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ABSTRACT
Discriminant Analysis of XRF Data from Sandstones of Like Facies and Appearance:
A Method for Identifying a Regional Unconformity, Paleotopography,
and Diagenetic Histories
Stephen P. Phillips
Department of Geological Sciences, BYU
Master of Science
The placement of an unconformable surface within a stratal succession affects the
interpreted thickness of units and sequences in contact with that surface. Unit thickness
influences the interpretation of basin subsidence, paleotopography, diagenesis, and depositional
style. Accurate placement of an unconformity results in true formational thicknesses for
formations associated with that unconformity. True thicknesses aid in producing more precise
surface to subsurface correlations, isopach maps, and paleogeographic maps.
An unconformity may be difficult to identify in the stratal succession due to similar rocks
above and below the unconformity and the presence of multiple candidate surfaces. Using
statistical discriminant analysis of XRF data, formations bounding an unconformity can be
discriminated by elemental composition which results in delineation of the associated
unconformity. This discrimination is possible even for rocks that do not have significant
differences in provenance if they have experienced distinct diagenetic histories. Elemental
differences can be explained by quantity and type of cement.
Three discriminant models were created. These models were tested with samples from
three formations of similar facies, appearance, and provenance that are all associated with the
same regional unconformity. All data, regardless of location, facies, or tectonic feature were
used to create the first model. This model achieved moderate success by correctly classifying
80% of known samples. In a second model, data were grouped by facies trends. Separating the
data by facies resulted in 94% of known samples being correctly classified. This model was
most useful for delineation of an unconformity and discrimination of formations. A third model
based solely on location or local tectonic feature produced the best results statistically. 96% of
known samples were classified correctly. This third model does not compare locations to each
other, thus making it less robust. This last model contributes by adding detail to interpretations
made with the facies trend model.

Keywords: Temple Cap Formation, Page Sandstone, Navajo Sandstone, discriminant analysis,
XRF, J-1 unconformity, elemental composition, surface to subsurface correlation,
paleotopography, diagenesis
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CHAPTER ONE

Purpose

Chapter one has been written with the intent to publish it as an individual contribution to
a peer-reviewed journal and has been written with the journal's formatting in mind. This chapter
deals with the geochemical portion of the project including discriminant analysis and petrologic
observations that explain elemental variation.
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ABSTRACT
The placement of an unconformable surface within a stratal succession affects the
interpreted thickness of units and sequences in contact with that surface. Unit thickness
influences the interpretation of basin subsidence, paleotopography, diagenesis, and depositional
style. An unconformity may be difficult to identify in the stratal succession due to similar rocks
above and below the unconformity and the presence of multiple candidate surfaces. Using
statistical discriminant analysis of XRF data, formations bounding an unconformity can be
discriminated by elemental composition which results in delineation of the associated
unconformity. This discrimination is possible even for rocks that do not have significant
differences in provenance provided they have experienced distinct diagenetic histories.
An unconformity can act as a permeability baffle or barrier. If the provenance for rocks
bounding an unconformity of this type is the same, mobile elements such as Fe2O3, CaO, and
K2O make it possible to distinguish between sedimentologically similar formations. Elemental
differences can be explained by quantity and type of cement.
This study examines three discriminant models. These models were tested with samples
from three formations of similar facies, appearance, and provenance that are all associated with
the same regional unconformity. All data, regardless of location, facies, or tectonic feature were
used to create the first model. This model achieved moderate success by correctly classifying
80% of known samples. In a second model, data were grouped by facies trends. Separating the
data by facies resulted in 94% of known samples being correctly classified. This model was
most useful for delineation of an unconformity and discrimination of formations. A third model
based solely on location or local tectonic feature produced the best results statistically. 96% of
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known samples were classified correctly. This third model does not compare locations to each
other, thus making it less robust. This last model contributes by adding detail to interpretations
made with the facies trend model.
INTRODUCTION
Importance of Study
This study tests the efficacy of using elemental data with discriminant analysis to
distinguish formations of similar facies and appearance and, thereby, locate a subtle regional
unconformity. Mobile elements are just as important as immobile elements in discriminating
formations across an unconformity where the provenance has not changed and the unconformity
acts as a permeability baffle or barrier. It further shows that subtle differences in the elemental
composition of a formation can vary with facies.
The Early Jurassic Navajo Sandstone, Middle Jurassic Page Sandstone, and Middle
Jurassic Temple Cap Formation of Utah's Colorado Plateau and the associated J-1 unconformity
are examined. This package of rocks is ideal for this study because each sandstone has similar
facies and appearance, the provenance of each sandstone is the same, and the J-1 unconformity
appears to have been a baffle or barrier to fluid flow. The methods applied to these formations
could be useful when applied to other sedimentary packages around the world that are
punctuated with subtle unconformities and have similar provenance.
This study also helps to clarify the relationship of the partially time equivalent and
laterally juxtaposed White Throne Member of the Temple Cap Formation to the Page Sandstone.
It shows that each formation has a distinct geochemical signature related to different depositional
and diagenetic histories. These differing histories are identified by outcrop and petrologic
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observations and with discriminant analysis of XRF data. Samples from unknown units are
classified and assigned to a formation. By effectively classifying unknown units of the Page
Sandstone, White Throne Member, and Navajo Sandstone, delineation of the J-1 unconformity is
also achieved.
Study Area, Stratigraphy, and Previous Work
Study Area.---Figure 1 illustrates the study area in the southern half of Utah. It extends
from Mount Carmel Junction to Big Water on the south and from Big Water to Pasture Canyon
on the east. It also extends northward to the southern tip of the San Rafael Swell and west to the
Covenant Oil Field (Fig. 1).
Stratigraphy.---The stratigraphy of the area is shown in Figure 2. The eolian Navajo
Sandstone is present everywhere in the study area. To the west, near Mount Carmel Junction,
the Temple Cap Formation is in contact with the Navajo Sandstone. Here, the formation is made
up of three members: the Sinawava, White Throne, and newly defined Esplin Point (Peterson and
Pipiringos, 1979; Sprinkel et al., 2011). The Sinawava Member lies directly above the Navajo
Sandstone. It is a mudstone with lensoidal sandstone beds. Above this is the White Throne
Member, an eolian trough cross-stratified sandstone similar to the Navajo Sandstone. The Esplin
Point Member is similar to the Sinawava Member. East of Mount Carmel Junction, the Temple
Cap Formation pinches out on a paleotopographic high of the Navajo Sandstone near Johnson
Canyon (Peterson and Pipiringos, 1979; Blakey, 1996; Fig's. 1,2, and 3). This paleotopographic
high extends from the Johnson Canyon area to, at least, just west of the southern tip of the San
Rafael Swell (Chapter Two, this report). The Temple Cap Formation is present in the subsurface
at the Covenant Oil Field near Salina, UT (Sprinkel et al., 2009; Hartwick, 2010). Where
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paleohighs on the Navajo Sandstone have
sufficient relief, the Carmel Formation
unconformably overlies the Navajo
Sandstone (Pippiringos and O’Sullivan,
1978; Peterson and Pipiringos, 1979; and
Sprinkel et al. 2010; Figs. 2 and 3).
Paleotopography, in some places,
indicates partial lithification of the Navajo
Sandstone before deposition of any
Middle Jurassic formations (Peterson and
Pipiringos, 1979). East of Johnson
Canyon, the Page Sandstone and Carmel
Formation inter-finger and are both in
contact with the Navajo Sandstone, each
in different areas. The Page Sandstone
has three members: the Harris Wash,
overlain by the Thousand Pockets, and
finally the Leche-e (Peterson and
Pipiringos, 1979; Blakey, 1996). The
Figure 2: Representative stratigraphic columns from
three locations: southwestern Utah, Johnson Canyon,
and south-central Utah. Radiometric ages from
Sprinkel et al., 2011. They illustrate how the Harris
Wash Member of the Page Sandstone is timeequivalent to the Temple Cap Formation.

