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ABSTRACT

In the Rocky Mountain region between central Montana and
central New Mexico, sedimentologically isolated nonmarine basins
were produced by basement deformation during the Laramide orog-
eny within the area formerly occupied by a broad Late Cretaceous
foreland basin in which laterally continuous marine facies had accu-
mulated previously. Laramide structures of varying trend and scale
reflect heterogeneity of crustal strain caused by shear between the
continental lithosphere and an underlying subhorizontal slab of sub-
ducted oceanic lithosphere. Laramide basins include perimeter basins
along the cratonic periphery of the arcuate Laramide province, axial
basins along a north-south intramontane trend, and ponded basins
located farther west closer to the overthrust belt.

Twelve specific stratigraphic and sedimentologic criteria for the
onset, duration, and termination of Laramide deformation allow the
chronology of basin development to be inferred independently for
each basin. Maastrichtian initiation of Laramide deformation was ap-
proximately synchronous throughout the Laramide province, but ter-
mination of Laramide deformation was systematically diachrenous
from north to south between early and late Eocene time. Widespread
Eocene erosion surfaces truncate syntectonic Laramide sequences and
are overlain by largely volcanic and volcaniclastic post-Laramide
strata of Eocene age in the north and Oligocene age in the south.

Fluvial depositional systems draining toward the Great Plains
were dominant in perimeter and axial basins, but ponded basins were
occupied at times by large lakes that served as regional sediment traps.
Paleocene drainages from ponded basins also led eastward toward the
continental interior, but partly interconnected lakes that developed
within several ponded basins by mid-Eocene time were either closed
hydrologically, or else they drained westward into the “Tyee” paleo-
river of the Pacific Northwest.

INTRODUCTION

Latest Cretaceous and early Tertiary Laramide deformation in the
Rocky Mountain region produced geometrically complex tectonic ele-
ments and equally complex paleogeographic patterns whose geodynamic
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relations to plate interactions are debated. This paper presents a synthesis
of the history of sedimentation within key Laramide basins of the central
Rocky Mountain region to help constrain hypotheses about the causes of
Laramide deformation. Laramide uplifts and basins formed concurrently,
delimited jointly by Laramide folds and faults, and “sediments deposited in
the basins are a principal record of Laramide orogeny” (Tweto, 1980). In
typical instances, Laramide basin subsidence can be ascribed to the flexural
effects of tectonic loads imposed on the lithosphere by thrust masses em-
placed along the flanks of adjacent uplifts (Hagen and others, 1985).

LARAMIDE OROGENY

The term “Laramide” has a varied and controversial history of usage
(Tweto, 1975), but is traditionally applied to tectonic movements that
occurred during latest Cretaceous and early Tertiary time in the western
Cordillera (Spieker, 1946; Berg, 1962; Coney, 1972). We confine our
analysis here to the central Rocky Mountains and adjoining regions where
the classic Laramide structural style of basement-cored uplifts and inter-
vening sediment-filled basins developed over a wide contiguous area
(Dickinson and Snyder, 1978). This domain of distinctively Laramide
deformation lay east of the Sevier overthrust belt of the intermountain
region (Coney, 1976), and thin-skinned Cretaceous thrusting during the
Sevier orogeny largely predated the basement-involved deformation of the
Laramide orogeny in the latitude of the central Rocky Mountains (Arm-
strong, 1968).

Thin-skinned Sevier-style deformation along the overthrust belt and
basement-involved Laramide deformation farther east, however, partly
overlapped in time. In the Idaho-Wyoming segment of the Sevier belt,
continued thrusting and backthrusting were coeval with Laramide thrusts
that cut basement along the flanks of nearby foreland uplifts (Dorr and
others, 1977; Wiltschko and Dorr, 1983). In the complex Laramide fore-
land of southwest Montana (Tonnsen, 1982; Schmidt and Garihan, 1983;
Tysdal, 1986), basement uplifts developed in front of the overthrust belt
through much of the period of Cretaceous thrusting (Schwartz, 1982;
Perry and others, 1983; Tysdal and others, 1986). Sediment dispersal
reflected subtle tectonic partitioning of the nonmarine foreland basin in
southwest Montana as early as mid-Cretaceous time (DeCelles, 1986).

