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ABSTRACT

Deformation of the continental flood-basalt in the westernmost portion of the
Columbia Plateau has resulted in regularly spaced anticlinal ridges. The periodic nature
of the anticlines is characterized by dividing the Yakima fold belt into three domains on
the basis of spacings and orientations: (1) the northern domain, made up of the eastern
segments of Umtanum Ridge, the Saddle Mountains, and the Frenchman Hills; (2) the
central domain, made up of segments of Rattlesnake Ridge, the eastern segments of
Horse Heaven Hills, Yakima Ridge, the western segments of Umtanum Ridge, Cleman
Mountain, Bethel Ridge, and Manastash Ridge; and (3) the southern domain, made up
of Gordon Ridge, the Columbia Hills, the western segment of Horse Heaven Hills,
Toppenish Ridge, and Ahtanum Ridge. The northern, central, and southern domains
have mean spacings of 19.6, 11.6, and 27.6 km, respectively, with a total range of 4 to 36
km and a mean of 20.4 km (n = 203). The basalts are modeled as a multilayer of thin
linear elastic plates with frictionless contacts, resting on a mechanically weak elastic
substrate of finite thickness, that has buckled at a critical wavelength of folding. Free slip
between layers is assumed, based on the presence of thin sedimentary interbeds in the
Grande Ronde Basalt separating groups of flows with an average thickness of roughly
280 m. Many of the observed spacings can be explained by this model, given that: (1) the
ratio in Young’s modulus between the basalt and underlying sediments E/E, >1,000,
(2) the thickness of the Grande Ronde Basalt was between 1,200 and 2,300 m when the
present wavelengths were established, and (3) the average thickness of a layer in the
multilayer is between 200 and 400 m. The lack of well-developed anticline-syncline pairs
in the shape of a sinusoid may be the result of plastic yielding in the cores of the
anticlines after initial deformation of the basalts into fow amplitude folds. Elastic buck-
ling coupled with plastic yielding confined to the hinge area could account for the
asymmetric fold geometry of many of the anticlines.

INTRODUCTION

The Miocene continental flood-basalts of the Columbia Pla-
teau in the northwestern United States have been deformed into a
series of anticlinal ridges. The anticlines (or Yakima folds) are
generally asymmetric in cross section, and ridge segments com-
monly occur in en echelon arrangements. The Yakima folds have
been interpreted to be the result of one of the following: (1) drape
folding generated by vertical movement of narrow basement
blocks on high-angle reverse faults (Bentley, 1977); (2) fault ramp
flexure with a décollement near the base of the basalts (Bruhn,
1981); (3) drag folding on interbasalt and sub-basalt detachments

(Campbell and Bentley, 1981; Bentley, 1982); (4) buckling over
shallow detachments in the basalt sequence followed by reverse
to thrust faulting of the folds (Price, 1982); (5) buckling of the
entire basalt sequence simultaneously, with the emplacement of
the oldest flows followed by dominantly reverse to thrust faulting
(Reidel, 1984); or (6) initial buckling in response to a horizontal
compressive load coupled with a layer instability between the
basalts and sub-basalt rock (Watters, 1988). An important char-
acteristic of the anticlinal ridges of the Columbia Plateau is their
apparent periodic spacing. The spacing of the ridges varies
throughout the fold belt, but is consistent within certain domains.

The purpose of this investigation is to characterize periodic
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Figure 1. Portion of the Yakima fold belt on the Columbia Plateau. The Yakima folds trend roughly
east-west and are bounded by the Cascade Range to the west. Many of the anticlines are asymmetric and
north vergent with gently sloping southern limbs. The Columbia River dissects the Saddle Mountains
ridge (top of image) and flanks the Columbia Hills ridge (bottom of image) (Landsat 4, scene

ID# 4009518173).

spacing of the anticlinal ridges. The Yakima fold belt is divided
into distinct domains on the basis of spacing and orientation of
the anticlines. Assuming the basalts behave like a series of elastic
plates, a buckling model is introduced in an effort to account for
the periodic nature of the anticlines. The critical stress at which
the buckling instability develops is shown to be within the yield-
strength envelope of the basalts determined using Byerlee’s law.

