SEQUENCE STRATIGRAPHY AND CHEMOSTRATIGRAPHY OF AN INCISED VALLEY
FILL WITHIN THE CRETACEOUS BLACKHAWK FORMATION, BOOK CLIFFS, UTAH

By

Christine Frasca Cornwell

B.S., Virginia Polytechnic Institute and State University, 2010

Submitted to the graduate degree program in Geology and the Graduate Faculty of the University
of Kansas in partial fulfillment of the requirements for the degree of Master of Science.

Co-Chairperson Diane Kamola

Co-Chairperson Luis Gonzélez

Michael H. Taylor

Date Defended: November 15, 2012



The Thesis Committee for Christine Frasca Cornwell

certifies that this is the approved version of the following thesis:

SEQUENCE STRATIGRAPHY AND CHEMOSTRATIGRAPHY OF AN INCISED VALLEY
FILL WITHIN THE CRETACEOUS BLACKHAWK FORMATION, BOOK CLIFFS, UTAH

Co-Chairperson Diane Kamola

Co-Chairperson Luis Gonzalez

Date approved: December 12, 2012

i



ABSTRACT

A Dbetter constraint on the timing and depositional development of the incised valley fill
(IVF) of the Desert Member of the upper Cretaceous Blackhawk Formation was needed to help
understand the development of incised valley fills. Paleosol analysis and chemostratigraphy
were used to refine the previously published sequence stratigraphic interpretation of this valley
fill. This study is a proof of concept project that tested the ability to use 813C0rg
chemostratigraphy with sequence stratigraphy to refine the stages of an IVF at the parasequence
level.

The incised valley fill within the Desert Member of the Blackhawk Formation in Tuscher
Canyon, Utah was measured and described for the following reasons: paleosol facies
interpretations at the detailed parasequence-scale sequence stratigraphy, and 613C0rg
chemostratigraphy. From field observations, three moderately developed paleo-Histosols, three
weakly developed paleo-Inceptisols, and four very weakly developed paleo-Entisols were
described within the study area. Based on the 8'°C profiles from the measured sections, eight
chemostratigraphic events were characterized. Using the analyses from the facies and paleosols,
five parasequence boundaries were selected within the IVF of the Desert Member.

The IVF was divided into nine stages of fill using the parasequence stratigraphy and
chemostratigraphy. Stages of valley fill are defined by changes in base level. A minimum-
average-age was determined for five stages (numbers 3, 4, 5, 6, and 8) based on paleosol
maturity within each stage. A total minimum-average-age for pedogenesis within the IVF is
32,000 years. The paleoclimate of the Desert Member is determined from the paleosol facies to

have been humid.
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Chemostratigraphy, sequence stratigraphy, and detailed paleosol interpretations are used
to help refine the depositional history of an IVF. A greater understanding of the depositional
history of the IVF allows for greater resolution of lateral and vertical variability of facies within

the valley fill.

v



ACKNOWLEDGEMENTS

I am deeply appreciative to Diane Kamola and Luis Gonzalez for being my co-advisors
and for their guidance, support, and input throughout my project. Their unique collaboration
made this project a success and needless to say, I cannot thank them enough. I also wish to
thank my committee member Mike Taylor for his always prompt input and help.

I would like to thank at the University of Kansas Keck Paleoenvironmental and
Environmental Stable Isotope Laboratory for all of the chemostratigraphic analyses and the
Department of Geology at the University of Kansas for its support.

I am very grateful to Ted Morehouse for all of his work in the field and the lab. This
project would not be the same without his help. I would also like to thank Alvin Bonilla-
Rodriguez and Greg Cane for all of their help in the lab. Many thanks go to Matt Myers for his
work and help with the LIDAR images. Also, I would like to thank Steve Hasiotis for his help
on the trace fossil interpretations and Doug Walker for his help on the updated geologic
timescale.

Thank you so much to all of my family and friends for all of the support. And of course I
cannot thank Michael enough for the all of the motivation and encouragement through this

project, especially when I needed it the most.



TABLE OF CONTENTS

ABSTRACT ...ttt ettt sttt e a e e bt et e et e s bt e bt e st e ebe et e eatesaeenbeenees il
ACKNOWLEDGEMENTS ..ottt ettt st se b e enaesaeensesneesneennens v
TABLE OF CONTENTS ..ottt sttt ettt st e e e saeenseeneesneeseeneas vi
INTRODUCGTION.......ooitiitieeeeeee ettt sttt ettt sbe et sate s bt et e eseesbeensesaeenaeennens 1
CREMOSIIALIGVAPINY ...t ee e et e te e e staeeetaeessbeessaeesssaeessseeessseeensseeesseesnseeans 3
Geologic BACKZGIOUNG .............ccc.ooeeeeeeeiieeeeeeee ettt e e e ste e s aae e et e e s e e e snae e e saseeensee e 5
IMETHODS ...ttt ettt et st ettt e e bt e b e et sate s bt et e eaeenbeenbesaeenbeenneas 7
FGOLA MEIROUS ...ttt et e e e et e e s e e s eeesabee e sseeessaeenaeeans 7
Chemostratigraphic ANGLYSTS ...........ccoovueiiiiiieiie ettt ettt ettt 8
RESULTS AND INTERPRETATIONS ...ttt 9
ChemoStratigraphic RESUILS ............cccoeeueeiiuiiiieiieeeeee ettt ettt et 9
TUSCRET L.ttt ettt e e bt e s bt e sbteesbteesaeee e 9
TUSCRET 2. ..ottt ettt et et st e e e 10
TUSCRET 3.ttt ettt e bt e e bt e et e sbteesaeeas 11
TUSCRET 4.t ettt ettt et e st esbteesaeeas 12
Chemostratigraphic EVents..............cccooooiiiiiiiiiiiiiee e 13
FFOUCIS .ttt et 14
Paleosol DeSCriptions ............ccocoiiiiiiiiiiiie et 14
Paleosol INterpretations................c.oooouiiiiiiiiiiiiiiece et e 18
SEGUENCE SIFALIGVADNY ..ottt e e et e et e e tae e e aee e s abeeennseeenaseeennseeennes 20
DISCUSSION ...ttt et ettt e et e e te e s b e e beesateeseeenbeenseesaseesaeesnseeseas 21
StAGES Of VALY FIll ..ottt ettt e ae e st e e st e e et e e nnseeenaeeennes 21
Considerations for Constructing Parasequence Stratigraphy.............cccceeceveeecveenceeencevennnnnn. 24
Evaluation of Chemostratigraphic ANGIYSIS .............cccccevvvireiiieiiiniiiiiieneeieeeeeeee e 25
PALEOCITINGALE ...ttt et ettt ettt 25
CONCLUSIONS ettt ettt ettt et eehe e bt eaeesse e beenseeseenbeentesneeseeneesneennas 27
FIGURES AND TABLES ...ttt sttt et e 30
REFERENCES.........oooi ettt sttt et et e st e e st e st e naeeneesseensesneenne 46
APPENDIX ...ttt et ettt et s e e bt et e e st et e e it e s et e ete e b e eneeereenteenee e 50
Tuscher 1 Measured SECHIOMN ..............cccceceriiriiiieiieieete ettt sttt sttt st 51
Tuscher 2 MeaSured SECHION ..............ccccaiueiiuiiiiiiie ettt 52
Tuscher 3 Measured SECHON ..............cccceiueiiuiiiiiiieeeeee ettt e 53
Tuscher 4 Measured SECHIOMN ..............cccuecuerieriiiieieseee ettt sttt sttt st 54



Stable I50tope Percent CATDONALE .............cc.cecueeeeeeeeeeeiieeieesieeeseesieesaeesseesseeseesssesseesssesseens 55

Tuscher 1 Stable ISOLOPE DAL ...............c..ooeeueeeeieeeiieeeieeeeieeesiaeesteessaeesaaeesseeessseesssseesnsseeans 55
Tuscher 2 Stable ISOLOPE DAL ...............c..oeeceeeeeeeeeceeeeieeesieeesteeesteessaeesareesseeessseeessseesnsseeans 58
Tuscher 3 Stable ISOtOPE DAL ................ccueecueeeieeieieiieeieeeieeeie ettt ae e e saeeteesaeeseenaeas 61
Tuscher 4 Stable ISOLOPE DAL ...............c..oeeeeeeeeeeeeieeeeieeeeieeestaeesteessaeesareesseeessseeessseesnsseeans 64

vil



INTRODUCTION

Incised valley fills (IVFs) have been studied extensively due to their importance in
sequence stratigraphy and because they are commonly major hydrocarbon reservoirs (Atchley et
al., 2004; Bridge and Leeder, 1979; Bridge and Tye, 2000; Miall, 1996; Van Wagoner, 1995).
Understanding the development and timing of valley fill events has been challenging. Incised
valley fill stages at the parasequence scale are laterally discontinuous and have complex
geometries that make outcrop studies complicated. The term “stage” is used to refer to a single
event or group of related events that contribute to the development of the incised valley. Stage
events include discrete fill events bounded by changes in base level marked by parasequence
boundaries or sequence boundaries and major events within an IVF such as the formation of
sequence boundaries. Further, how allogeneic factors such as paleoclimate, tectonics, and
eustasy affect valley fill has been difficult to tease apart (Miall, 1996).

Early work on IVFs focused on the alluvial channel-fill sandstones because the channel-
fill sandstones provide the best exposures and are the main reservoir bodies in these systems
(Bown and Kraus, 1987). Overbank deposits with paleosols were studied to understand IVF
architecture and stages of incised valley fill (Atchley et al., 2004; Bown and Kraus, 1987; Bridge
and Leeder, 1979; Cleveland et al., 2007; Wright and Marriott, 1993). Chemostratigraphy within
IVFs has also been used to help resolve fill architecture and for correlation (Hildred et al., 2010).
Some IVFs, such as those in the Cretaceous Blackhawk Formation of the Book Cliffs, have been
studied extensively but lack detailed work on paleosols and still pose questions on stages of fill.
Further, there has been no published work using chemostratigraphy in the Blackhawk Formation.

Previous work such as Van Wagoner’s (1995) seminal work on the sequence stratigraphy and



facies architecture of the Desert Member of the Blackhawk Formation and the overlying
Castlegate Sandstone in the Book Cliffs, focused on the regional sequence stratigraphy.

This study seeks to address the problem of better constraining the timing of and
depositional development of IVFs through a detailed case study of the IVF within the Desert
Member of the Blackhawk Formation. This was accomplished by combining a detailed sequence
stratigraphic framework with chemostratigraphy of the IVF. Emphasis was placed on the
paleosols in the upper part of the IVF. Using sequence stratigraphy and 613C0rg
chemostratigraphy for correlations provides stage-by-stage development of the IVF at the
parasequence level and adds to a better understanding of the lateral continuity of depositional
units. Previous chemostratigraphy work in terrestrial systems has not focused on correlation of
chemostratigraphic events at the parasequence scale. This study is a proof of concept project on
using chemostratigraphy to correlate, define, and constrain the stages of valley fill at the
parasequence level.

