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Advantages:
Can be reconstructed from surface geology

Assumptions:
Pervasive slip on bedding planes as rocks pass through hinges
Slip is carried off-section (no deformation of lower plate)
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Figure 4. Anticline caused by fault-bend folding as a thrust sheet 
is translated over a nonplanar fault. The front limb (A'-A') forms as 
the hanging-wall cutoff (X'-Y') is translated from the ramp (X-Y) 
onto the upper bedding-plane thrust. The back limb (B-B') forms as 
the hanging wall is translated up the ramp (after Suppe and Namson, 
1979). 

number of local unconformities within the Ttm facies. The large areal 
extent of the basal unconformity suggests that the mid-Cenozoic tectonism 
was a regional event affecting the Coast Ranges with deformation intensity 
diminishing eastward into the San Joaquin Valley (Namson and Davis, 
1984; Davis, 1986). 

The angular unconformity at the base of the Tes sequence is present 
along the west and south sides of the San Joaquin Valley and within the 
Diablo and Temblor Ranges (Christensen, 1965; Dibblee, 1971, 1973). 
We believe that the shallow-marine to nonmarine rocks of the Tes facies 
were deposited on the erosional remnants of structures formed during 
mid-Cenozoic tectonism. Deposition of the Tes facies thus postdates the 
mid-Cenozoic tectonism and represents a period during which little or no 
structural relief developed in the Coalinga-Avenal area. 

The most recent and seismically active phase of uplift and deforma-
tion of the Coalinga-Avenal area is documented by the unconformity 
along the basin margin between the QTt facies and the Tes facies. The QTt 
facies is composed of synorogenic deposits laid down during the past 2-3 
m.y. in response to the late Cenozoic uplift and erosion of the Coalinga-
Avenal area and nearby Coast Ranges (Christensen, 1965; Namson and 
others, in press). 

FOLD MODELS 

One of the goals of this paper is to determine the origin of late 
Cenozoic folding and recent seismicity along the San Joaquin Valley 
margin. This folding is generally considered to be the result of wrench 
tectonics associated with the San Andreas fault (Harding, 1976; Page, 

Figure 5. Anticline caused by 
fault-propagation folding. The bedding-
plane thrust cuts across section, and a 
fold forms with the synclinal axis ter-
minating at the propagating fault tip. 
Fault slip progressively decreases to 
zero at the tip of the propagating fault 
(after Suppe and Medwedeff, 1984). 

1981). In the model, the wrench folds are located adjacent to strike-slip 
faults and are associated with subsidiary oblique-slip faults that steepen 
with depth. This characteristic geometry is commonly referred to as a 
"flower structure." There are numerous problems, however, in applying 
the wrench-tectonics model to explain the folds of the San Joaquin Valley. 

(1) The folds are as much as 40 km away from the San Andreas 
fault, and, to the best of our knowledge, surface mapping (Dibblee, 1973, 
1971) and subsurface drilling show that significant oblique-slip faults have 
not been encountered near the folds. The lack of oblique-slip faults led 
Harding (1976, p. 371) to postulate that these folds may be due to 
convergence. 

(2) If the San Andreas fault or associated faults are the cause of the 
folds, then the structural histories of the two features should be closely 
related. According to wrench-fault principles (Wilcox and others, 1973), 
folding should have developed during the early stages of strike-slip dis-
placement, which is late middle Miocene time (12 Ma; Crowell, 1979), 
and terminated as the principal strand of the San Andreas fault developed. 
As discussed above, deposition of the synorogenic QTt facies (<2.2 Ma; 
COSUNA, 1984) suggests that the late Cenozoic deformation is <3 Ma 
and is still developing as evidenced by the recent earthquakes and topo-
graphic uplift (Stein, 1983). Harding (1976) pointed out that there are 
folds of middle to late Miocene age which are synchronous with the 
initiation of displacement on the San Andreas fault. These folds, however, 
are of limited distribution and relatively small structural relief. Regional 
maps (Dibblee, 1973) and subsurface studies (Division of Oil and Gas, 
1982) show that the late Cenozoic (<2.2 Ma) folding is more widely 
distributed and of much greater structural relief than are the Miocene folds. 
The age discrepancy between the late Cenozoic folding and initiation of 
the San Andreas fault suggests that the recent folds are not related to the 
wrench-tectonics model. 

(3) Fault-plane solution studies of the recent Coalinga and Avenal 
earthquake sequences show that the main shocks and significant after-
shocks yield either high-angle reverse fault or low-angle thrust fault solu-
tions. Oblique-slip motion on faults would be expected if the folds are 
related to wrench faults (Lowell, 1972; Sylvester and Smith, 1976). 

Our analysis of the structural geometry and seismicity of folds in the 
Coalinga-Avenal area and other examples suggests that folds along the 
west margin of the San Joaquin basin can be related to thrust faults that do 
not reach the surface (blind thrusts). The geometry and origin of the 
structures can be satisfactorily explained as either fault-bend folds (Fig. 4), 
wherein a fold forms in the hanging-wall sheet as it moves over a bend in 
a fault (Suppe and Namson, 1979; Suppe, 1983), or fault-propagation 
folds (Fig. 5), wherein an anticline forms above a propagating thrust fault 
(Suppe and Medwedeff, 1984). Both fold styles are commonly observed in 
fold and thrust belts, and the models illustrate how fault and fold shape are 
intimately related. 

Fault-Propagation fold

Namson and Davis, GSA Bull , 1988 after Suppe and Medwedeff, 1984
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Figure 6. Geologic cross section A-A' (after Namson and others, in press; see Fig. 2 for location). This solution illustrates the low-angle 
thrust geometry and multi-phase deformations in the Coalinga area. We interpret the late Cenozoic fold and May 2,1983, Coalinga earthquake 
to be associated with the blind thrust. (Note overlap in center.) 