TECTONIC SETTING

The continental flood-basalts of the Columbia Plateau, lo-
cated on the western margin of the North American plate, cover

an area on the order of 164,000 km? (Tolan and others, this
volume). Although compressional deformation of the basalts has
resulted in local uplift, the region has experienced general subsi-
dence (Reidel and others, this volume) and thus, may be more
appropriately termed the Columbia Basin (Campbell, this vol-
ume; Anderson, 1987).

The ridges of the Yakima fold belt, as seen through remote
sensing, are narrow, sinuous, and asymmetric (Fig. 1). These
anticlines generally trend east-west and are separated by broad,
flat-bottomed synclines. The cross-sectional geometry of the anti-
clines varies from asymmetric to rectangular (box fold) (Reidel,
1984; Watters, 1988; Anderson, 1987; Reidel and others, this
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volume). Many of the asymmetric anticlines are north vergent
with a gently dipping southern limb (Fig. 2), but in some ridges
this geometry reverses from one segment to the next or may
change along strike within a given segment. Strike-slip faults often
separate ridge segments of opposite fold geometry (Reidel, 1978;
Fecht, 1978; Bentley and others, 1980; Reidel, 1984; Anderson,
1987). Reverse to thrust faults are associated with the steeply
dipping vergent side of the asymmetric ridges, and segments with
box fold geometries may have thrust faults associated with the
back limb (back thrust) as well (see Campbell and Bentley,
1981).

The Yakima folds die out in the Palouse subprovince (Fig.
1) to the east. To the west the anticlines appear to be bounded by
the Cascade Range (Fig. 1). Campbell (this volume) notes that
the anticlines in the north and central portions of the fold belt
either become broad flexures near the margin or die out com-
pletely. In the southwestern portion of the plateau, however,
Anderson (1987) and Beeson and others (this volume) report that
Yakima fold belt structures occur in Columbia River basalts
within the Cascade Range.

The origin of the stresses acting on the Columbia Plateau is
attributed to plate action in the Pacific Northwest. The clockwise
rotation evident in paleomagnetic studies of the Coast Range and
western and central Washington (see Reidel and others, 1984) is
related to right-lateral shear between the North American and
oceanic plates (Beck, 1980). Reidel and others (1984) suggest
that the stresses resulting from oblique subduction at the conver-
gent plate margin result in compressional-shear deformation on
the plateau and elsewhere in the western United States. Their
data support rotation through a localized dextral shear rather than
rigid block or microplate rotation.

PERIODIC SPACING

The periodic nature of the anticlinal ridges in the Yakima
fold belt has been noted in a number of studies (Bentley, 1982;
Watters and Maxwell, 1985; Anderson and others, 1987). The
exception to the roughly east-west trends of the anticlines occurs
in the eastern portion of the fold belt where segments of the Horse
Heaven Hills and Rattlesnake Ridge are deflected along the
northwest-southeast trend of the Cle Elum-Wallula deformed
zone (CLEW; Fig. 3; see Campbell, this volume).

The Yakima fold belt can be subdivided into three domains
on the basis of spacing and orientation of the anticlinal ridges.
The spacing of the anticlines was measured from a tectonic map
of the Columbia Plateau (Tolan and Crowley, 1986) using a
series of sampling traverses spaced at roughly 3-km intervals
oriented perpendicular to the predominant trend of the folds in
the domain. Ridge segments with roughly uniform trends were
digitized in the three domains, and mean orientations determined
using the double angle method (see Davis, 1986).

