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Magnetostratigraphic Chronology of Cretaceous-to-Eocene Thrust Belt
Evolution, Central Utah, USA!

Peter |. Talling,® Douglas W. Burbank, Timothy F. Lawton,®
Robert S. Hobbs,* and Steven P. Lund
University of Southern California, Los Angeles, CA 90089-0740, USA

ABSTRACT

The Axhandle basin in central Utah is a piggyback basin that formed above the Gunnison thrust system. The basin
contains ~1 km of upper Cretaceous-to-Eocene strata of the North Horn and lower Flagstaff Limestone formations.
A significantly more exact chronology, based on magnetic polarity stratigraphy, has been developed for the basin-
filling strata. The new data provide a detailed temporal framework for the interpretation of the depositional and
tectonic evolution of the basin during chrons 33-21 (~75—49 Ma). Tectonic subsidence curves and stratigraphic
relations along the eastern basin margin define two episodes of motion on the Gunnison thrust system. The majority
of tectonic shortening on the system occurred between 83—75 Ma and caused widespread non-deposition within the
Axhandle basin. A second episode of motion, in detail comprising of four separate periods of backthrusting, occurred
between 70-60 Ma. The Canyon Range, Pavant, and Nebo thrust sheets were emplaced 30-50 km to the west of
the Axhandle basin between 97 and 74 Ma. The initial episode of motion on the Gunnison thrust system was thus
partly coeval with the emplacement of these thrust sheets. Uplift and erosion above the San Rafael Swell, a basement
flexure located ~100 km east of the Axhandle basin, occurred at the same time—between 70 and ~60 Ma—as the
second episode of motion on the Gunnison thrust system. These age constraints clearly demonstrate coeval motion
on multiple contractional structures. Episodes of thrust wedge reorganization with durations of 5—10 m.y. appear to
be separated by quiescent periods of up to 5 m.y. Evolution of the thrust belt in NE Utah and Wyoming was
remarkably similar to that in central Utah 300 km to their south. This similarity suggests that the tectonic stresses
driving the thrust wedge were relatively uniform along strike.

Introduction

Piggyback basins formed above active thrust faults  poral constraints. We describe here the results and
have the potential to provide a detailed record of  implications of recent magnetostratigraphic stud-
the evolution of the underlying thrust system. In  ies for the evolution of the Axhandle piggyback
the absence of reliable chronologies, however, the  basin, and the underlying, episodically active Gun-
temporal spacing of these events, the duration of  nison thrust system in central Utah (figure 1). The
gaps in the record, and the rates of processes re-  history of the Gunnison thrust system forms a crit-
main largely unknown. Terrestrial strata are often  ical part of an evolution in Central Utah, from
characterized by a sparse fossil record and a paucity  thin-skinned thrusting to basement-involved up-
of strata suitable for isotopic age determinations.  lifts.
In such situations, chronologies based on magnetic In this study, magnetic polarity stratigraphies
polarity stratigraphy can provide the requisite tem-  have been obtained for three stratigraphic sections
located in close proximity to the eastern, back-
! Manuscript received March 15, 1993; accepted Novem- thrusted basin margin. The resulting chronology is

beleplr 1993. . 4 Universt used to constrain the evolution of the basin-filling
; resent ad. ress: Leeds vagrsny, Leeds, LS2 9]T, UK. deposystems, the detailed history of uplift of the
New Mexico State University, Las Cruces, NM 88003, . .
USA. eastern, basin-margin backthrust, and the temporal
“Exxon Petroleum Company, Houston, TX 77210-4279,  pattern of rates of sediment accumulation and in-
USA. ferred subsidence within the basin.
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Figure 1. (a) Location of the study

(A)

NORTH

area in central Utah. The location of
the cross section in NE Utah and
SW Wyoming shown in figure 12b
is indicated by Y-Y'. (b) Map of the
major structural elements of Cen-
tral Utah in Late Cretaceous and
Early Tertiary time. The Axhandle
basin, defined by a hangingwall-
ramp anticline on the west and a
west verging backthrust structure
on the east, is roughly coincident
with the present day Gunnison Pla-
teau. The area shown in more detail
in figure 2 is boxed. (c) Generalized
E-W structural cross section across
central Utah, after Lawton and
Trexler (1991). The location of this
cross section, and the cross section
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Local Description

The 30-km-wide Axhandle basin was produced by
thrust disruption and partitioning of the proximal
Sevier foreland during the latest Cretaceous to
early Tertiary (Lawton and Trexler 1991). The ba-
sin is defined by a hangingwall-ramp anticline to
the west and a W-verging backthrust structure to
the east. The two structures are connected by an
inferred thrust flat that underlies the basin (figure
1; Lawton et al. 1994, Villien and Kliegfield 1986;
Lawton and Trexler 1991). Along the eastern es-
carpment of the present-day Gunnison Plateau
(figure 2), the basin-filling, alluvial, and lacustrine
strata assigned to the North Horn and lowermost
Flagstaff Limestone formations (figure 3) are well
exposed. Stratigraphic relations, such as angular
and progressive unconformities, paleocurrent re-
versals, and ponding of alluvial deposystems, show
that the backthrust was episodically active during
deposition of these strata (figure 3; Lawton and

Trexler 1991; Talling 1992). Prior to this study,
however, the chronology of deposition and defor-
mation has only been loosely defined.

