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ISOTOPE HYDROLOGY OF EARLY PALEOGENE LAKE FLAGSTAFF,
CENTRAL UTAH: IMPLICATIONS FOR CORDILLERAN EVOLUTION

JUSTIN H. VANDEVELDE*##T and GABRIEL J. BOWEN#-#*3

ABSTRACT. Lacustrine sediments from Paleogene foreland basins of the North
American Cordillera serve as powerful integrators of information on climatic and
tectonic conditions, but episodes of hydrologic connection between basins may
confound straightforward interpretations. We use stable isotope ratios of carbon and
oxygen in authigenic carbonates of the Flagstaff Formation in central Utah to investi-
gate the history of the lake system which produced these sediments. Flagstaff lime-
stone and dolostone exhibit isotopic compositions consistent with having formed from
the same fluid at surface conditions, indicating high evaporative concentration was
unnecessary to drive dolomite precipitation. Isotopic data are consistent with the
Flagstaff Formation having been produced by a large lake which occupied its basin
from the late Paleocene into the early Eocene. Lake Flagstaff was hydrologically
distinct from Lake Uinta to the north, but may have been connected to Lake Claron in
the south. Paleoaltimetry estimates suggest that the mean elevation of Lake Flagstaff’s
catchment in the Sevier Highlands did not exceed 1.5 km. The growing evidence from
stable isotope data that Cordilleran elevations were relatively low in the early Paleo-
gene is in stark contrast to structural and sedimentological evidence for a high
Nevadaplano and a topographically rugged Sevier thrust belt.
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lera, Sevier orogeny, dolomite, paleoaltimetry, paleolimnology

INTRODUCTION

Lacustrine deposits are common in the rock record of continental environments.
Because they integrate information on hydrologic and environmental conditions for
their surrounding drainage, authigenic lacustrine sediments have proven a particularly
useful tool in the study of ancient and modern landscapes (Talbot, 1990; Arenas and
others, 1997; Li and Ku, 1997; Saez and Cabrera, 2002; Paz and Rossetti, 2006; Leng
and Henderson, 2013). A multitude of recent studies have used stable isotope analysis
of lacustrine carbonates to investigate the history of the large lake systems which
evolved along the Western Cordillera in association with the Laramide orogeny (fig.
1A) (Bowen and others, 2008; Carroll and others, 2008; Davis and others, 2008;
Gierlowski-Kordesch and others, 2008; Smith and others, 2008; Davis and others,
2009a; Davis and others, 2009b; Doebbert and others, 2010; Bristow and others, 2012).
These studies reveal a complex history of changing landscapes in response to the
dynamic tectonics and climate of the early Paleogene. The Flagstaft Formation of
central Utah provides one such record, deposited by a lake that formed in an
intermontane basin bounded on the west by the frontal thrust of the Sevier orogenic
belt, and on the east by the Laramide San Rafael Swell (fig. 1A) (Stanley and Collinson,
1979). Flagstaff Formation carbonates have been the subject of previous isotopic study
(Weber, 1964; Neat and others, 1979; Bowen and others, 2008; Gierlowski-Kordesch
and others, 2008) focused at sites on the Wasatch Plateau, where the best exposures are
located.
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Fig. 1. (A) Digital elevation map of Utah and surrounding states, with Paleogene topographic features
superimposed, after Lawton (2008) and Davis and others (2008). Structures are labeled as follows: AB,
Axhandle Basin; CB, Claron Basin; CCU, Circle Cliffs Uplift; DCA, Douglas Creek Arch; FB, Flagstaff Basin;
GGRB, Greater Green River Basin; KU, Kaibab Uplift; MU, Monument Uplift; PCB, Piceance Creek Basin;
SRS, San Rafael Swell; UB, Uinta Basin; UNU, Uncompahgre Uplift; UU, Uinta Uplift. Bold black rectangle
shows extent of (B), sampled localities referred to in text. Black circles are sites from this study, white,
numbered circles are from (1) Bowen and others (2008), (2) Bowen and Bowen (2008), (3) Davis and others
(2008), (4) Davis and others (2009a), (5) Davis and others (2009b), and (6) Chamberlain and others (2012).

The recent study of Bowen and others (2008) reported new, high-resolution
isotopic and stratigraphic data relevant to reconstructing the paleoenvironmental
geochemistry of Lake Flagstaff. This previous study was somewhat limited stratigraphi-
cally and spatially, in that it reported data only from the lower two members of the
Flagstaff Formation, and did not investigate exposures beyond the Wasatch Plateau. It
therefore provided an incomplete picture of the lake’s evolution. Here, we report new
data on stable isotope geochemistry, mineralogy, stratigraphy and petrology from the
upper Flagstaff Formation, including sites on the southern Wasatch Plateau and in the
San Pitch Mountains (Gunnison Plateau) situated ~40 km to the northwest in the
syntectonic Axhandle Basin (fig. 1B) (Lawton and Trexler, 1991; Talling and others,
1995). We integrate this new data with previous studies to produce a paleohydrological
record of Lake Flagstaff, which can be compared with records from other Paleogene
lacustrine basins situated to the north and south along strike of the Sevier thrust. These
comparisons allow us to test previously hypothesized episodes of connection between
Lake Flagstaff and the adjacent basins, and to better understand the topographic
setting in which the lake evolved.

SETTING

Beginning in the latest Cretaceous, drainage reorganizations as a result of the
Sevier and Laramide orogenies were conducive to the development of large and
well-developed lacustrine systems along the central Western Cordillera of North
America (Dickinson and others, 1986; Dickinson and others, 1988; Yuretich, 1989;
Lawton, 2008) (fig. 1A). In the Flagstaff Basin this transition occurs where the fluvial
sandstones, siltstones and paleosols of the North Horn Formation are replaced by and
locally interfinger with lacustrine carbonates and mudstones of the Flagstaff Formation
(fig. 2) (Stanley and Collinson, 1979; Wells, 1983; Bowen and others, 2008). Non-
marine limestones on the Wasatch Plateau were first described as a member of the
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Fig. 2. Generalized chronostratigraphy of the major basins referred to in the text. Units are plotted
from west to east within basins. Lacustrine units are shaded gray and fluvial units are patterned. Tp, Pine
Hollow Fm; Tcr, Red Mbr of the Claron Fm; TKn, North Horn Fm; Tff, Tfc, Tfm, Ferron Mtn, Cove Mtn and
Musinia Pk Mbrs of the Flagstaff Fm; Tc, Colton Fm and correlative in Flagstaff Basin; Tgf, Tgm, Tg, Flagstaff
Mbr, Main Body and Undivided Green River Fm.

Wasatch Formation by Spieker and Reeside (1925); Spieker (1946) later elevated the
Flagstaff Limestone to formation status. Subsequent investigations extended mapping
of the Flagstaff Formation as far north as the Uinta Basin, where the Flagstaft was later
demoted to a member of the Green River Formation (Ryder and others, 1976), and to
the west and south, including the Gunnison Plateau (also called the San Pitch
Mountains), the Valley and Pavant ranges, and the Fish Lake Plateau (Stanley and
Collinson, 1979).

On the Wasatch Plateau, Stanley and Collinson (1979) divided the Flagstaff
Formation into three members. The lower Ferron Mountain Member is distinguished
by the dominance of carbonate deposition, and calcitic limestones within the Ferron
Mountain Member contain abundant freshwater gastropod fossils. The dominant
carbonate mineralogy shifts from calcite to dolomite up-section, and invertebrate
fossils become markedly less common. The Ferron Mountain Member gradually
transitions into the middle Cove Mountain Member, consisting predominantly of a
fossiliferous mudstone and thin dolomite beds. Evaporative concentration of the lake
during deposition of the Cove Mountain Member is indicated by mud cracking,
paleosol formation (Bowen and others, 2008), and a ~20 meter package of massive
bedded gypsum present at the type locality of Cove Mountain. The uppermost Musinia
Peak Member is identified based on the reoccurrence of fossiliferous, calcitic micrites.
On the Wasatch Plateau, the Musinia Peak Member is only preserved both in
significant thickness and in stratigraphic continuity at its type locality. Elsewhere, it
occurs only as thin, isolated remnants of gastropod-bearing limestone lying on the
Cove Mountain Member, or where localized faulting has obscured stratigraphic
relations.

