleozoic in age (Cushing et al., 1964). Cretaceous deposits rest unconformably
on Paleozoic bedrock throughout the MSE except in the extreme southern part, where Lower
Cretaceous deposits overlie truncated Jurassic strata (Stearns, 1957).

Paleocene Midway Group strata underlie the Eocene and overlie the Upper Cretaceous
strata (Stearns, 1957). The Paleocene strata is composed of nearly 300 m of predominantly dark
clay (Stearns, 1957, Autin et al., 1991). The Midway Group constitutes the entire Paleocene
Series except in northern Louisiana, where the lower part of the Wilcox Group is included
(Stearns, 1957).

Eocene sediments crop out or underlie about 70 % of the MSE and are thickest in the
southeastern part of the region, where marine sediment provide a basis for unit differentiation
(Stearns, 1957). The Eocene rocks are divided, in ascending order, into the Wilcox Group,
Claiborne Group, and Jackson Group .

Quaternary deposits unconformably overlie Eocene sediments and cover much of the
Coastal Plain surface, including Pleistocene and Holocene sands, gravels, and clays from alluvial
floodplain surfaces and terraces (Stearns, 1957). Loess covers much of the area east of the

Mississippi River alluvial plain and caps CR (West et al., 1980).



2.2 Crowley’s Ridge

2.2.1 Modern Geomorphology

CR is a topographic ridge located in Eastern Arkansas (AR) and Southeast Missouri
(MO). CR is 18 km wide at its widest, and extends ~320 km from Helena, AR to Thebes, Illinois
(IL), dividing the northern MSE into the Eastern and Western lowlands (Jobe et al., 2020 Figure
1). The ridge stands 30 to 60 m higher than the adjoining Eastern and Western Lowlands
(Guccione et al., 1986) and the northern third of the ridge is generally steeper on its western
margin, indicating an overall eastward tilt of the topography (Cox, 1988). Geomorphic analysis
indicates CR is composed of three fault-bounded blocks, each 5-10 km wide (Boyd & Schumm,
1995).

CR can be divided into three distinct geomorphological regions; northern CR, central CR,
and southern CR, all defined by their own distinct differences in landscapes, elevation and tilt.
These distinctions include erosional and tectonic features that have shaped the morphology of the

ridge (Jobe et al., 2020).

2.2.2 Formation of Crowley’s Ridge

Earlier research on CR interpreted the ridge to be an erosional remnant created by
incision of an ancient alluvial surface by the paleo-Mississippi and paleo-Ohio Rivers, with the
ancestral Mississippi River flowing on the western side of CR and the ancestral Ohio River on
the eastern side of CR (Guccione et al., 1986; VVan Arsdale et al., 1995). Later research found
that CR is also fault bounded (Van Arsdale et al., 1995) and that the northern part is still
seismically active (Baldwin et al., 2006). More recent research, however has inferred CR to be a

tectonic landform bounded by active Quaternary faults (Jobe et al., 2020).



2.2.3 Geology of Crowley’s Ridge

CR consists of Paleocene to Oligocene basin fill sediment overlain by Pleistocene and
Pliocene sediment (Hayward et al., 1988). The Wilcox Group is the oldest unit ranging from
Paleocene to Eocene and is ~236 m thick at the southern edge of the ridge and consists of
interbedded sand, silt, clay, and some lignite, all deposited in a fluvial deltaic environment
(Meissner, 1984).

The Eocene Claiborne Group overlies the Wilcox and is exposed along flanks of the ridge
(Guccione et al., 1986). The Claiborne sediments consist of fine sand, silt, sandy clays, and some
minor lignite, all deposited in deltaic and nearshore marine environments (Meissner, 1984)

The Jackson Group overlies the Claiborne Group and is exposed in the southernmost
portion of CR. Here, the sediments are approximately 150 m thick and consist of sandy clay, silt,
and glauconitic, fossiliferous sandy clay deposited in a nearshore marine environment (Stearns,
1957). The Jackson Group was deposited during the last marine transgression and outcrops
throughout the ridge, but this group is often not present in the southern part of the ridge (Wilbert,
1953).

The sand and gravel unit known as the Upland Complex (UC) overlies the Jackson Group
on CR and varies in thickness from 0 to 38 m. In outcrops, the UC is continuous for hundreds of
meters laterally. The texture of the sand and gravel is coarse, poorly sorted, and subrounded. In
gravel beds, sub-rounded and imbricated clasts are granule to pebble in size, commonly with a
medium to coarse sand matrix. The Pliocene UC gravels exposed on the ridge are interpreted as
being deposited dominantly in braided streams and coarse-grained meandering stream
environments (Hayward et al., 1988). The gravel has also been interpreted to represent the

depositional environment of a floodplain (Guccione et al., 1986).
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The Pliocene strata are capped by multiple Pleistocene loess sheets. The loess has a
reported thickness of up to 43 m on the southern portion of the ridge (West et al., 1980). The
loess on the northern parts of the ridge is noticeably thin to nonexistent in some outcrops

(Guccione et al., 1986).
2.3 The Upland Complex

2.3.1 Petrology of the Upland Complex

Early research defined the UC as a layer that represented a fluvial deposit that is
discontinuously preserved on drainage divides from western Kentucky (KY) to Louisiana (LA)
along the eastern side of the Mississippi River valley and on CR from southern IL into eastern
AR (Potter, 1955). The mineralogy and petrology of early investigations defined the UC as
coarse grained gravels and sands. (Potter, 1955; Autin, 1996).

Lumsden et al. (2016) did a an analysis of the UC, sampling 18 exposures in TN, KY,
MS, MO, and IL Optical petrography, grain size analysis, heavy mineral analysis, and X-ray
diffraction were used to investigate the petrology of the gravel. Lumsden et al. (2016) reported
that the UC consisted of massive bedded, well rounded chert pebble gravel and coarse quartz
sand. Gravel clasts were almost entirely chert with some polycrystalline quartzite (<5%)
(Lumsden et al., 2016).

Sand textures included abundant, sharply angular, limpid, deeply embayed grains of
monocrystalline and polycrystalline quartz, and continuous quartz overgrowths were observed on
dust rims of monocrystalline quartz grains and grains of fine sandstone (Lumsden et al., 2016).
Grains also exhibit polycrystalline texture with complex sutured contacts among crystallites.
Abundant angular and unaltered feldspar (both K-feldspar and plagioclase) in CR samples were

also observed (Lumsden et al., 2016).
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There are several inferred depostional environments for the UC. One is that it is a meandering
stream deposit, inferred from the presence of large relict meanders preserved in the UC (Cox et
al., 2014). While another interpretation has suggested the UC was a braided stream deposit based

off petrological analysis and sedimentary structures (Lumsden et al., 2016).
2.4 Loess on Crowley’s Ridge

2.4.1 Deposition of Loess

Loess is terrestrial clastic sediment, composed predominantly of silt-sized particles, and
essentially thick accumulations of wind-blown dust (Pye, 1995). Extensive loess-paleosol
pairings on CR record the cyclical transitions between stable landscape conditions during
interglacial periods with pedogenesis, and rapid loess accumulation during glacial periods
(Brown & Forman, 2012).

Loess units on the ridge, from the oldest to youngest include: Marianna silt, Crowley’s
Ridge loess, Loveland loess, Roxana silt, and Peoria loess (Rutledge st al., 1996; Markewich et
al. 2011; Brown & Forman, 2012; Figure 4). The upper parts of four of the units have been
pedogenically modified (Crowley’s Ridge loess, Loveland loess, Roxana silt, and Peoria loess)
(Rutledge et al., 1996).
2.4.2 Ages of the Loess Units

Research on the ages of Mississippi Valley loess has been extensive, but many of the
different methods applied to dating the loess have yielded different results. One of the oldest
suspected ages of the loess deposits is the Crowley’s Ridge loess (Figure 5), which has ages of
>~159-274 ka (Forman & Pierson, 2002). The Teneriffe Silt, a supposed correlative deposit of
the Loveland loess, yielded younger thermoluminescence ages of ~70-100 ka (Maat & Johnson,

1996; Forman & Pierson, 2002). Overlying Crowley’s Ridge loess is the Loveland loess (Figure

12



5) which was deposited during the Illinoian Glaciation (Rutledge et al., 1996; Grimley, 2003).
The Loveland loess (Figure 5) has luminescence ages ranging from ~ 110-180 ka (Forman &
Pierson, 2002; Maat & Johnson, 1996). The Sangamon geosol is formed on the Loveland loess
and seperates it from the overlying Roxana silt (Muhs & Bettis, 2000; Forman & Pierson, 2002;
Grimley, 2003). The Roxana silt was deposited ~30-55 ka (Brown & Forman, 2012) and is
seperated from the overlying Peoria loess by the Farmdale geosol (West et al., 1980). The
youngest loess deposit is the Peoria loess (Figure 5), deposited during the last glacial advance,

with ages that range from ~12-25 ka (Brown & Forman, 2012).
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Figure 4 Drum pit loess stratigraphy, and ages from Brown and Forman (2012)
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2.5 Study Area
2.5.1 Location of Study Area

The study area is located in a private gravel mining pit owned by Jeff Drum and is 30 km
south of Jonesboro and 5.6 km northeast of Harrisburg, off Highway one (35°36'33.75"N,
90°41'27.32"W). The pit is referred to as Drum pit and is accessible via a dirt road from the west
side of the ridge on Massengill Road past Bolivar cemetery (Figure 5). The outcrop of interest

for this study is located on the eastern most boundary of the pit.
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Figure 5 Satellite Imagery and locations of outcrops in Drum pit. The eastern and western
outcrop are labeled with red dots.
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Chapter 3

Materials and Methods

3.1 Sample Collection

Samples were collected from two exposures within Drum Pit in Poinsett County,
Arkansas with permission from the owner, Jeff Drum. The two outcrops were separated by ~10
m in distance from each other. Detailed field notes and descriptions were recorded in the field.
Color was documented with the use of a Munsell color chart, and measured sections of both
outcrops were created in the field. At the western outcrop and eastern outcrop samples were
collected from different horizons defined by changes in lithology, grain size, matrix fabric, and
sedimentary structures and geometry (Figures 6 and 7). Samples were collected with spades, and
shovels. Samples were collected and put in brown film bags. The bags had a volume comparable

to a liter and each was filled to capacity (Table 1)
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Table 1. Overview and general information on analyzed clay samples

Height . Thickness  Applied
Sample  Outcrop (m) Stratigraphy Texture  Color (m) methods
XRD,
. Fine Gray SEM-
E8 East 1.95 clay rich layer grained  (10YR 7/1) 0.2 EDS,
ICP-MS
Yellow XRD,
E7 East 175 farr?jslgegfe" Cr‘;?;zz (2.5YR 0.4 SEM-
y g 5/8) EDS
XRD,
. Fine Gray SEM-
E5 East 1.35 Clay rich layer grained  (10YR 7/1) 0.1 EDS,
ICP-MS
XRD,
Nodular Clay  Fine Yellow SEM-
B4 East 1.25 laminae grained  (10YR 6/2) 0.05 EDS,
ICP-MS
Unconsolidated Yellow >S(I§I\5|)
E3 East 1.2 ?z;a(\e/fl and sand Pebbles (10YR 3/4) 0.5 EDS,
y ICP-MS
XRD,
Coarse  Yellow (10 SEM-
E2 East 0.75 Sand lens grained YR 6/6) 0.15 EDS,
ICP-MS
Unconsolidated Yellow
El East 0.6 gravel and sand Pebbles (2.5YR 0.6 ICP-MS
layer 3/4)
XRD,
. Fine Gray SEM-
W2 West 3.21 clay rich layer grained  (10YR 7/1) 0.25 EDS,
ICP-MS
XRD,
. Fine Gray SEM-
w1 West 4.29 clay rich layer grained  (10YR 7/1) 0.17 EDS,
ICP-MS

Munsell Color chart abbreviations YR = Yellow Red. Applied Methods: X-ray diffraction (XRD),

Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy (SEM-EDS), ICP-MS
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Figure 6 Western outcrop sample location
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Figure 7 Eastern outcrop sample locations
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3.2 Lithofacies Analysis

The eastern and western outcrops were photographed using a digital single lens reflex
camera at ground level in Drum Pit. Outcrop descriptions, detailed field notes, and measured
stratigraphic sections are the basis for classification of lithofacies and the assessment of
stratigraphic architecture. Architectural elements were separated using a classification system
dependent on sediment composition, sediment body geometry and relationships, and sedimentary
structures (Miall, 2013).
3.3 X-Ray Powder Diffraction and Interpretation

