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Abstract

In this thesis, the results of microfossil, biofacies, and geochemical analyses
(uXRF) of the Upper Cretaceous (Turonian) Ferron — Notom delta, Utah, USA
are reported and discussed. The Notom delta is the oldest of three clastic deltas
in the Ferron Sandstone Member, Mancos Shale Formation. Foraminifera and
testate amoebae were recovered from ninety-eight mudstone samples among five
well-exposed outcrops (Caineville North, Steamboat, Blue Hills, Neilson Wash,
and Coalmine Wash). Detailed observations showed foraminifera, and testate
amoebae tests have undergone post-burial compression (flattening), dissolution,
and transport/reworking; therefore, identification of these assemblages to their
species level is difficult.

The micropaleontological analysis of the Ferron-Notom delta consists of three
studies. Morphogroup analysis was applied on foraminifera and testate amoebae,
where a relationship between the test morphology and habitat was established.
Morphogroup analysis resulted in four main morphogroups and eleven morpho-
types and were assigned to life mode, environment, and feeding strategies. Three
foraminifera morphogroups and one testate amoebae morphogroup were estab-
lished indicating a range of environments, from shallow shelf to shallow shelf to
lagoon/estuary environments. Biofacies analysis using the morphotypes was ap-
plied on three outcrops (Caineville North, Steamboat, and Blue Hills). We use the
morphotypes to define the four main biofacies using cluster analysis, and biodi-
versity indices. Four biofacies showed marine and fluvial (freshwater) influences.
Salinity and OM indices were derived from the relationship of foraminifera mor-
photypes (BiS, TrS, TS) and testate amoebae morphotypes (Ta-F, Ta-D, Ta-S)
that follows lithofacies trends. Because of the under-representation of calcare-
ous foraminifera (due to taphonomic and/or diagenetic factors), the biodiversity
indices are treated herein as relative measures. Despite this taphonomic bias,
the agglutinated foraminifera and testate amoebae morphogroups show trends
with salinity both among the outcrops and stratigraphically within the outcrops.
The Blue Hills outcrop represents the most landward and lowest salinity envi-
ronment (tidally-influenced backwater), Steamboat is more coast proximal with
a higher salinity of the delta front and fluvial estuarine environments, and the
Caineville North outcrop represents the most coast proximal (fluvial /estuarine to
deltaic/prodeltaic) with salinities ranging from low to medium. It appears that the
landward transport and coastward of tests was a significant source of taphonomic
bias. Nonetheless, the assemblages provide useful depositional information that
correlates with previously documented lithofacies data. A salinity index based on
a ratio of trochospiral taxa versus testate amoebae was found to provide a useful
measure of coastal proximity that matches lithofacies trends.
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The pXRF analysis was conducted on twenty-nine mudstone samples from the
Caineville North outcrop to examine elemental proxies for paleo-salinity (Sr/Ba),
organic matter (K/S), redox (V/Ni), and sediment sources (Zr/Rb, Ti/Fe, Ti/Ca).
Twenty-nine surface mudstone samples collected from four lithofacies representing
prodelta, delta front, fluvial valley fill and shelf environments. Fourteen elements
(Ti, Fe, Ca, Sr, Ba, Ni, Rb, Zr, S, V, Cu, Mn, Si, and K) were used to calculate
proxy ratios to detect variations in terrigenous sediments, carbonate production,
salinity, grain size, and fluvial inputs in the Caineville North outcrop. Elemental
data showed good correspondence between the elemental data and the lithofacies
and microfossil indices. Sr/Ba and Ca/Fe showed relationships with carbonate
content and proximity to the shoreline. The paleo-salinity proxy (Sr/Ba) did not
respond to salinity, but was more responsive to lithological change of carbonate
content. The microfossil salinity index seems to be a more accurate paleo-salinity
indicator. The proxy for fluvial input of sediment (Zr/Rb and Ti/Fe) agree well
with the lithofacies trends, and Zr/Rb and Ti/Fe showed highest values within
the fluvial valley fill facies, with higher variability of Ti/Fe compared to the other
lithofacies (prodelta, delta front, and shelf), corresponding to response to the
proximity of the depositional sites to a fluvial sediment source. The redox proxy
V/Ni matched the previously derived microfossil OM index (“bolivind-type” taxa)
showing a strong relationship between eutrophication and redox trends. The study
aims to establish important baseline geochemical compositions of sediment sources
to establish patterns and trends with sediment succession in the deeper basin
(offshore; i.e. Mancos Shale). Potentially, these nearshore to fluvial trends will
provide important geochemical data to assess changes in paleoclimate, and sea-
level in offshore sediment successions.
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Chapter 1

Introduction

Our understanding of deltaic sequence stratigraphy and their facies associations
have been extensively researched (Elliott, 1989). Deltas may contain several sub-
environments (i.e. rivers, estuaries, marshes, lagoons) that maybe represented in
ancient successions. Also, deltas are economically significant because of their rich
organic shales and coal deposits, which are important hydrocarbon reserves (El-
liott, 1989). The study of ancient delta stratigraphy is largely limited to physical
lithologic criteria. For example, the Upper Cretaceous Ferron-Notom delta, which
is the present focus, has been stratigraphically well-investigated (Zhu, 2010; Zhu
et al., 2012; Wu et al., 2012; Wu, 2013; Bhattacharyya et al., 2015b; Wu and Bhat-
tacharya, 2015; Wu et al., 2016a; Wu et al., 2016b; Kynaston and Bhattacharya,
2019). Modern deltaic environments can be characterized by physiochemical cri-
teria, such as salinity, temperature, and sea-level (Smart et al., 1994; Hintz et al.,
2004; Scott et al., 2005; Marins et al., 2016). In many ancient deltaic systems
these physiochemical criteria cannot be measured directly but must be inferred
from paleobiologic or geochemical proxies (Scott et al., 2005). However, micro-
fossil proxies, such as foraminifera, and testate amoebae have only been applied
in a limited capacity in geologic settings, because they are often low in abun-
dance or are poorly preserved in deltaic sediments. To overcome this bias, we ap-
ply morphogroup analysis to these microfossil assemblages for paleoenvironmental
analysis. For decades, micropaleontology has been an important tool in paleoen-
vironmental studies of Holocene coastal environments. Microfossils are sensitive
to a wide range of ecological variables, but there is often a strong salinity control,
which is useful for reconstructing coastal paleoenvironments (Lipps, 1981; Vernal
and Pedersen, 1997; Scott et al., 2005; Gorbarenko et al., 2010). Foraminifera are
unicellular organisms widely distributed from the ocean to brackish water settings
(e.g. foraminifera), and testate amoebae are found in freshwater environments
(Scott et al., 2005; Armstrong and Brasier, 2013). Together, these two groups
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of micro-organisms are useful for determining paleo-salinity in estuarine environ-
ments, because they have either autogenous secreted carbonate or xenogenous (ag-
glutinated) tests, which readily preserve as fossils (Scott et al., 2005; Armstrong
and Brasier, 2013).

Foraminifera and testate amoebae have not evolved extensively through the
geologic record, whereas foraminifera are well documented, testate amoebae are
rare with only twenty-five fossil species that have been reported (Scott et al.,
2005). There are a few studies that document ancient systems using foraminifera
and testate amoebae (e.g. Medioli et al., 1990b; Porter and Knoll, 2000; Foiss-
ner and Schiller, 2001; van Hengstum et al., 2007; Bassi et al., 2008; Babalola,
2009; Riveiros and Patterson, 2009; Farooqui et al., 2010; Singh et al., 2015),
with only a few studies from the Neoproterozoic to Early Miocene in various de-
positional environments. The oldest record of well preserved testate amoebae
is in the Neoproterozoic Era from marine sediment of the Chuar Group, Grand
Canyon, Arizona, where testate amoebae are described as vase-shaped microfossils
(Porter and Knoll, 2000). Testate amoebae were found in marine sediments of the
Early-Permian Manjir Formation northwest of Himalaya in India (Kumar et al.,
2011), and in the Permian-Triassic Boundary in the Guryul Ravine Section, India
(Singh et al., 2015). Testate amoebae in these studies show exceptionally well-
preserved morphological characteristics (e.g. spines and test shape) that are also
found in extant genera, such as Centropyrids and Difflugids (Porter and Knoll,
2000; Kumar et al., 2011; Singh et al., 2015). The presence of testate amoebae
in marine sediments in the Paleozoic deposits shows a later evolution of testate
amoebae from marine (Paleozoic) to terrestrial habitats (Mesozoic to Holocene;
Porter and Knoll, 2000; Kumar et al., 2011; Singh et al., 2015). However, as sug-
gested in this dissertation, some of these examples from marine sediments maybe
misinterpreted because of testate amoebae maybe transported into marine environ-
ments, which maybe a taphonomic bias. In van Hengstum et al. (2007), thousands
of well-preserved testate amoebae were recovered from Cretaceous (Late Albian)
river floodplain deposits near Lincoln, Nebraska. Their study showed that testate
amoebae tests had not evolved very much, and that most of the testate amoebae
maintain their original test characteristics as modern taxa. However, most species
showed post-depositional compression and flattening affecting the final appearance
of the tests (Medioli et al., 1990b; van Hengstum et al., 2007). Overall, their study
shows that the strain concept applies to testate amoebae from different ages, and
it is possible to make comparisons between new and old tests (Reinhardt et al.,
1998). Within the context of the present study, Nagy (2016) provided an example
of using foraminifera morphogroups in recognizing and characterizing components
of sequence architecture such as flooding events and systems tracts in Triassic and
Jurassic deposits. In geologically recent (e.g. Quaternary), foraminifera or testate
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amoebae assemblages retain their test’s original morphology and ornamentation,
which makes them easy to identify to the species level. However, in geologically
older contexts, samples have been affected by dissolution and compression, so it
is often difficult to identify foraminifera and testate amoebae to the species level
due to the loss of characteristics, such as ornamentation, spines, coiling and even
the overall shape of the chambers (Scott et al., 2005; Saraswati and Srinivasan,
2015). Morphogroup analysis combines similar test morphologies, and builds rela-
tionships between form and function with preferred microhabitats (Murray, 1973;
Murray, 2006; Alperin et al., 2011). Previously, morphogroup analysis had only
been applied to agglutinated tests, but recent studies show this analysis can also be
applied to calcareous taxa (Rebolledo et al., 2008). The concept of morphogroups
was first proposed by Heron-Allen and Earland (1930b), who noticed that the test
shape of some selected agglutinated taxa were adapted to particular environments.
Jones and Charnock (1985) used the term “morphogroups” to describe four mor-
phological groups that have preferred trophic habitats, and these divisions were
refined by others, such as Gooday (1993) and Nagy et al. (1995), who identified
additional trophic divisions. Morphogroup analysis has two main advantages: 1)
it enables reliable comparisons between assemblages from different ages, and limits
divergence caused by biological evolution, and 2) it reduces the amount of data in
comparison to formal identification methods using a large number of species, but
still remains an effective paleoenvironmental proxy (Severin, 1983; Nagy, 1992;
Nigam et al., 1992; Matyszkiewicz and Felisiak, 1992; Rebolledo et al., 2008; Col-
paert et al., 2017).

1.0.1 Elemental Analysis and Application

The newly developed uXRF core scanning instrument is capable of high-resolution
analysis of sediment cores (100-200um). It is automated, non-destructive and can
analyze long stratigraphy sequences with great efficiency (e.g. Turner et al., 2010;
Gregory et al., 2015; Profe et al., 2016; Peros et al., 2017; Gregory et al., 2019).
It has been widely applied to soft sediment cores but less so to rock cores. In-
dividual samples as well as split sediment cores can be analyzed by this method
(Gregory et al., 2019). Several studies have used elemental proxies to indicate en-
vironmental changes, such as weathering, and climate over geological time scales
(Croudace and Rothwell, 2015). Studies have highlighted common elements, such
as iron (Fe), titanium (Ti), potassium (K), silicon (Si), sulfur (S), calcium (Ca),
zircon (Zr), strontium (Sr), rubidium (Rb), manganese (Mn), copper (Cu), and
barium (Ba) as being useful in the detection of dry/wet seasons, and as indica-
tors of weathering processes and biological productivity (Croudace and Rothwell,
2015). In the present research, we use elemental data obtained with an ITRAX-
uXRF core scanner from mudstone samples of the Upper Cretaceous (Turonian)
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Ferron-Notom delta and compare it with palynologic (Akyuz et al., 2015), and
micropaleontological (foraminifera and testate amoebae) data (Chapter 2), along
with lithofacies and sequence stratigraphic records (e.g. Zhu et al., 2012; Bhat-
tacharyya et al., 2015b; Bhattacharyya et al., 2015a). The mudstone samples
collected from the Caineville North outcrop represent complete sequences, with
various lithofacies, such as prodelta, delta front, fluvial channels (Zhu et al., 2012;
Wu et al., 2012). The puXRF elemental and micropaleontological data combined
(Chapter 3) provide insights on the paleoenvironmental conditions of the Ferron-
Notom delta, and will serve as a foundation for future studies. uXRF analysis
has been widely used in studies of lake and marine sediment cores in order to de-
tect flood events, grain-size variations, and sediment provenance. However, there
are few applications to coastal and shallow shelf sediments, such as deltaic facies.
Applying uXRF analysis to coastal and shallow shelf depositional systems could
potentially be important for understanding long-shale sequences further offshore
in the basin (e.g. Mancos Shale) because it provides data on the geochemical
make-up of riverine and shallow marine source sediments, and may aid in the in-
terpretation of sea-level and climate forcing in the Cretaceous Western Interior
Seaway (Croudace and Rothwell, 2015).

1.0.2 Ferron Sandstone Member, Notom Delta

The Ferron Sandstone was deposited in a foreland basin during the Upper Creta-
ceous (Turonian) in the Western Interior Seaway (KWIS), which split the North
American continent into two sub-continents, Laramidia (west) and Appalachia
(east). The KWIS extended North from the Gulf of Mexico and connected to the
Boreal Seaway connected to the Arctic, which was 3500 miles in length; the depth
of the KWIS was a few hundred meters wide (Akyuz et al., 2015). The eastern
part of the KWIS was a stable craton, and sediment accumulation, subsidence,
uplift, and erosion were much less than on the western part (Franks et al., 1959;
Oliver, 1971; Karl, 1976; Siemers, 1976; Retallack and Dilcher, 1981; Witzke et al.,
1983). During the Cenomanian, the shoreline migrated rapidly westward during a
transgressive stage. The main features of the eastern side of the KWIS are back-
stepping, and tide-dominated deltas, and peat that accumulated in marginal to
interdistributary or lagoonal settings (Franks et al., 1959; Oliver, 1971; Karl, 1976;
Siemers, 1976; Retallack and Dilcher, 1981; Witzke et al., 1983). The Janssen Clay
Member of the Dakota Formation was deposited in Kansas, and it contained thin
coal formed in a coastal plain with both marine influence and freshwater environ-
ments. In addition, the Woodbury Member of the Dakota Formation was deposited
in eastern Nebraska and western lowa, and it also contains thin coal beds (Franks
et al., 1959; Oliver, 1971; Karl, 1976; Siemers, 1976; Retallack and Dilcher, 1981;
Witzke et al., 1983). Rivers on the eastern side of the KWIS flowed westward, and
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in lowa and Kansas, and they flowed south to southwest based on paleocurrent
data (Franks et al., 1959; Oliver, 1971; Karl, 1976; Siemers, 1976; Retallack and
Dilcher, 1981; Witzke et al., 1983).

The oxygen isotope records during the Turonian show the warmest climate in
the Cretaceous period, and the highest sea level in the Mesozoic and Cenozoic (Pe-
terson and Ryder, 1975; Cobban et al., 2006; Akyuz et al., 2015). The Ferron Sand-
stone is a member of the Mancos Shale Formation located in central Utah, USA.
The Ferron Sandstone Member has three primary progradational deltaic wedges
(Notom, Vernal, and Last Chance) overlying the Tununk shale disconformity (Wu,
2013; Akyuz et al., 2015) that formed during the Turonian period (Upper Creta-
ceous). On the western part of KWIS, the Ferron Sandstone Member is overlaid
by the Blue Gate Shale Formation with a sharp contact. The three deltas range
in age from oldest to youngest: Notom, Vernal, and Last Chance. The Notom
delta is comprised of six sequences, eighteen parasequence sets, and forty-three
parasequences (Li et al., 2010; Zhu et al., 2012). Based on radioisotopic dating of
bentonite beds, the six sequences represent a 100,000-year cycle (Milankovitch-
frequency). Sequence 1 and 2 are non-marine sediments (interpreted as incised
valley and floodplain deposits), sequence 3 and 4 are fluvial-deltaic deposits, and
sequence 5 and 6 are shoreline trajectory (LST) and fluvial-storm dominated facies
(HST), respectively (Zhu et al., 2012; Wu and Bhattacharya, 2015; Akyuz et al.,
2015; Famubode and Bhattacharya, 2016). Many studies have investigated and
modeled the sequence stratigraphy of the Ferron Sandstone Member. However,
the only micropaleontological study attempting to reconstruct the paleoecology of
the Ferron Sandstone Member was based on palynology data defining the broad
depositional environment and climatic setting (Akyuz et al., 2015). In their study,
terrestrial palynomorphs dominated the hydromorphic floodplain paleosols, which
had a subtropical to tropical climate. In addition, four intervals of marine/tidal
influenced sediments showed the occurrence of dinoflagellates (marine cysts), but
they were rare (Akyuz et al., 2015).

1.1 Research Objectives

This study explores foraminifera and testate amoebae trends in the strati-
graphic succession of the Upper Cretaceous (Turonian) Ferron-Notom delta.
Foraminifera and testate amoebae, morphogroup, biofacies, and geochemical anal-
ysis (uXRF) are utilized to determine paleoenvironmental change in the Ferron-
Notom Delta outcrops. This study provides a new application of testate amoebae
and foraminifera morphogroup analysis to geologically old deltaic sequences. This
study applies geochemical proxies, to evaluate aspects, such as rainfall, runoff,
carbonate production, and salinity within the Caineville North outcrop using u
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XRF core scanning that will be useful for future study of long-shale sequences
(e.g. Mancos Shale).

This study aims at achieving the following research objectives:

o Identify different environments represented within the Ferron-Notom Delta
using microfossil morphogroup analysis with comparison to modern case
studies.

o Undertake biofacies analysis of the studied succession using morphotypes
trends to determine salinity and OM indices in the different lithofacies.

o Geochemical analysis of mudstones to identify sediment sources, organic mat-
ter (OM), redox, and paleo-salinity trends within the Ferron-Notom Delta.

1.2 Thesis Structure

In the first chapter (Chapter 2), we propose a systematic taxonomy of foraminifera
and testate amoebae using Cainenville North, Steamboat, Blue Hills, Neilson Wash
and Coalmine Wash outcrops of the Ferron-Notom Delta. We have applied the
concept of morphogroup analysis (Jones and Charnock, 1985; Nagy, 1992; Reolid
et al., 2008), where foraminifera and thecmoebians were identified based on their
test shape. Based on the outcome of Chapter 2, we conducted a biofacies anal-
ysis (Chapter 3) of the three outcrops (Caineville North, Steamboat, and Blue
Hills) developing microfossil indices for salinity and organic matter (OM). The
third chapter (Chapter 4) uses the uXRF elemental data and microfossil indices
in Chapter 3 to examine the deltaic succession of the Caineville North outcrop.
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Abstract

This study focuses on the microfossil content (foraminifera and testate amoebae)
of the Upper Cretaceous (Turonian) Ferron-Notom delta, Utah, USA. Moderately
preserved foraminifera and testate amoebae assemblages were recovered from sam-
ples obtained from muddy strata in five outcrops, namely, Caineville North, Steam-
boat, Blue Hills, Neilson Wash, and Coalmine Wash. A previous palynological
analysis showed that the Ferron-Notom delta had a subtropical to tropical climate.
The current study aims to further investigate the Ferron-Notom delta using mi-
cropaleontological analysis of foraminifera and testate amoebae to determine paleo-
salinity using morphogroup analysis. A total of ninety-eight samples were used in
the morphogroup analysis. Tests have undergone some degree of destruction, in-
cluding flattening (compaction), and dissolution, which hindered identification to
the species level, and the assemblages have been biased towards agglutinated taxa.
Four morphogroups were established based on the relationship between the over-
all test morphology, feeding strategy, and life mode. Nine foraminiferal genera,
namely Gavelinella, Ammobaculites, Trochammina, Miliammina, Bathysiphon,
Reophaz, Neobulimina, and Textularia were identified, of which two are extinct
(Gavelinella and Neobulimina). Two testate amoebae genera, namely Difflugia,
and Centropyxis were identified that belong to extant species. These taxa are
subdivided into eleven morphotypes based on overall test morphology and were
assigned to an environmental range and salinity based on modern and Cretaceous
examples.

