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ABSTRACT

In order to determine the pattern and timing of exhumation and uplift in the Teton Range, fission-track analysis of
apatites has been applied to three sections encompassing ~2 km of vertical relief along the Teton escarpment. The
resulting data provide new insights on the doming of the Precambrian—Cambrian unconformity and on the Teton
exhumation /uplift history prior to the Miocene initiation of range-front faulting.

FEach section exhibits successively younger fission-track ages with decreasing sample elevation. The majority of these
dates are between 85 and 65 my. Mean track lengths decrease and the statistical distribution of track lengths broadens with
decreasing elevation. These data indicate Late Cretaceous cooling and an inferred uplift of 1-2 km. Younger dates (26-67
my) and typically broader track-length histograms characterize the northernmost section. Although mid-to-late Cenozoic
volcanic heat sources could have perturbed the northern section, modeling of two reasonable thermal sources indicates that
such heat perturbation is unlikely. Instead, it appears that this section and the lower parts of the more southerly sections,
which also exhibit broad track-length distributions, resided in the partial annealing zone for a considerable span of the
Tertiary.

The Laramide deformation in the Tetons involved both uplift and folding of the basement, rather than being restricted
to compressional structures within the Phanerozoic strata. Consequently, deep-seated, basement-involved structures must
have been active beneath the range in the Late Cretaceous. The fission-track data suggest that the most extensive,
post-Cretaceous uplift occurred in the northern part of the Teton Range and resulted in a southward tilt of 2-3° between
the northernmost and southernmost sections. To the extent discernable from the fission-track data, much of the arching of
the Precambrian—Cambrian unconformity occurred in the Late Cretaceous and was rotated into its present position by

differential footwall uplift during late Cenozoic extension.

1. Introduction

Fission-track analysis applied to uplifted areas
can provide data concerning the rates, timing,
and history of cooling, exhumation, and uplift in
a relatively rapid and reliable manner [1-3). When
combined with geologically calibrated rates and
ages of uplift, fission-track data can yield insights
on the thermal and topographic evolution of a
region.

An exceptional area for such a combined study
is the Teton Range in northwestern Wyoming
(Fig. 1). This block of approximately 2 billion year

! Present address: Engineering-Science, Inc., 7800 Shoal
Creek Rd. #222 West, Austin, TX 78757, USA.

old Precambrian gneiss and granite [4], uplifted
by Late Tertiary extensional normal faulting [5],
was only modestly deformed by Laramide and
Tertiary compression. The topographic emer-
gence of the present range began around 9 Ma [6]
and exposed Precambrian rocks which are >4
km above sea level today. At the largest scale, the
range dips as a block toward the west, but dom-
ing of the Precambrian—Cambrian unconformity
at the top of the range also indicates a distinctive
uplift style in which the convexity of the uncon-
formity resulted from differential uplift of the
center of the range ~2 km higher than the
northern and southern ends.

Criteria for using fission-track analysis in an
uplift study include the presence of appropriate
minerals and an estimate of burial depths [1-
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3,7,8]. Teton gneisses and granites contain apatite
which is suitable for fission-track analysis. The
stratigraphy of Teton Range and associated basins
suggests that 2—4 km of pre-Tertiary strata could
have buried the range before Miocene faulting
[9]. Geophysical study of the Teton region [10]
shows basement at 5 km below the surface of
Jackson Hole (Fig. 2). Because the highest peaks
in the Teton Range also comprise basement rocks
and rise ~ 2 km above the valley floor, there is a
vertical basement offset of 7 km [10] that is inter-
preted to have developed during the last 9 my [9].

Fission-track data in this study, as interpreted
in terms of timing of exhumation, rates and style
of uplift, and thermal history of uplift, are com-
pared to uplift information taken from the verti-
cal offset across the range of two Plio-Pleisto-
cene-aged tuffs and the post-Miocene strati-
graphic evidence for a rising Teton Range [6,9].
This comparison sheds light both on the history
of Teton uplift and on the utility and limitations
of apatite fission-track analysis.

2. Regional geology

Laramide structures, Cenozoic volcanic ter-
ranes, and Neogene extensional structures domi-
nate the present geology of northwestern Wyo-
ming and southwestern Montana (Fig. 1). Major
Laramide-aged, basement-cored uplifts of this
Late Cretaceous to early Eocene orogenesis in-
clude the Wind River Range and the Beartooth
Mountains. The Eocene-aged Absaroka volcanic
field forms a highland to the northeast of Jackson
Hole. The Plio-Pleistocene Yellowstone rhyolitic
plateau and the Late Tertiary Snake River down-
warp delineate the northern and southwestern
margins of the Teton uplift, whereas the exten-
sional basin of Jackson Hole defines the eastern
boundary of the uplift (Figs. 1 and 2).

Throughout most of the Mesozoic era, the
Precambrian core of the Tetons was buried be-
neath ~ 1.5 km of Paleozoic strata as defined by
stratigraphy on the north and west flanks of the
range [9]. An additional 2-3 km of Mesozoic
strata are likely to have covered the range prior
to the beginning of Laramide deformaticn. The
thick, coarse-grained conglomerates of the Upper
Cretaceous Harebell Formation and Paleocene
Pinyon Conglomerate presently preserved in
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Jackson Hole [9] are unlikely to have blanketed
the range extensively, given the syntectonic ex-
humation that is demonstrated by the present
study. The distribution of these gold-bearing,
quartzitic conglomerates is interpreted to have
resulted from Laramide deformation in the Teton
area [6,11]. Whereas paleocurrent directions and
the clast lithologies are compatible with a poten-
tial source area in the buried Targhee uplift [6],
located northwest of an assumed low-lying Teton
Range, it appears more likely that the quartzite
was supplied to the Harebell and Pinyon con-
glomerates by passive hanging-wall uplift over
hinterland ramps of regional thrust systems [11].