The northern domain of the Yakima fold belt is made up of
the eastern segments of Umtanum Ridge, the Saddle Mountains,
and the Frenchman Hills (Fig. 3). In this domain the mean direc-
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Figure 2. Topographic profiles of a portion of the Frenchman Hills
anticline. Cross sections are spaced at 1-km intervals with a roughly 10x

vertical exaggeration. Measurements were made from the Priest Rapids
Quadrangle, U.S. Geological Survey, topographic map, 1:100,000.

tion of the anticlines is N79.8°W (Fig. 4A-1; Table 1), and the
mean spacing is 19.6 km (Fig 4B-1; Table 2). The central domain
is made up of segments of Rattlesnake Ridge (part of the CLEW),
eastern segments of the Horse Heaven Hills, Yakima Ridge, west-
ern segments of Umtanum Ridge, Cleman Mountain, Bethel
Ridge, and Manastash Ridge. The spacing and orientation of the
anticlines in this domain is the most variable. The mean direction
of ridges is N71°W (Fig. 4A-2; Table 1) and the mean spacing is
11.6 km (Fig. 4B-2; Table 2). The southern domain is made up of
Gordon Ridge, Columbia Hills, western segments of Horse
Heaven Hills, Toppenish Ridge, and Ahtanum Ridge (Fig. 3).
The mean direction of the anticlines in this domain is N79.1°E
(Fig. 4A-3; Table 1), and the mean spacing is 27.6 km (Fig. 4B-3;
Table 2).

The range in ridge spacing across all three domains is 4 to 36
km with a mean of 20.4 km (# = 203). It is of interest to note that
the central domain, containing the CLEW structures, has the
greatest range in spacing (27 km) and the smallest mean spacing,
and divides the fold belt.

ANALYSIS OF SPACING

The periodic spacing of the anticlines in the Yakima fold
belt suggests that the basalts have buckled at a dominant or
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Figure 3. Anticlinal ridges of the Yakima fold belt. The fold belt was divided into three domains on the
basis of orientations and spacings of the anticlines. The southern domain contains Gordon Ridge, the
Columbia Hills, western segments of the Horse Heaven Hills, Toppenish Ridge, and Ahtanum Ridge.
The central domain is made up of eastern segments of the Horse Heaven Hills, Rattlesnake Ridge,
Yakima Ridge, western segments of Umtanum Ridge, the Cleman Mountains, Bethel Ridge, and
Manastash Ridge. The northern domain contains eastern segments of Umtanum Ridge, the Saddle

Mountains, and the Frenchman Hills.

critical wavelength. Such a deformation mechanism requires that
a significant strength contrast exist between the basalts and sub-
basalt rocks and that the thickness of the two units is constrained.

The rocks underlying a large portion of the Columbia River
basalts consist of a sequence of Jurassic to early Miocene volcani-
clastic and fluvial sediments ranging in thickness from 1,000 to
7,000 m (Campbell, this volume). These sediments are generally
poorly consolidated (N. Campbell, personal communication) and
probably rest on granitic basement (Campbell, this volume). At

least 3,000 m of sediments underlies most of the anticlines, with a
rapid decrease in thickness to the north, south, and east of the
Yakima fold belt (see Fig. 6 in Campbell, this volume). In the
Palouse subprovince to the east of the fold belt where the anti-
clines are not present, the sediments thin and the basalt overlies
crystalline basement (Reidel, 1984; Reidel and others, this
volume).