Prior to the onset of Laramide deformation, the Rocky Mountain
region in front of the active Sevier overthrust belt was occupied earlier in
Cretaceous time by a broad foreland basin within which marine facies
were continuous laterally for long distances (Weimer, 1960; Kauffman,
1977). Isopach analysis shows that subsidence within this retroarc foreland
basin was not uniform (Weimer, 1970; Cross and Pilger, 1978b), and the
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Figure 1. Major Laramide structural fea-
tures of the central Rocky Mountains com-
piled from local and regional geologic maps.
SEDIMENTARY BASINS (stippled): BHB,
Bighorn; BMB, Bull Mountain; CMB, Crazy
Mountains; DeB, Denver; GaB, Galisteo;
GRB, Green River; HaB, Hanna; HPB, Huer-
fano Park; LaB, Laramie; MPB, Middle
Park; NPB, North Park; PiB, Piceance Creek;
[ PRB, Powder River; RaB, Raton; ShB, Shir-
ley; SJB, San Juan; SPB, South Park; UiB,
= Uinta; WaB, Washakie; WRB, Wind River.
UPLIFTS (U) AND ARCHES (A): ArA, Ar-
chuleta; BaU, Brazos; BBU, Big Belt; BHU,
Black Hills; BiU, Big Horn; BrU, Bridger;
BSU, Big Snowy; BtU, Beartooth; CaA,
Casper; CCU, Circle Cliffs; DCA, Douglas
Creek; DeU, Defiance; FRU, Front Range;
GMU, Granite Mountains; GuU, Gunnison;
HaU, Hartville; KaU, Kaibab; LaU, Laramie;
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MBU, Medicine Bow; MCA, Miles City;
MoU, Monument; NaU, Nacimiento; OCU,
Owl Creek; PRU, Park Range; RaU, Raw-
lins; RSU, Rock Springs; SaU, Sawatch;
SCU, Sangre de Cristo; SJU, San Juan;
SMU, Sierra Madre; SRU, San Rafael; UiU,
Uinta; UnU, Uncompahgre; WhU, White
River; WiU, Wind River; WMU, Wet Moun-
tains; ZuU, Zuni. MONOCLINES (M):
BHM, Black Hills; CRM, Comb Ridge;
GHM, Grand Hogback; HoM, Hogback;
RLM, Red Lake. YOLCANIC FIELDS
(crosshatched where they form semicontinu-
ous cover masking Laramide structures):
AbV, Absaroka; MaV, Marysvale; SJV, San
Juan,
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intermittent rise of broad basement-cored swells produced disconformities
of varied extent as early as mid-Cretaceous time (Merewether and Cob-
ban, 1986). Intrabasinal deformation, however, was not severe enough to
cause the stripping of Cretaceous cover from older rocks nor to prevent the
spread of marine and associated deltaic facies across the whole Rocky
Mountain region (McGookey, 1972).

When Laramide deformation began within the central Rocky Moun-
tain region, the entire foreland province was broken up into discrete local
basins that were sedimentologically isolated and separated by strongly
emergent basement-cored uplifts, which served as local sources of orogenic

sediment (Dickinson, 1976). Essentially the whole Laramide province was
then occupied by varied nonmarine environments, and local facies tracts
were limited in lateral extent to individual basins confined by nearby
uplifts. Final regression of the Late Cretaceous seaway from the western
interior region was associated with onset of the Laramide orogeny (Tweto,
1980) but may also have been influenced by a eustatic fall in sea level
(Williams and Stelck, 1975).

Structural features that delineated Laramide basins and uplifts record
net northeast-southwest shortening of the continental block, but crustal
strain was complex in detail (Fig. 1). Marked heterogeneity of deformation



Figure 2. Distribu-
tion of key Laramide sed-
imentary basins and in-
tervening uplifts in the
Rocky Mountain region
between central Montana
and central New Mexico.
Eocene Absaroka and
Oligocene San Juan vol-
canic fields mask Lara-
mide relations locally.
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is indicated by (a) wide variation in the orientations of major structures
that merge along strike to form curvilinear structural trends, (b) lack of
evidence for structural truncations that might reflect systematic overprint-
ing of early structures by later structures having different orientations,
(c) folds and faults that display varied vergences and offsets throughout the
Laramide province, (d) belts of intense deformation separated by less-
deformed intervening zones, and (e) geometric implications that transfer
zones of crustal torsion or wrench deformation linked partially isolated
belts of more intense deformation.

REGIONAL SCOPE

Within the classic Laramide province between central Montana
and central New Mexico (Grose, 1972), we here treat sedimentary ba-
sins containing Paleogene depocenters in three paleogeographic groups
(Fig. 2).

1. Perimeter basins, distributed along the eastern periphery of the
Laramide province and drained by fluvial systems leading toward the
Great Plains of the mid-continent region.

2. Axial basins, aligned along a north-south intramontane trend now
occupied by the younger Rio Grande rift system and small in size relative
to basins of the other two groups.

3. Ponded basins, closer to the overthrust belt than those of the other
two groups and occupied at times during their histories by lakes that
served as regional sediment traps.

Our paleogeographic grouping of the Laramide basins differs from
the morphostructural classification of Chapin and Cather (1981, 1983).
Although we do not find their scheme helpful for our paleogeographic
analysis, we here present our compilation of data in its own context
without attempting to redefine their basin types, which may be useful for
other purposes.

Coeval Laramide basins not discussed here occur farther south in
central and southern New Mexico (Lucas and Ingersoll, 1981; Seager,
1983; Cather and Johnson, 1984, 1986; Seager and Mack, 1986) but
appear to be absent east of the overthrust belt north of central Montana
(Mudge, 1982).

LARAMIDE BASINS

Laramide basins and associated uplifts of various shapes, sizes, and
orientations are irregularly distributed throughout the central Rocky
Mountain region (Figs. 1, 2). Structural relief between basin floors and the
crests of adjacent uplifts is commonly in the range of 5 to 10 km. All of the
basins contain nonmarine successions of dominantly latest Cretaceous to
mid-Eocene age, although some lack nonmarine Cretaceous beds and
others include upper Eocene strata as well. Post-Laramide strata overlie
unconformities that extend across tectonic boundaries between basins and
adjacent uplifts.

Local facies relations and the resulting stratigraphic nomenclature for
Laramide sequences are complex, and past failure to distinguish clearly
between chronostratigraphic and lithostratigraphic units makes many
correlations uncertain in detail. We here adopt current usage within each
basin, and assign ages according to the present standard scale for Cenozoic
geochronology (Berggren and others, 1985). We also follow available
interpretations of Laramide depositional systems, but note that many un-
certainties still exist, particularly for subsurface assemblages.