The IVF of the Desert Member of the Blackhawk Formation was chosen because of
excellent exposures and because the regional sequence stratigraphic framework has been defined
(Van Wagoner, 1995). Because of the excellent field expression in a sinuous canyon, the Desert
Member is exposed at several different angles. Exposures contain several well preserved
paleosols with overbank deposits, tidally influenced fluvial channels, and fluvial strata.
Paleosols within the highstand systems tract of the Sunnyside Member of the Blackhawk
Formation have been studied previously (Davies et al., 2005), however no work has been
published on the paleosols within lowstand systems tracts. Regional work has noted the
occurrence of paleosols, but lacks detail about their characteristics (Hoffmeister, 2011; Scheppy,

2000; Van Wagoner, 1995).



Paleosols can be a useful tool for developing the stages of an IVF. They are laterally
extensive compared to the fluvial deposits and are very useful for correlation (Wright and
Marriott, 1993). Furthermore, paleosols represent a period of known subaerial exposure that
persisted long enough for pedogenesis to occur (Retallack, 1998): soils represent periods of
depositional hiatuses at those depositional locations in a fluvial system (Bown and Kraus, 1987).
Because paleosols represent periods of known subaerial exposure, the top of each paleosol is a
parasequence boundary (Van Wagoner et al., 1988). Depending on the type of paleosol, each
paleosol could represent thousands to tens of thousands of years (Bown and Kraus, 1987).
Paleosols are well suited for isotopic analysis from soil carbonates and abundant organic carbon
material. Paleosols have direct contact with atmospheric gasses such as CO, which mix directly
through infusion into the soil and can be recorded through isotopic ratios.

Chemostratigraphy

Chemostratigraphic analysis involves the correlation of stable isotopic values in strata by
using stable isotope ratios such as *C/"*C and "*0/'°0 in carbonates or organic matter. This
study used 613C0rg because of the prevalence of organic matter within the IVF and the lack of
pedogenic carbonates. Correlation using chemostratigraphy is done by matching unique
excursions and patterns in the data with respect to the measured stratigraphy. These excursions
are often called events, because they reflect a distinct temporally constrained perturbation of the
global carbon cycle. The events are coeval regardless of facies because at geologic time scales,
8'°C of atmospheric CO, can be treated as responding instantaneously to carbon cycle
perturbations that affect atmospheric CO, isotopic composition. These events and patterns may
last from a few thousand years to several million years. The unique events and patterns can

pinpoint time equivalent points in stratigraphic successions or bracket strata of coeval time.



Quantitative chemostratigraphic analysis requires some basic temporal control of the units being
correlated (e.g. biostratigraphy, radiometric dates, thermochronology) and the existence of
master chemostratigraphic profiles generated from a section with continuous deposition and
good temporal control. In terrestrial sequences, chemostratigraphic analysis using organic matter
relies on the fact that plant organic matter samples atmospheric CO, on a continuous basis.

Sequence stratigraphy utilizes coeval surfaces, such as parasequence boundaries, for
correlation. These are interpreted based on facies and stratal relationships, as defined by Van
Wagoner et al. (1988). In chemostratigraphy, coeval strata are identified based on the
geochemical patterns rather than facies and stratal relationships. As sequence stratigraphic
analysis and chemostratigraphy are independent of each other, they can be complimentary tools
for correlation, and must be consistent with each other. Thus the coeval surfaces identified via
sequence stratigraphic analysis (e.g. parasequence boundaries) cannot cross a chemostratigraphic
event, but could be contained within long lived chemostratigraphic event.

Some advantages that chemostratigraphy has over other stratigraphy methods is the
ability to correlate with greater lateral continuity than with just facies. Lateral facies changes can
complicate the correlation of strata; however correlation of similar isotopic signatures relies on
excursion matching, and is independent of lateral facies changes. Chemostratigraphic
correlations are limited by the density of sampling and quality of the data, but not by lateral
facies variability. Further, chemostratigraphy can provide additional correlation events within
the sequence stratigraphic framework where sequence or parasequence boundaries cannot be

identified.



Geologic Background

The Blackhawk Formation and the Castlegate Sandstone were deposited in the Sevier
Foreland Basin along the western edge of the Cretaceous Western Interior Seaway (KWIS)
during the Late Cretaceous in the Campanian (Fig. 1). The sediment source for the Blackhawk
Formation and the Castlegate Sandstone was the Sevier Orogenic Belt, a fold and thrust belt
located west of the study area (Jordan, 1981). The paleolatitude of the study area during the
Campanian was 42°N (Kauffman, 1977). The paleoclimate was subtropical to warm temperate
with seasonality (Parker, 1976). The Blackhawk Formation and the Castlegate Sandstone are
exposed in the Book Cliffs from eastern Utah to western Colorado. The study area is Tuscher
Canyon, located approximately 15 km northeast of Green River, Utah (Fig. 1).

The Blackhawk Formation and the Castlegate Sandstone contain nonmarine and marine
facies that were part of a series of prograding clastic wedges that intertongues with the Mancos
Shale (Fig. 2) (Van Wagoner, 1995). The Desert Member is the youngest of six
lithostratigraphic members that comprise the Blackhawk Formation. These members consist of
prograding clastic shorefaces and deltaic sandstones that prograded into the foreland basin due to
tectonic loading during thrust events in the orogenic belt (Jordan, 1981). The Desert Member
contains a regionally extensive IVF which is the focus of this study. The Castlegate Sandstone
contains a regionally extensive IVF that erosionally overlies the Blackhawk Formation, and in
places, truncates the IVF within the underlying Desert Member (Van Wagoner, 1995).

The sequence stratigraphy of the Blackhawk Formation and the Castlegate Sandstone has
been studied extensively because of the high quality exposures that extend for kilometers. Van
Wagoner (1995) divided the Desert Member into a highstand and lowstand systems tract. The

IVF of the lowstand systems tract rests erosionally on the underlying highstand strata, and is



truncated by the IVF of the overlying Castlegate Sandstone. The depositional facies and
sequence stratigraphic framework of these strata was established by Van Wagoner (1995) and
provides the stratigraphic framework for this study. Hoffmeister (2011), in a subsequent study
on the overlying Castlegate Sandstone, provided a more detailed cross section which is used in
this study (Fig. 3).

The Desert Member includes several systems tracts including the Grassy Highstand
(HST), the Desert Lowstand (LST), the Desert Transgressive (TST), and the Desert Highstand
systems tracts (Fig. 4). The Grassy HST occurs in the lower part of the Desert Member, and is
incised by the Desert Sequence Boundary. The Desert Sequence Boundary is the basal contact
of the Desert Depositional Sequence and is also the upper contact of the Grassy Depositional
Sequence. The Desert LST lies above the sequence boundary and is comprised of the IVF
investigated in the study area. The Desert LST is incised by the overlying Castlegate Sequence
Boundary. In Tuscher Canyon, the Castlegate Sandstone consists entirely of the IVF of the
Castlegate Depositional Sequence.

The Desert and Castlegate Sequence Boundaries separate strata into depositional
sequences estimated to have a duration between 200,000 to 300,000 years (Van Wagoner, 1995).
Based on ammonite stratigraphy of Baculites asperiformis, Baculites maclearni, and Baculites
obtusus established by Fouch et al. (1983) and Obradovich (1993), Van Wagoner (1995)
estimated the Castlegate Sequence Boundary at 79 Ma. This date was proposed using the
Cretaceous Time Scale of Obradovich (1993). Using the revised time scale of Gradstein et al.
(2012), the date of the Castlegate Sequence Boundary is now estimate at 80.5 Ma (Fig. 3). The
new ammonite dates are 80.21 +0.57 Ma for Baculites asperiformis, 80.67 +0.46 Ma for

Baculites maclearni, and 80.97 +0.30 Ma for Baculites obtusus.



Global 8"C marine chemostratigraphic curves have been generated for the Middle to
Late Cretaceous with several large scale correlative events (Jarvis et al., 2006; Jenkyns et al.,
1994). Several Middle to Late Cretaceous events have been identified including the
Albian/Cenomanian Boundary Event, the Mid-Cenomanian Event, the Cenomanian/Turonian
Boundary Event, the Late Turonian Events, the Santonian/Campanian Boundary Event, the Mid-
Campanian Event, and the Late Campanian Event (Jarvis et al., 2006). The Jarvis et al. (2006)
curves are utilized in this study.

METHODS

A 8"C chemostratigraphic analysis and a sequence stratigraphic analysis of several well
preserved paleosols and the associated non-marine strata within the IVF were conducted in this
study. Field work was conducted in Tuscher Canyon, in the southern Book Cliffs, near the town
of Green River, Utah. The sampling interval began in the lower shoreface in the Grassy HST of
the Desert Member. Sampling progressed up-section, across the Desert Sequence Boundary into
the IVF of the Desert Member, and across the Castlegate Sequence Boundary into the IVF of the
Castlegate Sandstone. The IVF of the Desert Member contained several facies: inclined
heterolithic strata of channel-fill sandstones, to thinly bedded channel-fill sandstones and
siltstones to overbank siltstones and paleosols. Samples were processed and analyzed for Total
Organic Carbon (TOC) and 8"°C of organic carbon for chemostratigraphy.

Field Methods

Four sections were selected and measured (Tuscher 1, 2, 3, and 4) within Tuscher
Canyon, Utah at 39°05°52.5”N, 110°02°218”W (Fig. 1). Sections were selected for lateral facies
variability and for known locations of paleosols. Measurements and descriptions were taken at

the decimeter scale using a Jacob staff, grainsize chart, and Munsell color chart. Tuscher 1



section is a composite section while Tuscher 2, 3, and 4 are single transects. The measured
sections were corrected using LIDAR imaging and a previous correlation (Scheppy, 2000) to
form a composite section. LIDAR images were taken and processed by Myer (2012).

Facies descriptions (Table 1 and Fig. 8) by Van Wagoner (1995), Scheppy (2000), and
Hoffmeister (2011) were duplicated in this study to provide detail and to provide a framework
for sample collection. Facies descriptions for the non-paleosol facies included the following:
color, grain size, sedimentary structures, trace fossils, bedding surfaces, contacts, local lateral
continuity and geometries of bedding. Trace fossils were identified using the Treatise of
Invertebrate Paleontology (Héntzschel, 1962). Descriptions for the paleosols consisted of the
following: color from fresh surfaces using Munsell Soil Color Charts, pedogenic structures, trace
fossils, soil horizons, horizon contacts, and local lateral continuity and geometries. The paleosol
facies were based on descriptions of hand samples and outcrop expression.

A total of 345 samples were collected through the sections for isotopic analysis. Hand
samples of sandstone, siltstone and mudstone ranging on average from 10 to 15 cm in size were
collected, as well as samples of a few milligrams of organic material, where available. Sampling
was done regardless of facies and taken systematically at half meter scale intervals. To ensure
the best results, additional samples were collected at decimeter scale intervals on the facies
adjacent to sequence boundaries, within paleosols, along the top of channel-fill sandstones,
within over bank deposits, and at locations of concentrated organic material.