STRUCTURAL SOLUTION FOR THE COALINGA 
AND KETTLEMAN NORTH DOME ANTICLINES 

The structural interpretation for the Coalinga and Kettleman North 
Dome anticlines and Coalinga and Avenal earthquakes is primarily based 
on construction of kinematically restoreable cross sections. Namson and 
others (in press) have discussed the stratigraphie and structural relations 
that suggest that the Coalinga area has been affected by two deformations, 
one during the Oligocene and one during the late Pliocene to present. 
Evidence for the mid-Cenozoic deformation includes erosion of 6-7 km of 
Upper Cretaceous strata west of the Waltham Canyon fault (see I, Figs. 2 
and 6) and the presence of a late Miocene unconformity (angular in 
places) where the Tes faciès is deposited over older units across the 
Coalinga anticline (Figs. 2 and 6). Varying structural relief for different 
stratigraphie units within the Coalinga anticline indicates about 4.2 km of 
mid-Cenozoic structural relief and 2.5 km of late Cenozoic structural relief 
(see Fig. 6). 

In our interpretation of the structural styles for these events, the 
mid-Cenozoic deformation was caused by a west-directed fold and thrust 
belt, whereas the late Cenozoic deformation and seismicity are caused by 
an active east-directed fold and thrust belt (Namson and Davis, 1984; 
Namson and others, in press). In this paper, we consider only the geometry 
of the late Cenozoic structures and their implications for uplifting the 
present-day southern and central Coast Ranges. 

Late Cenozoic formation of the Coalinga anticline is interpreted as 
the result of motion on a major thrust that ramps up to the east from about 
12.5 to 8 km depth (Fig. 6). There are several lines of evidence that 
support the proposed geometry, location, and sense of displacement on this 
fault. 

(1) The structural interpretation explains the origin and geometry of 
the fold observed at the surface and in the subsurface. The east limb of the 
Coalinga anticline is related to eastward movement of the hanging-wall 
cutoff onto the higher décollement of the late Cenozoic thrust (Fig. 6), 
generating a frontal limb of a fault-bend fold. As the hanging wall is 
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translated up the thrust ramp, the west limb (or back limb) of the Coalinga 
anticline is folded, and strata older than the Tes unconformity are refolded. 
Strata below the Tes unconformity were originally folded by mid-
Cenozoic movement on fault a (Fig. 6). 

(2) The geometry of this interpretation is also consistent with seismic 
reflection data (Fig. 7). A seismic reflection profile across the east limb of 
the Coalinga anticline and located several kilometres south of the cross-
section line shows east-dipping reflectors terminating downward into 
flat reflectors at about 4.3 sec. This discordance is believed to be due to 
a flat thrust fault overlain by an east-dipping hanging-wall cutoff section 
and underlain by a relatively flat-lying footwall section. Both hanging-wall 
and footwall reflectors are most probably from the Franciscan Assemblage, 
which is both bedded and foliated in the central Coast Ranges 
(Page, 1981). 

(3) Initial seismological studies of the main Coalinga earthquake and 
aftershocks support the presence of a thrust fault (Eaton and others, 1983; 
O'Connel and Murtha, 1983). These studies show that the locations of the 
main shock and aftershocks define a low-angle, southwest-dipping plane 
that is consistent with the low-angle fault-plane solution derived for the 
main shock. In a more detailed analysis, Eaton (1985a) argued that seis-
micity on several faults may be necessary to explain the distribution and 
orientation of the more than 100 earthquakes studied, although he con-

cluded that the sum of the evidence strongly favors the thrust-fault solution 
for the main shock. If the main shock is projected from its focus horizon-
tally along regional strike into the cross section, it falls on the ramp 
segment of the postulated late Cenozoic thrust fault. We therefore suggest 
that movement along this fault may have been the source of the Coalinga 
earthquake. Movement on this thrust fault is responsible for generating 2.5 
km of structural relief on the Coalinga anticline during the late Cenozoic 
(Fig. 6). 

The geometry of the thrust-fault interpretation requires the continua-
tion of about 6 km of slip eastward into the San Joaquin Valley along a 
blind thrust fault, and this amount of slip must be accounted for by 
shortening in the overlying thrust sheet. Our interpretation shows that this 
slip can be absorbed in west-directed "back" thrusts, such as the fault 
responsible for Turk anticline and the Waltham Canyon fault (Fig. 6). The 
back thrust responsible for Turk anticline is also a blind thrust; however, 
back thrusting along the Waltham Canyon fault reaches the surface and 
deforms upper Cenozoic deposits. The second-order folds observed on the 
seismic reflection profile are also interpreted to be the result of back 
thrusting along the upper detachment (Fig. 7). 

The structural interpretation for Kettleman Hills North Dome anti-
cline is based on subsurface-well information and surface geologic maps 
(Figs. 2 and 8). These data show that the anticline has a broad subhorizon-
tal crest with symmetrical limb dips of about 20°. Detailed geologic map-

Namson and Davis, GSA Bull , 1988

Coalinga, California (site of 1983 earthquake)

Coalinga anticline grew in the earthquake, which lacked any surface faulting.
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Fig. 1. Generalized geologic map of the Los Angeles area 
showing cross section lines, principal geographic and 
geologic features, and locations and focal mechanisms for the 
1971 San Fernando earthquake and the 1987 Whittier 
Narrows earthquake. MW is moment magnitude and ML is 
local magnitude. Contours are in kilometers and are on the 
top of the crystalline basement. Abbreviations: CF,Compton 
fault; HF,Haddon fault; LA,Los Angeles; LCF,Las Cienegas 
fault; LF,Lopez fault; MH,Montebello Hills; NIF,Newport- 
Inglewood fault and fold trend; PH,Puente Hills; PVA,Palos 
Verdes anticlinorium; PVF,Palos Verdes Hills fault; 
RH, Repetto Hills; RHF,Raymond Hill fault; SAF,San 
Andreas fault; SGF,San Gabriel fault; SFF,San Fernando 
fault; SFV,San Fernando Valley; SGV,San Gabriel Valley; 
SM,Santa Monica; SMDF,Sierra Madre fault system; 
SMF,Santa Monica fault; SMMA,Santa Monica Mountains 
anticlinorium; SR,San Rafael Hills; THBF,THUMS- 
Huntington Beach fault; VEF,Verdugo-Eagle Rock fault; 
VH,Verdugo Hills; W,Whittier; WF,Whittier fault; 
WG,Wilmington graben; WSGM,western San Gabriel 
Mountains; YBF,York Boulevard fault. Rock units: short- 
dashed pattern, crystalline basement; diagonal-lined pattern, 
Upper Cretaceous-lower Pliocene strata; no pattern, upper 
Pliocene-Quaternary strata [modified from Yerkes et al., 
1965; Jennings and Strand, 1969]. 

a viable but not a unique solution. Application of 
retrodeformable cross sections in areas of active compression 
offers a powerful method for the evaluation of the seismic 
risk of active compression [Namson and Davis, 1988a, hi. 