Methods and Remnance Characteristics

At each site in the three sections (figure 2), 3—4
oriented samples were collected from siltstone,
limestone, or mudstone. The sampling procedure
was similar to that of Johnson et al. (1975). Sec-
tions were measured using a Jacob’s staff and Ab-
ney level. A site spacing of 5—8 m was typically
achieved. In an attempt to clarify ambiguous areas
of polarity stratigraphy, the Axhandle Canyon sec-
tion, with 94 sites, and the Petes Canyon section,
with 140 sites, were intensively resampled on two
occasions subsequent to their initial sampling.
Hobbs (1989) provides an interpretation of the data
available after an initial set of resampling. The
Boiler Canyon section, with 41 sites, was only
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Figure 2. Simplified geologic map of the eastern escarp-
ment of the Gunnison Plateau showing the localities of
the Axhandle Canyon, Petes Canyon, and Boiler Canyon
sections.
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sampled once, and thus its polarity stratigraphy is
less well defined. Marker beds were used to corre-
late the three individual sections to produce a sin-
gle, composite magnetic polarity stratigraphy.

A combination of laboratory unblocking-tem-
perature spectra, alternating-field coercivity spec-
tra, and acquisition and thermal demagnetization
of isothermal remnant magnetization (IRM) was
utilized to investigate the magnetic mineral phases
present. Within the North Horn Formation, abrupt
facies changes, together with paleopedogenic ev-
idence of a fluctuating water table (figure 3), sug-
gest that there was potential for forming both au-
thigenic and detrital mineral suites. The finite
number of pilot samples demagnetized in detail
necessarily underestimate the variety of these min-
eral suites.

The Natural Remnant Magnetism (NRM) of
most rock types is characteristically weak, particu-
larly in the calcareous mudstones of the Petes Can-
yon section. Intensities of 1 x 1073 to 2 x 107*
A/m are common and begin to approach the sensi-
tivity of the cryogenic magnetometer. Weakly
magnetized samples often provided inconsistent
demagnetization behavior at the site level. Such
sites, which constituted 31% of the total, were not
used in generating polarity stratigraphies. A weak
signal is also noted in the only previous paleomag-
netic study of North Horn Formation deposits, at
the type section 50 km east of the Gunnison Pla-
teau (Tomida and Butler 1980). The regionally low
magnetic intensities may be related in part to a
lack of volcanic input and to source area domi-
nance by carbonate-rich strata.

Laboratory unblocking-temperature spectra sug-
gest that there are three major components con-
tributing to the magnetic signal (figure 4a,b,c).
These are (a) a component removed by 150-250°C,
(b) one removed between 150-250°C and 450—
550°C, and (c) a component removed above 550°C.
Often all three components are present in the same
sample. The respective laboratory unblocking tem-
peratures of the three components suggest that
(a) is goethite, (b) is titanomagnetite or magnetite,
and (c) is hematite.

A limited number of alternating-field demagne-
tization results display only two clear components.
These components have coercivities of (a) <25 mT,
and (b) 25-80 mT (figure 4d, and Hobbs 1989).
These coercivities also support the presence of the
goethite and of the titanomagnetite or magnetite
components.

IRM acquisition data also provide evidence of
variable mineralogies. Sample PC602 shows satu-
ration of the induced signal occurring by 300 mT
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Figure 3. N-S stratigraphic cross section along the eastern escarpment of the Gunnison Plateau, showing the charac-
ter of North Horn strata adjacent to the eastern margin of the Axhandle basin. Stratal subunits, paleocurrent directions
(shown with respect to the N-S orientation of the panel), and stratigraphic relations that constrain the relative timing
on the basin-margin backthrust (backthrusts are indicated by the barbed symbol) are depicted. Paleocurrent data is
outlined in Talling (1992). Detailed correlations are based on lateral tracing of individual strata and matching of
magnetozone boundaries. Ages on the right side are taken from the Harland et al. (1990) time scale. Three magnetic
polarity stratigraphies were sampled from the Axhandle Canyon (A), Petes Canyon (P), and Boiler Canyon (B) sections.
Other measured and described sections (C = Coal Canyon; BM = Big Mountain; and HV = Hanging Valley) were
used in the stratigraphic correlations but were not sampled for magnetic studies.
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Figure 4. Representative Zijder-
veld plots (Zijderveld 1967) of step-

wise thermal and alternating field
demagnetization and of associated
intensity changes. (a) Reversely
magnetized specimen showing two