Chemostratigraphic Analysis

Isotopic analysis was carried out at the University of Kansas Keck Paleoenvironmental

and Environmental Stable Isotope Laboratory. Hand samples were drilled using 1 mm carbide

bits to obtain approximately 1 gram of powdered sample. The organic material was pulverized



in a mortar and pestle. Samples for TOC and &' Corg were decarbonated using a procedure
modified after that of Midwood and Boutton (1998). Samples were combusted at 1060°C using
a Costech Elemental Analyzer connected via a CONFLO III to the inlet of a ThermoFinnigan
MAT 253 isotope ratio mass spectrometer. Carbonate samples were reacted at 75°C with 100%
phosphoric acid in a ThermoFinnigan Kiel III single sample acid dosing system connected to a
dual-inlet ThermoFinnigan MAT 253 isotope ratio mass spectrometer. The results were
corrected for the weight of the samples and graphed using the & notation relative to VPDB
(Vienna Pee Dee Belemnite) standard where 8t C=[(13 C/ 12Csample/ By l2Cva}3)-1]* 1000 at one
part per thousand (%o). The percent of TOC was calculated after decarbonation of the samples.
RESULTS AND INTERPRETATIONS
Chemostratigraphic Results

5t Corg and TOC analyses were conducted on the samples collected from the IVF of the
Desert Member, as well as those collected from the Grassy HST of the Desert Member and the
Castlegate Sandstone (Fig.5 and 6). Through all of the facies including the marine lower
shoreface strata and the fluvial channel-fill strata, the 8'3C data was reliable. TOC data for the
lower shoreface strata is low around 1%, indicating there was little organic carbon for analysis,
but this did not affect the calculated 8'°C results.
Tuscher 1

The 8"°C and TOC profiles for Tuscher 1 start at 0.5 m and extend to 23.6 m (Fig. 5 and
6). The minimum value for 8"°C in Tuscher 1 is -28.00%o at 21 m and the maximum value is -
24.84%0 at 12.5 m. The minimum TOC value 1s 0.027% at 15.1 m and the maximum value is
1.27% at 2.5 m.

In the 8"°C curve for Tuscher 1, there is an overall increasing negative trend with values



between -25.52%o at 0.5 m to -27.75%o at 23.4 m. The values between 0.5 m to 5 m vary little
around -25.50%o. After 0.5 m, the 8'°C values shift 0.5%o negative and the curve changes to
small negative and positive peaks. At 9 m, the profile trends more negative, -27.30%o, and then
increases by 2.74%o between 11 m to 12.5 m in a prominent excursion. After this peak, the
values decrease by 2.53%o until 14.5 m and then flatten out at -27.00%o. Starting at 16 m, the
data becomes variable with numerous positive and negative peaks with a magnitude of 2 to
1.50%o. At 21.0 m, the profile sharply trends positive at -25.60%o and remains level until 22.1 m.
The values then sharply decrease to -27.85%o at 22.4 m.

The TOC profile for Tuscher 1 exhibits very little change and remains constant around a
mean value of 1%. There is a noticeable increase of 1% percent between 21.1 m and 22.3 m and
another increase between 1.5 m and 2.5 m.

Tuscher 2

The 8"°C and TOC profiles for Tuscher 2 start at 0.5 m and extend to 29.1 m (Fig. 5 and
6). The minimum value for 8'°C in Tuscher 2 is -29.07%o at 6 m, and the maximum value is -
19.84%o at 14.6 m. The minimum TOC value is 0.024% at 15.6 m and the maximum value is
61.09% at 13.1 m.

Tuscher 2 exhibits two overall trends: from 0.5 m to 13.1 m, the profile curves positive
from -28.70%o to -19.84%o, and from 13.1 m to 29.1 m the profile gradually trends positive
increasing 2.93%o. Tuscher 2 starts with a broad negative peak, -25.73 to -28.62%o, up to 2 m
then the values trend positive to -25.53%o between 2 to 4.7 m. The profile then drops 3.40%o into
a negative peak, followed by more positives values to -25.53%o between 6.5 to 8.5 m. There is a
sharp small negative peak to -28.18%o which is then followed by a positive spike in values, -

25.36%0, at 9 m. The values then remain steady until 10.8 m with a small negative peak of -
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27.07%0 at 10 m. At 10.8 m, there is another positive spike to -24.10%o with steady values until
12.6 m, with a small -25.99%o. negative peak at 11.5 m. This is followed by a sharp positive peak,
-21.96%o, at 13.1 m with a subsequent more gradual negative peak of -26.02%o at 14.1 m. A
sharp prominent -19.84%o peak is seen at 14.6 m, followed by a sharp drop -7%o at 15.1 m. The
values then stay steady with a positive trend from -26.88%o to -21.60%0 between 15.1 and 21.6 m,
with a -26.99%o peak at 17.6 m, a -26.01 peak at 20.1 m, and a -23.64%o peak at 20.4 m. At 22.6
m, there is a negative 3%o excursion in values followed by two small positive peaks, -24.52%o at
22.8 m and -23.18%o at 23.6 m. The subsequent values then stay steady around -25.00%o to 29.1
m.

The TOC profile for Tuscher 2 between 0.5 m and 10.5 m averages around 1% with little
change. Between 10.5 m and 13.6 m, the percent TOC varies greatly in a series of sharp peaks
with a maximum value of 61.09% at 13.1 m and a minimum of 0.1% at 11.5 m. The profile from
14.1 to 18.9 m is steady around 1%. From 19.0 to 29.1 m, there is another series of sharp highly
variable peaks of values with a maximum of 56.43% at 25.6 m and a minimum 0f 0.1% at 22.6
m.

Tuscher 3

The 8"°C and TOC profiles for Tuscher 3 start at 0.1 m and extend to 23.6 m (Fig. 5 and
6). The minimum value for 8"°C in Tuscher 3 is -28.98%o at 22.4 m and the maximum value is -
21.22%0 at 10.1 m. The minimum TOC value is 0.025% at 6.5 m and the maximum value is
61.68% at 22.1 m.

Overall, Tuscher 3’s profile is steady averaging -25.00%o then changes to -26.00%o from
6.5 to 12.0 m. There is a small prominent negative peak at -25.93%o at the base of the curve,

followed by a flat trend at -24.80%., followed by another negative peak of -26.91%o at 2.5 m.
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The values then remain level around -24.50%o until 6.5 m where they shift to approximately -
26.00%o with small peaks with magnitudes of 1%o continuing until 9.5 m. The profile then trends
positive into a prominent peak with a 5.52%o change at 10.1 m. This peak is followed by a sharp
negative drop to -25.88%o followed by a small positive peak, -24.06%o, at 10.5 m. The values
then remain steady averaging -25.00%o until 16.2 m, with a peak of -26.74%eo at 12.0 m. A sharp
negative peak occurs at 16.2 m of -26.62%., followed by another negative peak, -28.40%o, at 17.0
m. The next values are variable between -22.32%o and -26.27%o until 21.2 m with a positive
peak of -22.32%o at 20.5 m. The profile then trends negative and very variable with values
between -23.42%o and -28.98%o for the rest of the transect.

The TOC profile for Tuscher 3 is quite variable and mostly consists of high magnitude
spikes at 40 to 50%. There are three intervals of near 1% TOC values: 1.5to 3 m, 9 to 10.4 m,
and 10.9 to 12.4 m. The greatest variability in TOC starts from 16.2 m up to the top of the
profile.

Tuscher 4

The 8"°C and TOC profiles for Tuscher 4 start at 3.5 m and extend to 16.7 m (Fig. 5 and
6). The minimum value for 8"°C in Tuscher 4 is -29.45%o at 11.2 m and the maximum value is -
21.58%0 at 6.3 m. The minimum TOC value is 0.042% at 14 m and the maximum value is
65.19% at 12.0 m.

Tuscher 4 begins with an overall positive trend from -26.33%o to -21.58%o up to 6.3 m
and after exhibits a negative trend in values, -21.58%o to -29.45%o, to 11.5 m, where the profile
then remains steady around -26.00%o. The values start with a positive trend shifting 4.75%o with
positive and negative peaks to 6.5 m. A sharp negative excursion at 6.5 m of -26.14 %o and the

values stay steady until 7.3 m. This is followed by a sharp positive shift to -23.93%eo at 7.5 m,
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and then values fall to -25.57%o by 9 m with a small positive peak of -23.86%o at 8.3 m. There is
a prominent sharp peak at 9.25 to -23.58%o followed by a sharp negative fall t0-28.99%o at 9.5 m.
This is followed by a negative peak at 11.2 m, -29.45%o, followed by a prominent positive rise to
-23.59%o at 11.8 m. The values then rise and fall in a series of negative and positive peaks with
values between -23.59%o to -27.18%o until 13.3 m. The profile then falls -3.35%o at 14 m and
trends steady averaging -26.50%o until 16.7 m, with a small positive peak of -25.03%o at 16.1 m.

The TOC profile for Tuscher 4 is variable with a series of sharp high magnitude peaks
from 3.5 to 6.5 m with a maximum value of 50.96% at 4.5 m. Between 6.5 and 7.1 m, the values
remain steady averaging 1% and between 7.2 and 9.5 m, values are highly variable with sharp
peaks and a maximum TOC of 42.30% at 8.5 m. The profile is stable between 9.5 and 11.5 m,
which is followed by high magnitude spikes in TOC until 14.0 m with a maximum of 65.19% at
12.0 m. The rest of the TOC profile remains flat with an average value of 1% with a spike in
TOC of 39.84% at 16.6 m.

Chemostratigraphic Events

The 8"°C and TOC were plotted against the measured sections (Fig. 7) and eight events
were selected from chemostratigraphic profiles based on the magnitude of the excursions as well
as the shape of the 8"°C curves. The events are labeled A to H on the stratigraphic cross section.
These events occur within the Grassy HST and the Desert LST.

There are three events within the Grassy HST, labeled A, B, and C. Event A is
characterized by a broad symmetrical negative peak with an average magnitude of 1%o and a
range of values between -26.50%o0 and -28.50%.. Event B also has a broad negative peak but has
a 2.90%o change in values and a range of -25.50%o to -29.00%o. Event C is characterized as a

sharp positive jump of 2.58%o 8"°C followed by a steady trend at approximately -25.50%o.
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There are five events within the IVF of the Desert Member, labeled D?, E, F, G, and H.
Event D? is characterized by a small sharp asymmetrical negative peak with a magnitude of 2%o
and between -23.60 to -25.99%0. Event D? is labeled with a question mark because this event is
less tenable than the other chemostratigraphic events. Event E is also asymmetrical but has a
large positive excursion with an average magnitude of 5%o with a range between -26.70%o to -
19.90%0. Event F is distinguished by a gentle asymmetrical negative peak with a magnitude of
1.40%o and 8"°C between -25.06 and -26.70%o. Event G is asymmetrical starting at -25.50%o and
then gradually sifts positive 1.75%o, is followed by a sharper negative fall of 1.50%o. Event H is
characterized by a large asymmetric negative excursion with a magnitude of 3.50%o.

