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Director: Steven D. Sheriff ^
Previous crustal studies in the northern Rocky Mountains have shown various directions of
dip on the crust/mantle boundary and a wide range of values for crustal thickness. The
previous estimates of crustal thickness range from 20 to 70 kilometers thus indicating a
need for a consistent crustal model for this region.
A study of the Bouguer gravity field from eastern Washington to western Montana
provides new constraints on drawing accurate crustal sections and insights into the tectonic
history of the northern Rocky Mountains. A forward gravity model along a 500 kilometer
profile reveals an undulating Moho, a crustal root beneath the Idaho batholith, a sliver of
continental crust beneath the accreted terranes and a steeply dipping fault along the western
Idaho suture zone. This model indicates that the crust/mantle boundary rises to the
northwest and southeast from a depth of 42 kilometers beneath the Idaho batholith to about
32 kilometers in eastern Washington and western Montana. This crustal root is expressed
as a regional gravity low of about 3(K) kilometers wavelength and several kilometers
amplitude . West of the western Idaho suture zone, a sliver of continental crust is wedged
beneath accreted terranes. During Late Cretaceous to Paleocene shortening, the lower
continental crust detached from its cover and was overridden by exotic terranes.
Examination of the free air and Bouguer anomalies plotted versus elevation clearly show
the distinction between the two lithosphcric plates along the suture zone. These plates
appear to be approximately in isostatic equilibrium. The present-day Andes serve as a
geotec tonic model of the Late Cretaceous Northern Rocky Mountains.
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IN T R O D U C T IO N
A transect from eastern Washington to western Montana covers one of the
world's largest flood basalt provinces, crosses a major continental suture, passes over a
deeply eroded Mesozoic batholith, and ends in a region currently experiencing stretching
and thinning of tectonically thickened crust (Figure 1), Rocks in the various provinces
range from Precambrian sedimentary rocks to Cretaceous and Tertiary metamorphic
rocks. Hamilton and Myers (1966) were among the first to recognize and classify the
structural features of the area (Figure 2).
The northern Rocky Mountains are tectonically complex, prevailing inteipretations
are riddled with uncertainties. Although the location of the cratonic margin has been
estimated in Idaho using strontium isotope data, gravity, and field mapping, its extension
into Washington is not well constrained due to extensive cover by the Columbia River
Plateau basalts. The origin of the Columbia Plateau and the absence of a Paleozoic
miogeoclinal sequence in Idaho are enigmatic. Additional problems complicating the
tectonic picture include the unknown thickness and compensation mechanism(s) of the
liihospheric plates juxtaposed along the suture zone in western Idaho. Although tectonic
boundaries are reasonably well defined on the surface, little interpretation of deep crustal
structure exists for much of the region.
No single model for the northern Rocky Mountains exists that explains all of the
recent geologic and geophysical observations. Little is known about the mechanisms for
the Cretaceous to Paleocene crustal shortening or for Tertiary extension of previously
thickened crust My deep crustal investigation along a transect from eastern Washington
to western Montana based on interpretation of gravity data provides constraints on
drawing accurate crustal sections and insights into the complex tectonic history of the
region. My model, constrained by seismic data combined with geologic data serves as a
link in building a coherent geotec tonic model for the North American Cordillera.
North of the present study area. Potter et al. (1986) using deep seismic profiles.
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(COCORP) argue that crust-penetrating faults developed during an erogenic cycle
consisting of Jurassic to Paleocene accretion-related crustal thickening followed by
Eocene crustal thinning (Figure 1 ). Their crustal thickness of 33 to 35 kilometers is
consistent with an earlier seismic refraction study (Hill, 1972). Potter et al. (1986)
interpret the Moho to be "a young, dynamic feature which developed a relatively smooth,
flat geometry beneath complexly deformed crust during Eocene extension."
Sanford et al. (1988) reprocess Potter et al.'s (1986) profiles and offer a threedimensional (3-D) structural model for north-central Washington. Their 3-D model
supports Potter et al.'s (1986) hypothesis of Moho geometry and crustal thickness.
Sanford et al. (1988) extend their model to the north and propose a north-south
correlation between the duplex structure beneath the Okanogan dome in north-central
Washington and the crustal-scale duplex beneath the Monashee decollement just north of
the Shuswap complex in Canada.
Lithoprobe studies of the southern Canadian Cordillera (Clowes et al. 1992; Cook
et al., 1992) are consistent with the structures interpreted along the COCORP lines (Potter
et al., 1986; Sanford et al., 1988) (Figure 1). The lithoprobe investigators (Clowes et al.,
1992; Cook et al., 1992) agree that the Moho and lower crust acted as a detachment zone
and maintained or regenerated a subhorizontal orientation at a depth of 33-35 kilometers.
Correlation of the COCORP and lithoprobe studies is important in generating a
geotectonic model for the North American Cordillera. My interpretation of existing
gravity data lies south of the COCORP study and provides additional constraints on the
location of the paleocontinental margin, the nature of the suture zone, and the thickness of
the crust and topography of the crust/mantle boundary in this region. My model predicts
an undulating Moho surface, a thin root beneath the Idaho batholith, and thinned crust in
southeastern Washington and southwestern Montana.
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G E O L O G IC SETTIN G
The North American Cordillera is one of the longest-lived orogenic belts in the
world. Rifting initiated the Cordilleran continental margin 550 to 600 million years ago
(Bond and Kominz, 1984; Armin and Mayer, 1983; Burchfiel et al., 1992). From the
inception of the Cordilleran margin, the orogen has been the locus of plate tectonic
activity that includes a passive margin of latest Precambrian and early Paleozoic age; a
collage of accreted terranes incorporated intermittently from middle Paleozoic time into
Cenozoic time; the igneous and tectonic record of successive plate-convergent events in
late Cretaceous to early Cenozoic time; and gradual shortening of the convergent margin
and inception of extension and transform tectonic regimes later in Cenozoic time.
PA SSIV E C O N TIN EN TA L M ARGIN
The longevity of the Cordilleran orogen is attributed to the presence of an
ocean/continent lithospheric boundary west of continental North America since Cambrian
time. These lithospheric boundaries are unstable. Until late Devonian time, a passive
margin sequence formed with no significant stratigraphie breaks except as influenced by
major fluctuations in sea level (Vail et al., 1977, Burchfiel et al., 1992).
The Paleozoic miogeocline is problematic in my study area. Although the passive
margin sequence attains great thicknesses in northern and southern Idaho, it is absent
from the study area (Figure 3 & 4). The fact that the continental margin deposits reappear
along the Canadian - U.S. border suggests that they were once continuous through
eastern Oregon and western Idaho in late Paleozoic and early Mesozoic time but have
been removed, possibly by right-slip faulting (Davis et al., 1978; Sears and Schmitt,
1987).
A C T IV E CO N TIN EN TA L M ARGIN
As the North Atlantic Ocean opened in the early Mesozoic, the North American
plate moved westward. Subduction along the west coast of North America accommodated
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this new westward movement and an Andean-type continental margin developed. As
North America moved westward and Pacific Ocean plates subducted beneath the western
edge of the continent, island arcs and microcontinents docked along the western
continental margin (Figure 4).
Shortening and Thickening of the crust
A major tectonic boundary between allochthonous terranes and cratonic North
America exists in the study area. This cryptic tectonic zone is known as the western
Idaho suture zone or WISZ (Strayer et al., 1989) (Figure 5). Although little consensus
exists for the mode of formation of the suture, Ar/Ar and U/Pb zircon dating of tectonites
indicate amalgamation of terranes along the boundary occurred about 118 m.y. (Leeman
et al., 1992). Across this faulted and intruded north-trending tectonic zone, parts of an
(?)Early Mesozoic arc, the Blue Mountains Island arc of White et al. (1992), are
juxtaposed against the Cretaceous Idaho batholith (Lund and Snee, 1988) (Figure 5).
East of the WISZ, the Idaho batholith formed 110 to 75 m.y. ago. The
Cretaceous batholith formed the magmatic arc above the subducting oceanic plate (Zen,
1985; Hyndman et al., 1988). Plutonism along the continental margin thickened and
weakened the crust. As the crust became more ductile, outward flow of crustal rocks
apparently powered thrusting to the east. The western portion of the Idaho batholith
moved eastward along with the upper crustal slabs (Hyndman et al., 1988). Estimates of
crustal thickness during this period of shortening range from 50 to 70 kilometers (Zen,
1985; Hamilton and Myers, 1966; Coney and Harms, 1984), equivalent to the present
day Andean system (Kono et al., 1989). About 150 kilometers of shortening in western
Montana resulted from emplacement of the Idaho batholith and accretion of terranes along
the WISZ.
Shortening was accommodated by thrusts that emanate from the decollement
system that dips shallowly westward beneath the metamorphic and plulonic rocks of the
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interior of the orogen (Leeman et al., 1992). The ultimate depth of the decollement for
the Idaho-Montana segment of the Rocky Mountain fold and thrust belt is unknown.
Hyndman et al. (1988) postulate that it exceeds 25 kilometers on the basis of
metamorphic assemblages of exposed rocks in the upper plate (Figure 6 ).
Stretching and thinning of the crust
According to Hamilton^(^1988).as longasihe convergence rate between the Pacific
and North Americaryplaies vya^ high, the western margin of the continent experienced
Andean style t^tonics, As convergence slowed at the end of Paleocene, the warm, thick
crust of the Cordillera-began to^pread horizontally. The cold, brittle upper crust of the
continental interior fractured and faulted as it was pulled apart by the spreading lower
crust- The continental margin evolved during this period from continuous subduction of
Pacific lithosphere to strike-slip in the south and subduction along a progressively
shortening section in the north (Hamilton, 1988). Among the important expressions of
this mid-Tertiary extension are regional structures denoted as metamorphic core
complexes (Crittenden et al., 1980). The Bitterroot core complex is one such structure.
During Eocene and later extension, the Idaho batholith was shuttled to the
northwest along the strike of the right-lateral Lewis and Clark fault zone (Hamilton and
Myers, 1966; Hyndman et al., 1988). In its wake are extended crust and metamorphic
core complexes. From 46 to 48 m.y. ago, the unroofing of the Bitterroot metamorphic
core complex took place along the Montana-Idaho border (Chase et al., 1978; Chase et