X-ray powder diffraction was performed on the global sample and clay fraction for
samples E2, E3, E4, E5, E7, and E8. For samples W1 and W2, however, just the global sample
was measured. Sample preparation initially included sieving with the 63 um sieve before
powdering with an agate mortar and pestle prior to whole rock XRD measurements. The clay
fraction was separated according to Moore and Reynolds (1997) and Zanoni et al. (2016), which
included sonication and centrifugation. Oriented mounts were prepared by pipetting the
suspension made from centrifugation was then put on glass slides and left to dry at room
temperature overnight. The thickness of the prepared mounts exceeded 50 um, which is required
for semi-quantitative determination of the clay mineral content (Moore and Reynolds, 1997). The
measurements were taken in air-dried (AD) conditions and after ethylene-glycol (EG) saturation
at the Geosciences Clay Laboratory of Texas Tech University (TTU) using a Bruker D8 Advance
diffractometer. Measurement parameters consisted of 1 mm divergent and receiving slits with a
step scan in Bragg- Brentano geometry which uses a CuKa radiation (45 kV and 40 mA).
Sample mounts were scanned at a counting time of 1.8 s per 0.02°26 from 3 to 70 and from 3 to

30 °20 for the whole rock and the clay fraction, respectively.
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XRD pattern interpretation was conducted using Bruker EVA software and the PDF4+
database published by the International Centre for Diffraction Data. Qualitative identification
was determined by searching for mineral phases with corresponding peaks in a diffractogram.
Selection occurred by pairing specific mineral phases from the PDF4+ database to the strongest
peaks in a diffractogram. Mineral phases were confirmed by looking at weaker peaks in a
diffraction pattern and comparing their positions to the suggested mineral. Each mineral selected
in a diffraction pattern would eliminate its associated peaks from further consideration. This

process was repeated until all the peaks had a mineral phase associated to them.

3.4 Modeling and Qualitative Description of Clay Minerals

X-ray diffraction patterns of clays from sample E5 were modelled using the Sybilla®
software (Chevron™), which is based on mathematical formalism provided by Drits and
Sakharov (1976). Sybilla® modelling was used to reveal the nature of mixed-layer clay minerals
reported in the sample E5. Sample E5 was used because it was a representative sample of the
illite-smectite rich clay layer. Modelling first included a trial-and-error procedure that yielded
optimal clay mineral structural and probability parameters, which enabled the best fit to be
obtained between experimental and calculated positions and intensities of basal reflections for
each mineral present in the sample. Once the parameters of all the modelled phases had been set,
the content of each phase could be adjusted to match the original pattern as far as possible.
To produce the modelled E5 pattern two discrete phases were introduced (illite, and kaolinite)

and two mixed-layer minerals (RO I-S-S and R1 I-S-S).

3.5 Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy

SEM analyses were carried out by means of a Zeiss Crossbeam 540 apparatus equipped

with an energy-dispersive spectrometer (EDS) at the Texas Tech Microscopy Center of the
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College of Arts and Sciences. Carbon-coated thin sections of samples W1 and W2, in addition to
carbon-coated powders from samples E2, E3, E4, E5, E7, and E8 were used for this
investigation. The measurements were performed at high vacuum, 15 kV and ~1 nA, with two
silicon drift energy dispersive X-ray detectors from Oxford Instruments. High-resolution back-
scatter electron images have been acquired using a 4-quadrant-backscatter detector. EDS
analyses were performed on spots with a diameter of at least 100 nm and an acquisition live time
of 20 s. The Zeiss AZtec software (Oxford Instruments, Oxford, UK) was used for EDS spectra
quantification in a standardless mode. Chemical data were used as oxide percentages and were

normalized to 100%.
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Chapter 4

Results

4.1 Geology of the Study Area

The study area is an open mining pit that mines the UC gravel in the ridge for
construction and building applications (Behrman et al., 2019). Three units are present in the
study area, they include from bottom to top: the Eocene Claiborne Group, and the Quaternary
UC, and Quaternary loess (Figure 8). Within the UC are the clay layers which are the primary
interest of this project. There are two distinct bands of clay in the gravel that are parallel to each
other and separated by crossbedded sand. The two clay layers are 10-15 cm thick and have sharp
upper and lower contacts. The layers are gray when fresh but yellow and orange if it has not
rained or if the exposure is not a fresh cut (Table 1).

This project examined two outcrops in Drum pit, a western outcrop and an eastern
outcrop, separated by a couple dozen meters in distance. Both outcrops are very similar, but
show some distinct differences stratigraphically.

The western outcrop (Figure 6) is stratigraphically composed of crossbedded sands and
gravels 3 m thick. Overlying the gravels and sands is the first primary clay rich layer, which is
10-12 cm in thickness with a sharp bottom and top contact. Overlying the clay rich horizon is a
coarse grained crossbedded sand layer a little over half a meter in thickness. Above the
crossbedded sand is the second clay rich layer with a sharp bottom and top contact. A coarse-

grained sand and gravel layer overlies this clay layer. The eastern outcrop (Figure 7) has a basal
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gravel and sand layer that is overlain by a clay rich layer. The clay layer has a nodular clay layer
beneath it with some limonite. The clay boundaries are not as planar as the west outcrop and
have undulating top and bottom contacts. Overlying the clay rich horizon is a crossbedded sand.
Above this layer is the second clay rich layer, with its upper portion missing. The two clay layers
persist throughout out the mining pit. Other similar clay rich layers have been observed
throughout the ridge during preliminary research of the UC by my advisor, Dr. Counts. Recent
fieldwork revealed however that the clay rich horizons have been extracted or no the outcrop

hosting the material no longer exist.
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Loess

Pleistocene -
Holocene

Tan silt and clayey silt, ranges in thickness of 0-18
meters

Quaternary

Upland
Complex

Pliocene

Light gray to buff, medium- to very fine grained silty
sand, interbedded with light gray clayey silt and is
approximately 12 meters thick

Cenozoic

Tertiary

Cook Mountain

Light gray to to light buff clay and silt, contains
variable amounts of sand and lignite, and is approxi-
mately 30-60 meters in thick

Eocene
Claiborne Group

Memphis Sand

Fine- to very coarse grained, light gray-white
quartzose sand; contains pyrite, lignite, and rock
fragments. This layer ranges from 120 meters to
150 meters in thickness

Figure 8 Stratigraphy of Drum pit. The clay layers of interest are located in the UC
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4.2 Lithofacies Analysis
4.1.1 Lithofacies
Clast supported massive gravel (Gem) lithofacies

This is a clast supported, massive to poorly bedded gravel facies with well-rounded to
subrounded pebble and cobble clasts (Table 2). The matrix varies between a sandy and clayey
matrix, with some crudely dipping gravel beds. This gravel sheet extends to the east and west
outcrop (Figure 9A). This lithofacies is generally interpreted to be either inertial bedload or
turbulent flow material ( Miall, 2013).
Matrix supported massive gravel (Gmm) lithofacies

This gravel lithofacies is matrix supported, with well-rounded large to very large pebbles,
with a clayey and sandy matrix (Table 2). Some of these gravel facies have an apparent dip of
less than 30°. The gravel sheet is continuous throughout the eastern and western outcrop (Figures
9A, 10B, and 10C). The Gmm lithofacies represents a high strength or viscous plastic debris
flow (Miall, 2013) or a sheetflood deposit (Blair & McPhearson, 1994).
Matrix supported massive gravel (Gmp) lithofacies

This is a matrix supported planar crossbedded gravel lithofacies found only in the west
outcrop (Table 2). The facies is characterized by well-rounded, very poorly sorted cobbles to
small pebbles with iron and manganese coating. These facies have a very well sorted medium
grained sandy matrix (Figure 9B). Lithofacies Gmp may represent longitudinal bedforms, lag
deposits or sieve deposits (Miall, 2013).
Clast supported massive gravel (Gep) lithofacies

This lithofacies is a poorly sorted, well-rounded small pebble to cobble gravel, clast

supported deposit (Table 2). The unit has pockets of sandy matrix with planar bedding, and clay
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coatings on clasts. This facies is continuous throughout the study area but was absent in the
eastern outcrop (Figure 9D). This lithofacies may be characterized as a clast rich debris flow, a
low strength pseudoplastic debris flow (Miall, 2013), or the basal part of a fining upward
succession in a highly concentrated sediment dispersion that is rapidly aggrading (e.g. Maisels,
1993).
Sandy cross laminated (Sh) lithofacies

The Sh lithofacies is a well sorted, coarse-grained sand and is found in both the eastern
and western outcrops (Figure 10). The principal feature of this facies is horizontal and occasional
cross lamination. This lithofacies is sometimes understood to represent plane-bed flow (critical
flow; Miall, 2013).
Sandy bedded (St) lithofacies

This lithofacies is a very well sorted unoxidized white sand found in both the western and
eastern outcrop (Table 2). The most characteristic feature of this facies is the crossbedding, and
in some parts of the study area includes rizolith casts filled with white unoxidized sand. This
facies only appears in the study area between both clay layers and only when both clay layers are
present (Figures: 9D, 9E, 10A, 10B, and 10C). The St lithofacies can potentially characterize a
lower flow regime (Miall, 2013)
Fine grained laminated (FI) lithofacies

The FI lithofacies is a well sorted silty clay to clay rich layer (Table 2). Features in these
lithofacies include horizontal laminations and vertical fractures. This lithofacies appears in the
eastern outcrop but in some areas will pinch out and then reappear. The upper and lower contact
of this facies is always distinct but is sometimes scoured or wavy. This facies is found in both the

eastern and western outcrops (Figures: 9B, 9D, 9E, 10A, and 10C). This fine grained lithofacies
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can be interpreted to represent an overbank, abandoned channel, or waning flood deposit (Miall,
2013).
Fine grained structureless (Fm) lithofacies

This is a well sorted clay rich facies and is found in both the western and eastern outcrop
(Table 2). This facies lacks sedimentary structure and is continuous throughout the outcrop and
has variable thickness (Figures: 9C, 9D, 9E, and 10C). Lithofacies Fm can characterize an
overbank, abandoned channel, or drape deposit (Miall, 2013). This lithofacies commonly occurs
within gravelly and sandy braided sediments where they represent deposits from standing pools
of water during low stage abandonment (Miall, 2013).
Nodular clay layer (Fn) lithofacies

This unique facies is a nodular clay that only occurs beneath the lowermost clay layer in
the eastern outcrop. The nodular clay is brown and well sorted with very thin, and distinct
boundaries (10A). The nodules have a similar mineralogy to the clay layer above it and may be a

product of clays leeching.
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Table 2 Lithofacies Association
Occurrence,
estimated
Sedimentary volumetric Present in the West
. . . Color structures, soil Sedimentary abundance (VA; or East outcrop or
Lithofacies Texture sorting (range) structure, and Geometries Contacts 1 =minimal, 5= both (W=West,
other features major) and E=East)
lithofacies
associations
Matrix
supported,
large to v. Sheets that
large well- . . are 25-30 cm .
rounded moderately- 7.5YR gogfegfz?lz%},vzlgl thick and Gr?gﬁ:;g?al
Gem pebbles, with poorly 5/6- aﬁg 24° O(E)casional extending above and Va=5 w
a med. to c. sorted 2.5YR 4/8 fining ubward trend laterally for below
grained sand ' tens of
matrix of meters
quartz grain
composition.
Matrix
supported,
large to v. Sheets that
large well- are 25-30 cm .
rounded oorl thick and Gr;()jr?tt;(():?al
Gmm pebbles, with V.sgrtedy 2.5YR 6/8 extending above and Va=3 W and E
am.toc. laterally for below
grained sand tens of
matrix of meters

quartz grain
composition.
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Matrix
supported,
cobble to
small pebble
gravel

Gmp

Clast
supported,
well rounded
large cobble
to small
pebble
gravel, with
pockets of
sand. Very
little clay in
matrix,
however clay
that is present
is a coating
or film on
cobbles