Significant lacustrine deposits also exist within the Axhandle piggyback basin to
the west, although deposition remained primarily fluvial through most of the early
Flagstaff interval, with the Paleocene-Eocene boundary in this basin occurring in the
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North Horn Formation (Bowen and Bowen, 2008). An interval of lacustrine carbonate
interfingering with the North Horn Formation below the Paleocene-Eocene boundary
is recognized as the Wales Tongue of the Flagstaff Formation (Talling and others,
1995), and several tens of meters of thickly bedded, fossiliferous lacustrine carbonate
overlie the North Horn Formation. Previous work has suggested that these carbonates
were deposited during highstand intervals of the Ferron Mountain and Musinia Peak
Members, when the lake was able to overtop the Sanpete Valley Antiform separating
the Axhandle and Flagstaff basins (Stanley and Collinson, 1979; Lawton and others,
1993; Talling and others, 1995). Most sediments overlying the Flagstaff Formation have
been removed by subsequent erosion, but where they are preserved the Flagstaff
Formation is typically separated from the lacustrine Green River Formation deposits by
fluvial sandstone (Marcantel and Weiss, 1968). Though these fluvial deposits have
historically been described as the Colton Formation, recent petrographic study shows
these sands have a highly distinct provenance from the main body of the Colton
Formation in the Uinta Basin (Dickinson and others, 2012), with those authors
suggesting the Colton in this area merits reclassification.

Lake Flagstaff was only part of the first pulse of widespread lake systems existing
along the Sevier thrust front during the early Paleogene. The Green River Lake system
occupied the Uinta, Piceance Creek and Greater Green River Basins of northern Utah,
northwestern Colorado, and southwestern Wyoming. As discussed above, in the Uinta
Basin the Flagstaft is the basal member of the Green River Formation overlying the
North Horn Formation, and in this initial stage the lake has been considered
continuous with Lake Flagstaff during the Ferron Mountain Member highstand
(Stanley and Collinson, 1979; Davis and others, 2008). Fluvial sands of the Colton
Formation interfinger northward with the Flagstaff Member and the Main Body of the
Green River Formation, deposits which are now regarded as the delta of a fluvial system
integrating drainages as far south as the Mojave region and Mogollon Highlands
(Davis and others, 2010; Dickinson and others, 2012). South of the Flagstaff Basin,
Lake Claron occupied a similar basin situated between the Sevier front and a number
of Laramide structures (Goldstrand, 1994). The Claron Formation has historically
been divided into two informal members: the heavily pedogenically modified Red
Member, and the more lacustrine White Member (Davis and others, 2009b). While the
lake appears to have transgressed east-northeast over its history (Goldstrand, 1992;
Taylor, 1993; Goldstrand, 1994), available age constraints are poor, particularly for the
base of the Claron, where a depositional hiatus of unknown length separates it from
the underlying Pine Hollow Formation.

METHODS

Stratigraphically resolved carbonate hand samples were obtained from three
locations; the summit area of Musinia Peak (also called Mary’s Nipple; 39.0364° N,
111.5777° W), the northern ridge extending from White Mountain (39.0603° N,
111.5208° W), and the north wall of South Maple Canyon (39.3345 °N, 111.7197 °W)
(fig. 1B). Hand samples were tied to sections measured using a standard 1.5 m staff and
field logs including lithologic descriptions. Petrographic descriptions were made from
slabbed and polished faces of hand samples, as well as representative thin sections
stained with alizarin red (Dickson, 1965).

Carbonate microsamples (100 pg) for stable carbon and oxygen isotope analysis
were drilled from slabbed and polished hand samples using a dental drill under a
binocular microscope. Generally, multiple micrite microsamples were analyzed from
each hand sample, including different textures and colors where present. Secondary
carbonate spar was also sampled where present to determine offsets in isotopic
composition from co-occurring micrites, which would indicate whether sparry carbon-
ate precipitated from different fluids and/or at different temperatures from co-
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Fig. 3. Lithostratigraphy of measured sections.

existing micrites. Where they were observed, gastropod shell fragments showed
evidence of pervasive recrystallization, in most cases being completely replaced by
coarse calcite spar. Ostracode shells, while not displaying textural evidence for
recrystallization, were generally too small and well-cemented in micrite to be sampled
separately. For these reasons, shells were avoided when sampling for isotopic analyses.
Samples were reacted with 104 percent orthophosphoric acid for 1 hour at 70 °C, with
the resultant CO, being chromatographically purified using a Gasbench II and
analyzed on a Delta V mass spectrometer (both ThermoFinnigan) at the Purdue Stable
Isotope Lab, West Lafayette, Indiana. Ratios were standardized to the Vienna Pee Dee
Belemnite reference scale using an in-house Carrara Marble reference calcite, with an
analytical precision of 0.1 permil for both 8'3C and 3'®0 (1o) based on replicate
analyses of an independent check standard.

Determination of major mineralogic components was performed on slabbed and
polished hand samples using a Fieldspec 3 Analytical Spectral Device (PANalytical)
with a visible /near-infrared-shortwave infrared spectral range from 350 to 2500 nm
and wavelength sampling ranging from 3 to 10 nm. The contact probe is self-
illuminated and has a 1 cm diameter spot size. Analysis of the spectral data focused on
the shortwave infrared carbonate absorption feature in the 2300 to 2350 nm band
(Gaffey, 1986) in order to distinguish calcite (~2338nm) from dolomite (~2320nm).

RESULTS

Lithologic Descriptions

The lower 50 m of the Musinia Peak section consists predominantly of clastic
lithologies (fig. 3). A sequence of 10 to 30 cm thick, cross-bedded sandstones with
gravel lags occurs from 7 to 18 m, and a thick package of clastic mudstone containing
redbeds and carbonate nodules occurs from 18 to 35 m. Pedogenic modification
decreases up-section, while sand content increases, with lenticular sand bodies com-
mon throughout the mudstone interval. The first limestone bed in the section occurs
at the 50 m level, directly above a sequence of two 50 cm thick, reddish pedogenically
modified clastic mudstones. This limestone is a single, 1 m thick bed, with abundant
gastropod fragments and vugs filled with coarse calcite spar. Deposition changes
abruptly from clastic mudstone to bedded limestone and dolostone at the 71 m level,
and bedded carbonates are the dominant lithology to the top of the section. Carbonate
beds vary in thickness from 10 cm to almost 2 m, with the thickest beds occurring
around the 100 m level. Carbonate beds are well bioturbated and lack internal
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laminations, with 1 to 5 cm mudstones separating most limestone beds. The base of the
Musinia Peak Member was defined by Stanley and Collinson (1979) as the lowermost
calcitic, fossiliferous limestone beds overlying the dolomitic, afossiliferous Cove Moun-
tain Member. In both of our upper Flagstaff sections, dolomite remains a major
carbonate component throughout the upper carbonate package and though present,
fossils are considerably rarer than in the lower Ferron Mountain Member, with many of
the massive limestone and dolostone beds being largely afossiliferous. We place the
contact between the Cove Mountain Member and Musinia Peak Member at the
transition between mudstone and bedded, fossiliferous carbonate deposition at the
71 m level of the Musinia Peak section, for a total thickness of the Musinia Peak
Member at this site of ~58 m, slightly thicker than the 37 m described by Stanley and
Collinson (1979).