al., 1983; Garmezy and Sutter, 1983; Hyndman and Myers, 1988; Doughty and Sheriff,
1992; Hodges and Applegate, 1993) (Figure 4). Hodges and Applegate (1993) propose
uplift from depths of 15 to 20 km at rates of 5 to 15 km/m.y. for the Bitterroot core
complex. The displaced structural cover of the Bitterroot core - whether the Cretaceous
Sapphire block of Hyndman (1980) or the Tertiary (Chase et al., 1983; Garmezy and
Sutter, 1983; Hyndman and Myers, 1988) Skalkaho slab of Doughty and Sheriff (1992) -
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includes a thick section of Precambrian Belt Supergroup rocks intruded by Late
Cretaceous to Eocene plutons.
In southwestern Montana and adjacent Idaho, mid-Tertiary extension formed
listric fault-bounded basins; some filled with as much as 5 kilometers of Cenozoic
sediment (Sheriff and Stickney, 1984; Christiansen and Yeats, 1992) (Figure 4). These
basins along with the Bitterroot core complex are part of an Eocene extensional system
which stretches from southern British Columbia to south-cenU-al Idaho (Doughty and
Sheriff, 1992) (Figure 7). Christiansen and Yeats (1992) suggest that tectonic extension
affected the area in late Eocene to mid-Miocene time as well as later. Radiometric dating
from a flat-lying basalt flow at the north end of the Big Hole valley in southwest Montana
suggests that formation of this basin took place before 15 Ma (Fritz and Sears, 1993).
Evidence that horizontal extension continued well into the Miocene may exist in
southeast Washington and adjacent Oregon and Idaho. The Columbia Plateau (17 m.y.)
covers 2(X),0(X) km^ and forms the second largest continental flood basalt province in the
world (Catchings and Mooney, 1988) (Figure 4). The tectonic setting of the plateau is
controversial.
The relationship of the Columbia Plateau and surrounding provinces is poorly
known because neither the nature of the middle and deep crust beneath the plateau nor that
of the surrounding geologic provinces is well understood. The crustal thickness beneath
the Columbia Plateau is poorly determined but has been estimated to be between 20 and
40 kilometers from seismic data (Allenby and Schnetzler, 1983; Hill, 1972; Catchings
and Mooney, 1988).
Because the Columbia Plateau encompasses such a large area, its geologic and
tectonic development is an important key in understanding the tectonic development of
western North America. Catchings and Mooney (1988) interpret evidence of continental
rifting from their seismic data. The idea of continental rifting generating flood basalt
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eruptions is accepted by many workers (e.g., Finn, 1990; White and McKenzie, 1989;
Hamilton, 1988; Mabey et al., 1977; Alt et al., 1988). Yet, the mechanism for initiation
of the rift is a matter of considerable debate.
The scale of flood basalt eruptions along with the simultaneous appearance of hot
spots, shocked quartz and faunal extinctions leads some workers to invoke extraterrestrial
processes, such as bollide impact, to explain their presence (Rampino and Smothers,
1988; Alt, et al., 1988). Alt et al. (1988) hypothesize that impact of a large bollide
initiates a rift in the lithosphere, which spreads as magma rises to form the basalt plateau.
The spreading crack grows longer with time and is the beginning of a new spreading
center. If the impact occurs on continental crust, it initiates continental rifting. Others,
(e.g.White and McKenzie, 1989) believe there is no need to appeal to extrateiTestrial
processes to explain flood basalt provinces. They suggest that plate tectonic movements
alone stretch and eventually rupture the crust allowing pressure relief melting of the
underlying mantle.
Catchings and Mooney (1988) call on clockwise plate rotation about a vertical axis
centered in the Olympic Peninsula region of Washington to form the Columbia Plateau.
A better estimate of crustal thicknesses through gravity interpretation may help resolve
some of the controversy surrounding the Columbia Plateau.
To better estimate variations in crustal thickness and reconcile conflicting
interpretations, I acquired existing Bouguer gravity data, well logs, and seismic data.
Using these data, I constructed a two-dimensional gravity model along a line
perpendicular to strike of the major tectonic features of the northern Rocky Mountains.
Lithospheric sutures, Cretaceous batholiths, thinned orogenic roots, regional extension of
30 to 40%, and the origin of flood basalt provinces, are rooted in deep crustal and
lithospheric structures and each contributes to the regional gravity field. This model
places new constraints on deep crustal structure in this portion of the Northern Rockies.
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PREVIO US G EO PH Y SIC A L IN T ER PR E TA TIO N S
SE IS M IC STUDIES
Several previous seismic studies exist for the northern Rocky Mountains and
southern Canadian Cordillera (Figure 8 ). These studies provide a wide range of estimates
for crustal thickness and Moho topography for this region. The discrepancies result
because the majority of the studies entail relatively wide station spacings. Only two
studies use wide-angle reflections from the Moho to determine crustal thickness. Few of
the refraction profiles for the area are reversed. The three reversed profiles are from
crustal studies of McCamy and Myer (1964), Ballard (1980), and Sheriff and Stickney
(1984).
McCamy and Myer (1964) interpret a reversed refraction profile and conclude
crustal thickness ranges from 40-50 kilometers and the Moho dips to the east in western
Montana (Figure 8 , line d-e). To arrive at these conclusions, McCamy and Myer (1964)
incorporate into their study, velocities from two unreversed profiles (Figure 8 , line d-g
and line e-f). Since higher apparent velocities are recorded in the updip direction, Asada
and Aldrich (1966) contend that the data from the unreversed profiles suggests a
westward dipping Moho, rather than eastward as indicated by McCamy and Myer (1964).
Ballard (1980) uses earthquakes located in Montana and Yellowstone Park as a
source and employs recording stations for three refraction profiles in southwestern
Montana. Although his reversed profile indicates a 0.56® northwest dip on the Moho
(Figure 8 , line y-h), Ballard (1980) combines his results with results from McCamy and
Myer (1964) and uses gravity data to conclude that the Moho dips to the southwest. He
estimates crustal thickness at 60-70 kilometers.
Sheriff and Stickney (1984) propose a thin crust for southwest Montana. Their
average crustal thickness of the region is 33 kilometers and the Moho strikes northeastsouthwest. Although their results are not unique, they are significant because they imply
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a much thinner crust in Montana than the 40 to 50 kilometers indicated by McCamy and
Myer (1964) or the 60 to 70 kilometers suggested by Ballard (1980) and opposite dip on
the Moho.
A compilation of refraction studies by Allenby and Schnetzler (1983) provides a
contour map of crustal thickness for the conterminous United States (Figure 9). Allenby
and Schnetzler (1983) use McCamy and Myer s (1964) results for the northern Rocky
Mountains. The difference in crustal thickness from 50 kilometers in eastern Montana to
20 kilometers in eastern Washington clearly suggests an east dipping Moho at the regional
scale.
Not only does the compilation of Allenby and Schnetzler (1983) show a dipping
Moho, the reversed seismic profile by Ballard (1980) and several of the unreversed
profiles (e.g., Cumming et al., 1978; Carlson, 1986) indicate a dip to the Moho (line y-h.
Figure 8 ). The reversed profile by Sheriff and Stickney (1984) is a strike line while
McCamy and Myer’s (1964) survey provides only an apparent dip on the Moho surface
(lines c-b and d-e, respectively. Figure 8 ). As discussed earlier, the COCORP and
lithoprobe seismic reflection studies (Figure 1) report a flat Moho for the northwestern
U.S. (Potter et al., 1986; Sanford et al., 1988) and southern British Columbia (Clowes et
al., 1992; Cook et al., 1992). Thus, the regional Moho topography of the northern
Rocky Mountains is uncertain (Figure 10). The conflicting interpretations of crustal
thickness from seismic studies are problematic. The Idaho batholith with its supporting
root, contributes to the complexity. Gravity interpretations can help resolve these
uncertainties.
G R A V IT Y STUD IES
Fountain and McDonough (1984), Wells (1989), Mohl (1989), and Catchings
and Mooney (1988) among others use regional gravity data to develop crustal models of
parts of the northern Rocky Mountains. Some of these models are reasonable and some
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are not. There are some conflicts. Overall, the gravity studies are in agreement with
seismic interpretations of Sheriff and Stickney (1984), Cumming et al. (1978) and
Carlson (1986).
A compilation map of isostatic residual gravity data for the conterminous United
States (Simpson et al., 1986) supports the idea of westward thinning crust on a regional
scale (Allenby and Schnetzler, 1983; McCamy and Myer, 1964) (Figure 11 ). This fits
the seismic compilation of Allenby and Schnetzler (1983) (Figure 9). Commonly,
isostatic anomalies up to several hundred kilometers in width are caused by density
contrasts associated with geologic bodies within the crust even if the crust is in isostatic
equilibrium. The regional isostatic anomaly map shows such a long-wavelength feature in
my study area (Figure 11).
Associated with the Purcell Anticlinorium of northwestern Montana and southern
British Columbia, some workers report a long-wavelength gravity low. This low is
oriented in a northwest-southeast direction, paralleling structure and is nearly 300
kilometers from crest to crest (Fountain and McDonough, 1984; Harris, 1984) (Figure
11). Fountain and McDonough (1984) and Harris (1984) construct gravity models of the
Purcell Anticlinorium. The good fit of their observed and theoretical gravity lends
credibility to the use of a bowl-shaped regional anomaly for northwestern Montana
(Fountain and McDonough, 1984; Harris, 1984). Their models are supported by surface
geologic observations and seismic refraction data from British Columbia (Cumming et
al., 1978).
Fountain and McDonough (1984) and Harris (1984) give a maximum depth to the
Moho of 43 kilometers in northwest Montana with the crust/mantle boundary rising to the
east and west. One explanation for the anomaly is regional compensation (plate flexure)
of the load imposed by the Purcell Anticlinorium. As the dense rocks of the Prichard
formation were thrust eastward along a basement ramp, the crust downwarped. Fountain
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and McDonough (1984) believe that the long-wavelength low is caused by crustal
thickening and dipping basement beneath the Purcell Anticlinorium.
Although crustal thickening affects the Bouguer gravity field in northwestern
Montana, a thinning of the crust is responsible for the regional gravity pattern in
southwestern Montana and adjacent Idaho. A gravity study by Wells (1989) suggests the
crust/mantle boundary rises to the southwest from 33 kilometers at Missoula, Montana to
29 kilometers at Challis Idaho (Figure 11). His results agree with earlier seismic
interpretations of the area (Sheriff and Stickney, 1984; Carlson 1986). Other gravity
studies in southwestern Montana only model the valley fill and upper crust with no
interpretation of the crust/mantle boundary (Schofield, 1981; Kittrell, 1978; Chandler,
1973; Burfiend, 1967; Cremer, 1966; Wilson, 1962).
Recent drill holes in the valleys of southwest Montana show that previous gravity studies