Perimeter Basins
Perimeter basins were relatively broad bowls with gentle structural

relief along basin flanks that merged with the stable continental craton and
received mainly stream deposits with local paludal or lacustrine facies
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(Fig. 3). By mid-Eocene time, filling of the basins had produced transport
surfaces across which sediment was bypassed toward the mid-continent,
and no beds younger than mid-Eocene are preserved beneath unconformi-
ties that underlie post-Laramide strata. Laramide basin fills are only about
1,000 m thick in the southern perimeter basins but exceed 2,000 m in the
Powder River basin farther north. In the Crazy Mountains basin, early
phases of synorogenic sedimentation were influenced by waning deforma-
tion in the nearby overthrust belt (Schmidt and Garihan, 1983), and the
nonmarine sequence locally approaches 5,000 m in thickness. The Living-
ston Group is composed largely of volcaniclastic detritus derived from
partly coeval volcanic fields of dominantly Campanian age within the
overthrust belt to the west (Roberts, 1972).

Axial Basins

Axial basins are relatively small in area, but high structural relief
marks nearly all basin flanks, and conglomeratic facies are prevalent
(Fig. 4). Most axial basins are elongate, are nestled among prominent
adjacent uplifts, and are arranged as a group in an en echelon pattern.
Configurations of some were controlled by transpressional or transten-
sional wrench deformation along a belt of torsional strain that followed the
same trend as the younger Rio Grande Rift along the eastern side of the
Colorado Plateau block (Chapin and Cather, 1981, 1983). Nonmarine
Cretaceous strata are rare in the axial basins, and thin where present.
Depocenters generally received 1,200-2,000 m of Paleogene stream de-
posits, but the Hanna basin contains perhaps 5,000 m of nonmarine strata
(Dobbin and others, 1929; Glass and Roberts, 1980; Hansen, 1986). Flu-
vial drainages from axial basins typically led into larger perimeter basins
located nearby.

Ponded Basins

In the ponded basins within the core of the Laramide province,
Paleogene fluvial drainages were blocked at times to form large fresh-
water or saline lakes. Consequently, depocenters contain thick sequences
of dark, organic-rich lacustrine shale and associated calcareous strata de-
posited in perennial lakes, and some ponded basins also contain
widespread saline deposits that record ephemeral lacustrine phases. Lacus-
trine facies accumulated mainly between mid-Paleocene and mid-Eocene
time but are diachronous in detail from basin to basin (Fig. 5). Nonmarine
basin fills are generally 3,000-5,000 m thick. Locally abrupt structural
relief is present along basin flanks adjacent to prominent nearby uplifts that
are faunlt-bounded. Broad arch-like basement highs separating basinal dep-
ocenters locally, however, make the distinction between subbasins and
separate basins somewhat arbitrary (Fig. 1).

TIMING OF LARAMIDE DEFORMATION

Figure 6 defines twelve criteria we have used to evaluate the time of
inception, progress, and termination of Laramide deformation associated
with individual sedimentary basins. The criteria were applied uniformly
throughout the Laramide province during a systematic review of existing
literature for each basin, The symbols adopted for the various criteria are
used diagrammatically to annotate Figures 7-9, which are chronostrati-
graphic charts for ponded, axial, and perimeter basins, respectively. The
ages inferred for the different criteria in each case are best estimates for
which margins of error are indeterminate. Although each individual criter-
ion is thus interpretive and not reliable without confirmation, conclusions
based upon grouped criteria are regarded as valid.

We also plotted geohistory diagrams (Van Hinte, 1978) to test for
pulses of basin subsidence that might mark either the onset of Laramide
deformation or different phases of the Laramide orogeny. We could detect
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no consistent signals of Laramide events through geohistory analysis for
three reasons: (a) within Laramide basins, subsidence related to Laramide
breakup of the foreland region immediately followed Late Cretaceous
subsidence of the entire foreland region, and the two phases of subsidence
cannot be distinguished with confidence on geohistory plots; (b) uncertain-
ties about the absolute elevations of sedimented surfaces during the ac-
cumulation of Laramide nonmarine facies make it difficult to establish a
reliable topographic datum for plotting Laramide geohistory diagrams;
and (c) available subsurface data on thick basinal sequences of nonmarine
Laramide strata provide insufficient geochronologic control for accurate
geohistory plots.

Deformational Criteria

The significance of each of the deformational criteria (Fig. 6) is
interpreted as follows.

LAR:LARAMIE
FH:FOX HILLS

others (1981) for Galisteo. See Figure 3
for legend.

1. Continuation of marine sedimentation to produce beds conforma-
ble with underlying marine formations of the retroarc foreland basin is
inferred to predate Laramide deformation, which disrupted the integrated
marine basin to form isolated nonmarine Laramide basins.

2. Even nonmarine strata that were laterally continuous at the time
of deposition from the area of one Laramide basin to other adjacent or
nearby basins are inferred to predate isolation of the basins by Laramide
growth of intervening uplifts.

3. Isopachs that define the initial development of a local Laramide
depocenter are direct evidence for the inception of Laramide deformation,
but stratigraphic correlations are rarely precise enough to date basin initia-
tion closely.

4. The presence of locally derived clasts within basin fill is definite
evidence that Laramide structures were active enough to induce erosion of
detritus from adjacent or nearby Laramide uplifts.

5. The presence of lacustrine facies in basin fill indicates times during
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Figure 5. Lithostratigraphic columns of Laramide sedimentary successions in depocenters of selected ponded basins (Fig. 2). Key basin
references: Bown (1975), Rea and Barlow (1975), Rose (1981), Gingerich (1983), Kraus (1985) for Bighorn; Keefer (1965a, 1965b), Seeland
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(1976), Johnson (1985), Dickinson and others (1986) for Uinta. See Figure 3 for legend.

which structural and topographic relief between a given basin and adjacent
Laramide uplifts was sufficient to pond water within the depocenter.