00 components: one removed below
175°C and a second, presumed to be

carried by titanomagnetite, removed
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C between 200-500°C. (b) Reversely

magnetized specimen showing a
component removed below 250°C,
and a second component largely re-
moved by 400°C. (c) Normal polarity
specimen from the lower part of the
Boiler Canyon section exhibiting 3
components: 25-200°C, 200-550°C,
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(figure 5a). This suggests a relatively low coercivity
magnetite or titanomagnetite phase. Many other
specimens, however, display only partial satura-
tion at imposed field strengths of 1.25 T (figure 5b).
This suggests a mixture of low and high coercivity
components, with the higher coercivity compo-
nent being hematite or possibly goethite.
Stepwise thermal demagnetization of the sat-
uration or partial-saturation IRM confirms the
presence of two components, one with blocking
temperatures of 150-500°C and the other with
blocking temperatures of 600—675°C (figure 5d,e.f).
The former represents the titanomagnetite or mag-
netite and the latter the hematite component.
Some stratigraphic intervals sampled display a

consistently distinct magnetic signal character.
The lower part of the Boiler Canyon section (below
meter 250) comprises orange-brown mottled silt-
stone and local conglomerate. These rocks are
strongly magnetized, and intensities of 1 x 10~2
A/m are common. Laboratory unblocking-tem-
perature spectra of samples in this interval range
between 200-550°C, suggesting the presence of
magnetite as the primary magnetic carrier (figure
4c). Calcareous, grey mudstone typically contained
the lowest NRM intensities, with the relatively
pure micrites of the Wales Tongue (figure 3) pro-
ducing a particularly weak signal. Resampling of
less resistant strata adjacent to previously sampled
resistant calcareous muds or impure micrites failed
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Figure 5. Isothermal remnant mag-
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netization (IRM) acquisition of pilot
samples. (a) PC602 shows saturation
by 300 mT suggesting a titanomag-
netite or magnetite component.
(b) PC550 displays only partial satu-
ration by 1.25 T suggesting a high
coercivity magnetic phase, presum-
ably hematite, in addition to the ti-
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to improve the quality of the paleomagnetic data
significantly. The lower part of the Axhandle Can-
yon section (0—190 m, figure 6) is laterally equiva-
lent to meters 340—500 in the Petes Canyon sec-
tion (figure 7). The Axhandle Canyon samples,
however, displayed consistently higher NRM in-
tensities and a higher percentage of Class 1 sites
(figures 6 and 7). Because this trend appears to be
largely independent of lithology, we speculate that
the Axhandle section was closer to the basin mar-
gin and received a higher terrigenous detrital input.
The strata that yielded the most consistent re-
sults were orange- or red-stained siltstone and
mudstones containing a high intensity hematite
component. However, because the timing of that
hematite component is poorly constrained, the po-
larity calculations obtained from these hematite-
bearing strata are considered equivocal.
Measurement Strategy. This study attempted to
isolate the remnance direction of the titanomag-
netite or magnetite component of assumed detrital
origin. The hematite component, in contrast, is
more likely to be authigenic, and postdates deposi-
tion by some unknown time. Following the pilot
studies, all remaining samples were stepwise ther-
mally demagnetized between 200° and 350°C. The
resulting magnetization directions at each site
were averaged using 3—4 specimens at a single
temperature step. Fisher (1953) statistics were used
to assess the directional coherence at each site.
Sites with a Fisher k of >10 are termed Class 1.
Sites with a Fisher k of <10, but with unambigu-

ous normal or reversed polarity, were termed Class
2 sites. Class 1 sites with anomalous magnetic
character, such as those 100 times stronger than
average, were demoted to Class 2. Sites with no
coherent magnetic directions were defined as Class
3 and rejected. Of the total of 275 sites, 45% were
Class 1, 24% were Class 2, and 31% were Class 3.
The site mean directions were converted to virtual
geomagnetic pole (VGP) positions based on a paleo-
latitude and paleolongitude of 39°N, 249°E (figures
6—8). A magnetozone was defined for the local
magnetostratigraphies when indicated by at least
one Class 1 site, with the exception of two reversed
polarity magnetozones in the lower Boiler Canyon
section (figure 8) that contain only Class 2 sites.
These sites were interpreted as showing a convinc-
ing reversed polarity.