Harris Wash Member and Thousand
Pockets Member are separated by the Judd
Hollow Tongue of the Carmel Formation
or its landward equivalent super bounding
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Figure 3: Simplified cross-sections. A) Relationships of each formation and unconformity as
modified from Blakey et al. (1996). B) A new interpretation as modified from Sprinkel et al. (2009,
2010) is based on dates from Kowallis et al. (2001) and Dickinson et al. (2010). Section is hung on
the base of the Winsor Member of the Carmel Formation. In this new interpretation, the surface
below the Page Sandstone and Temple Cap Formation is equivalent and the Harris Wash Member of
the Page Sandstone is considered time equivalent to the Temple Cap Formation.
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surface (Peterson and Pipiringos, 1979; Blakey, 1996). The Thousand Pockets Member is
subdivided into lower and upper units by another tongue of the Carmel Formation, the Red
Marker Bed or its landward equivalent super bounding surface (Peterson and Pipiringos, 1979;
Blakey, 1996).
Erg Type and Unconformity Recognition.---The Navajo Sandstone was a dry erg with
little marine influence (Kocurek and Havholm, 1994). Conversely, the Temple Cap Formation
and Page Sandstone were dry ergs with high marine influence (Crabaugh and Kocurek, 1993;
Kocurek and Havholm, 1994 and Havholm and Kocurek, 1994). The unconformities that divide
or bound these units, the J-1 and J-2 unconformities, were named and described by Pipiringos
and O’Sullivan (1978), Peterson and Pipiringos (1979), and Swezey (1991).
Paleogeography and Sequence Stratigraphy.---Detailed paleogeographic maps of the
Middle Jurassic formations were prepared by Blakey et al. (1983), Blakey (1989), Riggs and
Blakey (1993), and Blakey and Ranney (2008). In regional stratigraphic correlations, Blakey et
al. (1996) placed the Temple Cap Formation below the Page Sandstone (Fig. 3A). The use of
regional super bounding surfaces (Kocurek and Havholm, 1994) for interpretation was an
important aspect of their work (Blakey et al., 1996). They assert that these surfaces extend
laterally from the Page Sandstone into the transgressive marine facies of the Carmel Formation,
and represent marine flooding events (parasequence boundaries of Van Wagoner et al., 1990).
Each package consists of a transgressive sabkha/marginal marine facies overlain by a regressive
eolian dune facies. They combined these packages into larger genetic sequences as defined by
Galloway (1989), namely, bounded by maximum marine flooding surfaces.

20

Radiometric Ages.---Dickinson et al. (2010) and Kowallis et al. (2001) dated ash beds
from the Temple Cap Formation, Carmel Formation, and Page Sandstone using 40Ar/39Ar and UPb techniques. The ages show that the White Throne Member of the Temple Cap Formation
(~172.9 to 170.2 Ma) and the Harris Wash Member of the Page Sandstone (~170.4 Ma) occupied
the same approximate time-interval. The listed ages are recalculated with new decay constants
and are reported in Sprinkel et al. (2011). The ages suggest that the J-2 unconformity may not be
a good chronostratigraphic surface and limit the possible time for the formation of the J-2
unconformity to 1 m.y. or less (Dickinson et al., 2010), which is in agreement with Pipiringos
and O’Sullivan’s (1978) estimate. Earlier studies depict the J-2 unconformity truncating the J-1
unconformity in the east (Fig. 3A). According to Pipiringos and O’Sullivan (1978), the J-1
unconformity represents ~2-3 m.y. and is the upper surface of the Navajo Sandstone west of
Johnson Canyon. Because the new radiometric ages indicate that the J-2 surface may be
unreliable, the J-1 unconformity is defined as the upper surface of the Navajo Sandstone at all
locations in this study.
Relationship of the Page Sandstone to the Temple Cap Formation.---At the Covenant
Oil Field (Fig. 1), two reservoirs exist in what was originally considered the upper and lower
Navajo Sandstone. In well logs, these reservoirs are divided by a high gamma ray zone.
Sprinkel et al. (2009, 2010) found marine palynomorphs and glauconitic marine beds in core
from this zone, leading to the conclusion that the upper Navajo Sandstone was actually the White
Throne Member and that the high gamma ray zone was the Sinawava Member. Hartwick (2010)
concurred with Sprinkel by indicating that the upper and lower reservoirs had different
paleocurrent directions. Based on the ages from Dickinson et al. (2010), the White Throne
Member was correlated across Johnson Canyon to the Harris Wash Member of the Page
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Sandstone in south-central and southeastern Utah (Sprinkel et al., 2009 and 2010). They also
projected the Temple Cap Formation into the subsurface north and east from the vicinity of the
Covenant Oil Field. Figure 3 is a simplified cross-section that shows the differences in the
Sprinkel et al. (2010) and Blakey et al. (1996) views of the stratigraphic relations.
Provenance.---Analysis of detrital zircons from the Navajo and Page Sandstones
indicated similar age distributions with prominent peaks at 420 Ma, 615 Ma, 1055 Ma, and 1160
Ma (Dickinson and Gehrels, 2009). The highest percentage of zircons was from eastern and
central Laurentia with only minor amounts from the nearby Cordilleran Magmatic Arc.
Dickinson and Gehrels (2009) considered this good evidence for the reworking of Navajo
Sandstone by the subsequent Temple Cap/Page erg(s).
Navajo Sandstone Geochemistry.---The Navajo Sandstone varies from various shades
of red to white to beige. Red is typically found near the base and is the result of hematite
coatings on grains, whereas the bleached sandstone is often near the top. Sometimes, however,
the entire formation is one color.
The contact between red and bleached sandstone cuts across stratigraphic boundaries
(Peterson and Pipiringos, 1979; Chan, 2000). Beitler et al. (2003) utilized geochemical and
remote sensing techniques on the Navajo Sandstone to better understand the distribution and
paragenesis of bleached sandstone. The bleaching fluids were most likely hydrocarbons that
entered the Navajo Sandstone near the top of the formation due to higher permeability in the
dune facies (Beitler et al., 2003; Dalrymple and Morris, 2007). Beitler et al. (2005) suggest that
reducing fluids moving through the sandstone can mobilize iron resulting in a loss of the red
pigment. They divided the Navajo Sandstone into diagenetic facies with different elemental
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compositions, cements, and appearances. Unaltered red sandstone is high in iron due to hematite
grain coatings, has more calcite cement than the bleached sandstone, and has minor feldspar
alteration. Bleached sandstone is low in iron, has less cement, and extensive feldspar alteration.
Further studies centered on core from the Covenant Oil Field assumed that the entire core was
Navajo Sandstone (Parry et al., 2009). A look at their raw data indicates that the upper core, now
known to be the White Throne Member (Sprinkel et al., 2009), has more kaolinitic cements and
less K-feldspar than the lower portion. They also indicate that there is generally less quartz
overgrowth in the lower (Navajo Sandstone) core.
METHODS
Thin Section Petrology
A suite of thin sections from Pasture Canyon were examined (21 slides). Two
representative thin sections from all other field locations were also examined for petrologic
variability. Attention was given to amount and type of cement, presence or absence of primary
hematite rims, secondary iron oxides, clay coatings, and degree of feldspar alteration. 500 point
counts were performed on representative slides from the Navajo Sandstone, Page Sandstone, and
White Throne Member. In most locations, the Navajo Sandstone was sampled in the bleached
diagenetic facies of Beitler et al. (2003, 2005).
Four polished thin sections were made for use with the electron microprobe. Dot maps
were made using a Cameca SX50 instrument to understand and identify carbonate zoning, clay
types, and grain coatings. Scans were completed at 15kV for Kα peaks of Mg, Fe, Ca, Al, and K at
both 10nA and 20 nA. Beam width was 100 µm or 50µm.
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Establishing Sampling Criteria with a Portable XRF
The geochemistry of sandstone can vary with grain size and sorting (Morton and
Hallsworth, 1999). Hence, an interdunal deposit and a high-angle trough cross-stratified dune
are not comparable geochemically. To compare the geochemistry of the Navajo Sandstone, Page
Sandstone, and White Throne Member, only high-angle trough cross-stratified units were
sampled. A Bruker Tracer IV portable X-ray fluorescence (pXRF) instrument was used to
screen dune foreset packages for wavelength dispersive X-ray fluorescence (XRF) analysis. The
concentrations of certain elements should change depending upon the part of the dune foreset
sampled because (1) reactivation surfaces can retard the flow of fluids carrying mobile elements,
and (2) there may be a heavy element lag at the toe of each dune. Because weathered surface
values were not identical to fresh surface values, complete foreset packages were prepared for
pXRF analysis by removing the weathered surface of the rock from the top of the dune foreset
lamina to the asymptotic toe. This was done by analyzing the rock every 3 inches (~8 cm) along
a conspicuous grouping of grainfall lamina (Hunter, 1977) from top to bottom. Tests were
performed in the Page Sandstone and Navajo Sandstone. Results from the pXRF are qualitative
because corrections for porosity were not made. Along a dune foreset of the Navajo Sandstone
Al2O3 and SiO2 decreased toward the toe of the dune and Rb, Sr, and Zr increased. The Page
Sandstone foreset test showed that MnO, Fe2O3, Zn, Sr, and Zr increased downward. Thus, an
“average” composition is in the middle of the foreset package. Sampling the toes and uppermost
parts of each foreset package was avoided. It was sometimes necessary to sample sandstone
packages that did not have high-angle trough cross-stratification.
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XRF Analysis
Samples for laboratory XRF analysis were collected while measuring section at each field
location (11 total, including core). Collection was from the upper part of the Navajo Sandstone,
from unknown units, and from known Page Sandstone and White Throne Member deposits.
Samples were prepared following standard procedures at the Brigham Young University
Geological Sciences XRF Laboratory. The samples were analyzed with a Rigaku ZSX Primus II
XRF. The mean compositions are given in tables 1 through 4. Stepwise discriminant analysis
was then performed.
Discriminant Analysis
It is necessary to have known deposits of each formation in each area for discriminant
analysis to work properly. Known samples of Navajo Sandstone, Page Sandstone, and White
Throne Member are used to build a discriminant model. Unknown samples are then applied to
that model to classify them as one of these three formations. Hereafter, all samples that come
from known deposits are referred to as “knowns” and all samples that come from unknown
deposits are referred to as “unknowns”. The end goal is to convert unknown samples into
known samples using the discriminant models.
Discriminant analysis is used in this study because elemental variation between
formations is subtle. It separates the pre-defined groups (Navajo Sandstone, Page Sandstone,