The structural style and kinematics of the compressive 
structures must be understood in order to better evaluate the 
seismic risk in the Los Angeles area. The purpose of this 
paper is to delineate the structural geometry of the 
deformation by using surface and subsurface data. These 
data are used to construct interpretations of the geometry and 
kinematics of the upper crust across the Los Angeles area 
using a retrodeformable cross section (Figure 1, B-B'; Plate 1 
(folded in pocket)). Because the cross section is nonunique, 
several alternative interpretations are considered. Total 
crustal convergence and fault offsets measured from the 
structural interpretations are used with age of onset of 
shortening to determine average convergence and fault slip 
rates. This paper also includes an integrated structural study 
of the Whittier Narrows area and origin of the Whittier 
Narrows earthquake. 

In order to construct the cross section, several well- 
founded assumptions have been made about the Pliocene and 
Quaternary compressional deformation in the Los Angeles 
basin: (1) The structural style of compression is that of a 
developing basement-involved fold and thrust belt and the 
major anticlines and anticlinoria of the basin can be explained 
as fault-bend or fault propagation folds. This assumption is 
based on geometric analysis of the folds as well as the 
similarity in fold style of this basin and other fold and thrust 
belts of the world [McClay and Price, 1981; Perry et al., 
1984; Suppe, 1985], including other parts of California. (2) 
No significant amounts of Pliocene and Quaternary strike-slip 
offsets (>3 km) have been demonstrated along any of the 
faults intersected by the cross section as explained in the 
discussion. (3) The Transverse Ranges and northern 
Peninsular Ranges are inferred to be underlain by regional 
detachments at about 10-15 km depth, into which the thrusts 
merge. The depth to detachment is indicated from both the 
fold geometry and the base of seismicity (11-13 km 
[Hauksson, 1987]) and the detachment may represent the 
boundary between brittle and ductile deformational processes. 

Geologic Setting 

The Los Angeles area can be divided into five parts on 
the basis of sumctural geometry and stratigraphy (Plate 1): (1) 
A folded western shelf area consists of a relatively thin 
section of middle Miocene through Quaternary strata that rest 
directly on crystalline basement. The Palos Verdes 
anticlinorium lies within the western shelf. Folds of the 
western shelf are northwest trending and are considered part 
of the Peninsular Ranges province [Jahns, 1954]. The 
stratigraphy and structure of the shelf are well known from 
exposures at the Palos Verdes Hills [Woodring et al., 1946] 
and numerous oil exploration and development wells 
[Schoellhamer and Woodford, 1951; Yerkes et al., 1965]. 
(2) A deep central basin is filled with a thick section of late 
Miocene through Quaternary sediment which is probably 
underlain by an undrilled section of Late Cretaceous through 
middle Miocene sediment [Yerkes et al., 1965; West, 1988]. 
Structural trends within the deep central basin are largely 
unknown. To the southeast, where the basin shoals, the 
structural trends are northwest (Figure 1), indicating that this 
portion of the basin is within the Peninsular Ranges province. 
(3) North and northwest of the central basin is the Santa 
Monica Mountains anticlinorium where crystalline basement 
is exposed or encountered at shallow depths [Hoots, 1930; 
Lamar, 1970; T.W. Dibblee, unpublished maps, 1988].. 
Surface and subsurface data suggest that this anticlinorium is 
probably one continuous structure that belongs to the 

Davis et al., JGR, 1989
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Fig. 1. Generalized geologic map of the Los Angeles area 
showing cross section lines, principal geographic and 
geologic features, and locations and focal mechanisms for the 
1971 San Fernando earthquake and the 1987 Whittier 
Narrows earthquake. MW is moment magnitude and ML is 
local magnitude. Contours are in kilometers and are on the 
top of the crystalline basement. Abbreviations: CF,Compton 
fault; HF,Haddon fault; LA,Los Angeles; LCF,Las Cienegas 
fault; LF,Lopez fault; MH,Montebello Hills; NIF,Newport- 
Inglewood fault and fold trend; PH,Puente Hills; PVA,Palos 
Verdes anticlinorium; PVF,Palos Verdes Hills fault; 
RH, Repetto Hills; RHF,Raymond Hill fault; SAF,San 
Andreas fault; SGF,San Gabriel fault; SFF,San Fernando 
fault; SFV,San Fernando Valley; SGV,San Gabriel Valley; 
SM,Santa Monica; SMDF,Sierra Madre fault system; 
SMF,Santa Monica fault; SMMA,Santa Monica Mountains 
anticlinorium; SR,San Rafael Hills; THBF,THUMS- 
Huntington Beach fault; VEF,Verdugo-Eagle Rock fault; 
VH,Verdugo Hills; W,Whittier; WF,Whittier fault; 
WG,Wilmington graben; WSGM,western San Gabriel 
Mountains; YBF,York Boulevard fault. Rock units: short- 
dashed pattern, crystalline basement; diagonal-lined pattern, 
Upper Cretaceous-lower Pliocene strata; no pattern, upper 
Pliocene-Quaternary strata [modified from Yerkes et al., 
1965; Jennings and Strand, 1969]. 
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retrodeformable cross sections in areas of active compression 
offers a powerful method for the evaluation of the seismic 
risk of active compression [Namson and Davis, 1988a, hi. 
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data are used to construct interpretations of the geometry and 
kinematics of the upper crust across the Los Angeles area 
using a retrodeformable cross section (Figure 1, B-B'; Plate 1 
(folded in pocket)). Because the cross section is nonunique, 
several alternative interpretations are considered. Total 
crustal convergence and fault offsets measured from the 
structural interpretations are used with age of onset of 
shortening to determine average convergence and fault slip 
rates. This paper also includes an integrated structural study 
of the Whittier Narrows area and origin of the Whittier 
Narrows earthquake. 

