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ABSTRACT 

Recent geological mapping, geophysical studies, and deep drilling in the Raft 
River area, Idaho, have yielded information that is not consistent with fault-block 
development of the Raft River basin. Paleozoic and lower Mesozoic allochthonous 
rocks that occur in the surrounding Sublett, Black Pine, Albion, and Raft River 
Mountains do not occur beneath the Cenozoic basin fill deposits of the Raft River 
Valley, nor do Cenozoic volcanic rocks that form the adjacent Cotterel and Jim Sage 
Mountains. Range-front faults have not been identified along the margins of ranges 
flanking the Raft River Valley. Normal faults found in the Cotterel and Jim Sage 
Mountains are inferred to be concave-upward extensional structures that involve 
only Tertiary volcanic rocks and basin-filling sediments. Concave-upward faults 
within the Raft River basin have been identified in seismic reflection profiles. Fault 
displacement of the basement rocks beneath the Raft River Valley has not been 
documented. Structural development of the Raft River basin based on gravity
induced tectonic denudation of nearby metamorphic core complexes is suggested. 

INTRODUCTION	 and others (1976), Mabey and others (1978), Keys and Sul
livan (1979), and Covington (1980). 

The Raft River Valley lies in a north-trending Ceno The geothermal resource is contained in a fracture
zoic basin near the northern limits of the Basin and Range dominated reservoir near the base of the Cenozoic basin 
province. The valley opens northward onto the Snake fill. Recognition of an extensive fracture system within the 
River Plain and is flanked on the east by the Sublett and basin fill beneath the Raft River Valley requires a different 
Black Pine Mountains; on the west by the Cotterel, Jim structural model for development of the basin than the 
Sage, and Albion Mountains; and on the south by the Raft fault-block model originally proposed by Williams and 
River Mountains (Fig. 1). others (1976). Recent geological mapping, geophysical stud

Long known as a thermal area (Stearns and others, ies, and deep drilling in the Raft River area have yielded 
1938), part of the southern Raft River Valley, near Bridge, information that suggests a model based on gravity
was designated the Frazier Known Geothermal Resource induced tectonic denudation of nearby metamorphic core 
Area (Godwin and others, 1971) by the U.S. Geological complexes for development of the Raft River basin. 
Survey in 1971. In 1973, the U.S. Geological Survey and This paper presents evidence for such a model and 
the U.S. Department of Energy (formerly the U.S. Energy describes the sequence of tectonic events in late Cenozoic 
Research and Development Administration) began a coop time. 
erative multidisciplinary investigation of the Raft River 
geothermal system in order to provide a scientific frame GEOLOGIC FRAMEWORK 
work for the evaluation of a geothermal resource. These 
investigations included surface geological and geophysical Albion and Raft River Mountains 
studies and a drilling program designed to aid subsurface 
studies as well as to develop the geothermal resource. The The Precambrian basement complex that underlies the 
results of these studies have been summarized by Williams Raft River area is exposed in five domes within the Albion 
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Figure I. INDEX MAP, showing area of geologic map (Fig. 2) 
and major inferred structures. Bar and ball on downthrown side 
of faults, arrow indicates direction of slip. 

and Raft River Mountains. The cores of these domes con
sist of 2.5-b.y.-old (Armstrong, 1976; Compton and others, 
1977) Archean granite and granite gneiss unconformably 
overlain by Proterozoic Z and lower Paleozoic schists and 
quartzites of the regional autochthon. Above the autoch
thon, two allochthonous sheets are exposed in the Raft 
River Mountains (Compton, 1972, 1975; Compton and 
others, 1977) and possibly as many as four allochthonous 
sheets are exposed in the Albion Mountains (Armstrong, 
1968; Miller, 1980). The lower allochthonous sheets gener
ally consist of metamorphosed lower Paleozoic rocks, 
whereas the upper or highest sheet is slightly metamor
phosed or nonmetamorphosed upper Paleozoic and lower 
Mesozoic rocks. Exposures of the allochthonous sheets are 
restricted almost wholly to the west flank of the Albion 
Mountains (Armstrong, 1968; Miller, 1980) and the west 
end of the Raft River Mountains (Compton, 1972, 1975). 
An exception is a group of small klippen of nonmetamor
phosed upper Paleozoic rocks of the upper allochthonous 
sheet located along the north and east flanks of the Raft 
River Mountains (Compton, 1975; Compton and others, 
1977). Rock exposures on the east flank of the Albion 