The lowermost 30 m of the White Mountain section is comprised of 30 to 50 cm
thick, gastropod-bearing bioturbated limestone beds typical of the Ferron Mountain
Member. Above 30 m, carbonate beds are sparse and much thinner, with the dominant
lithology being gray-brown, bioturbated mudstone. Above 60 m, mudstones show
evidence of pedogenic modification, including well-developed redbeds. A fault zone of
undetermined thickness, largely covered, separates our two sections at this locality.
Visual observation of the unfaulted northern face of the ridge shows that the limestone-
mudstone-limestone succession typical of the Flagstaff Formation on the Wasatch
Plateau is present at White Mountain, with roughly the same thicknesses observed at
Musinia Peak; however, the fault obscures exact stratigraphic relationships within the
Cove Mountain Member; for this reason we divided the White Mountain section into
Lower and Upper sections. Above the fault zone, the upper section is dominated by
carbonate beds of 20 to 80 cm thickness. Gastropod fossils are present in some beds,
but rare. The uppermost 20 m of section also contains abundant chert, occurring both
as nodules within carbonate beds as well as thin (5-10 cm), discrete beds where it is the
dominant component. The fault zone present between our Lower and Upper White
Mountain sections renders exact correlation between these sections and Musinia Peak
difficult, however given the evidence of limited vertical offset on this fault suggested by
the field relationships and previous mapping (Baughman, ms, 1959), total preserva-
tion of the Musinia Peak Member at both sites is similar.

The South Maple Canyon section is dominated by massive, silty carbonate beds,
with thin 1 to 5 cm mudstones separating carbonate beds of 1 to 2 m thickness. Sand
content increases up-section, with carbonate deposition replaced by sandstone and
clastic mudstone above the top of the section at 64 m.

Petrography

The primary constituent of upper Flagstaff limestone is micritic carbonate, and
most samples are almost entirely micrite. Siliciclastic content is low in bedded
carbonates from Musinia Peak and Upper White Mountain; samples acid-digested to
remove carbonate contain only 3 to 5 percent insoluble residue by weight (n = 10),
and no correlation is found between clay content and carbonate mineralogy. Carbon-
ates at all sites are variably fossiliferous. In the Lower White Mountain section
gastropod fragments are a ubiquitous component of the lower beds, with many largely
intact shells filled with blocky calcite spar. Shell fragments stain a deep red color,
indicating a calcite or aragonite composition, whether they are preserved in micrite of
calcitic or dolomitic composition. The Upper White Mountain, Musinia Peak and
South Maple Canyon sections are considerably less fossiliferous. The most commonly
occurring fossils at these sites are ostracode shells, while gastropod shells are present
but rare.
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Fig. 4. Isotope stratigraphy of measured sections.

IR Spectroscopy

All samples from the Musinia Peak and Upper White Mountain sections exhibit a
single absorption minimum in the 2300 to 2350 nm band, centered near 2320 or 2338
nm, indicating either a purely dolomitic or calcitic composition respectively. The
changes in mineralogy exhibit coherent, through-section changes, with multiple
alternating packages of calcitic or dolomitic carbonate beds occurring through each
section (fig. 4). In contrast, samples from the Lower White Mountain section are
almost entirely calcitic, with the exception of two thin dolomite beds. The South Maple
Canyon section exhibits alternating packages of carbonate mineralogy, similar to the
Musinia Peak and Upper White Mountain sections, however most samples display
carbonate absorption features intermediate between the dolomite and calcite end-
members, indicating mixed mineralogies. Comparison of IR spectroscopy of lower
Flagstaff samples with X-ray diffraction (XRD) measurements from the sections of
Bowen and others (2008) indicate that spectroscopy accurately records the composi-
tion of single-mineral samples and confirms that intermediate spectral absorption
features are observed for mixed-mineralogy samples (as identified by XRD). The
correlation between absorption wavelength and calcite/dolomite ratio from XRD is
only moderate (r* = .6) for mixed-mineralogy samples. This is likely at least partly due
to the different sampling of the analytical methods. XRD analyses used 2 mg sub-
samples obtained by drilling targeted areas of hand samples, whereas the IR spectrom-
eter integrates reflectance data evenly across a ~1 cm® area on the surface of a
polished hand sample.

Stable Isotope Ratios

We measured carbon and oxygen isotope ratios from 183 carbonate microsamples
within the Flagstaff Formation. Values of 8'°C for the entire sample set range from
—10.7 to —1.8 permil, and 3'O from —16.8 to —3.6 permil relative to V-PDB (fig. 5,
table Al). The lowest values of §'*C and 8'®O occur in sparry cements (mean §'°C =
—8.6 %0, 0 = 0.6 %o; mean 320 = —124, 0 = 2.1 %o). Lacustrine micrite and
nodular carbonate from pedogenically modified clastic mudstones have similar values
for both 8'*C (mean = —6.0 %o, 0 = 1.9 %o) and 8'30 (mean = —8.4 %o, 0 = 1.8 %o).

Strong covariance exists between 3'°C and 8'®O of micrite in both the Musinia
Peak (r* = 0.92, p < 0.001, t-test) and Upper White Mountain sections (r* = 0.90, p <
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Fig. 5. Stable carbon and oxygen isotope ratios for all analyzed carbonate samples.

0.001, t-test) (fig. 6). This covariance is closely tied to mineralogy, as for both sections
carbon and oxygen isotope ratios correlate strongly with the wavelength of the
carbonate absorption feature (BISC 2 = 0.74, p < 0.001; 5%0 1% = 0.81, p < 0.001,
t-test) (fig. 7). As with the mineralogical changes, variation in isotope ratios oscillates
repeatedly up-section. Carbonates at these two sites are thus divided into two popula-
tions, with dolomite having higher 3!'%C (mean = —6.7 %o, ¢ = 0.5 %o) and 30
values (mean = —6.3 %o, 0 = 0.7 %0) than calcite (mean 8'*C = —8.5 %o, 0 = 0.5 %o;
mean 3'®*0 = —10.2 %o, 0 = 1.1 %o). Covariance between 8'*C and 3'®0 is not
significant for the South Maple Canyon section (r* = 0.08, p = 0.09, t-test), and the
relationship between mineralogy and isotope ratios is weak for oxygen (r* = 0.28, p =
0.01, t-test), and not significant for carbon (r? = 0.005, p = 0.68, t-test).

DISCUSSION

Sedimentologic Interpretation

The resumption of carbonate deposition in the Musinia Peak Member has been
interpreted to result from the re-expansion of Lake Flagstaff following the low-stand
interval of the Cove Mountain Member (Stanley and Collinson, 1979). The pervasive
pedogenic modification of mudstone within the Cove Mountain Member at these two
sites, as well as common channelized sandstones within the mudstone-dominated
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interval at Musinia Peak, suggests that these sites were subaerially exposed for signifi-
cant intervals during Cove Mountain Member deposition. Within the Musinia Peak
Member at these sites, indicators of subaerial exposure are absent, suggesting that
Lake Flagstaff continuously occupied this portion of the basin during Musinia Peak
Member deposition. The low proportions of siliciclastic sediment within carbonate
beds, as well as their non-laminated, bioturbated character suggest that the lake was
shallow and well oxygenated. Resumption of calcite deposition in the lacustrine
sediments indicates significant changes in lake water chemistry occurred between the
Cove Mountain Member and Musinia Peak Member, although the oscillation between
calcite and dolomite beds suggests these changes were dissimilar to the secular
transition from calcite to dolomite that occurred between the Ferron Mountain
Member and Cove Mountain Member. Similarly, the renewed occurrence of freshwa-
ter gastropods in the Musinia Peak Member indicates a return to less saline conditions,
but the sparseness of fossils compared to their abundance in the Ferron Mountain
Member suggests either that return to less saline conditions was not complete, or that
the depositional and burial environment were not conducive to fossil preservation.
The general absence of gastropod shell molds or otherwise altered mollusk fossils
suggests that they were originally rare rather than being destroyed during burial.