Keywords: Ferron Sandstone, Upper Cretaceous, Morphogroup analysis, Taxon-
omy Foraminifera, Testate amoebae, marginal marine settings, paleoenvironments

2.1 Introduction

Foraminifera and testate amoebae are diverse organisms that live in modern oceans
and freshwater environments, respectively, and because of their wide geographical
range and sensitivity to environmental changes, they are useful proxies for pa-
leoenvironmental studies (Scott et al., 2005; van Hengstum et al., 2007). Their
ecological diversity is dependent on physiochemical criteria, such as pH, tempera-
ture, oxygenation, and salinity, so lakes and other freshwater environments can be
differentiated using testate amoebae assemblages, while benthic foraminifera can
be used in brackish marshes, estuaries, the shallow shelf and deep ocean (Scott
et al., 2005). Testate amoebae and foraminifera both maintain simple autoge-
nous or xenogenous tests (van Hengstum et al., 2007). Foraminifera have either
a multilocular or unilocular test can be calcareous, or organic walled, or made-up
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of agglutinated particles and the tests can vary in shape, chamber number, and
ornamentation. In contrast, testate amoebae have a unilocular test with a simple
morphology, and only have an agglutinated or organic wall (sack, donut or vase
shaped; Scott et al., 2005; van Hengstum et al., 2007). In the geological record,
foraminifera are more abundant and diverse than testate amoebae, with ~ 6705
species identified to date, while only twenty-five species of fossil testate amoebae
have been documented (Scott et al., 2005). Many Holocene-based studies have
documented the application of foraminifera and testate amoebae as paleoenviron-
mental proxies. Scott et al. (2005) cites many applications in sea-level, estuarine,
and marsh studies. These studies provide a basis for paleoenvironment recon-
struction using fossil foraminifera and testate amoebae in older geological contexts
(Culver, 2019).

Studies have investigated foraminifera and testate amoebae in ancient systems.
Porter and Knoll (2000) indirectly linked testate amoebae to a marine origin in
their study of Neoproterozoic marine strata, even though they currently inhabit
freshwater environments. However, testate amoebae seem to show minimal ecolog-
ical and morphological evolution throughout the Phanerozoic, which is supported
by the first documented testate amoebae in freshwater deposits from the Early
Permian of the Siul River, Manjir Formation, India (Farooqui et al., 2010). The
migration of testate amoebae from marine to freshwater likely occurred in the
early-Paleozoic (Porter and Knoll, 2000). However, testate amoebae were also
found in marine sediments of the Early Permian Manjir Formation northwest of
Himalaya in India (Kumar et al., 2011), and in the Permian-Triassic Boundary
in the Guryul Ravine Section, India (Singh et al., 2015), so there is uncertainty
on the timing or frequency of marine to freshwater transitions. Testate amoebae
in these studies show exceptionally well preserved morphological characteristics
(e.g. spines and test shape) also observed in extant species, such as Centropyzids
and Difflugids (Porter and Knoll, 2000; Kumar et al., 2011; Singh et al., 2015).
Well-preserved testate amoebae were found in the Early Cretaceous deposits of
Ruby Creek, Alberta, Canada, and in Late Albian deposits, of Nebraska (Medioli
et al., 1990a; van Hengstum et al., 2007). Generally, fossilized testate amoebae
can only be identified to genus level, because of flattening during compaction and
fossilization (Nagy, 1992; Scott et al., 2005; van Hengstum et al., 2007; Reolid
et al., 2008). In contrast, there is extensive research using foraminiferal assem-
blages as proxies for paleoenvironments in ancient coastal systems (Wightman,
1990; Tibert and Scott, 1999; Lloyd, 2000; Nielsen et al., 2008; Nagy et al., 2011;
Jain and Farouk, 2017). Benthic foraminifera are known from the pre-Cambrian
inhabiting brackish to marine environments (Armstrong and Brasier, 2013). How-
ever, there is not extensive research combining testate amoebae and foraminifera
for paleoenvironmental analysis of ancient coastal systems, even though they have
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been widely applied in the Holocene (Scott and Medioli, 1980a; Scott et al., 2005).

Morphogroup analysis is an approach used to assess paleoenvironmental con-
ditions (Nagy, 1992; Reolid et al., 2008) first introduced by Jones and Jones and
Charnock (1985) based on modern faunas. Modern and ancient studies have
demonstrated a direct relationship between foraminiferal shell type, life mode
and feeding strategy (Corliss, 1985; Jones and Charnock, 1985; Corliss, 1991;
Tyszka, 1994; Reolid et al., 2008; Murray et al., 2011). The benefit of apply-
ing morphogroup analysis is threefold: 1) it allows comparison of differently aged
assemblages by eliminating the effect of biological evolution, which leads to tax-
onomic divergence; 2) it does not require identifying microfossils to the species
level; and 3) it reduces data variables simplifying analysis (Nagy, 1992; Nagy et
al., 1995; Bak, 2004; Szydo, 2004; Lemaska, 2005). Morphogroup analysis has
been applied in studies from the shelf to deltaic environments, wherein these mor-
phogroups have helped to differentiate biofacies and environments. Morphogroup
analysis is also applicable using both calcareous and agglutinated foraminiferal
assemblages (Reolid et al., 2008). The overall trends of the morphogroup criteria
(e.g. life position, micro-habitat, and feeding strategy) can be used to establish
different environments, such as those reported from paleoenvironmental studies
on the Jurassic - Cretaceous strata in Nepal and Spain (Nagy, 1992; Nagy et al.,
1995). Furthermore, morphogroup analysis allows relative comparisons within the
same stratigraphic succession.

The present study uses morphogroups on moderately preserved foraminifera
and testate amoebae recovered from five outcrops of the Upper Cretaceous (Turo-
nian) Ferron-Notom delta, the oldest of three deltas within the Ferron Sandstone
Member, Utah, USA. The specimens were identified to either the genus or species
level, depending on their preservation (e.g. sediment load “flattened,” dissolution),
and assigned to morphotypes based on reliability of identification and ecological
tolerances. This study establishes the taxonomic and morphogroup basis for future
biofacies of the Ferron-Notom delta (Chapter 3).

2.1.1 Ferron “Notom Delta” Geological Setting

In the Late Cretaceous, at the peak of thrust faulting during the Sevier Orogeny in
Utah foredeep basin in response to thin skinned crustal shortening (Decelles et al.,
1995; Willis, 1999; Coogan and Decelles, 2007). The Mancos Shale was deposited
in the Western Interior Basin as it filled in response to high rates of syn-orogenic
sedimentation and, subsidence during a period of globally high sea level (Fig. 2.1).
Three clastic deltaic wedges comprise the Turonian Ferron Sandstone Member of
the Mancos Shale: The Last Chance, Vernal, and Notom Deltas (Uresk, 1979;
Hill, 1982; Bhattacharya and Tye, 2004; Corbeanu et al., 2004; Fielding, 2011).

10
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F1GURE 2.1: Regional stratigraphic cross section of the Mancos
Shale showing the relative location of the Ferron Sandstone Mem-
ber, the overlying Blue gate Shale Member, and the underlying
Tununk Shale (modified from: Li and Zhu, 2014)

The Ferron-Notom delta overlies the Tununk Shale Member of the Mancos Shale
Formation and shows a gradational contact. Above the Ferron-Notom delta is a
sharp contact with the overlying Bluegate Shale Member. The Ferron-Notom delta
is composed of six sequences, which are further divided into eighteen parasequence
sets and forty-two parasequences (Li et al., 2011a; Zhu et al., 2012) . The lower
four sequences are composed of shoreface and heterolithic deltaic facies, while the
upper two sequences show incision of lowstand compound incised valleys truncating
underlying deltaic and shoreface deposits (Li et al., 2010; Li and Bhattacharya,
2013; Famubode and Bhattacharya, 2016).

Recent studies (Li et al., 2010; Fielding, 2011; Zhu et al., 2012; Richards and
Bhattacharya, 2018), have mapped the extent of the Ferron Notom Delta outcrop
(Fig. 2.2) across regional strike and dip cross-sections (Figs. 2.3 and 2.4). The
study areas lie along these correlations in strata whose lithology and paleoenviron-
ment have been previously documented using traditional facies analysis (Li et al.,
2011a; Zhu et al., 2012; Li and Bhattacharya, 2013; Ullah et al., 2015; Richards
and Bhattacharya, 2018), within a regional sequence stratigraphic framework.

A palynological study helped reconstruct and refine the broader depositional
environments and evaluate the climatic settings within the floodplain paleosol
deposits (Akyuz et al., 2015). Terrestrial palynomorphs indicate a subtropical
to tropical ever-wet climate (Akyuz et al., 2015). In addition, four horizons of

11
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marine/tidal influence sequences are marked by dinoflagellates (marine cysts) and
confirm that marine influence can be correlated with flooding surfaces (Akyuz et
al., 2015).

Ferron Notom Delta
Study Area X

Ferron Outcrop Belt

l:l Caineville North
l:l Steamboat
[] BlueHilis
l:l Neilson Wash

Coalmine Wash

—— XX Dip
—— Y'Y Strike

Caineville North )’ N
; y

National Park

100 km
0 Kilometers 10

FIGURE 2.2: The regional study area within Utah (modified from:
Zhu et al., 2012). Cross section locations (Figs. 2.3 and 2.4) are
indicated by red lines. The colored boxes indicate sample locations,
which are also represented; the strike and dip cross-sections (Figs.
2.4 and 2.3).
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2.2 Methodology

Ninety-eight hand-sized mudstone samples were collected from muddy facies of
the Ferron-Notom delta, representing six sequences in differing depositional en-
vironments, including marine, pro-delta, delta front, transitional (e.g. marsh,
estuarine) and fluvial facies. The samples were collected for detailed micropale-
ontological analysis to reconstruct paleoenvironmental criteria, including salinity,
organic matter, oxygen, and sea-level changes. A subsample (2.5-10 cm?) was
soaked in distilled water to disaggregate the sediments over a week. The sedi-
ments were then wet sieved using a 63 um screen and dried for examination using
a binocular microscope (100x). Each sample was weighed, and then dry-split into
1/8th for a count of ~ 300 specimens per sample (Fishbein and Patterson, 1993).
Exceptionally preserved tests that maintained some, or all test morphology and
ornamentation were selected for analysis and imaging with a scanning electron
microscope (SEM). The samples were mounted, gold sputter-coated to increase
electrical conductivity and analyzed using a JEOL 6610LV SEM equipped with
a tungsten filament at the Canadian Center for Electron Microscopy at McMas-
ter University (CCEM). Most of the foraminifera and testate amoebae tests have
undergone some post-depositional alteration (such as flattening cf.), making it
difficult to identify the tests to species level using a binocular microscope.

2.2.1 Morphogroup Analysis

Morphogroup analysis categorizes foraminiferal species into groups based on their
overall test morphology (Jones and Charnock, 1985) and relationships with life
position and feeding habits. Foraminifera and testate amoebae are divided into
morphogroups and subgroups, each designated by abbreviations following Nagy
(1992) and Nagy et al. (1995) and Reolid et al. (2008). The current study fol-
lows the morphogroup principle and employs morphotype as a lower rank using a
descriptive term. The foraminifera recovered from the Ferron-Notom delta are ben-
thic, and belong to nine families: Gavelinellidae, Lituolidae, Haplophragmoididae,
Ammomarginulininae, Trochamminidae, Astorhizidae, Miliammina, Turriknidae
and Textularia. In addition, we newly identify and apply two testate amoebae
genera (Difflugia- like and Cenropyzis- like). A number was assigned to each mor-
phogroup, and an abbreviation was assigned to each morphotype (Table 2.1) based
on general test morphology, mode of coiling, and the number of chambers (if ap-
parent). Four morphogroups and eleven morphotypes were established following
Nagy (1992) and Nagy et al. (1995) and Reolid et al. (2008).
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TABLE 2.1: Foraminiferal and testate amoebae morphogroups from
the Ferron-Notom delta, with inferred microhabitats and feeding
strategies (Severin, 1983; Jones and Charnock, 1985; Bernhard,
1986; Koutsoukos et al., 1990; Nagy, 1992; Rebolledo et al., 2008).

FEEDING

MORPHOGROUP  MORPHOTYPE ~ TESTFORM  LIFEPOSITION  grparegy  CHAMBERS/  ENVIRONMENT TAXA
TEST TYPE
Flattened tive 2, High energy
trochospiral Epifauanal AL,"\./-L N B 2  lagoon & estuary
PS nearly lP_d;%‘“‘ ER - Inner shelf Gavelinella ammoniodes
arly herbivore £3 o upper Gavelinella loreniana
planispiral detritivore. zcg S bathyal Haplophragmoides spp.
: Inner shelf t
Planispiral Active to nner gb e[h OI
Ps/UnS Infauna passive 5 9 upper bathyal =g, haculites subcretaceus
! 0 deiti ] with increased
o it g s
Uniserial etritivore E’ g ocC
E e
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Agglutinated Benthic Foraminifera Morphogroup

Morphogroup 1. This group is subdivided into three morphotypes (Table 2.1),
namely, trochospiral (TS), planispiral (PS), and initially planispiral to uniserial
PS/UnS). The tests are multilocular, and are adapted to an epifaunal or infaunal
habitat and are herbivores to omnivores. In the stratigraphic succession, this
group is represented by Gavellenila, and Haplophragmoides (Table 2.1, PS; Plate
1, Figs. 1-4, and 5), Ammobaculites (Table 2.1, PS/UnS; Plate 1, Figs. 7-9)
and Trochammina (Table 2.1, TS; Plate 1, Fig. 6). All three morphotypes are
equivalent to 2-b and 3-a in Nagy (1992) and C2 and D in Rebolledo et al. (2008).

Morphogroup 2. This group includes foraminifera with multilocular, and Mili-
olid (Mi) tests, which are adapted to epifaunal to shallow infaunal habitats. This
group is represented by Miliammina spp. (Table 2.1-Mi; Plate 2, Figs. 1-4) in the
stratigraphic successions.

Morphogroup 3. The foraminifera in this group are divided into four mor-
photypes. Two morphotypes (Table 2.1, UnLT, and UnSE) comprises UniLocular
(tubular), elongated, UniSerial tests, which are adapted to a shallow infaunal /erect
epifaunal mode of life with a suspension feeding strategy. This group is equivalent
to 1-a in Nagy (1992), and A, C1, and C3 in Rebolledo et al. (2008). They are
represented by Bathysiphon spp., and Reophax spp. in the stratigraphic succession.
The other two morphotypes (Table 2.1, TrS, and BiS) are multilocular, with Bi-
or Tri-Serial tests, and they are adapted to shallow - deep infaunal habitats with
a bacterial scavenging feeding strategy (detritivores). These two morphotypes are
equivalent to 3-b in Nagy (1992), A8 in Tyszka (1994) and C3 in Rebolledo et al.
(2008). TrS and BiS morphotypes are represented by Neobulimina albertensis and
Textularia spp. in the stratigraphic succession.

Agglutinated Testate Amoebae Morphogroup

Morphogroup 4. The Testate amoebae (Ta) in this group are divided into three
morphotypes (Ta-F, Ta-D and Ta-S). Species in these groups are unilocular, and
they are adapted to an epifaunal habitat and herbivorous feeding strategy (Ogden
and Hedley, 1980; Medioli et al., 1987) . The first sub-group consists of Flask-
shaped tests (Table 2.1, Ta-F), and is represented by Difflugia oblonga, Difflugia
proteiformis, Difflugia urceolata and Lagenodifflugia cf. wvas. The second sub-
group consists of Donut-shaped tests (Table 2.1, Ta-D), and it is represented by
Centropyzis constricta (Scott et al., 2005), and the third morphogroup includes the
Sack-shaped tests (Table 2.1, Ta-S) and it is represented by Centropyzis aculeata.
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2.3 Result and Discussion

Samples were collected from five outcrops scattered within the Ferron-Notom delta;
each sample was taken from muddy sections within these stratigraphic exposures.
We applied morphogroup analysis that divided the foraminifera and testate amoe-
bae into morphotypes based on their overall test morphology, their function, and
life modes (Jones and Charnock, 1985; Nagy, 1992). This analysis allows us to
reduce the data by identifying microfossils to their genus level instead of species
following Nagy (1992) and Nagy et al. (1995), and Reolid et al. (2008). Case
studies from Holocene/Quaternary and Mesozoic strata have made contributions
to understanding controlling factors that have a direct or indirect impact on the
distributions of both assemblages. Scott et al. (2005) included many case studies
as examples, where foraminifera and testate amoebae were used as paleoenviron-
mental proxies. These studies include using marsh foraminifera for sea-level fluc-
tuations (1m; Scott and Medioli, 1980a), and seismically induced coastal changes
(Atwater, 1987; Atwater, 1992; Gayes et al., 1992; Scott et al., 1995a; Scott et al.,
1995b; Scott et al., 2005). In addition, one of the more important and relevant
studies is the estuarine classification by Scott and Medioli (1980a) from five lo-
calities in Canada. In the present study, our goal is to establish a foundation for
biofacies analysis based on morphogroups. Currently, there is no morphogroups
analysis using testate amoebae, but on geologically old successions may they prove
useful for environments and sea-level changes in Cretaceous coastal successions.

Taphonomy. Taphonomic processes, including compaction, dissolution, trans-
port, and diagenesis, can greatly impact the fossil record of foraminifera and testate
amoebae (Berger, 1971; Berkeley et al., 2007; Scott et al., 2005; Berkeley et al.,
2009). Foraminifera and testate amoebae studied herein have undergone some
degree of compaction that caused deformation and flattening of tests similar to
van Hengstum et al. (2007). Only two samples out of 98 samples were found to
contain calcareous tests, and of these, calcareous tests were uncommon (e.g. 8/2).
The calcareous tests belong to two genera, namely, Gavelinella (4 specimens), and
Neobulimina (4 specimens), and were found within samples from the Blue Gate
and Tununk shale members. The lack of calcareous tests can be explained as a
result of dissolution and/or diagenesis, but calcareous taxa may not have been part
of the original biocenosis. Because calcareous tests are largely absent, agglutinated
taxa are used in our environment interpretations.

Morphogroup 1. This group includes three morphotypes (Table 2.1. PS,
PS/UnS, and TS). There are three life positions and feeding strategies for these
morphotypes (Table 2.1, PS, PS/UnS, and TS). In general, this morphogroup
seems to be sensitive to currents, sea-level change (e.g. tide cycles) and organic
content based on their life position and feeding strategies, and their range from
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the shelf to high energy lagoons/estuaries (Nagy, 1992; Nagy et al., 1995).

Morphotype-PS comprises a flattened trochospiral nearly planispiral, and
Gavelinella and Haplophragmoides represent this morphotype. Two Gavelinella
species have been observed within the Ferron-Notom delta’s samples, namely
G.ammonoides and G. lorneiana (Plate 1, Figs. 1-4). The former is the early
ancestor of G. lorneiana in the Upper Turonian, and its complete stratigraphic
range is unknown (Dubicka and Peryt, 2014). G. lorneiana has a large and low
trochospiral test reported from Cretaceous strata in several European countries,
such as northern France, Germany, United Kingdom, and in the Western Interior
Seaway (Texas; Dubicka and Peryt, 2014). Both Gavelinella and Neobulimina
are described as a transitional fauna that can tolerate low oxygen environments
(Leckie, 1985; Ashckenazi-Polivoda et al., 2010). Haplophragmoides spp. domi-
nates the samples with Trochammina spp., and Haplophragmoides spp. is reported
in brackish to tidal marshes in The Minho River northern Portugal (Fatela et al.,
2009).