have gravely underestimated the thickness of valley fill. With these new controls, I can
constrain the thickness of Cenozoic deposits.
Mohl (1989) models the gravity expression of the western Idaho suture zone
(WISZ) (Figure 12). Mohl's (1989) study consists of four profiles perpendicular to the
suture; one north-south profile and three east-west profiles. A seismic refraction study by
Carlson (1986) (Figure 8 ) in western Montana and northern Idaho provides the only
seismic data for this area. A crustal thickness of about 37 kilometers east of the suture is
reported by Mohl (1989) and agrees with Carlson's (1986) estimate near Missoula,
Montana. My profile line intersects lines 2 and 4 of Mohl’s (1989) study (Figure 12).
Although Mohl's (1989) model seems to work well east of the suture, it may not be wellconstrained west of the suture. Little seismic control is available west of the suture zone
to support a gravity model. When considering Mohl's (1989) study as a crustal scale
model, there are some problems. It is not clear why Mohl (1989) models a residual
anomaly rather than the complete Bouguer anomaly or why his density values are so low.
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To model the deep crustal structure and Moho topography of the northern Rocky
Mountains, I must account for the regional component of the gravity anomaly. Mohl
(1989) filters out a regional shift of 165 mgals that he attributes to lower crustal sources.
The means by which Mohl (1989) separates the regional from the residual anomaly is not
clear. Without the lower crustal component of the anomaly, Mohl (1989) cannot
accurately model crustal thickness. Mohl’s (1989) profiles are only 2 0 0 kilometers long.
Available depth-to-Moho data (Cumming et al., 1978; Fountain and McDonough, 1984;
Simpson et al., 1986) show undulations in the Moho surface with wavelengths of 300
kilometers. Mohl's (1989) profiles are not long enough to reveal these undulations.
Mohl's (1989) density values may not be reliable. His method of sample
collection is not clear. Sampling of near-surface rocks may not be representative of deep
crustal lithologies. Mohl's (1989) density values of 2.56 g/cm^ for batholithic rocks,
2.70 g/cm^ for the deep crystalline rocks west of the suture and 3.00 g/cm^ for lower
crust east and west of the suture are too low. They do not coincide with measured average
values for these lithologies (Hyndman, 1972; Dobrin and Savit, 1988). I may be able to
provide greater control on the structure of the WISZ and the density of lower crustal
rocks in northern Idaho.
West of the western Idaho suture zone, Catchings and Mooney (1988) model the
gravity signature across the central Columbia Plateau . They construct a gravity model by
digitizing their modeled seismic profile. Values for the gravity model were calculated by
converting seismic velocities to densities using the method of Bateman and Eaton (1967).
Although the model fits the seismic data well, I am unable to extrapolate the gravity model
to fit with my gravity observations.
Farther west, and associated with the continental margin of western Washington,
are distinct gravity and magnetic anomalies. Finn (1990) models these anomalies to
constrain Washington’s convergent margin structure. Her study provides some insight
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into subduction-related erosion at active continental margins and resulting crustal
geometry.
Finn (1990) models a plate dipping at 60® beneath the continental margin and a
relatively flat Moho east of the Cascade Range. Continental mantle is absent beneath the
Coast Range in Finn's (1990) model. She postulates that erosion of the bottom of the
overriding plate by subduction processes has removed the continental mantle beneath the
Coast Range. The cause of erosion is unknown, but may be related to the buoyancy of
the young subducting plate. If similar processes operated during the Mesozoic along the
paleocontinental margin, subduction related erosion may be responsible for thinning the
overriding plate and removing continental mantle. A gravity model may support this
theory.
Finn's (1990) model of crustal thickness finds some support from seismic data.
Finn's (1990) average crustal thickness for Washington of 20 kilometers fits with
Allenby and Schnetzler's (1983) compilation. Her proposal of 40 kilometer thick crust
beneath the central Columbia Plateau is compatible with Catchings and Mooney's (1988)
seismic estimate. Yet, it is twice as thick as other (Hill, 1972; Allenby and Schnetzler,
1983) seismic interpretations suggest (Figure 9). The discrepancy may lie in the
misidentification of the top of the Moho. My study may help to resolve these conflicting
reports of crustal thickness in the Columbia Plateau.
The cnist-mantle boundary in the northern Rocky Mountains, interpreted from
seismic reflection data is relatively complex (Oliver et al., 1983; Catchings and Mooney,
1988). Although some of the gravity models of the northern Rocky Mountains offer
reasonable interpretations of this transition zone, most do not model deep structure. The
usual assumption is that changes in the Moho topography will be linear over tens of
kilometers. A profile of at least 300 kilometers is required to see undulations (Figure 9).
The profile length of all but a few of the previous gravity studies prevents them from
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identifying an undulating Moho.
Some of the controversy surrounding the tectonic elements present in the northern
Rocky Mountains can be readily eliminated by modeling the structures and comparing
modeled gravity anomalies to the observed anomalies. My gravity study conducted over
a 500 kilometer profile provides understanding of lateral density contrasts and Moho
topography. With recent seismic and well control, I can constrain the thickness of fill in
the southwest Montana valleys. My study adds new constraints on the sense of
movement along the western Idaho suture zone and allows me to model deep structure
beneath the Columbia Plateau. By using the Bouguer and free air anomalies, I interpret
isostatic compensation mechanisms for plates juxtaposed along the continental suture.
GRAVITY M ODELING
It is important to understand how Bouguer anomalies are produced in order to
model them accurately. Any difference in the observed and theoretically predicted gravity
is called a gravity anomaly. The underlying assumption is that the presence of Bouguer
anomalies is related to density inhomogeneities in the earth's crust or mantle and that
isostatic compensation is complete at the asthenosphere. The effective density to be used
in calculating Bouguer anomalies is the contrast between the density of the body in
question and that of the surrounding material (Dobrin and Savit, 1988). Only the vertical
component of the attraction need be taken into account, as all gravity meters are designed
to respond to vertical forces alone (Dobrin and Savit, 1988). This means that the density
contrast assigned to a body is with respect to what lies laterally adjacent to it. In this
way, the gravitational field of bodies having arbitrary shapes and depths of burial can be
computed and compared with variations in the observed gravitational field along a profile.
Such comparisons with different models can be used to deduce the shape, depth, and
other characteristics of the geological feature responsible for the gravity anomaly.
It is appropriate to consider the limitations of gravity modeling. Although a
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gravity anomaly provides a unique estimate of anomalous mass, inversion for the shape
and density of the anomalous mass is inherently ambiguous. Yet, analysis of gravity
anomalies provides much constraint for models of subsurface geology. For example, the
shapes and densities of sources must be geologically reasonable and logical within the
regional framework. While long-wavelength anomalies could result from a distribution
of myriad small high density objects at the surface, it is much more likely that longwavelength anomalies result from deep sources. Similarly, high-frequency and highgradient anomalies result from near-surface sources. These are powerful constraints on
drawing accurate crustal sections.
When it is reasonable to represent geologic structure with a set of twodimensional bodies (i.e., they do not change along strike), the method of Talwani et al.
(1959) provides an efficient means of calculation. In this method, subsurface geology is
described by a set of uniform-density, n-sided polygons which represent the crosssectional shapes of the two-dimensional structure. This method can be quite useful
inasmuch as two-dimensional programs are presently much simpler to operate and allow
far more interactive flexibility for adding and altering bodies than do most threedimensional forward-modeling programs.
The validity of the two dimensionality assumption can be checked by looking at
maps of the study area. The Tertiary basins of southwest Montana and the western Idaho
suture are prominent features on both the geologic and contoured gravity maps (Plate I).
The Beaverhead and Ruby valleys (Figure 4) show a northeast-southwest trend on the
geology map. The Big Hole and Bitterroot valleys trend north-south. The anomalies on
the contoured gravity map (Plate I) are elongate in these directions. The western Idaho
suture also trends north-south and bends about 9(P to the west above 46® latitude (Figure
4). The regional structural grain apparent on the contoured gravity map is oriented
northeast-southwest. The presence of this fabric supports the assumption of two-
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dimensionality on a gross scale for this part of the northern Rocky Mountains (Plate I). A
profile oriented perpendicular to the long axis of the anomalies and supported by widely
spaced regional data is suitable for interpretation of large-scale crustal structure.
G RA V ITY DATA
I obtained all gravity data used in my modeling from the Department of Defense
(DOD) through Amoco Production Company, Denver, Colorado in Fall 1991 (Plate I).
All data reduction and gridding were performed by the DOD. The DOD used the
International Gravity Standardization Net of 1971 (Morelli, 1974) and the 1967 Geodetic
Reference System formula for calculation of theoretical gravity (International Association
of Geodesy, 1971). The complete Bouguer gravity anomaly values are computed using
an assumed density of 2.67 g/cm^.
To calculate the complete Bouguer anomalies, the DOD screened the observed
data set to eliminate redundant values, and corrected for terrain in areas of substantial
relief. Terrain corrections compensate for the distorting effects that topographic features,
like hills and valleys, have on the gravity field. Terrain corrections were computed at
radial distances from station location ranging from 0.895 kilometers (Hammer zone F) to
166.7 kilometers (Hayford zone O) using a density of 2.67 g/cm^. A total of 2093
stations, of the original 2954, are terrain corrected. The remainder are in areas of
subdued topography, such as the Columbia Plateau. The final corrected data were
transformed from geodetic coordinates to ground kilometers using an Albers equal-area
projection with a central meridian of 96® and standard parallels of 29.5® and 45.5®.
The DOD used a gridding program (Webring, 1981) based on a minimum
curvature procedure (Briggs, 1974) to interpolate values spaced at 4 kilometer intervals.
The program uses a search radius of 40 kilometers to determine values at grid positions in
areas of sparse data. This distance is sufficient to calculate values at all grid locations
inside the boundaries of the study area. After gridding, the data set consists of 6457