Tables 1-4 following pages: Data includes all known samples and unknown samples classified
according to discriminant model 2. Average concentrations of SiO2 are higher and Fe2O3, MnO,
MgO, and CaO are lower in the Navajo Sandstone than the Page Sandstone or White Throne
Member. Abbreviations are as follows: SDV=standard deviation, NS=Navajo Sandstone, PS=Page
Sandstone, WT=White Throne Member.
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Table 1: Averaged major oxide weight % by location and formation

Table 2: Averaged major oxide weight % for all data by formation
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Table 3: Averaged minor element ppm by location and formation

Table 4: Averaged minor element ppm for all data by formation
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and White Throne Member) better than a two-dimensional cross-plot technique because it uses a
multidimensional approach. Unknown samples can be classified as one of the pre-defined
groups with a model created from known samples. In other words, the discriminant analysis
classifies unknown samples based on how similar they are to each known formation.
All elements are analyzed for each model and a subset of important elements that
contribute to separation of groups is selected during each analysis. Using this subset of
elements, the discriminant functions that best separate each formation is obtained. Some models
used in this study have three pre-defined groups (Navajo Sandstone, Page Sandstone, and White
Throne Member) and some models are built with only two groups (Navajo Sandstone and Page
Sandstone or Navajo Sandstone and White Throne Member). In all cases, the number of
discriminant functions is equal to one less than the number of pre-defined groups, namely, two
functions for three groups or one function for two groups. Each discriminant function is in the
form
⋯
where a1, a2…. ap are the discriminant function coefficients, y1, y2, …, yp are the useful elements and
z is the discriminant score. The discriminant function coefficients can be standardized and the
order of the absolute values of the standardized coefficients corresponds to the relative
contribution of each element to group separation along the discriminant function (Table 5). In
other words, these coefficients can be used to determine which specific elements are most useful
for discrimination. Not all known samples are classified correctly and misclassification error
rates are given in Table 5. The computer programs PROC STEPDIST®, PROC DISCRIM with
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CROSSLIST® option, and PROC DISCRIM with CANONICAL® option of the SAS® software
was used to perform these analyses (SAS, 2002).
Discriminant analysis was run on the full data set and subsets of the data. Subsets
included major elements only, minor elements only, mobile elements only, and immobile
elements only. Subdividing the data by all of these methods resulted in higher error rates than
simply leaving the data together. Only those models created with all of the elements are
reported.
The locations were combined into three models: (1) all data regardless of facies changes,
location, or tectonic feature; (2) facies trends; and (3) by location (where knowns of both
formations existed) or tectonic feature (where knowns of both formations exist in at least one
section of a specific structure such as the Waterpocket Fold). Model 2 and 3 are further
subdivided into 3 and 11 divisions, respectively. These divisions are based on changes in facies
or location/tectonic feature.
RESULTS
Large-scale Outcrop Observations
Sedimentology (grain size, sorting, primary sedimentary structure, etc.), outcrop color,
and geomorphic expression are related to the geochemical composition and evolution of each
formation. All of these aspects were noted to ascertain known and unknown units at each
section.
Some common features of the Navajo Sandstone are very large foreset packages (up to
10 m where we measured), lighter in color (in the upper portion) than the Page Sandstone, few
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wavy and planar laminated units, and generally rounded cliffs. The Page Sandstone, conversely,
has thinner foreset packages (typically 5 to <.5 m), usually a darker color, more wavy and planar
laminated units, and steeper geomorphic expression relative to the Navajo Sandstone.
The White Throne Member typically contains some large foreset packages similar to the
Navajo Sandstone (10 to <.5 m), but it also has more wavy laminated units than the Navajo
Sandstone. Its geomorphic expression is similar to the Navajo Sandstone. The Sinawava
Member defines the boundary between the Navajo Sandstone and the Temple Cap Formation.
The above observations are how each formation appears normally. It is in areas where
the formations above do not appear as described that geochemical and statistical studies help
delineate the Navajo Sandstone, Page Sandstone, Temple Cap Formation, and J-1 unconformity.
A visual comparison between a known and unknown section is presented in Figure 4. The
Pasture Canyon section has an obvious contact with polygonal cracks, corrugation, and stark
color change (Fig. 4A, see inset for small-scale structure). The Boulder section has several
breaks in slope, no color change, and no distinguishing features such as polygonal fractures or
corrugation (Fig. 4B).
Sedimentary Petrology

All samples are quartz arenites with ≥90% quartz and <10% feldspar. The Navajo
Sandstone, Page Sandstone, and White Throne Member all have illite grain coatings, kaolinite
cement, weathered feldspar grains, and very little primary hematite grain coatings (examples of
cement types in Fig. 5). In spite of similar cement types, the volume of cement varies greatly by
formation allowing for confident discrimination.
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Figure 4: A) A known section at Pasture Canyon. B) A partially known section at Boulder. Several
breaks in slope (dashed lines) above known Navajo Sandstone were treated as candidate J‐1
unconformities. The uppermost surface (blue dashed line) has been identified as the true J‐1
unconformity.
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The Navajo Sandstone always has less cement than the other two formations. Navajo
Sandstone cements include: silica, poikilotopic calcite, kaolinite, and rare iron oxide. In some
locations there are quartz overgrowths that trap a “dust rim”. At Mount Carmel Junction, the
Navajo Sandstone has slightly more iron oxide than other locations.
In all cases, the Page Sandstone has a higher volume of cement than the Navajo
Sandstone, yet cement types vary substantially within the formation. Different cements include
calcite and zoned dolomite rhombohedra on grain boundaries, poikilotopic calcite cement, silica
cement, and iron oxide.
The White Throne Member appears very similar to the bleached facies of the Navajo
Sandstone due to the same types of cement. It has abundant illitic and kaolinitic cement.
Relative to the Navajo Sandstone, the White Throne Member has abundant quartz overgrowths
and quartz cement at grain contacts.

Discriminant Analysis
Each sample was classified by three different models (model 1, all data; model 2, facies
trends; model 3, location or tectonic feature). The important elements for discrimination and
error rates for each model are presented by facies trend or location (Table 5). An explanation of
errant classifications for model 2 and notes on the placement of the J-1 unconformity are shown
(Table 6). Classifications of samples by model are shown next to a measured section for each
location (Fig. 7, all models). Model 2 is the model used for interpretation of each section with
extra detail added by model 3. These two models are discussed in detail below.
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Divisions of model 2 represent distinct facies trends. All facies trends parallel the axis of
the Utah-Idaho trough which is oriented in a northeast to southwest trend (Fig. 1). The central
and western facies trends are separated from each other by an extensive paleotopographic high of
the Navajo Sandstone that extends from just west of the San Rafael Swell to its exposure at
Johnson Canyon (Chapter Two, this report). Boundaries for the central and western facies trends
were determined strictly by sedimentologic observations and were not directly influenced by the
presence of this paleotopographic high.
The central facies trend lies directly east of this paleotopographic high. Here, large-scale,
high-angle trough cross-stratified sandstones are punctuated by relatively frequent or thick
mudstone and/or limestone deposits. The central facies trend includes the Cockscomb,
Escalante, Boulder, San Rafael Swell Southeast, San Rafael Swell Southwest, and Capitol Reef
National Park North sections.
The western facies trend lies directly west of the paleotopographic high. It represents the
sandstone of the Temple Cap Formation, which is dominated by large-scale, high angle trough
cross-stratified units and punctuated by more wavy laminated units than the Navajo Sandstone.
The Mount Carmel Junction and Wolverine Federal 17-3 core sections are included in the
western facies trend.