Morphotype-PS/UnS contains elongated uniserial initially coiled tests. This
morphotype includes Ammobaculites, and this genus typically has a range in
Holocene environments, from low marsh to shallow upper estuarine environments,
where the salinity is less than 20 ppt (Scott et al., 2005; Chen et al., 2020). In our
samples, all the Ammobaculites specimens belong to A. subcretaceus (Cushman
and Alexander, 1930) with varying lengths.

Morphotype-TS includes flattened trochospiral tests. This morphotype is
represented by Trochammina spp., which is a high marsh type species (Scott
et al., 2005). It has been reported in Holocene salt marsh environments (i.e.,
New Zealand) that are affected by tides (Hayward et al., 1999), and typically
inhabit salinity ranges from 5 ppt to 40 ppt (Teal, 2001). This species was iden-
tified based on the test shape of modern extant species (Hudackova et al., 2018)
and a study from the Canadian Western Interior Seaway (McNeil and Caldwell,
1981). Trochammina spp. are a common proxy for sea-level reconstructions in
Holocene sediments along with M.fusca, which is a low marsh species (Hayward
et al., 1999; Leorri et al., 2010).

Morphogroup 2. This morphogroup includes multilocular, miliolid morphotypes
(Mi), and it is represented by Miliammina spp. (e.g. Miliammina fusca; Plate 2,
Fig. 1-4) taxa.

Morphotype-Mi. The specimens lacked most of the defining characteristics
of M. fusca, but the location of the aperture and faint lines defining the chambers
helped identify the specimens as M. fusca. This morphotype was found in only
a few sections and samples. In modern settings, the distribution of Miliammina
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spp. is found in environments with low salinity (=6 ppt) indicating low marshes to
upper estuaries (Scott and Medioli, 1980c; Chen et al., 2020). Similar to Trocham-
mina spp. and Ammobaculites spp., M.fusca is a good proxy for sea-level as there
distribution is zoned with tidal range (Hayward et al., 1999; Leorri et al., 2010).

Morphogroup 3. Four morphotypes are included in this group, and their tests
are elongated with different chamber arrangements.

Morphotype-UnLT. This morphotype includes uniocular-tubular (Table 2.1)
specimens, namely, Bathysiphon spp. (Plate 2, Fig. 7). The Bathysiphon spp.
(UnLT) is equivalent to morphogroup 1-a in Nagy (1992) and Reolid et al. (2008).
Like Rhizammina spp. this species stands erect with its aperture elevated above
the sediment (Nagy, 1992), so its position in the sediment is an adaptation to
suspension feeding as suggested by Jones and Charnock (1985), Mullineaux (1987)
and Altenbach (1988). This morphotype (UnLT) is found in both in the deep sea
and in shallow water, thus, they are highly affected by the water current velocity
and turbidity events as suggested by Nagy (1992).

Morphotype-UnSE. This morphotype includes the elongated uniserial (Table
2.1) specimens. This morphotype was assigned to Reophaz spp. (Plate 2, Fig. 5-
6). This species is described as an opportunistic infaunal taxon in Mesozoic strata
(Jenkins, 2000), and change their habitat according to nutrient abundance. It has
been recorded in Jurassic pro-deltaic facies (Nagy and Johansen, 1989), the mid
to outer shelf (Reolid and Nagy, 2005), deep lagoon (Hughes, 2004) and shallow
brackish lagoonal facies (Bhalla and Talib, 1991; Reolid et al., 2008). Reophaz spp.
are found to be tolerant of low oxygen conditions (Kaminski et al., 1995; Reolid
et al., 2008), and is commonly used as an indicator for high organic contents (Scott
et al., 2005).

Morphotype-BiS. Elongated biserial specimens (Table 2.1) were assigned to
morphotype-BiS, which is represented by Textularia spp., and are adapted to an
infaunal life position and are detritivores (Reolid et al., 2008). In ancient examples,
they are abundant in outer shelf environments (Bernier, 1984) and shallow to deep
lagoons (Hughes, 2004). Teztularia spp. were found to be tolerant of high-energy
shallow water conditions within carbonate buildups (Oxfordian strata, Cracow
area, Southern Poland; Bernier, 1984; Matyszkiewicz and Felisiak, 1992). However,
in Holocene sediment Textularia spp. are commonly found in a wide range of
coastal environments (Scott et al., 2005).

Morphotype-TrS. The elongated triserial morphotype is represented by (Ta-
ble 2.1) Neobulimina albertensis, which is an extinct species, but this morphotype
likely had a similar life mode and feeding strategy as Teztularia spp. Neobulimina
albertensis has been associated with an environmental range from the outer shelf

20


http://www.mcmaster.ca/
https://www.science.mcmaster.ca/geo/
https://www.science.mcmaster.ca/geo/

Doctor of Philosophy— Majed N. TURKISTANI; McMaster University— School of
Earth, Environment and Society

to deep lagoons. This species is also likely tolerant of low-oxygen levels (Leckie,
1985; Ashckenazi-Polivoda et al., 2010).

Morphogroup 4. This morphogroup consists of three subgroups with three
morphotypes (Tabel.2.1, Ta-F, Ta-D, and Ta-S), and it includes only agglutinated
testate amoebae (testate amoebae). All species belonging to these morphotypes
are epifauna and adapted to herbivore and detritivore feeding.

Morphotype-Ta-F comprises five testate amoebae species with unilocular,
flask-shaped tests namely, Difflugia oblonga, Difflugia proteiformis, Difflugia
corona, Difflugia urceolata and Lagenodifflugia vas, which are all extant species.
Three of these taxa have been recorded in the Cretaceous Dakota Formation near
Lincoln, Nebraska, USA (D. oblonga, D. proteiformis and L. vas; van Hengstum
et al., 2007). All species belonging to this morphotype (Ta-F) inhabit freshwater
environments (Scott et al., 2005). D. oblonga is mainly found in water with pH
<6.2 (Ellison, 1995) and is often found in organic-rich sediments and warmer
climates (Kliza, 1994; McCarthy et al., 1995; Asioli et al., 1996). D. proteiformis
is resistant to high amounts of ammonia, nitrogen, and nitric nitrogen, and it is
common in organic rich sediments with sulfides, sulfites and low oxygen (Asioli
et al., 1996). These taxa are often used to indicate sea-level changes in Holocene
sediments (Mutti et al., 1988; Medioli and Barbara, 1995), and freshwater influ-
ence in estuarine environments (Bartlett, 1966; Ellison and Nichols, 1976; Scott
et al., 1977; Scott and Medioli, 1980c).

Morphotypes Ta-D and Ta-S. These two morphotypes have donut-shaped
and sack-shaped tests, respectively, and are represented by Centropyxis aculeata
and Centropyzis constricta. Both can tolerate extreme environmental conditions
(Scott et al., 2005). C. aculeata and C. constricta in modern studies are found in
brackish ponds in coastal areas affected by salt spray (Scott and Medioli, 1983).
Both species are also used as an indicator for estuarine environments, where they
form the transition from marine to fresher water (low salinity < 5 ppt; Scott and
Medioli, 1980c).

Systematics

Foraminifera species were identified using McNeil and Caldwell (1981), Corliss and
Chen (1988), Eduardo et al. (1990), Nagy (1992), Nagy et al. (2009), and Cetean
et al. (2011) and (Murray et al., 2011). Nine genera of foraminifera Gavelinella
(Brotzen, 1942), Haplophragmides, Ammobaculites (Cushmann, 1917), Trocham-
mina ( Parker and Jones, 1859), Reophaz, Bathysiphon (Sars, 1872), Milimmina
(Heron-Allen and Earland, 1930a), Neobulimina (Cushman and Cole, 1930), and

Textularia (Defrance,1824). Three testate amoebae genera were documented,
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which Medioli et al. (1990a) described as “ Difflugid,” “ Lagenodifflugia” and “ Cen-
tropyzid-like” Species belonging to these genera are Difflugia oblonga, Difflugia
urceolata, Difflugia corona, Difflugia proteiformis and Lagenodiffilugia which are
freshwater indicators. Centropyxis aculeata and Centropyxis constricta are also
found in freshwater environments, but can also tolerate low salinity (<5%o0) en-
vironments, such as upper estuaries. They are also an opportunistic species that
can tolerate harsh conditions (Scott and Medioli, 1980a; Medioli et al., 1990a).

Foraminifera Taxonomic Descriptions
Family GAVELINELLIDAE Hofker, 1956
Genus Gavelinella Brotzen,1942
Gavelinella ammonoides (Reuss, 1845 ) Fig. 4.1-4.2

Plate 1. Fig. 1-2.; Table 2.1-morphogroup 1-PS
Discussion. This species is calcareous and found in two samples, but it was
difficult to identify under a binocular microscope (20x).The test features can be
observed with the SEM. In general, the test is flattened trochoid, consisting of
three whorls, with low spiral height and low to moderate convex in the umbilical
side. In some specimens, chamber sutures can be seen and are partially perforated.
Most of the tests are flattened due to sediment loading and compaction.

Gavelinella lorneiana ( d’Orbigny, 1840 )

Rosalina lorneiana d’Orbigny, 1840, p. 36, Plate 3, Fig. 20-22.
Gavelinella kelleri (Vasilenko and Mjatliuk). Kaptarenko-Chernousova
et al., 1979, p. 127, Plate 48, Fig. 8.

Gavelinella lorneiana (d’Orbigny). Edwards, 1981, p. 396, 397, Plate 56,

Fig. 1-5; Hradecka, 1996, p. 90, Plate 4, Fig. 1-6; Revets, 2001, p. 14, Plate 3,
Fig. 10-12.
Plate 1, Fig. 3-4; Table 2.1-morphogroup 1-PS

Discussion. Similar to G.ammonoides, G.lorneiana calcareous and found in
two samples, and were easily identified using binocular microscope (20x) based
on their low trochospiral test. G. lorneiana consists of several whorls, and its
spire height is moderate and biconvex. The chambers are difficult to observe, but
with the SEM, the chambers and sutures can be identified. The umbilical side is
slightly concave. This species might have evolved from G. ammonoides (Dubicka
and Peryt, 2014).

Superfamily LITUOLOIDEA
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Family LITUOLIDAE de Blainville, 1825
Family HAPLOPHRAGMOIDIDAE Mayne 1952
Genus Haplophragmoides Cushman 1910
Haplophragmoides porrectus Maslakova 1955
1955. Haplophragmoides porrectus Maslakova: p. 47, Plate 3, Fig. 5, 6.

Haplophragmoides spp.. Plate 1, Fig. 5; Table 2.1-morphogroup 1-TS
Discussion. This species is agglutinated and abundant in all samples, and
showing large involute planispiral coiling flattened agglutinated wall, and consist-
ing of two to three whorls (McNeil and Caldwell, 1981).

Subfamily AMMOMARGINULININAE Podobina, 1978
Genus Ammobaculites Cushman, 1910

Ammobaculites subcretaceus Cushman & Alexander 1930.

Plate 1, Fig. 7-9; Table 2.1-morphogroup 1-PS/UnS
Discussion. Ammobaculites spp. species in the samples were identified from
agglutinated test morphology. Tests are flattened planispiral (coiled) to an un-
coiled portion (uniserial-elongated arrangement), and the uncoiled part is short.

The test wall is agglutinated, and poorly to moderately preserved. No chamber
can be observed (McNeil and Caldwell, 1981).

Family TROCHAMMINIDAE Schwager, 1877
Genus Trochammina Parker and Jones, 1859

Trochammina spp.

Plate 1 Fig. 6; Table 2.1-morphogroup 1-TS
Discussion. Trochammina spp. has agglutinated test, and was identified based
on the outline morphology of the tests, and in SEM. It is possible to see faint
lines (septum) that defined chambers. Most of the specimens have undergone
deformation and are poorly preserved.

Family ASTORHIZIDAE Brady, 1881
Genus Bathysiphon Sars, 1872
Bathysiphon spp.

Plate 2, Fig. 5-7; Table 2.1-morphogroup 3-UnLT
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Discussion. This species is agglutinated and abundant in all samples. No other
characters can be observed, except the location of the aperture and overall test
morphology.

Family RZEHAKINIDAE Cushman, 1933
Genus MILIAMMINA Heron-Allen and Earland, 1930
Miliammina spp.

Plate 2, Fig. 1-4; Table 2.1-morphogroup 2-Mi
Discussion. Miliammina spp. is agglutinated and rare in most of the samples
likely due to poor preservation. In lateral view, the test is sub-rectangular in
shape, and it is moderate in size. Chambers are not visible, but from the overall
test morphology, chambers appear to be tubular arranged in a quinqueloculine
plan. The test wall is agglutinated and fine-grained. Aperture is obscure, and is
an opening at the end of the tubular chamber (McNeil and Caldwell, 1981).

Family TURRILNIDAE Cushman, 1927

Genus Neobulimina Cushman and Wichenden,

1928 Neobulimina albertensis (Stelck and Wall), 1954 Plate 3, Fig. 1-6; Table
2.1-morphogroup 3-TrS

1954. Guembelitria cretacea Cushman var. albertensis Stelck and Wall, p. 23,
Plate 2, Fig. 19. 11. 2-4.

1954. Bulimina wyomingensis Fox, p. 118-119, Plate 26, Fig. 8-11.
1955. Guembelitria cretacea Cushman var. spiritensis Stelck and Wall, p.44,
Plate 2, Fig. 5
1962. Neobulimina albertensis (Stelck and Wall); Tappan, p.184, Plate 48, Fig.
3-6.
1965. Praebulimina wyomingensis (Fox); Eicher, p. 903, Plate 106, Fig. 4.
1966. Neobulimina albertensis (Stelck and Wall); Eicher, p. 26, Plate 5, Fig. 5-8.

1967a. Praebulimina wyomingensis (Fox); Eicher, p. 185, Plate 18, Fig. 7.
1970b. Neobulimina albertensis (Stelck and Wall); Eicher and Worstell, p.290,
Plate 4, Fig. 8
1976. Neobulimina albertensis (Stelck and Wall); Evetts, Plate 3, Fig. 8-10.

Discussion. Neobulimina albertensis is abundant and flattened. Overall, tests
were small, stout, with sharp tapered to near parallel shaped and rounded towards
the distal end. The greatest width was midway between proximal and distal ends.
The chambers were inflated, sub-globular to sub-rectangular in lateral view, and
arranged triserially or trochospire (with 3 chambers per whorl) and later bi-serial
arrangement (McNeil and Caldwell, 1981).
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Family TEXTULARIIDAE Ehrenberg, 1838
Genus Textularia Defrance, 1824,

Teztularia spp., Plate 3 Fig. 7-9.; Table 2.1-morphogroup 3-BiS
Discussion. This genus was identified based on the general morphology that
characterizes Textularia spp.: bi-serial and elongated, and in all samples shows

flattened tests, with no clear distinction between chambers and aperture.

Testate amoebae Taxonomic Description
Phylum PROTOZOA Goldfuss, 1818
Subphylum SARCODINA Schmarda, 1871
Class RHIZOPODA von Siebold, 1845
Subclass LOBOSA Carpenter, 1861
Order ARCELLINIDA Kent, 1880
Superfamily ARCELLACEA Ehrenberg, 1830
Family DIFFLUGIDAE Stein, 1859
Genus Difflugia Leclerc in Lamarck, 1816
Difflugia oblonga Ehrenberg, 1832, p.90.
Difflugia oblonga Ehrenberg in Medioli and Scott, 1983, Plate 2, Fig. 1-27.

Plate 4, Fig. 1-4; Table 2.1-morphogroup 4-Ta-F
Discussion. This taxa shows high variation, and was widespread in the sam-
ples. Difflugia oblonga were laterally compressed (Plate 5, Fig. 1-4), and rarely
they retained their original shape. However, they show remarkable similarity with
Holocene examples (Patterson and Kumar, 2002; van Hengstum et al., 2007).

Difflugia proteiformis Lamarck 1816

Difflugia proteiformis Lamarck, 1816, p.95 (with reference to the material by
LeClerc).

Difflugia proteiformis Lamarck in Medioli and Scott, 1983, Plate 1, Fig. 15-20.

Plate 5, Fig. 1; Table 2.1-morphogroup 4-Ta-F
Discussion. Representative specimens are few. The aperture was wide in com-
parison to some of Holocene examples and the neck was absent. No specimens
retained their original test shape and were flattened and could potentially be mis-
taken for Difflugia oblonga.
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Difflugia corona Walich
Difflugia proteiformis (sic) (Ehernberg)

subspecies D. globularis (Dujardin) var. D. corona Walich, 1864, p.244, Plate 15,
Fig. 4b, Plate 16, Fig. 19, 20.

Difflugia corona Walich. Archer, 1866, p.186; Medioli and Scott, 1983, p.22,
Plate 1, Fig.

6-14; Scott and Medioli, 1983, p.818, Fig. 9P; Patterson et al., 1985, p.134, Fig.
1-6.

Plate 5, Fig. 2; Table 2.1-morphogroup 4-Ta-F
Discussion. Tests are subspherical in shape and compressed and missing their
mouth collar.

Difflugia urceolata Carter

Difflugia urceolata Carter, 1864, p.27, Plate 1, Fig. 7; Scott et al., 1977, p.1578,
Plate 1, Fig. 3, 4; Scott et al., 1980, p. 224, Plate 1, Fig. 10-12; Medioli and
Scott, 1983, p.31, Plate 3, Fig. 1-23, Plate 4, Fig. 1-4; Scott and Medioli, 1983,
p-818, Fig. 9F, G; Patterson et al., 1985, p.134, Plate 2, Fig. 11, 12.

Lagunculina vadescens Cushman and Bronnimann, 1948a, p.15, Plate 3, Fig. 1,
2; Parker, 1952a, p.451, Fig. 8.

Plate 5, Fig. 3-5; Table 2.1-morphogroup 4-Ta-F
Discussion. This species as other Difflugids was identified based on its flask-
shaped test, which is similar to D. oblonga. However, this species has a very wide
test and large aperture.

Genus Lagenodifflugia Medioli and Scott, 1983
Lagenodiffuliga cf. vas (Leidy, 1874)
Difflugia vas Leidy, 1874, p. 155.
Lagenodifflugia vas (Leidy, 1874) Medioli and Scott, 1983.

Plate 5, Fig. 6; Table 2.1-morphogroup 4-Ta-F
Discussion. Tests are agglutinated, flask-shaped, and laterally compressed.
Circular restriction in the neck around the circumference was apparent.

Genus Centropyzis Stein, 1859

Centropyzis aculeate Ehrenberg

26


http://www.mcmaster.ca/
https://www.science.mcmaster.ca/geo/
https://www.science.mcmaster.ca/geo/

Doctor of Philosophy— Majed N. TURKISTANI; McMaster University— School of
Earth, Environment and Society

Arcella aculeate Ehrenberg, 1832 (ab Ehrenberg, 1830, p.60, nomen nudum),
p-91.

Centropyzis excentricus (Cushman and Bréonnimann).

Scott, 1976b, p.320, Plate 1, Fig. 1,2; Scott et al, 1977, p.1578, Plate 1, Fig. 1,2;
Scott et al, 1980, p. 224, Plate 1, Fig. 1-3.

Centropyzis aculeata (Ehrenberg). Stein, 1859, p. 43;

Medioli and Scott, 1983, p.39, Plate 7, Fig. 10-19; Scott and Medioli, 1983,
p.819, Fig. 91; Patterson et al., 1985, p.134, Plate 4, Fig. 1-7; Scott et al., 1991,
p.384, Plate 1, Fig. 7-9.

Plate 5, Fig. 7-8; Table 2.1-morphogroup 4-Ta-S
Discussion. C. aculeata species was identified by its overall test morphology,
which is sack-shape, and it shows deformation due to the compression and poor
preservation. In SEM, the aperture appears angled and broken.

Centropyiz constricta (Ehrenberg)
Arcella constricta Ehrenberg, 1843, p. 410, Plate 4, Fig. 35, Plate 5, Fig. 1.
Difflugia constricta (Ehrenberg). Leidy, 1879, p. 120, Plate 18, Fig. 8-55.

Urnulina compressa Cushman, 1930a, p. 15, Plate 1, Fig. 2; Parker, 1952, p.
460, Plate 1, Fig.

9; Scott et al., 1977, p. 1578, Plate , Fig. 7, 8; Scott et al., 1980, p. 224, Plate 1,
Fig. 13-15.