Timing of Magnetic Signal Acquisition. The tita-
nomagnetite component is considered detrital in
origin and should have been locked in following
burial below the depth of bioturbation, i.e., within
several thousand years after deposition. The hema-
tite component could have been acquired authigen-
ically at any time up to the present. Because de-
magnetization between 200° and 350°C does not
unblock the hematite signal, the measured direc-
tions may include a hematite overprint of uncer-
tain magnitude. In many cases Zijderveld diagrams
were used to distinguish these components (Zijder-
veld 1967; figure 4c¢). The class 1 data pass the re-
versal test at the 95% confidence level (Appendix
1, available from The Journal of Geology, free of
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charge) and define VGP positions compatible with
a Paleocene pole position of 81.5°N, 192.6°E (Diehl

et al. 1988).

Although it is possible that post-depositional
overprinting by hematite could have obscured the
original detrital signal in some cases, the repeated
occurrence of lithologically independent magne-
tozones of consistent polarity, the presence of re-
versal boundaries within apparently homogeneous
lithological units, and the replication of polarity
patterns between stratigraphically correlative parts
of spatially separated sections (except as noted be-
low) strongly suggests that the polarity pattern de-
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Figure 6. Polarity stratigraphy for
the Axhandle Canyon section. For
this and subsequent figures, Class 1
and 2 sites are shown by closed and
open dots, respectively. Error bars
(alpha 95) on the virtual geomag-
netic pole latitudes represent the
calculated 95% confidence limit
from the mean direction, expressed
as an angular radius. Lithologies,
major stratigraphic units, strati-
graphic contacts, and the numbering
used to delineate magnetozones
(R1-R8) are shown. Uncertainties
in magnetozone boundaries result
from the separation between super-
posed sites and less well docu-
mented magnetozones based on
Class 2 sites. Class 3 sites rejected
for polarity assignments are marked
in their appropriate stratigraphic po-
sition along the 0° VGP line.

veloped here closely mimics field polarity as re-
corded at the time of deposition.

Despite uncertainties related to weak
sample intensities and the age of acquisition of the
hematite-dominated remnance, the three sampled
sections produce a series of both normal and re-
versed polarity zones typically defined by several
sites (figures 6—8). A single composite polarity stra-
tigraphy was produced for the North Horn Forma-
tion by correlating the three individual stratigra-
phies (figure 9). Correlation was achieved with
confidence of +10 m using traceable marker beds
(figures 3 and 9). An instructive test of the reliabil-
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Figure 7. Polarity stratigraphy for the Petes Canyon
section. Stratigraphic position of charophyte site is
shown. Description is the same as for figure 6.

ity of the composite polarity stratigraphy is pro-
vided by the overlaps between laterally adjacent
sections. The lower part of the overlap between the
Petes Canyon and Axhandle Canyon sections is in
good agreement, with a well defined normal chron
and a longer reversed interval (chrons N4 and R4,
figure 9), whereas the complex reversal pattern in
the upper half of the Axhandle section (chrons N8
to N12, figure 9) is not reproduced in the Petes
Canyon section. This suggests that either (a) the
normal chrons in the Axhandle section are second-
ary magnetizations, (b) the reversed signal in the
Petes Canyon section is an overprint, or (c) that
the Petes Canyon section contains a significant un-
conformity. This part of the Petes Canyon section
comprises a series of red-to-orange mottled coarse
siltstone beds (the Upper Red Bed unit; figures 3
and 9). It thus is speculatively suggested that the
red-orange mottling indicates the presence of a he-
matite overprint.

Correlation to the Global Magnetopolarity Time
Scale. The correlation is initially constrained by
independent, biostratigraphic, or radiometric dat-
ing of the strata. Regionally the North Horn For-
mation is dated as Maastrichtian to early Eocene
based on fossil localities east of the Gunnison Pla-
teau. The type section, 50 km east of the Gunnison
Plateau, contains Late Cretaceous vertebrates and
invertebrates (Gilmour, in Spieker 1949), Puercan
and Torrejonian (Paleocene) mammal faunas (To-
mida and Butler 1980), and Late Cretaceous paly-
nomorphs (Greisbach and McAlpine 1973). Other
North Horn exposures on the Wasatch Plateau
have yielded Maastrichtian palynomorphs (Stand-
lee 1982; Schwanns, 1988) and mid-to-late Paleo-
cene calcareous microfossils and palynomorphs
(Fouch et al. 1982). On the Gunnison Plateau, a
coal in the Petes Canyon section (meter 100, figure
7) in the lower part of the North Horn strata has
yielded a tentative Late Campanian to early Maas-
trichtian date based on an ostracod assemblage
(R. M. Forester pers. comm. 1989). The absence
of Platychara compressa in the Axhandle basin
strata, common in late Maastrichtian times, is
cited as evidence of a pre-late Maastrichtian age.
Schwanns (1988) lists Maastrichtian palynomorphs
collected at the coal in the Petes Canyon section.
Undifferentiated dinosaurian remains found at two
localities (meters 90 and 165, figure 8) in the Boiler
Canyon section indicate a pre-Paleocene age for
those North Horn strata (Lawton et al. 1994).