Table 6 following page: Description of all errant classifications by model 2 as well as notes
regarding the placement of the J-1 unconformity at each location. Table six notes are to be used
as a guide for the graphical representation of the data in Figure 7. Abbreviations are as follows:
PC=Pasture Canyon, MC=Mount Carmel Junction, SRS-SE=San Rafael Swell Southeast,
BW=Big Water, SRS-SW=San Rafael Swell Southwest, 17-3=Wolverine 17-3 Core, E=Escalante,
B=Boulder, CC=The Cockscomb, CRN=Capitol Reef National Park North, CRS=Capitol Reef
National Park South, SDV=standard deviation, NS=Navajo Sandstone, PS=Page Sandstone,
WT=White Throne Member.
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Figure 7: Comparison of classifications by each discriminant model. Model one is all data,
undivided. Model 2 is grouped by facies trends. It is the most successful model and is circled.
Model 3 is grouped by location or tectonic region. Each measured section shows XRF sample
locations. The known or interpreted position of the J-1 unconformity is shown as a solid line.
Candidate surfaces before the discriminant analysis was performed are shown as a dashed line. A)
SRS-SW, SRS-SE, and PC. B) MC, 17-3, E, and B. C) CC, BW, CRN, and CRS. See Table 6
caption for abbreviation key.
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The eastern facies trend is dominated by high angle trough cross-stratified sandstone.
The Pasture Canyon, Big Water, and Capitol Reef National Park South sections are included in
this trend.
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Divisions in model 3 (Table 5) represent a change in location except in the case of the
Capitol Reef National Park (Waterpocket Fold) sections and the San Rafael Swell sections. Both
field locations from each of these structures are combined.

39

Evaluation of Models.---Each model was evaluated by (1) how effectively it classified
known samples and (2) the amount of known samples available for comparison to unknown
samples. Model 1 had the lowest success rate (80% of all knowns classified correctly). Model 2
classified the known samples from six of the eleven locations perfectly (no misclassification of
known samples). 94% of all known samples were classified correctly. Model 3 classified the
known samples from seven of the eleven locations perfectly. 96% of all known samples were
classified correctly.

Model 2 was chosen as the best model due to its effective classification of

a high percentage of known samples and the fact that each facies trend contains a larger amount
of known samples for comparison. Thus, model 2 is described in greater detail in this section.
Model 3 is useful because it adds detail when model 2 is slightly ambiguous. Model 1 is not
chosen because it misclassifies known samples 20% of the time.
The central facies trend of model 2 (Escalante, Boulder, Cockscomb, San Rafael Swell
sections, and Capitol Reef North) used Al2O3, K2O, Fe2O3, Ga, and Zn for discrimination
between the Navajo Sandstone and Page Sandstone. Fe2O3 and Zn concentrations are higher in
the Page Sandstone. Ga is either approximately the same in both formations or slightly higher in
the Page Sandstone. K2O and Al2O3 concentrations are positively correlated within both
formations but with a steeper slope for the Page Sandstone. See Tables 1 and 2 for average
values.
The western facies trend (Mount Carmel and Wolverine Federal 17-3) used Ba, Ga, and
Fe2O3 to discriminate between the Navajo Sandstone and the White Throne Member. The
Navajo Sandstone is slightly more enriched in Ba and Ga than the White Throne Member. The
White Throne Member is more variable in Fe2O3 content than the Navajo Sandstone.
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The eastern facies trend (Pasture Canyon, Capitol Reef National Park South, and Big
Water) used CaO, MgO, Y, Fe2O3, Al2O3, P2O5, Ba, and TiO2 for discrimination between the
Navajo Sandstone and Page Sandstone. Fe2O3, CaO, MgO, and P2O5 concentrations are higher
in the Page Sandstone than in the Navajo Sandstone. Al2O3 concentrations are not consistent by
formation, but good separation exists at each location. Average TiO2 and Ba values are higher
for the Navajo Sandstone. There is a high amount of overlap in Y concentration.
Model Tests.---Discriminant analysis models can only assign unknown samples to a
specific group if known samples of that group are included in the analysis. Models 2 and 3 have
two groups in each analysis (Navajo Sandstone and Page Sandstone, or Navajo Sandstone and
White Throne Member). In general, the easternmost and westernmost sampled locations are the
best known. In the center of the study area there is more chance for error by incorrectly
identifying known samples in the field. Two tests were run to determine if the locations in the
center of the study area are most similar to a known location in the west (White Throne Member
at Mount Carmel Junction) or a known location in the east (Page Sandstone at Pasture Canyon or
Big Water).
For the first test, Mount Carmel Junction is used as a complete known section of Navajo
Sandstone and White Throne Member and the Big Water section is used as a complete section of
known Navajo Sandstone and Page Sandstone. The Cockscomb section is treated as an unknown
section (not assigned to a group) to determine if its geochemical signature is most like the Page
Sandstone to the east or the White Throne Member to the west. The Cockscomb section was
chosen because it is closest to known Temple Cap Formation outcrop and because it borders the
eastern side of the Johnson Canyon paleotopographic high. The Cockscomb section samples
from the Navajo Sandstone were all correctly identified except one. The unknowns were
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classified as either Page Sandstone or Navajo Sandstone and no samples were classified as White
Throne Member.
A second test was run in the same manner with Mount Carmel Junction and Pasture
Canyon as known sections of White Throne Member and Page Sandstone, respectively. The San
Rafael Swell Southeast section was treated as the unknown section. All unknown samples were
classified as Page Sandstone. Again, no samples were classified as White Throne Member.
DISCUSSION
Outcrop and Petrologic Interpretations
The differences observed in outcrop are due to variations in sedimentologic and
diagenetic processes. Fluctuating sea level and subsidence rates explain the higher frequency of
planar and wavy laminated units and thinner foreset packages in the Page Sandstone and White
Throne Member (Blakey et al., 1983; Riggs and Blakey, 1993; Blakey, 1996). The difference in
weathering profiles is likely due to differing amounts and/or types of cement.
Color can be a first-order approximation of the iron content of each formation. However,
observations regarding color at the outcrop cannot solely be used to identify formation
boundaries. In some places, the dark color of the Page Sandstone can extend downward into the
Navajo Sandstone. More often, however, the color change between the two formations is abrupt.
At Mount Carmel Junction, secondary iron oxide cements are concentrated in the Navajo
Sandstone giving it a darker color, and the White Throne Member appears bleached.
The main sediment source for each of the three formations was likely the same
(Dickinson and Gehrels, 2009), which explains the approximately equal quartz to feldspar ratio
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in each formation (≥90% : <10%). The presence of very few hematite coatings and intense
feldspar alteration indicates that the Page Sandstone and White Throne Member experienced the
same bleaching events as the Navajo Sandstone as outlined by Beitler et al. (2003, 2005).
However, fluids in the Page Sandstone and White Throne Member probably did not readily flow
downward across the J-1 unconformity into the Navajo Sandstone as evidenced by the
concentration of secondary calcite, dolomite, and iron oxide cements in the Page Sandstone and
high volumes of kaolinitic cement in the White Throne Member. The more abundant
cementation in the upper formations is likely due to the creation of a semi-impermeable surface
during the formation of the J-1 unconformity and the presence of the Sinawava Member in the
west. In spite of a similar sediment source and bleaching history, the three formations have
distinct diagenetically driven chemical signatures that are mainly manifested in different types
and volumes of cement.
Model Test Interpretations
Two independent tests resulted in all unknown samples from the central facies trend
classified as either Navajo Sandstone or Page Sandstone. No White Throne Member was
classified from the Cockscomb or the San Rafael Swell. If some Page Sandstone had
geochemical signatures similar to that of the White Throne Member, discriminant analysis
should have classified at least some samples as White Throne Member. The unknown samples
and known Page Sandstone samples of the central facies trend of model 2 are similar to the
known Page Sandstone sections of the eastern facies trend (closest to the Page Sandstone typesection). The White Throne Member of the western facies trend does not have a geochemical
signature similar to the Page Sandstone in the central or eastern facies trends.
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It appears that the White Throne Member terminates eastward near Johnson Canyon due
to paleotopography. This paleotopographic high trends from Johnson Canyon to the west edge
of the San Rafael Swell in the sub-surface (Chapter Two, this report). Its exposure is obvious at
Johnson Canyon where the Temple Cap Formation pinches out against the western flank of the
paleotopographic high. This high may have acted as a barrier to fluid flow between timeequivalent rocks. Rocks to the east of this barrier experienced a different diagenetic history than
rocks to the west.
Important Elements for Discrimination by Model 2
CaO, Al2O3, MgO, K2O, Ba, Fe2O3, Ga, P2O5, TiO2, Zn and Y are the discriminating
elements (Table 5) and are controlled by concentrations of cement, feldspar, clay, Fe-oxide, and
heavy minerals. CaO is found in carbonate cements, Al2O3 in feldspar and clay, MgO in illite
and carbonate, K2O in feldspar and illite, and Ba likely in feldspar. Fe2O3 is controlled by
sparse illite rims on grains, Fe-oxides, and ferroan dolomite. Zn concentrations increase or
decrease with Fe2O3 concentrations which suggests that they are found together. Ga can be
found in Fe-oxides, kaolinite, and heavy minerals, but exactly where it resides in these samples is
not known. Y, P2O5, and TiO2 are likely related to heavy mineral concentrations.
In summary, petrologically identifiable minerals and cements with discriminating
elements include: feldspar (mainly potassium feldspar), calcite, illite, kaolinite, Fe-oxides, and
heavy minerals. The Page Sandstone, White Throne Member, and Navajo Sandstone were all
bleached. Later, top-down mixing of meteoric fluids deposited cements in the Page Sandstone
and White Throne Member that distinguish them from the Navajo Sandstone. The laterally
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separated Page Sandstone and White Throne Member are also distinguishable due to different
types and amounts of cement.
Discussion of Unknown Samples
The Mount Carmel, Wolverine Federal 17-3, Big Water, and Pasture Canyon sections
consist of all known samples and were classified with few errors. Escalante, Boulder, San Rafael
Swell Southeast and Southwest, Capitol Reef National Park North and South, and the
Cockscomb all have unknown samples with results and interpretations presented in Table 6 and
Figure 7. In general, sections with multiple candidate J-1 surfaces are those in the central facies
trend. Using discriminant analysis, the J-1 unconformity has been identified in each section by
identifying which formation unknown samples belong to. Candidate surfaces are marked in
Figure 7 as well as the actual J-1 unconformity. All interpretations of the stratigraphic position
of the J-1 unconformity are based on model 2 with some clarification by model 3 (Table 6 and
Fig. 7). Locating the position of the upper surface of the Navajo Sandstone in the stratal
succession also results in identification of the J-1 unconformity because it is the upper erosional
surface of that formation. This information allows for more accurate isopach studies, sequence
stratigraphy, and paleotopographic analysis.
CONCLUSIONS
1) Our study indicates that vertically stacked formations of like facies and appearance can be
discriminated statistically by elemental composition obtained by X-ray fluorescence and that the
unconformities that separate those formations can be delineated even when multiple candidate
surfaces exist.
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2) Provenance need not be different for discriminant analysis to be effectual in delineating an
unconformable surface. The three formations have essentially the same provenance.
3) Distinct diagenetic histories in vertically stacked formations of like facies results in distinct
elemental compositions that allow discrimination of those formations. Our study indicates that
the J-1 unconformity acted as a baffle or barrier to fluid flow and aided in the creation of distinct
diagenetic differences between the Navajo Sandstone and the overlying Page Sandstone and
White Throne Member of the Temple Cap Formation.
4) Discriminant analysis is most effective if samples are grouped according to facies regions (our
facies trends of model 2). In our study, this approach resulted in 94% of all known samples
classified correctly. A discriminant model built from all available data ignores geological
characteristics such as facies changes and results in fewer correctly classified known samples
(80% by our model 1). A model built on individual locations is accurate in classifying known
samples (96%) but results in fewer known samples for comparison to unknown samples. It is,
therefore, less robust.
5) Time equivalent units of like facies that are separated by paleotopographic highs and have
experienced distinct diagenetic histories can be discriminated. Our study indicates that an
extensive paleotopographic high extending from the Johnson Canyon area near the south-central
border of Utah to the southern part of the San Rafael Swell in central Utah is the major division
between two distinct diagenetic zones identifiable as the Page Sandstone to the east and the
White Throne Member of the Temple Cap Formation to the west.
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CHAPTER TWO