Mineralogic Controls on Carbonate Isotopes

The lacustrine micrites and dolomicrites of the Musinia Peak Member in the
Musinia Peak and Upper White Mountain sections exhibit a bimodal distribution that
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Fig. 7. Relationship between carbonate isotope ratios and mineralogy, determined by IR spectroscopy.

is strongly covariant between carbon and oxygen isotopic ratios (r* = ~0.9) (fig. 6). In
other lake systems, isotope covariance has been regarded as evidence of hydrologic
closure, (Talbot, 1990), due to the effects of atmospheric equilibration and evapora-
tive enrichment on carbon and oxygen isotopes, respectively. Confounding this
straightforward interpretation, Musinia Peak Member carbonates occur as two distinct
mineralogies, which have differing isotopic fractionation factors for oxygen, and
possibly carbon (Sheppard and Schwarcz, 1970; Vasconcelos and others, 2005). These
differing fractionations must be considered before any environmental interpretation
can be made using the isotope data. Mineralogic variation also occurs in paleosol
carbonates associated with Lake Flagstaft (VanDeVelde and others, 2013), but we focus
here on the isotopic interpretation of bedded micrite of clear lacustrine origin.

For oxygen, there are two separate fractionation effects to consider. The CO, gas
obtained by phosphoric acid digestion experiences oxygen isotope fractionation
relative to the original carbonate, an effect which is dependent on mineralogy,
reaction temperature and analytical technique. For the sealed vessel technique at 70
°C, CO, derived from dolomite will be enriched in '®O by 1.2 permil relative to that
from calcite (Rosenbaum and Sheppard, 1986; Swart and others, 1991). Oxygen is
also fractionated differently between dolomite and calcite at the time of formation.
Opver a range of plausible precipitation temperatures of 15 to 30 °C, dolomite will be
enriched in 'O by ~2.8 permil relative to co-precipitating calcite (Kim and O’Neil,
1997; Vasconcelos and others, 2005). As a result of these two contributing effects,
oxygen isotope ratios measured from dolomite will be ~4 permil higher than ratios
from calcite formed in equilibrium with the same fluid.

Carbon isotope ratios are not subject to a phosphoric acid fractionation, but
differences in carbon isotope fractionation effects for the precipitation of dolo-
mite and calcite are less well constrained than those for oxygen. A A'*C, ., value of
2.4 permil at 20 °C was obtained as an extrapolation from coexisting metamorphic
dolomites and calcites formed at temperatures >100 °C (Sheppard and Schwarcz,
1970). Experimental results have suggested a much larger equilibrium offset (Chacko
and others, 2001), while coexisting lacustrine dolomite and calcite from the Miocene
Ebro Basin suggest little or no differences in carbon isotope fractionation (Arenas and
others, 1997).
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Bowen and others (2008) demonstrated that in the lower Flagstaff Formation,
oxygen isotope ratios of mixed-mineralogy carbonates define a mixing relationship
with an offset close to that for dolomite and calcite forming in equilibrium at 15 °C.
While this relationship was strong and consistent for oxygen isotopes and mineralogy
in their data, it was weak and inconsistent for carbon isotopes. In our new data from the
Musinia Peak Member, the ~2 permil offset in 3'3C between dolomite and calcite is
consistent with the extrapolated fractionation factor of Sheppard and Schwarcz
(1970), but given the uncertainty in our knowledge of carbon isotope fractionation for
dolomite our subsequent discussion assumes 8'*C values which are uncorrected for any
potential mineralogic effects.

When adjusted for the differing oxygen isotope fractionation factors, 380 values
of the lacustrine calcites and dolomites at Musinia Peak and Upper White Mountain
are each statistically indistinguishable (single-factor ANOVA, p = 0.7), and are stable
throughout both sections (average: —10.2 %o, 0 = 0.7 %o), with differences in 3'*0
between sites being minimal (fig. 7A). Measured 8'’C values are not distinct between
the two sites for calcite (p = 0.4), but are distinct for dolomite (p << 0.001), with
Musinia Peak dolomites enriched in '>C by ~1 permil relative to Upper White
Mountain. This suggests that while lake water oxygen composition remained relatively
constant throughout Musinia Peak Member deposition, during phases of dolomite
precipitation the lake’s biological systems developed sufficient spatial heterogeneity to
impact the composition of the local dissolved inorganic carbon pool, which has
potential implications for the selection of a preferred dolomitization model for
Flagstaff Formation carbonates, as discussed below.

Flagstaff Dolomite Formation

The processes leading to dolomite formation remain controversial, given that
dolomite is found far more commonly in ancient sediments than modern environ-
ments. In the marine realm, dolomite is typically considered a product of burial
diagenesis. A multitude of recent dolomite-forming lakes have been documented
(Last, 1990; Rosen and Coshell, 1992; Vasconcelos and McKenzie, 1997; Sinha and
others, 2006; Wacey and others, 2007; Meister and others, 2011; Last and others, 2012),
suggesting that in lacustrine environments dolomite is frequently primary in origin.
This recognition has introduced its own complication, in that these dolomitic lakes
occur in a wide variety of environments, with highly variable chemistries (Armenteros,
2010). Given this variety, several models have been proposed to explain the formation
of dolomite in lacustrine environments, which have varying applicability to the
Flagstaff Formation generally, and the Musinia Peak Member specifically.

Many modern dolomite-producing lakes occur in arid regions, and are saline to
hypersaline (Last, 1990). These saline and playa lakes are characterized by high
carbonate alkalinity (>5000 mg/L) and Mg/Ca ratios >10. Dolomite precipitation is
also frequently associated with evaporative concentration, as suggested by higher 8'*0
in lacustrine dolomite, relative to equilibrium values expected based on co-occurring
calcite (Arenas and others, 1997). Despite this, in other cases dolomite has been
documented to precipitate with little to no enrichment in 80 (Garcia del Cura and
others, 2001). Bowen and others (2008) demonstrated that within the Ferron and
Cove Mountain Members, higher 3'%0 in dolomite generally does not exceed that
expected for calcite-dolomite equilibrium at surface temperatures. Differences in §'*0
between dolomite and calcite from our new sites in the Musinia Peak Member are
similarly no greater than those produced by equilibrium fractionation at surface
temperatures. Carbonates in the Musinia Peak Member also exhibit relatively low and
stable 3'%0, relative both to the rest of the Flagstaff Formation (fig. 8) and to modern
closed lakes (Talbot, 1990), suggesting the waters from which they precipitated were
not subject to extreme evaporative concentration. Finally, even moderately evaporative
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lake waters are typically supersaturated with respect to dolomite (Deocampo, 2010),
and experiments have demonstrated that dolomite fails to precipitate at reasonable
surface temperatures from even extremely supersaturated waters (Land, 1998). We
therefore regard evaporative concentration in Lake Flagstaff as insufficient on its own
to induce precipitation of dolomite.

Trace elements in lacustrine carbonates are a potential independent proxy for the
degree of evaporative concentration in lake waters. Magnesium-calcium and strontium-
calcium ratios were used by Davis and others (2008, 2009a, 2009b) to assess the effects
of evaporation in the Green River lake system, as these elements are typically conserved
in evaporatively concentrated lakes waters before being incorporated into authigenic
carbonates (Muller and others, 1972). Trace elements are somewhat problematic as
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indicators of evaporation, however. While carbonates take up Mg and Sr in proportion
to their concentrations in lake water, their accommodation is also dependent on
mineralogy (Cohen, 2003). Microbial mediation of dolomite precipitation has also
been shown to obscure the relationship of Mg/Ca in carbonates to evaporative
concentration in lake water (Vasconcelos and McKenzie, 1997). Finally, a recent study
of strontium in Flagstaff carbonates showed relatively low Sr/Ca ratios throughout,
even in the evaporite-containing sediments of the Cove Mountain Member (Gierlowski-
Kordesch and others, 2008). Future study of trace elements in Flagstaff carbonates may
prove useful in developing an improved understanding of the relationship between
lake water evaporation, trace element concentration, and carbonate mineralogy.