Centropyzis constricta (Ehrenberg). Deflandre, 1929, p. 340, text-Fig. 6-67;
Medioli and Scott, 1983, p. 41, Plate 7, Fig. 1-9; Scott and Medioli, 1983, p.
819, Fig. 9K; Patterson et al., 1985,

p. 134, Plate 4, Fig. 8-14; Scott et al., 1991, p. 384, Plate 1, Fig. 4.

Plate 5, Fig. 9; Table 2.1-morphogroup 4-Ta-D
Discussion. This species was identified by its overall test morphology, which is
donut-shape, and as in Difflugia oblonga, this species shows lateral compression.
We could not observe the aperture because of the poor preservation, and lateral
compression. However, it can be identified by its more/less circular shape and a
slight central depression from the aperture.
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2.4 Conclusions

This research establishes a taxonomic framework for the Ferron-Notom delta using
morphogroup analysis of foraminifera and testate amoebae. The morphogroup
analysis identifyied nine foraminiferal morphotypes, which included genera of
Gavelinella, Ammobaculites, Trochammina, Miliammina, Bathysiphon, Reophaz,
Neobulimina, and Textularia, and two morphotypes of testate amoebae, which in-
cluded two genera: Difflugia and Centropyxis. All morphotypes are agglutinated
walled-tests, and calcareous walled-test are largely absent, with only ten speci-
mens documented in two samples. Taphonomic processes, including compaction,
and dissolution, have had a significant impact on foraminifera and testate amoe-
bae preservation in the study area. All specimens were flattened due sediment
compaction which led to test deformation and the calcareous tests are absent.
However, despite these taphonomic biases, morphogroup analysis will provide
useful information on salinity trends with the inclusion of the testate amoebae
morphogroup in estuarine settings.
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PLATE 1: (1 - 2) Gavelinella ammonoides (Reuss, 1845), in um-
bilicalside view. (3-4) Gavelinella lorneiana (Cushman, 1938), (3)
spire side view. (4) umbilical side view. (5) Haplophragmoides sp.,
umbilical side view. (6) Trochammina spp. (7-9) Ammobaculites
subcretaceus (Cushman andAlexander, 1930). Scale bars = 50 pm.
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PLATE 2: (1-4) Miliammina spp., chamber side view, tests are
flattened and deformed (5-6) Reophax spp. (7). Bathysiphon spp.
(Sars, 1872),in edge view. Scale bars = 50um.

30


http://www.mcmaster.ca/
https://www.science.mcmaster.ca/geo/
https://www.science.mcmaster.ca/geo/

Doctor of Philosophy— Majed N. TURKISTANI; McMaster University— School of
Earth, Environment and Society

PrLATE 3: (1-4(6)) lateral view of Neobulimina albertensis (Stelck
and Wall, 1954). (1-4(6)) tri-serial arrangement of N. albertensis.
(5 - 9) biserial arranged chambers deformed (by dissolution) and
flattened tests of Textularia spp. Scale bars = 50um.
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PLATE 4: (1-4) Difflugia oblonga (Ehrenberg, 1832), in sideviews
of different morphotypes of the species. Scale bars = 50 um.
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PLATE 5: (1) Difflugia proteiformis (Lamarck, 1816), (2) Difflugia
corona (Walich),(3 - 5) Difflugia urceolata (Carter). (6) Lagenod-
ifflugia cf. wvas (Leidy, 1874). (7-8) Centropyzis aculeate (Ehren-
berg). (9) Centropyzis constricta. All specimens are in sideviews.
Scale bars =50um.
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FI1GURE 2.5: Line drawings of modern and Cretaceous foraminiferal
species as representative for the present study species. Modified and
redrawn from Scott et. al. 2005. (1) Gawvelinella spp., (2) Trocham-
mina inflata, 2a.ventral view, 2b. edge view. (3) Haplophragmoides
spp. 3a. apertural view, 3b. side view. (4) Ammobaculites spp. (5)
Reophax spp. (6) Bathysiphon spp. (7) Textularia spp. (8) Neobu-
limina albertensis (9) Miliammina fusca. 9a, side view, 9b, opposite
sideview.
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FIGURE 2.6: Line drawings of modern testate amoebae species as
representative for the present study species. Modified and re-drawn
from Scott et. al. 2005. (1) Centropyxis aculeata, la. edge view,1b.
aperture view. (2) Centropyzis constricta, 2a. lateral apertural
view, 2b.edge view. (3 & 10) Difflugia urceolata, 3a-b, morpholog-
ical variations, and 3c, aperture view. (4-6) Difflugia proteiformis.
(7) Lagenodifflugia vas.(8) Difflugia corona (9) Difflugia oblonga,
9a-b, side views.

35


http://www.mcmaster.ca/
https://www.science.mcmaster.ca/geo/
https://www.science.mcmaster.ca/geo/

Chapter 3
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Abstract

Morphogroup and biofacies analysis was conducted on strata of the Upper Creta-
ceous (Turonian) Ferron-Notom delta, Central Utah, USA. This study investigates
associations between ancient deltaic environments and foraminiferal and testate
amoebae assemblages with an assessment of their ecological zonation based on their
extant Holocene counterparts. Sixty-six hand specimens of mudstone were col-
lected from the three outcrops along strike and dip profiles. Previous, morphogroup
analysis showed four morphogroups and eleven morphotypes of foraminifera and
testate amoebae indicating relationships between test morphology and depositional
environment. Based on this preliminary analysis, we use the morphotypes to de-
fine four main biofacies using cluster analysis, and biodiversity indices. However,
because of fossilization biases and the partial loss of the calcareous fraction, the bio-
diversity indices are only used as relative measures. Despite this taphonomic bias,
the agglutinated foraminifera and testate amoebae morphogroups show trends with
salinity both among the outcrops and stratigraphically within the outcrops. The
Blue Hills outcrop represents the most landward and thus the lowest salinity en-
vironment (tidally-influenced backwater), Steamboat is more coast proximal with
a higher salinity found in the delta front and fluvial estuarine environment, and
the Caineville North outcrop represents the most coast proximal with variable low
- medium salinity of the prodelta/delta front and fluvial/estuarine environment.
It appears that landward and coastward transport of tests led to a taphonomic
bias. Nonetheless, the assemblages provide useful information that correlates with
previously documented lithofacies data. A salinity index which is a ratio of tro-
chospiral taxa versus testate amoebae taxa provides a useful measure of coastal
proximity that matches lithofacies trends. In addition, an OM index, which is
the ratio of “bolivind-type” taxa versus trochospiral taxa shows relationships with
original organic content.

Keywords: Ferron Sandstone delta, Upper Cretaceous, Morphogroup analysis,
Biofacies, Foraminifera, Testate amoebae, Paleoenvironments

3.1 Introduction

Marginal marine settings include deltas, estuaries, lagoons, and tidal flats, where
waves, rivers, currents, and tides dominate, and are often classified based on phys-
iochemical criteria (e.g. salinity, pH, temperature, etc). However, these criteria
are missing in ancient rock strata and can only be estimated using lithological,
fossil or geochemical evidence (Scott et al., 2005). Fossil assemblages and com-
parisons with modern analogs can offer insight into how these systems formed and
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more importantly, provide information on paleo-salinity which can be important
for reconstructing sea-level and proximity to the shoreline (Bhattacharya and Tye,
2004; Scott et al., 2005; Akyuz et al., 2015). For decades foraminiferal assemblages
have been used as paleoenvironmental indicators throughout geological time pe-
riods (mostly Mesozoic-Cenozoic), while testate amoebae have been more widely
applied in Quaternary and Holocene strata (Scott et al., 2005). Their combined
ecological range from the deep sea to marginal marine settings (foraminifera) and
freshwater environments (testate amoebae, lakes, rivers, and wetlands; Scott et al.,
2005), make their combined application useful proxies for determining sea-level
fluctuations (Haynes, 1973; Scott et al., 1976; Scott and Medioli, 1978; Houghton
et al., 1990; Scott and Medioli, 1980b; Scott et al., 1995b), estuarine classifica-
tion (Nichols, 1977) and the lateral movement of freshwater/marine transitions
(Schafer, 1974; Scott et al., 1977; Scott and Medioli, 1980c; Haman, 1990; Pat-
terson, 1990; Scott et al., 1991; Collins, 1996). These Holocene examples show
their potential for reconstructing paleoenvironment conditions, and foraminifera
and testate amoebae can often determine sea-level changes up to centimeters in
resolution (e.g. Houghton et al., 1990). Ecologically, testate amoebae appear to be
static in terms of their ecological constraints over the Phanerozoic. Testate amoe-
bae have been recorded from marine to freshwater settings from the Mesozoic (van
Hengstum et al., 2007; Turkistani et al., submitted), Palaeozoic (Farooqui et al.,
2010) and Pre-Cambrian (Porter and Knoll, 2000).

Turkistani et al. (submitted, Chapter 2), proposed a morphogroup framework
for foraminifera and testate amoebae in the mudstones of the Ferron-Notom delta
(Figs. 3.1,3.2). In this study, we use the morphotypes defined in the morphogroup
analysis to identify biofacies in three outcrops (Caineville North, Steamboat, Blue
Hills). The concept of morphogroup analysis was first introduced by Jones and
Charnock (1985), which used test morphology of agglutinated foraminifera to de-
termine paleoenvironments (e.g. marine, marshes, estuaries), but also calcareous
foraminifera (Reolid et al., 2008). The advantages of morphogroup analysis are: 1)
increased sample size by combining individual species, and 2) reduction of fossiliza-
tion biases and taxonomic uncertainty with species identification (Nagy, 1992).
Morphogroup analysis shows significant potential in paleoenvironmental studies in
Paleozoic and Mesozoic contexts. Fossilization often inhibits the identification of
taxa, but the data can still provide useful paleo-evnironmental information that
would be otherwise unavailable (Nagy, 1992; Nagy et al., 1995; Reolid et al., 2008;
Turkistani et al., submitted).
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F1GURE 3.1: Map of the North American continent during the
Upper Cretaceous (Turonian), where the Western Interior Seaway
split the continent into two subcontinents (after Bhattacharya and
Tye, 2004; Zhu et al., 2012)

3.1.1 Holocene Foraminifera and Testate Amoebae Envi-
ronmental Distributions

Foraminifera and testate amoebae have been used as proxies in Quaternary en-
vironments for the identification of estuaries, lagoons, and marshes because they
are sensitive to salinity and temperature and because they have mineralized tests,
which preserve well as fossils (Fig. 3.3 Murray, 1973; Scott et al., 2005). Generally,
calcareous foraminifera are relatively dominant in warm water with a minimum
salinity of 10 ppt, whereas calcareous foraminifera in cold water are generally found
in salinity > 20 ppt (i.e. open sea; Scott et al., 1980; Gupta, 2003; Scott et al.,
2005). Agglutinated foraminifera are predominantly found in a range of salinities
between < 20 ppt and > 30 ppt (Scott et al., 1980; Alve, 1990). Testate amoe-
bae are freshwater taxa, and can only tolerate lower salinity (< 5 ppt), thus they
are useful indicators of freshwater influx, such as runoff from rivers and streams
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F1GURE 3.2: Map of the Ferron-Notom delta showing the five out-
crops of the current study, and the Caineville North outcrop on the
western part (after Li and Bhattacharya, 2013; Zhu et al., 2012;
Akyuz et al., 2015)

in coastal areas. Taphonomically, they are also useful indicators of freshwater
transport with rainfall (Scott et al., 2005; Babalola, 2009).

Estuaries

Estuaries are influenced by riverine and tidal conditions, which affects circulation
patterns and salinity (Scott et al., 1980; Scott et al., 2005; Ghosh and Filips-
son, 2017). The classification of eastern Canadian estuaries by Scott et al. (1980)
provides an example of how benthic foraminifera can be used to indicate salinity
zonation. Scott et al. (1980) subdivided the estuaries of Miramichi River, Res-
tigouche Estuary, and Chezzetcook Inlet into four zones, which vary in salinity,
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depth, and marine influence. Based on the Scott et al. (1980) classification scheme,
estuaries can be subdivided into zones as follows:

Upper estuarine/Riverine. This zone has the lowest salinity, typically <
16 ppt and high organic content sediment with species diversity that tends to be
low and mostly made up of agglutinated taxa (Scott et al., 1977). Milimmina fusca
(morphotype-Mi; Chapter 2; Turkistani et al., submitted) is commonly dominant
in the upper estuary among other taxa, such as Ammobaculites spp., Ammotium
salsum (morphotypes PS/UnS and PS). M. fusca can also be found within in-
tertidal, shallow and deep subtidal salinity transition zones (Fig. 2.3). Testate
amoebae, such as Difflugids and Centropyzids, (morphotypes Ta-F, Ta-D, Ta-S)
mark the extent of marine influence inland (Gehrels et al., 2001; Scott et al., 2005;
Charman et al., 2010; Shaw, 2013; Chatelet et al., 2018; Miiller-Navarra, 2018).

Mid-estuarine. This zone is where mixing of river and marine water occurs
(Scott et al., 1977; Scott et al., 1980), and normally has a salinity range from
16 ppt to 26 ppt (Alve and Nagy, 1986; Fernandes et al., 2019). Foraminiferal
assemblages tend to be higher in diversity and include more, or mostly calcareous
taxa in this zone, including Elphidium, Ammonia, and Ammotium (morphotypes
PS and TS; Fig. 3.3; Chapter 2; Turkistani et al., submitted).

Lower estuarine. This zone is characterized as the most seaward part of
an estuary, and the salinity is close to normal marine (33-35 ppt). Calcareous
foraminifera, such as Ammonia and Elphidium (morphotypes TS, PS) tend to be
dominant but agglutinated taxa maybe common (Fig. 3.3; Scott et al., 1980),
organic content is high, and “bolivinid-type” taxa may also be found (e.g. BiS,
TrS; Turkistani et al., submitted).

Lagoon

Lagoons are characterized by brackish to hyper-salinity with lesser freshwater in-
put, from stream or groundwater and barriers often form through longshore sed-
iment drift (Scott et al., 2005; Alday et al., 2013). Lagoons are found worldwide
but commonly form on warm and arid coasts, such as in the Arabian Gulf, the
Mediterranean, and on the Australian coastlines (Scott et al., 2005). Calcareous
foraminifera taxa tend to dominate lagoons with normal to hypersaline conditions
but agglutinated taxa can also be present in brackish settings (Scott et al., 2005;
Alday et al., 2013). Foraminiferal assemblages commonly found in a lagoon envi-
ronment are Ammonia tepida, Quinqueloculina seminula, Trochammina amnicola,
Rosalina sp., and Ammobaculites exiguus, and diversity can range from high to low
depending on salinity (Culver et al., 2012). Brackish, marginal marine, and open
marine taxa, such as Ammonia beccarii, Haynesina depressula, Milimmina fusca,
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Textularia spp., Elphidium charlottensis, Bolivina and Quinqueloclina, Trocham-
mina inflata and Elphidium excavatum (morphotypes PS, Mi, BiS, TS; Hayward
and Hollis, 1994; Hayward et al., 2011) dominate depending on the salinity.
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Ficure 3.3: Typical Holocene distribution of foraminiferal and
testate amoebae in modern coastal environments. (after Scott et
al., 2005)

Marshes form on the protected margins of estuaries and lagoons, and are zoned
according to tidal elevation that controls inundation and salinity (low and high
marsh). As such, the marsh zones have a range of salinity, temperature, and pH
(high, mid, low marsh; Phleger and Bradshaw, 1966). In such environments, occur-
rences of foraminifera and testate amoebae are primarily controlled by variations
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in these physiochemical criteria (Scott et al., 2005). Agglutinated taxa, including
foraminiferal and testate amoebae exclusively dominate the high marshes (Fig. 3.3;
Scott et al., 2005). Calcareous foraminifera are unlikely to live, or be preserved in
the high marsh environment due to the low pH, while agglutinated foraminifera
tend to dominate as they are adapted to low oxygen and low pH conditions (Scott
and Medioli, 1980a; Scott et al., 2005). In the upper reaches of a high marsh,
testate amoebae, such as Centropyizds, and Difflugids (morphotypes Ta-F, Ta-D,
Ta-S) occupy the most inland area, where the flood tide inundates the area only a
few days annually (Ozarko et al., 1997; Gehrels et al., 2001; Shaw, 2013; Chatelet
et al., 2018; Miiller-Navarra, 2018). Common high marsh foraminifera taxa are
Trochammina, and Jadammina macrescens (morphotype TS; Gehrels et al., 2001;
Shaw, 2013; Chatelet et al., 2018; Miller-Navarra, 2018). In the low marsh, agglu-
tinated Ammobaculites spp. (morphotype PS/UnS), Miliammina spp. (morpho-
type Mi), Haplophragmoides welberti (morphotype PS), and calcareous Ammonia
beccari (morphotype PS) foraminifera commonly are found (Ozarko et al., 1997;
Gehrels et al., 2001; Shaw, 2013; Chatelet et al., 2018; Miiller-Navarra, 2018).

Prodelta, Delta front, and Shelf

The prodelta environment is characterized by medium to normal marine salin-
ity depending on riverine outflow, and is strongly influenced by episodic river
floods (Tesi et al., 2011). Calcareous foraminifera taxa found in the prodelta typi-
cally are Ammonia, Bulimina, Bolivina, Elphidium, Rectuvigerina and Lenticulina
(morphotypes TS, TrS, BiS, PS, UnSE), and alggutinated foraminifera, such as
Reophaz, Bigenerina, Textularia, and Cribrostomoides (mophotypes UnSE, BiS,
PS). The delta front is characterized by brackish conditions and is frequently af-
fected by waves and river flooding (Coleman, 1982). In the delta front, like the
prodelta, calcareous foraminifera taxa dominate, such as Cibicides, Quinquelo-
culina, Bolivina, and Elphidium (morphotypes PS, Mi, BiS; Corner et al., 1996;
Cearreta et al., 2016), but there are also agglutinated taxa, such as Teztularia,
Trochammina, Eggerelloides and Jadammina (morphotypes BiS, TrS, T'S; Corner
et al., 1996; Cearreta et al., 2016). The shallow shelf has normal marine salinity,
and foraminifera in this environment are controlled by bottom water conditions in-
cluding depth, oxygen levels, nutrient, substrate, water currents, and temperature
(Gupta, 2003; Culver et al., 2012; Anbuselvan et al., 2018). In deeper shelf en-
vironments, diversity generally increases with a wide range of taxa (morphotypes
PS, TS, BiS, TrS, Mi; Anbuselvan et al., 2018).

Taphonomy

Foraminifera and testate amoebae can be transported either landward or seaward
during river flood events and through waves with large storms in the basin. Fossil
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F1GURE 3.6: Paleogeographic reconstruction map of the Ferron-
Notom delta (PS 6) showing the symmetric-delta model proposed
by Li et al. (2018). It shows a valley-fed delta prograding to the
northeast, and paleocurrent plots show the relative proportion of
river-dominated versus wave- and storm-dominated facies (Li et al.,
2015)

tests can also be eroded from older sediments in the watershed and incorporated
with the exisiting living taxa (biocenosis vs. taphocenosis; Scott et al., 2005; Ba-
balola, 2009; Farr et al., 2020). However, this is thought to be more prevalent
for calcareous taxa, because with extensive lateral transport or wave action, ag-
glutinated tests (foraminifera and testate amoebae) tend to break apart (Murray
and Alve, 1999a). There are numerous examples of transport of calcareous taxa.
Planktic foraminifera were eroded out of Miocene/Pliocene rocks in an incisied
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river valley in southern Italy and transported offshore by hyperpycnal floods and
incorporated into Holocene sediments (Farr et al., 2020). Transported specimens
were pristine in condition, and were found to be indistinguishable from modern
taxa except they were iron-stained. Other studies have demonstrated the transport
of foraminifera inland by tides in Trinidad Island, located on the northeast coast
of Venezuela, where marine taxa Neoeponides antillarum (morphotype PS), was
transported from the shelf to the Godineau River (Laut et al., 2017). However, in
the same study, agglutinated testate amoebae, such as Difflugids and Centropy-
izds were also transported from inland areas to the estuary (Laut et al., 2017).
Testate amoebae were also documented in Holocene cores from an inlet in British
Columbia and were associated with agglutinated foraminifera FEggerella advena
(morphotype TrS). The testate amoebae were interpreted as being transported to
the deep shelf from freshwater runoff that eroded soils (Babalola, 2009; Riveiros
and Patterson, 2009), so agglutinated foraminifera and testate amoebae can be
transported offshore in some instances.