In the Teton Range-Jackson Hole area,
Laramide deformation is also indicated by
thrust-related shortening within the southern
Teton Range [12] and across much of the Gros
Ventre Range. Several Laramide-aged thrust
faults have been identified in the southern Teton
Range [12], including the Buck Mountain, Stew-
art, and Static faults. The magnitude of displace-
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ment along these faults is poorly known, but
reconstructions for the Buck Mountain Fault [12]
suggest that it may have accommodated as much
as 1 km of shortening and may have soled into
the deeper seated Cache Creek thrust. The sur-
face trace of the Cache Creek fault runs perpen-
dicular to the Teton normal fault and appears to
delineate its southernmost expression (Fig. 2).

Subsidence in the northern part of Jackson
Hole in the mid-Tertiary is indicated by the early
and middle Miocene-aged Colter Formation, a
thick volcanic and volcaniclastic succession [13].
The Teewinot Formation, comprising lacustrine
and tuffaceous strata > 1 km thick, accumulated
in central and southern Jackson Hole during the
late Miocene. The absence of coarse detritus in
the Teewinot Formation has been interpreted to
indicate that the Tetons probably had not risen to
any great height by 9-10 Ma [6].

Late Cenozoic hanging-wall subsidence of the
Precambrian basement to ~ 35 km beneath the
present surface of Jackson Hole and coeval foot-
wall uplift and westerly tilt of the Teton Range to
~ 2 km above the present surface are indicated
by geophysical and stratigraphic data [9,10]. The
4 Ma Conant Creek Tuff and the 2.05 Ma Huck-
leberry Ridge Tuff are preserved in both the
hanging wall and footwall of the Teton normal
fault. Structural offsets of these tuffs indicate a
minimum of 1520 and 1220 m of vertical separa-
tion, respectively, since they were erupted [6].

3. Methodology

In the Teton area, apatite and zircon occur in
the Precambrian granites and gneisses and in
Phanerozoic sandstones, where they occur as de-
trital minerals. Three sections, spaced 12-17 km
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Fig. 2. Simplified geologic map of the Teton Range, selected elements of Jackson Hole, and the northern end of the Gros Ventre
Range. Major faults, locations of fission-track sampling sites, and the line of cross-sections in subsequent figures are depicted.
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apart and oriented perpendicular to the range
front, were sampled along the eastern escarp-
ment of the Teton Range (Figs. 2 and 3): the
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Rendezvous Peak section in the south, the
south-central Buck Mountain section, and the
Mount Moran section in the north. To the extent
permitted by available exposures along these to-
pographically inclined traverses, samples were
collected in vertical intervals of ~ 300 m. Addi-
tional samples were collected from low-elevation
sites in the Teton and Gros Ventre Ranges and
from the Harebell Formation (Fig. 2).
Refinement of the cooling and uplift history of
the Teton Range was undertaken in this study
through an analysis of the fission-track dates of
individual apatite grains and of the distributions
of fission-track lengths within each sample. Fis-
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Fig. 4. Vertically exaggerated (X 18) N-S longitudinal section of the Teton Range and fission-track data corresponding to the
sections shown in Figs. 2 and 3. Shown in detail: apatite fission-track ages + 1o errors, mean track-length measurements with
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sion-track dates were calculated using the exter-
nal detector method [14], which appears to be
statistically valid for the Teton apatites, given the
relative paucity of defects and the density of
fission tracks. Sample collection, processing, and
dating was completed between 1986 and 1988.
In accordance with the techniques of Naeser
[14] and Gleadow [15], the apatites were mounted
in epoxy, polished, etched, overlain with mica,
and irradiated by TRIGA reactors to induce *°U
fissioning. Six or more apatite /mica pairs were

TABLE 1

Fission-track data for all samples

counted for each age calculation, and a 2o error
was calculated for each fission-track age follow-
ing the statistical method of McGee et al. [16]. In
addition, standards of 31 Ma Durango apatite
were counted to verify the calibration of the
neutron dose. Because apatite has a closure tem-
perature of 100-110°C for track retention over
geologically long intervals (> 5 my) [17], the cal-
culated apatite fission-track dates were initially
interpreted to record time since the last thermal
event of temperatures greater than ~ 105°C for

SAMPLE SAMPLE ELEVATION NUMBER FLUENCE (s)TRACKS (i) TRACKS AGE 2-SIGMA

LOCATION LD. [meters] APATITES x10'S  COUNTED COUNTED [Ma] ERROR
COUNTED [n/cm?] [Ma]
RENDEZVOUS | TR-25 | a0 1] 10 9.89 430 ; 1532 82.5 9.0
PEAK [ TR-26 | 200 9 9.41 341 1202 79.4 9.7
TR=-27 | 2485 ] 10 9.35 670 2588 72.0 6.2
TR-14 3636 6 9.71 409 1493 79.1 8.8
TR-13 3333 11 9.66 302 1139 76.2 9.9
BUCK TR-12 3030 6 9.88 227 879 75.9 11.2
MOUNTAIN TR-10 2727 9 10.00 350 1395 74.6 8.9
TR-11 2485 { 6 9.94 51 206 73.4 232
TR-15 2242 | 7 9.65 106 458 66.5 14.3
TR-34 3818 | 9 9.63 303 1296 67.0 8.6
TR-33 | 3788 | 9 9.68 | an 1625 65.8 7.6
| MOUNT TR-32 3636 | 9 9.76 147 788 54.2 9.7
i MORAN TR-31 3333 7 9.81 115 735 45.8 9.2
? TR-29 2970 8 9.85 60 426 414 114
‘ TR-21 2697 14 9.53 137 1064 36.6 6.6
‘ TR-23 2424 10 9.47 45 494 25.8 8.0
| MOOSE POND TR=-06 2182 12 9.73 302 2169 40.3 4.9
| GROS VENTRE GV-16 | 2182 8 9.58 333 1323 719 8.9
[ HAREBELL HF -2(up) 2727 ; 10 9.87 468 1880 73.1 7.5
FORMATION HF-1(lo) 2485 | 6 9.94 346 | 1310 78.1 9.5
DURANGO APATITE DUR-A N/A 5 9.82 87 | 819 32.2 7.4
CALIBRATION \ DUR-B N/A 5 9.59 77 | 712 30.9 7.3
SAMPLES | DUR-C N/A 8 9.71 93 [ 861 319 6.9