6. Uninterrupted accumulation of fluvial facies within a given Lara-
mide basin reflects its continued existence as a receptacle for sediment but
provides no other specific information about its stage of development.

7. Deposition of coarse alluvial fans along basin flanks indicates
strong topographic relief between the basin floor and adjacent Laramide

uplifts, where positive elevation was maintained by continued Laramide
deformation.

8. Local unconformities within Laramide successions or along the
structural flanks of Laramide basins reflect orogenic deformation severe
enough to disrupt patterns of sedimentation and cause local erosion.

9. The age of the youngest strata preserved beneath the unconformity
capping a Laramide succession is a measure of the earliest time that
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Figure 6. Symbols for deformational criteria plotted oen chrono-
stratigraphic charts of Laramide basins (Figs. 7-9).
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Laramide sedimentation could have ceased within a particular basin.

10. The hiatus between Laramide and post-Laramide successions
spans the time during which the Laramide episode of deformation and
sedimentation came to a close in the vicinity of a given basin.

11. The age of the oldest strata present above the unconformity
capping a Laramide succession is a measure of the latest time that Lara-
mide sedimentation could have ceased within a particular basin.

12. Volcanic fields that locally overlap Laramide structural features
reflect the onset of migratory arc volcanism that diachronously succeeded
Laramide tectonism in some parts of the Rocky Mountain region.

Regional Relations

The sedimentary record of Laramide basins indicates that Laramide
deformation began during Maastrichtian time (65-75 Ma) throughout the
central Rocky Mountain region, and it implies no systematic areal dia-
chroneity for inception of deformation (Fig. 10). A recent parallel analysis
of initiation and cessation of movement on individual Laramide structures
leads to the same conclusions (Cross, 1986). In the central Rocky Moun-
tain region, deformation began no earlier in the ponded basins on the west
than in the perimeter basins on the east, nor any earlier in the north than in
the south (compare with Cross, 1986).

Anomalous pre-Maastrichtian deformation and associated volcani-
clastic sedimentation in the Crazy Mountains basin (Fig. 9) were related to
tectonic and volcanic activity within the adjacent overthrust belt. Early
termination of Cretaceous marine sedimentation in the Uinta basin (Fig. 7)
reflected progradation of nonmarine facies eastward from the overthrust
belt into the integrated foreland basin associated with Sevier deformation
(Dickinson and others, 1986). Marine foreland sedimentation persisted

OLIGO

Figure 7. Chronostratigraphic charts
for selected ponded basins showing timing
of key paleotectonic and paleogeographic
events (Fig. 6); WhR is White River For-
mation, and BC is Bishop Conglomerate.
Data from Figure 5, Love (1970, 1971),
Bown (1982), and Hansen (1984).
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longest in the Powder River basin (Fig. 9), where the Cannonball Sea silled lacustrine basins was most common in late early to early middle
extended into the fringe of the Laramide province. Eocene time (50-55 Ma) but occurred locally from mid-Paleocene

Deposition of coarse nonmarine clastic strata was generally most  through middle Eocene time (40-65 Ma). Tuff beds intercalated with
common in Laramide basins from mid-Maastrichtian to mid-Eocene time fine-grained lacustrine strata of several ponded basins have been dated
(50-70 Ma), but it persisted locally until near the end of Eocene time isotopically as middle Eocene (40-50 Ma) in age (Mauger, 1977).
(35-40 Ma). Development of topographic relief strong enough to create
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Figure 10. Diagram showing syn-
chronous initiation of Laramide Orogeny
during Maastrichtian (MAAS) time, de-
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o 'é-l noted by lower shaded band, and diach-
E 8 ronous (from north to south) termina-
= 8 tion of Laramide Orogeny during Eocene

time, as indicated by step-like upper
shaded band. Solid symbols (triangles,
circles, squares) denote criteria (Fig. 6) for
onset of Laramide deformation (Figs.
7-9), and brackets denote local time spans
of post-Laramide stratigraphic hiatus
(Figs. 6-9).
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Laramide deformation ended earlier in the north than in the south.
Where the hiatus between Laramide successions and post-Laramide strata
represents a short interval of time, the tectonic transition is dated near the
boundary between early and middle Eocene time (50-55 Ma) in the north
and near the end of Focene time (35-40 Ma) in the south (Fig. 10).
Yolcanic and volcaniclastic units are the most characteristic post-Laramide
strata in many areas. Evidence for early termination of Laramide deforma-
tion in the northwestern part of the Laramide province is provided by the
capping volcanic cover of the Absaroka Volcanic Supergroup of middle
Eocene age (mainly 46-49 Ma but 43-52 Ma overall) in northwest
Wyoming (Smedes and Prostka, 1972; Bown, 1982; Fritz and Harrison,
1985). Absaroka beds were only moderately deformed by waning phases

_of the Laramide episode (Sundell, 1983, 1986). By contrast, the oldest
undeformed strata capping folded and faulted Laramide successions to the
southeast in Colorado are Oligocene volcanics, and Laramide sedimentary
successions in New Mexico locally pass gradationally upward into Oligo-
cene volcaniclastic strata (Fig. 8).