The thickness of the Columbia River Basalt Group is at a
maximum of about 4,000 m near the Pasco Basin (Reidel and
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Figure 4. Rose diagrams of orientations and histograms of spacings of anticlines in the three domains of
the Yakima fold belt. (A) Mean directions in the northern (1), central (2), and southern (3) domains are
100.2° (N79.8°W), 109.0° (N71°W), and 79.1° (N79.1°E), respectively. Orientations of the ridge seg-
ments are plotted in 10° bins. Additional statistics are given in Table 1. (B) Mean spacings in the north-
ern (1), central (2), and southern (3) domains are 19.6 (n = 42), 11.6 (n = 70), and 27.6 km (n =91),
respectively. Additional statistics are given in Table 2.
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TABLE 1. ORIENTATION OF ANTICLINES 15
IN THE YAKIMA FOLD BELT s
DOMAIN 0 502 n I
Northern 100.2° 0.18 30 B
Central 109.0° 0.24 64 10
Southern 79.1° 0.14 67 ‘>). |
c
0 = mean direction, 502 = circular variance, and n = number of g ™
observations. The mean direction was determined using the double g = X=282 m
angle method for oriented data (Davis, 1986). The circular variance is s |
a measure of dispersion, with the greatest scatter at s°2 =1.0. 5
TABLE 2. SPACINGS OF ANTICLINES -
IN THE YAKIMA FOLD BELT L
DoMaN X Kk s, k ; i ‘ I
m m Xuax Xmin: km = | | 1 1 /\/ 1
Northern  19.63 3.48 28.93 - 13.42 42 100 300 500 700 1900
Central 11.61 5.55 31.17- 4.06 70 Spacing of interbeds (m)
Southern 27.55 414 36.11 - 1587 91

= mean spacings, s = standard deviation, range = Xpax-Xmin. and n
= number of observations. Spacings were determined using a series
of sampling traverses spaced at approximately 3-km intervals oriented
perpendicular to the predominant trend of the anticlines in each
domain.

others, 1982; Reidel and others, this volume; Campbell, this vol-
ume). Evidence of thinning and pinching out of flows over and
on a number of the anticlines in the fold belt suggests that the
initiation of buckling followed shortly after the emplacement of
the oldest basalt flows (the Grande Ronde), and structural relief
on the folds was buried by younger flows (Reidel, 1984; Ander-
son, 1987; Reidel and others, this volume). Thus, the dominant
wavelengths observed in the domains of the fold belt were proba-
bly established in Grande Ronde time when the thickness of the
basalts was some fraction of the present total. The total thickness
of the Grande Ronde Basalt in the area of the fold belt is between
roughly 1,000 and 3,500 m (see Fig. 3 in Reidel and others, this
volume); thus, the thickness at the time the present wavelengths
were established is estimated to be within this range.

Recent well-log data from three deep wells located within
the Yakima fold belt show evidence of thin sedimentary interbeds
in the Grande Ronde Basalt (Reidel and others, this volume).
These interbeds separate individual flows and groups of flows
ranging in thickness from roughly 20 to 1,800 m with a mean of
about 280 m (Fig. 5; see Fig. 5 in Reidel and others, this volume).
The occurrence of interbeds in the Grande Ronde Basalt is much
less frequent north and south of the fold belt (S. Reidel, personal
communication, 1988), suggesting a relationship between the in-
terbeds and the location of the Yakima folds. The presence of
mechanically weak interbeds is important in the formulation of a

Figure 5. Histogram of spacing of sedimentary interbeds in the Grande
Ronde Basalt. Spacing ranges from approximately 20 to 1,800 m with a
mean of 282 m (r = 21). Data from Reidel and others, this volume.

buckling model because it may be assumed that they allow some
degree of slip between groups of flows (see Biot, 1961; Currie and
others, 1962; Johnson, 1984). Thus, the basalts may be modeled
as a multilayer with free slip between groups of flows with an
average thickness of about 280 m.

A linear elastic rheology is chosen to approximate the be-
havior of the basalts and underlying sediments. This choice is
justified because deformation has occurred at the free surface in
the brittle domain under little or no confining pressure and low
temperatures. Alternative rheologies such as linearly viscous or
power-law flow require ductile behavior. In the context of rock
mechanics, few rocks exhibit ductility at low pressures and
temperatures (Jaeger and Cook, 1979, p. 228). Further, there is
no field evidence of true ductile behavior in the deformed Co-
lumbia River basalts.