FTD age equation:

N, Ap@-ol 1
Age=In|l+ — —— |- —
Ni AF AD
Constants used in age calculations
Ap = decay constant of U2 =155125% 10~ 1o/yr;
Ag = decay constant of spontaneous fission = 7.03 X 10‘17/yr;
I = atomic ratio U2 /U%% =7.25%x10"%
o = neutron fission reaction cross-section = 580.2 barns.

Variables used in age calculations

@ = neutron dose (n/cm?);

N, = number of spontaneous tracks counted;
N; = number of induced tracks counted,
Calibration samples = 31 Ma Durango apatites.
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more than ~ 10 my. These interpretations were
subsequently modified in accordance with rele-
vant track-length data for each sample, because
previous track-length studies [18—20] indicate that
specific patterns of length changes are inter-
pretable as a function of the exposure time to
annealing temperatures.

For the track-length measurements, apatites
were mounted in epoxy, polished, and etched in
7% nitric acid for 60 s. Measurements of track
lengths were made only of horizontal, confined
tracks. To ensure reproducibility, the sample
measured first was measured again at the end of
each session. The track-length data were recorded
as the number of tracks measured, their average
and median lengths, the standard error (1), and
the number and percentage of tracks within each
Lm range.

4. Results
4.1 Apatite ages

Three samples, of which the lower two were
Precambrian gneiss and the highest was Cam-
brian Flathead Sandstone, were collected in the
Rendezvous Peak section between ~ 2500 and
3000 m above sea level (Figs. 2-4). Although th~
Flathead Sandstone is detrital in origin, individ-
ual grain ages indicate cooling below the apatite
annealing temperature at approximately the same
time as the other Rendezvous Peak samples. The
fission-track ages ranged from 72.0 + 6.2 (20) Ma
at the base to 82.5 + 9.0 Ma at the top (Table 1
and Fig. 4).

Six kilometers south of the Grand Teton and
12 km north of the Rendezvous Peak section, six
samples were collected from the Buck Mountain
section (Figs. 2—4). The fission-track ages of the
samples, spaced at ~ 300 m vertical intervals,
varied from 66.5 + 14.3 Ma (2242 m) to an age of
79.9 4+ 8.8 Ma at the summit (3636 m).

The Mount Moran section, 17 km north of the
Buck Mountain section, was sampled above 2400
m in six vertical intervals of 300 m, and the top
two samples were collected at 3788 and 3818 m
from adjacent outcrops of Precambrian gneiss
and Cambrian Flathead Sandstone (Figs. 2—-4).
The sample from the lowest elevation yielded a
fission-track age 25.8 + 8.0 Ma, and the next five
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samples increase in age to the Cambrian sand-
stone sample dated at 67.0 + 8.6 Ma. Clear evi-
dence that the fission-track ages indicate cooling
ages, rather than geologic ages, is provided by the
concordant fission-track ages of the 2 Ga gneiss
(65.8 + 7.6 Ma at 3788 m) and the Cambrian
Flathead Sandstone (67.0 + 8.6 Ma) at the sum-
mit. Note that the ages of these topmost samples
are close to ages of the lowest samples from the
other two sections.

The fission-track ages of the three sections
show a clear trend of increasing age with increas-
ing elevation (Fig. 4 and Table 1). Although the
2o errors indicate overlap among the ages in
each section, the overall trend persists.

The Moose Pond low-elevation sample, col-
lected at 2182 m between the Buck Mountain and
Mount Moran sections, yielded a fission-track age
of 40.3 + 4.9 Ma (Figs. 2-4). A 2182 m elevation
sample collected about 700 m below the Precam-
brian—-Cambrian unconformity in the Gros Ven-
tre Range yielded a fission-track age of 71.9 + 8.9
Ma (Fig. 2).

Two samples from the Late Cretaceous Hare-
bell Formation in northeastern Jackson Hole (Fig.
2) yielded Cretaceous ages of 73.1 + 7.5 and 78.1
+ 9.5 Ma, respectively. The apatite crystals were
detrital, and their individual grain ages were cal-
culated (Table 2). The detrital ages from the
lower part of the section had generally less scat-
ter and clustered around 84 Ma. The upper sam-
ple’s individual grain ages were more scattered,
ranging from 55.1 to 98.8 Ma.

TABLE 2

Individual grain ages (Ma) and single population ages with 20
errors of the Harebell Formation samples

SAMPLE NUMBER OF NUMBER OF INDIVIDUAL MEAN AGE
LD. (s) TRACKS (i) TRACKS AGE [Ma] = 2-SIGMA
COUNTED _ COUNTED ERROR [Ma]

47 232 59.5

35 79.6
32 62.8
HF-2 24 83 848
(upper 313 815
clevation 24 128 55.1

sample) 23 | 72 93.6

HF -1 105 38( 81.6
(lower 47 157 884
elevation 78 280
sample) 48 | 169 839
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4.2 Track-length measurements

The mean track lengths of the Rendezvous
Peak sites (Fig. 4) decreased systematically with
decreasing elevation and displayed a consistent
breadth in the track-length distribution (+1.5
wm). Similarly, the mean track lengths from Buck
Mountain sites decreased with decreasing eleva-
tion. The track-length distributions, however,
broadened considerably with decreasing elevation
(Fig. 4).