Igneous Activity

Prior to the Laramide orogeny, the principal axis of arc magmatism
followed the trend of major Cretaceous batholiths lying west of the over-
thrust belt, but marked eastward migration of subduction-related magma-
tism accompanied the onset of Laramide deformation (Coney and
Reynolds, 1977; Cross and Pilger, 1978a; Dickinson and Snyder, 1978).
The principal loci of synorogenic Laramide magmatism lay in southwest
Montana and central Colorado. In Montana, intense plutonism and asso-
ciated volcanism are best documented for the cogenetic Campanian to
Maastrichtian (68-78 Ma) Boulder batholith and Elkhorn Mountains
Volcanics, but slightly older and younger intrusives and eruptives were
also widespread in surrounding areas from mid-Campanian (82 Ma) to
mid-Paleocene (62 Ma) time (Chadwick, 1981). Coeval Laramide igneous

|
46°

activity in Colorado was most significant along the Colorado Mineral Belt,
whose relation to Laramide or other crustal structures remains uncertain
(Tweto, 1980).

Paleocene and older magmatism everywhere predated or accompa-
nied Laramide deformation, but the ages of the oldest volcanics that
postdate Laramide structures are different in northern and southern parts
of the Laramide province. Whereas all Eocene and younger igneous rocks
are post-Laramide north of Colorado, only Oligocene and younger igne-
ous rocks south of Wyoming are post-Laramide. The paucity of Tertiary
igneous rocks in much of Wyoming makes it unclear whether the regional
change in the structural relations of Laramide igneous rocks reflects (1) a
sharp contrast in tectonomagmatic timing between Wyoming and Colo-
rado or (2) a gradual shift in the behavior of Laramide tectonism and
magmatism from north to south. The overall regional continuity of Lara-
mide structural trends (Fig. 1) makes the latter interpretation more
attractive, but the abrupt change in the apparent timing of basin develop-
ment at the latitude of southern Wyoming (Fig. 10) seemingly favors the
former.

LARAMIDE PALEODRAINAGE

The syntectonic Laramide landscape that existed during Paleogene
time cannot be reconstructed in detail, but overall patterns of paleodrain-
age can be inferred from the sedimentary record of the Laramide basins
(Fig. 11). Retreat of the Cretaceous sea at first left a landscape of low relief
drained by meandering streams that traversed swampy lowlands (Black-
stone, 1975). As Laramide deformation intensified, this initial terrestrial
surface was segmented into discrete basinal depocenters separated by erod-
ing highlands (McGrew, 1971). The fluvial and lacustrine facies preserved
within Laramide basins indicate that the whole Laramide province proba-
bly stood above sea level throughout the Laramide orogeny, but the possi-
bility that the floors of some lake basins reached below sea level cannot be
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ruled out with present data. The areally restricted axial basins formed local
sediment traps along the upstream reaches of Laramide paleodrainage
networks that led into nearby perimeter or ponded basins of larger size.

Perimeter Basins

Perimeter basins lying along the continental fringe of the Laramide
province were drained by fluvial systems flowing eastward toward rem-
nants of the Cretaceous interior seaway (Roberts, 1972; Tweto, 1980),
which withdrew gradually into the ancestral Arctic Ocean and Gulf of
Mexico. Southeasterly paleodrainage from Laramide basins in New Mex-
ico (Gorham and Ingersoll, 1979; Smith and others, 1985; Klute,1986)
may have led directly to the Gulf Coast. The Cannonball Sea, whose
shoreline lay just northeast of the Powder River basin during Paleocene
time (Cherven and Jacob, 1985), was evidently connected with the Gulf of
Mexico through marine waters that flooded the Mississippi embayment
(Williams and Stelck, 1975). The Gulf connection is reflected also by the
presence of voluminous clastic sediment in subsurface formations of the
Texas coastal plain (Winker, 1982).

Figure 11. Inferred Laramide paleodrainage trends showing pa-
leoflow directions of major fluvial systems at exit from, and entry into,
Laramide sedimentary basins; short dispersal paths from nearby up-
lifts surrounding basins are omitted. Data from Ayers (1986), Bown
(1980), Chapin and Cather (1981, 1983), Childers (1970), Dickinson
and others (1986), Flores (1983), Flores and Ethridge (1985), Gorham
and Ingersoll (1979), Hansen (1985), Keefer (1965a), Klute (1986),
Kraus (1980), Love (1971), Love and others (1963), Neasham and
Vondra (1972), Roberts (1972), Ryan (1977), Seeland (1978b),
Sklenar and Andersen (1985), Surdam and Stanley (1980b), and
Tweto (1980). Laramide basins: BHB, Bighorn; BMB, Bull Mountain;
CMB, Crazy Mountains; DeB, Denver; GaB, Galisteo; GRB, Green
River; HaB, Hanna; HPB, Huerfano Park; LaB, Laramie; MPB, Mid-
dle Park; NPB, North Park; PiB, Piceance Creek; PRB, Powder
River; RaB, Raton; ShB, Shirley; SIB, San Juan; SPB, South Park;
UiB, Uinta; WaB, Washakie; WRB, Wind River.

Laramide depositional systems in the perimeter basins were almost
exclusively fluvial, except in the Powder River basin, where lacustrine
facies are also present (Fig. 3). In the past, the lacustrine paleoenviron-
ments have been viewed as flood-basin lakes and flood-plain backswamps
of a longitudinal stream network flowing northward within the Powder
River basin (Seeland, 1976; Flores, 1981; Ethridge and others, 1981;
Flores and Hanley, 1984; Flores and Ethridge, 1985). In this view, the
lacustrine deposits are interpreted as discontinuous lenses encased within
more widespread fluvial strata of compound flood plains traversed by
meandering but anastomosed rivers (Flores, 1986). Recent work suggests,
however, that ponding of water was more widespread than previously
inferred and that it created a broad lake which drained out the southern
end of the Powder River basin (Ayers, 1986). The abundance of
fluviodeltaic systems leading into the Williston basin (Fig. 12) from the
west and southwest is more compatible with the traditional interpretation,
but both paleodrainage alternatives for the Powder River basin are indi-
cated by queried arrows on Figure 11.