Mountains and the north flank of the eastern Raft River 
Mountains are dominantly those of the autochthon (Arm
strong, 1968; Compton, 1972, 1975; Miller, 1980). The un
conformity between the crystalline basement and the 
overlying metasedimentary rocks culminates at 2,900 m 
above sea level in both the Albion (Armstrong and others, 
1978) and Raft River Mountains (Compton, 1975). Deep 
drilling in the Raft River Valley has identified the same 
unconformity at about 300 m below sea level (Covington, 
1977a-d, 1979a, b). These evaluations yield a minimum 
structural relief of about 3,200 m, and an average slope of 
about 6.5 degrees for the top of the Archean crystalline 
basement. Miller (1980) records slopes in excess of 30 de
grees on the flanks of the Big Bertha dome, central Albion 
Mountains. Normal faults are common in the Albion and 
Raft River Mountains, but most have small displacements 
and are not of major structural importance (Armstrong, 
1968; Compton and others, 1977; Miller, 1980). 

Despite numerous radiometric dates throughout the 
region, timing of events in the Albion and Raft River 
Mountains is still open to question. It is generally agreed, 
however, that: (I) the crystalline basement is 2.5 b.y. old; 
(2) regional west to east thrusting occurred during the early 
Tertiary; (3) an early metamorphic event ended in late Cre
taceous or early Tertiary time; and (4) a late metamorphic 
event was active until Miocene time. 

Sublett and Black Pine Mountains 

Weakly metamorphosed to unmetamorphosed alloch
thonous miogeoclinai rocks of late Paleozoic to early Mes
ozoic age make up the Sublett and Black Pine Mountains. 
These rocks are exposed in two or possibly three structural 
plates in the Sublett Mountains (R. L. Armstrong, unpub
lished data, 1977), two structural plates in the northern 
Black Pine Mountains, and three structural plates in the 
southern Black Pine Mountains (Smith, in press). A high
angle reverse fault, the West Dry Canyon fault (Fig. 2), 
transects the Black Pine Mountains near West Dry Can
yon, separating the mountain range into two distinct 
structural and lithologic blocks (Smith, in press). Cono
dont collectluns from north and south of the West Dry 
Canyon fault (Fig. 2) indicate that the two structural blocks 
that form the Black Pine Mountains may have had differ
ent thermal histories (Smith, in press). This fault is in close 
alignment with the Narrows structure (Figs. 1 and 2). Ash
flow tuffs and tuffaceous sediments of Tertiary age exposed 
along the margins of the two mountain ranges clearly are 
unconformable on the upper Paleozoic rocks, and locally 
they contain random bedding dips in excess of 30 degrees 
(R. L. Armstrong, unpublished data, 1977; Smith, in press). 
Normal faults found within the two mountain ranges are 
sparse and appear to be of small displacement. Steep grav
ity contours along the west sides of both mountain ranges 
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Figure 2. GENERALIZED GEOLOGIC MAP OF THE SOUTHERN RAFT RIVER V AL
LEY. IDAHO. shOWing locations of boreholes, seismic reflection profiles (Figs. 3 and 4). and 
line of interpretative structure section (Fig. SE). 