Purpose

Chapter two has been written with the intent to publish it as an individual contribution to
a peer-reviewed journal and has been written with the journal's formatting in mind. This chapter
deals with subsurface correlation and paleogeography of the Temple Cap Formation and Page
Sandstone. This includes subsurface correlations, isopach maps, and a paleogeographic map of
the Jurassic at ~170 ma.
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ABSTRACT
Placement of the Colorado Plateau's J-1 unconformity within stratal successions of
southern Utah has implications for the isopach thickness of associated Jurassic formations that
influence the interpretation of basin subsidence history, paleotopography, and the diagenetic
history of the area. The J-1 unconformity is difficult to identify by observation in the field, but
has been identified by discriminant analysis. Using this new information along with
scintillometer surveys of outcrop and subsurface data from oil and gas wells, isopach maps and
surface to subsurface correlations have been made. These isopach maps and correlations indicate
the existence of an extensive paleotopographic high on the Navajo Sandstone that extends from
Johnson Canyon to just west of the San Rafael Swell. The distribution of the Temple Cap
Formation and Page Sandstone is limited to the flanks of this high and deposition of the earliest
members of the Carmel Formation are in contact with the Navajo Sandstone at the crest. The
isolation of the Page Sandstone from the Temple Cap Formation has resulted in differing
diagenetic histories for each formation.
INTRODUCTION
Importance of Study
This study indicates the existence of a major paleotopographic high on the Navajo
Sandstone that influenced the distribution of subsequent Middle Jurassic eolian sandstones in
southern Utah. This paleogeographic high acted as a barrier between time correlative eolian
sandstones to the east (Harris Wash Member of the Page Sandstone) and west (White Throne
Member of the Temple Cap Formation) dividing the region into two distinct diagenetic zones
(Chapter One, this report).
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Study Area, Stratigraphy, and Previous Work
Study Area
The study area extends from Mount Carmel Junction to Big Water on the south and from
Big Water to Pasture Canyon in the east. It extends as far north as the southern tip of the San
Rafael Swell and west to the Covenant Oil Field in the sub-surface (Fig. 1). It includes part of
the Utah overthrust belt, the Kaiparowitz Plateau, Escalante Grand Staircase National
Monument, Henry Mountain Basin, and several Laramide style monoclinal structures including
the San Rafael Swell, Waterpocket Fold, and the Cockscomb or East Kaibab Monocline).
Stratigraphy
The Navajo Sandstone is present everywhere in the study area (Fig. 2) and thickens
toward the Utah-Idaho Trough (Peterson, 1986; Thorman and others, 1992; Lawton, 1994;
Bjerrum and Dorsey, 1995). The Temple Cap Formation is in contact with the Navajo Sandstone
in the west and is made up of three Members, the Sinawava, White Throne, and Esplin Point
Members (Peterson and Pipiringos, 1979; Sprinkel and others, 2011). The Sinawava Member
overlies the Navajo Sandstone and is comprised of mudstone beds interbedded with lensoidal
sandstone beds. Above the Sinawava Member is the White Throne Member, a trough crossstratified sandstone that appears similar to the Navajo Sandstone. The Esplin Point Member is
lithologically similar to the Sinawava Member. The Temple Cap Formation exists at least as far
north as the Covenant Oil Field near Salina, UT (Sprinkel and others 2009) and pinches out on a
paleotopographic high on the Navajo Sandstone near Johnson Canyon (Peterson and Pipiringos,
1979). At the crest of this high, the Carmel Formation is in contact with the Navajo Sandstone.
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Part of the Page Sandstone pinches out
against the eastern flank of the Johnson
Canyon paleotopographic high
(Pippiringos and O’Sullivan, 1978;
Peterson and Pipiringos, 1979; and
Sprinkel and others 2010).
Paleotopography may indicate that the
Navajo Sandstone was partially lithified
before deposition of any Middle Jurassic
formations (Peterson and Pipiringos,
1979). The Page Sandstone is made up of
three members in the study area: the
lowermost Harris Wash, the Thousand
Pockets, and the Leche-e (Peterson and
Pipiringos, 1979; Blakey, 1996). The
Harris Wash Member and Thousand
Pockets Member are separated by the
marine Judd Hollow Tongue of the
Carmel Formation (Peterson and
Figure 2: Representative stratigraphic columns from
three locations: southwestern Utah, Johnson Canyon,
and south-central Utah. Radiometric ages are from
Sprinkel et al., 2011. They illustrate how parts of the
Harris Wash Member of the Page Sandstone is timeequivalent to the Temple Cap Formation.