17
equally spaced gravity stations.
My gravity profile extends from 46.8270 N, llg o W to 45.1720 N, 112 o w and
is about 500 kilometers long (Plate I & Figure 13). Along this profile, the gravity data
are well distributed. A plot of the nongridded data projects 243 points perpendicularly
onto my cross-section from a distance of not more than 10 kilometers. From the same
distance, the gridded data set yields 624 points. A comparison of the gridded data with
the nongridded data shows the same general pattern for long-wavelength anomalies
(Figure 14). For this reason, I believe I am justified in modeling the gridded data.
Several interesting features along my profile cause major fluctuations in the
gravity field. From west to east, the Bouguer anomaly values generally decrease. The
anomaly reaches a maximum value of -64 mgals in the Columbia Plateau and remains
practically flat eastward at about -100 mgals until it approaches the western Idaho suture
zone. A steep gradient of 1.27 mgals/km exists over the WISZ. The values continue to
decrease to the southeast through the Idaho batholith. In the Big Hole basin of
southwestern Montana, the values reach a minimum of -250 mgals. From the Big Hole
valley to the east end of the profile, the gravity anomaly rises. A local maximum of about
-178 mgals in the Ruby Mountains of southwest Montana is associated with outcrops of
Precambrian metamorphic rocks.
M O D E L IN G PRO CED U RES
I use a two-dimensional forward gravity modeling program, Gravcad, to duplicate
the observed gravity profile from eastern Washington to western Montana. Gravcad is a
Talwani-type algorithm created by Dr. Steve Sheriff of the University of Montana for the
analysis of gravity anomalies. Using a contour map of gridded gravity data (Plate I) and
scrutinizing numerous profiles, I chose the location and orientation of a profile that
illustrates the general crustal structure of the region and not the detailed near-surtace
geology. I model the complete Bouguer anomaly without filtering for any particular
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wavelength under the assumption that the anomaly is a function of compensation at the
Moho and lateral density contrasts in the crust. Although some change in density occurs
in the mantle (e.g. Stacey, 1978), this portion is likely to be small. For example, if the
mantle density changes from 3.18 g/cm^ to 3.20 g/cm^ over 250 kilometers, then
resulting change in gravity is only 37 mgals. Most of the profile is well-constrained with
the exception of the deep crust beneath the Columbia Plateau.
To limit the model geometry and density contrasts, I use surface contacts taken
from state geologic maps and the seismic reflection and refraction data described above.
In addition, I acquired Amoco's seismic reflection lines (GNF 2 and GUA 2) which
provide valuable constraints on the configuration of the Big Hole basin (Plate II). Some
constraints on density contrasts for the model are provided by well data, previous gravity
studies (Catchings and Mooney, 1988; Wells, 1989; Chandler, 1973; Burfiend, 1967),
and average values given in the literature (e.g., Hyndman, 1972; Dobrin and Savit,
1988). I have the least control on the lower crustal and upper mantle densities. I chose
reasonable textbook values for the lower crust and mantle densities and varied the
thickness to fit the gravity data.
IN T E R PR E T A T IO N S O F MODELS
There are four major features in the profile. Some are related to near-surface
structure, such as the steep gradient in the western Idaho suture zone and the local minima
in the Big Hole valley. Others are produced by lateral density changes in the deep crust
and upper mantle. These features include the long-wavelength low centered over the
Idaho batholith and the steplike change in the anomaly east of the Big Hole (Figure 14). I
constructed two-dimensional models to examine the geologic structures responsible for
these anomalies (Figures 15 -17).
All of the gravity models are vertically exaggerated 3.2 times. From the Idaho
batholith west, I use the works of Catchings and Mooney (1988) and Mohl (1989) for
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starting models. Input parameters such as densities, thickness, and number of bodies are
varied to achieve a reasonable fit to the observed gravity data. The rest of the profile is
constructed from data compiled from many other sources. Tables 1-3 present, by
corresponding body number, the densities, lithologies and information sources for each
model.
The calculated gravity profile of model A does not adequately fit the observed
gravity field (Figure 15; tables 1). The calculated and observed anomalies match well for
the eastern half of the profile, but do not match west of the Idaho batholith. The western
portion of this model is adapted from Catchings and Mooney's (1988) interpretation of
crustal structure in eastern Washington. Their profile lies perpendicular to my line and 50
kilometers northwest (Figure 8 ). Although the steep gradients produced by model A fit
the observed field, the long-wavelength component is inadequately matched. The
discrepancy between the calculated and observed gravity profiles is about 100 mgals. The
reason for this discrepancy may be that the parameters used to construct the Catchings
and Mooney (1988) model do not accurately reflect the deep structure in my study area.
Model B is after Mohl's (1989) model of the western Idaho suture zone (Figure
16). Mohl (1989) describes the crustal section west of the WISZ as a typical island arc
with spilitic and keratopyritic flows, volcanogenic sediments, and pyroclastics in the
upper crust His measurements of hand samples yield an average density of 2.72 g/cm^.
Outcrops along the Idaho-Oregon border indicate that the lithologies of the middle crust
are primarily metamorphosed quartz diorite and gabbro intruded and underlain by
plagiogranites (Mohl, 1989). Mohl's (1989) mid-crustal rocks have a density of 2.70
g/cm^. His lower crust has a density of 3.00 g/cm^. These values sound unreasonable
for rocks composed of quartz, feldspar, and pyroxene. Although the density of the
mantle is not addressed by Mohl (1989), his lower crustal value is close to my upper
mantle value of 3.28 g/cm^.
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Model B also fails to accurately describe the deep crustal structure west of the
suture zone (Figure 16). The calculated and observed gravity profiles show a difference
of about 240 mgals. Part of this discrepancy is due to Mohl's (1989) stated subtraction
of a bulk shift of 165 mgals from the observed data. His explanation for this shift is "to
account for lower crustal and boundary conditions present to all models" and to adjust the
data so as to reflect sources that are only crustal in origin. Mohl's (1989) reasoning
contradicts the nature of his study. He concludes that compositional and thickness
changes across the suture are responsible for the steep anomalies there, yet he does not
model to the base of the crust.
I reduce the discrepancy in model B by shifting the calculated anomaly by 165
mgals, but there is still an 81 mgal difference. A change in crustal thickness to the
northwest is indicated by the gradual rise of the long-wavelength component in the
observed data. Because the Moho is flat at a depth of about 35 kilometers, west of the
WISZ, the long-wavelength component is not satisfied (Figure 16). I fit the shortwavelength component of the gravity field with model B, but not the long-wavelength
component. A possible solution for the crustal structure in the problematic area west of
the WISZ is based on Model C (Figure 17; table 3).
Model C shows better fit to the observed gravity data than do models A or B
(Figure 17; table 3). It accommodates both the short- and long-wavelength components
of the Bouguer anomaly. In order to achieve a satisfactory fit to the observed Bouguer
gravity data, I modify the middle and lower crustal densities, thicknesses, and number of
polygons. My modifications of the middle and lower crust west of the WISZ consist of
replacing the single basement polygon with two polygons; a mid-crustal layer of density
2.89 g/cm^ over a lower crustal layer of density 2.72 g/cm^. The underlying mantle has
a density of 3.28 g/cm^ consistently across the profile (Figure 17). I use the lithologies
of Mohl (1989) but not his density values. I take average density values from the
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literature because Mohl's (1989) density values seem too low (table 1,2,&3). I thickened
the polygons until I achieve a reasonably good fit to the gravity data.
A C LO SER LO O K AT M ODEL C
Although many models are possible, I think model C best fits the geophysical
observations and surface geology in my study area. Model C accommodates the available
seismic and well data. Surface lithologies are modeled at measured stratigraphie
thicknesses and reported densities (table 3). The Proterozoic Belt Supergroup and its
equivalents, for example, are modeled with a thickness of about 16 kilometers and
densities ranging from 2.72 g/cm^ to 2.85 g/cm^ (table 3). For the Paleozoic sequence,
I use a density of 2.70 g/cm^ and a thickness of 1.4 kilometers (table 3).
The Cretaceous plutonic rocks in the study area have a single density value
throughout each body. The density of the Idaho batholith is 2.74 g/cm^. The Kamiah
pluton density is 2.72 g/cm^. I model the Cretaceous plutons east of the Idaho batholith
with a density of 2.68 g/cm^. I use petrologic data and gravity gradients to constrain
their thicknesses (Hyndman et al., 1988; Chandler, 1973). I imply from model C that the
Idaho batholith extends to a depth of about 15 kilometers. The Kamiah pluton extends to
a depth of 8 kilometers, while the Chief Joseph pluton and Pioneer batholith extend to
about 6 kilometers. A two-dimensional model seems to be a reasonable representation of
these plutons since their lateral extent is much greater than their depth. Gravity models of
Cretaceous plutons can be refined if better control on density variation within the plutons
can be established.
Model C indicates the extent to which thrust faulting affected the paleocontinental