The Flagstaff Limestone regionally overlies the
North Horn Formation and is present at the tops
of the Axhandle Canyon and Petes Canyon sec-
tions. It is dated regionally as Late Paleocene to
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Early Eocene, based on molluscs (La Rocque 1960),
charophytes (Peck and Reker 1948), a mammal jaw
bone found in float (Rich and Collinson 1973), and
pollen (Fouch et al. 1982). On the Gunnison Pla-
teau, mollusc assemblages suggest that the basal
of three regionally recognized informal members
of the Flagstaff Limestone is absent, and an early
Eocene age is estimated (La Rocque 1960).

These independent age controls place (a) the lo-
cal transition from the North Horn Formation to
the Flagstaff Limestone in the early Eocene and
(b) the Cretaceous-Tertiary boundary stratigraph-
ically above the coals at Petes Canyon (meter 100)
and Boiler Canyon (meter 330). In the context of
these biostratigraphic constraints, the optimal cor-
relation of the composite magnetic polarity pattern
to the global magnetic polarity time scale (Harland
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et al. 1990) spans from chrons C33 to C21 (figure
10), and provides a reasonable match for the com-
plex reversal pattern of chrons 23 and 24. One of
the normal magnetozones (N7, figure 10) has no
correlative in the Harland et al. (1990) time scale.
It may correspond with one of the seven crypto-
chrons delineated in this part (chron 24R) of the
magnetic record by Cande and Kent (1992).

The preferred correlation suggests a major depo-
sitional hiatus or erosional unconformity in late
Maastrichtian and early Paleocene time. Centime-
ter-scale observation of the relevant part of the
Petes Canyon section does not clearly reveal such
major disconformities (Talling 1992). This inter-
val does contain two zones of stacked, early stage
3 (terminology of Gile et al. 1966) calcrete paleo-
sols (figure 7). Such paleosol formation, however,
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Figure 9. Composite magnetopolarity stratigraphy for the North Horn and lower Flagstaff Limestone Formations,
derived from correlation of the three local magnetopolarity stratigraphies (figures 6—8). The stratal thicknesses of
magnetozones N1-N3 are taken from the Boiler Canyon section, thicknesses of R3—R4 are taken from the Petes
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+10 m using panoramic photographic mosaics and marker beds that were physically traced out.
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Figure 10. Preferred correlation of the composite mag-
netopolarity stratigraphy to the global magnetopolarity
time scale (Harland et al. 1990), that is most reasonable
given the biostratigraphic constraints indicated. Inter-
vals with diagonal shading represent likely unconformi-
ties implied by this correlation. Unconformities of the
durations indicated are problematic to document from
outcrop observations; however, the unconformities are
inferred to lie within two zones of calcrete paleosols (me-
ters 130—195 and meters 315-335 of figure 7). Details
of the correlation of polarity intervals between inferred
unconformities are uncertain. One uncorrelated magne-
tozone occurs within that part of the local magnetic stra-
tigraphy that is correlated with chron 24r. This probably
represents one of the several cryptochrons recently de-
fined in this interval (Cande and Kent 1992).
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should encompass only a small fraction of the ap-
parent >5 m.y. gap in the record. The magneto-
stratigraphic evidence for such an uncomformity
is strong, given the Maastrichtian age of the lower
section, such that even the less favored correla-
tions require a significant hiatus (figure 10; Talling
and Burbank 1993). It is thus inferred that a subtle
disconformity within the paleosols marks the ex-
tensive hiatus. Although various alternative corre-
lations can be proposed and serve to illustrate the
uncertainties involved in the preferred correlation,
each of them violates one or more of the biostrati-
graphic age constraints or seems to require highly
variable and improbable sediment-accumulation
rates. A more thorough discussion of alternative
correlations is provided in Talling and Burbank
(1993).