In order to construct the cross section, several well- 
founded assumptions have been made about the Pliocene and 
Quaternary compressional deformation in the Los Angeles 
basin: (1) The structural style of compression is that of a 
developing basement-involved fold and thrust belt and the 
major anticlines and anticlinoria of the basin can be explained 
as fault-bend or fault propagation folds. This assumption is 
based on geometric analysis of the folds as well as the 
similarity in fold style of this basin and other fold and thrust 
belts of the world [McClay and Price, 1981; Perry et al., 
1984; Suppe, 1985], including other parts of California. (2) 
No significant amounts of Pliocene and Quaternary strike-slip 
offsets (>3 km) have been demonstrated along any of the 
faults intersected by the cross section as explained in the 
discussion. (3) The Transverse Ranges and northern 
Peninsular Ranges are inferred to be underlain by regional 
detachments at about 10-15 km depth, into which the thrusts 
merge. The depth to detachment is indicated from both the 
fold geometry and the base of seismicity (11-13 km 
[Hauksson, 1987]) and the detachment may represent the 
boundary between brittle and ductile deformational processes. 

Geologic Setting 

The Los Angeles area can be divided into five parts on 
the basis of sumctural geometry and stratigraphy (Plate 1): (1) 
A folded western shelf area consists of a relatively thin 
section of middle Miocene through Quaternary strata that rest 
directly on crystalline basement. The Palos Verdes 
anticlinorium lies within the western shelf. Folds of the 
western shelf are northwest trending and are considered part 
of the Peninsular Ranges province [Jahns, 1954]. The 
stratigraphy and structure of the shelf are well known from 
exposures at the Palos Verdes Hills [Woodring et al., 1946] 
and numerous oil exploration and development wells 
[Schoellhamer and Woodford, 1951; Yerkes et al., 1965]. 
(2) A deep central basin is filled with a thick section of late 
Miocene through Quaternary sediment which is probably 
underlain by an undrilled section of Late Cretaceous through 
middle Miocene sediment [Yerkes et al., 1965; West, 1988]. 
Structural trends within the deep central basin are largely 
unknown. To the southeast, where the basin shoals, the 
structural trends are northwest (Figure 1), indicating that this 
portion of the basin is within the Peninsular Ranges province. 
(3) North and northwest of the central basin is the Santa 
Monica Mountains anticlinorium where crystalline basement 
is exposed or encountered at shallow depths [Hoots, 1930; 
Lamar, 1970; T.W. Dibblee, unpublished maps, 1988].. 
Surface and subsurface data suggest that this anticlinorium is 
probably one continuous structure that belongs to the 
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Fig. 1. Generalized geologic map of the Los Angeles area 
showing cross section lines, principal geographic and 
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1971 San Fernando earthquake and the 1987 Whittier 
Narrows earthquake. MW is moment magnitude and ML is 
local magnitude. Contours are in kilometers and are on the 
top of the crystalline basement. Abbreviations: CF,Compton 
fault; HF,Haddon fault; LA,Los Angeles; LCF,Las Cienegas 
fault; LF,Lopez fault; MH,Montebello Hills; NIF,Newport- 
Inglewood fault and fold trend; PH,Puente Hills; PVA,Palos 
Verdes anticlinorium; PVF,Palos Verdes Hills fault; 
RH, Repetto Hills; RHF,Raymond Hill fault; SAF,San 
Andreas fault; SGF,San Gabriel fault; SFF,San Fernando 
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Huntington Beach fault; VEF,Verdugo-Eagle Rock fault; 
VH,Verdugo Hills; W,Whittier; WF,Whittier fault; 
WG,Wilmington graben; WSGM,western San Gabriel 
Mountains; YBF,York Boulevard fault. Rock units: short- 
dashed pattern, crystalline basement; diagonal-lined pattern, 
Upper Cretaceous-lower Pliocene strata; no pattern, upper 
Pliocene-Quaternary strata [modified from Yerkes et al., 
1965; Jennings and Strand, 1969]. 
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A folded western shelf area consists of a relatively thin 
section of middle Miocene through Quaternary strata that rest 
directly on crystalline basement. The Palos Verdes 
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western shelf are northwest trending and are considered part 
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Miocene through Quaternary sediment which is probably 
underlain by an undrilled section of Late Cretaceous through 
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unknown. To the southeast, where the basin shoals, the 
structural trends are northwest (Figure 1), indicating that this 
portion of the basin is within the Peninsular Ranges province. 
(3) North and northwest of the central basin is the Santa 
Monica Mountains anticlinorium where crystalline basement 
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Fig. 1. Generalized geologic map of the Los Angeles area 
showing cross section lines, principal geographic and 
geologic features, and locations and focal mechanisms for the 
1971 San Fernando earthquake and the 1987 Whittier 
Narrows earthquake. MW is moment magnitude and ML is 
local magnitude. Contours are in kilometers and are on the 
top of the crystalline basement. Abbreviations: CF,Compton 
fault; HF,Haddon fault; LA,Los Angeles; LCF,Las Cienegas 
fault; LF,Lopez fault; MH,Montebello Hills; NIF,Newport- 
Inglewood fault and fold trend; PH,Puente Hills; PVA,Palos 
Verdes anticlinorium; PVF,Palos Verdes Hills fault; 
RH, Repetto Hills; RHF,Raymond Hill fault; SAF,San 
Andreas fault; SGF,San Gabriel fault; SFF,San Fernando 
fault; SFV,San Fernando Valley; SGV,San Gabriel Valley; 
SM,Santa Monica; SMDF,Sierra Madre fault system; 
SMF,Santa Monica fault; SMMA,Santa Monica Mountains 
anticlinorium; SR,San Rafael Hills; THBF,THUMS- 
Huntington Beach fault; VEF,Verdugo-Eagle Rock fault; 
VH,Verdugo Hills; W,Whittier; WF,Whittier fault; 
WG,Wilmington graben; WSGM,western San Gabriel 
Mountains; YBF,York Boulevard fault. Rock units: short- 
dashed pattern, crystalline basement; diagonal-lined pattern, 
Upper Cretaceous-lower Pliocene strata; no pattern, upper 
Pliocene-Quaternary strata [modified from Yerkes et al., 
1965; Jennings and Strand, 1969]. 