Ponded Basins

Paleodrainage patterns for the ponded basins were more complicated
than for the other two basin types, both in space and in time. Most notably,
various Paleogene stream captures in central Wyoming strongly influenced
the overall geometry of regional paleodrainage networks (Seeland, 1985).
Moreover, the drainage history of the ponded basins raises unresolved
questions of regional paleogeomorphology. Basic relations were as follows.

1. From the Bighorn basin in north-central Wyoming, Paleocene
drainage was dominantly toward the southeast into the Powder River
basin, but Eocene drainage was largely toward the northwest (Neasham
and Vondra, 1972; Bown, 1980; Kraus, 1980), presumably into the Crazy
Mountains basin. Both paleoflow patterns connected the Bighorn basin to
paleodrainage networks leading into the continental interior throughout its
depositional history.

2. From the Wind River basin in central Wyoming, Paleocene and
early Eocene drainage was largely toward the east into the Powder River
basin, but later drainage during middle (and late?) Eocene time was
southward into Lake Gosiute, which occupied large parts of the Green
River and Washakie basins (Keefer, 1965a; Childers, 1970; Love, 1971,
Seeland, 1978b). The growth of Laramide uplifts thus shifted a key drain-
age divide during the depositional history of the Wind River basin.
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4. From the Piceance Creek basin of northwest Colorado, Paleocene
drainage probably led northward 10 connect with flyvia] networks crossing

» 1985). By middle Eocene time, however, paleo- Wyoming (Johnson, 1985), byt Eocene drainage later led westward into
the Uinta basin of northeast Utak (Bruhn and others, 1986; Dickinson and
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others, 1986). The closely associated Piceance Creek and Uinta basins were
separated only by the subdued Douglas Creek arch.

5. The depocenter of the Uinta basin was occupied by lacustrine
environments of varying extent throughout much of its depositional his-
tory from late Paleocene to late Eocene time. During later phases of the
Laramide orogeny, if not earlier as well, the Uinta basin thus acted as a
lacustrine sump for paleodrainages tapping much or all of the internal part
of the Laramide province.

Lacustrine Facies

The nature of the depositional environments in which the lacustrine
facies of Lakes Gosiute and Uinta (Fig. 12) were deposited is controversial.
Picard (1985) reviewed the two alternate hypotheses that have been ad-
vanced for the paleoenvironments in which widespread oil shales accumu-
lated: (a) deep stratified lakes in which anaerobic bottom conditions led to
preservation of organic-rich laminae and (b) shallow playa lakes with
organic production concentrated on fringing algal mudflats. The latter
model implies internal drainage enclosed by hydrologic barriers, whereas
the former model allows either internal drainage or external drainage by
streams spilling over bounding sills. The best compromise interpretation of
the lacustrine conditions appears to be the concept of organic accumula-
tion on the floors of broad perennial lakes surrounded by marginal lacus-
trine shoals and mudflats (Ryder and others, 1976). Wide fluctuations in
lake level allowed the volume of lacustrine waters to oscillate between the
end members of deep standing lake and playa salt pan (Surdam and
Stanley, 1979; Smoot, 1983; Sullivan, 1985).

Lakes Gosiute and Uinta may have occupied hydrologically closed
basins of a wholly interior drainage network during much of their history
(Johnson, 1985). The aggregate volume of evaporite deposits that are
present in lacustrine facies of the ponded basins, however, may be insuffi-
cient to account for all of the residual salts delivered to the lakes over
millions of years by streams and springs. Temporary desiccation at inter-
vals is clearly indicated, but systematic evaporation or infiltration of all of
the waters that entered the lake basins seems difficult to postulate. We
infer that waters may have flowed out of Lake Uinta during high stands in
lake level.

Lacustrine Qutlet

During Paleocene time, lake waters from the Uinta basin may have
flowed eastward into the Piceance Creek basin and thence northward into
Wyoming. By mid-Eocene time, however, Lake Uinta occupied both ad-
jacent basins (Johnson, 1985) and evidently received the overflow from
Lake Gosiute in Wyoming as well (Surdam and Stanley, 1980b). The
route by which the waters of Eocene Lake Uinta might have spilled
toward the sea is essentially unknown.

Flow northward was blocked by the Uinta uplift, which was a prox-
imal source of coarse detritus throughout Paleogene time (Sweeney and
others, 1987). Flow eastward toward the continental interior seems pre-
cluded by the topographic barriers of multiple Laramide uplifts (Fig. 2).
The influx of voluminous clastic sediment into the Uinta basin from the
southeast blocked any exit in that direction (Dickinson and others, 1986).
Flow southward through central Utah also seems impossible, because
Laramide drainages from central Arizona led northward into Utah (Na-
tions and others, 1985). To the southwest, lacustrine facies are also re-
placed by clastic strata derived from the south (Stanley and Collinson,
1979).