The preservation of calcareous foraminifera depends on several factors, such as
temperature, pH level, and salinity (Murray and Alve, 1999a; Murray and Alve,
1999b; Scott et al., 2005). Calcareous foraminifera preservation is dependent on
pH and thus are not preserved in temperate salt marshes, while agglutinated taxa
are preserved (Goldstein, 1988; Murray and Alve, 1999a; Murray and Alve, 1999b;
Scott et al., 2005). Fossilization of agglutinated foraminifera and testate amoebae
tests tends to be accompanied by flattening, but taxa can often still be identified as
the study of testate amoebae from the Cretaceous Dakota Formation near Lincoln,
Nebraska, USA (van Hengstum et al., 2007).

3.1.2 Ferron-Notom delta Geological Settings

The Cretaceous Western Interior Seaway (KWIS) split the North American con-
tinent into two sub-continents (Figs. 3.1-3.2). During that time, three prograda-
tional complex wedges deltas formed comprising the Ferron Sandstone Member of
the Mancos Shale Formation (Notom, Ventral, and Last Chance; Li et al., 2011a;
Zhu et al., 2012; Akyuz et al., 2015; Wu and Bhattacharya, 2015). The climate
during the formation of the Ferron-Notom delta has been described as subtropical
to tropical based on pollen analysis (Akyuz et al., 2015). These deltaic deposits
overlie the Tununk Shale Member and the Bluegate Shale Member is on top (Li
et al., 2010; Zhu et al., 2012; Akyuz et al., 2015).

Sequence stratigraphic analysis of the Ferron-Notom delta separates its clas-
tic wedge into forty-eight parasequences, divided into eighteen fluvio-deltaic to
shoreface marine parasequences sets (PSS18 -PSS1 in Figs. 3.4-3.6) (Li et al.,
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2010; Zhu et al., 2012) within six sequences bounded by regionally extensive se-
quence boundaries. Compound incised valleys incise the upper two sequences, and
range in depositional environments from the trunk and tributary fluvial-channels to
tidally influenced fluvial-channels and distributary fluvial-channels (Li et al., 2010;
Zhu et al., 2012). Parasequences sets (PSS) PSS4 and PSS5 are fluvial channel
belts and floodplain mudstones with coal, and they are truncated by other incised
valleys (PSS3). PS2 and PS1 are sandy to conglomeratic fluvial channels and their
respective floodplain deposits represent an extensive regionally transgression land-
ward and progradation of the system (Figs. 3.4-3.6). The six sequence boundaries
identified (Zhu et al., 2012) are associated with negative shoreline trajectories (SB
3, SB4, and SB5) following relative sea-level fall (typically 30m), and SB2 and
SB1 are associated with incised valleys that extended laterally as erosional surfaces
truncating into delta front /shoreface sandstone or prodeltaic mudstones and were
filled with multistory channels and estuarine facies (Figs. 3.4-3.6). Detailed facies
associations of the Ferron-Notom delta were described in Li et al. (2010).

Li et al. (2018) proposed a paleogeographic reconstruction map (Fig. 3.6)
based on paleocurrent data, clinoform data, depositional facies, and facies ar-
chitecture analysis. The Ferron-Notom delta’s paleogeographic shows the delta
(river-dominated) prograded northeast, and the west lobe of the delta signifi-
cantly prograded to the northeast (Li et al., 2018). Wave-dominated shorefaces
surrounded the river-dominated delta from the northwest and southeast, and dis-
tributary channels branched from the river trunk to the northwest feeding the
river-dominated delta lobe in the west to the northwest (Li et al., 2018). The
delta was fed by an incised valley system to the west, and was protected from
waves by a barrier system in the northwest (Li et al., 2018).

3.2 Methodology

3.2.1 Samples collection and preparation

Sixty-six mudstone (& 50 x 100 ¢m?) samples were collected from three outcrops
(Figs. 3.2, 3.4, 3.5) within the Upper Cretaceous (Turonian) Ferron-Notom delta.
Twenty-nine samples were collected from the Caineville North area representing
the full six sequences, while twenty-one samples were collected from the Steam-
boat area representing four sequences (SQ 1 - 4). Fifteen samples were collected
from Blue Hills tributary valley fills, representing one sequence (SQ 1), and the
uppermost part of the Ferron-Notom delta.

Subsamples (~ 10 cm?3) were soaked in distilled water overnight for disaggre-
gation and were sieved using a 63um mesh and dry split (1/8) using standard

48


http://www.mcmaster.ca/
https://www.science.mcmaster.ca/geo/
https://www.science.mcmaster.ca/geo/

Doctor of Philosophy— Majed N. TURKISTANI; McMaster University— School of
Earth, Environment and Society

techniques (Scott et al., 2001). Specimens were examined using a binocular mi-
croscope (100x) and were picked and categorized based on their overall test mor-
phology, using morphogroup analysis (Chapter 2; Turkistani et al., submitted).
Approximately 300 specimens were counted according to Fishbein and Patterson
(1993). Bathysiphon spp., and Reophax spp. were grouped together due to diffi-
culty in recognizing them individually using a binocular microscope, and they were
only identifiable using a Scanning Electron Microscope (SEM). Similarly, Difflugia
species were grouped into one morphotype (Ta-F). Overall, the samples are divided
into four morphogroups and ten morphotypes, where letters and numbers are as-
signed to each morphotype (Chapter 2 Turkistani et al., submitted; Nagy et al.,
1995; Reolid et al., 2008). Agglutinated benthic foraminifera and testate amoebae
morphogroups and subgroups were organized based on the test morphology, coil-
ing pattern (or direction), chamber arrangement, and the number of chambers (if
present). Selected specimens were picked and mounted on studs for SEM analysis
at the Canadian Center for Electron Microscopy (CCEM), McMaster University.
Many of the species have undergone flattening and deformation, as found in van
Hengstum et al. (2007).

3.2.2 Statistics

The relative abundances (equation 3.1) were calculated for each morphotype, with
respect to the total count of both microfossil assemblages (foraminifera and testate
amoebae), such that

F== (3.1)

Where Ci is the count of thr individual morphotypes, and Ni is the total test
count number. The statistical significance of each morphotype can be determined
by calculating each morphotype abundance (%) standard error (equation 3.2) as
follows:

Fi(1-F)

Sk, = 1.96 N

(3.2)

According to Fishbein and Patterson (1993), if a taxa standard error is more
than its relative abundance in all samples, then this taxa is statistically insignifi-
cant and should be excluded from the multivariate analysis. Identification of bio-
facies is based on morphotype, their relative abundances, and biodiversity indices,
specifically Shannon-Weaver (SDI) and Fisher’s alpha (Fa). Shannon-Weaver in-
dex (SDI), Fisher Index (Fa) Evenness (SDI/S) Dominance (D), species richness,
and Simpson index (1-D) are calculated using PAST (Hammer et al., 2001). The
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Shannon-Weaver Diversity Index (SDI) is used to measure the environment sta-
bility for each sample, and it establishes a relative diversity measure based on the
abundance of each taxa and the species richness of each sample (Leckie, 1985).
Fisher’s alpha and Shannon-Weaver indices as applied by Jain and Farouk (2017)
shows that Fisher values lower than 5 and Shannon values between 0 and 2.5 are
an indication of restricted environments, while Fisher values greater than 5 and
Shannon index values > 2.5 are an indication of open marine conditions. However,
because this study combines species into morphotypes, and because fossilization
has biased the assemblage (dissolution of calcareous taxa) these indices can only
be used as a relative measure of diversity.

Cluster analysis of morphotypes was then used to establish the biofacies in the
Ferron-Notom delta. Dendrograms were produced using R packages, Vegan (Ok-
sanen et al., 2019) and paleotree (Bapst, 2012), using a total of sum of squares for
standardization, Euclidean distance was calculated using Ward’s Linkage Method.
Based on results of the multivariate analysis, a salinity index was derived by divid-
ing the trochospiral foraminifera morphotype (TS) versus the total sum of testate
amoebae morphotypes (Ta-F+Ta-D+Ta-S; Fig. 3.13). Similarly, an OM (eutroph-
ication) index was derived by dividing the “bolivind-type” foraminifera morpho-
types (BiS, TrS) versus the trochospiral foraminifera morphotype (Fig. 3.13).

3.3 Results and Discussion

We applied the morphogroup analysis (Jones and Charnock, 1985) to foraminifera
and testate amoebae assemblages recovered from the samples. The foraminiferal
and testate amoebae morphotypes were identified based on test morphology in
relation to environment and compared to modern examples. Seven foraminifera
morphotypes, and three testate amoebae morphotypes were identified, and the
morphogroup analysis is discussed in detail in Turkistani et al. (submitted, Chap-
ter 2). The planispiral (PS) morphotype comprises two foraminifera species Gave-
linella ammonoides, Gavelinella lorneiana. Morphotype (PS/UnS) includes taxa
with a test form of planispiral to uniserial, such as Ammobaculites subcretaceus.
Trochammina spp. is a species with flattened trochospiral form, which is the third
morphotype (TS). The miliolid morphotype included mostly Miliammina fusca
(morphotype-Mi). Four “bolivind-type” morphotypes were also defined including:
Bathysiphon spp. (Uniocular-tubular, UnLT), Reophax spp. (elongated uniserial,
UnSE), Neobulimina albertensis (tri-serial, TrS) and Textularia spp. (bi-serial,
BiS). Testate amoebae taxa had three morphotypes. Several taxa were included
in Ta-F morphotype, namely, Difflugia oblonga, Difflugia proteiformis, Difflugia
corona, Difflugia urceolata and Lagenodiffiugia vas., and the other morphotypes
are Centropyiz constricta (Ta-S) and Centropyxis aculeata (Ta-D). There were
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only a few calcareous species belonging to morphotypes PS and TrS, and they
were excluded because of the low abundance. As discussed previously, morpho-
types UnLT and UnSE were grouped because they were indistinguishable under a
binocular microscope.

3.3.1 Foraminiferal and Testate Amoebae Biofacies

Overall, the distribution of microfossils between the three outcrops showed little
variation with little difference in the presence/absence of taxa between lithofacies.
It appears that landward and basinward transport of tests was a dominant process
(Fig. 3.12). The loss of the calcareous fraction through dissolution has also created
a bias, thus hindering the recognition of biofacies. Normally, the abundance and
diversity of calcareous taxa would increase with marine influence and salinity, but
this is not the case in the samples from the Ferron-Notom delta, where there is
only a record of the agglutinated taxa. Calcareous foraminifera are only found in
the more distal facies of the Tununk (Li and Schieber, 2018). However, despite
the lack of calcareous taxa, there are differences in the abundance of agglutinated
morphotypes that do show trends with cluster analysis. Cluster analysis using the
morphotypes distinguished four major Biofacies I, II, III, and IV that seem to vary
with salinity. The bolivind-type foraminifera are found throughout the biofacies
and vary with original OM, and typify estuarine deltaic facies.

Biofacies-I. This biofacies is characterized as the lowest salinity with high
OM (Figs. 3.7-3.11; Tables 3.1, 3.2, 3.3). The three most dominant morphotypes
show the highest average abundance 23% (UnLT+UnSE) and 20% TrS, followed
by PS (18%) and Ta-F (15%). Morphotypes TS and BiS are also present, but are
lower than 10%. Other morphotypes are very low including Ta-D, Ta-S, Mi, and
PS/UnS, which have an average abundance of <5% (Figs. 3.7-3.8). The diversity
of testate amoebae morphotypes, Ta-F, Ta-D, Ta-S indicate a lower water salinity
relative to the other biofacies, where they are lower in abundance or not present.
Foraminiferal morphotypes including TrS, BiS, UnLT and UnSE are an indication
of high OM, and the presence of the wetland morphotype, such as Mi in some units
indicates a floodplain-backwater or possibly a wetland environment. In comparison
with the other biofacies, Biofacies I shows higher presences of testate amoebae
than Biofacies II, III, and IV. Biofacies I represents low salinity with high OM in
a tidally influenced backwater environment. Biofacies I was found in several facies
within the Caineville North, Steamboat and Blue Hills outcrops. In Caineville
North, Biofacies I was found in a few samples from the shelf mudstone of the
Tununk Shale (prodelta and Bluegate Shale, Shelf; CN 26, 2), fluvial sandstone
(CN 14, 8, 9), and floodplain mudstone (CN 11 and 4) of the fluvial channels
(Ferron Sandstone). In Steamboat, samples of Biofacies I include two samples
from the shelf mudstone of the delta front (SB 8, 11), and in the fluvial channels

ol


http://www.mcmaster.ca/
https://www.science.mcmaster.ca/geo/
https://www.science.mcmaster.ca/geo/

Doctor of Philosophy— Majed N. TURKISTANI; McMaster University— School of
Earth, Environment and Society

(SB 6). In Blue Hills, Biofacies I dominates the whole outcrop all within the fluvial
mudstone.

Biofacies-II. This biofacies is characterized by slightly lower OM, and
slightly higher salinity relative to Biofacies I (Figs. 3.7-3.11; Tables 3.1, 3.2, 3.3).
The PS, TS, and Ta-F are the most abundant morphotypes with average abun-
dance 26%, 14% and 23% respectively. Unlike Biofacies I, Biofacies II is missing
the testate amoebae morphotype Ta-D, and Ta-S is only present in low abun-
dance (<5%). However, the presence of testate amoebae morphotypes Ta-F and
Ta-S still indicates freshwater influence but less so than Biofacies 1. Foraminiferal
morphotypes TrS, BiS, UnLT, UnSE, Mi, and PS/UnS are all lower than 10%
compared to Biofacies I, thus suggesting lower OM contents. Therefore, Biofacies
IT shows a slightly higher salinity with low OM that would typify a brackish
lagoon /estuarine environment. There is only one Biofacies II sample in Caineville
North (CN 21) within the marine sandstone of the delta front, while in Steamboat,
Biofacies II dominates the outcrop, which is in the marine and shelf mudstone of
the delta front and fluvial channels (SB 3-4, 9-10, 12-22).

Biofacies-1II. This biofacies shows slightly higher salinity relatively to Bio-
facies II and higher OM content (Figs. 3.7-3.11; Tables 3.1, 3.2, 3.3). PS, TS,
UnS (UnLT+UnSE), and TrS morphotypes dominant Biofacies III with average
abundances of 28%, 12%, 18% and 16% respectively. TrS, BiS, UnLT and UnSE
morphotypes are slightly higher compared to Biofacies II, which indicates higher
OM content. The morphotypes BiS and Ta-F have average abundance of 6% and
11%, and morphotype Mi is absent, while other morphotypes including Ta-S and
PS/UnS are lower than 5%. The testate amoebae morphotype Ta-D is absent in
Biofacies III but overall is not generally different than Biofacies II. Biofacies III
indicates low to medium salinity lagoon/estuary environments with slightly higher
OM. Biofacies III is found only in the Caineville North, delta front (marine and
shelf mudstone; CN 5-6, 10, 12, 13, 15-20, 22-24).

Biofacies-1V . This biofacies is characterized by medium to normal marine
salinity and higher OM (Figs. 3.7-3.11; Tables 3.1, 3.2, 3.3). Unlike the other
biofacies, Biofacies IV is dominated by foraminiferal morphotypes TrS, UnLT,
UnSE, TS, and BiS, with average abundance of 25%, 18% (UnLT+UnSE), 7%
and 9% respectively, which indicates high OM content. Testate amoebae (e.g. Ta-
F, Ta-S, Ta-S) and some foraminifera morphotypes (e.g. PS/UnS, Mi) are absent
in Biofacies IV. This biofacies represents a shallow shelf to prodelta environment.
Similar to Biofacies III, Biofacies IV is only found in Caineville North within the
Tununk Shale prodelta (CN 27-29), fluvial channels (CN 9), and in the Bluegate
Shale shelf mudstone (CN 3, 1). Calcareous foraminifera morphotypes TrS and
PS are found in Biofacies IV but only in two samples from Caineville North (CN
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FIGURE 3.7: Dendrogram from the cluster analysis using Ward’s
linkage and Euclidean distances of foraminiferal and testate amoe-
bae morphotypes. Biofacies I to IV represents a gradient from fresh
to marine influence, where I is the most fluvially influenced, and
IV is the most marine.
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27 and 3).

TABLE 3.1: Table showing morphotype relative abundance and
standard error in the Caineville North outcrop, Ferron-Notom
delta. B= Brackish, M= Marine, F= Fresh, SDI = Shannon-
Weaver Index, and Fa= Fisher’s Alpha Index.

Salinity: B-M B-M B-M B-M B-M B-M B-M F F F Diversity Index Biofacies
Samples PS PSUnS TS Mi UnLT-UnSE TrS BiS Ta-F Ta-D Ta-S SDI Fa
CN-1  36+12 - 946 - 15+7 25+10 - - - - 1.3 0.9 v
CN-2 2049 243 3+4 - 25+10 27410 13£7 645 - 4+4 1.8 2.0 I
CN-3 19+9 142 T+5 - 1548 18£8 946 142 - 4+4 1.7 2.3 v
CN-4 1548 243 444 - 18+8 1447 13+£7 2249 - 44+4 1.9 2.1 I
CN-5 24410 243 12+7 - 2249 2149 946 946 - 1+2 1.8 2.0 111
CN-6  27+10 1+2 2149 - 1948 1447 946 946 - 1+1 1.8 2.0 i
CN-7 18£8 142 544 - 20+9 194£8 1146 2149 - 54 1.9 2.0 I
CN-8 23+9 1+£2 75 - 14+7 1547 1547 2149 - 5+4 1.9 2.0 I
CN-9 2149 1£2 645 - 32411 28+£10 1146 1+£2 - - 1.6 1.7 v
CN-10 30+11 3+4 8+6 - 1648 2049 444 1748 - - 1.8 2.1 I
CN-11 2349 - 1+2 - 32411 314+11 846 444 - 1+2 15 2.0 I
CN-12 25410 1+£2 13+7 - 30£11 1848 745 T£5 - - 1.7 1.7 111
CN-13  24+10 343 1247 - 1949 2149 243 1247 - 1+£2 1.8 2.1 i
CN-14  10£6 142 142 - 42+13 2349 1146 1247 - 1+2 15 2.0 I
CN-15 25410 142 845 - 2249 2149  8+6 1447 - 243 1.8 2.1 111
CN-16  31+11 1+2 13+7 - 1748 1748 343 1748 - - 1.7 2.0 111
CN-17  21+9 - 12+7 - 2349 1949  6+£5 1848 - 1+£2 1.8 1.7 i
CN-18 38+12 243 1146 - 13+7 1748  74£5 1146 - 1+2 1.7 2.0 111
CN-19  29+10 344 10+6 - 17+8 20£9 1146 946 - 1+2 1.8 2.0 111
CN-20 26+10 1+2 18+8 - 20+9 1447 343 1748 - 1+2 1.8 2.0 111
CN-21  25+10 3+4 11£7 - 10+6 2249 444 1848 - 54 1.9 2.0 I
CN-22 52414 142 106 - 147 9+6 444 8+6 - 243 1.5 2.0 111
CN-23  27+10 343 20+9 - 14+7 1548 1247 946 - 1+2 1.8 2.0 111
CN-24  26+10 243 13£7 - 1347 1247  3+4 846 - - 1.7 1.9 i
CN-25 - - - - - - - - - - - - -
CN-26 1447 243 845 - 20+9 34411 1748 444 - 243 1.7 2.0 I
CN-27 2149 - 645 - 37+12 24£10 1146 041 - 1+2 15 2.0 v
CN-28  21+9 - 13£7 - 2149 30£11 1548 - - 1.6 1.1 v
CN-29 - - - - - - - - - - - - -
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FiGURE 3.9: Figure showing the lithofacies of the Ferron-Notom
delta in Caineville North, along with biofacies, morphotype rela-
tive abundance (Percent foraminifera and testate amoebae), parase-
quences and system tracts

3.3.2 Relationships with Lithofacies
Caineville North

The lower part of the Caineville North outcrop (Figs. 3.9, 3.12, 3.13) is the Tununk
Shale prodelta that was deposited during a highstand and lowstand system tracts
(HST, LST; PSS 17, 16; SQB 4-5), and it represents the inner shelf area of the
Ferron-Notom delta. The prodelta samples (CN 25-29; Fig. 3.9) are mainly from
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FI1GURE 3.10: Figure showing the lithofacies of the Ferron-Notom
delta in Steamboat, along with biofacies, morphotype relative abun-
dance (Percent foraminifera and testate amoebae), parasequences
and system tracts

a shelf mudstone showing planer laminations. Fish scales, ammonite and burrows
are present at the top of the prodelta with low bioturbation (samples CN 25-26;
Zhu, 2010; Zhu et al., 2012; Wu et al., 2012). The Tununk Shale is dominated
by the morphotypes TrS, BiS, UnLT and UnSE of Biofacies IV, which indicates
a prodelta with medium to normal marine salinity and high OM. The top of the
Tununk Shale prodelta shows a fully freshwater biofacies (Biofacies I; CN-26) that
coincides with the beginning of a sea-level fall (LST; PSS 16) and the above SQB 5.
Li and Schieber (2018) investigated the middle and distal shelf facies of the Tununk
Shale, and out of four facies, three facies were rich in calcareous particles, including
planktic foraminifera, coccoliths, and fecal pellets. Also, macrofossils, such as
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FiGURE 3.11: Figure showing the lithofacies of the Ferron-Notom
delta in Blue Hills, along with biofacies, morphotype relative abun-
dance (Percent foraminifera and testate amoebae), parasequences
and system tracts

ammonites (e.g. Prionocyclus hyatti, Collignoniceras woollgari) and mollusks (e.g.
Inoceramidae) were found in calcareous facies of the study (Li and Schieber, 2018).
The salinity index shows higher salinity in the prodelta lithofacies compared to the
delta front, which would be expected moving closer to the input of river water and
the shoreline. The salinity index shows higher salinity associated with sea-level
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FI1GURE 3.12: Figure showing the lithology, facies, salinity, taphon-
omy, taxa, and morphotypes from offshore to inland environments

rise (HST; CN 26 - 29; PSS17; SQB5), and a decrease in salinity corresponding to
sea-level fall in the LST (PSS16; SQB4).