a viable but not a unique solution. Application of 
retrodeformable cross sections in areas of active compression 
offers a powerful method for the evaluation of the seismic 
risk of active compression [Namson and Davis, 1988a, hi. 

The structural style and kinematics of the compressive 
structures must be understood in order to better evaluate the 
seismic risk in the Los Angeles area. The purpose of this 
paper is to delineate the structural geometry of the 
deformation by using surface and subsurface data. These 
data are used to construct interpretations of the geometry and 
kinematics of the upper crust across the Los Angeles area 
using a retrodeformable cross section (Figure 1, B-B'; Plate 1 
(folded in pocket)). Because the cross section is nonunique, 
several alternative interpretations are considered. Total 
crustal convergence and fault offsets measured from the 
structural interpretations are used with age of onset of 
shortening to determine average convergence and fault slip 
rates. This paper also includes an integrated structural study 
of the Whittier Narrows area and origin of the Whittier 
Narrows earthquake. 

In order to construct the cross section, several well- 
founded assumptions have been made about the Pliocene and 
Quaternary compressional deformation in the Los Angeles 
basin: (1) The structural style of compression is that of a 
developing basement-involved fold and thrust belt and the 
major anticlines and anticlinoria of the basin can be explained 
as fault-bend or fault propagation folds. This assumption is 
based on geometric analysis of the folds as well as the 
similarity in fold style of this basin and other fold and thrust 
belts of the world [McClay and Price, 1981; Perry et al., 
1984; Suppe, 1985], including other parts of California. (2) 
No significant amounts of Pliocene and Quaternary strike-slip 
offsets (>3 km) have been demonstrated along any of the 
faults intersected by the cross section as explained in the 
discussion. (3) The Transverse Ranges and northern 
Peninsular Ranges are inferred to be underlain by regional 
detachments at about 10-15 km depth, into which the thrusts 
merge. The depth to detachment is indicated from both the 
fold geometry and the base of seismicity (11-13 km 
[Hauksson, 1987]) and the detachment may represent the 
boundary between brittle and ductile deformational processes. 

Geologic Setting 

The Los Angeles area can be divided into five parts on 
the basis of sumctural geometry and stratigraphy (Plate 1): (1) 
A folded western shelf area consists of a relatively thin 
section of middle Miocene through Quaternary strata that rest 
directly on crystalline basement. The Palos Verdes 
anticlinorium lies within the western shelf. Folds of the 
western shelf are northwest trending and are considered part 
of the Peninsular Ranges province [Jahns, 1954]. The 
stratigraphy and structure of the shelf are well known from 
exposures at the Palos Verdes Hills [Woodring et al., 1946] 
and numerous oil exploration and development wells 
[Schoellhamer and Woodford, 1951; Yerkes et al., 1965]. 
(2) A deep central basin is filled with a thick section of late 
Miocene through Quaternary sediment which is probably 
underlain by an undrilled section of Late Cretaceous through 
middle Miocene sediment [Yerkes et al., 1965; West, 1988]. 
Structural trends within the deep central basin are largely 
unknown. To the southeast, where the basin shoals, the 
structural trends are northwest (Figure 1), indicating that this 
portion of the basin is within the Peninsular Ranges province. 
(3) North and northwest of the central basin is the Santa 
Monica Mountains anticlinorium where crystalline basement 
is exposed or encountered at shallow depths [Hoots, 1930; 
Lamar, 1970; T.W. Dibblee, unpublished maps, 1988].. 
Surface and subsurface data suggest that this anticlinorium is 
probably one continuous structure that belongs to the 

(Fig. 1A and figs. S2 and S4 to S7) (9, 19). We used
the 5200-sensor 7-km–by–10-km LB Array and
the 2600-sensor 5-km–by–5-km Rosecrans Array
to compile catalogs with 6 and 1 month of data,
respectively. The arrays contain 100-m-spaced,
10-Hz vertical geophones sampling at 500 Hz. We
analyzed only nighttime data (6 p.m. to 5 a.m.
Pacific time) tomitigate false detections.We used
parallel computing on graphical processing units
to process 80 terabytes, equivalent to about 80 years
of waveform data from the Global Seismographic
Network (20). The location uncertainties we es-
timated through synthetic tests (21) are 1 and 3 km
in the horizontal and vertical directions, respec-
tively, for events with moment magnitude (Mw)
> 1.5 occurring below 27 km, but less than 1 kmat
shallower depths (fig. S1).
Our catalog illuminates a transition from dif-

fuse seismic deformation in the upper crust to
localized deformation in the lithospheric mantle.
Shallow seismicity (<12 km) in LB is diffuse and
uncorrelated with themapped fault trace or with
the nearby oilfield (Fig. 2A). To the southwest of
the main NIF strand, we identify a northwest–
north-northwest striking segment that is mostly
active between 12 and 20 km but contains sparse
seismicity outside this depth range. A second struc-
ture is located to the northeast. Below 20 km, this
zone is very seismically active, but the location

near the edge of the array prevents us from re-
solving its geometry in detail.
With increasing depth, seismicity progressively