margin. West of the WISZ, in model C, the lower crust is modeled as higher density
crust over lower density crust. One geologically reasonable explanation for this unusual
conOguration is translation of the suture eastward over decoupled continental crust. I
propose that during Late Cretaceous to Paleocene shortening, the basal decollement which
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formed the Rocky Mountain fold and thrust system cut deep into the basement. I suggest
that the cover rocks were striped from a sliver of lower continental crust and it was
wedged beneath the allochthonous terranes west of the collisional boundary, as
shortening progressed. This sliver extends for about 250 kilometers, from the suture to
the west end of my profile. The scale and dip of this sliver of lower crust are comparable
to that found by Brown et al. (1993) underlying the southern Canadian Cordillera.
Brown et al. (1993) interpret a 300 kilometer long strip of continental crust beneath the
intermontane belt and the eastern edge of the Coast Range.
Model C is compatible with the tectonic setting of the northern Rocky Mountains,
available geophysical and geologic constraints and acts as a predictive tool. The previous
sections describe the three models produced in this study and why I chose model C as the
best representation of crustal structure. In the following sections, I describe in detail and
interpret the major features of model C. Features, such as Moho topography, that are
responsible for the long-wavelength portion of the Bouguer anomaly are discussed first.
A discussion of the short-wavelength and high-gradient components of the Bouguer
anomaly follows.
Interpretation of Moho Topography .
Model C indicates that the crust/mantle boundary rises to the northwest and
southeast from a depth of 42 kilometers beneath the Idaho batholith of west-central
Montana. An imdulation of about 300 kilometers wavelength and several kilometers
amplitude characterizes the crust/mantle boundary in this region. A gradual change in
thickness occurs to the northwest, whereas a steplike change occurs in the southeast. My
model of an undulating Moho coincides with models of northwest Montana and southern
British Columbia (Fountain and McDonough, 1984; Harris, 1984; Gumming et al, 1978;
Price, 1981).
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Presence of a crustal root
The crustal root present beneath the Idaho batholith fits with Coney and Harms'
(1984) model for explaining the metamorphic core complexes of the North American
Cordillera. Coney and Harms (1984) and many others suggest that Laramide
compression thickened the crust behind the fold and thrust belt to form a crustal root.
The northern metamorphic core complexes of the western United States
apparently resulted from deep-seated extension during a pulse of Eocene volcanic activity
(Crittenden et al., 1980). The Tertiary extension migrated towards the continental margin
from the fold and thrust belt, superimposing the extensional structural grain onto the
Laramide structures (Coney and Harms, 1984). The thicker crust in the center of the
study area then, could reflect a remnant of the Laramide crustal root (Figure 18). This
idea is supported by the erosion evident in the Idaho batholith (Hyndman et al., 1988;
Hodges and Applegate, 1993).
A northward extension of over-thickened crust exists parallel to the early
Mesozoic continental margin (Figure 18). Carlson (1986) reports 47 kilometer thick crust
near Wallace, Idaho. The Purcell anticlinorium is interpreted to have crust 43 kilometers
thick in northwestern Montana and up to 50 kilometers in southern British Columbia
(Fountain and McDonough, 1984; Cumming et al., 1978).
Since higher elevations reflect thicker crust according to Airy's model of isostasy,
a theoretical root can be calculated for a given elevation (Fowler, 1990). Along with
Airy’s model of isostasy, this method assumes uniform density for the crust and mantle
and a density contrast between them. The root is calculated and then added to the average
crustal thickness.
Using the root equation, a mountain of height h will have a root r given by
r = (h ♦ Pg) + (Pj„ - pg)
where Pm is mantle density = 3.28 g/cm^ and pg is crust density = 2.79 g/cm^.
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Assuming an average crustal thickness of 33.7 kilometers and average elevation of 1.6
kilometers in the Idaho batholith, I calculate a root of 9 kilometers to support the
topographic mass. The calculated crustal thickness of this region is then 42.7 kilometers.
This approach is limited in that it assumes that the crustal elements are near
isostatic equilibrium. Airy isostatic compensation assumes 100% local compensation of
topography; no support from the plate or crust. That is, variations in load result in
variations in thickness. Making this assumption is probably reasonable for my area; doing
so yields a crustal thickness approximately equal to the 42 kilometer crust that I modeled.
As stated above, the root equation also assumes uniform density for the crust and mantle.
This assumption probably is not valid as evidenced by the presence of isostatic anomalies
in my a re a .
Suture Zone formation and plate compensation
Along with the large-scale features of the profile, there are a few interesting smallscale ones. An especially significant one is produced by the western Idaho suture zone.
The gravity signature of the WISZ is a steep gradient of about 1.27 mgals/km (Figure
14). The unique geometry of the WISZ has spawned a number of models explaining the
relationship of the Blue Mountain island arc to the North American craton (Armstrong et
al., 1977; Talbot and Hyndman, 1973; Myers, 1982; Lund and Snee, 1988; Strayer et
al., 1989; Sears and Schmitt, 1987). Many of the early models call for east dipping
subduction to move the accreted terranes to their present locations (Armstrong et al.,
1977; Talbot and Hyndman, 1975; Myers, 1982). These models assume a low angle of
faulting along the suture zone. The suture geometry predicted by gravity data does not
support this assumption nor does the sharp change in strontium isotope ratios across the
suture (Lund and Snee, 1988). To satisfy the steep gradient, it is necessary to separate the
bodies with a steep angle. A rough estimate from my model predicts a 58® dip on the
continental suture in western Idaho. This angle flattens parallel to bedding at a depth of
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about 17 kilometers. This dip angle is too steep to satisfy the subduction models unless it
results from post-subduction rotation.
An alternative to this subduction model was developed in the Rapid River area
near Riggins, Idaho, south of this study by Lund and Snee (1988) (Figure 5). They cite
right-lateral transpression along a nearly vertical boundary as a possible origin of the
suture. Lund and Snee (1988) propose strike-slip motion on the basis of structural
fabrics. Their evidence includes lineations steeply plunging to the southeast in both
plutons and country rocks. Lund and Snee’s (1988) model calls for changes in crustal
composition or thickness across a near vertical suture. Changes in both thickness and
composition are present in model C.
Sears and Schmitt (1987) also propose a strike-slip model for the origin of the
WISZ. This model calls for interrupted convergence in middle Cretaceous time, followed
by a period of right-lateral strike-slip faulting, which translated the Paleozoic miogeocline
from western Idaho to its present location in northern British Columbia. By late
Cretaceous time, the strike-slip movement is replaced by convergence farther west.
Towards the end of Cretaceous time, a left-lateral transform fault develops along the
Lewis and Clark zone which offsets the WISZ at least 100 km causing a near 90^ bend in
the suture. This model accounts for the missing Paleozoic miogeocline and explains the
present geometry of the WISZ making this model more workable than other strike-slip
models.
Strayer et al. (1989), assuming the Sears and Schmitt (1987) model for the initial
formation of the sub-vertical boundary, postulate two styles of deformation are
responsible for the present geometry of the suture; vertical movement and flattening
dominate on the southern part and west-directed thrusting dominates on the northern part.
Strayer et al.'s (1989) hypothesis is based on a study of deformed synplutonic dikes and
mylonitic fabrics in the Kamiah plutonic complex near Orofino, Idaho (Figure 5). Strayer
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et al. (1989) say evidence for as much as 85 kilometers is present. They predict a
minimum of 30 kilometers of displacement at the suture based on kinematic evidence.
The gravity data in my study area support a strike-slip model for the formation of
the WISZ because a steep fault to a depth of 17 kilometers is necessary to accommodate
the gradient of the gravity anomaly. Both a compositional change and thickness change
are necessary to fit the steep gradient created by the WISZ (Figure 17). The 58^ angle of
dip predicted by my model is less than that found by Lund and Snee (1988) to the south.
This indicates that dip on the suture changes along strike. One reason for the changing
dip along strike could be left-lateral offset of the suture by the Lewis and Clark fault
system as Sears and Schmitt (1987) suggest. Because a simple right-lateral model causes
a geometric problem related to the westward 90® bend in the suture zone near Orofino,
Idaho (Figure 5), I believe the Sears and Schmitt (1987) model explains the suture
formation better than the Lund and Snee (1988) model. The degree of underthrusting of
the continental plate from my model fits with Strayer et al. (1989) estimates. My results
show a 31 kilometer displacement, where metamorphic rocks of continental affinity
overlie the Kamiah pluton.
My model supports the presence of two lithospheric plates juxtaposed along the
continental suture. By looking at the free air and Bouguer anomalies plotted against
elevation, I can determine the mechanical state of equilibrium of each plate. Fowler