Dolomitic lake sediments are frequently found in association with magnesium-
rich authigenic clay minerals, such as sepiolite, palygorskite, and trioctahedral smec-
tites (Hay and Kyser, 2001; Deocampo, 2004; Bustillo and Alonso-Zarza, 2007). Bristow
and others (2012) proposed that the formation of these magnesium-rich clays could
serve as a control on the mineralogy of co-occurring carbonate, as lake water magne-
sium is variably partitioned between clay minerals and dolomite. They demonstrate
that Mg-rich authigenic smectite content in oil shale of the Green River Formation in
the Uinta Basin varies cyclically between 9 and 39 percent of the sediment, and that
authigenic smectite content correlates inversely with dolomite/calcite ratios. Further,
they suggest that this cyclical variation in dolomite content can lead to covariation
between carbon and oxygen isotope ratios in mixed-mineralogy carbonate sediments,
due to isotopic offsets in dolomite and calcite precipitating from the same fluid. Given
the previously discussed uncertainty in the carbon isotope fractionation for dolomite,
we feel that this mineralogic effect on the 3'?C of carbonate should be regarded
cautiously, though the bimodal distribution of Musinia Peak Member carbonates in both
3'°C and 3'®0 is supportive of this interpretation (figs. 6 and 7). We consider clay
formation to be an unlikely controlling factor for the mineralogy of Musinia Peak
Member carbonates however, due to the low amounts of non-carbonate sediments
present in the limestone and dolostone beds analyzed (<5 % by weight), and the
absence of correlation between carbonate mineralogy and clay content.

Microbes have been increasingly regarded as playing a critical role in the precipi-
tation of primary dolomite (Deocampo, 2010). The first microbes that were identified
to mediate dolomite precipitation were sulfate-reducing bacteria from a modern
coastal lagoon (Vasconcelos and McKenzie, 1997; Vasconcelos and others, 2005).
These microbes are anaerobes, but subsequent studies have demonstrated that dolo-
mite precipitation can be induced by aerobic, non-sulfate reducing bacteria (Sanchez-
Roman and others, 2009), and dolomite inferred to be microbially mediated has been
observed in oxic sediments and waters of alkaline lakes (Meister and others, 2011), as
well as caves (Alonso-Zarza and Martin-Pérez, 2008; Jones, 2010). Similar microbial
activity has been suggested as the source of dolomite within Pliocene lake sediments of
central Spain (Garcia del Cura and others, 2001). The relatively low 8'*C of Musinia
Peak Member carbonates suggest a strong contribution of organic-derived carbon to
the dissolved inorganic carbon pool, though isotopic studies of some lacustrine
dolomites indicate that 3'*C is not a conclusive indicator for the presence of microbial
mediation, as microbially influenced dolomite has been shown to sometimes form with
3'°C in near-equilibrium with atmospheric CO, (Wacey and others, 2007). Meister and
others (2011) suggest that variations in dolomite 3'°C may instead be related to
precipitation in the water column versus shallow sediments.

Our data allow for the evaluation of the various dolomitization models in regards
to Flagstaff Formation carbonates. Dolomite is unlikely to have formed as a result of
persistent chemical stratification of lake water (Desborough, 1978), as the types of
freshwater gastropods present (La Rocque, 1960) suggest the lake was too shallow for
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development of permanent stratification. The playa-lake model, in which carbonates
are dolomitized through evaporative pumping on subaerial mudflats (Eugster and
Surdam, 1973) is also unlikely for the Musinia Peak Member, due to the absence of
indicators for either widespread subaerial exposure or transportation of carbonate
such as ooids, and the similar 8'20 values for calcite and dolomite after accounting for
equilibrium fractionation. The low clay content in bedded calcite and dolomite
suggests formation of Mg-rich smectites did not control carbonate mineralogy, as
Bristow and others (2012) suggest for the Green River Formation in the Uinta Basin.
Dolomite precipitation in the Musinia Peak Member was probably most similar to
modern alkaline lakes (Warren, 1990; Meister and others, 2011; Last and others, 2012)
where microbial activity induces the primary precipitation of dolomite, either from the
water column or in shallow subsurface sediments. The spatial variation in dolomite
3'°C suggests localized effects on the composition of the DIC pool within the
sediment-water interface, perhaps due to varying contributions of respiration-derived
carbon. The absence of similar spatial variance in 8'®O indicates that the lake
remained a continuous water body rather than separating into individual pools.

Environmental Controls on Flagstaff Formation Isotopes

When adjusted for differences in equilibrium fractionation of oxygen isotopes
between dolomite and calcite, the bedded carbonates of the Musinia Peak Member do
not display covariance between carbon and oxygen isotope ratios (r* = 0.09) and
exhibit remarkable stability in 3'®0O over 60 m of section, which likely represents more
than 1 million years of deposition, based on regional sedimentation rates (Talling and
others, 1994; Bowen and others, 2008). Similarly, isotopic covariance is weak for the
Ferron Mountain (r?> = 0.06) and Cove Mountain Members (r* = 0.17) individually.
When considered together, Cove Mountain and Musinia Peak Member carbonates
define a single, moderately strong covariant trend (r* = 0.52, p << 0.001, t-test) (fig.
8A), suggesting a relatively isotopically constant water source to the lake basin
throughout the time of deposition of these members. Most Ferron Mountain Member
carbonates fall within the range of isotope ratios defined by the Cove Mountain—
Musinia Peak Member trend, suggesting that the source-water isotopic stability may
have spanned the deposition of all three members. Some dolomicrites at the Ferron
Mountain site, however, exhibit elevated 3'%0 values which place them outside the
primary covariant trend (fig. 8B). These '*O-enriched dolomites were noted by Bowen
and others (2008), who suggested that they were the product of extreme oscillations in
water chemistry at this basin-center site during an interval in which carbonate was not
deposited at the Ephraim Canyon or Cove Mountain sites. Dolomicrites at the Ferron
Mountain site assigned to the Cove Mountain Member do not exhibit similarly elevated
8'%0, which supports the hypothesis that the enrichment was a localized, transient
effect, and not related to basin-wide changes in source-water isotopic composition.

Global temperatures increased by 4 to 5 °C during the interval of Flagstaff
Formation deposition (Zachos and others, 2001), and paleofloral records from south-
ern Wyoming suggest large regional temperature increases as well as significant
decreases in precipitation (Wilf, 2000). Flagstaff sediments reflect similarly major
changes in lake hydrology, shifting from a calcite lake with abundant freshwater
gastropods, to a saline playa precipitating dolomite and evaporates (Stanley and
Collinson, 1979; Bowen and others, 2008), and then back to freshwater calcite. Despite
these climate shifts, variations in lake §'®O after excluding mineralogic effects do not
exceed ~4 permil. Covariance of isotope ratios and the lack of plausible outflows for
Lake Flagstaff (see below) suggest that this feature cannot be explained solely as the
product of hydrologically open conditions. Comparison with modern data suggest this
stability may be the product of buffering by large water volume (Leng and Marshall,
2004), though most large closed lakes also have more positive isotope ratios.
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Closed-basin lakes can maintain a uniform covariant trend over millions of years,
despite changes in climate, as long as major changes in basin morphology or drainage
configuration do not occur (Talbot, 1990). Strontium isotope ratios are stable through-
out the Flagstaff Formation, maintaining the ¥’Sr/*°Sr composition of hypothesized
source areas along the Sevier thrust front (Gierlowski-Kordesch and others, 2008) and
suggesting limited reorganization of the Lake Flagstaff drainage basin during the time
of Flagstaff Formation deposition. Taken together with the stable, uniform covariant
trend in the carbon and oxygen isotope data, this suggests that through-section
changes in Flagstaff carbonate 3'*C and 8'®O values most likely reflected basin-scale
changes in the water balance of Lake Flagstaff over time.

The presence of a distinctive isotopic signature in Flagstaff Formation carbonates
on the Wasatch Plateau allows for potential correlation with deposits mapped as
Flagstaff elsewhere. The carbon and oxygen isotope composition of micrites from our
South Maple Canyon site, which have previously been correlated with the Musinia Peak
Member on the basis of mollusk biostratigraphy (La Rocque, 1960; Marcantel and
Weiss, 1968; Stanley and Collinson, 1979) fall well within the covariant trend (fig. 8C).
South Maple Canyon samples have higher §'*C and §'%0 values than are found in
Musinia Peak Member carbonates at Musinia Peak and White Mountain, as well as a
greater range of variability. However, the mixed mineralogy of South Maple Canyon
carbonates supports the previously proposed correlation with the Musinia Peak
Member rather than the Cove Mountain Member, which is entirely dolomitic (Stanley
and Collinson, 1979; Bowen and others, 2008). Given the limited remaining exposure
of the Musinia Peak Member on the Wasatch Plateau, we consider it likely that the two
sites we have sampled there do not capture the full variability of Musinia Peak Member
geochemistry, more of which may be documented at South Maple Canyon.