concentrates beneath the mapped trace of the
NIF, and the width of the seismically active zone
decreases (Fig. 2, A to C). Below ~20 km, seismici-
ty localizes onto a 1-km-wide area that is located
directly beneath the mapped trace of the NIF.
The vertical cross section (Fig. 2D) clearly shows
that the fault dip below 15 km is near vertical and
that it retains this geometry in the upper mantle.
In particular, our observations do not support a
previous suggestion that the NIF is truncated at
shallow depths by an active detachment fault
(22). Accounting for location uncertainties in our
catalog, the deformation zone illuminated by deep
LB seismicity is no more than 2 km wide, con-
sistentwith several exhumedmylonite shear zones
(6). We also find that deep seismicity (>20 km)
accounts for, atmost, 10 to 20%of the cumulative
long-term moment rate accommodated by the
fault, assuming a slip rate of 0.5 mm/year (15).
On the basis of these results, we conclude that
aseismic, viscous flow accommodatesmost of the
deformation in the lower crust.
The spatial distribution of deep seismicity var-

ies along the NIF strike. Seismicity in Rosecrans
occurs along four or five strands that form a
5-km-wide fault zone,which is activedown to about

15 km but contains few events below that depth.
Unlike the LB segment, these strands appear to
dip at up to 70° to the northeast (fig. S3). Mul-
tiple en echelon strike-slip faults are generally
observed at shallower depths along that section
(23), and our study confirms that these struc-
tures are active at larger depths. If the Rosecrans
catalog is representative of the long-term defor-
mation along that segment, then the scarcity of
deep seismicity suggests that the zone of deep, lo-
calized seismic deformation extends no more than
15 kmalong theNIF strike to the northwest of LB.
Independent evidence compatible with deep

faulting comes from recent measurements of the
3He/4He ratio, a primary indicator of mantle-
derived phases within the crust (24), in deep bore-
holes in the Los Angeles (LA) basin (25) (Fig. 1, A,
D, and E). In this basin, 3He enrichment is more
than twice as high as it is along the much more
tectonically active San Andreas fault. The ob-
served along-strike trend in the fraction ofmantle-
derivedhelium iswell correlatedwith the seismicity
depths in the regional catalog. They both first
increase toward the southeast, thendecrease some-
what and flatten southeast of LB (Fig. 1, C and D).
Further evidence of the deep root of theNIF comes
from the seismic imaging of a sharp vertical offset
in the lithosphere-asthenosphere boundary (26),
which extends to a depth of about 90 kmbeneath
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Fig. 2. Spatial distribution
of earthquake density
derived from a catalog
spanning 93 nights
of the LB Array data set.
(A to C) Map view of event
density in the following
depth ranges: (A) 5 to 12 km,
(B) 12 to 20 km, and (C) 20
to 32 km. Densities in each
panel were normalized by
their maximum value. Areas
with intense seismicity are
shown inorangeandred;areas
devoid of seismicity appear
in yellow and white.The NIF
surface trace and the local
oilfields are denoted by black
and green dashed lines, res-
pectively. LB, Long Beach
oilfield; LBA, Long Beach Air-
port oilfield; WI,Wilmington
oilfield. (D) Vertical cross sec-
tion showing event density
along the B-B′ line in (A).We
normalized the counts in
each 2-kmdepth bin by their
maxima.The Moho depth
(47) is indicated by a green
curve, and the uncertainty
on this estimate was deter-
mined using previously pub-
lished results (26, 38, 48).
(E) Seismicity depth distribu-
tion in the LB Array data set.
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(Fig. 1A and figs. S2 and S4 to S7) (9, 19). We used
the 5200-sensor 7-km–by–10-km LB Array and
the 2600-sensor 5-km–by–5-km Rosecrans Array
to compile catalogs with 6 and 1 month of data,
respectively. The arrays contain 100-m-spaced,
10-Hz vertical geophones sampling at 500 Hz. We
analyzed only nighttime data (6 p.m. to 5 a.m.
Pacific time) tomitigate false detections.We used
parallel computing on graphical processing units
to process 80 terabytes, equivalent to about 80 years
of waveform data from the Global Seismographic
Network (20). The location uncertainties we es-
timated through synthetic tests (21) are 1 and 3 km
in the horizontal and vertical directions, respec-
tively, for events with moment magnitude (Mw)
> 1.5 occurring below 27 km, but less than 1 kmat
shallower depths (fig. S1).
Our catalog illuminates a transition from dif-

fuse seismic deformation in the upper crust to
localized deformation in the lithospheric mantle.
Shallow seismicity (<12 km) in LB is diffuse and
uncorrelated with themapped fault trace or with
the nearby oilfield (Fig. 2A). To the southwest of
the main NIF strand, we identify a northwest–
north-northwest striking segment that is mostly
active between 12 and 20 km but contains sparse
seismicity outside this depth range. A second struc-
ture is located to the northeast. Below 20 km, this
zone is very seismically active, but the location

near the edge of the array prevents us from re-
solving its geometry in detail.
With increasing depth, seismicity progressively

concentrates beneath the mapped trace of the
NIF, and the width of the seismically active zone
decreases (Fig. 2, A to C). Below ~20 km, seismici-
ty localizes onto a 1-km-wide area that is located
directly beneath the mapped trace of the NIF.
The vertical cross section (Fig. 2D) clearly shows
that the fault dip below 15 km is near vertical and
that it retains this geometry in the upper mantle.
In particular, our observations do not support a
previous suggestion that the NIF is truncated at
shallow depths by an active detachment fault
(22). Accounting for location uncertainties in our
catalog, the deformation zone illuminated by deep
LB seismicity is no more than 2 km wide, con-
sistentwith several exhumedmylonite shear zones
(6). We also find that deep seismicity (>20 km)
accounts for, atmost, 10 to 20%of the cumulative
long-term moment rate accommodated by the
fault, assuming a slip rate of 0.5 mm/year (15).
On the basis of these results, we conclude that
aseismic, viscous flow accommodatesmost of the
deformation in the lower crust.
The spatial distribution of deep seismicity var-

ies along the NIF strike. Seismicity in Rosecrans
occurs along four or five strands that form a
5-km-wide fault zone,which is activedown to about