The samples from Mount Moran contained
fewer tracks than other samples and thus had
fewer confined, horizontal tracks for track-length
measurement. Nevertheless, the mean track
lengths generally decreased with decreasing ele-
vation (Fig. 4). The distributions of track lengths
are consistent among all Mount Moran sites
(£2.0-2.4 um), but are significantly larger than
those distributions calculated for the more
southerly sections.

Track-length distributions were also deter-
mined for the Gros Ventre site and one of the
Harebell sites (Fig. 5). The track-length calibra-
tion sample (TR-14, Fig. 5) suggests that mea-
surements were determined consistently. The
mean track length for the Gros Ventre sample
(GV-16) was 13.1 + 1.9 um, whereas that of the
Harebell Formation sample (HF-2) was shorter
(11.5 £ 2.2 uwm) than most of the Teton samples.

5. Analysis and interpretation
5.1 Fission-track data

The Late Cretaceous to Oligocene fission-track
ages reported for the Teton and Gros Ventre
samples clearly do not represent the geologic
ages of these rocks. These ages instead reflect a
much later cooling through the apatite closure
temperature. Many of the Precambrian and Cam-
brian rocks of the Teton Range and Gros Ventre
Range were, therefore, cooled to temperatures
below 105°C in the Late Cretaceous. As discussed
below, many of the sampled rocks remained in
the partial partial annealing zone, which would
be expected to range from ~ 75-105°C for the
fission-track ages determined here [20,21].

The samples from the two southernmost Teton
sections display similar trends (Fig. 4), such that,

A) TR-14: calibration sample
Age:79.1+t88Ma
First T.L.:13.2¢ , 1
e sdzton ]
Last T.L.13.6u 1
JJ_—l‘]_s.d.: 1.2u LEaTH (LS

B) GV- 16 ggﬂ n: 70
Age:71.9+8.9Ma % |

n: 100

T.L.:13.1n 10

s.d.: 1.91 TTE TR b

LENGTH (1)

C) HF-2 ©1 .98

Age: 73.1 £ 7.5 Mao, ©
20
T.L.: 11.5¢ 10

s.d.;2.2u ppan

LENGTH (1)

Fig. 5. (A) Age (+20) and histogram of the track-length
calibration sample (TR-14). First and last measurements com-
pared in one graph. Mean track lengths (T.L.) and standard
error (s.d.) recorded in wm. (B) Age (+20) and histogram of
the Gros Ventre sample. (C) Age (+ 2¢) and histogram of the
upper Harebell Formation sample. Medians of the um mea-
surements are 9.6 to 10.4 pm and have low standard errors.
In the histograms, the y-axis is the percentage of tracks
measured (rather than the number of measurements), because
percentage measurements display more visible histograms for
those samples with a low number of measurements.

with decreasing elevation, their fission-track ages
and mean track lengths decrease. The mean track
lengths (> 12.5 pm) and the relatively tight distri-
bution of lengths (< 1.5 um) for the upper two
samples in the Rendezvous Peak and Buck
Mountain sections indicate that they cooled
through the apatite annealing isotherm and have
resided above or near the top of the partial
annealing zone since shortly after that time [20].
The lower samples, particularly in the Buck
Mountain section, display broader track-length
distributions indicating that they have spent con-
siderable time within the partial annealing zone.
It is important to note that, despite having resided
within the partial annealing zone, the fission-track
ages of the lower samples (TR-11, TR-15) are as
little as 6 my younger than the non-annealed
sample situated at the top of the section which is
1200 m higher than TR-11. This suggests that,
despite partial annealing and track-length short-
ening, the ages of the lower samples are reason-
ably close approximations of the time of cooling
below ~ 105°C. The Cretaceous fission-track ages
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of Rendezvous Peak and Buck Mountain samples
indicate that the cooling recorded by their ap-
atites was clearly not related to the Plio-Pleisto-
cene uplift of the present-day Teton Range, but
is instead an indicator of late Mesozoic cooling
and related exhumation of the ancestral Tetons.

The Mount Moran section in the northern
Tetons requires a somewhat different interpreta-
tion. In comparison to the two southern sections,
the Mount Moran fission-track ages show a simi-
lar trend of decreasing age with decreasing eleva-
tion, but the range of ages, spanning from the
latest Cretaceous at the top to latest Oligocene at
the bottom (Fig. 4 and Table 1) is much greater
than that encompassed by the other sections.
Moreover, all except one sample (TR-32) display
mean track lengths of < 12.5 um and have broad
track-length distributions (> 2 pm). This suggests
that the entire section either has resided within
the partial annealing zone for a considerable
period since initial cooling in the Late Cretaceous
or has been subjected to a post-Cretaceous heat-
ing event.

The 40.3 +4.9 Ma age of the Moose Pond
FTD sample is intermediate between the Buck
Mountain and Mount Moran dates at similar
altitudes (Fig. 4). Although no track-length data
are available for this sample, the coherent trend
of ages among these three, low-altitude sites sug-
gests that the Moose Pond sample also probably
resided in the partial annealing zone for a signifi-
cant interval of time.

The Gros Ventre sample, situated about 700 m
below the Precambrian—-Cambrian unconformity,
yielded a fission-track age (71.9 + 8.9 Ma) that is
very similar to those of the Buck Mountain and
Rendezvous Peak samples at comparable posi-
tions below the unconformity (Table 1). Although
the mean track length of the Gros Ventre sample
(Fig. 5B) is quite long (> 13 pm), the broad
distribution of track lengths (+1.9 wm) suggests
that it, too, resided for some period within the
partial annealing zone.