Gep

C. grained,
horizontally
Sh laminated
oxidized
sand.

Quartz grain
St sand

Sheets that

are 10-20 cm .
i thick Gradational
oorly . In thickness contact
P 2.5YR 4/8 Sandy Crossbedding  and extend
sorted laterally for above and
y below
tens of
meters
Sheets are
two meters .
thick and Gradational
poorly 5y as6 extend contact
sorted laterally for above and
y below
tens of
meters
Lens is 3-5
cmin
10YR Horizontal and thickness and Sharp
7/1-2.5Y . upper and
well sorted occasional cross extends
8/3-5YR oo lower
lamination. laterally for
6/8 contact
tens of
meters
Lens is 20-50 Shar
Rizolith casts filled cmin upper apnd
well sorted 2.5YR5/8 with white thickness and pIF(J)wer
unoxidized sand extends
contact

laterally for

Va=2 W
W
Va=2
Va=2 W and E
Va=1 W and E
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tens of

meters
Lens is 12-15
cm in Shar
Clav-silt 10YR Horizontally thicknessand :fnd
Fl c):a y well sorted 6/2- laminated, with extends pII(J)wer Va=2 W and E
y 2.5YR5/6 vertical cracks laterally for
contact
tens of
meters
Lens is _12-15 W and E
cmin Undulatin
silty clay, 10YR thickness and sharo u e?r
Fm with red well sorted 6/2- Structureless extends an deO\?vFér Va=3
stains 2.5YR 5/6 laterally for
contact
tens of
meters
Lensis 3-5 Distinct
cmin upper and
Fn Nodular Clay  well sorted 10YR 6/2 thickness and pl?)wer Va=1 E
extends tens
boundary
of meters

Munsell Color Chart Abbreviations: YR = Yellow Red. Texture Abbreviations; v = very, m = medium, c. = coarse
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Figure 9 Western Lithofacies. A Gravel lithofacies at the bottom of the section, B fine grained
lithofacies overlying gravel lithofacies and underlying sandy lithofacies C fine grained
lithofacies D Both fine grained lithofacies with interbedded sand lithofacies E Overall Western
outcrop
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Figure 10 Eastern Lithofacies A fine grained lithofacies overlying nodular clay lithofacies and
underlying gravel lithofacies B Gravel lithofacies C Sandy Lithofacies underlying fine grained
lithofacies
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4.1.2 Architectural Elements

Lithofacies were organized into architectural elements based on Miall’s (2013) and
Dalrymple and James (2010) classification systems.

Channels (Gravel Bars and Bedforms and Sandy bars and Bedforms))

Facies may have been deposited within a channel architectural element (Table 3). Most
coarse gravel deposits in fluvial systems are deposited in channels (Miall, 2013). Lithofacies that
define architectural elements can include almost any lithofacies. This architectural element can
represent a sheet concave up erosional base, or an internal concave up 3™ order erosion surface
(Table 3 Dalrymple & James, 2010).

Gravel Bars and Bedforms (Gmm, Gmp, Gcp, and Gem)

Gravel Bars (GB) are generally characterized by the presence of gravel and sand facies
that exhibit clast and matrix supported sorting. GB are sheets of gravel with coarse grained to
cobble clast and variable sand, clay, or clayey sand matrix. This element is weakly bedded and
massive with a yellow orange color when fresh. GB elements are commonly interbedded with
sandy bedform elements and may represent a lens, blanket or tabular body (Table 3) (Dalrymple
& James, 2010).

Sandy Bedforms (St, Sh)

The Sandy Bedforrms (SB) element consist of sandy lithofacies, dominated by
crossbedding sedimentary structures. Typically, this lithofacies appears in the Eastern and
Western outcrop as either a lens or between two fine grained clay rich layers with a sharp top and
bottom contact (Figure 9D and 10C). The SB element can be interpreted to be a minor crevasse

splay, minor bar, channel fills, or a lens (Table 3) (Dalrymple & James, 2010).
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Floodplain Fines and Abandoned Channel (Fm, Fl)

The fine-grained sediments in the exposure could represent a variety of environments.
The fines are typically deposited as continuous layers with laminated bedding. The fine grained
lithofacies can be organized into a Floodplain Fine or Abandoned Channel architectural
elements. Floodplain Fine elements can represent the product of a chute or neck cutoff while an
Abandoned Channel element is interpreted to represent an overbank sheet flow, floodplain pond

or swamp (Table 3) (Dalrymple & James, 2010).
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Table 3 Architectural Elements of the Western and Eastern Outcrops.

Principal
Element Symbol Lithofacies Geometry and Relationships
assemblages

finger, lens or sheet concave-up erosional
base; scale and shape highly variable;

Channels CH any combination . X
internal concave up 3rd order erosion
surface common
Gravel Bars ) _
and GB Gmm, Gmp, Gep lens, blanket; .usually tabula_r bodies;
commonly interbedded with SB
Bedforms
Sandy Lens, sheet, blanket, wedge, occurs as
SB St, Sh . :
Bedforms channel-fills crevasse splays, minor bars
Abandoned
Channel CH(FF) FI, Fm Product of chute or neck cutoff

Table adapted from Dalrymple & James, 2010

37



4.2 XRD Mineralogy

4.2.1 Global Mineralogy
XRD analysis of the global fraction was performed on six samples from the eastern

outcrop (Fm, St, Fl, Fn, and Gmm) and on the two clay rich horizons from the western outcrop
(Figure 11). Global fraction mineralogy revealed a sharp quartz peak at ~26.55 °28and a sharp
K-feldspar peak at ~27.5 °2@that are ubiquitous throughout the samples. Analysis of the global
fraction also revealed that samples: W1, W2, E5, and E4 had nearly identical mineralogy. Global
fraction diffraction images also indicated the presence of phyllosilicates such as illite-smectite,
mica/illite, and kaolinite (Fig. 11), which will be further evaluated during the presentation of the

clay fraction mineralogy.
4.2.2 060 reflection and nature of the octahedral sheet of 2:1 clay mineral

The position of the (060) reflection is beneficial in distinguishing between dioctahedral
and trioctahedral clay minerals (Rich, 1957). The 060 reflection is determined from the randomly
oriented powders of global fraction (Moore & Reynolds, 1997). Dioctahedral smectites have 060
reflections at 1.50-1.52 A, whereas trioctahedral smectites have 060 reflections at 1.53-1.54 A
(Schultz, 1969). Global fraction XRD analysis of the clay rich horizons (Figure 12) revealed the
presence of dioctahedral smectites, which may be identified as montmorillonite, beidellite or

nontronite based on Moore and Reynolds, (1997) (Haldar & Tisljar, 2014)
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Figure 11 XRD Whole-rock pattern from the west and east outcrop showing the presence of
illite-smectite, illite (001), kaolinite (KIn) (001), quartz (Qtz), and K-feldspar (Kfs). Mineral
abbreviations after Kretz (1983)
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4.2.3 Clay Fraction Mineralogy

Clay fraction XRD analysis was performed on the < 2 um fraction (clay fraction) which
was separated from samples E8, E7, E5, E4, E3, and E2 (Fm, St, Fl, Fn, and Gmm). To identify
clay minerals from the smectite group and mixed-layered clay minerals, glycolation was
performed on samples E8, E7, E5, E4, E3 and E2. Thereafter, the XRD pattern of glycolated
samples were compared against untreated ones. Clay minerals present were then identified by
diagnostic basal reflections (Brindley, 1952; Moore & Reynolds, 1997). All XRD traces
indicated similar clay mineralogy among samples, however the abundance of minerals differed
between samples E8, E7, and E2 and samples E5, E4, and E3.

Samples E8, E7, E3, and E2

The <2 um fractions separated and analyzed from the sand and gravel layers (Figure 13B,
13C, 13E and 13F) and the <2 um fractions from the topmost clay rich layer in the eastern
outcrop (Figure 16A) all exhibited similar mineralogy. Samples E8, E7 and E3 (Figure 13A,
13B, and 14F) can be distinguished by an abundance of kaolinite and to a lesser degree illite.

Samples E8 (Figurel3A), and E7 (Figure 13B) had almost identical diffractograms with
diagnostic kaolinite 001 and 002 peaks at 12.28 °26(7.20 A) and 24.9 °26(3.57 A), respectively.
Illite was identified in both these samples with a basal 001 refection at 8.85 °20(3.57 A). Illite-
smectite is present to an even lesser degree with a discrete reflection at 5.18 °26 (17.00 A).

The X-ray diffractogram of sample E3 (Figure 14E) has diagnostic kaolinite 001 and 002
peaks at 12.23 °28and 24.92 °26, respectively. Illite shows a discrete 001 peak at 8.86 °260
(10.05 A) while illite-smectite was identified by its first superstructure reflection (001*) at 5.02
°26(17.57 A) that appeared after glycolation. Sample E3 had less distinct kaolinite peaks

compared to samples E8 and E7, but had a more pronounced 001 illite-smectite peak.
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The sample E2 diffractogram (Figure 14F) displayed a sharper 001 and 002 kaolinite
reflections at 12.25 °26 (7.21 A) and 24.91 °26(3.57 A), respectively compared to sample E3. A
less pronounced illite 001 peak is present in this sample. Illite-smectite 001 reflection was
likewise less defined at 5.02 °26(17.01 A). Sample E2 showed an XRD trace more similar to
samples E8 and E7 than to E3.

Sample E5 and E4

The clay fraction analyzed from the lower clay rich horizon (E5) as well as the
underlying nodular clay (E4) displayed similar mineralogy distinct from the mineral content
exhibited by samples E8, E7, E3, and E2.

Sample E5’s X-ray diffractogram (Figure 13C) exhibited a diagnostic 001 illite-smectite
peak at 5.12 °26(17.18 A) that emerged after glycolation. llite was identified by the 001 peak it
produced at 8.81 °26(10.03 A) while kaolinite was identified by its minute 001 peak at 12.35
°20(7.16 A). This sample stands out from all other samples in its large illite-smectite abundance,
with minor amounts of illite and kaolinite.

Similarly sample E4’s X-ray diffractogram (Figure 14D) has a mineralogy similar to that
of sample E5. This sample was identified by its large 001 illite-smectite peak that appeared after
glycolation at 5.21 °26 (16.69 A) as well as additional 002 and 003 diagnostic peaks appearing at
10.41°20(8.49 A) and 26.62 °26 (3.34 A). Smaller kaolinite reflections were present and
identified by their 001 and 002 peaks at 12.32 °26(7.18 A) and 24.90 °26(3.57 A), respectively.
llite was also present with a 001 peak at 8.85 °20(9.99 A). Sample E4 displayed a diffractogram
similar to sample E5 (Figure 14D), however had a slightly smaller illite-smectite 001 peak with a

marginally higher amount of illite and kaolinite.
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The topmost clay layer (Figure 13A) exhibited a mineralogy different from the lower clay
layer (Figure 13C). The principal difference being that the topmost clay layer had a higher
abundance of kaolinite and the lower clay layer in contrast had less kaolinite and more illite-
smectite. The <2 um fraction mineralogy of the top clay rich horizon had an almost identical
mineralogy to that of the sands and gravels. The global fraction mineralogy of the clay rich
horizons from the western outcrop (W1 and W2) compared to the global fraction of the clay rich
horizons from the eastern outcrop are almost identical with the exception of the top most clay

layer (ES).