Pipiringos, 1979; Blakey, 1996). A
second tongue of the Carmel Formation
called the Red Marker Bed divides the
Thousand Pockets Member into upper and
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lower units (Peterson and Pipiringos, 1979; Blakey, 1996).
The Co-op Creek Member of the Carmel Formation, in the central part of the study area,
is time-equivalent to the Rich and Sliderock Members of the Twin Creek Limestone (NW part of
study area) and the Judd Hollow Member of the Carmel Formation (SE part of study area). They
are mostly limestone, calcareous mudstone, and gypsum (Voorhees, 1978; Imlay, 1967).
Limestone is more common basinward and gypsum is more common landward. To avoid
confusion, these time-equivalent units will be referred to collectively as the earliest Carmel
Formation and its time-equivalent units.
Paleogeography and Paleotectonics
Detailed paleogeographic maps of the Navajo Sandstone, Page Sandstone, and Temple
Cap Formations are found in Blakey and others (1983), Blakey (1989), Riggs and Blakey (1993),
and Blakey and Ranney (2008). Sequence stratigraphic correlations across southern Utah have
been performed (Blakey and others, 1996).
The Navajo Sandstone, Page Sandstone, and Temple Cap Formation were deposited in a
back arc or retroarc foreland basin (Thorman and others, 1992, Lawton, 1994, Bjerrum and
Dorsey, 1995). Agreement as to the type of basin has not yet been reached. Two major tectonic
features persisted through the Early and Middle Jurassic in the study area. These are the UtahIdaho Trough and Monument Upwarp (Peterson, 1986). The Utah-Idaho Trough (Fig. 1) existed
west of the present-day Colorado Plateau. The Monument Upwarp was a paleotopographic high
that marked the eastern-most edge of Utah's Middle Jurassic eolian sandstones (Peterson, 1986).
Other paleotectonic features have been noted between these two structures by Peterson (1986).
He indicates that the Kaiparowitz Plateau and Henry Mountain Basin regions served as benches
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during deposition of the Glen Canyon Group (Navajo Sandstone, Kayenta Formation, and
Wingate Sandstone). Major Laramide structures of the Colorado Plateau have pre-Laramide
histories of folding that can be deciphered using isopach maps and an understanding of the facies
changes that would be expected on the flanks of positive features (Peterson, 1986). Peterson did
not take into account the existence of the Temple Cap Formation in the subsurface of the
northwest portion of the study area when drafting his isopach maps because its existence there
was not known until recently. Parts of his isopach maps may not be reliable.
Jurassic Unconformities and Radiometric Ages
The unconformities that divide or bound the units of interest, the J-1 and J-2
unconformities, have been named and described by Pipiringos and O’Sullivan (1978), Peterson
and Pipiringos (1979), and Swezey (1991). The J-1 unconformity overlies the Navajo Sandstone
in the west and was thought to be truncated by the J-2 unconformity near Johnson Canyon, until
recently (Sprinkel, 2010; Fig. 3). Using 40Ar/39Ar and U-Pb techniques, Dickinson and others
(2010) and Kowallis and others (2001) dated ash beds from the Temple Cap Formation, Carmel
Formation, and Page Sandstone. Their work indicates that the White Throne Member of the
Temple Cap Formation (172.9 to 170.2 Ma) and the Harris Wash Member of the Page
Sandstone (170.4 Ma) occupied the same approximate time-interval. The listed ages are reported
in Sprinkel and others (2011), and have been recalculated from new decay constants. They
suggest that the J-2 unconformity may not be a good chronostratigraphic surface and limit the
possible time involved in the formation of the J-2 unconformity to 1 m.y. or less (Dickinson and
others, 2010), which is in agreement with Pipiringos and O’Sullivan (1978). According to
Pipiringos and O’Sullivan (1978), the J-1 unconformity represents approximately 2-3 m.y. The
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Figure 3: Simplified cross-sections. A) Relationships of each formation and unconformity as
modified from Blakey et al. (1996). B) A new interpretation as modified from Sprinkel et al. (2009,
2010). Section is hung on the Winsor Member of the Carmel Formation. In this new interpretation,
the surface below the Page Sandstone and Temple Cap Formation is equivalent and the lower Page
Sandstone is considered Temple Cap Formation equivalent.
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J-1 unconformity is defined as the upper surface of the Navajo Sandstone due to the unsuitability
of the J-2 unconformity as a good chronostratigraphic surface (Fig. 2).
Geographic Distribution of the Page Sandstone and Temple Cap Formation
Two reservoirs at the Covenant Oil Field, originally considered to be Navajo Sandstone,
are divided by a high gamma ray zone in well logs. Marine palynomorphs and glauconitic
marine beds were observed by Sprinkel and others (2009, 2010) in core from the Covenant Field
from this zone. They concluded that the high gamma ray zone was the Sinawava Member and
that the upper reservoir was the White Throne Member of the Temple Cap Formation.
Paleocurrent analyses also indicate that the two reservoirs have different transport directions
(Hartwick, 2010).
Based on the radiometric ages obtained by Dickinson and others (2010), Sprinkel and
others (2009, 2010) correlated the Temple Cap Formation eastward across Johnson Canyon to
the Harris Wash Member of the Page Sandstone in south-central and southeastern Utah.
Previous stratigraphic relations (Blakey and others, 1996) are compared to a new interpretation
based on radiometric ages (Sprinkel and others, 2010) in Figure 3.
Provenance
Detrital zircon analysis of the Navajo Sandstone and Page Sandstone resulted in similar
age distribution curves with prominent peaks at 420 Ma, 615 Ma, 1055 Ma, and 1160 Ma
(Dickinson and Gehrels, 2009). Central and eastern Laurentia was the most significant
contributor with only minor amounts of zircon from the nearby Cordilleran Magmatic Arc. This
supports the idea that the Navajo Sandstone was reworked by subsequent ergs (Dickinson and
Gehrels,2009).
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METHODS
Measured Sections
Measured sections were completed for each of eleven total field localities (including
Wolverine 17-3 Core) with emphasis on the sedimentology of the rocks (Appendix 1). Field
identification of the J-1 unconformity, when possible, and Harris Wash Member of the Page
Sandstone was important for accurate isopach maps.
Scintillometer surveys were completed with a Radiation Solutions RS 230™ hand-held
scintillometer. Each assay was spaced at 1.5 feet (~0.5m) except where greater detail was
necessary. Where possible, the weathered surface was removed before measurement. Each
assay was converted to American Petroleum Institute units (API) for correlation to gamma ray
logs from oil and gas wells throughout the northern and western parts of the study area. The
purpose in completing scintillometer surveys was to aid in surface to subsurface correlation of
the Navajo Sandstone, Page Sandstone, Temple Cap Formation, and earliest Carmel Formation
and its time-equivalent units.
Subsurface Data
Well logs were obtained through the Utah Department of Natural Resources' Division of
Oil, Gas and Mining. These logs were compared with scintillometer curves obtained at several
outcrop locations. It was particularly helpful to have core from the Covenant Oil Field to
compare to an actual down-hole gamma ray curve. Logs were selected by their location and
quality. Logs within the study area that were very low in quality were not considered. If the log
appeared to have inferior data, such as straight line gamma signatures or multiple scale
adjustments, it was disregarded.
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Although full log suites were used when possible, gamma ray logs are the only logs
shown in the subsurface correlations because (1) outcrop locations have only gamma radiation
curves, and (2) for ease of presentation. Formation boundaries were determined based on
lithologic changes. Table 1 lists the wells/scintillometer sections used in the correlations and
isopach maps.
A type-log from the Covenant Oil Field is shown to demonstrate how we determined
formational boundaries on a log (Fig. 4). The lithology assumption for the neutron and density
logs is that of quartz sand. Limestone and sandstone exhibit low gamma ray readings and can be
differentiated from each other by the porosity logs. In the lower portion of the type-log, the
sandstones of the Navajo Sandstone and White Throne Member are shown by both porosity
curves that track each other. This indicates that the lithology assumption is correct at that depth.
When these curves spread away from each other, neutron in the positive direction and density in
the negative, limestone is the likely lithology. Readings from the photoelectric (PE) curve also
support this conclusion. In the lower sandstones, the PE readings are ~2 barns/electron. Higher
in the section PE values jump to ~4.5 barns/electron. Two zones of anhydrite are shown by
negative density porosity and low neutron porosity readings. Some wash-out is present around
6300 ft (1920 m) as evident by the increase in borehole diameter on the caliper curve. The
resistivity curves show a characteristically low resistivity for the Navajo Sandstone which
gradually increases near the top of the formation.
Figure 4 (following page): Glenwood Fed 10‐1 well acting as a type‐log for purposes of discussion
relating to subsurface correlations. Logs included are gamma ray, caliper, PE, density and neutron
porosity, and laterologs. Interpreted lithology and member names are also included. When full log
suites exist, correlations are more accurate. When wells used did not have a full log suite,
comparisons were made to boreholes that did have the full suite.
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Subsurface Correlations and Isopach Maps
Two criteria guided the placement of subsurface correlations: (1) each correlation
contains several surface measured sections with known formational boundaries, and (2) two
west-to-east transects of the postulated paleotopographic high were accomplished.
Thirty-four locations were used in the construction of isopach maps including wells and
surface scintillometer curves (Table 1). The contact between the Navajo Sandstone and the
underlying Kayenta Formation is gradational and therefore hard to interpret on a log. The base
of the Navajo Sandstone is correlated, therefore, at the top of the thickest higher gamma ray
zone. Because of this gradational contact, the exact thickness of the Navajo Sandstone may be
slightly different than the values given in this report. The formational thicknesses of the Temple
Cap Formation were relatively easy to determine because core from the Covenant Oil Field could
be compared directly with well logs from the same borehole. The Page Sandstone is difficult to
separate from the Navajo Sandstone in the subsurface because the log readings for each are very
similar. In spite of this, the correlations are considered robust because they are punctuated by
several field locations where the formational contacts are known.
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Table 1: Well and measured section information