The delta front samples (CN 15 - 24; Fig. 3.9) of the Ferron were deposited
during LST (PSS 14), FSST (PSS 11), and HST (PSS 12 and 8b). Sedimentary
structures observed in the delta front facies include planar laminations, ripple lam-
inations, and soft sediment deformation structures as well as massive structureless
sandstone beds. Plant material is also common, and bioturbation is relatively high
(Zhu, 2010; Zhu et al., 2012; Wu et al., 2012; Wu, 2013). The biofacies show an
overall decreasing marine influence, which is concurrent with the relative sea-level
fall that dominates PSS 14 (samples CN 20 - 24; Figs. 3.9, 3.13). The salinity re-
mains relatively low during the FSST and HST and shows sea-level fall followed by
relative sea-level rise (samples CN 17 - 19; SQB3). The delta front is dominated by
Biofacies I1I suggesting a change from medium/normal marine salinity (Biofacies
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IV) to slightly low to medium salinity based on the presence of testate amoebae
morphotype Ta-F. The OM is high similar to the prodelta, which is interpreted
based on the abundance of foraminifera morphotypes TrS, BiS, UnLT, and UnSE
(Figs. 3.7-3.11; Tables 3.1, 3.2, 3.3). Within the delta front only one sample (CN
21) belongs to Biofacies II (PSS 14C) indicating a period of low salinity with low
OM.

In Sequences 1-2 (PSS 1-6; samples CN 4 - 14; Fig. 3.9), fluvial and heterolithic
sandstones were deposited in multistory fluvial channels, with ripple lamination,
dune-scale cross-bedding and mud-chips (Zhu, 2010; Zhu et al., 2012; Wu et al.,
2012; Wu, 2013). Plant material, wood, and coal were also found in Sequences 1
and 2, and the bioturbation is moderate to high (Famubode and Bhattacharya,
2016). Sequences 2 and 1 were deposited in a LST, TST and HST (Fig. 3.9), but
also include short-term sea-level fluctuations. The salinity index shows an overall
increasing marine influence, but the salinity remains low. Sequences 1 and 2 (PSS
1 - 6) are dominated by two Biofacies III (samples CN 5, 6, 10, 13), Biofacies I
(samples CN 4, 7, 8 11 and 14), and one sample (CN 9) of Biofacies IV suggests
a fluctuation in salinity (Biofacies III to Biofacies I), and from low to high OM.
Unlike the prodelta and delta front, testate amoebae morphotypes Ta-F, Ta-S, and
Ta-D increased indicating a freshwater influx. Based on Biofacies I, Sequence 1
is interpreted as a low salinity tidally-influence backwater, while Sequence 2 is a
low to medium salinity lagoon/estuary. Within the fluvial channel facies marine
incursions and reworking of foraminifera are possible.

The Bluegate Shale samples (CN 1 - 3; Fig. 3.9) show a salinity index with
increased marine influence, which matches the shelf lithofacies (Biofacies IV), and
has high OM contents. This matches the transition from a full fluvial environ-
ment to marine. Foraminifera morphotypes PS, TS, UnLT, UnSE, TrS and BiS
dominated, and testate amoebae morphotypes are absent relative to the brackish
salinity of Biofacies I and III.

Steamboat

Steamboat consists of two lithofacies, the delta front and fluvial channels (Figs. 3.10,
3.12, 3.13). The delta front (samples SB 8 - 22; Fig. 3.10) shows normal grading
from a shallow marine sandstone to a shelf mudstone (Zhu, 2010; Zhu et al., 2012;
Wu et al., 2012; Wu, 2013). The mudstone shows laminations, current ripples,
starved ripples, and convoluted bedding. Ammonites, fish scales and inoceramids
are also found within the mudstone (samples SB 13 - 22). The sandstone of the
fluvial channels show thin wave-rippled beds at the top with high amounts of
burrowing activity (samples SB 1-7; Fig. 3.10 Zhu, 2010; Zhu et al., 2012; Wu
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TABLE 3.2: Table showing morphotype relative abundance and
standard error in the Steamboat outcrop, Ferron-Notom delta. B=
Brackish, M= Marine, F= Fresh, SDI = Shannon-Weaver Index,
and Fa= Fisher’s Alpha Index.

Salinity: B-M B-M B-M B-M B-M B-M B-M F F F Diversity Index Biofacies
Samples PS PSUnS TS Mi UnLT-UnSE TrS BiS Ta-F Ta-D Ta-S SDI Fa

SB-1 - - - - - - - - - - - -

SB-2 29+11 142 1748 - T+5 11+£7 946 1949 - 6+5 1.7 1.8 11
SB-3 30+11 1+2 29411 - 343 6+5 3+4 20+9 3+£3 5+4 16 2.1 11
SB-4 25+10 142 25+10 - 8+6 5+4  1£2 28410 243 645 1.6 2.1 I
SB-5 27410 1+2 13£7 142 11+7 1548 74£5 1949 444 1.8 2.4 11
SB-6 168 1+2 845 - 168 2249 1548 1748 1£2 5+4 1.8 2.1 I
SB-7 - - - - - - - - - - - -

SB-8 1547 243 946  1+2 2349 18£8 10+6 1748 - 75 1.8 2.1 11
SB-9 29411 243 20£9  1+£2 157 7£5 54 16+£8 - 5+4 1.8 2.1 I
SB-10 1949 243 16+£8 343 1347 1548 946  20+9 - 4+4 1.9 2.1 I
SB-11 1547 1£2 946  4+4 15£8 2149 8+5 2049 1£2 645 1.9 2.4 I
SB-12  36+12 1+2 168 - 75 544  T7£5  23+9 - 65 1.6 1.7 11
SB-13 20+9 142 1247 - 16+8 10+£6 9+6 27£10 - 6+5 1.8 2.1 I
SB-14 32411 1£2 1748 - 11+6 7+5  3+4  26+10 - 243 1.6 1.7 1T
SB-15 24410 1+2 168 - 158 1046 444 27%10 - 243 1.7 1.7 11
SB-16 2249 142 1748 - 9+6 8+5 6+5 34+11 - 4+4 1.6 1.7 11
SB-17 - - - - - - - - - - - -

SB-18  29+10 142 1748 - 9+6 10+6 6+5  23+9 5£5 1.7 1.7 I
SB-19  31+11 142 1447 - 1848 8+5 34 2049 1+£2 444 1.7 2.1 11
SB-20  26+10 18+8 - 1247 1147 645 25+10 1+2 243 1.7 1.7 11
SB-21 2349 142 1548 - 1347 5+4 1146 2249 1+2 846 1.8 2.5 I
SB-22 2149 243 10+6 - 444 1046 10+6 34411 - 8+5 1.7 2.1 11

TABLE 3.3: Table showing morphotype relative abundance and
standard error in the Blue Hills outcrop, Ferron-Notom delta. B=
Brackish, M= Marine, F= Fresh, SDI = Shannon-Weaver Index,
and Fa= Fisher’s Alpha Index.

Salinity B-M B-M B-M B-M B-M B-M B-M F F F Diversity Index Biofacies
Samples PS PSUnS TS Mi UnLT-UnSE TrS BiS Ta-F Ta-D Ta-S SDI Fa
BH-1 1848 243 T£5  3+4 18+6 10£6 154+8 157  5£5 65 2.1 2.8 1
BH-2 - - - - - - - - - - - - -
BH-3 1247 1+2 243 1+£2 3148 1748 14+£7 1748 243 4+4 19 2.8 I
BH-4 9+6 243 75 243 2547 1247 14+£7  20+9 243 75 2.0 2.8 1
BH-5 1246 1£2 3£2 36£8 2449 10+8 1348 1£3 1.7 24 I
BH-6 168 515 11+£6  2+£3 13£5 9£6 9£6 26£10 343 65 2.1 2.8 I
BH-7 - - - - - - - - - - - - -
BH-8 13+6 3£3 T4 3+4 21+6 20£9 10£7 1948 1£3 35 2.0 2.8 1
BH-9 23+9 3+4 13£7  1%2 18+6 16£8 12+£7 845 1£2 444 2.0 2.8 1
BH-10 33£11 3£3 9+6  3+£3 1445 13£7 1247 8+£6 1£2 5+4 2.0 2.8 1
BH-11 - - - - - - - - - - - - -
BH-12 2249 3£3 3+3 237 2149 14+7 916 1£2 344 1.9 2.4 1
BH-13 21+9 3£3 8+5 3+£3 237 15£8 12+£7 11+£6 1+2  4+4 20 2.8 I
BH-14 25£10 243 8+6 2346 2249  8+6 6+5 243 4+4 1.9 2.8 1
BH-15  16+£8 344 6+5 1+2 20+6 1848 1548 1146 444 54 2.1 2.8 I

et al., 2012; Wu, 2013). Overall compared to Caineville North, Steamboat bio-
facies are characterized by a lower salinity, but are still within a lagoon/estuary
environment (Figs. 3.7-3.8). However, the salinity shows intervals of increasing
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marine influence that coincides with the sequence boundaries (Fig. 3.13).

Foraminiferal morphotypes Tr, BiS, UnLLT and UnSE are slightly lower com-
pared to Caineville North and thus have a lower OM content. The foraminiferal
wetland morphotype Mi (Biofacies I) is rare in Steamboat, but present within PSS
3, suggesting a floodplain-backwater condition in the LST (PSS 3; samples SB 6,
8, and 11). Testate amoebae morphotype Ta-D is absent, while Ta-F and Ta-S
have moderate abundance, which is indicative of less marine influence compared
to Caineville North. A transition from low salinity to slightly higher salinity (to
Biofacies I1) is detected from PSS 3 to PSS 2 (samples SB 1-5, 9 - 10, and 12 - 22).
Like Caineville North, Steamboat has high abundance of high marsh morphotype
TS, and testate amoebae morphotypes Ta-F and Ta-S within Sequence 2, and this
may provide evidence of the extent of sea-level rise inland.

Blue Hills

The Blue Hills outcrop represents the very top sequence of the Ferron-Notom delta
(e.g. SQ 1; Fig. 3.11, 3.12, 3.13), and the salinity index shows a general decrease
in marine influence compared to Caineville North and Steamboat, but there is also
an upward trend in the outcrop. This outcrop is dominated by a fluvial mudstone
deposited in the HST, LST and TST (Zhu, 2010; Zhu et al., 2012; Wu et al.,
2012; Wu, 2013; Kynaston and Bhattacharya, 2019). The fluvial mudstone is
mostly planer laminated with coaly plant material (samples BH 1 - 7). The fluvial
sandstone is massive and structureless with coaly plant material and roots found
within the beds (sample BH 7). Coal and carbonaceous shale beds are also found
within the upper part of the outcrop.

Biofacies I (samples BH 1 - 15) dominates the sequence. In terms of morpho-
type trends, the lagoon/estuary morphotypes (e.g. UnLT, UnSE, BiS) are lower
than in the other two outcrops (Caineville North and Steamboat), and freshwa-
ter morphotype Difflugids (Ta-F) have increased. Similarly, morphotypes Ta-D,
and Ta-S have higher abundance relative to Caineville North and Steamboat.
Biofacies I is indicative of a low salinity tidally-influenced backwater with high
OM contents (e.g. Kynaston and Bhattacharya, 2019). The presence of wetland
foraminifera morphotype Mi (in Biofaices I) suggests a floodplain-wetland envi-
ronment. Other foraminiferal morphotypes (TrS, BiS, UnLT, and UnSE) maybe
transported. The salinity index shows an overall decreasing marine influence mov-
ing upward with relatively high but variable OM content, which is corroborated
with the Mi morphotype (samples BH 3, 5, and 13; Fig. 3.13). In this case, the
tributary valleys could be incising into older marine strata causing redepositing
of foraminifera within freshwater strata and/or transport of foraminifera inland
during storm surges.
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3.3.3 Utility of the Salinity Index and OM Index

Based on the biofacies analysis we use some of the morphotypes to develop a
salinity index and an organic matter (OM) index (Fig. 3.13). The salinity index is
calculated as TS/(Ta-F+Ta-D+Ta-S). The trochospiral taxa (TS) are generally the
most prevalent taxa going from low-brackish to marine salinity, so dividing them
by all the testate amoebae (Ta) morphotypes which are a freshwater indicator,
provides a good salinity index. Despite the taphonomic mixing with landward to
shoreward transport, this process would intensify with coastal proximity, so the
index would still follow relative salinity trends. The OM index uses the ratio of
“bolivind-type” taxa vs trochospiral ((BiS+TrS)/TS). BiS and TrS are indicative
of OM and nutrient loading in deltas and estuaries (Fig. 3.13; Gupta, 2003), and
when ratioed with other morphotypes, such as TS, they provide a relative measure
of the original OM content of the sediment and eutrophication. Our OM index
largely follows the lithofacies in the three outcrops.

The salinity index in Caineville North shows an overall decreasing marine in-
fluence upward from 38.0 to 0.1 and then increases towards the top of the outcrop
from 0.2 to 13. The OM index in the prodelta (Tununk Shale) is high (3.6 to
6.6; e.g. fine OM) due to relative sea-level rise associated with the HST which is
associated with an increase in sedimentation rate, runoff, nutrient supply and de-
creases in microfossils upward (Leckie and Olson, 2003). The delta front consists
of several system tracts including LST, HST and FSST. The delta front shows
salinity decreasing upward from 0.1 to 2.0, and OM increasing upwards from 1.0
to 33.7, which is concurrent with a relative sea-level rise and fall (Figs. 3.9-3.13).
The shallower delta front is where there is higher wave and current reworking of
sediments, and here the OM index values are moderate and fairly consistent (1.0
to 3.7). The valley fill deposited in LST, TST and HST, shows salinity increasing
upwards from 0.2 to 4.3 (samples CN 12, 9, 6; Fig. 3.13). The fluvial flood-
plain/wetland environment can have high OM content generally (1.9 to 39.3), but
can be variable depending on the sub-environment. Correspondingly, our OM in-
dex values are highly variable (low to high). High OM content (samples CN 14,
11; Fig. 3.13) is concurrent with the HST, and relative sea-level rise with increases
in sedimentation and nutrient supply. The Bluegate Shale shows high salinity (0.5
to 13.0) with high OM content (2.9 to 12.1) concurrent with the normal marine
shelf/prodelta conditions with the lithofacies.

In Steamboat, marine influence slightly increases upward (0.2 to 1.0) through
the outcrop but more prominently there are “pulses” of increasing/decreasing salin-
ity. Because the sampling resolution is higher between the sequence boundaries
compared to Caineville North, we are observing shorter term trends. Salinity and
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OM are relatively low to moderate, and it shows increasing pulses in salinity up-
wards, although they are not pronounced (Fig. 3.13). OM content is low in the
Steamboat delta front facies (0.3 to 6.0), and it increases upward, with fluvial
channels deposited in the TST (samples SB 6, 8, 11; Fig. 3.13). The salinity in-
dex in Caineville North between SQB1 and 2 varies from 0.1 to 0.9 and 0.3 to
1.0 in Steamboat which is very similar indicating a common salinity environment
which is in keeping with the lithofacies. The values slightly decrease in Cainville
(0.1 to 0.9), but are relatively constant and show some shorter term variability in
Steamboat. We have a higher resolution sampling in Steamboat and thus it maybe
documenting shorter term trends that are not observed in Caineville North. The
OM index values between SQB1 and 2 in Caineville North are higher (1.9 to 33),
but there are only two very high values (i.e. 33). Steamboat has OM index val-
ues (0.3 to 6.0) decreasing upward indicating a decreasing amount of OM content
possibly caused by less rainfall, and runoff transporting OM content basinward.
Between SQB2 and 3 salinity index values in Caineville North are 0.5 to 0.8 and
0.3 to 1 in Steamboat, which shows similar trends as the interval between SQB1
and 2 in both outcrops. The values slightly increase in Steamboat, but only grad-
ually and are more variable (0.1 to 1.0) than in Caineville North (0.5 to 0.8).
Both outcrops show increasing OM index values upward (1.5 to 3.7) in Caineville
North and 0.6 to 3.1 in Steamboat, which might indicate a gradual increase in
rainfall and runoff transporting OM content basinward. Steamboat shows a rela-
tive stable increasing salinity upward between SQB3 and SQB4 (0.2 to 0.6), while
in Caineville North the salinity index is generally decreasing upwards (0.5 to 1.0),
and two samples show the highest salinity index values 2.0 (CN 23) and 1.6 (CN
24). The OM Index in Steamboat within SQB3 and SQB4 is low (decreasing up-
ward) with values between 0.8 to 2.0, while in Caineville North the OM index is
higher than Steamboat (increasing upward) with values between 1.0 to 3.1.

Blue Hills consists of three system tracts including HST, LST and TST. In this
outcrop, salinity decreases upward (0.3 to 1.0) indicating a decreasing in marine
influence (Fig. 3.13). The Blue Hills also shows an overall lower salinity (0.3 to
1.0) compared to the other outcrops, which is consistent with the fluvial valley
fill lithofacies. OM content is high (1.7 to 18.6) throughout the outcrop, which
consistent with the TST and HST likely due to increases in rainfall, runoff. The
Blue Hills shows an overall low salinity index (0.3 to 1.0), and decreased marine
influence upward. This fits with the overall biofacies designations of low salinity
brackish water, which indicates that Blue Hills had the lowest salinity followed by
Steamboat and Caineville North. In SQI1, the Caineville North salinity index is
higher and increasing upward (0.2 to 4.3) and in Blue Hills the salinity index is
lower but decreasing upward (0.1 to 0.8), which maybe interpreted as a marine to
brackish salinity in Caineville North and more brackish in Blue Hills. However,
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the OM index in SQ1 shows high OM contents, where as in Blue Hills, the OM
index increases upwards with values between 1.7 to 18.6, and in Caineville North
OM,, it is decreasing but remains high (1.1 to 39.3).