Implications of the Magnetostratigraphic Dating

The stratal ages reported here typically have uncer-
tainties of 0.5 m.y., from inexact placement of
events within a polarity chron and the sometimes
arbitrary nature of formational boundaries in out-
crop (Talling and Burbank 1993). The transition
from the North Horn Formation to the overlying
Flagstaff Limestone Formation occurs in the re-
versed part of chron 22 (figure 10), i.e., at 51 *= 0.5
Ma. Such an age (latest Ypresian) suggests that the
upper part of the North Horn Formation is tempo-
rally equivalent to the lowest member of the Flag-
staff Limestone Formation elsewhere in the region
(Stanley and Collinson 1979), as deduced by La
Rocque (1960) from molluscan faunas. The Wales
Tongue of the Flagstaff Limestone, which inter-
fingers with the upper North Horn strata on the
Gunnison Plateau (figure 3), occurs in the normal
part of chron 25 and the base of the reversed part
of chron 26 (figure 10), i.e., 58-56 = 0.5 Ma or
latest Paleocene. The Wales Tongue thus appears
to be the representation on the Gunnison Plateau
of the Ferroan Mountain Member (Stanley and Col-
lison 1979), the lowest regionally recognized mem-
ber of the Flagstaff Limestone Formation. The old-
est North Horn Formation strata sampled correlate
to the normal part of chron 33 (figure 10). This
demonstrates that the base of the North Horn pre-
dates 73.1 Ma and is thus earliest Maastrichtian or
more probably latest Campanian in age.

Evolution of the Gunnison Thrust System

The first period of uplift on the eastern, basin-
margin backthrust is deduced from a series of ro-
tated unconformities in conglomerates in the low-
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est part of the North Horn Formation (Lawton
et al. 1994; Lawton and Trexler 1991) below the
base of the sampled sections, and from substantial
erosion (>2 km) and deformation of Cretaceous
units underlying the North Horn Formation (Law-
ton et al. 1994). This deformational episode ac-
counts for most of the 2—5 km of shortening on
the backthrust structure (Lawton 1985), with later
episodes representing relatively minor structural
re-activation. Magnetostratigraphic dating implies
this episode predates 75 Ma, i.e., the middle of nor-
mal chron 33 (figure 10). Faulting associated with
this episode displaced rocks dated biostratigraphi-
cally as latest Santonian to Middle Campanian in
age (Lawton et al. 1994; Lawton and Trexler 1991).
The deformation thus occurred between 83 and
75 Ma.

A second episode of uplift is inferred from strata
dominated by poorly oxidized overbank deposits
associated with coals and thin limestones (figure
3, meters 250—380). These strata are interpreted to
represent a near-surface water table. When rivers
drain from the downthrown footwall of a thrust
fault, and across an upthrown hangingwall, a high
water table is predicted in the area of the upstream
footwall. This high water table or ‘“ponding’’ re-
sults from impedance of groundwater flow by to-
pography (Freeze and Witherspoon 1967) and by
the formation of lakes during individual seismic-
uplift events. The area presently upstream of the
El Asnam thrust fault in northern Algeria repre-
sents a clear modern analog of such a situation
(Meghroui et al. 1988). Paleoflow indicators in this
ponded interval in the fill of the Axhandle basin
demonstrate eastward paleoflow (figure 3) across
the backthrust-uplift (figure 1), which is consistent
with the scenario of the depositional model. This
ponded interval is dated as 71-69 Ma (figure 10),
from normal chron 32.2 to the early-to-middle part
of the reversed part of chron 31. A third period of
uplift, occurring at least at one locality along the
backthrust’s strike, is clearly demonstrated by a
progressive unconformity in ‘“Sandstone 17 (Tal-
ling 1992; figure 3) that implies ~100 m of uplift
of the eastern basin margin. This episode cannot
be dated precisely from the magnetostratigraphies
due to the inferred presence of major unconformi-
ties above and below it. The episode must, how-
ever, have occurred between 68.5 and 61.5 Ma
(figure 10). A fourth uplift episode is inferred from
strata interpreted to have been deposited by struc-
turally ponded deposystems (figure 10, meters
430-560) with eastward paleoflow directions anal-
ogous to episode 2. This deformation probably oc-

curred between 61.5 and 60.5 Ma (i.e., the middle
of the reversed part of chron 26), although, if a large
unconformity is inferred above these strata, it may
be as old as 64.2 Ma. A final episode of uplift is
demonstrated by a 180° rotation of paleocurrent di-
rections (figure 3, meters 780—800; figure 10, me-
ters 590-610). This uplift is dated as between 61
and 59.5 Ma (mid-to-upper part of chron 26r: fig-
ure 10).

Although the lacustrine Wales Tongue interval
may also represent the effects of structural pond-
ing, its correlation to the lower member of the
Flagstaff Limestone suggests such ponding was a
regional feature and not a product of uplift on the
Sanpete Valley anticline. A minor influx of con-
glomerate into the basin, shortly before the North
Horn to Flagstaff Limestone transition, is repre-
sented by <10 m thick conglomeratic delta-
foresets in the Axhandle section. Due to the local-
ized and thin nature of these conglomerates, and
uncertainties over climatic and sediment source
area variation, a separate interval of uplift is not
inferred from these conglomerates.