The correlation of lacustrine sediments deposited within the Axhandle piggyback
basin with the greater Flagstaff Basin is particularly critical in understanding the
evolution of Lake Flagstaff, as several existing age constraints are from deposits in the
Axhandle Basin, including magnetostratigraphy (Talling and others, 1994; Talling and
others, 1995), the negative carbon isotope excursion associated with the Paleocene-
Eocene boundary (Bowen and Bowen, 2008), and one of two vertebrate fossils
identified from Flagstaff deposits, a miacid jawbone of Wasatchian age collected from
South Maple Canyon (Rich and Collinson, 1973). Axhandle Basin carbonates from the
Wales Tongue of the Flagstaff Formation (Chamberlain and others, 2012), previously
correlated to the Ferron Mountain Member (Talling and others, 1994), also fall within
the range expressed by the broader Flagstaff Formation covariant trend (fig. 8C). This
is consistent with carbonates at both sites in the Axhandle Basin being deposited by a
lake that was contiguous with the greater Flagstaff Basin.

The Axhandle Basin constitutes a wedge-top depozone carried atop the Gunnison
Thrust duplex (DeCelles and Coogan, 2006), which had ceased motion by middle
Paleocene time (Lawton and Trexler, 1991; Lawton and others, 1993; Talling and
others, 1994; Talling and others, 1995). Following the end of uplift, continuing
sedimentation within both the Axhandle and Flagstaff Basins would have allowed Lake
Flagstaff to eventually breach and overtop the San Pete Valley Anticline, first during
the interval represented by the Wales Tongue and Ferron Mountain Member, and
later during Musinia Peak Member deposition. The similarity in isotope ratios between
Axhandle and Flagstaff Basin limestones is consistent with that interpretation. Continu-
ity is further supported by the presence of arkosic sandstones in upper Flagstaff
sediments of both the Flagstaff and Axhandle Basins (Stanley and Collinson, 1979),
with paleocurrent data indicating a northwesterly dispersal pattern. These arkosic
sands are petrographically distinct from those derived from both the Sevier Thrust Belt
to the west, and local structural features such as the San Pete Valley Anticline. The
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pattern of both westerly and easterly sediment dispersal across both structural basins
therefore indicates that they eventually merged into a single sedimentary basin. The
provenance of these arkosic sands is a particularly intriguing question, given their
petrographic similarity to similar sediments of the Colton Formation in the Uinta
Basin that were shown to be the product of a California paleoriver, originating in the
Mogollon Highlands of California and Arizona (Davis and others, 2010; Dickinson and
others, 2012).

Isotope Hydrology of Paleogene Foreland Lakes

Lake Flagstaff was one of a series of large, persistent lakes that occupied basins
along the North American Cordillera throughout the Cenozoic, the result of changing
drainage patterns produced by Sevier and Laramide tectonic deformation. Large rivers
draining the Sevier highlands (DeCelles, 1994) were increasingly impounded by the
growth of Laramide uplifts beginning in the late Cretaceous. By the late Paleocene,
this deformation had produced a series of internally drained basins along a line
trending northeast-southwest from southwestern Wyoming to southern Utah and
Nevada, roughly paralleling strike of the Sevier thrust belt (fig. 1A). The lakes that
occupied these basins precipitated large volumes of authigenic carbonate sediments,
the composition of which integrates the effects of tectonic and climatic changes upon
each individual lake.

At various points, many or all of these lakes may have overtopped their basin
margins, as climate change and drainage reorganizations impacted their water bal-
ance. In the northern basins, intervals of major interconnection have been suggested
on the basis of changes in lacustrine carbonate 3'%0 and 87Sr/ 86Sr for Lakes Gosiute,
Piceance and Uinta (Davis and others, 2008; Davis and others, 2009a). In the Uinta
Basin, the Flagstaff Member of the Green River Formation (Fouch, 1976) reflects the
proposed late Paleocene expansion of Lake Flagstaff northward into the Uinta Basin
which has been correlated to the highstand of the Ferron Mountain Member (Stanley
and Collinson, 1979). Micritic carbonates of the Flagstaff Member in the Uinta Basin
exhibit distinct carbon and oxygen isotopic ratios from those in the Flagstaff Basin (fig.
8D), indicating that if hydrologic connection did occur between the Flagstaff and
Uinta Basins, it was too intermittent to be reflected in the composition of authigenic
carbonates. Thus, while sediments mapped as Flagstaff in both basins are potentially
time-equivalent, they are unlikely to be products of the same lake. Recent investiga-
tions of petrofacies and detrital zircon ages in the overlying Colton Formation (Davis
and others, 2010; Dickinson and others, 2012) suggest that these basins had markedly
different sediment inputs during this interval, with the authors suggesting that the
Colton Formation in the Flagstaff Basin should be redesignated. While additional
investigation is needed, we suggest that the existence of separate lacustrine systems in
the Flagstaff and Uinta Basins may warrant further revisions in the stratigraphic
terminology.

Carbonates from the main body of the Green River Formation in the Uinta Basin
(fig. 9A) (Davis and others, 2008), and in the Piceance Creek Basin (fig. 9B) (Davis and
others, 2009a) do partially overlap the isotopic trend of the Flagstaff Formation,
although the overall patterns are quite different, as the Uinta and Piceance basin
carbonates exhibit much greater variability in both carbon and oxygen isotopes. The
Uinta and Piceance Creek Basin carbonates which overlap with the Flagstaff Formation
in carbon and oxygen isotope composition have differing strontium isotope ratios
(Davis and others, 2008) from Flagstaff Formation samples (Gierlowski-Kordesch and
others, 2008). This interval of high 87Sr/%Sr in the Uinta and Piceance Basins is
attributed to a period of connection between these lakes and Lake Gosiute in the
Greater Green River Basin to the north, which received inflows draining volcanic fields
in northern Wyoming and central Idaho (Carroll and others, 2008).
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An expansion of Lake Flagstaff southward into the vicinity of the Table Cliffs
(Claron) Basin was suggested for the Musinia Peak Member high-stand (Stanley and
Collinson, 1979), though an early Paleogene east-west trending highland ~100 km
south of Musinia Peak was proposed as an alternate southerly limit. The isotopic
composition of the Flagstaff Formation overlaps with the Red Member of the Claron
Formation on the Markagunt Plateau (fig. 9C) (Davis and others, 2009b), but not with
undivided Claron Formation samples from sites to the southwest. Current age con-
straints suggest that these units do not temporally overlap, but given the overall paucity
of age constraints throughout this entire region prior to 50 Ma (Goldstrand, 1994;
Davis and others, 2009b), further investigation is needed.

Only thin and spatially patchy remnants of the Musinia Peak Member remain on
the Wasatch Plateau, but large thicknesses of lacustrine carbonate to the west have
been previously correlated to this member on the basis of mollusk biostratigraphy (La
Rocque, 1960), with as much as 900 meters of sediment attributed to the Flagstaff
Formation in the Canyon Range (Stanley and Collinson, 1979). While our results do
not resolve the correlation of the upper Flagstaff Formation to its westernmost limit,
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our isotope data do indicate that Flagstaff carbonates west of the San Pitch Valley
Anticline can be attributed to the same lake system as those exposed along the Wasatch
Plateau. In the Axhandle Basin and elsewhere, the Flagstaff Formation at some sites is
directly overlain by lacustrine carbonates assigned to the Green River Formation
(Stanley and Collinson, 1979; Davis and others, 2009b). Green River limestones exhibit
distinctly higher carbon and oxygen isotope ratios compared to the Flagstaff Forma-
tion, with most samples falling well above the Flagstaff covariant trend (fig. 9D). This
suggests that when lacustrine deposition resumed in this area, basin morphology
and/or climate conditions had changed dramatically.