(1990) states that total compensation of a region is represented by a very small free air
anomaly. Additionally, the region will have a negative Bouguer anomaly. If only
partially compensated or under compensated, the free air anomaly is positive, perhaps up
to 100 mgals in magnitude depending on structure and degree of compensation.
My analysis shows that most of the region under investigation is at least partially
compensated (75-100%). The range of most free air anomaly values is +/- 50 mgals
(Figure 19 & 20). The Bouguer gravity values are negative across the area. When
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plotted against elevation, two distinct populations of Bouguer and free air anomalies
appear east and west of the WISZ. For a given elevation, the average free air and
Bouguer values are slightly higher west of the suture (Figure 19 & 20). On the surface
we see the expression of a continental suture. The separation of values into two groups is
a subsurface expression of two distinct plates juxtaposed at the suture. The separation
shows that the plates are either of different density, thickness or both.
Attenuated crust
My profile ends in southwestern Montana; a region currently experiencing
stretching and thinning of previously thickened crust. To the east of the crustal root
centered beneath the Idaho batholith, the crust/mantle boundary rises 12 kilometers over a
distance of about 100 kilometers (Figure 17). A thinned crust for western Montana
agrees with Sheriff and Stickney’s (1984) hypothesis. They propose that Tertiary
thinning has balanced out Cretaceous to Paleocene crustal thickening and produced a crust
that has slightly less than normal thickness. The great thickness of Cenozoic valley fill,
drilled by Amoco in southwestern Montana, lends support to Sheriff and Stickney's
(1984) idea.
The high-frequency features along the eastern half of my gravity profile are
produced by the deep Cenozoic valleys of southwestern Montana (Figure 17). Seismic
reflection data and drill-hole information considered along with gravity modeling, indicate
more than 4.5 Idlometers of valley fill in the Big Hole basin. This deep valley produces a
steep sided v-shaped gravity anomaly. The gravity values in the Big Hole valley are the
lowest values in my study area (Figure 17). The seismic lines obtained from Amoco
show an asymmetric valley bounded on the west by a listric normal fault. Gravity
modeling indicates Proterozoic Belt Supergroup rocks beneath the Big Hole valley.
East of the Big Hole basin are the Beaverhead and Ruby basins. Modeled
sediment thickness in these basins is 2.3 and 2.0 kilometers, respectively. The thickness
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of basin fill in these valleys is comparable to the 1.1 kilometers found by Wells (1989) in
the Bitterroot valley on the Idaho-Montana border. Like the Big Hole, the Beaverhead
and Ruby valleys are extensional basins bounded on the west by listric-normal faults
(Wells, 1989; Burfiend, 1967; Cnemer, 1966; Chandler, 1973; Wilson, 1962). Beneath
the Beaverhead valley I model Paleozoic sediments, Cretaceous granite, and Proterozoic
Belt basin sediments. The Ruby valley model is underlain by Precambrian metamorphic
rocks.
Separating the Big Hole valley from the Beaverhead valley is the Pioneer
batholith. There is a steplike change in the Bouguer anomaly along the eastern slope of
the Pioneer batholith (Figure 17). It is difficult to interpret this large step solely by
shallow structure. I interpret the observed step as the effect of deep structure. In my
model there is a discontinuous change in crustal thickness across the Pioneer batholith,
which contributes to the long-wavelength component of the observed step (Figure 17).
This mantle high is part of a broad regional high that runs south from Butte, Montana to
Challis, Idaho (Sheriff and Stickney, 1984). The presence of thin crust in southwest
Montana fits with the findings of other geophysical studies (Sheriff and Stickney, 1984;
Carlson, 1986; Wells, 1989).
Just as the crust/mantle boundary rises to the east of the Idaho batholith, it rises to
the west. Over a distance of 150 kilometers west of the crustal root, the Moho rises 11
kilometers. Assuming crustal densities ranging from 2.72 g/cm^ to 2.89 g/cm^, and a
mantle density of 3.28 g/cm^, I calculate a crustal thickness of about 32 kilometers for
eastern Washington. Support for my estimate is provided by the seismic studies of
AUenby and Schnetzler (1983) and Potter et al., (1986) which indicate a crustal thickness
in eastern Washington of between 30 and 35 kilometers.
Eastern Washington was the location of the active convergent margin from late
Cretaceous to Paleocene time. During this time, convergence rates were high and
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subduction shallow (Hamilton» 1988). Although the mechanisms of thinning are
unknown, Finn (1990) suggests that active abrasion, or frictional heating related to
subduction, have scraped the lower crust and mantle from beneath the convergent margin
of western Washington. These mechanisms are compatible with the reported plate
velocities and subduction angles (Hamilton, 1988) for late Cretaceous to Paleocene time
and may account for the thin crust of eastern Washington.
Another explanation for thin crust beneath the Columbia Plateau is simply related
to crustal stretching and thinning during Eocene and later extension. Extension in this
region may have been so severe that the crust ruptured, creating a continental rift. The
presence of flood basalt flows derived from mantle sources with little crystal fractionation
or crustal contamination supports this hypothesis (Hooper, 1984).
A m odern analog
The northern Rocky Mountain region can be placed in a global framework
by comparing my crustal model with models of the Peruvian Andes. The Cretaceous to
Tertiary tectonic history of the Andes and the North American Cordillera are comparable.
However, the continental arc initiated in late Cretaceous time along the western margin of
South America still exists. Oceanic lithosphere is subducting at shallow angles affecting a
broad region (Kono et al., 1989). Crustal thickness, isostatic compensation mechanisms,
and gravity signatures tell similar stories about the tectonic histories of the southern and
northern Cordilleras.
The Peruvian Andes are divided into the Western and Eastern Cordillera. Crustal
thickness estimates for the Andes are similar to those for the Late Cretaceous Northern
Rockies. Thick crust of 55 to 65 kilometers lies beneath the eastern and western regions,
respectively (Kono et al., 1989). Estimates of Late Cretaceous to Paleocene crustal
thickness of 50 to 70 kilometers for the continental arc are within range of the present-day
Andean system (Zen, 1985; Hamilton and Myers, 1966; Coney and Harms, 1984).
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In the Western Cordillera, a thick root similar to that in the Idaho batholith,
supports the topography. Intrusion of melt and underplating of the crust form the deep
crustal root. Kono et al. (1989) consider the topography in the Western Cordillera of the
Andes to he in isostatic equilibrium supported by its crustal root. The root I model under
the northern Rocky Mountains locally compensates the topography in the same way.
The crustal structure beneath the Andes produces distinct gravity signatures.
The gravity signature of the root supporting the Western Cordillera looks similar to the
one I model beneath the Idaho batholith (Figure 21). There is a steplike change in the
Bouguer anomaly along the eastern slope of the Eastern Cordillera (Figure 22). Fukao et
al. (1989) attribute the long-wavelength component of this anomaly to a discontinuous
change in crustal thickness across the sub-Andes. I also model a steplike change in
crustal thickness to accommodate the gravity data near the Pioneer batholith (Figure 17).
Arc systems, like the late Cretaceous to Paleocene arc in the Northern Rockies
and the present-day Andean system, develop where oceanic plates sink beneath
overriding continental plates. The similarities in crustal thickness, compensation
mechanisms, and gravity signatures lead me to believe that the present-day Andean
system is a good model of the late Cretaceous arc of North America.
C O N C L U S IO N S
My gravity model adds new constraints on drawing accurate crustal sections and
insights into the complex tectonic history of the northern Rocky Mountains. Some of the
controversy over the thickness of the crust in this region may now be resolved. As
expected the model predicts an undulating crust/mantle boundary beneath the Northern
Rockies with features directly correlated to regional tectonics. The crust reaches a
maximum thickness of 42 kilometers beneath the Idaho batholith. The Moho surface
rises to the East and West from 42 kilometers to depths of about 32 kilometers in western
Montana and eastern Washington. Extension in western Montana and eastern
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Washington has more than balanced out the earlier crustal thickening, leaving a slightly
thin crust
Because of their complex tectonic history, the western Idaho suture zone and
accreted terranes were the most difficult to model. A strike-slip model for the fonnation
of the suture zone with later offset by the Lewis and Clark fault system, is consistent with
the gravity data. Dip appears to change along strike of the suture. The dip along my
profile is about 58^ and flattens with depth. A sliver of lower continental crust underlies
the accreted terranes west of the suture zone. The cover rocks were striped away and the
sliver was wedged beneath the allochthonous tenanes as Laramide crustal shortening
progressed.
On the surface we see the expression of the continental suture. The separation of
free air and Bouguer values plotted versus elevation into two distinct groups is a
subsurface expression of two plates juxtaposed at depth. The separation shows that the
plates are either of different density, thickness or both. Compensation is probably
accomplished by different mechanisms.
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Table 1