Name, abbreviation, API number, geographic location, and company are listed for each well. Name,
abbreviation, and geographic location listed for each measured section. The Wolverine Federal 17-3 well
includes core that is considered a "field location" in this report.
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SURFACE TO SUBSURFACE CORRELATION
Subsurface Correlation A-A', Providence Fed 24-4 to Boulder, UT
The upper surface of the Navajo Sandstone is easily located due to the thick section of
low gamma ray readings followed by an abrupt high gamma ray zone (Sinawava Member) in the
northwestern part of the study area (Fig. 5A, specifically the four Wolverine Gas and Oil wells).
Thick sandstones of the White Throne Member overlie the Sinawava Member. A second high
gamma ray zone overlies the White Throne Member (Esplin Point Member of the Temple Cap
Formation). Limestone, mudstone, and anhydrite beds of the Twin Creek Limestone are evident
above this. Further south at the Black Canyon 1 well, limestone, mudstone, and anhydrite beds
of the Carmel Formation rest directly on the Navajo Sandstone. The Harris Wash Member is
present at Escalante, but there is no evidence that it exists just west of there at the AJ Button Fee
2 well or north at the Boulder section (Fig. 5A). Gamma ray readings at Escalante indicate that
the Harris Wash Member has slightly higher natural radiation than the Navajo Sandstone. The
AJ Button Fee 2 well shows an abrupt increase in gamma radiation unlike the gradual increase at
Escalante. The earliest Carmel Formation and its time-equivalent units thin steadily from north
to south (Figs. 5A and 6D).

Figure 5 (following pages): Surface to subsurface correlations from A) the Providence Fed 24-4 well
to Boulder, UT and B) the Wolverine Fed 17-3 well to the Hoover Fed 1 well. See Figure 1 for map
view of cross-section lines. All curves are gamma ray curves. Measured sections and the Wolverine
17-3 core, where lithologic boundaries are known, are indicated by black title boxes. All depths are
in feet. Measured sections are treated as though they were subsurface boreholes with top-of-section
as zero. Outcrop scintillometer surveys have been converted to API units. Section is hung on the J-1
unconformity (red line), which is the upper surface of the Navajo Sandstone.
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Subsurface Correlation B-B', Wolverine Fed 17-3 to Hoover Federal 1
Similar to subsurface correlation A-A' (Fig. 5A), the upper contact of the Navajo
Sandstone of correlation B-B' is easily located in the west but slightly more difficult in the east
(Fig. 5B). Correlation B-B' is punctuated by three measured sections with known formational
contacts which make it easier to correlate between boreholes. The Temple Cap Formation
pinches out between the Wolverine Federal 17-3 and Deadman Hollow Unit 1 wells (Fig. 5B).
The limestones and mudstones of the earliest Carmel Formation and its time-equivalent units are
in contact with the Navajo Sandstone at the Deadman Hollow Unit 1 well. The Harris Wash
Member is present in all wells east of and including Desert Wash 1 (Fig. 5B). The earliest
Carmel Formation and its time-equivalent units thin steadily eastward (Fig. 5B and 6D).
PALEOTOPOGRAPHY AND PALEOGEOGRAPHY
An isopach map of the Navajo Sandstone in the study area shows that the formation
thickens in a southwestward direction (Fig. 6B). Isopach values vary over the northern end of
the Monument Upwarp at a constant rate unlike the values for the whole Glen Canyon Group
reported by Peterson (1986) (see Fig. 6A for structural elements). This suggests that those areas
may not have been as high during deposition of the Navajo Sandstone as they were during
deposition of the lower Glen Canyon Group Formations.
An isopach map of the Temple Cap Formation and time-correlative Harris Wash Member
of the Page Sandstone indicates that the Temple Cap Formation is present to the west of a
paleotopographic high that extends from Johnson Canyon to just west of the San Rafael Swell
(Fig. 6C). The Harris Wash Member is much thinner and exists east of this high.

The position

of the high suggests that the Kaiparowitz Plateau, Circle Cliffs, and Henry Mountain Basin
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Figure 6: A) Key to following maps. Well locations and measured sections are shown with
abbreviations (full names are found in Table 1). Important tectonic features are also shown. Utah
county lines are provided for orientation. Available data is indicated by black, filled circles. If
necessary data is not available, this is indicated by grey, filled circles. For example, if a well's total
depth ends mid-Navajo Sandstone, there would not be an isopach value for that well and it would be
shown as a grey circle. B) Isopach map of the Navajo Sandstone. The Navajo Sandstone thickens in
a southwestern direction. C) Isopach map of the Temple Cap Formation and time-equivalent
portions of the Page Sandstone. The presence of an extensive paleotopographic high is indicated by
the absence of eolian sandstone in the center of the map. Two contour intervals are used, one for the
east and one for the west due to the significantly thicker Temple Cap Formation to the west. D)
Isopach map of the lowermost Carmel Formation which thins to the southeast. All isopach
thicknesses are in feet.
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regions were positive areas during deposition of the Temple Cap Formation and lowermost Page
Sandstone. The outcrop expression of this paleotopographic high has been discussed by many
authors (Pippiringos and O’Sullivan, 1978; Peterson and Pipiringos, 1979; and Sprinkel and
others, 2010) and is exposed near Johnson Canyon in the Kaipairowitz region of southern Utah.
A paleogeographic map of this time period ~(170 Ma) is included (Fig. 7) and illustrates the
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presence of this paleotopographic high.
The earliest Carmel Formation isopach map indicates that initial deposition of the Carmel
Formation was unimpeded by the Circle Cliffs and Henry Mountain Basin regions but that the
Kaiparowitz Plateau region was still slightly up relative to the surrounding area (Fig. 6D).

75

DIAGENETIC IMPLICATIONS
The White Throne Member has been shown to be geochemically distinct from the Page
Sandstone (Chapter One, this report). The use of discriminant analysis indicates that mobile
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Figure 7: Paleogeographic map of the White Throne Member of the Temple Cap Formation and
time-equivalent Harris Wash Member of the Page Sandstone at ~170 Ma. The presence of a
major paleotopographic high of the Navajo Sandstone is indicated.

elements are the main discriminating elements between the White Throne Member and the Page
Sandstone, which reflects their distinct diagenetic histories. A paleotopographic high on the
Navajo Sandstone that separates each formation could result in different diagenetic histories.
The Page Sandstone typically has large amounts of ferroan dolomite, calcite, iron oxide, and rare
poikilotopic calcite cements. The White Throne Member, in contrast, typically has kaolinitic
cements (Chapter One, this report).
CONCLUSIONS
1) Correct placement of the J-1 unconformity has facilitated the creation of isopach maps and
subsurface correlations that delineate an extensive paleotopographic high on the Navajo
Sandstone that existed after the creation of the J-1 unconformity. This high extends from the
Johnson Canyon and Kaiparowitz Plateau region north-eastward through the Miners Mountain
and Circle Cliffs uplifts to the southern San Rafael Swell region.
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2) This paleotopographic high serves as a barrier between two distinct diagenetic zones, The
Page Sandstone to the east and White Throne Member of the Temple Cap Formation to the west.
3)Subsidence was greater west of the paleotopographic high. This is expressed by the
significantly thicker Temple Cap Formation to the west relative to the thinner Harris Wash
Member of the Page Sandstone to the east.
4) The paleotopographic high was not an important feature of the earliest Carmel Formation and
its time-equivalent units. By this time, the only indication of a paleo-high was at the southern
margin of the Kaiparowitz Plateau region.
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APPENDIX 1
Measured Sections
Index Map included for convenience. Each measured section is labeled on the index map
with a number: one through eleven. Measured sections are presented in alphabetical order.
UTM values are NAD 1983.
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APPENDIX 2
Annotated Field Location Photos
Photos are presented in no particular order. The J-1 unconformity and formation names
are shown for each location. For some locations more than one photo is needed to capture the
entire section. The tie points between photos is shown by yellow lines and arrows where
necessary.