Facies

Eight facies were defined based on sedimentary structures, trace fossils, grain size,
bedding relationships, and vertical and lateral geometries in bedding. Facies 1 and 2 are within
Grassy HST of the Desert Member and includes interbedded hummocky cross-stratification
(HCS) and thinly bedded siltstone (facies 1), and amalgamated HCS sandstones (facies 2).
Facies 3, 4, 5, 6, and 7 occur in the IVF of the LST in the Desert Member and include tidally
influenced inclined heterolithic strata (facies 3), thinly bedded fluvial sandstones (facies 4),
overbank siltstones (facies 5), and the paleosol facies (6a, 6b, and 7). Facies 8, straight fluvial
sandstones, is within the Castlegate Sandstone. Facies 1 to 5 and 8 are summarized in Table 1
and Figure 8. The descriptions of these facies are consistent with the previous work on facies
published by Hoffmeister (2011), Scheppy (2000), and Van Wagoner (1995).
Paleosol Descriptions

There are two types of paleosols present: Protosols (facies 6a and 6b) and paleo-Histosols

(facies 7). The classification system proposed by Mack (1993) is used for paleosol classification.
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Paleosols are classified based on hand samples and field descriptions. The Protosols have been
subcategorized into paleo-Entisols (facies 6a) and paleo-Inceptisols (facies 6b) using the
Retallack (1990) classification system. Horizons and pedogenic features were identified using
US Soil Taxonomy (Soil Survey Staff, 2010) and Soils of the Past (Retallack, 1990).

Protosols are weakly developed paleosols that contain pedogeneic features, however, the
features are not mature enough for further paleosol classification (Mack et al., 1993). Paleo-
Entisols are considered the least developed paleosol and usually exhibit rooting with very poorly
developed pedogenesis (Retallack, 1990). Paleo-Inceptisols have undergone greater pedogenesis
and contain more pedogeneic features than Paleo-Entisols, however they still lack the developed
horizons necessary for more mature soils (Retallack, 1990).

Paleo-Entisols are the most common paleosols seen within the area studied. In Tuscher 2,
there is a paleo-Entisol 1.5 m thick at 21 m (Fig. 7). In Tuscher 3 there are two paleosols: a 50
cm thick paleo-Entisol at 16 m and a 1.5 m thick paleosol at 22 m (Fig. 9a and 9b respectively).
In Tuscher 4, there is a 40 cm thick paleo-Entisol at 12 m. The paleo-Entisols lack epipedons
and may contain weak A horizons. The A horizon is dark gray (2.5 Y 4/1) and contains platy
peds with abundant rooting, clay lined tubules (Fig. 10c), and disseminated organic matter (Fig.
11c). Rhizoliths are either thin (1 to 2 mm) and slightly sinuous with lengths between 3 and 15
cm (Fig.10d) or uncommon thick (1 cm) rhizoliths 10 cm in length (Fig. 10b). The A horizon’s
upper surface is truncated by overlying fluvial channels and is sharp and uneven. The lower
bounding surface is gradual and wavy. Underlying the A horizon is a C horizon that has
different coloring and lithology depending on the parent material type. The paleo-Entisols that
developed on overbank sediments are dark grey (N4/ I n N/gley) siltstone while the paleo-

Entisols that overly channel-fill sandstones are light grey (5YR/7.1) (Fig. 10a and 10b
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respectively). The C horizon is rooted with disseminated organic matter and compressed
coalified tree limbs but retains relict bedding from the parent material (Fig. 11d). There are thin
1 to 2 mm rhizoliths 2 to 10 cm in length and uncommonly there are 1 cm thick and sinuous
rhizoliths (Fig. 10a). The lower boundary is gradual to diffuse and wavy to irregular in shape.

There are two paleo-Inceptisols within the IVF of the Desert Member. Tuscher 2 has one
paleo-Inceptisol with a thickness of 2 m at 27 m and Tuscher 4 has a 70 cm thick paleo-
Inceptisol at 9 m (Fig. 12). These paleosols have ochric epipedons because the horizons lack
enough organic material and dark coloring to be considered a more developed epipedon
(Retallack, 1990). The ochric epipedon (upper horizon) is underlain by a cambic horizon, which
is characterized by a lack of parent rock structure, some pedogeneic alternation, and higher
chroma than the underlying horizons (Retallack, 1990). Weathered parent material underlies the
cambic horizon. The A horizon is thin averaging 5 cm, is comprised of ochric siltstone with
platy peds, and is heavily rooted. The rhizoliths are thin, 1 to 2 mm, and straight to sinuous with
lengths between 3 to 10 cm in length. The overlying truncation surface is sharp and erosional.
The underlying paleosol horizon boundary is clear and is smooth to wavy. The underlying
cambic horizons consist of one or more Bw horizons followed by a C horizon. The Bw horizons
are dark grey (7.5YR 4/1) siltstone with blocky angular peds (Fig. 11a), rooting, and
disseminated organic matter. The rhizoliths are similar but less abundant compared to the A
horizon. The boundary between the C and Bw horizons and those separating the Bw1 and Bw2
horizons are gradual to diffuse and are smooth to wavy in shape. The C horizon has relict
bedding but is rooted to a lesser degree than the Bw horizons.

Paleo-Histosols are paleosols that contain coalified peat horizons indicating that they

were waterlogged part of the year and contained high concentrations of organic matter (Mack et
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al., 1993). There are three different paleo-Histosols within the IVF. Tuscher 2 has a 2.7 m
paleo-Histosol at 19.5 m including a 30 cm coal horizon and a 1 m paleo-Histosol at 23 m
including a 5 cm coal horizon. Tuscher 4 has a 1.5 m paleo-Histosol including a 17 cm thick
coal horizon (Fig. 13). A previously reported paleo-Histosol within Tuscher 3 was not observed
in this study, and is believed to be within the covered section near 13 m (Scheppy, 2000).

The paleo-Histosols contain a histic epipedon, which is characterized by a high organic
matter fraction that is often waterlogged (Retallack, 1990). The histic epipedon is underlain by a
cambic horizon followed by a weathered and occasionally rooted C horizon. The histic O
horizon contains banded coal that is characterized as duroclarain coal, containing thin bright and
dull coal layers with proportions of 40 to 60% each, using the Diessel (1992) classification. The
O horizons in the paleo-Histosols are 5 to 30 cm thick and are black (10YR 2/1). It contains
lenses of bright coal from compressed coalified tree limbs, unidentified plant leaf litter, and
orange-red pebble to coarse sand-sized rounded amber. The upper horizon boundaries are sharp
and distinct and locally scoured. The lower horizon boundaries with the A and cambic horizons
are clear and smooth to wavy.

The O horizon is followed by either an A horizon or the underlying cambic horizons.
The A horizon is dark grey (5Y 4/1) siltstone with medium platy peds and is on average 25 cm
thick. The A horizon contains lenses of coal from compressed downed tree limbs and rounded
amber. The A horizon contains persistent oblique vertical fractures that possibly could be
evidence for rooting. The lower horizon boundary is gradual to diffuse and is wavy. The cambic
horizons of the paleo-Histosols consist of a Bw horizon that gradually transition into a C horizon.
The Bw horizons are gray (5Y 6/1) very fine lower sandstone and on average 10 to 30 cm thick.

The Bw horizon lacks developed ped structure but has very little characteristics of the alluvial
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parent material. The lower horizon boundary with the C horizon is diffuse.
Paleosol Interpretations

A paleosol’s development (maturity) is the relative length of time for soil formation with
all other soil forming factors (such as temperature, parent material, precipitation, and the degree
of vegetation) remaining constant (Bown and Kraus, 1987; Retallack, 1988). Due to the degree
of accumulated organic matter needed for coal formation, paleo-Histosols are considered to be
moderately to strongly developed paleosols, depending on the coal thickness (Retallack, 1988).
Woody coal seams with thicknesses between 2 to 20 cm are considered to be moderately
developed paleosols. The paleo-Histosols in the IVF have an average 17 cm thick histic horizon
which indicates they are moderately developed paleosols and with pedogenesis on average taking
10,000 years (Retallack, 1998). For paleosols that lack epipedon horizons, the degree of
pedogenesis is used to estimate the degree of development so paleo-Entisols are considered to be
very weakly developed and paleo-Inceptisols are considered to be weakly developed. The paleo-
Entisols within the valley fill are very weakly developed and have an average pedogenesis period
of 100 years (Retallack, 1998). The paleo-Inceptisols in the IVF are weakly developed with
pedogenesis taking an average 1,000 years (Retallack, 1998).

The paleo-Histosols are laterally persistent throughout Tuscher Canyon where they have
not been incised by overlying fluvial channels. The Protosols are also laterally persistent and
have been truncated by overlying fluvial sandstones. The majority of the paleosols are truncated
by fluvial erosion, are weakly developed, and are separated by fluvial channel-sandstones
indicating that they are compound truncated paleosols as defined by Kraus (1999) and Wright
and Marriott (1993). Compound paleosols are paleosols within a succession that have been

separated by periods of sedimentation that are minimally weathered (Kraus, 1999). For
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compound truncated paleosols to form, sedimentation rates had to have been unsteady and
greater than the rate of pedogenesis (Kraus, 1999). The paleo-Histosols are overlain by a
Protosol indicating they are compound paleosols which are similar to the compound truncated
paleosols but lack the erosional surface from fluvial channel.

The paleosols are concentrated in the upper half of the IVF above facies 3 (Fig. 7). The
change in the amount of paleosols is due to a shift in fluvial expression between the tidally
influenced inclined heterolithic strata (facies 3) and the smaller, isolated, thinly-bedded fluvial
sandstone (facies 4). The tidally influenced channel-fill sandstones have greater aerial extent
causing greater deposition onto the flood plain. As Bown and Kraus (1987) concluded,
pedogenesis is halted when burial occurs while erosion does not necessarily stop pedogenesis.
With greater sediment input onto the overbank and floodplain, fewer soils formed in the lower
half of the IVF. Since the fluvial units in the upper half are smaller with less truncation, the
paleosols in the upper half had greater preservation potential.