Model A
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

20
21
22
23
24

Density (g/cc)
2.62
2.76
2.72
2.85
2.74
2.85
2.64
2.32
2.68
2.68
2.70
2.28
2.21
2.76
2.28
2.67
2.76
2.85
2.70
2.90
2.98
2.95
3.10
3.28

Lithology
Miocene Columbia P lateau B asalts & se d s
Precam brian Middle Belt Supergroup
Precam brian Belt Missoula Group
Precam brian b asem en t
C retaceous diorite, gabbro, & granodiorite
Precam brian b asem en t (gneiss)
C retaceous and E o cen e granitoids
Tertiary Bozem an Group /Q u atern ary valley fill
C retaceous granitoid
C retaceo u s granitoid
Paleozoic sedim ents
Tertiary Bozem an Group
Q uaternary valley till
Precam brian b ase m e n t (bio-qtz-plag g n eiss)
Q uaternary valley fill
Upper crust
Precam brian Middle Belt S upergroup
Precam brian Belt b asem e n t
Mid-crust
Mid-crust
Lower crust
Lower crust
"rift pillow"
Upper mantle

m

Table 1 continued

Model A
Body Number
1
2
3
4
5
6
7
8
9
I0
II
12
13
14
15
16
17
18
19
20
21
22
23
24

Source of density and lithologie data
Catchings and Mooney , 1988; S chuster, J.E ., 1992
Strayer et al., 1989; Bond, J.G ., 1978
Burfiend, 1967; Ruppel et al., 1993; W allace, C.A., 1987
Strayer et al., 1989; Bond, J.G ., 1978
Chandler, 1973; Hyndman, 1972; Dobrin and Savit, 1988
Dobrin and Savit, 1988; Strayer et al., 1989; Bond, J.G ., 1978
Welts, 1989; Ruppel, et al., 1993; W allace, C.A., 1987
Amoco well logs; Sheriff and Stickney, 1988
Chandler, 1973; Ruppel et al., 1993; W allace, C.A., 1987
Chandler, 1973; Ruppel et al., 1993; W allace, C.A., 1987
Gunkel, 1990; Amoco well logs; Ruppel et al., 1993
Wells, 1989; Amoco well logs; Ruppel et al., 1993
Wells, 1989; Amoco well logs; Ruppel et al„ 1993
Burfiend, 1967; W allace, C.A., 1987; Ruppel, et al., 1993
Chandler, 1973; Crem er, 1966; Wilson, 1962; Wells, 1989
Catchings and Mooney, 1988
Strayer et al., 1989
Burfiend, 1967
Catchings and Mooney, 1988
Dobrin and Savit, 1988; Hyndman, 1972
Catchings and Mooney, 1988
Hyndman, 1972; Dobrin an d Savit, 1988
Catchings and Mooney, 1988
Finn, 1990; Hyndman. 1972; Dobrin an d Savit, 1988
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Table 2

Model B
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Density (g/cc)
2 .6 2
2 .7 6
2 .7 2
2 .8 5
2 .7 4
2 .8 5
2 .6 4
2 .3 2
2 .6 8
2 .6 8
2 .7 0
2 .2 8
2.21
2 .7 6
2 .2 8
2 .7 2
2 .7 2
2 .7 6
2 .7 0
2 .8 5
2 .9 0
2 .9 5
3 .2 8
3 .1 0

Lithology
Miocene Columbia P lateau B asalts & se d s
Precam brian Middle Belt Supergroup
Precam brian Belt Missoula Group
Precam brian b asem e n t
C retaceo u s diorite, gabbro. & granodiorite
Precam brian b asem e n t (gneiss)
C retaceous and E o cen e granitoids
Tertiary B ozem an Group /Q uaternary valley fill
C retaceo u s granitoid
C retaceo u s granitoid
Paleozoic sedim ents
Tertiary Bozem an Group
Q uaternary valley fill
P recam brian b a se m e n t (bio-qtz-plag gn eiss)
Q uaternary valley fill
Spilitic flows, volcanogenic se d s, pyroclastics
C retaceo u s granitoid
Precam brian Middle Belt Supergroup
Middle and lower crust
Precam brian Belt b asem en t
Middle cn jst
Lower cru st
Upper m antle
"lower crust"