The mean fission-track ages of detrital apatites
in the Harebell conglomerates are Late Creta-
ceous (Table 1). The array of individual ages at
both sampling sites pass the x? test [22] and
indicate that a single population is present at
each site. The mean track length (11.5 wm) and
the breadth of the track-length distribution for
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these samples (Fig. 5C) indicate they have experi-
enced some partial annealing, probably due to
deep burial [20]. Because these apatite ages from
the Harebell Formation are older than the depo-
sitional age, they can be interpreted as indicators
of cooling and exhumation in the source area for
the conglomerates. It is noteworthy that the lower
Harebell sample yields an older age than the
upper sample: a reversal of the age-vs.-elevation
trend seen in the Teton sections. This is ex-
pected, however, because, unlike the Teton sam-
ples which were cooled in situ, the older detrital
ages at the lower site are interpreted to represent
the earliest cooled rocks that reached the erosion
surface in the source area.

5.2 Exhumation and crustal uplift rates

Vertical displacement rates of the Teton Range
in previous studies have been based upon the
ages of offset marker beds. For 7 km of vertical
basement separation over a period of ~9 my,
Love [23] calculated an average rate of ~ (.8
mm /yr. Vertical displacement across the Tetons
of about 1500 m of the 2.05 Ma Huckleberry
Ridge Tuff also yields an average offset rate of
0.8 mm /yr [6]. This observed offset represents a
combination of footwall uplift and hanging-wall
subsidence: ~ 5 km of the offset was accommo-
dated through subsidence of the Jackson Hole
basin east of the Teton Fault, and the remainder
was accomplished through wvertical uplift and
westward tilting of the Teton Range itself.

Because many of the Teton samples have ex-
perienced partial annealing, direct calculations
for all of the sections of either cooling or ex-
humation histories on the basis of the fission-track
dates is not possible. However, well bracketed
estimates can be made for the Buck Mountain
section, and comparisons among the sections (Fig.
6) provide insights on their likely cooling histo-
ries. At Buck Mountain, the highest two samples
appear to represent cooling ages with little or no
subsequent annealing. The lower four samples
display increasingly larger amounts of partial an-
nealing, as evidenced by their systematically
broadening track-length distributions (Fig. 4). The
mean fission-track ages for these lower sites must
be regarded as minimum ages, because anncaling
serves to decrease a sample’s apparent age. If we



UPLIFT AND THERMAL HISTORY OF THE TETON RANGE DEFINED BY APATITE FISSION-TRACK DATING 303

AUV TRendezvous Peak 17 #
—_ o & 3
Mount Moran §
E. 35004 Buck Mtn -0-.‘9. c:,i' q\\
200 R fl §
5 Ak
= an api &
= 30004 ing ]
< —]d——Cnu\ na § 1‘
& - of 2
00 J ¥
— 2500+ o -
w [ &
2000 =
— U I I 1

Fig. 6. Apatite fission-track age vs. elevation for the three
vertical relief sections in the Teton Range. Assuming an
unchanging geothermal gradient of 25°C/km, an interval of
rapid cooling (50°C /10 my) characterizes the Buck Mountain
section during the Late Cretaceous, during which time an
exhumation /uplift rate of ~ 0.2 mm/yr prevailed. The lower
slope of the Mount Moran data results from its smaller
amount of documented Cretaceous cooling and its longer
residence time in the zone of partial annealing.

assume that the fission-track ages represent times
of cooling due to upward transit of the rock
column through a stationary (with respect to its
vertical separation from the erosional surface)
105°C isotherm which is identified with the lower
limit of the partial annealing zone, a minimum
bedrock uplift rate of 0.2 mm/yr between ~ 79
and 73 Ma can be determined for the Buck
Mountain data, A rate of ~0.1 mm/yr is sug-
gested for the upper two samples in the Ren-
dezvous Peak section which appear to be unan-
nealed. Although these rates are considerably
less than the calculated late Cenozoic rates due
to extensional offset, they are sufficiently high
that they could not have been sustained during
the entire Cenozoic; otherwise exhumation of a
much greater magnitude than has been observed
would have had to occur. Given the evidence for
partial annealing of the lower elevation samples,
it is likely that the exhumation recorded here
only amounted to 1-2 km, such that the bases of
these sections remained in the zone of partial
annealing. Thus, these data provide evidence for
a brief interval of cooling during the Late Creta-
ceous. Rather than resulting from a decrease in
the geothermal gradient, this cooling is inter-
preted to result from relatively rapid Laramide
crustal uplift and exhumation. The similarity of
the age and track-length data from the Gros
Ventre sample suggests that its Laramide cool-
ing /exhumation history was very similar to that
of the southern Teton Range.

5.3 Explanations of observed fission-track data

At least two explanations are possible to ex-
plain the fission-track data and the following
observations: (1) Cretaceous fission-track ages
predominate in the two southernmost sections,
but not the northern one; (2) the age distribution
along the range front suggests asymmetric cooling
and exhumation; (3) the track-length data suggest
that many of the samples have been subjected to
temperatures sufficient to cause partial anneal-
ing; (4) the cooling /exhumation rates predicted
by fission-track data do not match the rates calcu-
lated for late Cenozoic offsets of stratigraphic
horizons; and (5) the Precambrian—Cambrian un-
conformity is significantly warped compared to its
initial geometry. One possibility is that, following
Laramide-aged cooling, subsequent heating of the
range from outside sources caused partial anneal-
ing of the entire northern part of the Tetons, as
well as the lower part of the southern Tetons. A
second possibility is that the southern and central
parts of the range were uplifted and cooled prior
to the northern Tetons, causing doming of the
Precambrian—Cambrian unconformity, and that
the entire Mount Moran section, as well as much
of the southern sections, remained in the partial
annealing zone until a more recent interval of
uplift.