43



Kaolinite (001)

7.20A -
Kaolinite (002)

357A

>

lllite-smectite

17.01A 1 EB8 (air dried)

1 E8 (glycolated)

160,000

" g Illite (001)
€ s 9.99A
3
o
8
8
8
g
= ) B LT G L P L AR WL L) WL R VL LS T L A R SR I P T ML L I L AL
5 6 7 8 9 10 1" 12 13 " 15 16 7 18 9 20 21 2 23 24 25 2 21 28 2% 2
2Theta
21 E7 ( glycolated)
B Nite-smectite
4 17.00A ir dri
R Kaolinite (001) E7 ( g d”ed)
. ‘ 7.20A
- 4 ""‘9(0:” Kaolinite (002)
g 9.99 357A
o
H |
o
sz &
.2 8
2
c
3 3
8 =
=
§; k. oy
8]
°I'I'I’l’I'l'I'l'I'l'I'l'l'l'l‘l'l'l'l'l'l'l'I'I'I'I'I
4 s 6 b 4 8 9 10 1n 12 13 14 15 16 17 188 19 20 21 2 2 24 25 26 21 8 29 N
2Theta
Illite-smectite
17.18A
g
g 1 E5 (glycolated)
C g | ES5 (air dried)
8
8
3
£ 3
c
2
8 8
8 Kaolinite (001)
8.
g
y M
c’'I'l'l'I'I'IVI'I'I'I'I'I'I'I'I'I‘I'I'I’I'I'I'I'I'I'I'l
4 5§ 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 21 28 29 W
2Theta
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4.3 Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy

SEM-EDS analysis backscatter electron (BSE) imaging was used to further investigate
clay mineralogy and search for igneous phases to substantiate the hypothesis that the clay rich
layers present in Drum pit formed from the weathering of pyroclastic material that accumulated
in a fluvial system and was later deposited in an abandoned channel. SEM-EDS analysis was
conducted on powders from the eastern outcrop (Tables 4-9) and two thin sections made from
the clay rich horizons from the western outcrop (Table 10-11). Results from the SEM-EDS
analysis found the presence of volcanic glass, sanidine, pumice, albite, and leucite in the clay
rich horizons from the western and eastern outcrop. The analysis also discovered igneous
minerals in the surrounding sand and gravel layers.
Kaolinite, illite and illite-smectite

The SEM-EDS analysis provided the confirmation of minerals found in the XRD
investigation while providing identification of other clay minerals. Kaolinite was an abundant
mineral recognized with BSE imaging and phase chemistry, this mineral was identified by its
morphology that takes the appearance of a book also known as a kaolinite book (Figure 15A) and
high percentage (> 40 wt. %) of Al203 content (Table 4) (Frost & Kristof, 2004). Illite is
characterized by the presence of Si, Al, K, and potentially minor amounts of Fe and Mg and
usually has ~ 5 wt% K,0 and ~ 9 wt% FeO (Srodon, 2006) (Table 8). Similarly, illite-smectite
was recognized by higher concentrations of SiO2 at ~60 wt% and Al203 at ~30 wt% and lesser
amounts of K20, Fe20 and MgO with concentrations ranging from ~1 to 5 wt% (Table 6). BSE
images of hemispherical structures on grain surfaces, are a diagnostic morphological feature of
illite-smectite (Figure 15F) which can be indicative of incomplete glass alteration (de la Fuente

et al., 2000).
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Volcanic Material

Multiple igneous phases were found in almost all samples in the western and eastern
outcrop. Volcanic glass was identified by its angular morphology (Figure 18C) and diagnostic
phase chemistry (Table 4) containing an abundance of ~80 wt.% SiO2 relative to a low amount
of Al20sat 12 wt.%. Pumice was recognized in BSE images by its vesicular texture (Figure 15D
and 16G). Sanidine was frequently identified in samples (Figure 16G and 16K) by its phase
chemistry with an abundance of K20 at ~15 wt.% (Table 5). Albite was found to a lesser degree
and classified by its higher amount of Na2O (Table 11). Leucite was found in the crossbedded
sand layer and was distinguished by its phase chemistry and crystal habit with high K20 at ~ 20
wt.% (Table 5) and its euhedral, pseudocubic crystals (Figure 16H) (Mazzi et al., 1976; Anthony,

1990).

47



EHT = 10.00 kV

EHT = 10.00 kV Signal A = BSD4 A Dato 11 Jan 2022
wo= 88mm

WD = 87 mm Mag= 311KX Time :9:04:09

EHT = 10.00 AV Signal A = BSD4 A Date ‘11 Jan 2022 EHT = 10,00 kV Signal A = BSD4 A Dote 11 Jan 2022
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WD = 52mm Mag= 413KX Timeo ‘10:14:37 WD = 76mm Mag= 273KX Time ‘101849

Figure 15 SEM-EDS image and image numbers from the Eastern Outcrops. A. (Image 3)
kaolinite, B. (Image 5) kaolinite, C. (Image 5) volcanic glass magnified, D. (imagell) pumice
grain, E. (Image 12) smectite, F. (image 14) illite-smectite. Yellow dots and numbers correspond
with analysis in tables 4-11
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Figure 16 SEM-EDS images and image numbers from the eastern outcrop and images K and L
from the western outcrop. G (image 18) pumice and sanidine H (image 22) leucite | (Image 26)
volcanic glass J (image 29) kaolinite, K (image 9) sanidine, L (image 4) illite-smectite. Yellow
dots and numbers correspond with analysis in tables 4-11.
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Table 4. EDS chemistry of representative phases from the top clay layer, sample E8

Sample ES8 E8 E8 E8* E8* E8* E8 E8 E8* E8
Mineral Kin Kin Kin Kin Kin Kin Mnt Mnt  Glass Glass
image 1 1 1 3 5 5 1 5 5 5

Analysis - - - 25 37 40 - - 55 57
SiO2 54.5 532 579 553 553 553 55 53.6 785 78
Al203 42 443 392 447 447 448 277 31 12 12.5
FeO 2.9 2 0 0 0 1.9 159 11.2 9 9
MgO 0.5 0.5 0 0 0 0 0.7 1.4 0.5 0.6
K20 0 0 0 0 0 0 0 0 0 0
NaO 0 0 0 0 0 0 0 0 0 0
MnO 0 0 0 0 0 0 0 0 0 0
CaO 0 0 0 0 0 0 0 0 0 0
total 99.9 100 97.1 100 100 102 99.3 97.2 100 100.1

Kln- kaolinite and Mnt- montmorillonite. Mineral abbreviations after Kretz (1983). Samples with

asterisks can be found in Figure 18

Table 5 EDS chemistry of representative phases from crossbedded sand, sample E7

Sample E7 E7 E7* E7* E7 E7 E7 E7 E7* E7*
Mineral Sa Sa Sa Sa Sa Kin Mnt Lct Lct Lct
image 17 17 18 18 18 19 21 21 22 22
Analysis - - 183 184 - - - - 234 241
SiO2 629 631 543 634 631 622 78.6 55.2 59.7 62.5
Al2O3 20 199 216 20.9 19.3 37.8 19.1 17.8 17 17.7
FeO 0 0 14.6 0 0 0 0 0 0 0
MgO 0 0 0.3 0 0 0 0 0 0 0
K20 11.2 11.2 6.7 15.6 17.6 0 2.3 27 21 194
NaO 2.9 2.9 2.4 0 0 0 0 0 0 0.4
MnO 0 0 0 0 0 0 0 0 0 0
CaO 0 0 0 0 0 0 0 0 0 0
total 97 97.1 99.9 999 100 100 100 100 97.7 100

KIn- kaolinite; Mnt- montmorillonite; Sa- sanidine; Lct-leucite. Mineral abbreviations after
Kretz (1983). Analyses with asterisks can be found in Figure 19
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Table 6 EDS chemistry of representative phases from the lower clay layer, sample E5

Sample  E5 E5* E5* E5* E5* E5* E5* E5 E5 E5
erlmera Kin Sa Sa Kin I-S Glass I-S Mnt Glass Kin
image 9 11 11 11 12 12 14 16 16 16
Anlys. - 107 109- 117 122 124 147 - - -
SiO2 59.6  63.9 65,5 557 66.4 86.4 64.3 63 84.3 57.7
AlOs 404 241 20.7 443 21.5 7.5 26.1 33.6 9 42.3
FeO 0 0 0 0 5.1 4.2 0 0 4 0
MgO 0 0.7 0 0 14 0.6 4.1 2.4 1.3 0
K20 0 11.3 13.9 0 5.6 1.3 55 0 1.4 0
NaO 0 0 0 0 0 0 0 1 0 0
MnO 0 0 0 0 0 0 0 0 0 0
CaO 0 0 0 0 0 0 0 0 0
total 100 100 100.1 100 100 100 100 99 100 100

Kln- kaolinite; Sa- sanidine; I-S- illite-smectite. Mineral abbreviations after Kretz
(1983)Whitney and Evans (2010) Analyses with asterisks can be found in Figure 18

Table 7 EDS chemistry of representative phases from the nodular clay layer, sample E4

Sample E4 E4 E4 E4 E4 E4 E4 E4
Mineral Kin Sa I-S Sa I-S I-S Kin I-S
image 24 24 24 24 24 24 24 24
Anlys. - - - - - - - -
SiO2 54.5 48.3 52.8 51.7 67.5 48.3 58.4 51.9
Al2O3 45.5 35.9 28.8 34.7 17.2 16.8 40.4 25.1
FeO 0 2.1 12.1 10.9 16.2 0 16.4
MgO 0 0.9 4 1 1.4 2.9 0 2.3
K20 0 12.8 2.2 12.6 3 0 1.1 4.3
NaO 0 0 0 0 0 0 0 0
MnO 0 0 0 0 0 0 0 0
CaO 0 0 0 0 0 1.2 0 0
TiO2 0 0 0 0 0 14.7 0 0
total 100 100 99.9 100 100 100.1 99.9 100

Kln- kaolinite; Sa- sanidine; I-S- illite-smectite. Mineral abbreviations after Kretz (1983)
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Table 8 EDS chemistry of representative phases from the gravel layer, sample E3

Sample E3 E3 E3 E3 E3* E3 E3 E3 E3 E3*
Mineral  Kin I-S Mnt Mnt Sa I-S i I-S Mnt Mnt
image 25 25 25 25 26 26 26 26 26 26
Anlys. - - - - 294 - - - - 314

SiO2 545 438 645 783 653 54 492 585 792 748
Al203 444 243 184 115 195 319 347 131 132 108
FeO 0 28.7 155 7.2 0 11 9.4 27.7 7.2 13.6
MgO 0 1.9 0.6 1.5 0 0.6 1.1 0.7 0.4 0.9
K20 0 0.7 0.6 1.5 14.6 2.5 5.6 0.7 0 0
NaO 0 0 0 0 0.6 0 0 0 0 0
MnO 0 0 0 0 0 0 0 0 0 0
CaO 0 0.5 0.4 0 0 0 0 0 0 0
total 98.9 99.9 100 100 100 100 100 100.7 100 100.1
Kln- kaolinite; Mnt- montmorillonite; Sa- sanidine; I-S- illite-smectite; Ill- illite. Mineral
abbreviations after Kretz (1983). Analyses with asterisks can be found in Figure 19
Table 9 EDS chemistry of representative phases from the gravel layer, sample E2
Sample E2 E2 E2 E2 E2 E2 E2 E2* E2* E2*
Mineral Mnt Sa Kin Kin Kin Mnt I-S Kin Kin Kin
image 27 27 27 27 27 28 28 29 29 29
Analysis - - - - - - - 342 347 348
SiO2 491 648 565 593 56.1 50.8 486 53.8 555 55
Al203 36 20.7 435 407 439 343 324 46.2 445 45
FeO 7.6 0 0 0 0 8.8 17.8 0 0 0
MgO 0.9 0 0 0 0 1.1 0.7 0 0 0
K20 6.4 14.2 0 0 0 4.9 0.5 0 0 0
NaO 0 0.3 0 0 0 0 0 0 0 0
MnO 0 0 0 0 0 0 0 0 0 0
CaO 0 0 0 0 0 0 0 0 0 0
total 100 100 100 100 100 99.9 100 100 100 100

KIn- kaolinite; Mnt- montmorillonite; Sa- sanidine; I-S- illite-smectite. Mineral abbreviations
after Kretz (1983). Analyses with asterisks can be found in Figure 19
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Table 10 EDS chemistry of representative phases from the top clay layer, sample W2

Sample W2 W2 W2 W2 w2 w2 w2 w2*  W2* wW2*
Mineral  Sme Sme Sme Sme Sme Ms Sme  Glass Kin Glass
Image 1 1 1 1 1 2 2 4 4 4
Analysis 4 5 7 8 11 24 28 58 66 63

SiO2 54.3 59 51 58.4 51.2 50.3 49 89.4 56.4 90.4
Al203 20.8 25.8 20.3 24.7 29.3 40.4 27.3 10 43.6 8.6
FeO 18.7 10.2 24.6 11.3 7.2 0 15.3 0 0 0
MgO 2.9 2.3 1.7 25 3.6 0.3 2.4 0.4 0 0.9
K20 2.2 1.8 1.4 1.7 8.8 8 6 0 0 0
NaO 0 0 0 0 0 0.9 0 0 0 0
MnO 0 0 0 0 0 0 0 0 0 0
CaO 1.1 1 1.1 1.3 0 0 0 0 0 0
total 100 100.1 100.1 99.9 100.1 99.9 100 99.8 100 99.9

Kln- kaolinite; Sme- smectite; Ms- Muscovite. Mineral abbreviations after Kretz (1983) Analyses
with asterisks can be found in Figure 19

Table 11 EDS chemistry of representative phases from the lower clay layer, sample W1