LA
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Table 2 continued

Model B
Body Number
1
2
3
4
5
6
7
8
9
I0
II
12
13
14
15
16
17
18
19
20
21
22
23
24

Source of density and lithologie data
C atchings and Mooney , 1988; S chuster, J.E ., 1992
S trayer et al., 1989; Bond, J.G ., 1978
Burfiend, 1967; Ruppel et al., 1993; W allace, C.A., 1987
Strayer et al., 1989; Bond, J.G ., 1978
C handler, 1973; Hyndman, 1972; Dobrin an d Savit, 1988
Dobrin an d Savit, 1988; Strayer et al., 1989
Wells, 1989; Ruppel, et al., 1993; W allace, C.A., 1987
Amoco well logs; Sheriff and Stickney, 1988
Chandler, 1973; Ruppel et al., 1993; W allace, C.A., 1987
Chandler, 1973; Ruppel et al., 1993; W allace, C.A., 1987
Gunkel, 1990; Amoco well logs; Ruppel et al., 1993
Wells, 1989; Amoco well logs; Ruppel et al., 1993
Wells, 1989; Amoco well logs; Ruppel et al., 1993
Burfiend, 1967; W allace, C.A., 1987; Ruppel, e t al., 1993
C handler, 1973; Crem er, 1966; Wilson, 1962; W ells, 1989
Mohl, 1989
S trayer et al., 1989; Bond, J.G ., 1978
S trayer et al., 1989; Bond, J.G ., 1978
Mohl, 1989
Burfiend, 1967
Hyndman, 1972; Dobrin and Savit, 1988
Hyndman, 1972; Dobrin and Savit, 1988
Finn, 1990; Hyndman, 1972; Dobrin and Savit, 1988
Mohl, 1989
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Table 3

Model C
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Density (g/cc)
2 .6 2
2 .7 6
2 .7 2
2 .8 5
2 .7 4
2 .8 5
2 .6 4
2 .3 2
2 .6 8
2 .6 8
2 .7 0
2 .2 8
2.21
2 .7 6
2 .2 8
2 .7 2
2 .7 2
2 .7 6
2 .8 9
2 .8 5
2 .9 0
2 .7 2
2 .9 5
3 .2 8

Lithology
M iocene Columbia Plateau B asalts & se d s
Precam brian Middle Belt Supergroup
Precam brian Belt Missoula Group
Precam brian b asem e n t
C retaceo u s diorite, gabbro, & granodiorite
Precam brian b asem en t (gneiss)
C retaceo u s and E ocene granitoids
Tertiary Bozem an Group /Q uaternary valley fill
C retaceo u s granitoid
C retaceo u s granitoid
Paleozoic sedim ents
Tertiary Bozem an Group
Q uaternary valley fill
Precam brian b asem e n t (bio-qtz-plag g n eiss)
Q uaternary valley fill
Spilitic flows, volcanogenic se d s, pyroclastics
C retaceo u s granitoid
Precam brian Middle Belt Supergroup
Middle crust (m eta. qtz diorite,gabbro,plagiogranite)
Precam brian Belt b asem en t
Middle crust
Lower continental crustal sliver
Lower cru st
U pper m antle

rr\

Table 3 continued

Model C
Body Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Source of density and lithologie data
Catchings and Mooney , 1988; S chuster, J.E ., 1992
Strayer et al., 1989; Bond, J.G ., 1978
Burfiend, 1967; Ruppel et al., 1993; W allace, C.A., 1987
Strayer et al., 1989; Bond, J.G ., 1978
Chandler, 1973; Hyndman, 1972; Dobrin an d Savit, 1988
Dobrin and Savit, 1988; S trayer et al., 1989
Wells, 1989; Ruppel, et al., 1993; W allace, C.A., 1987
Amoco well logs; Sheriff an d Stickney, 1988
Chandler, 1973; Ruppel et al., 1993; W allace, C.A., 1987
Chandler, 1973; Ruppel et al., 1993; W allace, C.A., 1987
Gunkel, 1990; Amoco well logs; Ruppel et al., 1993
Wells, 1989; Amoco well logs; Ruppel et al., 1993
Wells, 1989; Amoco well logs; Ruppel et al., 1993
Burfiend, 1967; W allace, C.A., 1987; Ruppel, et al,, 1993
Chandler, 1973; Crem er, 1966; W ilson, 1962; W ells, 1989
Mohl. 1989
Strayer et al., 1989; Bond, J.G ., 1978
Strayer et al., 1989; Bond, J.G ., 1978
Mohl, 1989
Burfiend, 1967
Hyndman, 1972; Dobrin an d Savit, 1988
Hyndman, 1972; Dobrin an d Savit, 1988
Finn, 1990; Hyndman, 1972; Dobrin an d Savit, 1988
Finn, 1990; Hyndman, 1972; Dobrin and Savit, 1988
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Figure 3 Generalized map showing the distribution and thicknesses of latest Proterozoic and Early Cambrian terrigenous
rocks (light gray) that indicate the formation of the Cordilleran passive margin (compare their distribution to the rock
sequences in Fig. 3). Localities containing tiliites are indicated by black triangles. Prominent truncation of facies belt that
formed in late Paleozoic time is also shown in the southern Cordillera. Truncation ot the facies belt west of the Salmon River
arch occurred in late Mesozoic time. V’s indicate the location of Windermere Irene (IV), Leola (LV), and Huckleberry (HV)
volcanic rocks.
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Figure A Generalized Geologic Provinces of scudy
area.
Diagonal line paccern is Columbia
River Placeau Es s a i e s . Horizoncai line
pattern is Idaho Batholith.
Dot patterns
are Tertiary sedimentary b a s i n s .
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FIGURE
S G eologic sketch m ap of th e w estern Idaho suture zone area.
Initial
Sr/“ S r isotopic ratio 0.706 line is nearly coincident with physical
boundary (WISZ) betw een P recam brian North A m erica (east) and the
a c c re te d te rra n e s (west). RRT, Rapid River Thrust; O, Orofino; K, Kamiah; L,
Lowell; R, Riggins; M, McCall. Diagonal line pattern is Kamiah plutonic
com plex; horizontal lines pattern is Idaho batholith. M iocene Colum bia River
P lateau B asalts not show n.
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SCHEMATIC MODEL FOR DISPLACEMENT
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Figure 6 Simplified cross sections across western Idaho suture zone and northern Rocky Moun*
tains (see Fig. 1 lor location). Present structure (0 Me) Is based on interpretations ol Royse et al.
(1975), Bally (1984), and Hyndman el al. (1988). Structure at time ol main Intrusive phase ol Idaho
batholith (75 Ma) Is Inferred from preliminary balanced reconstructions to account lor contrac
tion ol Montana told and thrust trelt. Inferred structure at time (115 Ma) Just alter formation ol
collislonal boundary approximates lithospheric configuration prior to contraction. Total shorten
ing (-150 km) along this transect involved rocks ol both North American block and western
terranes, as indicated by eastward translation ol suture zone and plutonic rocks Intruded Into
amalgamated lithospheric plates. Projection ol basal decollemeni Into upper mantle is Inferred
from conservation ol mass limitations. This Interpretation ol lithospheric structure Implies exis
tence ol “s h e lf ol continental lithospheric mantle beneath sliver ol oceanic lithospheric mantle
In narrow zone Just west of suture zone. II original lithospheric truncation was ol strlke-slip or
transform geometry, suture zone may have been much steeper than shown; in this case, zone ol
overlap ol distinct mantle domains would terminate on its eastern side al position of suture zone.
WIS = western Idaho suture.

- N O R T H E R N ROCKY
MOUNTAIN [ AULI
VA

Ml

OR

I

I GRAN!rIC

I

I METAHDRnilC ROCKS

RUCKS

NORMAL FAULTS
STRIKE SLIT FAULTS

49
100

FRASER-STRAIGHT
CREEK FAULT

kn

PRIEST

RIVER

COMPLEX

L E WI S AND
fault
BITIERRDUr

zone

COMPLEX —

AREA nr FIGURE 2

rINFER COMPLEX

Figure 7
( D o u g h y and SheriTF, IS42)

CLARK

45

Figure 8 Location map of previous seismic studies in
northern Rocky Mountains.
R stands for
reversed Line.
Line e-d (R), d-g, e-f, McCamy
and Myers (1964); line c-b (R), Stickney and
Sheriff (1984); lines y-h (R), y-b, y-m, Ballard
(1980); line t-u. Hales and Nation (1966); line
j-o, Stickney (1985); line p-q (partially R)
Gumming et al., (1978); line k-j, Hill (1972);
lines m-x, m-c, i-b, Carlson (1986); line z-v,
Catchings and Mooney (1988).
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