Thermal modeling

To test the possibility that thermal perturba-
tions affected the northern end and the lower
parts of the southern and central Tetons, heat-
flow modeling was applied to two of the most
likely heat sources near the Tetons: the magma
body below the Yellowstone volcanic field (Fig. 1)
and a volcanic source for the Miocene volcani-
clastic Colter Formation (Fig. 2).

The magma body beneath the Yellowstone vol-
canic field was active by ~ 4 Ma at the Island
Park caldera [24], the western caldera in Fig. 1. A
one-dimensional, infinite planar model that was
designed to calculate temperature effects was ap-
plied to the magma body. Following the intrusive
sheet model of Jaeger [25], the basic heat-conduc-
tion equation was numerically evaluated as fol-
lows [26]:

T *T
p.c.a_t=K.ﬁ (1)
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Fig. 7. (A) Schematic diagram of effects of a one-dimensional heat-conduction model. Yellowstone magma body is the heat source;

MM represents the Mount Moran rock column that was potentially heated. Arrows represent direction of heat flux. Calculated

temperatures are depicted at various depths. The model ignores any heat loss to surface and thus overestimates any potential

thermal effects on the Mount Moran rock column. (B) Schematic diagram of a volcanic vent as a linear heat source and Mount

Moran (MM ) as the potentially heated rock column. Arrows represent direction of heat flux. Only small fractions of a degree of
additional heating are estimated for areas 20 km from the vent.

where p is density (g/cm?), ¢ is specific heat
(J/g-K), K is thermal conductivity (J/cm - s - K),
T is temperature (K), x is distance between heat
source and potentially heated rock (cm), and ¢ is
time (s). For simplicity, effects due to convection
were neglected, heat flux was maximized between
source {the magma body) and the northern
Tetons, and heat loss at the surface was ignored
(see heat flux arrows in Fig. 7A).

The solution to eq. (1) is the tabulated error
function erf A, where:

2 )
erf A = — ' 2
tf b= [ o )

Using the calculated A value for the appropriate
rock and magma type, the temperature of poten-
tially heated rocks can be calculated [25]. At
distance x from the heat source and at time ¢ of
activity, this equation is:

T,

T,=———|1+erf
1+erf A

2)(k-t) ) )

where 7, is temperature of potentially heated
rocks (°C), 7, is temperature of magma at speci-

fied depths (°C), erf A is error function of eq. (2),
x is distance (cm), ¢ is time (s), and k is thermal
diffusivity = K/p - ¢ (cm?/s). This study uses a A
value [25] of 800°C for rhyolitic magma [27].

Subsurface temperatures (7,) were calculated
for varying distances (x) and time (¢) as shown in
Fig. 7A. The modelled calculations do not indi-
cate any significant heating effects at Mount
Moran for the maximum time and minimum dis-
tance that are geologically likely.

The second heat source tested for possible
heating of the northern Teton Range was the
volcanic source body of the Colter Formation,
whose vent was possibly located under northern
Jackson Lake within 20 km of Mount Moran.
Barnosky [13] estimated that numerous eruptions
would have occurred from this andesitic source
between 24 and 18 Ma. This source would not
have had an immense, shallow magma body such
as the one under Yellowstone, but rather a nar-
row, linear pipe extending from a deep magma
chamber to the surface.

An appropriate model for linear heat conduc-
tion in the earth is a sum of instantaneous point
sources with corresponding image sources to con-
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strain the earth’s surface at constant temperature
[28]. Based on Carslaw and Jaeger’s equation [28]
that solves for temperature resulting from the
summation of point sources, a simplified equation
is used to solve for temperature:

Q ) (e R2
= E(—Tk—t)%[(e—Rl/4kt) (e — R3/4kt)]
(4)

where Q is heat flux (°C-cm?), R, refers to a
radial distance between source and potentially
heated rock (km), and R, is the radial distance
between the image source and the rock (km); the
other variables follow as above in egs. (1) and (3).
The melting temperature of andesitic magma was
estimated at 950°C [27]. The earth’s surface is
assumed to be 0°C at the surface, and heat loss
through the surface occurred as shown by the
arrows in Fig. 7B. Temperature perturbations
were determined at specified times and distances
from the source, and then were summed for each
increment of source depth and time with respect
to R, and R,, providing one temperature for the
rock in question. The results (Fig. 7B) indicate
that, for a probable depth of 1 to 2 km below an
assumed mean surface at 24 to 18 Ma, the Mount
Moran rocks would have been perturbed < 1°C
at the top and bottom of the rock column from
the modeled Colter volcanic source.

The modeling results indicate that neither of
these heat sources provides a viable mechanism
for partial annealing of the Teton apatites. Con-
sequently, the fission-track ages and track-length
distributions must be interpreted in terms of a
cooling and exhumation history.

Exhumation / crustal uplift history

The rocks constituting the Teton Range clearly
experienced doming at some time, as shown by
the geometry of the Precambrian—Cambrian un-
conformity which crops out at the north and
south ends of the range near the valley floor, but
which has been eroded from above the highest
peaks along the eastern escarpment in the center
of the range (Figs. 3 and 4). Isochrons represent-
ing similar fission-track ages, as well as contours
of equal track length and track-length distribu-
tion, illustrate the asymmetry of deformation
along the eastern escarpment (Fig. 8). The rise

toward the north of each of these indicators
suggests that the Mount Moran section resided
longer in the partial annealing zone and was
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Fig. 8. (A) Isochrons of tission-track ages projected on to a
N-S cross-section of the Teton Range. The light line is the
smoothed peak clevations; heavy lines are isochrons. The
fission-track ages (my) of the samples at their elevations serve
as calibration points. Vertical exaggeration is X 3.3. (B) Lines
of equal mean track length generally rise to the north and
provide evidence that the more knortherly sections and the
lower parts of each section spent more time in the partial
annealing zone. (C) Spatial array of the standard error on the
track-length distributions indicates that many of the sites have

experienced partial annealing.