15 km but contains few events below that depth.
Unlike the LB segment, these strands appear to
dip at up to 70° to the northeast (fig. S3). Mul-
tiple en echelon strike-slip faults are generally
observed at shallower depths along that section
(23), and our study confirms that these struc-
tures are active at larger depths. If the Rosecrans
catalog is representative of the long-term defor-
mation along that segment, then the scarcity of
deep seismicity suggests that the zone of deep, lo-
calized seismic deformation extends no more than
15 kmalong theNIF strike to the northwest of LB.
Independent evidence compatible with deep

faulting comes from recent measurements of the
3He/4He ratio, a primary indicator of mantle-
derived phases within the crust (24), in deep bore-
holes in the Los Angeles (LA) basin (25) (Fig. 1, A,
D, and E). In this basin, 3He enrichment is more
than twice as high as it is along the much more
tectonically active San Andreas fault. The ob-
served along-strike trend in the fraction ofmantle-
derivedhelium iswell correlatedwith the seismicity
depths in the regional catalog. They both first
increase toward the southeast, thendecrease some-
what and flatten southeast of LB (Fig. 1, C and D).
Further evidence of the deep root of theNIF comes
from the seismic imaging of a sharp vertical offset
in the lithosphere-asthenosphere boundary (26),
which extends to a depth of about 90 kmbeneath

90 7 OCTOBER 2016 • VOL 354 ISSUE 6308 sciencemag.org SCIENCE

Fig. 2. Spatial distribution
of earthquake density
derived from a catalog
spanning 93 nights
of the LB Array data set.
(A to C) Map view of event
density in the following
depth ranges: (A) 5 to 12 km,
(B) 12 to 20 km, and (C) 20
to 32 km. Densities in each
panel were normalized by
their maximum value. Areas
with intense seismicity are
shown inorangeandred;areas
devoid of seismicity appear
in yellow and white.The NIF
surface trace and the local
oilfields are denoted by black
and green dashed lines, res-
pectively. LB, Long Beach
oilfield; LBA, Long Beach Air-
port oilfield; WI,Wilmington
oilfield. (D) Vertical cross sec-
tion showing event density
along the B-B′ line in (A).We
normalized the counts in
each 2-kmdepth bin by their
maxima.The Moho depth
(47) is indicated by a green
curve, and the uncertainty
on this estimate was deter-
mined using previously pub-
lished results (26, 38, 48).
(E) Seismicity depth distribu-
tion in the LB Array data set.
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Inbal et al. got lots of small EQs from a very dense array and see the Newport-Inglewood fault extending into the mantle, not detached as thought by Davis 
et al.  This helps reveal a weakness of the geometric reconstructions of fold belts: they need detachment to go off the edge of the model at the side.
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Well, as a prelude to the Laramide, let’s discuss a different flavor of this: basement cored folds.
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Advantages:
Deals with more realistic geometries 
in foreland situations than fault-bend 
folds

Disadvantages:
Requires plastic deformation in 
trishear zone, which can become non-
unique in terms of structures 

Erslev, 1991
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POSTULATED ATTITUDES OF WIND RIVER THRUST 
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Creek anticline is a faulted gentle fold in the 
basin in front of the Wind River thrust (Figure 

3). The Wind River thrust cuts off the sedi- 

mentary rocks of the Green River Basin and 

places Precambrian rocks above these sedimen- 

tary rocks. The area under the thrust overhang 

is commonly a target for petroleum exploration, 
so a number of boreholes start in Precambrian 

rocks, penetrate the thrust, and bottom in the 

underlying sedimentary rocks. These underlying 
sedimentary rocks may be turned up into the 

thrust according to borehole information and 

many interpretations [ Berg, 1962]. This indi- 
cates that folding progressed to the point of 
overturning one limb before thrusting took over. 

Geometry of the sedimentary rocks over the Wind 

River uplift is interpreted differently accord- 

ing to one's views on the style of deformation 

[Berg, 1962; Prucha et al., 1965] . Sedimentary 
rocks dip gently off the Precambrian core at 12 ø- 

Fig. 1. Proposed structural styles for the Wind 15 ø into the Wind River Basin [Keefer, 1970]. The 
River fault. Structure between that in Figure 
lc and in le is representative of the fault at 

depth; x-x represents the position of the pres- 
ent ground surface. 

Cocorp that further reflection studies in the 

area might be successful. Perkins and Phinney 
[1971] obtained reflections at isolated sites 
in the vicinity of the Wind River uplift. Crus- 

tal reflection studies have been extensively 

carried out with success in Europe [Dohr and 
Meissner, 1975] and in Canada [Cumming et al., 
1968]. Formation of the Cocorp project pre- 
sents the first major effort toward crustal 
reflection profiling in the United States and 

is an endeavor conducted on a greater scale 

than has hitherto been attempted. 

Geology 

The northwest-southeast trending Wind River 

Mountains are the largest Laramide uplift in 

Wyoming (Figure 2) and have a length of 220 km 
and a width of 70 km. They are a broad simple 

anticline affecting Paleozoic through Early 
Tertiary rocks and cored by Precambrian rocks. 
A thrust fault borders the Wind River Mountains 

on the southwest, where the Precambrian core of 

the uplift has overridden the almost horizontal 
rocks of the Green River Basin. Maximum relief 

between the Precambrian basement in the Green 

River Basin to the southwest of the uplift and 

the Precambrian peaks in the Wind River Moun- 

tains is about 13 km [Prucha et al., 1965]. 
The size of this relatively simple structure 

was a major factor in deciding to study the 

fm•a with deep seismic reflection profiling. The 
northeast flank of the uplift is overlain by 

sedimentary rocks dipping at about 15 ø into the 
Wind River Basin. The dip of the thrust belt 

near the surface is about 20 ø to the northeast 

as determined from industry shallow reflection 

profiles and from exploratory drilling through 
the overthrust Precambrian into the Green River 

Basin sedimentary rocks [Berg, 1962] . 
A geologic cross section along the line of 

the seismic profile (Figure 3) shows that almost 

horizontal sedimentary rocks continue in the 
Green River Basin to the Moxa arch and the over- 

thrust belt in westernmost Wyoming. The Pacific 

seismic profile crosses a series of small tight 
Laramide folds in the Wind River Basin. These 

are the Sheep Mountains anticline, the Sand Draw 

anticline, the Rogers Mountain anticline, and the 
Conant Creek anticline [Keefer, 1970, Plate 2] . 
The Wind River thrust is a huge feature involving 

at least 13 km of vertical separation and 20 km 

of horizontal separation. 