Sample w1 w1 wil*  wi* Wi1* w1 w1 w1 w1 W1
Mineral Sme Kin Sa Sa Sa Sa Kin Kin Ab Ab
image 7 7 9 9 9 9 10 10 13 13
Analysis 85 89 108 109 110 112 141 144 165 164
SiO2 66.4 53 66.1 65.7 65.8 65.4 67.7 55.9 68.2 68.6
Al203 12.5 42 19.5 18.5 18.9 18.5 28.8 441 18.7 19.4
FeO 5.1 5 0 0 0 0 3.5 0 0 0
MgO 16 0 0 0 0 0 0 0 0 0
K20 0 0 13.9 14.8 15.3 13.6 0 0 7.3 6.6
NaO 0 0 0.5 1.1 0 1.1 0 0 5.7 55
MnO 0 0 0 0 0 0 0 0 0 0
CaO 0 0 0 0 0 0 0 0 0 0
total 100 100 100 100.1 100 98.6 100 100 99.9 100.1

Sme- smectite; Kln- kaolinite; Ab- albite; Sa- sanidine. Mineral abbreviations after Kretz (1983)
Analyses with asterisks can be found in Figure 19
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Smectite

The smectite group includes dioctahedral aluminum phyllosilicate of montmorillonite,
beidellite and nontronite series identified by the 060 (Figure 12) reflection in the clay rich layer
(Haldar & Tisljar, 2014). The clay rich beds 060 reflection (Figure 12) ranged from 1.49 to 1.50
A, indicating the presence of montmorillonite based on Moore and Reynolds (1997). Phase
chemistry identification of montmorillonite with Al-Mg-smectite exhibited a phase chemistry
consisting of ~52 wt.% SiOz2, ~27 wt.% Al203, ~10 wt.% CaO and ~10 wt.% Na2O where Na can
be substituted for Ca and Al can be substituted for Mg (Petit et al., 2002) (Table 4 and 6).
Montmorillonite is distinguished from beidellite as it is the Al end member of dioctahedral
smectite (Petit et al., 2002), which is identified by its large concentration of ~60 wt.% SiO3, and
~35 wt.% Al203 and a small concentration of Na20 at ~5 wt.%. Nontronite is the structural
counterpart of beidellite, the Al end member of dioctahedral smectite (Petit et al., 2002).
Nontronite is distinct from other smectites with its high iron concentration at ~30 wt.% FeO, and
~4.5 wt.% NazO (Haldar & Tisljar, 2014). Nontronite is not explicitly identified in SEM-EDS,
however some analysis of illite-smectite (Table 8) have higher concentrations of FeO reaching
up to 28 wt.% FeO but have no recorded concentrations of Na20. This high iron concentration
suggest that the identification of certain smectite by phase chemistry may represent intermediate
members between nontronite and Al-montmorillonites (Brigatti, 1983).

Diagrams plotting different ratios of octahedral and interlayer cations (Mg, Fe, Al, and K;
Fig 18) obtained from EDS were created from chemical compositions of clay minerals
determined from major elemental data that was converted into major oxides (in weight %) and
normalized to 100%. Smectite, illite-smectite, illite, montmorillonite, and kaolinite compositions

were studied using major oxide values plotted over bivariate diagrams (Figure 17) marked with
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illite, kaolinite, smectite, and chlorite standard compositional fields of Pal et al., (2015). In
MgO/Al203 vs K20/Al203 binary diagram (Figure 17), data plots of smectites, illite-smectie,
montmorillonite, kaolinite, and illite are clustered close to the illite and smectite compositional
field or in the illite compositional field. In MgO/Al203 vs CaO/Al203 binary diagram are
generally clustered in the illite compositional field. The data show a positive trending behavior
with some illite-smectite and montmorillonite data points located in between the illite and

chlorite field (Figure 17) indicating an increase in CaO.
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(blue). Modified from Pal et. al (2015) and Weaver and Pollard (1975)
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4.4 Modeling and Qualitative Description of Clay Minerals

Modeling and quantification of clay minerals present in the fine-grained fraction is
provided in Figure 18 . One representative sample from the clay rich horizons, sample E5, was
modeled since the <2 um fraction from the clay horizons had identical mineralogy with the
exception of sample E8. Clay pattern modelling was helpful in understanding this sample
because it is a mixed layer clay, whose features are considered modifiable (Uzarowicz et al.,
2012). The model results showed the 001 peak consisting of two composite illite-smectite
reflections. One being R1 illite(0.42)/smectite, an illite-smectite dominated by smectite, and the

second being an RO illite(0.8)/smectite, an illite-smectite dominated by illite.

Sample E5

Experimental
Modelled
Illite

= Kaolinite

e |SS R1

Q e |SS RO

3 6 8 10 12 14

26 (CuKa)

Figure 18 Sybilla@ modelling of the experimental XRD spectra of a representative sample from
the clay rich horizon (E5). ISS- Illite-smectite, R1-Reichweite 1, RO- Reichwheite 0
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4.5 Mineral Assemblages

The overall mineralogic variety of the samples analyzed is fairly uniform (Table 12), the
only difference is in the abundance of minerals present. Samples were also distinguished by the
variety of igneous minerals identified. All phases measured in the global fraction were
recognized in the clay fraction with the exception of quartz and k-feldspars, these two minerals
were ubiquitous. Clay fraction mineralogy did not reveal the presence of new minerals; however,
it did provide information regarding relative clay mineral abundances. It was shown that the
samples from the sand and gravel layers (E7, E3, E2) and one sample from the clay rich horizon
(E8) all contained large amounts of kaolinite; this was discerned from clay fraction X-ray
diffractograms (Figure 13 and 14) exhibiting large diagnostic kaolinite peaks. The nodular clay
layer and lower clay rich horizon X-ray diffractograms, in contrast, showed less illite and
kaolinite present, but was more abundant in illite-smectite. The western outcrop’s clay rich
layers global fraction X-ray diffractogram was identical to that of the lower clay rich layer
diffractogram from the eastern outcrop.

SEM-EDS and BSE images discerned a variety of pyroclastic constituents present in all
samples. Igneous materials were discerned by their: morphology, texture, and phase chemistry.
Glass was identified in most samples by its abundant Al.O3 composition relative to SiOz, and
sharp angular morphology. Sanidine and leucite were found primarily by their abundant K20
content with sanidine typically containing ~ 10 wt. % (Table 7) and leucite typically having > 20
wt.% (Table 5). Conversely, albite was identified by its high Na2O content (Table 11), while
pumice was recognized by its vesicular texture (Figure 18D and 19G). Almost all samples had
igneous minerals identified by SEM-EDS. Overall, the top clay rich sample and the gravel and

sand samples from the eastern outcrop had abundant kaolinite with various igneous phases
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(Figure 16). The nodular clay layer and lower clay rich layer from the eastern outcrop were
distinguished by their large amount of illite-smectite, while also having various igneous minerals
present. The western outcrop clay rich horizons had global diffractograms identical to that of the
lower clay rich horizon diffractograms from the eastern outcrop. The western outcrops SEM-
EDS analysis identified predominantly volcanic glass and sanidine.

Table 12. XRD and SEM-EDS mineralogy of analyzed samples

Sample XRD Mineral XRD Mineral SEM Mineral
Composition (Global Composition (Clay Composition
Fraction) Fraction)

E8 I/M 1-S, KlIn, Qz, Kfs Glass

E7 I/M, 1I-S, Kln, Qz, Kfs Sa, Glass, Lct

E5 I/M, I-S, KlIn, Qz, Kfs Glass

E4 I/M, 1I-S, KIn, Qz, Kfs Sa

E3 I/M, I-S, KlIn, Qz, Kfs Glass, Sa

E2 I/M, I-S, Klin, Qz, Kfs Glass

W2 I/M, 1I-S, Kin, Qz, Kfs Glass

w1 I/M, I-S, KIn, Qz, Kfs Sa, Ab

KlIn- kaolinite; Sa- sanidine; Lct-leucite; IlI- Illite; 1-S- illite-smectite; Ab- albite; Ms- muscovite.

Mineral abbreviations after Kretz (1983)
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Chapter 5

Discussion

5.1 Origin of Clay beds

Mineralogical analysis of clay rich horizons and adjacent sand and gravel layers from the
western (Figure 6) and eastern (Figure 7) outcrop revealed that three of the four clay rich layers
have identical mineralogy. Clay fraction XRD analysis revealed that both clay rich horizons from
the western outcrop and a single clay rich horizon from the eastern outcrop were dominated by
illite-smectite with large 001 basal peaks (Figure 13C). The sand and gravel layers in addition to
the other clay rich horizon from the eastern outcrop were abundant in kaolinite (Figure 13A,
13B, 14E and 14F), which all exhibited distinct 001 and 002 peaks. Clay modelling of the air-
dried composite 001 basal reflection of illite-smectite (Figure 18) further identified the presence
of two illite-smectite phases, one phase having 80% of illite component and the other phase
having 40% of illite component. A rather minute 001 reflection of discrete mica/illite was
detected in all samples in the western and eastern outcrop (Figure 13 and 14). SEM-EDS analysis
and BSE images revealed the presence of volcanic phases in every sample (Table 12). The
abundance of illite-smectite in the clay rich horizons can be better understood through
investigating its formation. During diagenesis, smectite alters to illite in the general reaction
sequence: smectite — random illite-smectite— ordered illite-smectite— illite (Hong et al.,

2017).
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Smectite can form from volcanic glass, directly in pore spaces of sandstone and could
form in weathering environments characterized by very slow movement of water, whether
swampy lowlands or in arid to semiarid regions (Berner, 1971; Moore & Reynolds, 1997). The
lack of organic material present in the sample is not consistent with a swampy environment, and
smectite was not found in pore spaces of sandstone. The clay rich horizon may have been
deposited in an environment with slow moving water, however the presence of volcanic glass in
addition to hemispherical structures on the surface of the grains (Figure 14F) which is indicative
of incomplete glass alteration (de la Fuente et al., 2000) infers that smectite likely formed from
volcanic glass. VVolcanic ash in general is thermodynamically unstable and highly reactive when
deposited in supergene environments (Hong et al., 2017). Weathering and alteration of ash takes
place rapidly during early diagenesis, and volcanic glass will rapidly devitrify and convert to
authigenic clay minerals (Hong et al., 2017). This fits with the interpretation that smectite was
deposited with other K-rich volcanic material that enabled the alteration of smectite to illite-
smectite (Segvié et al., 2014)

The conversion of smectite to illite through a mixed-layer or interstratified illite-smectite
series can occur as a result of the exposure to higher temperatures associated with deep burial
diagenesis (Pollastro, 1985; Ferrage et al., 2011; Galan & Ferrell, 2013) or at low surface
temperatures in continental environments (Sandler & Harlavan, 2006) particularly in hypersaline
environments and in the presence of Fe-smectite (Huggett, 2005). The clay layers in Crowley’s
Ridge, however do not meet most of these conditions. The sand and gravel layers as well as the
clay layers showed no indication of being exposed to higher temperatures, and the literature does
not corroborate the presence of a heat source possible to convert smectite to illite (Autin, 1996).

Given the geologic context, illitization could not have occurred in a hypersaline environment at
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lower temperatures because the clay rich horizons were deposited in what is interpreted to be a
Quaternary fluvial deposit, which practically did not undergo any burial (Van Arsdale et al.,
2007; Cox et al., 2014). SEM-EDS analysis however, does satisfy one of the mentioned
conditions, the abundance of Fe in the system. High concentrations of Fe can be associated with
reducing conditions in water saturated environments, such as those where repeated wetting and
drying cycles are produced (Huggett, 2005).

These aforementioned wetting and drying cycles are acknowledged to produce K fixation
in smectite and illite although smectite is the more likely precursor since it is a major clay
mineral responsible for K fixation and has been demonstrated to have more faculty to fix K
compared to other 2:1 minerals due to the higher specific surface area and negative layered
charge (Brady & Weil, 2008). Illitization as a result of K fixation can happen in various ways
such as a response to slow sediment accumulation, which allows clay minerals to be in contact
with seawater for extended periods of time (Schultz, 1978). Alternatively K fixation takes place
from repeated wetting and drying cycles, thus enabling the illitization process (Srodon & Eberl,
1984). The latter explanation for the cause of K fixation is more probable because the clay layers
were deposited in a continental freshwater environment, not in a marine environment. The clay
rich horizons are interpreted to have formed in a fluvial environment as an an abandoned channel
facies (Table 3) surrounded by high energy fluvial facies (Miall, 1996). Both environments
would represent extended periods of sediment accumulation and contact with a fluid medium
that fits the scope necessary for K fixation (Schultz, 1978).