(Mabey and Wilson, 1973; Mabey and others, 1978) have Cotterel andJim Sage Mountains 
been interpreted as faults buried beneath the basin fill on 
the west side of both ranges. A seismic reflection profile, Two Tertiary rhyolite lava flows with a tuffaceous sed
near the Black Pine Mountains in the Raft River Valley imentary unit between them in most places make up the 
(Figs. 2, 3B and 4B), shows that the basin floor slopes Cotterel and Jim Sage Mountains. Locally the middle sed
westward away from the range. Rotation of the basin floor imentary unit contains vitrophyre breccia and densely 
appears to be associated with displacement on normal welded ash-flow tuff (Williams and others, 1974). The two 
faults that dip eastward toward the mountains. mountain ranges define a north-trending anticline broken 
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by numerous normal faults. The east flank of the anticline 
dips 15 to 35 degrees toward the east, or Raft River basin, 
and the west flank dips 5 to 30 degrees toward the west. 
Most of the normal faults strike between N 300 E to 
N300 W, although there are also several faults that strike 
west-northwest to west (Williams and others, 1974; Pierce 
and others, in press). The sense of displacement on most of 
the north-trending faults is down to the east; however, 
along the crests of both ranges apical grabens occur in some 
places. Displacement on the faults is generally a few meters 
to a few tens of meters. The greatest offset is on the east side 
of the Cotterel Mountains, just north of Cassia Creek, 
where stratigraphic displacement is several hundred meters 
(Williams and others, in press). North-trending stratigraph
ic and structural relationships exposed in the Cotterel and 
Jim Sage Mountains are offset along the valley of Cassia 
Creek that separates the two ranges. The relationship sug
gests a right-lateral fault along Cassia Creek, here named 
the Cassia Creek structure (Figs. 1 and 2). Similarly, strati
graphic and structural relationships across the Raft River 
Narrows at the south end of the Jim Sage Mountains sug
gests right-lateral offset on the Narrows structure (Williams 
and others, 1976) (Figs. 1 and 2). 

Rhyolite lava flows adjacent to the Raft River basin 
are restricted to the Cotterel and Jim Sage Mountains. The 
aerial extent of the lava flows is only slightly larger than 
that of the rock exposures: the flows do not extend far 
beneath the alluvial fan deposits. Radiometric ages from 
the upper rhyolite lava indicate that the flows are 9 to 11 
m.y. old (Armstrong, 1976; Williams and others, 1976; 
Pierce and others, in press). Several small rhyolitic domes 
along the east flanks of the two mountain ranges and in the 
southeast corner of the Raft River Valley yield radiometric 
ages of 7 to 9 m.y. (Williams and others, 1976). An ash-flow 
tuff exposed on the east side of the Jim Sage Mountains 
also yields a radiometric age between 7 to 9 m.y. (Williams 
and others, 1976), as does an ash-flow tuff exposed in the 
upper Raft River Valley southwest of the Jim Sage Moun
tains (G. B. Dalyrmple, written communication, 1979). 

Raft River Valley 

The Raft River Valley is a north-trending basin filled 
with nearly 1,600 m of Cenozoic fluvial sediments that 
began accumulating during the early Miocene. Deep drill
hole data (Covington, 1977 a-d, 1978, 1979a, b; Oriel and 
others, 1978) indicate a general decrease in gravel content 
and an increase in open fractures and hydrothermal altera
tion downward. The drill-hole data also indicate that basin 
fill south of the Narrows structure is coarser and less well
indurated than is basin fill north of the structure. Correla
tion of depositional units within the basin fill is compli
cated by rapid lateral changes in both thickness and facies, 
by hydrothermal alteration, and by complex structures. 

Seismic refraction studies show that velocities in the basin 
fill vary laterally and possibly vertically, corresponding to 
zones of hydrothermal alteration (Ackerman, 1979). Seis
mic reflection profiles indicate a complex depositional his
tory for the basin (Figs. 3 and 4). Reflectors in the west and 
east parts of the basin dip basinward, whereas near the 
center of the basin reflectors are subhorizontal in the shal
low part and gently dipping in the deeper part. Lateral 
discontinuities and terminations of reflectors indicate 
common faulting within the basin fill. 

Deep drilling in the basin did not reveal lavas of the 
type exposed in the Cotterel and Jim Sage Mountains, nor 
were ash-flow tuffs or Paleozoic rocks of the types exposed 
in the other surrounding mountains found (Covington, 
1977a-d, 1978, 1979a, b; Oriel and others, 1978). The base 
of the Cenozoic fill, marked by a breccia (Covington, 
1979b), is in fault contact with schist and quartzite units of 
the autochthon that can be correlated with formations ex
posed in the Albion and Raft River Mountains (Covington, 
1980). Seismic reflections (Figs. 3 and 4) known or inferred 
to represent basin-fill sediments dip into subjacent reflec
tions interpreted to be representative of basement rocks. 