It thus appears that the eastern basin margin
backthrust ceased actively uplifting around 60 +
0.5 Ma after undergoing at least five episodes of
uplift over a period of 14.5-23.5 m.y. The magni-
tude of erosion associated with the first episode
of uplift between 83 and 75 Ma suggests that the
majority of shortening occurred during this period.

Rates of Sediment Accumulation
and Tectonic Subsidence

Decompacted sediment accumulation rates show
significant variability, with values of between ~25
and 1.5 cm/ka (figure 11a). This variability is de-
spite the fact that the preferred correlation of the
Axhandle basin polarity stratigraphy to the geo-
polarity time scale implicitly discriminates against
rapid variations in accumulation rates (Talling and
Burbank 1993). Accumulation rates do, however,
demonstrate a general trend of decreasing values.
A tectonic subsidence curve for the basin, calcu-
lated by the methods of Sclater and Christie (1980)
(in Angevine et al. 1988; Allen and Allen 1990)
shows that tectonic subsidence decreased with
time (figure 11b). Superimposed on this trend are
two periods of reduced or negative tectonic subsi-
dence that correlate with periods of reduced sedi-
ment accumulation (figure 11a). These periods also
correlate strongly with the previously outlined, in-
dependent stratigraphic evidence of thrust-induced
uplift, such as angular and progressive unconformi-
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Figure 11. (a) Plot of decompacted sediment accumula-

tion rates through time, defined by the preferred correla-
tion of the local composite magnetostratigraphy to the
global magnetic polarity time scale. The error envelope
is defined by the spatial uncertainties, due to the finite
spacing of samples, in the position of individual magne-
tozone boundaries of the local magnetostratigraphy.
Other potential errors such as inaccuracies in measure-
ment of stratal thicknesses (+5%), or in the global time
scale are not considered. The stratigraphically defined
timing of intervals of backthrusting (stippled bars) is
shown. (b) Tectonic subsidence curves calculated for the
Petes Canyon section following the methods of Sclater
and Christie (1980) as shown in Angevine et al. (1988)
and Allen and Allen (1990). Superimposed on a declining
subsidence rate are two periods of reduced subsidence
labeled A and B. These periods are inferred to represent
episodes of structural uplift on the Gunnison thrust sys-
tem. The timing of stratigraphically defined intervals of
backthrusting (stippled bars) are shown. The central
Utah tectonic subsistence curve is based on data from
localities outside the Axhandle basin (after Heller et al.
1986).
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ties, ponded deposystems, and reversed paleoflow
directions (figure 11). It is inferred that the smooth,
decreasing trend results from flexural response to
lithospheric loading by thrust sheets, and that the
two anomalous episodes are produced by localized
thrust-induced uplift. Anomalous periods of re-
duced tectonic subsidence may be inferred if the
topographic elevation of deposition in the basin
significantly increased (Sclater and Christie 1980).
This is most likely to occur if the basin became
internally drained. There is no sedimentary or pa-
leocurrent evidence that internal drainage occurred
in the Axhandle basin during these episodes. The
tectonic subsidence plot suggests that uplift on the
Gunnison thrust system occurred in two distinct
episodes separated by ~5 Ma, the first between 83
and 75 Ma, and the second between 70 and 60 Ma.
Stratigraphic evidence indicates that the latter epi-
sode included at least four separate periods of
thrust motion.