K fixation occurs when wetting and drying concentrates K from sparingly soluble K rich
components (Davis & Hayes, 1987). The fixation of K, or the entrapment of K* ions irreversibly

in between 2:1 collapsed phyllosilicate layers, occurs when the interlayer space collapses due to
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dehydration or drying (Florence et al., 2017). K fixation is a solid-state transformation (SST)
mechanism that occurs during wetting and drying of smectite at earth’s surface (Altaner, 1997).
The fixation of potassium is expected to occur wherever smectite and k components are
subjected to the wetting and drying processes (Florence et al., 2017). SST mechanisms
associated with k fixation typically involves the gradual replacement of the parent mineral
(smectite) by the daughter mineral (illite) in close topatic contact in polar 2:1 layers (Altaner,
1997). Both continuous solid-state transformation (Hower et al. 1976) and stepwise dissolution-
precipitation mechanisms (Boles and Franks 1979; Nadeau et al. 1985) have been proposed for
the formation of illite. The transformation model explains that the tetrahedral charge is
developed through solid-state Al for Si substitution while the 2: | layer structure of the reactant
smectite was retained. The dissolution-precipitation model explains that low charged smectite
dissolves and tetrahedrally high charged illite crystallizes from solution.

Paleoclimate interpretations and clay modelling results is consistent with the conditions
necessary for the gradual replacement of smectite by illite. If a sample has 0-60% illite in illite-
smectite, this means that the clay is likely the product of pedogenic illitization, consistent with
clay modelling results indicating ~40 % illite (Figure 18) suggesting that illitization was likely
promoted through wetting and drying in a seasonal climate (Mclintosh et al., 2021) or an
environment with periodic flooding (Srodon & Eberl, 1984). These inferences fit the general
interpretations of the past climatic conditions of the UC which include: periodic meltwater
flooding associated with deglaciation (Self et al., 1986), heavy rainfall associated with a
subtropical environment (Potter, 1955), or periodic flooding as a result of seasonal rainfall
(Autin, 1996). All of these factors potentially provide the necessary climatic regime important

for forming significant illite layers (Srodon & Eberl, 1984). For the conversion of smectite to
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illite/smectite associated with K fixation to occur, a source of K must be available (Pollastro,
1985). The global fraction XRD results indicated that K-feldspar is indeed present (Figure 11).
Additionally, SEM-EDS phase chemistry revealed presence of K-rich igneous components
(Table 5 and 11) such as leucite, volcanic glass, sanidine (Figure 15). Their decomposition could
have provided the source for K fixation to occur (Segvié et al., 2014).

Global fraction XRD analysis produced a 060 peak (Figure 12) which is indicative of
montmorillonite, a dioctahedral smectite (Moore & Reynolds, 1997). The identification of
montmorillonite also reinforces a pyroclastic origin since volcanic ash commonly alters into
montmorillonite (Berti et al., 2022). SEM-EDS analysis not only revealed the presence of
montmorillonite, but the potential occurrence of members of a montmorillonite-nontronite series.
Phase chemistry of montmorillonite samples had high amounts of Fe suggesting that smectitic
material potentially represents intermediate members between nontronite and Al-
montmorillonites (Brigatti, 1983). Major oxide plots (Figure 17) of MgO/Al203 vs K20/Al203
indicates a positive trend of smectite data points in the illite field and outside the field that shows
a gradual enrichment in CaO or an increase in montmorillonite. Phase chemistry of smectitic
material enriched in CaO also had increasing amounts of FeO (Table 10) which supports the
presence of an intermediate montmorillonite-nontronite members. The occurrence of this
intermediate nontronite member can form in a variety of environments. Sherman et al. (1962)
described the occurrences of nontronite and nontronite-like minerals in soils from weathered
basalts and found that alteration is related to both the mode of occurrence of the parent rocks and
the climatic (semi-arid, moderate rainfall, and humid tropical rainforest) and weathering

environments consistent with the paleoclimate of the UC. The occurrence of nontronite veins has
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also been observed as an alteration product of volcanoclastic rocks in the Milos bentonites,
Greece (Ece, 1999).

The minor mica/illite peaks present in the gravel and sand layers and in the clay rich. can
be detrital or form as recycled material in sedimentary rocks, during pedogenic or weathering
processes, and diagenetically (Moore & Reynolds, 1997). The mica/illite was not discovered in
any paleosols and was not buried at depth or for any extended period of time. The samples
analyzed were all deposited in fluvial environments, and the limited presence of mica/illite
material can be best explained as being detrital. Sybilla® modelling results (Figure 18) reinforce
a detrital origin because the weathering of mica/illite produces illite rich illite-smectite (Righi,
1993) consistent with the modelled 001 peak of illite rich illite-smectite.

The large amount of kaolinite identified in XRD and SEM-EDS analysis in the sand and
gravel layers may be the result of residual weathering, precipitation or hydrothermal alteration of
other aluminosilicates, in particular feldspar (Moore & Reynolds, 1997). The presence of large
basal 001 kaolinite peaks (Figures 13 and 14) in all sand and gravel XRD traces is indicative of
vertical precipitation of kaolinite grains (Islam et al., 2002). It is probable that kaolinite
precipitated from the percolation of fluid, this fits with the paleoclimate of the UC interpreted to
be the same as the modern climate (Potter, 1955; Self et al., 1986) which is a subtropical climate
(Gray & Ferguson, 1977) thus, providing the mechanism necessary for the formation of
kaolinite. The XRD results for the (Figure 13B, 14E, and 14F) kaolinite rich sand and gravel
layers in the eastern outcrop were identical to the upper clay rich horizon from the eastern out
crop (Figure 13C). The other clay layers rich layers, however, were abundant in illite-smectite,

all exhibiting large 001 illite-smectite peaks and were all indistinguishable. The clay rich horizon
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abundant in kaolinite is an outlier relative to the lower clay rich layer in the eastern outcrop and
the clay layers in the western outcrop.

The presence of kaolinite in the clay rich horizon could be explained by; detrital
contamination, clay translocation or as a result of percolation from late modern fluids which
affected a top portion of the profile. A detrital contamination appears unlikely because detrital
grains typically exhibit low crystallinity and anhedral morphology while diagenetic kaolinite
grains exhibit a high degree of crystallinity with hexagonal euhedral plates (Bauluz et al., 2008).
High to moderate crystalinity and hexagonal euhedral plates were observed in BSE images
(Figure 16J) indicating a diagenetic origin. Percolation typically occurs in coarse very permeable
mediums such as gravel and sand, like those found surrounding the clay rich horizons (Hall,
1983). This coupled with the fact that the gravel and sand layer above the kaolin rich clay layer
has been mined away and greatly disturbed (Figure 7). This reinforces the idea that kaolinite
precipitated from a large volume of water percolating downwards giving rise to kaolinite
crystallization vertically across the studied profile. The kaolinite grains could not have been
transported large distances since delicate aggregates of kaolinite grains cannot be sustain great
distances without being destroyed or altered considerably (Shelton, 1964). Another interpretation
may be the translocation of clay minerals, particularly the < 1 um, which is known to infiltrate
micro and macropores (Mohammadnia & Kowsar, 2003). The kaolinite grains observed in BSE
images were very coarse however, exceeding 1 um (Figure 16J) making clay translocation an

unlikely explanation.
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5.2 Provenance of Clay beds in Crowley’s Ridge

Primary minerals in volcanic ash that survived the post-depositional alteration includes
sanidine, altered volcanic glass and less stable primary minerals include the formation of
smectite and mixed-layer illite-smectite (Dai et al., 2017). XRD and SEM-EDS analysis
identified minerals and phases that correspond to primary stable and unstable minerals found in
volcanic ash, indicating a pyroclastic origin (Table 12). Identifying the volcanic source of the
airfall ash deposit can be deduced from mineralogy and phase chemistry as well as geologic
context. The geologic age of the source eruption must have occurred between ~2.6 to 0.2 Ma.
Another clue is the presence of pumice (Figure 15D and 16G), which is indicative of a violent
eruption and commonly forms from catastrophic fragmentation of vesicular magma or lava,
mainly of felsic composition (Klug et al., 2002; Kano, 2003; Dellino et al., 2005).

Minerals identified in SEM-EDS analysis that are useful in better understanding the
volcanic provenances include sanidine and leucite. Sanidine was distinguished from orthoclase
by its phase chemistry. Analysis of sanidine typically exhibited a chemistry that did not exceed
~16 wt %. in K20 (Table 6) while orthoclase typically shows > 16 wt.%. Leucite is a K-rich,
silica undersaturated igneous mineral commonly formed in alkaline magmas (Gittins, 2015).
Major alkaline provinces can typically be found in stable continental regions such as in east and
central Africa along rift valleys (Bailey, 1964), around mantle plumes and hotspots (Pirajno,
2004) or conversely at subduction zones (Cruz-Uribe et al., 2018). Leucite formation has also
been interpreted to occur from the partial melting of mantle material (Edgar, 1987).While
sanidine is the high temperature alkaline K-Na feldspar and forms from the crystallization of
lavas at high temperatures with rapid cooling, it is usually found in rhyolites, trachytes, and

dacites (Haldar, 2020).
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It can be inferred from XRD and SEM analysis that a caldera forming eruption is likely
the event that produced and distributed the material necessary to form the clay rich horizons. The
four caldera forming eruptions that occurred during the Quaternary that are of interest include
Yellowstone Caldera, Valles Caldera, Long Valley Caldera and the Acoculco Caldera Complex
(Figure 22). To discern the provenance of the ash deposit, it is necessary to consider: the distance
of the volcanic source from the study area, the age of the sediment layer the clay rich horizon
was deposited in, the volume and distribution of the ashfall, and the phase chemistry of the
pyroclastic material in the clay rich horizon and adjacent sand and gravel layers. Another
important constraint is that the two clay layers present in each outcrop (Figure 6 and 7) are most
likely the products of two separate eruptions, or at least a period of time between each ashfall
based off the two clay beds separated by a sandy layer.

5.2.1 Valles Caldera

The Valles Caldera is a resurgent caldera (Smith & Bailey, 1968) located in north central
New Mexico, ~ 1,437 km away from the study area (Figure 19; Table 13). The Valles Caldera
formed during two major rhyolitic ignimbrite episodes, the first occurring at 1.61 Ma with the
eruption of the Otowi Member of the Bandelier Tuff after 13 Ma years of volcanic activity
(Wolff & Gardner, 1995). Subsequent activity produced intracaldera high silica rhyolite domes
and associated tuffs (Smith & Ross, 1970). At 1.22 Ma, the Tshirege Member of the Bandelier
Tuff erupted to form the Valles Caldera on approximately the same site as the earlier structure
(Table 13) (Self et al., 1986). The Tshirege Member and the Otowi Member are of interest
because both these members contain Plinian ash fall units, together these members comprise the

Bandelier Tuff which has a combined magma volume of 650 km? (Crowe et al., 1978).
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While little literature mentioning the distribution of the Tshirege member ash fall units
exists, estimations of the eruptive volume of the Plinian ash fall from the Otowi Member have
been calculated (Cook et al., 2016). Even though the ash fall deposits from the Tshirege Member
happened after the Otowi ashfall units were deposited, both eruptions displaced a similar volume
of material (Self et al., 1996). Within the Otowi Member exist the Guaje Plinian deposits, which
consist of five fall units (Self et al., 1986). The estimated bulk volume of the first unit could be
as little as 7 km?® or as much as 30 km?3 and the other units could represent as much as 65 km?
bulk volume (Self et al., 1996). The combined ash fall units results in a total fall volume of 187
km? or 68 km? or 65 km3and reaching as far as West Texas ~50 km from Lubbock (Cook et al.,
2016).

Valles Caldera is part of a silicic volcano that formed at the intersection of a volcanically
active lineament and tectonically active rift (Goff & Grigsby, 1982). Most of the volcanic field
has been dominated by mafic to intermediate volcanism and around 1.8 Ma transitioned to
exclusively rhyolitic volcanism (Wolff & Gardner, 1995). Valles Caldera’s earlier history of
volcanism may potentially explain the presence of minerals found in SEM-EDS analysis such as
leucite. While an explosive rhyolitic eruption may explain the presence of pumice and sanidine.