The isotopic data presented here and in other recent studies present a great
challenge to understanding the regional hydrology along the Sevier thrustfront
during the early Paleogene. Sedimentologic evidence strongly supports the interpreta-
tion that paleoflows were southwest to northeast. The similarity of isotope ratios
between the lower Claron Formation and the Flagstaff Formation could be evidence of
an upstream-downstream relationship, though if this were the case the expectation
would be a covariant trend in Lake Flagstaff that is an extension of Lake Claron’s,
rather than overlapping. The absence of a relationship between Lakes Flagstaff and
Uinta is more puzzling. The relatively weak covariance in Flagstaff Formation carbon-
ates, taken on its own implies a balanced-fill lake, with at least periodic episodes of
outflow. If Lake Flagstaff was open, the San Rafael Swell would have impeded eastward
outflow, leaving northeastward flow into Lake Uinta as the only apparent possibility,
and yet the isotopic data seem to rule out such a connection. This paradox is only
highlighted by the apparent existence of a California paleoriver flowing northward
from the Mogollon Highlands into Lake Uinta (Davis and others, 2010; Dickinson and
others, 2012). Petrographic and detrital zircon data from fluvial sands overlying the
Flagstaff Formation in the Axhandle Basin are distinct from the California river delta
deposits of the Colton Formation in the Uinta Basin (Dickinson and others, 2012), so
that the preferred course of this paleoriver is east of the San Rafael Swell rather than
across the Flagstaff Basin. A similar river is suggested to have carved a segment of the
western Grand Canyon in the early Paleogene (Karlstrom and others, 2014) before
flowing northward into the Claron Basin, however fluvial sandstones from the appar-
ent paleochannel, the Music Mountain Formation of northern Arizona, show that it
cannot be the same river that flowed into Lake Uinta (Dickinson and others, 2012).
With the Kaibab, Circle Cliffs and Monument uplifts blocking eastward flow just as the
San Rafael Swell would, the only apparent exit from the Claron Basin would be
northward into the Flagstaff Basin. Further study of fluvial and lacustrine sediments in
the region, particularly in the Claron and Flagstaff Basins, will be necessary to resolve
this discrepancy.

Elevation of the Lake Flagstaff Catchment

A principal driving force behind the study of the Paleogene foreland lake systems
has been to understand the tectonic evolution of the North American Cordillera, in
particular its change in elevation over time. The northern Green River lakes (Uinta,
Piceance Creek and Gosiute) were at times fed by integrated fluvial systems originating
from as far north as central Idaho (Davis and others, 2008; Chetel and others, 2011),
and as far south as the Mogollon highlands of southern California and Arizona (Davis
and others, 2010; Dickinson and others, 2012). These distant hydrological connections
make it difficult to relate the isotopic histories of the northern lakes to more proximal
tectonic and climatic events. Our data show that Lake Flagstaff was isolated from the
larger Green River lake system through the late Paleocene and early Eocene, and was
fed by drainages originating in the Sevier hinterland, making it a more faithful
recorder of regional elevations in the central Cordillera.
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To investigate the elevation of the Sevier thrust front, we employ a recently
developed method referred to as the “3'*C-excess” parameter (Horton and Oze, 2012)
to determine the mean hypsometric altitude for Lake Flagstaff’s catchment. Briefly,
the 8'*C-excess proxy uses the covariance between 3'*C and 3'%0 in lake waters and
authigenic lacustrine sediments to calculate lake inflow 8'®O, which is correlated with
catchment elevation after the influence of latitude, continentality and carbonate
formation temperature are controlled for. The necessary temperature estimates for
Lake Flagstaff are provided by clumped-isotope (A,;) thermometry of paleosol carbon-
ate from the North Horn Formation in the Axhandle Basin (VanDeVelde and others,
2013). Studies of modern soils have shown that in mid-latitude arid environments, such
as we expect for the Eocene Flagstaff Basin, A, temperatures typically exceed mean
annual air temperature (MAAT) by 12 to 15 °C (Passey and others, 2010; Quade and
others, 2013). Average early Eocene A,; temperature of 38 °C from the Axhandle Basin
would therefore correspond to a MAAT of 23 to 26 °C. Although the exact relationship
between soil carbonate A,; and MAAT remains uncertain, 8'*C-excess is relatively
insensitive to temperature, as even a 25 °C temperature error alters the resulting
elevation estimate by ~300 meters. With this caveat in mind, stable isotope data from
the Flagstaff Formation suggest catchment elevations of 1 to 1.5 km, similar to
estimates for eastern Nevada from 8'’C-excess (Horton and Oze, 2012) and A,
(Lechler and others, 2013), but differing somewhat from an estimate for the late
Cretaceous of >2 km (Snell and others, 2014). These elevation estimates are in stark
contrast to the abundant geologic evidence for a high elevation (>3 km), low relief
Nevadaplano and topographically rugged Sevier thrust-front from the late Cretaceous
to early Eocene (DeCelles, 2004).

Noting that their reconstruction of regional 3'*0 patterns do not show evidence
for high elevations in most of the Cordillera prior to the middle Eocene, Chamberlain
and others (2012) suggested that a high Nevadaplano was masked during the late
Cretaceous to early Eocene by the combination of warm climate and a strong summer
monsoon originating from the Mississippi Embayment to the southeast, effects
which could also impact 8!3C-excess. Fricke and others (2010) combined climate
modeling and stable isotope analysis to support the existence of a strong monsoon
along the eastern flank of the Sevier Highlands during the Campanian. Carbonates
from different environments suggest that local precipitation in the Sevier foreland had
relatively high oxygen isotope ratios, while large trunk rivers were fed primarily by
high-altitude precipitation with significantly lower 8'*O. While their study supported a
strong monsoon along the entire front of the Sevier Highlands during the Campanian,
they suggest that growth of Laramide uplifts in the foreland and the retreat of the
Western Interior Seaway during the Maastrichtian would have subsequently limited the
western penetration of monsoon precipitation. The weakening of the monsoon is
supported both by climate models (Sewall and Sloan, 2006) and the loss of bimodality
in oxygen isotope records by the early Eocene in the Bighorn and Powder River Basins
(Dettman and Lohmann, 2000).

With the Sevier Highlands at the latitude of Lake Flagstaff largely shielded from
monsoonal penetration by the Laramide Front Range Uplift (Sewall and Sloan, 2006),
its effects on the oxygen isotope composition of inflow would likely be equally limited.
Monsoonal effects on oxygen isotope ratios of precipitation would also not impact A,
elevation estimates, which are independent of changes in 8'*0. Two studies of the
Sheep Pass Basin in east central Nevada (Lechler and others, 2013; Snell and others,
2014) produced elevation estimates for the Nevadaplano roughly overlapping at ~2
km. Lechler and others regarded their Eocene estimate as a maximum elevation, while
Snell and others considered their Late Cretaceous estimate to be a minimum. Our
results support the interpretation of Lechler and others, though we note that signifi-
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cant uncertainties remain in the use of both §'°C-excess and A,; lapse rates in
estimating paleoelevation.

These elevation estimates therefore support the hypothesis that maximum Cordil-
leran elevations were reached later in the Paleogene, during a north to south sweep of
surface uplift (Horton and others, 2004; Kent-Corson and others, 2006; Mix and
others, 2011; Chamberlain and others, 2012) that reached the Flagstaft Basin ~44 Ma
(Davis and others, 2009b). While this interpretation is consistent with the paleoeleva-
tion data, there is abundant structural evidence to support the existence of a broad
Nevadaplano with at least moderate elevation prior to the middle Eocene (DeCelles,
2004; DeCelles and Coogan, 2006; Ernst, 2010; Henry and others, 2012; Dickinson,
2013). The elevation of the Nevadaplano during the late Cretaceous and early
Paleogene therefore remains a fundamental question for the evolution of the Cordil-
lera, which will only be resolved with intensive further study on both the paleotopo-
graphic and geodynamic fronts.