In aggrading fluvial systems, the least developed paleosols were adjacent to the fluvial
channel on the levees while the most mature soils developed on the floodplain (Bown and Kraus,
1987). The more mature paleosols were able to develop on the floodplain because they were
farther from the active fluvial channel (Bown and Kraus, 1987). With greater distance from the
channel, the sedimentation accumulation rate decreases and the duration of development between
episodes of sediment increases (Bown and Kraus, 1987; Bridge and Leeder, 1979). Due to the
very weak to weakly developed nature of the Protosols and their parent material, the paleo-
Entisols and paleo-Inceptisols most likely developed on the levees of the fluvial channels. The

Paleo-Histosols in turn developed on the floodplain adjacent to the fluvial channels.
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Sequence Stratigraphy

In her regional work on the Desert Member, Hoffmeister (2011) divided the Desert IVF
into three parasequences. Additional parasequences are identified in this study based on the
paleosol and IVF facies. The tops of the paleosols were selected as parasequence boundaries due
to their lateral continuity and their representation as a persistent subaerial exposure surface
(Kraus, 1999). Two different types of paleosols can occur laterally at the tops of the
parasequences due to the lateral variability in topography and location with respect to the active
fluvial channel during deposition (Bown and Kraus, 1987). The shift from one paleosol type to
another can be seen in parasequence 3, where a paleo-Inceptisol (Tuscher 4) is adjacent to a
paleo-Entisol (Tuscher 3). In addition, parasequence boundaries were placed at the top of the
channel fills. The datum for the stratigraphic cross section is a fixed datum (a coal) and was
chosen for its lateral continuity (Scheppy, 2000). The parasequence boundaries were placed to
be congruous with the chemostratigraphic events. Five parasequence boundaries within the [VF
of the Desert Member were selected based on these criteria.

The sequence boundaries and systems tracts were not changed from the previous regional
work of Van Wagoner (1995) and Hoffmeister (2011). The Desert and Castlegate sequence
boundaries are laterally persistent and exhibit meters of relief through Tuscher Canyon. The
channel scour coincident with both sequence boundaries contain a lag of plant debris, wood
impressions, and rip-up clasts. The IVF of the Desert Member was deposited in the late LST to
TST based on stratal attributes and the sedimentologic response to base level rise (Van Wagoner,
1995; Van Wagoner et al., 1990). Two parasequence boundaries are interpreted in Tuscher 1 and
2 within the Grassy HST in the Desert Member. These parasequence boundaries were placed

based on the transition from facies 2 to facies 1 which represents a deepening in depositional
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environments. This interpretation is consistent with that of Van Wagoner (1995).
DISCUSSION

The Desert IVF was part of the late LST to TST and contains aggradationally stacked to
isolated fluvial channel-fill sandstones. According to Cleveland et al. (2007), immature
paleosols with sandy alluvial parent materials indicate high depositional rates and an increase of
accommodation. The rises in base level were discrete enough for the fluvial channels to avulse.
The rise of base level was also episodic since the fluvial channels are not always vertically
stacked or nested. Instead, the episodic changes in base level allowed the channels to meander
through the incised valley, and to be separated by overbank siltstones.

The causes for base level rise cannot be determined. Base level rise in fluvial systems
could be caused by eustasy, tectonic events, or paleoclimate. Some sequence stratigraphic
studies on fluvial strata discount eustasy as a significant factor in base level change if fluvial
systems are located far from the coast (Cleveland et al., 2007). The inclined heterolithic fluvial
strata and other tidal signatures indicates that the IVF was close enough to the KWIS to have
tidal influence (Shanley et al., 1992). Because of this, eustasy cannot be discounted as a factor
that influenced base level.

Stages of Valley Fill

The IVF was separated into nine stages based on the interpreted detailed sequence
stratigraphic framework of the IVF (Fig. 14). The term “stage” is used to refer to a single event
or group of related events that contribute to the development of the incised valley. Using the
pedofacies concept devised by Kraus (1987), a stage of fill within the IVF can be initiated from
channel avulsion from a change in base level, which caused truncation of the underlying strata

followed by subsequent infill of fluvial sediment. As the channel filled and migrated, overbank
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sediment was deposited and pedogenesis began. Pedogenesis then ended with the start of the
new stage that was initiated from aggradation in the IVF from a change in base level (Wright and
Marriott, 1993).

[Nustration of the stages can be seen in Figure 14. Some of the parasequences and
parasequence boundaries in this schematic are seen in Figure 7 and are noted when present. (1)
Stage 1 includes the incision into the Grassy HST from a lowering of base level at the initiation
of the Desert LST. (2) Stage 2 starts with the deposition of the straight system fluvial unit
coincident with a base level rise. This fluvial unit was not sampled in this study because it
occurs lateral to the location of the measured section (this stage is not shown on Figure 7). (3) In
stage 3, a second base level rise occurs followed by development of a new channel system which
truncates the underlying strata of stage 2. This is recorded in the stratigraphic record as inclined
heterolithic strata (tidally influenced channel fills) and subsequent paleo-Histosol pedogenesis.
Stage 3 contains chemostratigraphic event D? in Tuscher 2 and 3 and parasequence 1 on Figure 7.
(4) Stage 4 is associated with an increase in the rate of accommodation and initiates with a
parasequence boundary, deposition of a new channel, and the deposition of thinly bedded fluvial
sandstones and paleo-Histosol pedogenesis. Chemostratigraphic events E and F are within
Stage 4. Event E was not recorded in the overbank siltstones of Tuscher 2 (see cross section,
Figure 7; this parasequence is shown as PS2 in Figure 7). (5) Stage 5 starts with a base level rise,
the formation of another parasequence boundary, which is followed by the deposition of the
overbank siltstones and crevasse splay siltstones and sandstones of the new parasequence. The
deposits of this parasequence are then modified by paleo-Inceptisol pedogenesis. Within stage 5
is chemostratigraphic event G (missing from Tuscher 3 due to lack of sampling through the

covered section; this parasequence corresponds to PS3 in Figure 7). (6) Stage 6 initiates with a
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new base level rise, a new parasequence boundary, and as with the two previous stages,
deposition from a new channel and overbank system. These deposits are subsequently modified
by paleo-Histosol pedogenesis. Stage 6 contains chemostratigraphic event H within the fluvial
channel deposits. This parasequence corresponds to PS4 in Figure 7. (7) Stage 7 is associated
with another increase in base level followed by a parasequence boundary development, and the
fluvial deposits of the new parasequence. Pedogenesis is not recorded in this stage. This
parasequence corresponds to PS5 in Figure 7. (8) Stage 8 starts with a new base level rise,
formation of a new parasequence boundary and the deposition of new overbank sediments and
isolated channels, followed by pedogenesis (this parasequence corresponds to PS6 in Figure 7).
(9) In stage 9, truncation occurs from the incision of the Castlegate Sequence Boundary.

A minimum-average-age of each pedogenic event was derived from the paleosol
maturity (Retallack, 1984). This allowed minimum-average-age estimates to be made for
various stages. Stages 3, 4, and 6 have a 10,000 year minimum-average-age estimates because
of the occurrence of the paleo-Histosols that developed at the end of these stages. Stages 5 and 8
have a 1,000 year minimum-average-age estimate due to the paleo-Inceptisols that developed
during these stages. A minimum-average-age estimate was not interpreted for stages 1, 2, 7, and
9 because they lack observed paleosols within the study area. Any paleosols that may have
developed within these stages were eroded by the succeeding stages of incised valley fill. The
minimum-average-age estimates within the IVF are used to estimate a minimum age of the IVF
of approximately 32,000 years. This minimum estimate does not incorporate the time represented
by erosion and the deposition of the fluvial channels. Deposition within the IVF was episodic,
with various rates associated with pedogenesis (Bown and Kraus, 1987). Van Wagoner (1995)

estimated that the duration of the Desert Sequence at 200,000 to 300,000 years. The Desert IVF
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that underwent pedogenesis represents just a portion of this time frame. Further studies using
this stage fill approach on a greater lateral scale will more accurately predict the minimum-
average-age of the IVF.
Considerations for Constructing Parasequence Stratigraphy

The parasequence interpretations are constrained by the facies descriptions within the
IVF, the 8"°C data, and the previously published sequence stratigraphic framework (Hoffmeister,
2011; Van Wagoner, 1995). When identifying parasequence boundaries within an IVF, several
concepts must be considered. For sediment to be deposited and stored above the fluvial channel,
there must be a rise in base level leading to an increase in accommodation (Wright and Marriott,
1993). This process allows for fluvial deposits to stack upon overbank siltstones. For the
channel to avulse and for channel deposits to stack vertically, aggradation must occur which
requires an increase in base level. When channel and overbank deposits stack vertically, a
parasequence boundary should be placed at the top of the channel-fill deposits. Parasequence
boundaries are easiest to pick when a rapid rise in base level results in rapid flooding, and forms
an abrupt contact (i.e., a sharp surface) separating fluvial deposits. When the aggradation rates
are slow enough to allow fluvial and floodplain deposits to accrete vertically, the placement of
the parasequence boundaries becomes more complicated, as with parasequence boundary 4.

Correlating 8"°C chemostratigraphy and sequence stratigraphy can add additional
challenges. Parasequence boundaries and the chemostratigraphic events represent units of time
within the strata. Excursions in 8"°C can record events that occurred within a few years to
1,000s of years within terrestrial systems (Cerling and Quade, 1993). The length of time for a
particular chemostratigraphic event cannot be determined without additional dating techniques.

Even though the age of each chemostratigraphic event cannot be determined, the 8'"°C events
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within the IVF may have a shorter duration than the parasequence boundary. Parasequence
boundaries and chemostratigraphic correlations should not intersect. If this happened, it would
imply that the parasequence boundary had a shorter duration than the chemostratigraphic event.
Therefore, chemostratigraphic event E does not intersect parasequence boundary 1 in Tuscher 2.
For the greatest resolution, sampling for chemostratigraphy should be done at the
decimeter scale or less. Fluvial events within IVFs have the potential to occur rapidly and in
isolated events, therefore a greater resolution of sampling increases the likelihood to capture
these changes. Channel-fill and related overbank deposits should be sampled with closely space
vertical sections for a more complete analysis of the stages of valley fill.
Evaluation of Chemostratigraphic Analysis
The comparison of the 813C0rg and TOC stable-isotopic data demonstrates that the
sampling in spite of the different facies regardless of organic matter content, all yielded sound
data. The lower shoreface deposits were expected to have very little organic matter, but only 10
pg of organic carbon was needed for a precise analysis. The amount of material processed to
obtain 10 pg of organic carbon differed depending on the lithology of the sample, however, there
is no correlation between TOC values and 8"°C values and sample size. The TOC data does not
reflect the magnitude or the shape of the 8'°C events, indicating the events are driven by factors
other than amount of organic carbon or post depositional oxidation of the organic matter. This
comparison shows the efficiency of the sample processing and that a large scale study evaluating
the chemostratigraphic profiles of the highstand and the lowstand facies in the Blackhawk can be
conducted.
Paleoclimate

Parker (1976) and Hampson et al. (2005) completed paleoclimate studies from coals and
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fluvial strata within the highstand events in the Blackhawk Formation: the paleoclimate was
interpreted as humid and subtropical. Globally, there was a transition of hot to cool greenhouse
conditions with high sea levels and elevated CO, during the Campanian (Huber et al., 2002;
Jarvis et al., 2002). The paleosols from this study indicates that the paleoclimate of the incised
valley of the Desert Member was humid and temperate to subtropical. There are a lack of
slickensides, carbonate nodules, and other arid type ped features associated with drier paleosols
such as paleo-Aridisols (Mack et al., 1993). The paleo-Histosols indicate there were periods of
waterlogged conditions suggesting that there was excess precipitation to evaporation allowing
for mires to form (Lottes and Ziegler, 1994).