Unfortunately, the mafic and intermediate volcanism preceded the rhyolitic eruption,
which is problematic in explaining the presence of leucite. The biggest disadvantage however, is
the distribution and paleotransportation. Cook et al. (2016) calculated the general distribution
moving in southeast direction away from the study area, while Izett et al. (1972) mapped the ash
fall only reaching as far as ~50 km east of Lubbock, TX, far short of the distance necessary to

reach the study area. While Valles Caldera experienced two eruption events responsible for two
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different ash fall units, the lack of far-reaching distribution for either eruption makes Valles
Caldera an unlikely source.
5.2.2 Yellowstone Caldera

The Yellowstone Caldera is located in Northwestern Wyoming and ~1,175 km from the
study area (Figure 19; Table 13). Yellowstone Plateau volcanic field referred to as Yellowstone
produced three of the largest caldera forming eruptions during the Quaternary as well as
numerous smaller-volume intra-caldera eruptions before and after caldera-forming events
(Christiansen, 1984). The volcanism responsible for the volcanic field is a product of basaltic
magmas ascending from a mantle plume to interact with a silicic-rich continental crust producing
partial melts of rhyolitic composition and the characteristic caldera-forming volcanism of
Yellowstone (Smith & Braile, 1994). Yellowstone is a part of a 800 km linear age progression of
volcanic centers, forming the Yellowstone hotspot track (Smith & Braile, 1994).

Approximately 6,500 km?3 of magma has been erupted from Yellowstone over three
caldera cycles during which the Huckleberry Ridge, Mesa Falls, and Lava Creek Tuffs were
erupted at 2.077 £ 0.003 Ma, 1.300 + 0.001 Ma, and 0.6313 £ 0.0043 Ma (Table 13)
(Christiansen, 1984; Watts et al., 2012). While the available hotspot ash fall tuff record
commences at ~16 Ma, shortly after the initiation of hotspot silicic volcanism at ~16.5 Ma, and
continues through the most recent explosive eruptions in the late Pleistocene, only the
Huckleberry Ridge, Mesa falls, and Lava Creek Tuffs are of interest because they fit within the
allotted time range discussed earlier of 2.6 Ma to 0.02 Ma (Christiansen, 1984).

The Huckleberry Ridge Tuff (HRT) is the oldest eruption that will be examined in this
discussion at ~2.077 Ma, with the largest volume and distribution at ~2,500 km? (Swallow et al.,

2019) with a documented distribution reaching as far as the state of lowa (Mastin et al., 2014).
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HRT produced two fall deposits and three ignimbrite members (A, B, and C), pre-A fall deposits
took two weeks to erupted, then breaks of weeks to months between members A and B, and
years to decades between B and C with an additional pre-C fall deposit (Swallow et al., 2019).

The second and volumetrically smallest Yellowstone eruption was the Mesa Fall Tuff
(MFT) at 280 km? that occurred ~1.3 Ma (Christiansen, 2001). The MFT has been interpreted as
a single eruptive unit, sourced from the Henry’s Fork caldera in the Island Park, Idaho region
(Rivera et al., 2016). The distribution of MFT is significantly smaller than that of HRT with
fewer ash beds present and the furthest one extending to Nebraska (lzett et al., 1972).

The Lava Creek Tuff (LCT) is the product of the youngest Yellowstone eruption at ~0.6
Ma. The eruption aggregated more than 1,000 km?, and formed an ash-flow plateau that buried
an area of more than 7,500 km? and, like the first two volcanic cycles, produced windblown ash
that accumulated in ponds and topographic lows on the Great Plains of Nebraska and Kansas to
depths of as much as 9 meters and that can be found in Pleistocene deposits from California to
lowa, and Canada to Mexico (lzett et al., 1972; Christiansen, 2001). This caldera forming
eruption is traditionally thought to have produced two members, LCT-A and LCT-B, which
represent two eruptive phases indistinguishable in age but separated by a cooling break
(Christiansen, 2001). LCT may have two additional tuff units that precede both members A and
B; however, their relative volumes remain unknown (Wilson et al. 2018). LCT-A and -B are
approximately equal in volume (~ 500 km?) with the ash from the earlier erupted LCT-A
covering a more limited region relative to LCT-B. LCT-A distribution is estimated to cover the
state of Wyoming, while LCT-B distribution reaches as far as Arkansas (lzett et al., 1972). LCT

deposits including ignimbrite and ash are distributed around Yellowstone caldera and their
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isopach distributions suggest each member (A and B) erupted from separate caldera ring fracture
vents (Shamloo & Till, 2019).

Yellowstone’s multiple caldera forming eruptions provide likely sources for the clay
layers. MFT can be immediately ruled out because of its limited distribution (Figure 22e),
however HRT and LCT appear to be likely sources. LCT fits the appropriate distribution,
however the documented dispersal of the HRT does not reach the study area. HRT erupted
volume was almost twice of LCT and it may be that the distribution of HRT is not well
documented since volcanic ash is thermodynamically unstable and highly reactive when
deposited in supergene environments (Hong et al., 2017) or distribution was limited depending
on the seasonal wind (Figure 23e). It should be stated that the western (Figure 11) and eastern
outcrop (Figure 12) have two clay rich horizons separated by a crossbedded sand layer, meaning
that it is likely that two separate ash falls separated by some period of time are responsible for
the deposition of both clay rich horizons. This makes HRT a more likely candidate since it
experienced a larger volume eruption with pre-A fall deposits taking two weeks to be erupted,
then years to decades to erupt pre-C fall deposit (Swallow et al., 2019). Even though LCT
formed from two eruptions it is still less likely because LCT A, its first eruption, had a very
limited extent (lzett et al., 1972). The explosive silicic volcanism associated continental hotspots
explains the presence of pumice (Christiansen, 1984). Alkaline magmatic sources, typically
associated with the formation of leucite, are formed during mantle metasomatism (Balashov &
Glaznev, 2006). This is consistent with an upper mantle origin of Yellowstone (Christiansen et
al., 2002) which may potentially explain the presence of leucite found in SEM-EDS analysis.

Models of a contemporary Yellowstone eruption were created by Mastin et al., (2014)

(Figure 20a-d) with temporal parameters lasting 3 days, 1 week, and 1 month, each producing
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330 km?3 of volcanic for erupted volume, these values were chosen for this model because the
Huckleberry Ridge Tuff, Mesa Falls Tuff, and Lava Creek Tuff expelled about 2450, 280, and
1000 km® DRE of magma, but only a fraction of this volume rose in buoyant ash columns that
could be carried by winds to form fall deposits; the remainder was emplaced either as
ignimbrites that spread along the ground or as intracaldera fill (Figure 23a-d) (Mastin et al.,
2014). These models of a contemporary eruption are consistent with ashfall distributions mapped
by lzett et al. (1972) furthermore model parameters did not use mapped distributions of ash bed
localities while using historical meteorological data from 2001 (Mastin et al., 2014). It can be
inferred that paleowinds have not changed significantly from modern wind directions today and
that eruption distributions would indeed reach the study area. LCT and HRT appear as likely
candidates with HRT seeming like the more probable of the two or conversely the lower clay

rich bed represents a HRT and the upper clay rich bed represents LCT.

5.2.3 Long Valley Caldera

Long Valley Caldera is located in Southern California ~ 2,546 km from the study area
(Figure 19). Early volcanism was characterized by basaltic eruptions from many vents scattered
over a 4000 km? area, more silicic lavas evolved and ruptured catastrophically 0.73 Ma ago and
600 km?3 of magma was ejected mainly as ash flows (Hill et al., 1985). The eruption began with a
Plinian phase from a vent located in the southeastern portion of the caldera, this phase was
immediately followed by emplacement of low-temperature ignimbrites that were erupted from
the same vent region (Gardner et al., 1991). The Bishop Tuff (BT) is a crystal-rich rhyolitic tuff
that contains up to 30% phenocrysts of quartz, sanidine, plagioclase, biotite, pumiceous shards
and Fe-Ti oxides (R. A. Bailey et al., 1976). The Bishop Tuff has an extensive distribution,

reaching as far as eastern Nebraska (Figure 20e) (Izett et al., 1970).

73



The BT seems plausible as it has a distribution that is close to the study area and erupted
a large volume of material. The presence of pumiceous shards, quartz, biotite and sanidine were
all found in SEM-EDS analysis. One of the most problematic issues is that BT was interpreted to
erupt in one cycle (Gardner et al., 1991) which fails to explain the presence of two clay rich
horizons. It is also very difficult to explain the presence of leucite, since the BT is a product of
silicic volcanism (Hill et al., 1985). The single eruption cycle and conditions inconsistent with
the formation of leucite makes BT an unlikely source.

5.2.4 Acoculco Caldera Complex

The Acoculco Caldera Complex (ACC) is located in Southeastern Mexico ~1,980 km
away from the study area (Figure 19). The ACC was formed 2.7 Ma in response to an eruption of
127 km?3 of ignimbrite, and has persisted until 0.06 Ma with two ignimbrite eruptions dated at 1.2
and 0.65 Ma (Sosa-Ceballos et al., 2018). The ACC is located within a calc-alkaline volcanic arc
produced by subduction of multiple plates under the North American Plate (Avellan et al., 2020).
Miocene Rocks located within the volcanic field corroborate this notion as the rocks found were
those associated with different stages of the caldera evolution as subduction related calc-alkaline
magmas (Avellan et al., 2019). During a period of time associated with late post caldera
formation however, the peralkaline magma suite gradually dominated the calc-alkaline suite,
resulting in 90 km?® of magma erupted (Avellan et al., 2019).

The ACC may be a potential source, it is closer than Long Valley Caldera and has
eruptions that fit the appropriate time scale; however, the ACC is an unlikely source for multiple
reasons, the main one being that the ash fall unit, the Maguey Unit, has not been well mapped or
documented (Avellan et al., 2019). It can be inferred from what little is known however that if

the ACC was responsible for the pyroclastic deposit that the clay rich horizons formed from, it
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would have most likely formed from the eruptions from 1.2 and 0.65 Ma. The reason being that
these fit the aforementioned temporal constraints and are associated with late post-caldera
volcanism and extra caldera volcanism dominated by a peralkaline magma suite (Avellan et al.,
2019). The peralkaline magma suite provides a potential source and explanation for the presence
of leucite (Gschneidner & Eyring, 1978).

While the ACC provides two eruptive events within the appropriate age range and
magmatism consistent with the formation of leucite, it unfortunately lacks documented ash fall
units as well as their distribution, and extent to conclude whether this is a likely source for the
clay rich horizons. The other eruptions have been studied and although it has been published that
the 1.2 Ma ignimbrite produced 27 km? of material and dispersed to the northeast and the 0.65
eruption produced 11 km? of material (Avellan et al., 2020), nothing concerning pre fall units
associated with ignimbrite eruptions has been mentioned. The one fall unit mentioned in the
literature is not associated with either eruption (Avellan et al., 2019). This appears to make the
ACC an unlikely source, however until more is known it cannot be entirely ruled out either.
Table 13. Eruption units and their time of eruption, location, volume and distance from study

area. Eruption units are listed based of their source from the study area. Closest sources for the
eruption unit are lised first.

Eruption Unit Date (Ma) Location Volume (km?) Distance (km)
Otowi member 1.61 New Mexico 65-187 1,437
Tshirege member 1.22 New Mexico 65-187 1,437
Huckleberry Ridge Tuff 2.1 Wyoming 2,500 1,775
Mesa Falls Tuff 1.3 Idaho 280 1,775
Lava Creek Tuff A 0.6 Wyoming 500 1,775
Lava Creek Tuff B 0.6 Wyoming 500 1,775
Bishop Tuff 0.73 California 600 2,456
Maguey fall unit 1.2 Mexico N/A 1,980
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5.3 Implications for Sediment Paleotransport

XRD analysis revealed the presence of illite-smectite (Figure 13), most likely a product
of a precursor smectite that probably underwent illitization. Such smectite was interpreted to
represent altered volcanic glass. Identification of additional volcanic minerals and phases using
SEM-EDS such as: pumice, sanidine, albite, volcanic glass, and leucite (Table 12) reinforces the
idea that the clay rich horizons formed from weathered pyroclastic material. The presence of
pumice calls for a large silicic explosive eruption (Klug et al., 2002; Dellino et al., 2005) while
microscopic altered volcanic glass suggest the clay horizons are a product of a ash fall deposit
(Nakagawa & Ohba, 2002). This indicates that the clay rich horizons are the weathered product
of pyroclastic material discharged from a Plinian eruption. Furthermore, the clay rich layers were
discovered interbedded within the Upland Complex (UC), which is understood to be a high
energy fluvial deposit (Autin, 1996; Lumsden et al., 2016), specifying the environment the ash
was deposited in.