In this model, it is assumed that the basalts behave as a series
of thin, linear elastic plates with essentially frictionless contacts
resting on a mechanically weak elastic substrate of finite thick-
ness, which is in turn resting on a rigid boundary (Fig. 6). The
deflection of an elastic plate in infinitesimal strain resting on a
substrate at the free surface subjected to an in-plane horizontal
end load is given by:

d'w d’w
D o +P e 0
where w is the deflection and P is the horizontal force. The
flexural rigidity D is related to the thickness of the elastic plate A
by:
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where E is Young’s modulus and v is Poisson’s ratio (see Turcotte
and Schubert, 1982; McAdoo and Sandwell, 1985). Since the
plate is a multilayer, & = nt, where # is the number of layers and ¢
is the average thickness of a layer. The resistance of the substrate
to bending is given by k in equation 1. In this case the total
resistance consists of two components: (1) the elastic resistance of
the substrate and (2) the hydrostatic restoring force that incorpo-
rates the influence of gravity (i.e., body forces). The restoring
force that results from the replacement of substrate material in a
vertical column by less dense material (in the case of deformation
at the free surface, atmosphere) is given by:

(po — P4)E (3)

where p,, and p4 are the density of the substrate and atmosphere,
respectively, and g is the acceleration due to gravity (see Turcotte
and Schubert, 1982). Because p4 is negligible, the expression for
the restoring force (equation 3) can be reduced to p,g.

The thickness of the substrate is important in determining
the elastic resistance to bending. Johnson (1984) has shown that
in order for a medium of finite thickness to approximate one of
infinite thickness, the ratio of thickness of the substrate to the
wavelength of folding must be greater than 0.6 (also see Currie
and others, 1962). This is not the case for the Yakima folds. The
elastic resistance of a substrate of finite thickness can be approxi-
mated by assuming that the medium consists of a series of inde-
pendent elastic columns, each with a Young’s modulus of E,
(Currie and others, 1962; Johnson, 1984). The force per unit
length necessary to strain each column is given by E,/h, where
h, is the thickness of the substrate. Thus, the total resistance to
bending is given by:

= EO +
= 70— Po8 4)
!
h E =
f ¢
ho E o po

Rigid Boundary

Figure 6. Diagram of the boundary conditions. The basalts are assumed
to behave as a multilayer of elastic plates with Young’s modulus £
resting on a mechanically weak substrate with Young’s modulus E, and
density p,. Frictionless contacts are assumed between the individual
layers of thickness £ The substrate is of finite thickness 4, and is resting
on a strong rigid boundary.
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The differential equation for the deflection of an elastic plate
(equation 1) has been solved for a number of relevant boundary
conditions (Hetenyi, 1949; Turcotte and Schubert, 1982; John-
son, 1984). It can be shown that a sinusoidal deflection of the
plate in the form:

w = C sin(ax) )

where C is a constant and a is the length scale, satisfies equation
1. When the end load reaches the elastic buckling limit P, the
critical wavelength developed is given by:

Ya

) ] ©

3 3
hoEnt ) " ( Ent
12(1-v)2E, 12(1-v2)p, g

)\C=271'[

(see Appendix 1). It is clear from equation 6 that the buckling
wavelength is dependent on the contrast in Young’s modulus
between the basalts and the underlying sediments (E/E,) and the
unit weight of the sediments (pyg).

The Young’s modulus of different rocks does not range
beyond one or two orders of magnitude in spite of great variation
in composition, grain size, and fabric (see Birch, 1966; Hatheway
and Kiersch, 1982; Christensen, 1982). However, a large contrast
in Young’s modulus does exist between rock and unconsolidated
sediments or soils. The Young’s modulus of a number of different
soil types is shown in Table 3. Given the Young’s modulus of
basalt (Table 4), contrasts as large as four orders of magnitude are
possible. For example, if the sub-basalt sediments are akin to a
dense sand (Table 3), then an E/E, of roughly 800 to 1,400 may
exist. Compaction due to gravitational loading will increase the
mechanical strength or rigidity of dry, granular materials
[Talwani and others, 1973]. However, the role of pore-fluid
pressure must be considered. High pore-fluid pressure resulting
from both gravitational and tectonic loading of water-saturated
sediments (Hubbert and Rubey, 1959) will offset an increase in
the rigidity due to compaction. Thus, a relatively high E/E, is
possible. Given the values of the parameters shown in Table 4,
wavelength as a function of thickness of the Grande Ronde Basalt
for an E/E, of 1,000 and 5,000 and an average thickness of
individual units in the multilayer  of 200 to 400 m are shown in
Figure 7.