Davies et al. (2005) found that there were extensive raised mires in the highstand of the
older members of the Blackhawk Formation and that there were similar paleoclimatic conditions
to what Parker (1976) and Hampson et al. (2005) concluded. When the paleoclimate of the HST
is compared to the paleoclimate of the IVF within the Desert Member, there is not enough
evidence to suggest there was any change in the paleoclimate. The histic horizons in the IVF
paleosols are not as extensive or as thick as those seen the Sunnyside Coal, as reported by Davies
et al. (2005). However, the thickness of coal deposits is mostly a function of the period of
accumulation of peat material rather than the degree of precipitation (Retallack, 1990). The
duration of pedogenesis in the HST should be much greater than that of IVFs where there is
much greater variability in sedimentation rates and facies. It is likely then that the differences
between the paleo-Histosols formed in the HST versus the LST are due to length of pedogenesis
rather than the change in precipitation.

Based on the lack of systematic stable-isotopic changes throughout profiles, the stages

within the IVF were most influenced by changes in the regional paleoclimate patterns rather than
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changes in the global paleoclimate. The chemostratigraphic profiles that correspond to the stage
boundaries and the paleosols lack a specific pattern in their excursions indicating that the
initiation of a new stage and pedogenesis were not all responding to the same conditions. The
regional climate controlled pedogenesis.

Based on the magnitude of the §'°C profiles compared with the global curve or Jarvis et
al. (2006), the IVF should correlate between the Santonian/Campanian Boundary Event and the
Mid-Campanian Event (Jarvis et al., 2006). However, the chemostratigraphic data generated in
this study was taken over to short a section and at a resolution that was too low for an accurate
correlation with the global curves or with the large scale events. Van Wagoner (1995) had
estimated that the sequences within the IVFs of the Desert Member and Castlegate Sandstone
were on the order of 200,000 to 300,000 years while major events on global curves are on the
scale of 1 Ma (Jarvis et al., 2002). Furthermore, sampling strategy resulted in under sampling of
channel fills and flood plain deposits resulting in incomplete chemostratigraphic profiles.
Greater sampling that covers a longer timeframe is needed to accurately place the isotopic data
within the larger framework. Based on Van Wagoner’s (1995) sequence duration interpretations,
several members of the Blackhawk Formation and the Castlegate Sandstone should be analyzed
for comparison into the global §"°C curves.

CONCLUSIONS

The detailed facies analysis of the IVF paleosols with the 8'°C chemostratigraphic
analysis led to a refined parasequence-level sequence stratigraphic interpretation of the Desert
IVF. Within the fill, three moderately developed paleo-Histosols, three weakly developed paleo-
Inceptisols, and four very weakly developed paleo-Entisols were described. The paleo-Histosols

developed on the flood plain while the paleo-Entisols and paleo-Inceptisols developed on the
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levee sediments. Based on the paleosols, the paleoclimate was humid and temperate to
subtropical.

A 8"C and TOC chemostratigraphic architecture was developed for the Desert Member.
Eight chemostratigraphic events were selected based on the excursions within the 8'°C profiles.
The 8" Corg analyses were reliable for all of the facies described in this study including the lower
shoreface facies within the Grassy HST of the Desert Member.

Based from the new paleosol descriptions and chemostratigraphy, six parasequences were
selected within the IVF of the Desert Member. Parasequence boundaries were placed at the top
of paleosols and fluvial channels. The new parasequence boundaries provide better resolution to
the sequence stratigraphic framework within the IVF.

The IVF was part of the late lowstand to early transgressive systems tracts based from
stratal attributes and fluvial aggradation. The fill was divided into nine stages. A minimum-
average-age was determined for stages 3, 4, 5, 6, and 8 based on paleosol maturity within each
stage. Stages 3, 4, and 6 have minimum-average-ages of 10,000 because they contain paleo-
Histosols. Stages 5 and 8 have minimum-average-ages of 1,000 years since they contain paleo-
Inceptisols. A total minimum-average-age for pedogenesis within the IVF is 32,000 years.
These results prove that chemostratigraphy can be used in conjunction with sequence
stratigraphy within terrestrial systems to develop a parasequence level interpretation. Vertical
sampling at the 10 cm resolution within the fluvial channels and their associated overbank
deposits would have improved the interpretations.

Using a synthesis of chemostratigraphy, sequence stratigraphy, and detailed paleosol
facies work can help refine the stages and depositional history of an IVF. Understanding the

stages of [VFs at the parasequence level allow for better predictions of fluvial channel locations

28



and stratal relationships with the overbank deposits.
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FIGURES AND TABLES

Salt Lake

100 mi
100 km

Figure 1. Map of the study location with respect to the paleogeography during the highstand
deposition of the Blackhawk Formation and the present-day geography. (A) The Cretaceous
Western Interior Seaway (KWIS) in blue with respect to Utah. (B) The paleogeography of
Utah during highstand deposition depicting the KWIS and the Sevier orogenic belt with
respect to the Book Cliffs. (C) Satellite image of Tuscher Canyon with the four transects in
corresponding colors: Tuscher 1 is red, Tuscher 2 is green, Tuscher 3 is blue, and Tuscher 4
is yellow. The cross section line is in white. (Modified from Google Earth and (Houston et
al., 2000)).
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Figure 2. Lithostratigraphy of the Blackhawk Formation with the Castlegate Sandstone,
Star Point Formation, and the Emery Sandstone. The erosional unconformity, red wavy
line, separating the Blackhawk Formation and Castlegate Sandstone has been dated using
ammonite biostratigraphy to 80.5 Ma (Fouch et al., 1983; Gradstein et al., 2012; Van
Wagoner, 1995).
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Figure 3. Detailed sequence stratigraphic framework of the Castlegate Sandstone and the Desert
Member of the Blackhawk Formation proposed by Van Wagoner (1995) and modified by Hoffmeister
(2011). Measured section 1 is located in Tuscher Canyon. (Modified from Hoffmeister (2011)).
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Sequence Stratigraphic Nomenclature
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Figure 4. The lithostratigraphic and sequence stratigraphic nomenclature of the upper
member of the Blackhawk Formation and the Lower Castlegate Sandstone, with terminology
proposed by Van Wagoner (1995). The area studied in Tuscher Canyon is shaded in purple.
(Modified from Hoffmeister (2011)).
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Figure 6. TOC stable isotopic data with respect to depth for each transect.
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Figure7. Sequence stratigraphic cross section through Tuscher Canyon with 8"°C (blue graph)

and TOC (red graph) for each measured section. The measured section locations within

Tuscher Canyon are in the study area box. Tuscher 1 is a composite section. The gray shading

is chemostratigraphic events labeled A through H. Parasequence boundaries are denoted PSB

and parasequences PS.
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Facies 6: Straight fluvial system
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sandstones
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Figure 8. Idealized stratigraphic cross section of the facies described in Table 1. The red wavy
line denotes the location of a sequence boundary and the symbol key is located in Figure 7.
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Figure 9. Paleo-Entisols (facies 6a) with interpreted horizons from Tuscher 3. (A) A
paleo-Entisol that developed on overbank sediments that consists of two distinct rooted C
horizons truncated by a fluvial channel. (B) Paleo-Entisol with a weak A horizon
followed by a rooted C horizon that developed on fluvial channel sediments.
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Figure 10. Root types seen in the Protosols of the IVF. (A) sinuous and thick (cm), (B)
linear and thick, (C) clay lined tubules, and (D) thin (mm) slightly sinuous to straight
roots.
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Figure 11. The pedogenic features seen within the paleosols of the IVF. (A) Blocky ped
structure, cm scale, (B) rounded amber, usually a few mm in size, (C) disseminated organic matter
(D) gleyed color (Dark gray N4/ N/Gley) and compressed coalified tree limbs.
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Bwi1

Bw2

Figure 12. Paleo-Inceptisol (facies 6b) from Tuscher 4 with a pen for scale. This
paleo-Inceptisol has a weak A horizon followed by two distinct rooted Bw horizons
with angular ped structured and is underlain by a Cr horizon.
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Figure 13. Paleo-Histosol (facies 7) from Tuscher 4. This paleosol has a coal O horizon
that is followed by a platy A horizon and a weak Bw horizon that is underlain by a sandy
Cr horizon.
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Stage 4: Deposition of additional
fluvial and related deposits,
Events Eand F

Stage 3: Tidally influenced fluvial
channel, Event D?

Stage 2: Straight fluvial system

Stage 1: Incision by the Desert Sequence
Boundary

Figure 14a and b. Stages of valley fill within the IVF of the Desert Member.
Chemostratigraphic events are represented by a yellow star.
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Stage 9: Incision by the Castlegate Sequence Boundary

Stage 8: Deposition of overbank deposits
and isolated channels

Stage 7: Deposition of a new fluvial
channel

Stage 6: New fluvial and overbank
deposits, Event H

Stage 5: Deposition of new PS with
fluvial and overbank deposits,
Event G
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Tuscher 1 Stable Isotope Data