A clue to the nature of the eruption is that the two clay rich horizons (Figure 6 and 7) are
separated by a sand layer ~1 m in thickness. Clay rich beds separated by a sand layer suggest that
these horizons may be the product of two separate eruption episodes or one eruptive episode with
a break in between ash fall deposition. Periods between ash fall deposition or cyclical eruptions
is a trend consistent with silicic volcanism (Denlinger & Hoblitt, 1999). The break or period
between ash fall deposits represented by the sand layer is hard to distinguish. Determining
sedimentation rates without theoretical models or the use of geochronology to determine the rate
of sediment deposition is complex and requires more data to understand (Szmytkiewicz &

Zalewska, 2014).
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Volcanic ash transportation models (Mastin et al., 2014) are used to infer the distribution
of tephra deposits, while lithofacies analysis and clay mineralogy is used to infer the
environment the clay rich horizons were deposited in. The clay rich beds were deposited in the
Pliocene to early Pleistocene UC (Self, 1993). This time period would have had a paleoclimate
similar to today’s climate in this region based on fauna and flora in the UC that resembles that of
todays in the southeast, a humid temperate climate (Berry, 1937). Likewise, volcanic ash
transport and dispersion modelling of a contemporary caldera forming Yellowstone eruption
(330 km?®) with a continent-scale umbrella cloud, and using historical NOAA wind patterns from
2001 as a meteorological input (Mastin et al., 2014), closely matches actual Quaternary volcanic
ash distribution maps based on outcrops and cores (Izett & Wilcox, 1982). It can be inferred
from eruption models and ash fall distributions that a modelled contemporary Yellowstone
eruption would have a distribution analogous to the Yellowstone eruption ~2.6 Ma (Figure 20).
The limiting factor being whether the eruption would have an umbrella cloud or not, because the
distribution of the tephra is dependent on the growth of the umbrella cloud and ambient wind
field (Mastin et al., 2014). The recent Hunga Tonga Ha’apai eruption that occurred on the 15 of
January 2022 had an umbrella cloud and was classified as having volcanic explosivity index
(VEI) of 6 (Poli & Shapiro, 2022). The Yellowstone eruptions producing the HRT, MFT, and
LCT, had a higher VEI of ~8.4 (Fujii et al., 2017) indicating that these eruptions would have
produced umbrella clouds to disperse the tephra.

Once the ash was discharged and transported, it was then distributed in the fluvial
environment that deposited the UC. The depositional system for the UC has several
interpretations which include a shallow braided river system (Potter, 1955), a meander system

(Cox et al., 2014), or a fluctuation between both (Cox et al., 2014). Lithofacies analysis of this

79



outcrop is helpful in determining what environment the clay rich beds were deposited in. Sand
and gravel facies were organized into gravel bars and bedforms, sandy bars and bedforms, and
channels architectural elements. The clay lithofacies characterize floodplain fines typically
interpreted as deposits of overbank sheet flows, floodplain ponds and swamps or an abandoned
channel element such as a chute or neck cutoff (Table 3) (Dalrymple & James, 2010).

The clay rich horizons may have been deposited in a meandering river floodplains as
overflow of floodwaters transports material from the channel onto the floodplain, eventually
draining into chutes and meander scroll swales in the lower part of the floodplain (Zwolinski,
1992). Floodplain clays are continuous for large distances, typically contain calcareous deposits,
and pedogenetic and bioturbation features are abundant (lelpi & Ghinassi, 2014), which were not
observed within the clay rich horizons of interest. Furthermore, coarse gravels are not found on
floodplains (Knighton, 1998), and the absence of organic rich deposits makes a swamp
environment unlikely as well (Boggs, 2001).

The clay rich horizons could be interpreted as an abandoned channel element such as an
abandoned chute, channel, or neck cutoff. Abandoned channel meanders are known as sites of
clay accumulation (Gilvear & Bravard, 1996) which collects in the channel after it is temporarily
occupied by flood waters (Lindsey et al., 1998). Meander loops abandon gradually (chute-cut
off) or suddenly (neck-cutoff), during chute cut-off which can explain the difference in flow
regime between the gravel and sand layers and the clay layer.

During chute-cut off, the river gradually reoccupies an old swale, and simultaneously
flow gradually decreases in the main channel, eventually leading to gradual abandonment thus
resulting in the development of a thick sequence of low flow sedimentary structures - essentially

ripple cross-lamination (Posamentier & Walker, 2006). Neck cut-off involves the breaching of a
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neck between two meanders, and the sudden cut-off of an entire meander loop with sandy
sediment, results in a sequence of deposits dominated by flood- introduced silts and muds
(Walker, 1976). This sudden change appears like a potential scenario because of the clay layers
distinct contact with the sand layer below it. Alternatively, these clay rich layers may represent
abandoned bar chutes, such as the ones found in the South Platte River in Colorado, filled with
fine grained sediment in gravel deposits. Abandoned bar chutes, tend to be oriented subparallel
to stream flow, hundreds of meters in length, with layers varying in thickness potentially
reaching up to 60 cm in thickness (Lindsey et al., 1998) similar to the clay rich beds observed in
Drum pit.

The fundamental processes that controls whether a river has a braided or meandering
pattern are not completely understood, but braiding is favored by rapid discharge fluctuations, of
a greater absolute magnitude than in meandering river and higher slopes, a coarser load, and
more easily erodible banks (Walker, 1976). It is therefore difficult to discern whether the clay
was deposited in a meandering or braided channel. The gravel and sand lithofacies indicate a
high energy environment and could potentially be interpreted as a debris flow in an alluvial fan
environment, however there is no indication of higher slopes in Drum pit. It is however possible
there may have been some relief at the top of UC before it was covered by eolian silt.

The lithofacies analysis reveals that the ash was deposited in and adjacent to a high
energy fluvial system. Consequently, large volumes of fine-grained materials would drain into
the fluvial system and mix with other fine-grained material. The resulting mix of fine-grained
sediment was most likely deposited in a flooding event. The lithofacies analysis suggests that
this may have happened as an abandoned channel or neck-cutoff deposit. After the sudden

deposition of the clay beds the load then transition to largely coarse grained sandy material This
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was followed by another pulse of fine sediment incursion leading to the deposition of another
clay layer. This was then followed by potential gravel debris flow or turbid flow deposits as a

result of flooding or channel reactivation.
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Chapter 6

Conclusion

XRD analysis of the clay fraction identified dominant illite-smectite phases in three of the
four clay rich beds and kaolinite in the gravel and sand layers and one clay rich horizon. The
smectite precursor of illite-smectite was found to be a product of volcanic glass alteration. SEM-
EDS investigation identified igneous phases such as sanidine and pumice, which indicate a
potentially explosive volcanic origin. The Valles, Yellowstone, Long Valley and Acoculco
Calderas were all considered plausable sources based on temporal constraints established from
overlying and underlying sediment, mineralogy, estimated distribution, phase chemistry, and the
distance from the study area. Paleowinds were interpreted to be similar to contemporary wind
directions based off of Yellowstone eruption models and mapped units of tephra deposits .

e Precursor smectite in the clay was the result of the alteration of volcanic glass.

e Alteration of smectite to illite-smectite occurred through K-fixation as a result of wetting-
drying successions from cyclical flooding and rain. K-rich volcanic rocks such as
sanidine and leucite provided a source of K for K-fixation to occur.

e Pronounced kaolinite basal reflexes in XRD traces in gravel and sand layers indicates that
kaolinite precipitated from the percolation of fluid within the outcrop, likely within a
moist and subtropical climate similar to today’s climate.

e Less pronounced mica/illite peaks observed in XRD traces were likely detrital in nature
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e The top clay rich horizon in the eastern outcrop exhibited a mineralogy distinct from the
other clay rich horizons and produced XRD traces identical to the adjacent gravel and
sand layersin the eastern outcrop. This may be due to material being mined away from
the gravel layer above it resulting in kaolinite being mobilized as a percolating product
from late modern fluids.

e Huckleberry Ridge Tuff and Lava Creek Tuff are the most likely tephra sources because
the tuffs are the appropriate age, have multiple episodic eruptions, and have large
discharge volumes and distributions.

e The tephra was interpreted to have been deposited in a high energy fluvial environment
where it was mixed with other fine-grained sediment and then concentrated and deposited

into an abandoned channels during a flooding event.
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Future Geochemical Analysis

The results from XRD and SEM-EDS analysis was helpful in distinguishing multiple
sources the clay beds may have originated from. This analysis by itself however, is not
enough to discern definitively the provenance. Major and minor trace element analysis would
be important future work for a more certain provenance. Airborne tephra deposits produced
by explosive volcanism can preserve an extensive record of magmatism (Hannon et al.,
2021). These tephra deposits can preserve the original geochemistry of their source magmas
(Hong et al., 2019). This is particularly true for immobile elements (e.g. Ti, Zr, Th, and Nb)
and rare earth elements (REE; Zielinski, 1982)

Volcanic ash alters rapidly when exposed to water, and results in the restructuring of
amorphous volcanic glass into clay minerals, elemental mobility during devitrification
strongly influences most cations (Hannon et al., 2021). However, the retention of many
immobile elements makes the use of classical discrimination diagrams and direct
comparisons possible (Jones et al., 2016). Diagrams that would be helpful for distinguishing
provenance in future work includes: REE spider diagrams normalized to chondrite compared
to that of Yellowstone LCT and HRT as well as comparisons with Valles caldera bandelier
tuff, and BT from Long valley caldera. Trace element concentrations/ratios would be
beneficial in discriminating geochemical trends among clay layers through time and discern

magmatic processes, additionally a chemical weathering index may also be practical.
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Table of Eastern outcrop SEM-EDS analysis

An.  Type Si0; AlO3 FeO MgO K20 NaO MnO CaO TiO; NiO CeO2 Y203 PbO BaO ZrO2 NO2 SnO
3 Kln 528 342 79 11 4.1

4 Kin 545 42 2.9 0.5

5 Kln 493 36.2 99 1 35

6 Kin 532 443 2 0.5

7 Kln 529 354 96 1.3 0.8

9 Kln 49.2 347 121 08 2.6 0.6
10 Kln 515 341 115 11 1 0.7
11 Kln 472 354 149 11 1 0.5
12 Mmt 55 277 159 0.7 0.7

15 Kln 55.7 39 4.5 0.8

16 Kln 525 396 56 0.7 1.6

17 Kin 579 39.2

18 Kln 481 327 166 1 0.7 0.9
20 Kin 487 322 176 15

23 Kin 48.7 483 3

25 Kin 55.3 447

26 Kln 527 391 81

28 Kin 55.7 383 32 2.9

29 Kln 46.3 30.7 203 13 0.9 0.5
30 Kln 532 336 111 0.8 1.2

31 Kln 46.7 30 207 14 1.2

32 Kln 472 302 196 14 1 0.7
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342 Kin 53.7 454 0.9
344  Kin 538 46.2

345  Kin 543 457

346  Kin 50 427 7.3

347  Kin 555 445

348  Kin 55 45

349  Kin 438 314 247

EDS phase chemistry analysis from the western outcrop

An. Type |SiO2 AI203 FeO MgO K20 NaO MnO CaO TiO2 NiO CeO2 Y203 PbO BaO ZrO2 NO2 SnO

4 Sme |543 208 18.7 2.9 2.2 11
) Sme |59 25.8 10.2 23 1.8 1

7 Sme |51 20.3 246 1.7 14 11
8 Sme | 584 247 11.3 25 1.7 1.3
9 Sme |56.6 26.8 103 2.2 28 03 11

10 Sme |525 321 58 19 74 03
11 Sme |512 293 72 36 8.8

19 Sme |565 263 116 2.6 1.9 11

20 Sme |664 29 14 13 12 0.7

21 Sme |56.9 234 13.1 29 1.3 12 13
22 Sme |631 227 7 3.6 19 1.8

23 Sme |56 23.4 169 25 0.5 0.8

24 Ms 50.3 404 0.3 8 0.9

27  Kin 49.8 39.6 0.5 92 09

28 Sme |49 27.3 153 24 6

30 Sme |554 254 148 2.7 1.7

31 Sme |554 259 135 2.7 1.7 08

32 Chl? | 437 186 29.9 6.7 11

33 Sme |546 264 122 2.7 2.5 09 0.6
34 Sme |[579 24 135 23 1.6 0.8
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