Overall, three outcrops are dominated by agglutinated foraminiferal and tes-
tate amoebae morphotypes, while calcareous foraminifera are rare or totally absent
because of diagensis. Calcareous foraminifera are commonly more dominant in
marine salinity (Scott et al., 2005; Armstrong and Brasier, 2013), and their abun-
dance decreases in lower salinity (e.g. brackish). Calcareous foraminifera taxa are
found in the Tununk and Bluegate Shales (Turkistani et al., submitted), and there
are mollusca fossils (e.g. ammonite and inoceramids) preserved; however, in our
samples the calcareous fraction is under represented. The high OM content may
have created low-pH conditions that affected their preservation, but their lack of
presence could be due to low salinity conditions that dominated the deltaic envi-
ronment. Many studies have shown that the proximal shelves of the Cretaceous
seaway were largely brackish and salinity may have been too low in the deltaic
setting for calcareous taxa (Bhattacharya and MacEachern, 2009). The Ferron
Member was interpreted to reflect deposition under hyperpycnal conditions, and
ichnofacies showed a stressed environment with salinity fluctuating between nor-
mal and brackish conditions (Bhattacharya and MacEachern, 2009). Hyperpycnal
muds have been reported to be transported over 250 km offshore by storm waves,
which agitates the shelf mud and disperses it by wind driven currents (Varban
and Plint, 2008; Bhattacharya and MacEachern, 2009). These frequent river-fed
hyperpycnal flow events may have lowered the salinity within the inner shelf, and
transported taxa (e.g. testate amoebae) basinward. This was observed in the cur-
rent study, where testate amoebae were found within delta front and the prodelta
facies. More detailed analysis in these sequences may show trends in taphonomic
transport of testate amoebae with hyperpycnal events, which maybe useful for
reconstructing relative periods of wetness/dryness.

3.3.4 Implications for “Marine” Based Testate Amoebae

In the Ferron-Notom delta, testate amoebae are found in freshwater lithofacies
as in Holocene environments, but were also found in brackish marine lithofacies
having been transported seaward during river floods. Several studies have doc-
umented transported testate amoebae into deep Holocene basins by river flood
events (Babalola, 2009; Riveiros and Patterson, 2009; Laut et al., 2017; Farr et al.,
2020). The oldest record of testate amoebae is from Neoproterozoic marine sed-
iments of the Chuar Group, Grand Canyon, Arizona, where testate amoebae are
described as vase-shaped microfossils (Porter and Knoll, 2000). Well-preserved
testate amoebae (e.g. Centropyxis) have been also found in marine deposits of
the Permian-Triassic Boundary in the Guryul Ravine Section, India (Singh et al.,
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2015). From these studies, it would seem that earliest testate amoebae from the
Pre-Cambrian to early-Permian inhabited shallow marine environments (Kumar et
al., 2011). However, as discussed other studies including the present example have
reported testate amoebae in shallow marine facies that were transported during
river flood events and storms (Patterson et al., 2000; Kumar and Patterson, 2002;
Babalola, 2009; Riveiros and Patterson, 2009; Kumar et al., 2011; Laut et al.,
2017). Therefore, some of these previous studies with testate amoebae in marine
context could have the same transport bias (e.g. transport of testate amoebae
into the offshore) as in the Ferron-Notom delta and caution should be used when
interpreting a marine context for testate amoebae (Singh et al., 2015).

3.4 Conclusion

Sixty-six samples collected from three outcrops within the Ferron-Notom delta
show foraminifera and testate amoebae assemblages that are poorly to moder-
ately preserved showing signs of burial compression and flattening. Agglutinated
foraminifera and testate amoebae tests dominated the samples, while there were
only a few calcareous foraminifera tests found within the Bluegate and Tununk
shale samples. However, despite these taphonomic biases, morphogroup analysis
has defined distinct biofacies in the Ferron-Notom delta stratigraphy, and show
potential for interpreting paleoenvironments. The environments were assigned
to each morphotype consistent with the studies of Nagy (1992) and Nagy et al.
(1995), Reolid et al. (2008), Reolid et al. (2018); and discussed in Turkistani et al.
(submitted) (Chapter 2).

Paleo-salinity was calculated based on the relationships between foraminifera
morphotypes (TS) and testate amoebae morphotypes (Ta-F, Ta-D, Ta-S). The
prevalent trochospiral taxa has a salinity range from low-brackish to marine, and
using it with freshwater testate amoebae provides a good salinity index. The OM
index was calculated using the “bolivind-type” morphotypes (BiS and TrS), which
are good proxies for OM and nutrient and the trochospiral morphotype (TS), and
they can provide a relative measure of the OM of the sediment. Both indices follow
the lithofacies in the three outcrops. Overall, the salinity and OM indices show
great potential as a paleoenvironmental indicator in ancient systems, and because
these morphotypes belong to extant assemblages, these morphotypes are effective
indicators of paleo-salinity and organic matter (OM), and could be used in similar
studies.
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Abstract

uXRF analysis of mudstone samples from the Upper Cretaceous (Turonian)
Ferron-Notom delta in Central Utah, USA were used to examine elemental proxies
for paleo-salinity (Sr/Ba), organic matter (K/S), redox (V/Ni), and sediment
sources (Zr/Rb, Ti/Fe, Ti/Ca). Twenty-nine mudstone samples were analyzed
from four lithofacies including the prodelta, delta front, fluvial valley fill and shelf
and fourteen elements (Ti, Fe, Ca, Sr, Ba, Ni, Rb, Zr, S, V, Cu, Mn, Si, and
K) provided proxy ratios to detect variations in terrigenous sediments, carbonate
production, salinity, grain size, and fluvial inputs in Ferron-Notom delta. The
overall uXRF analysis showed good correspondence between the elemental data
and the lithofacies and microfossil indices. Sr/Ba and Ca/Fe showed relationships
with carbonate content and proximity to the shoreline. Sr/Ba was not a good
indicator for paleo-salinity, but it was more responsive to lithological change of
carbonate content. The previously derived microfossil salinity index seems to be
a more accurate paleo-salinity indicator. Zr/Rb and Ti/Fe showed fluvial input
of sediment, and it fit the lithofacies. Zr/Rb and Ti/Fe showed highest values
within the fluvial valley fill facies relative to the other lithofacies (prodelta, delta
front, and shelf) showing a response to the proximity of fluvial sediment source.
V/Ni was used as an indicator for redox, and it matched the previously derived
microfossil OM index (“bolivind-type” taxa) showing a strong relationship be-
tween eutrophication and redox trends. The study aims to establish important
baseline geochemical compositions of sediment sources to establish patterns and
trends with sediment succession in the deeper basin (offshore; i.e. Mancos Shale).
Potentially, these patterns and trends from the nearshore and fluvial environments
will provide important geochemical data to assess paleoclimate, and sea-level in
the offshore sediment successions.

Keywords: Ferron-Notom delta, Upper Cretaceous, uXRF data, sequence stratig-
raphy, geochemical, Itrax-uXRF' core scanner

4.1 Introduction

Micro X-ray fluorescence (uXRF) core scanning is newly developed instrumenta-
tion that allows high-resolution analyses of sediment cores (100-200pm). It is a
non-destructive analytical method that is automated, providing great efficiency
for analyzing long stratigraphic sequences (Turner et al., 2010; Giralt et al., 2011;
Gregory et al., 2015; Profe et al., 2016; Peros et al., 2017; Gregory et al., 2019).
The instrument has been widely applied to soft sediment cores, but less, so to rock
cores. Numerous studies have investigated different elemental proxies and their
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relationship with environmental changes (e.g. weathering) over geological time
scales. Croudace and Rothwell (2015) have highlighted common elements that
have been used as proxies, such as iron (Fe), titanium (Ti), potassium (K), sili-
con (Si), sulfur (S), calcium (Ca), zirconium (Zr), strontium (Sr), rubidium (Rb),
manganese (Mn), copper (Cu), and barium (Ba). These elements and others have
been used to detect changes in a variety of environmental variables including trends
with dry/wet seasons, and biological productivity. Sediments can be analyzed as
bulk samples from sediment traps or surface samples (Gregory et al., 2019) or split
cores (Croudace and Rothwell, 2015).

In the present research, we analyze hand samples from the Upper Creta-
ceous (Turonian) Ferron-Notom delta using an ITRAX-uXRF core scanner, which
will be compared with previously documented palynologic (Akyuz et al., 2015),
foraminiferal and testate amoebae data (Turkistani et al., submitted, Chapter 2),
along with lithofacies records (e.g. Zhu et al., 2012; Wu and Bhattacharya, 2015;
Bhattacharyya et al., 2015b). The mudstone samples were obtained from the
Caineville North outcrop on the western side of Ferron-Notom delta and represent
six sequences (Zhu et al., 2012; Wu et al., 2012) from various lithofacies, such as
the pro-delta, delta front, fluvial channels.

4.1.1 Elemental Proxies

There are many applications of uXRF analysis on lake and marine cores for de-
tecting flood events, grain-size variations, and sediment provenance, but there are
fewer studies that have examined coastal to shallow shelf depositional systems (e.g.
deltaic facies). However, these environments are important for understanding long
shale sequences further offshore (e.g. Mancos Shale) because they provide data
on the geochemical make-up of the riverine and shallow shoreface sediment. This
may allow separation of marine vs terrestrial sediment provenance and depositional
processes using uXRF analysis and understanding of sea-level and climate forcing
of the Cretaceous Western Interior Seaway (Croudace and Rothwell, 2015). Ti
and Fe are considered good proxies for terrigenous sediment (fine-grained) input
from rainfall, and discharge from rivers (Floods; Jansen et al., 1998). Ti is also
used as a proxy for aeolian dust input (Itambi et al., 2009; Itambi et al., 2010;
Croudace and Rothwell, 2015). Ti is resistant to diagensis and is immobile in sed-
iment (redox-insensitive), while Fe can readily move within the sediment column
(redox-sensitive). Ti is more resistant to weathering in terrestrial areas versus Fe
(Marsh et al., 2007; Ben-Awuah et al., 2017). Therefore, Ti/Fe has been used as
a proxy for precipitation and runoff, where high values indicate wetter (e.g. sum-
mer) periods with greater weathering and runoff, and lower values indicate drier
(e.g. winter) periods (Itambi et al., 2010; Aufgebauer et al., 2012; Croudace and
Rothwell, 2015). In the Cariaco basin in Venezuela, high values of Ti and Fe were

70


http://www.mcmaster.ca/
https://www.science.mcmaster.ca/geo/
https://www.science.mcmaster.ca/geo/

Doctor of Philosophy— Majed N. TURKISTANI; McMaster University— School of
Earth, Environment and Society

used to indicate wetter conditions, with more frequent rainfall and weathering
(Calvert and Pedersen, 2007).

Ca is mainly used to indicate carbonate content in marine sediment (Croudace
and Rothwell, 2015). The source of Ca in sediments is largely derived from frag-
ments of shells, calcareous tests and small biogenic particulates (Silva et al., 2014).
Therefore, ratios of Ca/Fe and Ti/Ca are often used for a variety of applications
but reflect the proportion of biogenic carbonate to detrital clay content (Roth-
well et al., 2006; Piva et al., 2008; Croudace and Rothwell, 2015). For example,
turbidite beds (sand, silt, muds) often show enrichment in Fe, which is found in
shallow sediments, while marine muds in the deeper part of the basin have higher
Ca, and thus Ca/Fe can be used to distinguish turbidite versus marine beds (Roth-
well et al., 2006). Generally, high Ca/Fe values and correspondingly low values of
Ti/Ca indicate increasing marine influence and vice versa terrigenous and fluvial
sediments transport to the basin, but can also be due to dissolution of carbon-
ates (Rothwell et al., 2006; Gebhardt et al., 2008; Croudace and Rothwell, 2015).
In the Late Holocene Tatos basin, in the Mauritius Islands, SW Indian ocean, a
progression from wetland to shallow lake to wetland again showed low (Ca/Ti) val-
ues concurrent with increased freshwater input (rainfall/runoff), and high (Ca/Ti)
values with increased marine influence (De Boer et al., 2014).

Zr/Rb has been used as a grain-size proxy in marine, lacustrine, and deltaic
sediments (Turner et al., 2015), and is often used as a proxy for flood events, be-
cause Zr is abundant in coarser sediments as a heavy mineral (e.g. zircon), while
Rb is abundant in clays (Dypvik and Harris, 2001; Wang et al., 2011; Croudace
and Rothwell, 2015). During river floods, coarser sediments are transported bas-
inwards, so higher values of Zr/Rb can be used for flood frequency, and magnitude
(Wang et al., 2011; Turner et al., 2015). In the Yangtze River Delta plain, China,
Wang et al. (2011) were able to reconstruct a 600-yr flood record from Zr/Rb.
In another example, from the Upper Severn River Floodplain, (UK) flood events
were recorded using Zr/Rb and Zr/Ti proxies (Jones et al., 2012).

Sr/Ba has been used as a proxy for salinity (Yandoka et al., 2015; Ben-Awuah et
al., 2017), because Ba is less mobile and easily adsorbed by clay minerals and OM
resulting in higher Ba concentrations in organic rich terrestrial sediment (Wang
et al., 2020). Sr is not adsorbed by clay minerals and organic matter and thus is
more mobile, so Sr is easily transported into marine environments, but Sr is also
included in marine carbonates (aragonite; Wang et al., 2020). Relative, salinity can
be determined using Sr/Ba ratios, where a low Sr/Ba value implies lower salinity,
and a high Sr/Ba value implies a more “marine” environment (Deng and Qian,
1993; Ben-Awuah et al., 2017). For example, this trend was observed in the West
Baram Delta, Sarawak Basin, Malaysia, South China Sea, where Sr/Ba values
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show freshwater to marine influenced environments (Ben-Awuah et al., 2017).

K/S has been used as a proxy for organic matter (OM), because it relates to
nutrient-rich organic particulates (Croudace and Rothwell, 2015). K is similar to
Ba and is associated with clay minerals and OM and is less mobile, while S is
associated with organic rich muds, and is found in oxidizing conditions, thus high
values of K/S can indicate increased OM (Croudace and Rothwell, 2015; Ben-
Awuah et al., 2017). Ni is a mobile element, which is high in clay and organic
matter and less so in coarser sediments (Anti¢-Mladenovi¢ et al., 2011; Costa
et al., 2018). Ni becomes soluble in oxic condition, and under dysoxic to anoxic
conditions Ni is removed from the sediment into the water (Baioumy and Lehmann,
2017). V is also a mobile element, but it becomes immobilized and thus enriched
in anoxic marine environments because of the increased activity of sulfate reducing
bacteria (Baioumy and Lehmann, 2017; Costa et al., 2018). V/Ni is therefore often
used as redox indicator to evaluate the bottom conditions (Zhang et al., 2011).
For example, the West Baram Delta, Sarawak Basin, Malaysia, South China Sea,
shows a range of V/Ni values indicative of reducing environments with variable
marine and terrestrial OM input (Ben-Awuah et al., 2017; Baioumy and Lehmann,

2017).

4.1.2 Study Area

The Ferron sandstone is a member of the Mancos Shale Formation deposited dur-
ing a wet climate in the Upper Cretaceous (Turonian) in the Western Interior
Seaway (KWIS; Fig. 4.1; Wu et al., 2012; Zhu et al., 2012; Akyuz et al., 2015; Fa-
mubode and Bhattacharya, 2016). Three clastic deltas (Notom, Vernal, and Last
Chance respectively) formed the Ferron Sandstone Member. The Notom delta,
which is the area of interest, comprises six sequences, eighteen parasequences sets,
which are well exposed in the Caineville North outcrop and represents the western
side of the delta (Wu et al., 2012; Zhu et al., 2012; Akyuz et al., 2015). The
area is well documented in the literature, and Zhu et al. (2012) and other studies
have been carried out on other exposures of the Ferron-Notom delta in its eastern
part (Wu and Bhattacharya, 2015; Wu et al., 2016b). Turkistani et al. (submit-
ted, Chapter 2) analyzed the foraminifera and testate amoebae from the outcrops
using morphogroups analysis (from Jones and Charnock, 1985), and performed
biofacies analysis on samples collected from the same three outcrops within the
Ferron-Notom delta. Akyuz et al. (2015) investigated the Ferron-Notom delta for
its palynology and determined that the climate during which the Ferron-Notom
delta was deposited was ever wet. Also, they found four intervals of marine di-
noflagellates interbedded within fluvial channel deposits, which implied marine
incursions to inland areas, which was confirmed later by Turkistani et al. (forth-
coming, Chapter 3). Two main lithologies are found within the Caineville North
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FIGURE 4.1: (A) North America continent during the Upper Cre-
taceous (Turonian), where the Western Interior Seaway split the
continent into two subcontinents (Akyuz et al., 2015). (B) The
Ferron-Notom delta showing the Caineville North outcrop on the
western part of the delta (Li et al., 2010; Zhu et al., 2012).

outcrop, namely sandstone and mudstone that form the different lithofacies, such
as prodelta, delta front and fluvial deposits (Li and Bhattacharya, 2013) as well
as coal. Generally, sandstone elemental compositions vary based on the different
proportions of quartz, feldspars and other rock fragments, but generally consist of
Na, K, Mg, Al, Si, Fe, Ba, P, S, Mm, Ti, C, and Zr (Pettijohn, 1963). Similarly,
mudstones share similar compositions, although the proportion of elements vary
(Caracciolo et al., 2011).

Detrital-zircon U-Pb analysis by Kynaston (2019) shows that the bentonite
beds within the Ferron-Notom delta originate from the volcanically active margin
to the west, where volcanic ash may have traveled by airfall or transverse drainage.
The other two sources of sediment in the Ferron-Notom delta are a result of the
erosion of the Sevier Thrust Front and Mogollon highland batholiths that formed
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by continental magmatism and drainage input from the mid-continental granite-
rhyolite province (Kynaston, 2019).

4.1.3 Previous Biofacies Results

The Caineville North section consists of four lithofacies: the pro-delta of the Tu-
nunk Shale, the delta front, tidally-influenced tributary fluvial channels within
the Ferron Sandstone, and the Bluegate Shale (shelf). Turkistani et al. (sub-
mitted) conducted morphogroup analysis on foraminifera and testate amoebae
on the five outcrops of the Ferron-Notom delta. There were four morphogroups
and eleven morphotypes, which were assigned to a potential environment. Ag-
glutinated foraminifera morphogroup include: trochospiral to nearly planispiral
(PS), initially planispiral to uniserial (PS/UnS), trochospiral (TS), miliolid (Mi),
elongated uniserial (UnSE), uniocular-tubular (UnLT), biserial (BiS), and trise-
rial(TrS) (2; Turkistani et al., submitted). Agglutinated testate amoebae mor-
photypes are flask-shaped (Ta-F), donut-shaped (Ta-D), and sack-shaped (Ta-S;
Chapter 2 Turkistani et al., submitted). Overall, the most dominant species in
the Caineville North samples are Gawvelinella spp., Trochammina spp., Reophaz
spp., Bathysiphone spp., Textularia spp. Neobulimina albertensis, and Difflugia
spp. (Testate amoebae).

Four biofacies were established based on the foraminiferal and testate amoebae
morphotypes, and based on this analysis, a salinity index, and OM index were
derived for the outcrops (Turkistani et al., forthcoming). Biofacies I was described
as lowest salinity biofacies of tidally brackish water influenced, and Biofacies II is
characterized as low salinity and brackish lagoon/estuary. Biofacies III has low to
medium salinity lagoon/estuary, and Biofacies IV has medium to normal marine
salinity of the shallow shelf/prodelta. The salinity index in the Caineville North
outcrop showed an overall decreasing trend moving from the shallow shelf/prodelta
facies to the delta front and into the fluvial valley fill facies. The salinity index
then increases into the Bluegate Shale/shallow shelf facies. The OM index shows
higher values in the prodelta facies, which decreases in the delta front and fluvial
valley fill facies, but in the fluvial valley facies the OM index is highly variable. The
OM index then increases with the shallow shelf facies of the Bluegate Shale. Both
indices show trends with sequence boundaries and correlate with other analysed
outcrops of Steamboat and Blue Hills (Turkistani et al., forthcoming).
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4.2 Methodology

4.2.1 Sample collection and preparation

Twenty-nine mudstone samples (=~ 10 ¢m?) were collected from the Caineville
North outcrop within the Ferron-Notom delta, central Utah, USA (Chapter 2-3;
Turkistani et al., submitted; Turkistani et al., forthcoming). The outcrop located
on the west of Ferron-Notom delta, Central Utah (Fig. 4.1 A and B). The Caineville
North outcrop samples were used because it contains six sequences in the Notom
delta, and a wide range of lithofacies (e.g. pro delta, delta front, fluvial-channels,
and shelf; Zhu et al., 2012; Turkistani et al., forthcoming, Chapter 2).