The magnitude and decreasing trend of tectonic
subsidence in the Axhandle basin agrees well with
other tectonic subsidence curves calculated for
other localities within central Utah (figure 11;
Heller et al. 1986; Cross 1986). These studies at-
tributed rapid tectonic subsidence between 90 and
74 Ma (Heller et al. 1986) or between 97 and 74 Ma
(Cross 1986) to emplacement of the Canyon Range,
Pavant, and Nebo thrust sheets. These thrust
sheets, comprising of Precambrian and Paleozoic
cover rocks, are presently exposed ~30 km west
of the Axhandle basin (figure 1). Field relations,
supported by sparse biostratigraphic control, also
indicate that emplacement of these thrust sheets
ceased by ~75 Ma (Lawton 1985; Villien and Klieg-
field 1986); thus the emplacement of major cover
thrust sheets shortly predated or was coeval with
initial motion on the Gunnison thrust system.
Tectonic subsidence during subsequent deposition
in the Axhandle basin may have been produced by
other sources of crustal loading. Elastic-plate the-
ory suggests that the basin margin structures are
too narrow (~10 km) to produce significant tec-
tonic subsidence on lithosphere with an effective
elastic thickness of ~20 km (Reynolds et al. 1991,
their figure 11; Jordan 1981). The San Rafael Swell,
a basement-involved upwarp with an axis ~100
km east of the Axhandle basin, is of sufficient mag-
nitude and width to cause tectonic subsidence
within the basin. It is, however, also possible for
this structure to have produced a flexural bulge and
hence uplift in the area of the basin (calculated
following Angevine et al. 1988 p. 32—33). The San
Rafael Swell is inferred to have been active be-
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Figure 12. Comparison of regional cross sections of different salients of the thrust belt in Central and North Eastern
Utah (after Lawton and Trexler 1991 and DeCelles 1994, respectively). The locations of the cross sections are sepa-
rated by ~300 km (figure la). Stratal ages are indicated in the key. Late Cretaceous and Early Tertiary strata in
central Utah are represented by the North Horn Formation. The timing of motion on each thrust is indicated. The
Gunnison and Absaroka thrust systems occupy similar positions within the overall thrust wedge, and were active
during similar periods. Cross section topographies are reconstructed paleotopographies.

tween ~70 and 60 Ma, based on a regionally devel-
oped erosional unconformity (Franczyk and Pit-
man 1991; Franczyk et al. 1991); thus uplift on the
structure is, within dating uncertainties, synchro-
nous with the second period of motion on the Gun-
nison thrust system.

Thus thrusting in central Utah migrated ~140
km in ~40 Ma, an average rate of ~3.5 mm/yr
(figure 1). The Gunnison thrust system was episod-
ically re-activated over a 24 m.y. period. As shown
by Lawton and Trexler (1991), this period compares
to a maximum period of 34 m.y. during which ma-
jor thrust sheets were emplaced to the west. Age
constraints demonstrate that shortening was syn-
chronous on separate contractional structures. In
the case of the Gunnison thrust system and San
Rafael Swell, these structures had very different
structural styles. Periods of regional structural qui-
escence (e.g., 75—70 Ma) additionally suggest that

the entire thrust wedge was only episodically ac-
tive.

Comparison to the Thrust Belt in NE Utah
and Wyoming

The history of thrust wedge evolution in central
Utah is remarkably similar to that seen ~250-350
km to the north in NE Utah and Wyoming (P. De-
Celles pers. comm. 1993). Individual thrusts are
not, however, continuous between these two loca-
tions (Allmendinger et al. 1986; Cross 1986),
which comprise separate salients of the thrust belt.
Estimates of total shortening of between 100 and
120 km (DeCelles 1994; Allmendinger et al. 1986),
across the entire thrust belt are comparable at each
location, as is the number (four) of major contrac-
tional structures. Both the Gunnison and Absaroka
thrust systems lie to the east of two thrust sheets
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that involve cover rocks and account for the major-
ity of total thrust belt shortening (figure 12). The
timing of motion on the Gunnison and Absaroka
thrust systems is identical within dating uncer-
tainties. These periods of motion occurred during,
or very shortly after, emplacement of the major
thrust sheets to the west, but before shortening on
structures to the east (figure 12). The potentially
earlier age of initial thrusting in NE Utah, and the
basement-involved character of the San Rafael
structure, are the most significant differences be-
tween the two localities. There are also broad simi-
larities in the passive margin stratal wedge that
the thrust belt at both localities were developed
within.

The sychroneity of deposition and erosion above
the Absaroka and Gunnison thrusts between 84
and 60 Ma is surprising, as these localities occur
in entirely different salients of the Sevier thrust
belt (Allmendinger et al. 1986; Cross 1986).
Whether a locality above a thrust is net-erosional
or net-depositional is likely to reflect a balance be-
tween flexural subsidence and structural uplift. Es-
timates of total shortening of ~30 km on the Ab-
saroka thrust (DeCelles 1994) are significantly
greater than those of ~5 km for the Gunnison
thrust system (Lawton 1985). Presumably greater
flexural loading adjacent to the Absaroka thrust
offset a greater structural uplift, although differ-
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ences in the angles of the thrust faults underlying
the two basins may also have been a factor.

The broadly uniform evolution of the thrust
wedge, comprising of different thrust systems lo-
cated over 300 km along strike, suggests that the
contractional stresses driving the thrust wedge
were also uniform over this distance. Evolution of
the thrust wedge is demonstrated to consist of epi-
sodes of reorganization, by motion on multiple
thrust structures, separated by periods of quies-
cence. These episodes may result from exceeding
critical thresholds for wedge development, or from
fluctuations in the magnitude of contractional
stresses driving the thrust belt. The period of these
episodes is typically around 5 m.y.
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