Much discussion in the literature centers 

around the attitude of faults flanking Laramide 

uplifts and on the forces that caused the defor- 

mation. Both shallow and steeply dipping faults 
are observed at the surface, but different work- 

ers have interpreted different attitudes at 

depth. Eardley [1963] suggests that vertical up- 
lift forming these structures was caused by in- 
trusion of basaltic magma deep in the crust. 

Berg [1962] suggested that the Wind River Moun- 
tains formed as a giant fold-thrust, and Black- 
stone [1963] noted that Laramide uplifts probably 
formed from compression but also showed features 

resulting from vertical uplift. Prucha et al. 
[1965] believed that Laramide faults steepened 

with depth and were the result of vertical up- 

lift. Sales [1968] suggested that the Wyoming 
province basically developed from compression 
associated with left lateral shear and that the 

Colorado Plateau formed a buttress that developed 

horizontal shear in Wyoming to form the divergent 

Laramide structures. Stearns [1971, 1975] has 
championed an origin by vertical movements, and 

Couples [1977] has worked on the problem mathe- 
matically. Lowell [1974], Burchfiel and Davis 
[1975], and Dickinson and Snyder [1978] proposed 
explanations for Laramide structure within a plate 
tectonics framework. 

The Precambrian core of the uplift consists 

of migmatites representing deeper levels in the 

center of the range and granitic intrusions into 

supracrustal rocks at higher crustal levels down 
the plunge of the structure at the southeast end. 

The supracrustal rocks consist of gneisses and 
schists that are called metaironstone, metaande- 

site and metagreywacke [Bayley et al., 1973]. 
These rocks are strongly folded and dip steeply. 

Condie [1972 ] suggested that an Archean green- 
stone belt, right along the Cocorp profile, marks 
an ancient suture zone. The Precambrian rocks 

constitute some of the oldest Precambrian crust 

Smithson et al., JGR, 1979
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Other shortening estimates: 60-120 km by Chapin and Cather (1983) to NNE
43-52 km to ENE (Bird, 1998)
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Figure 5. Map and rose diagrams of LAR arches, faults, and folds in Wyoming, Colorado-Utah, and New Mexico–Arizona. 
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of Laramide horizontal shortening and compression directions. 
Laramide thrusts are underrepresented by surface fault data 
because thrust faults commonly go blind by fully transferring 
their slip into folding and cryptic layer-parallel slip. For example, 
exposed faults in the NE Bighorn Basin are mostly small, E- to 
NE-striking, high-angle faults, not the large, NNW-striking blind 
thrusts that dominate fault slip at the basement level (Stanton and 
Erslev, 2004). In addition, LAR arch and fold data sets include 
fewer post-Laramide structures because post-Laramide exten-
sion was dominated by faulting, not folding. Thus, we interpret 
the overall Laramide GIS and minor fault data sets as indicating 
ENE-WSW (N66-67E–S66-67W) shortening and compression 
during the Laramide orogeny.

Hypotheses invoking multidirectional deformation, either 
due to multiple stages of differently oriented compression 
(Chapin and Cather, 1981; Gries, 1983, 1990) or due to per-
vasive multidirectional structural weaknesses (Marshak et al., 
2000; Timmons et al., 2001), predict that Laramide structures 
should be systematically multimodal. This is not supported by 
regional minor fault or LAR fold data, which show dominantly 
unimodal distributions (Figs. 1, 3G, and 5). The LAR arch rose 
diagram (Fig. 3F) is multimodal, but non-NNW-SSE arches are 
geographically restricted—N-S arches largely come from New 
Mexico–Arizona, and E-W arches largely come from Wyo-
ming, where they follow major Precambrian zones of weak-

ness. However, rose diagrams of LAR faults (Figs. 3G and 5) 
can be interpreted as showing NNW-SSE and N-S modes, con-
sistent with the previous hypotheses.

To further test the possibility of multimodal structural trends 
of regional extent, LAR fault and fold rose diagrams were cre-
ated on a 75 km grid with a 75 km radius of analysis (Figs. 10 
and 11). These rose diagrams show that N-S petals come mostly 
from eastern subsets, NNW-SSE petals come mostly from west-
ern subsets, and relatively few local rose diagrams are truly 
bimodal. Thus, indications of multidirectional Laramide defor-
mation appear to result from the combination of local unimodal 
domains, not regionally pervasive bimodal distributions.

To aid in visualizing regional patterns, fault (Fig. 10) and fold 
(Fig. 11) orientations were subdivided into six distinct domains 
based on LAR fold (primarily) and fault orientations: (1) Wyo-
ming, (2) Green River Basin, (3) Uinta Mountain, (4) Colorado, 
(5) Colorado Plateau, and (6) New Mexico (Fig. 12; Table 5). 
The Green River Basin, Uinta Mountain, and Colorado Plateau 
domain boundaries occur where changes in fold rose diagrams 
correspond with major structural boundaries. The Colorado 
domain, which contains the northeastern corner of the Colo-
rado Plateau, captures the systematic change in fold orientations 
across Colorado in a single domain. The Wyoming domain was 
differentiated from the Colorado domain due to changes in fault 
patterns at the Colorado-Wyoming border. The multimodality of 
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LAR Fold-Axis Orientations
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Figure 9. Histograms for all digitized 
LAR faults and folds from 0° to 180° 
in 5° increments.
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