Percent
Sample Number Depth (m) Carbonate (%) TOC (%) 813Corg (%0)
TUSI-0.5H 0.5 13.8 0.51 -25.52
TUS1-1.1 H 1.1 12.5 0.18 -26.09
TUS1-1.5 H 1.5 17.2 0.54 -25.51
TUS1-1.7H 1.7 15.3 0.89 -25.37
TUS1-2.5 H 2.5 15.5 1.27 -25.77
TUSI-3.0H 3.0 16.7 0.69 -25.83
TUS1-3.5 H 3.5 17.0 0.49 -26.10
TUS1-4.0 H 4.0 16.4 1.10 -25.67
TUS1-4.5H 4.5 15.8 0.50 -25.88
TUS1-5.0 H 5.0 15.6 0.54 -25.82
TUSI-5.5H 5.5 17.5 0.09 -27.23
TUS1-6.0 H 6.0 15.4 0.93 -25.57
TUSI1-6.5H 6.0 13.6 0.25 -26.28
TUS1-7.0 H 6.5 13.6 0.20 -27.02
TUSI-7.5H 7.0 9.8 0.48 -25.89
TUSI-8.0 H 7.5 18.7 0.11 -27.15
TUS1-8.5 H 8.0 12.6 0.81 -25.92
TUSI1-9.0 H 8.5 28.8 0.11 -27.37
TUS1-9.5 H 9.0 25.8 0.08 -27.37
TUS1-10.0 H 9.5 11.9 0.08 -27.51
TUS1-10.4 H 10.0 8.7 0.15 -26.38
TUS1-10.5H 10.4 10.1 0.10 -27.33
TUS2-11.0H 10.5 10.5 0.06 -27.58
TUS2-11.5H 11.0 6.5 0.06 -26.76
TUS2-12.0 H 11.5 9.4 0.05 -26.13
TUS2-12.5H 12.0 12.8 0.08 -24.84
TUS2-12.8 H 12.5 11.6 0.06 -26.09
TUS2-15.1 H 12.8 9.9 0.03 -27.16
TUS3-13.5H 15.1 8.8 0.05 -26.40
TUS3-14.0 H 13.5 6.4 0.06 -27.12
TUS3-14.5 H 14.0 10.1 0.05 -27.37
TUS3-15.0H 14.5 9.4 0.08 -26.54
TUS3-15.5H 15.0 8.8 0.05 -26.99
TUS3-16.0 H 15.5 9.7 0.05 -26.87
TUS3-16.5H 16.0 12.1 0.11 -26.13
TUS3-17.0 H 16.5 10.7 0.06 -27.64
TUS3-17.5H 17.0 17.8 0.10 -26.72
TUS3-18.0 H 17.5 16.4 0.05 -25.48
TUS3-18.5 RH 18.0 15.5 0.04 -27.57
TUS3-19.0 H 18.5 13.2 0.05 -27.70
TUS3-19.5H 19.0 38.5 0.11 -26.23
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TUS3-20.0 H 19.5 16.8 0.03 -27.42
TUS3-20.5 H 20.0 14.6 0.05 -27.53
TUS3-21.0H 20.5 15.6 0.06 -28.00
TUS3-21.1H 21.0 20.9 0.93 -25.95
TUS3-21.2 H 21.1 23.8 1.07 -25.47
TUS3-21.3 H 21.2 23.7 1.04 -25.86
TUS3-214 H 21.3 21.3 0.47 -25.81
TUS3-21.5H 214 223 0.65 -25.66
TUS3-21.6 H 21.5 28.0 0.89 -26.04
TUS3-21.7H 21.6 28.5 0.50 -26.43
TUS3-219H 21.7 22.2 0.15 -26.14
TUS3-22.0 H 21.9 25.7 0.38 -25.85
TUS3-22.1H 22.0 20.5 0.22 -25.92
TUS3-22.2 H 22.1 21.7 0.14 -26.56
TUS3-22.3 H 22.2 35.9 0.15 -26.37
TUS3-22.4 H 22.3 12.1 0.08 -27.85
TUS3-23.4 RH 22.4 8.3 0.07 -27.75
TUS3-23.6 H 234 7.2 0.05 -26.68
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Tuscher 2 Stable Isotope Data

Percent Carbonate

Sample Number Depth (m) (%) TOC (%) 8" Corg (%0)
TUT-0.5 0.5 16.0 0.92 -25.73
TUT-0.5R 0.5 10.9 1.01 -25.79
TUT-1.0 1.0 8.9 0.05 -27.20
TUT-1.5 1.5 6.6 0.07 -27.01
TUT-2.0 2.0 18.3 0.10 -28.65
TUT-2.5 2.5 11.1 0.07 -27.58
TUT-3.0 3.0 19.6 0.10 -27.86
TUT-3.5 3.5 11.1 0.07 -27.38
TUT-4.0 4.0 12.1 0.18 -26.15
TUT-4.0R 4.0 12.5 0.36 -25.73
TUT-4.1 4.1 13.7 0.12 -26.43
TUT-4.2 4.2 8.4 0.09 -26.15
TUT-4.3 43 7.8 0.09 -25.32
TUT-4.4 4.4 7.7 0.05 -25.23
TUT-4.5 4.5 9.4 0.16 -25.42
TUT-4.6 4.6 13.6 0.51 -25.68
TUT-4.7 4.7 10.6 0.32 -25.38
TUT-4.8 4.8 13.8 0.34 -25.69
TUT-4.9 4.9 12.6 0.09 -27.07
TUT-5.5 55 17.1 0.06 -28.80
TUT-6.0 6.0 18.1 0.07 -29.07
TUT-6.5 6.5 12.1 0.04 -26.98
TUT-7.5 7.5 15.8 0.05 -28.79
TUT-7.5R 7.5 25.1 0.05 -27.29
TUT-8.5 8.5 21.4 0.06 -27.32
TUT-9.0 9.0 25.9 0.24 -26.94
TUT-9.0R 9.0 17.3 0.04 -28.18
TUT-9.1 9.1 27.1 0.53 -25.78
TUT-9.2 9.2 26.2 0.25 -25.36
TUT-9.2R 9.2 26.1 0.20 -25.19
TUT-9.3 93 31.1 0.14 -25.68
TUT-9.4 9.4 29.8 0.42 -25.39
TUT-9.5 9.5 26.1 0.53 -24.76
TUT-9.6 9.6 33.0 0.22 -25.50
TUT-9.7 9.7 28.9 0.94 -25.51
TUT-9.9 9.9 28.2 0.42 -25.35
TUT-10.0 10.0 21.4 0.14 -27.07
TUT-10.0R 10.0 44.8 0.23 -26.01
TUT-10.1 10.1 38.0 0.58 -25.52
TUT-10.1R 10.1 60.3 0.40 -25.74
TUT-10.3 10.3 28.0 0.78 -25.66
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TUT-10.4 10.4 32.7 0.89 -25.71
TUT-10.5 10.5 37.7 0.92 -26.17
TUT-10.5R 10.5 354 1.02 -25.62
TUT-10.5RR 10.5 27.7 0.54 -25.77
TUT-10.6 10.6 39.9 1.66 -25.89
C-0.2 10.8 12.5 0.17 -25.23
C-0.25 10.9 21.0 29.54 -24.11
C-04 11.0 18.1 27.32 -24.18
C-0.5 11.1 27.5 19.89 -24.29
C-0.6 11.2 30.9 36.90 -24.02
C-0.7 11.3 204 38.80 -23.53
C-0.8 11.4 23.5 9.34 -23.89
C-0.9 11.5 214 15.50 -24.10
C-1.0 11.6 8.7 0.11 -25.99
C-1.1 11.7 29.9 24.06 -23.85
C-13 11.9 22.5 9.48 -24.16
C-14 12.0 22.7 18.67 -24.14
C-1.6 12.2 19.4 25.51 -24.09
C-2.0 12.6 27.2 33.05 -24.41
C-2.0R 12.6 6.2 0.87 -24.97
C-2.0RR 12.6 7.7 28.28 -23.23
C-2.5 13.1 12.0 61.09 -21.96
C-3.0 13.6 25.8 16.49 -24.34
C-3.5 14.1 30.9 1.69 -26.02
C-4.0 14.6 14.6 0.03 -19.84
C-4.5 15.1 13.9 0.06 -26.88
C-5.0 15.6 13.8 0.02 -26.46
C-6.0 16.6 53 0.15 -26.09
C-6.5 17.1 17.8 0.16 -25.47
C-7.0 17.6 16.6 0.03 -26.99
C-74 18.0 33.4 0.29 -25.45
C-8.0 18.6 33.9 0.37 -25.70
C-8.3 18.9 32.4 0.75 -25.98
C-8.4 19.0 7.6 1.67 -25.97
C-8.5 19.1 3.5 1.81 -26.02
C-8.6 19.2 23 1.53 -25.79
C-8.7 19.3 3.1 0.80 -25.40
C-8.8 19.4 4.8 6.03 -24.77
C-8.9 19.5 23 1.48 -25.38
C-89R 19.5 3.9 2.56 -25.33
C-8.95 19.6 4.3 7.17 -24.60
C-9.05 19.7 7.8 21.99 -24.26
C-9.15 19.8 7.9 39.89 -25.00
C-9.2 19.8 8.1 22.52 -24.85
C-93 19.9 8.7 26.66 -24.83
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C-94 20.0 13.1 6.66 -25.24
C-9.5 20.1 3.8 2.20 -25.13
C-9.5 20.1 8.8 3.18 -26.01
C-9.6 20.2 8.1 17.79 -24.56
C-9.7 20.3 18.2 20.99 -23.82
C-9.8 204 28.1 36.26 -23.64
C-9.8R 20.4 33.6 0.44 -25.05
C-9.9 20.5 20.6 34.69 -24.05
C-10.1 20.7 6.3 1.18 -25.06
C-10.8 214 13.7 32.83 -24.57
C-11.0 21.6 7.8 0.39 -24.35
C-12.0 22.6 9.3 0.09 -27.42
C-12.1 22.7 31.2 0.95 -25.99
C-12.2 22.8 23.0 39.47 -24.52
C-12.5 23.1 15.2 1.23 -26.09
C-12.8 234 24.8 40.20 -24.44
C-12.9 23.5 21.9 37.06 -24.34
C-13.0 23.6 16.6 49.28 -23.18
C-13.0R 23.6 22.7 0.53 -25.16
C-133 23.9 18.3 33.79 -25.08
C-13.9 24.5 17.2 0.09 -25.11
C-14.0 24.6 20.6 0.24 -25.05
C-15.0 25.6 13.5 56.43 -25.25
C-15.3 25.9 19.0 44.97 -24.43
C-154 26.0 13.7 26.16 -24.86
C-15.5 26.1 26.4 40.34 -25.53
C-16.1 26.7 54 2.74 -24.03
C-17.3 27.9 373 6.09 -24.58
C-184 29.0 31.2 14.95 -23.95
C-18.5 29.1 1.7 0.08 -26.09
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Tuscher 3 Stable Isotope Data