Quaternary alluvial fans in the southern part of the 
valley are marked by linear features that were first inter
preted to be fault scarps by Williams and others (1974). 
An east-west set of scarps in the southeast part of the val
ley, near Naf, probably indicates faulting with the north or 
basin side down. North-northeast trending scarps on the 
west side of the valley form two subparallel sets called the 
Horse Well and Bridge zones (Figs. 1 and 2). Mapping near 
the Raft River and seismic reflection profiles indicate that 
the Horse Well and Bridge zones are probably faults with 
the east or basin side down. Trenching across the zones 
shows no offset of Quaternary fan material and small dis
placements of the Tertiary beds (Williams and others, in 
press). Gravity contours indicate that the Horse Well and 
Bridge zones terminate near the Narrows structure (Mabey 
and others, 1978). A seismic refraction line across the 
Bridge zone shows no positive evidence of offset on the 
basement horizon (Ackerman, 1979). Seismic reflection 
profiles in the area of the Bridge zone show abundant east
and west-dipping faults in the Tertiary basin fill but no 
offset in the basement surface (Fig. 3). The faults seen in the 
reflection profiles are generally steep dipping near the top 
of the basin fill and flatten downward, becoming subparal
lel with the top of the basement complex (Fig. 4). Age of 
last movement on these faults is probably late Pliocene, 
based on age relations of Quaternary deposits and soils in 
the northern part of the valley and trenching (Pierce and 
others, in press; Williams and others, in press). The Cassia 
Creek structure and the Narrows structure transecting the 
Raft River Valley in east-west and east-northeast direc
tions, respectively, have no surface expression in the Qua
ternary alluvium. 
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Cassia Creek and Narrows Structures 

Geologic relations and geophysical anomalies in the 
Raft River basin indicate the existence of steep east- and 
east-northeast trending transcurrent structures. The Cassia 
Creek structure offsets the alignment of stratigraphic and 
structural relationships between the Jim Sage and Cotterel 
Mountains along the valley of Cassia Creek (Figs. 1 and 2). 
Mapping shows a major component of right-lateral move
ment, and dip-slip with the north side down 200 m. 

The Narrows structure passes through the lower Nar
rows of the Raft River at the south end of the Jim Sage 
Mountains and across the southern Raft River Valley to
ward the north end of the Black Pine Mountains (Figs. 1 
and 2). On opposite sides of the Raft River Narrows, dis
cordant relations in Tertiary sediments and rhyolite lavas 
indicate right-lateral offset on the Narrows structure. 
Within the southern Raft River Valley, there is no direct 
geological expression of the Narrows structure. It was 
noted above that none of the north-trending normal faults 
in the Jim Sage Mountains or Raft River Valley crosses the 
Narrows structure (Williams and others, 1976) and that the 
nature of the Tertiary basin fill is somewhat different on 
either side of the structure. Geophysical studies in the form 
of gravity, magnetic, seismic refraction, and d-c resistivity 
surveys indicate northeast trending anomalies in the Ter
tiary rocks east of the Raft River Narrows (Mabey and 
others, 1978). The data indicate the existence of major geo
logic changes across the zone, but they do not define a 
discrete structure. Seismic refraction studies (Ackerman, 
1979) and seismic reflection profiles show extreme com
plexity of the Tertiary basin fill, but do not indicate the 
presence of a basement feature that might coincide with the 
Narrows structure. Deep drilling within the zone of the 
Narrows structure also shows chaotic basin fill with no 
apparent disturbance of the basement rocks. 

DISCUSSION 

Structurally, the gneiss domes that form the "cores" of 
the Albion and Raft River Mountains are prominent fea
tures in the area. Prior to gneiss dome development, re
gional west-to-east overthrusting placed thick sheets of 
Paleozoic and lower Mesozoic rock over the entire area. 
Presently these allochthonous sheets primarily occur on the 
west side of the Albion Mountains, the west end of the Raft 
River Mountains and in the Sublett and Black Pine Moun
tains. Only small patches or "klippen" are found on the east 
flank of the Albion Mountains and along the north and 
east flanks of the Raft River Mountains. No Paleozoic or 
lower Mesozoic rocks have been identified within the Raft 
River basin from deep drilling in the basin. Seismic reflec
tion profiles indicate that Paleozoic rocks may exist be
neath basin fill along the east margins of the valley near the 

Sublett and Black Pine Mountains, where no drill-hole 
data are available (Figs. 3 and 4). In order to explain these 
relationships by block faulting, at least 5,000 m of Paleo
zoic and lower Mesozoic rock need to be removed from the 
Raft River basin area during an episode of prebasin block 
uplift and erosion. There is no known sedimentary record 
of this event, nor have the required faults been identified. 