CONCLUSIONS

Our study presents new petrographic and isotopic data for the upper Flagstaff
Formation at multiple sites on the Wasatch and Gunnison Plateaus. These results
integrate with previous studies of the Flagstaff Formation to provide a more comprehen-
sive view of the evolution of the lake system. Our data suggest that dolomite in the
Flagstaff Formation formed as a primary precipitate from fluids of a similar chemical
composition and temperature to those that precipitated calcitic micrite. Significant
evaporative enrichment of these fluids, beyond that required to induce authigenic
carbonate formation generally, is not indicated by the stable isotope data. We suggest
that microbial activity in the shallow sediments of Lake Flagstaff served as a primary
control on the mineralogy of precipitating carbonates.

Our isotopic data, when corrected for differences in equilibrium fractionation of
oxygen between dolomite and calcite, allow for the identification of a moderately
strong covariant trend between carbon and oxygen in the Flagstaff Formation. In
carbonate-producing lakes this covariance indicates closed-basin conditions, and
typically forms a consistent trend for any individual lake. Our data therefore indicate
that lacustrine carbonates of the Flagstaff Formation sampled from the southern
Wasatch Plateau formed in a closed lake which occupied the Flagstaff Basin from the
late Paleocene into the early Eocene. We use this isotopic trend to expand the
correlation of the Flagstaff Formation beyond the Wasatch Plateau, indicating that
carbonates in the Axhandle Basin were also deposited by Lake Flagstaff. Limestones
assigned to the Flagstaff Member of the Green River Formation in the Uinta Basin
possess a geochemical signature distinct from Flagstaff Formation carbonates exposed
to the south and were likely the product of a separate Paleocene-age Lake Uinta. Lake
Flagstaff was fed by drainages in what was apparently a relatively low-elevation Sevier
thrust-belt, a discrepancy that only deepens questions concerning the evolution of
topography in the Cordillera.
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Carbon and oxygen isotopes of Flagstaff Formation carbonates

APPENDIX
TaBLE Al

Locality s1C 50 % Calcite Section Material
Sample number VPDB VPDB Level(m)

Musinia Peak

FF09001 -8.46 -10.42 100 130 limestone
FF09002 -8.90 -10.49 100 124.5 limestone
FF09003 -8.36 -10.16 100 120 limestone
FF09004 -8.76 -11.02 100 116 limestone
FF09005 -6.49 -6.89 0 112 limestone
FF09006 -6.71 -6.70 0 107 limestone
FF09007 -8.17 -10.95 100 102 limestone
FF09008 -8.35 -11.20 100 98.5 limestone
FF09009 -8.21 -10.49 100 97 limestone
FF09010 -6.20 -7.33 0 93 limestone
FF09011 -8.24 -10.11 100 87 limestone
FF09012 -6.49 -5.86 0 83 limestone
FF09013 -6.40 -6.63 0 76 limestone
FF09014 -5.87 -6.14 0 71.5 limestone
FF09076 -6.04 -6.10 0 384 limestone
FF09067 -6.2 -8.8 n/a 5 paleosol
FF09068 -4.5 -9.7 n/a 9 paleosol
FF09069 -7.3 -8.8 n/a 19.5 paleosol
FF09070 7.1 -8.5 n/a 25 paleosol
FF09071 -4.3 -8.9 n/a 31.5 paleosol
FF09072 -8.4 -9.7 n/a 345 paleosol
FF09073 -7.5 -8.1 n/a 38 paleosol
FF09074 -8.8 -8.7 n/a 38.4 paleosol
FF09075 -6.3 -5.1 n/a 48.5 paleosol
FF09001S -8.9 -16.8 n/a 130 cement
FF09002S 9.3 -11.6 n/a 124.5 cement
FF09003S -8.6 -11.8 n/a 120 cement
FF09004S -8.7 -15.0 n/a 116 cement
FF09005S -8.7 -15.7 n/a 112 cement
FF09006S -8.3 -9.8 n/a 107 cement
FF09007S -8.4 -11.4 n/a 102 cement
FF09008S -8.2 -11.4 n/a 98.5 cement
FF09009S -10.7 -13.5 n/a 97 cement
FF09011S -8.2 -14.5 n/a 87 cement
FF09012S -7.7 -10.6 n/a 83 cement
FF09013S -8.1 -13.2 n/a 76 cement
Upper White Mountain

FF09015 -7.41 -6.52 0 63 limestone
FF09016 -8.04 -8.55 100 60 limestone
FF09017 -8.44 -8.60 100 55.5 limestone
FF09018 -7.25 -5.83 0 50 limestone
FF09019 -7.39 -6.34 0 47.5 limestone
FF09020 -7.04 -5.15 0 44 limestone
FF09021 -8.62 -9.85 100 35 limestone
FF09022 -8.78 -10.58 100 31 limestone
FF09023 -9.33 -10.35 100 29 limestone
FF09024 -6.97 -5.53 0 26.5 limestone
FF09025 -8.70 -9.67 100 23 limestone
FF09026 -8.30 -9.98 100 17 limestone
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TaBLE Al

(continued)
Locality 81C 50 % Calcite Section Material
Sample number VPDB VPDB Level(m)
Upper White Mountain
FF09027 -8.42 -10.09 100 11 limestone
FF09022S -8.8 -14.9 n/a 31 cement
FF09023S -8.4 -11.2 n/a 29 cement
FF09024S -8.3 -10.5 n/a 26.5 cement
FF09025S -8.6 -11.6 n/a 23 cement
FF09026S -8.9 -9.8 n/a 17 cement
FF09027S -8.7 -11.2 n/a 11 cement
FF09030S -8.7 -11.1 n/a 0 cement
Lower White Mountain
FF09031 -3.49 -4.29 0 0 limestone
FF09032 -3.37 -6.91 100 3.5 limestone
FF09033 -2.78 -3.61 0 7.5 limestone
FF09034 -2.88 -6.14 100 12 limestone
FF09035 -2.84 -7.73 100 18 limestone
FF09036 -3.16 -8.22 100 22.5 limestone
FF09037 -4.49 -8.84 100 28.5 limestone
FF09039 -5.70 -9.59 100 30.5 limestone
FF09042 -2.91 -8.26 100 42 limestone
FF09043 -4.33 -8.44 100 45 limestone
FF09044 -2.75 -8.35 100 52 limestone
South Maple Canyon
FF1017 -6.95 -9.67 11 1.5 limestone
FF1018 -6.67 -9.41 28 2 limestone
FF1019 -6.43 -9.17 39 5 limestone
FF1020 -5.72 -9.00 44 7 limestone
FF1021 -6.64 -8.58 78 9.5 limestone
FF1022 -5.60 -8.51 28 11 limestone
FF10023 -5.16 -7.45 61 13 limestone
FF10024 -4.55 -7.98 4 14.5 limestone
FF10025 -4.83 -9.07 22 17 limestone
FF10026 -5.19 -8.35 28 19 limestone
FF10027 -5.62 -7.90 39 20 limestone
FF10028 -5.53 -8.23 67 21 limestone
FF10029 -5.83 -7.90 94 23 limestone
FF10030 -5.61 -7.39 89 24.5 limestone
FF10031 -5.35 -7.25 83 26 limestone
FF10032 -5.01 -8.07 39 28 limestone
FF10033 -5.32 -7.08 89 30 limestone
FF10034 -5.63 -9.23 50 325 limestone
FF10035 -3.38 -8.73 44 345 limestone
FF10036 -4.65 -8.72 56 38 limestone
FF10037 -5.85 -7.67 89 39 limestone
FF10039 -6.00 -7.49 44 49 limestone
FF10040 -1.78 -8.43 56 53.5 limestone
FF10041 -3.96 -6.76 83 56 limestone
FF10042 -3.55 -8.40 56 60 limestone
FF10043 -4.51 -7.96 83 62 limestone
FF10044 -3.18 -6.36 78 65 limestone
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