Percent Carbonate
Sample Number Depth (m) (%) TOC (%) 8" Core (%0)
Tus3¢c-0.1 V 0.1 21.2 0.51 -24.71
Tus3¢-0.2 V 0.2 234 0.18 -24.33
Tus3¢-0.3V 0.3 19.2 0.54 -23.85
Tus3¢c-0.4 H 04 0.0 0.89 -25.93
Tus3¢c-0.5V 0.5 23.0 1.27 -24 .34
Tus3c-1.0V 1.0 25.2 0.69 -2391
Tus3c¢c-1.5H 1.5 11.9 0.49 -24 .86
Tus3¢c-2.0 H 2.0 10.1 1.10 -24.54
Tus3¢c-2.5H 2.5 10.1 0.50 -26.91
Tus3¢c-3.0H 3.0 8.9 0.54 -24.59
Tus3c-3.5V 35 32.5 0.09 -24.64
Tus3¢c-3.6 V 3.6 23.5 0.93 -24.49
Tus3¢c-4.0 H 4.0 14.2 0.51 -24.51
Tus3¢c-4.5V 4.5 27.0 0.25 -24.35
Tus3c-5.0 H 5.0 12.5 0.20 -24.73
Tus3¢c-5.5V 5.5 28.7 0.48 -24.57
Tus3¢c-6.0 H 6.0 25.3 0.11 -24.34
Tus3c-6.5 H 6.5 20.3 0.81 -26.02
Tus3¢c-7.0V 7.0 29.0 0.11 -24.69
Tus3c-7.5V 7.5 32.6 0.08 -26.01
Tus3¢c-8.0 H 8.0 14.0 0.08 -25.49
Tus3¢c-8.12V 8.1 7.7 0.15 -24 .89
Tus3¢c-8.2 H 8.2 23.8 0.10 -26.15
Tus3¢c-8.5V 8.5 28.9 0.06 -24 .89
Tus3c-9.0 V 9.0 33.2 0.06 -26.27
Tus3¢-9.1 V 9.1 254 0.05 -25.49
Tus3¢c-9.2 V 9.2 44.8 0.08 -25.62
Tus3c-9.3V 93 30.0 0.06 -25.54
Tus3¢c-9.5H 9.5 24.7 0.03 -26.74
Tus3c-9.6 H 9.6 26.7 0.05 -25.79
Tus3c-9.7V 9.7 26.7 0.06 -25.26
Tus3¢c-9.8 H 9.8 19.3 0.05 -24.11
Tus3c-9.9 V 9.9 25.7 0.08 -24.44
Tus3¢c-10.0 H 10.0 35.9 0.05 -24.14
Tus3¢c-10.1V 10.1 30.8 0.05 -21.22
Tus3c-10.2 V 10.2 26.6 0.11 -25.08
Tus3¢c-10.3V 10.3 30.7 0.06 -25.88
Tus3c-104 'V 10.4 259 0.10 -25.72
Tus3¢c-10.5V 10.5 274 0.05 -24.06
Tus3¢c-10.9 V 10.9 249 0.04 -25.49
Tus3c-11.0V 11.0 28.5 0.05 -25.06
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Tus3c-11.5H 11.5 30.9 0.11 -25.06
Tus3c-12.0 H 12.0 43.5 0.03 -26.74
Tus3c-12.4 V 12.4 90.3 0.05 -24.47
Tus3c-12.8B V 12.8 43.2 0.06 -25.36
Tus3c-13.0V 13.0 20.5 0.93 -24.57
Tus3c-14.0 V 14.0 343 1.07 -24.70
Tus3c-15.0 H 15.0 3.6 1.04 -25.48
Tus3c-15.8 V 15.8 35.8 0.47 -24.65
Tus3c-15.85V 15.9 29.6 0.65 -24.96
Tus3c-15.9 Root V 15.9 32.4 0.89 -24.43
Tus3c-16.0 V 16.0 22.5 0.15 -24.77
Tus3c-16.0R V 16.0 25.2 0.38 -24.07
Tus3c-16.08 V 16.1 14.8 0.22 -24.81
Tus3c-16.1 H 16.1 4.1 0.14 -25.10
Tus3c-16.1 V 16.1 21.1 0.15 -24.88
Tus3c-16.1 H 16.1 2.1 0.08 -25.52
Tus3c-16.2 H 16.2 15.7 0.07 -26.09
Tus3c-16.2 H 16.2 18.4 0.05 -26.43
Tus3c-16.2V 16.2 24.2 45.44 -26.62
Tus3c-16.3 V 16.3 29.6 37.18 -24.28
Tus3c-17.0 H 17.0 16.7 8.90 -28.40
Tus3c-17.6 V 17.6 26.2 0.06 -24.62
Tus3c-17.7V 17.7 39.2 10.52 -24.96
Tus3c-18.8 H 18.8 8.9 21.49 -26.27
Tus3c-19.0 V 19.0 6.6 0.25 -24.79
Tus3c-19.1 V 19.1 8.5 0.17 -23.85
Tus3c-19.3 V 19.3 15.0 0.05 -25.27
Tus3c-19.4 V 19.4 70.0 0.33 -24.91
Tus3c-19.5 H 19.5 8.5 34.19 -26.15
Tus3c-19.7H 19.7 7.2 37.10 -25.67
Tus3c-19.8 H 19.8 6.1 0.20 -25.86
Tus3c-19.8 V 19.8 14.4 18.95 -24.43
Tus3c-20.3 H 20.3 9.1 0.55 -25.11
Tus3¢-20.5 RV 20.5 16.6 4.04 -22.32
Tus3¢-20.7V 20.7 14.4 7.24 -24.76
Tus3c-21.2 H 21.2 6.1 0.02 -27.40
Tus3c-21.3 H 21.3 5.8 3.27 -26.70
Tus3c-21.4V 214 12.9 0.66 -25.62
Tus3c-21.5H 21.5 20.5 0.18 -26.27
Tus3c-21.5RH 21.5 9.9 43.60 -26.31
Tus3¢-21.55V 21.6 -1.8 1.70 -24.02
Tus3c-21.6 H 21.6 3.0 0.48 -26.64
Tus3c-21.7H 21.7 6.9 1.14 -26.11
Tus3c-21.8 H 21.8 31.9 0.49 -25.95
Tus3c-21.8 V 21.8 21.1 0.57 -24.70
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Tus3c-21.9 CH 21.9 1.5 0.35 -27.23
Tus3¢-21.9 RH 21.9 8.8 0.41 -27.06
Tus3c-22.1 H 22.1 10.0 0.68 -25.85
Tus3c-22.1 V 22.1 53 0.19 -23.42
Tus3c-22.1 V 22.1 9.1 0.80 -24.79
Tus3c-22.2V 22.2 14.6 0.69 -25.41
Tus3¢-22.2 RH 22.2 16.2 0.53 -26.65
Tus3c-22.3 H 223 2.1 0.60 -26.77
Tus3c-22.3V 22.3 11.3 0.42 -23.92
Tus3c-22.4 H 22.4 4.9 19.50 -28.98
Tus3c-22.6 V 22.6 15.3 1.39 -24.23
Tus3c-22.8 V 22.8 20.4 2.12 -24.68
Tus3c-23.6R V 23.6 14.0 0.63 -24.86
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Tuscher 4 Stable Isotope Data

Percent Carbonate

Sample Number Depth (m) (%) TOC (%) 8" Corg (%0)
Tus4-3.5 H 3.5 22.8 0.31 -26.33
Tus4-3.8 H 3.8 222 0.16 -26.46
Tus4-4.0 H 4.0 20.8 0.24 2477

Tus4-4.5 RV 4.5 11.7 50.96 -25.16
Tus4-4.5 H 4.5 22.6 0.60 -25.85
Tus4-5.0 H 5.0 19.7 0.80 -25.78
Tus4-5.1 V 5.1 29.4 8.90 -24.44
Tus4-5.2 V 5.2 12.5 35.20 -24.00
Tus4-5.3 V 53 12.0 34.81 -24.28
Tus4-5.4 H 5.4 16.2 39.78 -25.58
Tus4-5.4 V 5.4 11.0 48.00 -24.64

Tus4-5.4 RV 54 15.1 47.53 -25.34
Tus4-5.5 V 55 13.0 49.27 -24.75
Tus4-5.6 V 5.6 -196.7 109.91 -24.46
Tus4-5.7 V 5.7 212 27.99 -23.95
Tus4-5.8 V 5.8 13.5 42.00 -24.89
Tus4-5.9 V 5.9 223 37.58 -24.15
Tus4-6.0 V 6.0 227 44.01 -23.67
Tus4-6.2 V 6.2 20.5 45.29 -24.66
Tus4-6.3 V 6.3 16.4 35.16 -21.58
Tus4-6.4 V 6.4 253 2443 -24.18
Tus4-6.5 H 6.5 7.1 0.87 -26.14
Tus4-7.0 H 7.0 4.9 1.09 -25.95
Tus4-7.1 H 7.1 5.7 1.88 2631
Tus4-7.2 H 7.2 4.5 1.48 2621

Tus4-7.2 RH 72 5.8 0.95 -26.24
Tus4-7.3 H 7.3 55 1.43 -26.39
Tus4-7.5 V 7.5 30.1 25.69 -23.93
Tus4-7.6 V 7.6 10.8 12.07 -24.05
Tus4-7.7 V 7.7 18.5 28.71 -24.20
Tus4-7.9 H 7.9 7.8 1.68 -24.88
Tus4-8.0 V 8.0 19.1 34.38 -24.58
Tus4-8.0 H 8.0 10.5 1.05 -25.02
Tus4-8.3 V 8.3 26.6 40.73 -23.86
Tus4-8.5 V 8.5 22.0 42.30 -23.76
Tus4-8.5 H 8.5 16.2 1.69 -25.57
Tus4-9.0 H 9.0 12.0 0.32 -26.97
Tus4-9.1 V 9.1 475 9.75 -24.82

Tus4-9.15 V 9.2 33.3 17.91 -25.27

Tus4-9.25 V 93 26.3 36.49 -23.58
Tus4-9.4 V 9.4 14.7 22.13 -24.14
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Tus4-9.5 H 9.5 3.6 0.05 -28.99
Tus4-9.6 H 9.6 4.5 0.05 -28.52
Tus4-10.0 H 10.0 -113.1 0.74 -25.43
Tus4-10.5H 10.5 24.1 0.23 -26.54
Tus4-11.0 H 11.0 12.9 0.17 -26.12
Tus4-11.2 H 11.2 7.7 0.04 -29.45
Tus4-11.2 RH 11.2 5.0 3.66 -26.51
Tus4-11.5H 11.5 26.3 0.28 -25.29
Tus4-11.8 TV 11.8 24.7 19.54 -23.59
Tus4-11.8 R 11.8 25.8 12.91 -24.06
Tus4-12.0V 12.0 4.2 65.19 -24.36
Tus4-12.1 H 12.1 3.9 5.89 -25.70
Tus4-12.2 H 12.2 5.7 4.35 -26.09
Tus4-12.3 H 12.3 3.8 1.07 -27.18
Tus4-12.5H 12.5 3.1 2.10 -25.38
Tus4-12.5 TV 12.5 13.3 49.80 -25.61
Tus4-12.5 TRV 12.5 21.7 24.81 -24.76
Tus4-12.8 TV 12.8 11.3 24.32 -24.14
Tus4-12.8 TRV 12.8 53 22.64 -25.01
Tus4-12.9 H 12.9 24 2.97 -26.18
Tus4-13.05 V 13.1 9.2 20.64 -24.48
Tus4-13.1 H 13.1 5.1 0.27 -25.49
Tus4-13.3V 13.3 12.9 15.84 -24.14
Tus4-14.0 H 14.0 2.5 0.04 -27.49
Tus4-14.5 H 14.5 8.2 0.18 -26.28
Tus4-15.0 H 15.0 5.9 0.05 -26.48
Tus4-15.1 H 15.1 9.0 1.07 -26.48
Tus4-153 H 15.3 7.8 1.32 -26.84
Tus4-15.5H 15.5 9.1 0.28 -27.13
Tus4-15.7H 15.7 8.5 1.34 -26.97
Tus4-16.0 H 16.0 9.6 1.03 -26.30
Tus4-16.1 H 16.1 3.6 4.10 -25.03
Tus4-16.3 H 16.3 14.5 1.76 -26.74
Tus4-16.4 H 16.4 13.3 1.60 -26.73
Tus4-16.5H 16.5 9.5 0.64 -26.44
Tus4-16.6 RH 16.6 11.0 39.84 -24.53
Tus4-16.7H 16.7 19.6 6.08 -24.21
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