A river leading westward through the extinct overthrust belt thus
appears to be the only feasible way in which the Uinta basin could have
been drained during middle and late Eocene time. Eastward dispersal of
coarse detritus from the thrust sheets was important into Paleocene time
but was much reduced by Eocene time (Dickinson and others, 1986).
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The full course of such a river is entirely conjectural (Fig. 12). The
Paleogene sedimentary record of the Sacramento and San Joaquin basins
in California, however, affords no evidence for a river system originating
east of the Sierra Nevada batholith (Dickinson and others, 1979). On the
other hand, reconstruction of Paleogene paleogeography for the Pacific
Northwest indicates that a major paleoriver built a deltaic complex along
what is now coastal Oregon (Heller and others, 1987). Sedimentological
evidence for the existence of such a paleoriver is strongest for middle
Eocene time, when Lake Uinta reached its maximum extent, in the form of
widespread deltaic sediments in the Tyee Formation (Heller and Ryberg,
1983). Restoration of tectonic rotations detected by paleomagnetic studies
suggest that the mouth of this “Tyee” paleoriver lay in south-central
Oregon (Heller, 1983; Gromme and others, 1986), with respect to a fixed
Uinta basin in Utah. Isotopic provenance studies imply that headwater
tributaries of the “Tyee” paleoriver tapped sediment sources as far east as
the Idaho batholith (Heller and others, 1985). In our view, other tributar-
ies may well have served as the fluvial outlets for lacustrine environments
in the Uinta basin and smaller lacustrine basins in northeast Nevada
(Fouch and others, 1979; Solomon and others, 1979a, 1979b). Trapping
of detrital sediment within the lacustrine basins would have largely erased
the record of upstream Laramide provenance from detritus carried by the
“Tyee” paleoriver (Potter, 1978).

The commonality of fish and molluscan faunas from Lakes Gosiute
and Uinta (Hansen, 1985) clearly confirms interconnections between the
two lacustrine systems, but neither strongly supports nor conclusively de-
nies the hypothesis that Lake Uinta drained into the “Tyee” paleoriver.
The fish faunas have affinities mainly with the Mississippi River drainage,
but some characteristic fish genera also occur in Paleogene lacustrine
deposits of the Pacific Northwest. Paleodrainage leading eastward across
Wyoming from the ponded basins toward the Great Plains during some
extended interval of time, including the Paleocene (Fig. 11), seems certain,;
we conclude that paleodrainage westward by mid-Eocene time is also
allowed by the available data.

POST-LARAMIDE LANDSCAPE

A distinctive erosion surface of low relief was cut across Laramide
structural features over a large region in Colorado during latest Eocene
time (Epis and Chapin, 1975). The morphology of the surface is best
preserved where it was buried beneath a widespread ignimbrite of earliest
Oligocene age (36-37 Ma), but local preservation is common throughout
central Colorado beneath an extensive Oligocene volcanic field composed
of eroded andesitic stratocones surrounded by aprons of volcaniclastic
sediment (Steven, 1975). Analogous erosion surfaces of similar age have
been reported from various localities elsewhere within the western Cordil-
lera (Gresens, 1981). Paleotopography was varied, however, and relief in
excess of 1,000 m is inferred locally for slopes cut across the eroded flanks
of residual Laramide uplifts and leading into adjacent Laramide basins that
remained topographic depressions (Hansen, 1984). In New Mexico, Eo-
cene clastic sequences deposited in residual Laramide basins commonly
grade upward into post-Laramide volcaniclastic strata whose deposition
began near the Eocene-Oligocene time boundary (Smith and others, 1985;
Cather, 1986).

Oligocene streams flowed generally eastward from the Laramide
province to form an aggrading fluvial plain that extended from Canada
southward at least as far as Colorado (Clark, 1975). Within the ancestral
Great Plains, a continental divide between watersheds draining northward
toward the Arctic Ocean and southward into the Gulf of Mexico lay near
the latitude of the Black Hills (Seeland, 1985). Arkosic to subarkosic sands
in Oligocene sequences of the Great Plains reflect detrital contributions
from Laramide basement uplifts (Singler and Picard, 1979), but floral
evidence suggests that their headwaters within the eroded Laramide prov-
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ince stood at elevations generally less than about 1,000 m (Epis and
Chapin, 1975). Much lower Paleogene elevations than present ones are
also indicated for the Laramide province by warm temperate to subtropi-
cal mammalian faunas, suggesting elevations less than about 300 m for the
Eocene lakes that occupied large parts of the ponded basins (Hansen,
1985).

Miocene dispersal systems continued to transport sediment eastward
into the Great Plains (Scott, 1975). Sandstones of similar petrofacies de-
rived from various sources within the Laramide province recur at strati-
graphic horizons ranging in age from Oligocene to Pliocene within the
High Plains sequence (Stanley, 1976). Miocene and younger uplift of as
much as 3,000 m in central Colorado, however, was accompanied by
block faulting that both disrupted and incised local drainages (Epis and
others, 1980). Neogene deformation produced structural relief of as much
as 10-12 km along the trend of the Rio Grande rift in southern Colorado
(Taylor, 1975), and abundant mammalian faunas collected farther south
in New Mexico indicate that intrarift sedimentation was Miocene and
younger (Tedford, 1981). Sedimentological studies suggest that pro-
nounced Neogene uplift within the Laramide province did not begin until
late Miocene or early Pliocene time (Sato and Denson, 1967).

GEODYNAMIC IMPLICATIONS

There is widespread agreement that the formation of Laramide uplifts
and basins involved severe contraction of the continental crust (Berg,
1981; Blackstone, 1983; Gries, 1983a; Hamilton, 1988). Seismic reflection
profiles across typical Laramide uplifts indicate that thrusts along their
flanks penetrate deep into continental basement (Berg, 1963; Smithson
and others, 1979; Brewer and others, 1980; Lynn and others, 1983; Erslev,
1986); other Laramide uplifts may be broad, arch-like folds (Bird, 1984).