306

S.V. ROBERTS AND D.W. BURBANK

A. [s0ma 70 Ma 60 Ma 20-10 Ma Present
.
N J 4
= W /\ ' /\ /\
3 3 (] i 3
3000 1 Smoothed E 1i 1
present Precambrian- I |
crestline Cambrian 1 il . 1
unconformity + |
2000 E 1l . 3
i .
b . i -\ : Partial
A = Annealing
wn 1000 4 . . {1RP .. .
‘é RP\: | BK\. . 108 Zone
. isotherm
= 105° \ 108° MP x * f
0
— sotherm BK o ° isotherm MM
= MPN_ Y,
E °
-1000 o
MM
2000 1
-3000 - - . -
L] (] 10 0 30 L] 10 20 30 0 10 20 3 0 10 20 3
Normal
B Erosi Rapid Erosi Erosion Erosion “Teton >,*, Faulti
* esnm e 70 Ma Ropid Erosion 60 Ma 20-10 Ma e el
Buck Mtn. Thrust ? A —y
\‘) ‘. 105°C
105°C o Frorroknesc] | I 050 | | RSSO I‘_ﬂ‘icf_ "Enﬁa?rﬁ"\‘
= P disothérn ANNINNN | 1 =
sty sJlsotherm — Bedrock Uplift sotherm Bedrock Uplift lsotherm S T
W__ Bedrock Uplift E Present R
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box represents the partial annealing zone for apatite. O = samples at temperatures higher than 105°C; ® =samples cooler than
105°C. The thin, solid lines connect samples of equal, present-day elevation. Vertical, dashed arrows represent the amount of uplift
that occurs between a given time slice and the succeeding one. The progression of bedrock uplift can be tracked by following the
changing orientation of the Precambrian-Cambrian unconformity. BK = Buck Mountain; MM = Mount Moran; MP = Moose
Pond; RP = Rendezvous Peak. (B) Simple E-W cross-section through the Teton Range in the vicinity of Buck Mountain. The most
rapid uplift occurs between ~ 80 and 70 Ma. Some of this may be locally attributable to motion of the Buck Mountain Thrust (70
Ma?[12]), but most of it requires uplift along deeper seated, more regional structures. Rapid late Cenozoic extension strongly
perturbs the annealing isotherm across the normal fault.

more recently cooled below these annealing tem-
peratures.

Analysis of the fission-track data using dia-
grams of equal-elevation Teton samples permits
the history of cooling and exhumation to be de-
lineated through a series of reconstructions at
specific times in the Late Cretaceous and Ceno-
zoic (Fig. 9). These reconstructions are based on
the following assumptions: fission-track dates as-
sociated with mean track lengths > 12.5 um and
track-length distributions of < 1.5 wm represent
times of cooling below 105°C and removal from
the zone of partial annealing shortly thereafter;
those samples with shorter mean track lengths
and larger uncertainties in the track-length distri-
bution represent minimum ages for cooling below
105°C and have spent considerable time in the
partial annealing zone, such that the residence
time is approximately proportional to the devia-

tion from the track-length values cited above; the
105° annealing isotherm was regionally subhori-
zontal in the past; the geothermal gradient was
assumed constant at ~ 25°C /km and the surface
temperature was assumed to be 10°C; a partial
annealing zone existed between the 75°C and
105°C isotherms; cooling was due to upward
transport of bedrock toward the erosional sur-
face, rather than due to lowering of the local
geothermal gradient (thus, the rate of erosional
lowering of the landscape (exhumation) balances
the rate of bedrock uplift); dips between sections
are defined on the basis of coeval non-annealed
dates in each section; and both the presently
observable thicknesses of the sections and the
vertical position of the unconformity with respect
to each section has not changed through time.
The general configuration of the unconformity
through time can also be specified with respect to
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four tie points: the unconformity lies just below
the topmost sample sites of the Rendezvous Peak
and Mount Moran sections, it lies more than 200
m above the top of the Buck Mountain section,
and it is located more than 2 km above the
Moose Pond site.

Given the above assumptions, the reconstruc-
tions (Fig. 9) indicate that cooling was underway
by 80 Ma as the southern sections crossed or
approached the 105°C isotherm. At this time,
there was a distinctive, two-part dip of the uncon-
formity: its northern portion sloped steeply down
from above the Moose Pond site to the top of the
Mount Moran section, whereas the southern half
was essentially horizontal. It is not possible to
specify when cooling and exhumation initiated,
because the tops of each of the studied sections
have been eroded. Nonetheless, given the evi-
dence for differential cooling between the various
sections (Fig. 6) and the folding of the uncon-
formity, it appears that uplift was likely to have
commenced somewhat earlier in the southern
Tetons in order to deform the Precambrian—
Cambrian unconformity which was initially cre-
ated as a subhorizontal surface. It is possible,
however, that this deformation occurred long be-
fore the Late Cretaceous events described here.

Because some or all dates are available for all
three relief sections at ~ 70 Ma, the most reli-
able geometry can be reconstructed at this time.
Whereas the top of the Mount Moran section was
near the 105°C isotherm, ~ 1 km of additicnal
bedrock uplift of the Buck Mountain section at
rates as high as 0.2 mm /yr had occurred by this
time, such that the top part of the section was
above the zone of partial annealing. This uplift
was sufficiently more rapid than that of the Ren-
dezvous Peak section that the unconformity was
also folded toward the south between them (Fig.
9A). Some of the differential offset may be been
accommodated by [aramide shortening (Fig. 9B)
on the Buck Mountain Thrust [11]. Range-scale
cooling, however, can not be attributed to move-
ment on this fault, due to its local nature. Instead
a deeper seated, more regional structure must
have been active at this time.