The strength of the material is an important consideration in
determining the validity of a model based on elastic instability
theory. In the upper crust, rock strength is controlled by the
frictional resistance of brittle failure by sliding on randomly ori-
ented fractures or joints (Brace and Kohlstedt, 1980; Vink and
others, 1984). The frictional resistance and, thus, the maximum
strength can be directly related to the normal and shear stresses by
Byerlee’s law:

03 <110 MPa %)
3 >110 MPa

0, = 503,
g) = 3.105+210,

expressed here in terms of the maximum (o) and minimum (o3)
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TABLE 3. YOUNG'S MODULUS FOR 35

A VARIETY OF DIFFERENT SOIL TYPES I E/Eo=1000 e
[ E/E,=5000 — —— g0 =T

MATERIAL EPa 30 =
Hard clay 6.895 x 106 - 1.724 x 107 r
Sandy clay 2.758 x 107 - 4.137 x 107 r
Silty sand 6.895 x 108 - 2.069 x 107 C
Loose sand 1.034 x 107 - 2.413 x 107 = -
Dense sand 4827 x 107 - 8.274 x 107 E
Dense sand and gravel  9.653 x 107 - 1.931 x 108 2 B
The values of Young's modulus E shown above are from Kézai and "
Mice (1975). ;‘_

TABLE 4. PARAMETERS FOR MODEL

PARAMETER DEFINITION VALUE

ho thickness of substrate 3,000 m

Po density of sediments 2,000 kg m-3
E Young's modulus (basalt) 6.5x1010 pa
v Poisson's ratio (basalt) 0.25

g acceleration of gravity 9.8ms2

principal effective stresses (after Brace and Kohlstedt, 1980). The
critical stress o to achieve buckling is given by:

EE, Ep, k
& i[ (3(1t—uz)hon )+ ( 3:1—pv§)n )] @

(see Appendix 1). The critical stress as a function of thickness of
the Grande Ronde Basalt for the wavelengths indicated in Figure
7 is shown in Figure 8 along with the maximum compressive
strength envelope of a rock with a mean density equal to that of
basalt (p = 2,900 kg m=3). At stresses above the maximum com-
pressive strength, gross fracturing in the form of reverse or thrust
faulting is favored over buckling. Thus, given the model parame-
ters, admissable wavelengths can be obtained for a range of min-
imum thicknesses of the Grande Ronde Basalt. With an E/E,, of
1,000, the minimum thickness ranges from roughly 1,400 to
2,300 m (Fig. 8), corresponding to wavelengths of roughly 15 to
24 km (Fig. 7). With an E/E of 5,000 the minimum thickness
ranges from 1,200 to 1,900 m, corresponding to wavelengths of
roughly 19 to 30 km. The expected wavelengths agree well with
those observed in the northern and southern domains and to a
lesser degree with those observed in the central domain (see Table
2). As mentioned previously, the central domain contains the
“CLEW structures” and is a zone of more intense horizontal
shortening in the fold belt (Bentley, 1982). The anomalous spac-
ing of the domain may be due to the influence of pre-basalt
structures related to the Olympic-Wallowa deformed zone
(Campbell, this volume), a topographic feature along the trend of
the CLEW extending across the Cascade Range.