4.2.2 Sample preparation for t XRF analysis

Sub-samples were disaggregated by soaking in distilled water overnight, and loaded
in a Sequential Sample Reservoir (SSR) as described by Gregory et al. (2017). The
SSR is comprised of acrylic cuvettes (1.5 x 1 x 1 cm) along a center line on an acrylic
base. Sediment samples were loaded into each cuvette ensuring that samples were
evenly packed with a spatula (Gregory et al., 2017).

A Cox ITRAX puXRF-CS was used to analyze samples using a Molybdenum
(Mo) heavy element (Mo-HE) X-ray source at the McMaster University Core Scan-
ning Facility (MUCS), at 40kV (e.g. voltage), 50 mA (current), and an exposure
time of 15s. Step-size was 0.2 mm, down the central portion of each sample. The
resultant elemental data was then averaged over the length of the cuvette and the
data used for PCA analysis, and plotting of the data. A subset of the data (Cu,
Mn, Fe, Ti, Ca, Sr, S, Zr, K, Si, Rb, Ni, V, Mn, and Ba) was used for PCA analysis
using the (PCA function), which is included in the “FactoMineR” package in R
(Sebastien Le, 2008), which uses a common scaling factor to normalize the data.

4.3 Results

4.3.1 Overall Elemental Composition

ITRAX-uXRF analysis detected forty-nine elements with fourteen elements used
for analysis. These elements had relatively high values (cps) and were elements
of interest for paleoenvironmental analysis. The boxplots (Fig. 4.2) show three
different ranges of mean values and variability (InterQuartileRange-IQR) in the
elemental data. The most abundant element is Fe (mean = 22479 cps, IQR = 5146
cps), but it had high variability, likewise Ca was also high (3285 c¢ps) and variable
(IQR = 5425 cps). Elements with moderately high values and low variability
consists of: Si, Sr, Ni, Ti, Mn, Zr, Rb, and K (e.g. Mn = 171 cps to Ti = 1101
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cps; IQR (Mn) = 114 cps to IQR (Ti) = 259 cps). Low value elements include Cu,
S, Ba, and V, which range from ~ 24 (S) to 37 (Ba) cps.

10000

Intercf‘a:tﬁl;ange (IQR)

1000

cps (log10)

e
“##-u-

gos”

S \ Cu Ba Mn Ni Si Sr Rb Zr Ti K Ca Fe
Elements

10

FIGURE 4.2: Box plots showing the average counts and variability
of abundant elements in samples from the Caineville North.

4.3.2 PCA Analysis of Elemental Data

The PCA (Fig. 4.2) shows that Fe, Mn, Rb and V are strongly positively cor-
related, but negatively correlated with Ni and Zr. Ca, Sr, S, Si, Ba, and K are
strongly correlated, and are inversely correlated with Ti, and Cu. The relationship
between Ca, Sr and Mn, Fe, Rb and V could reflect a dysoxic to anoxic fine grained
mud, where Ca and Sr increases in more oxygenated environments (Croudace and
Rothwell, 2015). In addition, Ca and Sr are more commonly found in marine sedi-
ments (carbonates, aragonite), and their relationship with Fe, and Ti could reflect
the relative proportions of terrigenous vs marine sediment. Ti and Fe amounts
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FIGURE 4.3: Principle components analysis (PCA) of most com-
mon elements ~70%.

typically increase as a result of terrigenous sediment input with rainfall, runoff
and floods (Croudace and Rothwell, 2015). Ca and V shows a strong relationship,
and commonly when Ca increases, V also increases, because they both tend to
vary with pH. In low pH conditions, Ca decreases, reflecting reducing conditions
(Martins et al., 2018). K, Fe, Rb, Mn, Zr, Si, and Ni, are commonly used as indi-
cators for terrigenous sediment transport, rainfall, runoff, grain-size variation, and
sediment provenances and typically show good correlations (Croudace and Roth-
well, 2015; McNeill-Jewer et al., 2019). In addition, Si, K, Rb, Mn, and Fe, are
often sensitive to grain-size variation, as increases in grain-size lead to increased in
Si, while K, Rb, and Fe predominate in finer sediment (Ben-Awuah et al., 2017).
In the PCA (Fig. 4.3), Si is low compared to K and Rb because the samples are
mostly mudstones. The relationship between K and Si can also be used as an in-
dicator of weathering, with increases in K and decreases in Si indicative of wetter
conditions (Ben-Awuah et al., 2017).
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4.3.3 Elemental Trends
Group 1 Elements

The elements are grouped based on their overall variability in the Caineville North
outcrop. (Figs. 4.2, 4.4). Group 1 elements include Ca, Sr, S, Mn, and Zr, and
they have the most variability in the outcrop and thus are the most sensitive
to environmental change. In general, Group 1 elements were high in the delta
front (SQB 2-4) and then increased between the fluvial channel and shelf facies
(Bluegate Shale). However, Zr did not show this increase at the transition to the
Bluegate Shale. Group 1 elements also showed higher values at the base relative
to the upper portion in the prodelta facies of the Tununk Shale.

Group 2 Elements

Group 2 elements include V, Si, K and Ba which are moderately variable through-
out the outcrop and show less consistent variation in comparison to the Group 1
elements (Figs. 4.2, 4.4). Group 2 elements generally show increased values below
SQB5 in the prodelta (Tununk Shale) and then also in the shelf facies of the Blue-
gate Shale, although this is the most pronounced with V and to some degree K.
Overall, Ba and Si show the least amount of variability throughout the outcrop.

Group 3 Elements

The third group of elements includes Cu, Ti, Fe, Ni, and Rb, which show a slight
overall increase upward through the outcrop, and is the most pronounced with Ti
(Figs. 4.2, 4.4). However, there is very little consistency amongst the elements,
although Ti and Cu do show some similarity.

4.4 Discussion

4.4.1 Paleo Salinity: Sr/Ba and Microfossil Salinity Index

Sr/Ba has been used as a proxy for salinity in several studies (Deng and Qian,
1993; Ben-Awuah et al., 2017), where high values of Sr/Ba are indicative of in-
creased salinity. However, in the Caineville North outcrop, Sr/Ba seems to be
more responsive to changes in sediment type (Fig. 4.5). Sr/Ba increases in the top
most part of the Tununk Shale (CN 25, 26 > 10; i.e. prodelta), in the delta front
(CN 16 to 24, > 10), and the very top shelf lithofacies (Bluegate Shale; CN 1-4, ~
15.0 - 20.0). The lowest Sr/Ba values are in the fluvial valley fill lithofacies (CN 5
- 15, < 10.0; Table 4.1; Fig. 4.5), and show higher values in the mudstone associ-
ated with the sandstones and a shallow marine environment (shallow shoreface).
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TABLE 4.1: Elemental ratios used in Caineville North to interpret

paleoenvironment conditions.

Ratio

Value Interpretation

References

Sr/Ba

V/Ni

Zr/Rb

Ca/Fe

Ti/Fe

Ti/Ca

K/S

0 Salinity

0 Dysoxic/Anoxic

0 Grain size/Flood event

0 Biogenic Carbonate

0 Fluvial input

T Terrigenous input

0 Organic Matter (OM)

Deng and Qian (1993)
Yandoka et al. (2015)
Ben-Awuah et al. (2017)

Lewan (1984)
Galarraga et al. (2008)
Ben-Awuah et al. (2017)

Dypvik and Harris (2001)
Wang et al. (2011)

Jones et al. (2012)
Turner et al. (2015)

Rothwell et al. (2006)
Gebhardt et al. (2008)
Piva et al. (2008)

De Boer et al. (2014)

Silva et al. (2014)

Jansen et al. (1998)

Calvert and Pedersen (2007)
Marsh et al. (2007)

[tambi et al. (2009)

Itambi et al. (2010)
Aufgebauer et al. (2012)
Ben-Awuah et al. (2017)

Rothwell et al. (2006)
Gebhardt et al. (2008)
Piva et al. (2008)

De Boer et al. (2014)

Silva et al. (2014)

Croudace and Rothwell (2015)
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Sr is abundant in shells (i.e. aragonite; Markulin et al., 2019), and the high Sr/Ba
values within the sandier intervals are likely due to the break down of shell mate-
rial in the shallow marine environment with waves and currents. The Sr/Ba ratio
seems to be largely a response to changing Sr because Ba does not vary much in
the outcrop. The Ba maybe associated with the mudstone lithology, which was
analyzed throughout the outcrop and not the sandy beds. The microfossil salinity
index (Chapter 3; Turkistani et al., forthcoming) seems to be more representative
of salinity change in the Caineville North rather than Sr/Ba, which appears to be
more lithologically controlled. The microfossil salinity index shows higher values
in the prodelta (Tununk Shale) and the shallow shelf lithofacies of the Bluegate
Shale, and lower salinity in the delta front and fluvial valley fill facies. In con-
trast, the Sr/Ba ratio generally shows the inverse of this relationship. Therefore,
the Sr/Ba ratio seems to be more a reflection of proximity to the shoreline, and
a shallow marine environment. The high Sr/Ba values that were recorded at the
base of the Bluegate Shale represents the marine transition with sea-level rise.

4.4.2 Organic Matter (OM) and Redox: K/S, V/Ni and
Microfossil OM Index

Several studies have used K/S as a proxy for organic matter (OM) in sediment
(Croudace and Rothwell, 2015), and V/Ni has been used as a proxy for reducing
environments (Adams and Weaver, 1958; Lewan, 1984; Lerman, 1989; Jones et al.,
1994; Dypvik and Harris, 2001; Roy and Roser, 2013; Ben-Awuah et al., 2017).
High values of K/S are indicative of increases in OM in sediment (Croudace and
Rothwell, 2015), and high values of V/Ni are indicative of reducing environments
(dysoxic/anoxic), while V/Ni low values are indicative of suboxic environments
(Aufgebauer et al., 2012). In Caineville North, the K/S values are generally high
and variable, but there are decreases in the delta front (CN 18 - 20) and the fluvial
valley fill facies (CN 11 - 14; Fig. 4.5). The K/S values being high in the prodelta
fits with the lithofacies, because there is an abundance of plant fossils in the
interval, but the K/S does not appear to be very reflective of OM content overall
throughout the Caineville North outcrop and does not match the lithofacies very
well.  'V/Ni values generally vary between 0.1 and 0.3 throughout the outcrop.
The higher values in the prodelta (below SQB 5) and flood plain (CN 5 - 7)
sandstone and shelf shales (Bluegate) is a good match with lithofacies, and the
shallow near shore of the delta front is more oxygenated because of increased
currents (hence the sandy facies). The microfossil OM index (Chapter 3; Turkistani
et al., forthcoming) does not fit well with the K/S (OM), but fits very well the
V/Ni (redox). “Bolivind-type” taxa have been used to identify eutrophic and low
oxygen conditions in deltaic settings, which is used to calculate the OM microfossil
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index (Huerta-Diaz, Morse, et al., 1992; Andersson et al., 1994; Turkistani et al.,
forthcoming, Chapter 3).

4.4.3 Sediment Sources: Zr/Rb, Ti/Fe, Ca/Fe, Ti/Ca

Zr/Rb is a commonly used ratio as a proxy for grain-size variations as well as flood
events (Fig. 4.5 - Fig. 4.5; Sudom and St. Arnaud, 1971; Milne and Fitzpatrick,
1977; Schneider et al., 1997; Calvert and Pedersen, 2007; Moreno et al., 2007;
Cuven and Francus, 2010; Burnett et al., 2007; Wang et al., 2011; Chawachai et
al., 2013). In the Caineville North outcrop, the Zr/Rb (Fig. 4.5) values only show
a subtle change in grain-size, because all the analyzed samples were mudstones,
but there is a slight increase in Zr/Rb with the delta front, where it is shallow and
undergoes more reworking of sediment (sandier). There are also higher values in
the fluvial valley fill, which is also sandier, and closest to the probable input of
zircons from fluvial sources. Zr/Rb has been shown to depend on river flow and
climatic changes, such as frequency of rainfall and runoff, along with river floods
(Pastouret et al., 1978; Calvert and Pedersen, 2007).

Ti/Fe, Ti/Ca, Ca/Fe are common proxies for fluvial input (terrigenous sedi-
ment), and carbonate production, respectively (Aufgebauer et al., 2012; Croudace
and Rothwell, 2015). In the Caineville North outcrop, Ti/Fe, Ca/Fe, Ti/Ca all
share similar trends or inverse trends to each other, which follows carbonate con-
tent (Ca/Fe) or fluvial input sources. The Ca/Fe shows an inverse relationship
with Ti/Fe, where carbonate increases and terrigenous sediment decreases, and
vice versa, where there is a decline in carbonate content, there are increases in
terrigenous sediment. The relationship between Ca/Fe and Ti/Ca also shows re-
lationships with Sr/Ba because Ca is also a reflection of carbonate content. The
Ti/Fe values show similarity with Zr/Rb values because Ti is at least partially
associated with titanomagnetite, which like zircon (Zr) is a heavy mineral, and
would be expected to be concentrated in fluvial sediments. However, compared to
Zr/Rb the degree of variability with Ti/Fe is greater throughout the outcrop.

4.5 Applications of Microfossils and Elemental
Ratios to Shale Facies in The Deep Basin

4.5.1 Sediment Sources and Transport

In the Caineville North outcrop, Sr/Ba seems to be more responsive to the changes
in sediment type, where high values are associated with the delta front facies, and
at the base of the shelf facies (Bluegate Shale). These higher Sr/Ba values in the
Bluegate Shale may represent the shallow marine transition to the relatively deep
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shelf but above storm wave base (Fig. 4.4 - Fig. 4.5). Ca/Fe shows similar trends as
Sr/Ba in the delta front and fluvial valley fill. As discussed, the increase of Sr/Ba
and Ca/Fe in the delta front is likely due to the breakdown of shell material and
an indicator for a shallow marine environment. Further offshore, Sr/Ba in shale
sequences may show increases due to storm transport of nearshore sediments to the
deep basin. The Ca/Fe ratio may show similar trends, but could also be responsive
to phytoplankton or zooplankton productivity in the upper water column.

Zr/Rb and Ti/Fe show potential to identify the frequency of river flood events
associated with hyperpycnal or hypopycnal flow out into the basin. Zr/Rb and
Ti/Fe could increase offshore due to sediment transported via storms, or hypo and
hyperpycnal flows with river flood events (Schieber, 2016). The frequency of these
events could be related to climate variability with rainfall and weathering patterns
as well as sea-level and proximity to the riverine sediment source. Hyperpycnal
flows have been shown to reach up to 250km offshore in the Late Cenomanian-
Turonian Kaskapau Formation of the Western Canadian foreland basin(Varban
and Plint, 2008).

4.5.2 Redox Indicator

The V/Ni redox ratio shows a good match with the Caineville North outcrop
lithofacies, and fits the microfossil OM index, which reflects relative anoxia and
eutrophication (Fig. 4.5 - Fig. 4.5). Generally, in the deep basin, OM relates to
productivity of phytoplankton, and also OM export through hyper and hypopycnal
flows from riverine sources in the form of fine particulate matter (Engel et al.,
2011). Ocean circulation also affect phytoplankton production as result of mixing
between cold and warm water masses (i.e. Cretaceous Western Interior Seaway),
and development of extreme low oxygen conditions (Hay et al., 1993). V and
Ni are also mobile elements that can be attached to OM and fine grain sediments
(Baioumy and Lehmann, 2017; Costa et al., 2018), which may transported offshore
by storms, hyperpycnal flow or hypopycnal plums during river flood events that
extend offshore depending on size of the river (Bhattacharya and MacEachern,
2009; Plint, 2014). Therefore, V/Ni could show increases offshore low oxygen
conditions, but may also be responding to sediment inputs from riverine sources.

4.6 Conclusion

Overall, the uXRF analysis of mudstone samples from the Caineville North out-
crop showed good correspondence between the elemental data and the lithofacies
and microfossil indices. Sr/Ba and Ca/Fe showed relationships with carbonate
content and proximity to the shoreline, where biogenic shell production would be
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the highest relative to the other facies. It does not appear that Sr/Ba is a good
indicator of paleo-salinity, because it did not match the salinity microfossil index,
but was responding to lithology, and biogenic carbonate production.

Zr/Rb and Ti/Fe showed good correspondence with facies indicating fluvial
inputs of sediment. The fluvial valley fill facies had the highest Zr/Rb and Ti/Fe
values, with Ti/Fe showing the greatest variability relative to the other lithofacies
(prodelta, delta front, and shelf). This variability in Ti/Fe responded well to
distance from the fluvial sediment source, decreasing into the prodelta and shelf
facies.

V/Ni had a very good correspondence with the OM microfossil index indicat-
ing a strong relationship between eutrophication and redox trends. The “bolivind-
type” taxa used in the microfossil index have been shown to indicate low oxygen
conditions (anoxia) in modern deltaic sediments (e.g. Mississippi; Rabalais and
Turner, 2006) associated with anthropogenic eutrophication impacts. This study
established important end-member geochemical compositions of sediment sources
(i.e. fluvial and shallow marine) that will be important for establishing patterns
and trends with sediment successions in the offshore basin (e.g. Mancos Shale).
These long depositional sequences (+80m) can potentially provide important pale-
oclimate and sea-level records that have yet to be fully explored, and this work will
be seminal for establishing trends and casual mechanisms for these records. uXRF
core scanning of these long succession at very high resolution (e.g. 0.1lmm) may
provide important paleoenvironmental information that has yet to be explored.
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This research has successfully demonstrated that microfossil assemblages of
foraminifera, and testate amoebae provide useful paleoenvironmental information
in Cretaceous deltaic successions. Five outcrops within the Upper Cretaceous (Tur-
onian) Ferron-Notom Delta (Caineville North, Steamboat, Blue Hills, Coalmine
Wash and Neilson Wash) were examined with various lithofacies encompassing
the prodelta, delta front, and tidally-influenced tributary valley fill. This micro-
fossil analysis shows relationships between bio and lithofacies that demonstrates
their utility.

Overall, the foraminifera (“bolivind-type” taxa and trochospiral) and testate
amoebae morphotypes can provide a good salinity estimation and a relative mea-
sure of the OM of the sediment. Both indices follow lithofacies trends in the three
outcrops and have good potential for further application in other studies of the
Ferron to establish the extent of marine incursion into the backwater environments
and sea-level. The salinity index using the morphotypes can be easily measured
and applied to other studies. Furthermore, this index could be applied to coastal
succession in various geological contexts.

The investigation of the Caineville North outcrop showed good correspondence
between the elemental data and the lithofacies and microfossil indices. Sr/Ba and
Ca/Fe showed relationships with carbonate content and proximity to the shoreline,
where biogenic shell production would be the highest relative to the other facies.
It does not appear that Sr/Ba is a good indicator of paleo-salinity, because it
did not match the salinity microfossil index, but was responding to lithology, and
biogenic carbonate production. V/Ni had a very good correspondence with the
OM microfossil index indicating a strong relationship between eutrophication and
redox trends. The “bolivind-type” taxa used in the microfossil index have been
shown to indicate low oxygen conditions (anoxia) in modern deltaic sediments
(e.g., Mississippi) associated with anthropogenic eutrophication impacts.

This dissertation established important end-member geochemical compositions
of sediment sources (i.e. fluvial and shallow marine) that will be important for es-
tablishing patterns and trends with sediment successions in the offshore basin (e.g.,
Mancos Shale). These long depositional sequences (+80m) can potentially provide
important paleoclimate and sea-level records that have yet to be fully explored,
and this research will be seminal for establishing trends and casual mechanisms
for these records. uXRF core scanning of these long succession at very high reso-
lution (e.g., 200mm) may provide important paleoenvironmental information that
has yet to be explored.
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5.0.1 Future Work

1. Using transported testate amoebae into basin to reconstruct river flood
events.

2. Using geochemical composition of sediment sources will be important for
investigated patterns and tends in the offshore basin, where long deposition
sequences can provide important information on paleoclimate and sea-level
records that have yet to be fully explored.
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