The rhyolitic lavas that form the Cotterel and Jim 
Sage Mountains are highly restricted in their east-west dis
tribution and yet extend 55 km in a north-south direction. 
Drilling in the Raft River Valley has not identified these 
rocks within the sedimentary basin fill, nor have ash-flow 
tuffs found on the flanks of the surrounding mountains 
been identifie • within the Raft River basin fill. The absence 
of these volce .ic rocks within the Raft River basin fill also 
is inconsister: with a block-fault model because the basin 
areas where ; ~ese rocks are missing would have to have 
been a posith·~ topographic and structural feature during 
volcanism. Te .:tonic denudation of the nearby gneiss domes 
presents a mue h simpler explanation for the distribution of 
Paleozoic, lower Mesozoic, and Tertiary volcanic rocks in 
the Raft River :irea. 

High-ang:'~ normal faulting within the Albion, Raft 
River, Sublett and Black Pine Mountains played a minor 
role and no .arge displacements have been observed. 
Range-front L'lltS have not been mapped on the west side 
of the Sublett )r Black Pine Mountains. A seismic reflec
tion profile in the eastern part of the Raft River basin 
suggests an e.,stward-thinning wedge of basin-fill sedi
ments. Lateral terminations and discontinuities in reflec
tions are inter Jreted as faults that displace strata down 
toward the Bla-:k Pine Mountains (Figs. 3B and 4B). If the 
faults are low··angle extensional structures dipping east
ward toward he mountains (Fig. 4B), a tectonic denuda
tion model easily explains the observed features. Normal 
faults are abur.dant in the Jim Sage and Cotterel Moun
tains and were inferred along the west side of the southern 
Raft River Va]ey. Faults along the west margin of the 
valley were first thought by Williams and others (1974) to 
be buried range-front faults based on displacement toward 
the basin and a steep gravity profile. Seismic reflections 
(Fig. 3), seismi..: refraction, and drilling in the basin could 
not confirm basement displacement along the east side of 
the Jim Sage Mountains. The seismic reflection profiles 
indicate concave-upward extensional structures near the 
west side of the Raft River basin that involve only the 
Tertiary basin fill (Figs. 3A and 4A). Deep drilling within 
the basin has identified a breccia zone throughout the 
southern Raft River basin at the Tertiary-Precambrian 
contact. These structural features support the tectonic de
nudation model for basin development. 

The Cassia Creek structure appears to be a near
vertical detachment surface analogous with a tear fault 
within the Cenozoic rocks that has allowed differential 
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Figure 5. Time-sequential, schematic structure sections across the southern Raft River basin, 
Idaho, showing interpreted stages of basin evolution. A, Metamorphism and expansion of 
basement rocks, ductile thinning of schists and quartzites of the autochthon, formation of a 
detachment surface and beginning of gravity-gliding of cover rocks away from rising dome; B, 
continued thermal expansion of basement rocks and gravity gliding of cover rocks away from 
dome, deposition of clastic sediments on flank of domes; C, eruption of rhyolitic lavas in 
restricted basin between rising domes and eastward moving gravity-glide blocks; D, sagging of 
basement complex near domes, extension of basin-filling sediments and volcanic rocks and 
Paleozoic-Proterozoic Z glide blocks along concave-upward normal faults; and E, interpreta
tive structure section (A-A', Fig. 2) from Cache Peak in the Albion Mountains to Black Pine 
Peak in the Black Pine Mountains. Paleozoic and Proterozoic Z rocks are unit D in Figure 4B. 
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translation of the Cotterel and Jim Sage Mountains (Figs. I 
and 2). The Narrows structure is also a near-vertical de
tachment surface within the Cenozoic rocks that has al
lowed some differential translation at the southern end of 
the Jim Sage Mountains (Figs. I and 2). The West Ory 
Canyon fault (Fig. 2), separating the northern and southern 
Black Pine Mountain blocks, is apparently an extension of 
the Narrows structure. Geological and structural features 
found in the surrounding mountains and within the Raft 
River basin, described above, can be explained best by 
using a model based on gravity-induced tectonic denuda
tion of the nearby gneiss dome complexes. 