By 60 Ma, only the basal parts of the Ren-
dezvous Peak and Buck Mountain sections were
present within the partial annealing zone, whereas
the Mount Moran section was still entirely lo-

cated within or below this zone. Given the fis-
sion-track ages and the rock columns encom-
passed by each section, it is important to note
that, at that time, the unconformity still dipped
steeply to the north from the Buck Mountain
section and dipped more gently to the south. In
this reconstructed deformational sequence, this
interval is approximately the end of relatively
rapid bedrock uplift. Some slower uplift due to
isostatic adjustments in response to erosional un-
loading or further tectonically induced deforma-
tion probably occurred in the succeeding 40 my,
but the net uplift was slower and was likely to be
limited to 0.3-1.0 km.

The timing and general amount of the final
stage (Miocene to Pleistocene) of uplift was de-
termined on the basis of the previously discussed
stratigraphic data [6,9,23] related to the offset of
marker horizons during extensional faulting. It is
interesting to note that, based vpon the recon-
structed curvature of the unconformity in the
previous steps (80-60 Ma; Fig. 8), large-scale
differential uplift occurred during this interval. In
the northern part of the range, ~2.5 km of
footwall uplift occurred, whereas only 1 km oc-
curred in the southern part of the range. This
differential uplift was responsible for rotating the
unconformity into its present orientation. Over-
all, between 80 Ma and present, the unconformity
was uplifted ~ 3 km in the south and 5 km in the
north, yielding a net rotation of about 3° to the
south.

6. Summary and conclusions

Fission-track dating and track-length studies of
apatites reveal significant contrasts between the
northern and southern parts of the Teton Range.
Older ages, longer mean track lengths, and
smaller variance in track-length distributions in
the southern Tetons (Rendezvous Peak and Buck
Mountain sections) indicate that those samples
experienced a pulse of Late Cretaceous cooling.
The upper parts of these sections have been
situated above the apatite partial annealing zone
since that time, whereas the lower parts display
the effects of partial annealing. The observations
that the fission-track ages in the northern Tetons
are younger and that the track-length data here
provide abundant evidence of partial annealing
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indicate that the presently preserved bedrock in
the Mount Moran area clearly cooled later and
resided in the partial annealing zone ionger than
did the southern Teton sections. Heat-flow mod-
eling of two reasonable thermal sources (the Yel-
lowstone magma chamber and the Colter vol-
canics) indicates that the observed annealing is
very unlikely to have resulted from heating due to
igneous activity. Instead, if subhorizontal iso-
therms are assumed, the configuration of ages
and track lengths dictates that the Precambrian—
Cambrian unconformity was significantly folded
by the end of this Cretaceous deformation, such
that it dipped northward and displayed ~ 1.5 km
of relief along the range front.

Based on the assumptions that the local
geothermal gradient was not significantly decreas-
ing at this time and that the region had not been
subjected to a recent heating episode, the ob-
served cooling can be interpreted as related to
exhumation that occurred in response to bedrock
uplift. If it is also assumed that rates of exhuma-
tion and bedrock uplift were equal, then the
cooling histories represent ~ 1.5-2 km of uplift
at rates of 0.1-0.2 mm /yr during the Late Creta-
ceous. If the bedrock uplift rates exceeded ex-
humation rates and if there was also an upward
perturbation of the local isotherms due to uplift,
then the magnitude of uplift may have been
greater than this.

These data from the southern Tetons and those
from the Gros Ventre Range are similar to the
apatite fission-track data from parts of the Wind
River Range (Fig. 1), where limited, Late Creta-
ceous uplift at rates of 0.2-0.3 mm/yr also oc-
curred [29]. Thus, the Laramide deformation that
has been documented in the Wind River Range
can be extended to the Teton Range. Although
motion along previously defined, large-scale,
basement-involved reverse faults can be invoked
to explain the Wind River uplift, no similar faults
have been well documented for the Teton area.
The nature of the cooling history described here
for the Teton region, however, demands that
deep-seated Laramide structures were active at
this time. Deformation of the Phanerozoic cover,
unless it involved extensive detachment and ex-
tension, could not explain the observed basement
cooling or the folding of the unconformity. Weakly
constrained reconstructions of Laramide motion
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on the Buck Mountain fault suggest that ~ 1 km
of shortening may have occurred here [11]. In
theory this could explain the observed cooling at
the Buck Mountain section. No comparable fault
can be invoked, however, for the Mount Moran
or Rendezvous Peak sections. Motion on the
deeper seated, west-vergent Cache Creek fault
may be more likely to have caused the observed
cooling. Regardless of the precise mechanism of
shortening, the cooling data discussed here re-
quire considerable Laramide motion along base-
ment-involved structures within the Teton region,
as well as in the Wind River Range.

Zircons from the Tetons, like those from the
Wind River Range [29], are totally or partially
metamict. This indicates that these rocks have
not been heated above the zircon annealing tem-
perature for hundreds of millions of years, and
also suggests that neither the Teton Range nor
the Wind River Range has experienced more
than 9 km of uplift during the last half of the
Phanerozoic. Late Cenozoic extension has offset
the basement by ~ 7 km, but the majority of this
offset is accommodated through hanging-wall
subsidence (5 km). Although only ~2 km has
expressed itself as footwall uplift, this uplift has
given rise to the present-day edifice of the Teton
Range, and it represents the most recent stage of
a prolonged deformational history that began at
least as carly as the Late Cretaceous.
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