Big Water Section
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Boulder Section

102

Capitol Reef National Park North Section

Capitol Reef National Park South Section
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The Cockscomb Section
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Mount Carmel junction Section

105

Pasture Canyon Section

San Rafael Swell Southwest Section
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San Rafael Swell Southeast Section
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Escalante Section

APPENDIX 3
Raw XRF Data
Samples with a label in the "GROUP" category are considered known samples. Samples
that have no assigned group are considered unknown. Elements with concentrations below the
limit of detection were omitted and were not used in the discriminant analysis. Major and minor
elements as well as loss on ignition values are reported.

108

109

110

111

APPENDIX 4
Portable XRF Methods in Detail

The Bruker Tracer IV portable XRF (pXRF) was used to determine what part of a dune
foreset package should be sampled for laboratory XRF analysis. Before use of this instrument,
tests were run to determine proper measurement distance, usefulness of a vacuum, type of power
source, length of acquisition time, repeatability, number of shots, and the effect of weathered
surfaces.
Distance to the Window
In-lab measurements can be made with the sample in direct contact with the machine and
result in the best values. However, when using the instrument in the field, a shield must be in
place to prevent puncturing the vacuum seal which is located at the measuring end of the gun in
front of the window. To determine how much effect different gap widths (gap = distance from
the window to the sample) have on the data we increased the gap incrementally with spacers that
were .95mm in thickness (Fig. 1). This data could be used to determine actual values if the gap
distance is known, but as will be shown in subsequent sections, the accuracy of the machine is
reduced if a gap exists. The sample used was a medium-grained quartz arenite.
When using the portable XRF in the field, care should be taken to ensure that analyses
are carried out on flat surfaces. Any surface roughness will affect the resultant data (Fig. 2).
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Figure 1: Crossplots of selected elements versus distance of increasing gap from the window of the XRF
to the sample. A- Fe2O3. B- SiO2. C- Al2O3. D- K2O. In every case, including those not shown here,
increasing the distance to the sample decreases apparent concentration. Gap spacers were .95mm.

Figure 2: Illustrates the importance of analyzing a flat surface. Extra distance to the gun from the sample
will result in lower counts per second.
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Vacuum Versus No Vacuum
The Bruker Tracer IV comes with
a portable air pump which produces a
vacuum at the window. This allows more
X-rays to reach the sensor. It was
hypothesized that elements with higher
energy x-rays would not need the pump.
Lighter elements would definitely need
the pump to be accurate. A test was
designed to determine what elements
required use of the pump and what
elements did not require the use of the
pump. A medium-grained quartz arenite
sample was analyzed at 30, 60, 90, and
120 seconds with a gap and without a gap
(Table 1). The sample was only moved
when applying the gap so data from the

Table 1: Analyses of a single sample with
and without a vacuum, with and without a
gap, and at 30, 60, 90, and 120 second
intervals. Data has not been corrected for
porosity in the sample. Sample was a
medium-grained quartz arenite.

114

no-gap runs is from the exact same spot on the sample. The same
procedure was followed for the runs with a gap. In addition to this,
the sample was analyzed with and without the pump at each time
and with and without a gap. The data clearly show that apparent
concentrations for all elements decrease without a vacuum running
(Table 1). All other tests were run with the pump since it was
determined that applying a vacuum resulted in better data.
Gap Versus No Gap
Data from the previous test is shown again in Table 2
omitting the runs completed without vacuum. It is clear that
introducing a gap reduces apparent concentrations of all elements.
The gap in this test was made using the actual shield that would be
used in the field to mimic field work. Corrections can be made to
data if the distance of the gap is known, but again, the accuracy of
the instrument is reduced with a gap as shown later.

Table 2: Repeated data from Table 1 except with omission of the novacuum runs.
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External Versus Battery Power
Another test was performed to
determine if the data was affected by the
type of power used for the operation of
the machine. The machine can be run
using external power from a wall-socket
or using a clip-like battery that is inserted
into the handle of the gun. Tests show
that either power option works well
(Table 3). The battery pack was not
tested near the end of its life.

Table 3: Data collected from a test of two
different power sources. The same
sample was tested on the exact same spot
for all analyses with vacuum, no gap.
Sample was a medium-grained quartz
arenite.
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Length of Acquisition Time and How Repeatable in One Spot
If the time required for field work with a portable XRF is not less than the amount of time
required to complete lab analyses of the same samples, then the usefulness of the machine is
limited. One factor in total field time is length of acquisition time. To test how long each
sample should be analyzed, a medium-grained quartz arenite was analyzed in the same spot at
30, 60, 90, and 120 second intervals with a vacuum and gap to mimic field work. Averaged
concentrations from 10 runs at each time interval showed that most major elements tend to
increase with increased time (Table 4). Minor elements are less predictable. In short, the longer
the acquisition time, the better the data will be. There is a trade-off that exists between the
amount of error one is willing to accept and the amount of field time required to collect data.
This test also addresses the accuracy of the instrument. In other words, does it
continually give the same values if the same spot on the sample is analyzed many times? For
major elements the variation is slight but for some minor elements, with very low concentrations,
variation of a few ppm is quite substantial.
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Table 4: One medium-grained quartz arenite sample analyzed in a single spot at 30, 60, 90, and 120
second intervals to determine length of acquisition time. Averages of 10 runs at each time interval are
shown.
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How Many Shots to Obtain a Good Average
A similar test to the previous test was run to determine how many times one would need
to analyze a sample location for a good average. With quartz arenite samples, one analysis may
contain a few zircon crystals while another may have none. It is necessary to analyze the same
sample several times in different locations to get a good average composition of the rock. This
test used a single sample, but the sample was analyzed in a new spot for each run. A total of 14
runs per time (30, 60, 90, and 120 seconds) were completed with vacuum and with gap to mimic
field work. The data are summarized in Table 5. At 30 second runs, the standard error for Fe,
and Si stayed below 10.5%. Standard error was calculated by dividing a running standard
deviation by the running average. A new average and standard deviation were calculated after
each additional run. Cu, Zn, Rb, Sr, K, Ca, and Al were all under 15.5% standard error at 30
seconds, and Zr was below 20.5% standard error. As the duration of acquisition time increased,
the error for many elements decreased. By 90 seconds, Cu, Zn, Ca, and Al, were added to the
list of elements that stayed below 10.5%. If these elements are all the user is after, and a 10.5%
error is acceptable, few runs are needed to obtain the desired data set. To determine how many
shots one must make, the running average can be plotted against number of runs. As this
average begins to level out at some concentration, you know you have the right number of
required runs. Graphs from a few selected elements at 120 second runs are included to show this
process (Fig. 3) . Unfortunately, after 14 runs, the true average value is unclear. This would
suggest, when compared to Table 5, that time of acquisition is more important than number of
analyses. Options include an increased acquisition time or acceptance of larger errors. The
bottom line is that the amount of time required may exceed the amount of time spent using
traditional methods in the lab where more accurate data is obtained anyway.
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Table 5: Elements that fall in certain error brackets at 30, 60, 90, and 120 second intervals.

Figure 3: Selected elements plotted as a running average of weight percent against the number of total
runs. Even after 14 runs, the true average value is still unclear.
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Fresh Versus Weathered Surface
After all the previous tests, it was decided that any attempt to use the portable XRF as a
quantitative field instrument would be an error. It was decided, however, that the instrument
could be used to gain information about relative differences from one rock to another.
Comparisons were made between fresh rock surfaces and weathered rock surfaces. It was
obvious that the elemental compositions would change for at least some elements. We wanted to
know which of those elements would indicate a change. Measurements were made on the fresh
surface and weathered surface of a specific lamina for comparison (Fig. 4). All mobile elements
showed an increase in concentration on the weathered surface. Si, a relatively immobile
element, also showed an increase in concentration on the weathered surface (Fig. 4). Since
mobile elements were crucial to understanding the rocks of our study area, it was necessary to
remove the weathered surface of all samples.
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Figure 4: Fresh versus weathered surface tests. One conspicuous lamina was used as a datum to center
the XRF window on for each test. The resultant data is shown in the graphs. For all elements there was
an increase in concentration on the weathered surface. Mn, for instance, went from below the limit of
detection to detectable.