INTERPRETATION 

The sequence of late Cenozoic tectonic events related 
to uplift of the metamorphic core complexes and subse
quent tectonic denudation is shown in an interpretative 
mode in Figure 5A-E. 

Extensive subhorizontal allochthonous sheets of Pa
leozoic and lower Mesozoic rocks totaling more than 
10,000 m in thickness were in place over the entire region by 
middle Oligocene time as inferred from Armstrong (1968) 
and Compton and others (1977). In the late Oligocene, a 
regional increase in thermal activity produced plutons at 
depth and initiated regional metamorphism and the devel
opment of gneiss domes beneath the present Albion and 
Raft River Mountains. As the domes rose, metamorphic 
fluids produced by the increase in regional thermal activity 
increased the fluid pore pressure near the base of the Pa
leozoic and lower Mesozoic cover rocks. At some point 
early in dome development, fluid pore pressure exceeded 
lithostatic load and a detachment surface formed along a 
previous thrust surface at the top of the autochthon (Fig. 
5A). Gravity-induced gliding of the entire overlying section 
of allochthonous Paleozoic and lower Mesozoic cover 
rocks began in a generally eastward direction away from 
the domes, in a manner similar to that described by Oavis 
and Coney (1979). As a result of sustained high fluid pore 
pressure and a rapid rate of dome uplift, the allochthonous 
cover rocks moved away from the domes as large coherent 
blocks (Figs. 5A, B, C) rather than as thin slices extending 
along low-angle extensional faults. Clastic sediments were 
deposited on the flanks of the domes in the wake of these 
relatively high-standing gravity-glide blocks (Fig. 5B). By 
the late Miocene, the trailing edge of the gravity-glide 
blocks had moved about 25 km eastward from their origi
nal position above the gneiss domes. Coinciding with the 
northeastward passage of the thermal pulse now beneath 
Yellowstone National Park (Christiansen and Lipman, 
1972), rhyolitic lavas and associated ash-flow tuffs and tuf
faceous sediments of the Jim Sage Volcanic Member of the 
Salt Lake Formation (Williams and others, in press) were 
deposited in this narrow basin (Fig. 5C). 

The basin-fill sediments and volcanic rocks moved 
eastward along the detachment surface with the Paleozoic 
and lower Mesozoic cover rock for I to 3 m.y. Between 9 
and 7 m.y. ago, the volcanic rocks and locally associated 
sediments ceased to move eastward along the detachment 
surface; this cessation may have been the result of local 
sagging in the basement surface, irregularities in the de
tachment surface due to earlier regional sagging of the 
basement surface, a reduction in fluid pore pressure, or a 
combination of factors. The Narrows and the Cassia Creek 
structures developed as transverse faults to compensate for 
contrasting distance and rate of movement to the east. 

Ouring late Miocene time, ash-flow tuffs were depos
ited across the existing valleys and onto the flanks of the 
existing mountains. Meanwhile, voluminous sediments 
were being deposited into the expanding basin between the 
eastward-moving gravity-glide blocks and the rising gneiss 
domes. Sagging of parts of the basement surface near the 
domes began as thermal activity decreased. This sagging 
caused the broken anticlinal shape of the Jim Sage and 
Cotterel Mountains and created a deep sediment trap be
tween the eastward-moving gravity-glide blocks and the 
domes (Fig. 50). With continued rising of the basement 
rocks and eastward movement of the large coherent blocks 
of Paleozoic and lower Mesozoic rock, extension of the 
basin-filling sediments and volcanic rocks along concave
upward normal faults was initiated (Fig. 50). The concave
upward faults have steep dips (60° to 90°) at the surface 
flattening downward until the faults merge with the de
tachment surface at the base of the Cenozoic basin fill. 
These extensional faults are interpreted as growth-type 
faults in which displacement increases in progressively 
older strata. Merging of the faults downward into a single 
zone results in large displacements along the basin fill
basement detachment surface. By the Pliocene, mechanics 
of the gravity-glide detachment surface had changed suffi
ciently to bring about extension of the eastward-moving 
Paleozoic and lower Mesozoic rocks along low-angle ex
tensional faults (Fig. 50). Extension of the Raft River 
basin cover terrain, including both the Paleozoic and lower 
Mesozoic rocks and the basin-filling sediments and vol
canic rocks, continued through the Pliocene (Williams and 
others, in press) and still may be active (Fig. 5E). 
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