Subducted Siab

The advent of plate tectonics led to inferences that Laramide com-
pressive stresses were transmitted tangentially through continental base-
ment rocks from the active plate boundary along the continental margin to
the west (Sales, 1968). Most recent analyses have concluded instead that
the compressive stresses arose from shear between the continental litho-
sphere and an underlying subhorizontal slab of oceanic lithosphere
subducted beneath the Laramide province (Dickinson and Snyder, 1978).
This model is supported by analogous relations in the modern Andean
orogen (Jordan and others, 1983). By inference, magma generation be-
neath the Laramide province was controlled by the subterranean position
of a slab hingeline, where the nearly flat part of the subducted slab curled
over to descend into the asthenosphere (Bird, 1984).

Shallow slab subduction during the Laramide episode has been at-
tributed to several possible causes, acting alone or in combination (Coney,
1978; Cross and Pilger, 1978a, 1982; Molnar and Atwater, 1978; Livac-
cari and others, 1981; Engebretson and others, 1984; Jurdy, 1984):
(a) increased net velocity of relative plate convergence at the trench along
the continental margin, (b) increased trenchward motion of the overriding
plate in an absolute reference frame, (c) decreasing age and consequent
increasing buoyancy of the oceanic lithosphere being subducted, and
(d) the presence of a buoyant oceanic plateau or aseismic ridge on the plate
being subducted.

Diachronous termination of Laramide deformation from north to
south (Fig. 10) supports the geometric argument that subduction of a
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linear aseismic ridge controlled Laramide events (Henderson and others,
1984). A modern analogue of the Laramide province in the Sierras Pam-
peanas of northwest Argentina may also be related to subduction of an
aseismic ridge (Jordan and Allmendinger, 1986), as first suggested by
Pilger (1981, 1984). In the Andean case, known variations in plate con-
vergence rate, absolute plate motion, and age of subducted oceanic litho-
sphere appear insufficient to explain observed variations in slab dip.

Plateau Rotation

Hamilton (1981) suggested that internal deformation within the
Laramide province involved a few degrees of clockwise rotation of the
Colorado Platean with respect to the interior of the continent. This effect
could have been achieved by partial coupling of the Colorado Plateau
block to the underlying subducted plate whose drag beneath the continen-
tal lithosphere caused Laramide deformation (Cross, 1986; Hamilton,
1988). Relative clockwise rotation of the Colorado Plateau about a
Euler pole located east of the Laramide province requires northward trans-
lation of the Colorado Plateau block with respect to the Rocky Mountain
region. This implied motion is compatible with suggested wrench tecton-
ism along the trend of the axial basins (Chapin and Cather, 1981, 1983;
Gries, 1983b).

Chapin and Cather (1981, 1983) and Gries (1983b) have also sug-
gested that structures related directly to plateau rotation formed at a differ-
ent time than did other Laramide structures. North-south structures related
to east-west crustal contraction are inferred by them to date from latest
Cretaceous and Paleocene time, whereas the wrench-related structures
around the axial basins, and east-west structures related to north-south
crustal contraction, are inferred by them to be Eocene features. Our analy-
sis of the sedimentary evolution of Laramide basins and a parallel analysis
of their bounding structures (Cross, 1986) imply instead that the intricate
geometry of Laramide uplifts and basins with diverse structural trends
probably developed jointly within a complex but generally synchronous
strain field imposed across a region of varied crustal architecture.

Crust-Mantle Relations

Bird (1984) has argued that flowage of lower crust being dragged
from west to east by the shear traction of the underlying subhorizontal slab
of subducted oceanic lithosphere caused crustal thickening and uplift
within the Laramide province. A preceding episode of Campanian subsi-
dence throughout the Laramide province records the displacement of un-
derlying asthenosphere by denser lithosphere during initial shallowing of
slab dip prior to the Maastrichtian onset of Laramide deformation (Cross
and Pilger, 1978b). The present high elevation of the Colorado Plateau,
Rocky Mountains, and Great Plains can be attributed in part to the pres-
ence of thick crust inherited from Laramide deformation. The nature of the
post-Laramide landscape, however, indicates that the region probably did
not stand as high during the Oligocene as it does today. Trimble (1980)
argued that the present elevation of the Great Plains was attained by
regional uplift that began at about the end of Miocene time.

We conclude that a significant proportion of the present elevation of
the Laramide province and adjoining regions was produced by Neogene
geodynamic processes operating within the mantle. Broad uplift of the
region as a whole may reflect the isostatic effect of anomalously warm
mantle emplaced by delamination of subcrustal continental lithosphere
(Bird, 1979), subduction of an oceanic spreading center (Damon, 1979),
or creation of a slab window (Dickinson and Snyder, 1979).
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PRINCIPAL CONCLUSIONS

1. Paleogeographic subdivision of Laramide basins into perimeter,
axial, and ponded groups differs from previous morphostructural
classifications.

2. The onset of Laramide deformation was approximately synchro-
nous throughout the main Laramide province during Maastrichtian time.

3. The termination of Laramide deformation was systematically dia-
chronous from north to south from early to late Eocene time.

4. In parts of Eocene time, large lake basins that occupied much of
the Laramide province may have drained to the sea through the Pacific
Northwest.

5. Laramide basin chronology supports the concept that subduction
of a linear aseismic ridge beneath the continental margin influenced
Laramide deformation.
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