1 1 1 1 1 Il 1 1 1 I I 1 1 1

200 600 1000 1400 1800 2200 2600 3000
h(m)

Figure 7. The critical wavelength of buckling A, as a function of thick-
ness A for ratios in Young’s modulus between the surface layers and
substrate E/E, = 1,000 (solid lines) and E/E, = 5,000 (dashed lines),
and thicknesses of the individual layers 7 = 200 and ¢ = 400 m.

0.5F
0.4}
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s 8
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Figure 8. The critical stress o, to achieve buckling as a function of
thickness 4 for ratios in Young’s modulus between the surface layers and
substrate E/E, = 1,000 (solid lines) and E/E, = 5,000 (dashed lines),
and thicknesses of the individual layers z = 200 and ¢ = 400 m. The
difference between the maximum horizontal and vertical stress is plotted
as a function of depth. The double-width solid line represents the maxi-
mum compressive strength of a basalt (p = 2,900 kg m~3) sequence on
the surface assuming no pore fluid pressure (dry rock). Critical stresses
that fall above this line, in the shaded zone, exceed the maximum
compressive strength of the basalt, and gross fracturing is expected over
buckling,
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DISCUSSION

Equation 5 predicts a sinusoidal deflection of the buckling
multilayer (i.e., anticlines and synclines of equal amplitude). The
narrow anticlines and broad synclines of the Yakima fold belt are
not a good approximation to a sine wave (see Anderson, 1987).
The asymmetric anticlines are characterized by a narrow crestal

hinge separating a long, straight, gently dipping limb. This geome- -

try is similar to that of a kink fold (see Anderson, 1987; Price and
Watkinson, this volume; Price, 1982).

Much of the strain manifest in the Yakima folds, excluding
displacements on associated reverse to thrust faults (see Watters,
1988), has been accomplished through cataclastic flow on layer-
internal faults (Price, 1982). Cataclastic behavior may be thought
of as a form of yielding that occurs in discrete locations where the
stress exceeds the yield strength. Yielding in this form is most
easily approximated by plastic behavior. If the basalts are as-
sumed to behave like an elastic-plastic material in finite strain,
and if the yield strength is low relative to the elastic modulus
(E/1-v2), the basalts would not be expected to bend very much
before yielding (see Johnson, 1984). With initial elastic buckling
in the form of low-amplitude folds, plastic yielding may occur in
the cores of the anticlines where bending stresses are high (see
Currie and others, 1962), propagating in the direction of the free
surface. This might serve to localize the amplification of the folds
in the areas of the anticlines, resulting in structures with narrow
crestal hinges and straight limbs. Such a mechanism would in-
volve rapid closing of the folds, and with continued horizontal
shortening, the development of reverse to thrust faulting (see
Watters, 1988). Thus, elastic buckling followed by localized
plastic yielding and the eventual development of reverse to thrust
faulting may explain the periodic spacing and fold geometry of
many of the anticlinal ridges of the Yakima fold bett.

SUMMARY

The Columbia River basalts of the western Columbia Pla-
teau have been deformed into periodically spaced anticlinal
ridges. The anticlines are narrow, asymmetric to rectangular in
cross section, and separated by broad, relatively undeformed syn-
clines. The origin of the stresses that deformed the basalts in the
Yakima fold belt is attributed to plate action in the Pacific
Northwest. The Yakima fold belt can be divided into three do-
mains on the basis of spacing and orientation of the anticlines. In
the northern domain, the eastern segments of the Umtanum
Ridge, the Saddle Mountains, and the Frenchman Hills have a
mean direction of N79.8°W and a mean spacing of 19.6 km. The
anticlines of the central domain, made up of segments of Rattle-
snake Ridge, eastern segments of the Horse Heaven Hills, Yakima
Ridge, and western segments of Umtanum Ridge and Manastash
Ridge, have a mean direction of N71°W and a mean spacing of
11.6 km. In the southern domain, Gordon Ridge, Columbia Hills,
western segments of the Horse Heaven Hills, Toppenish Ridge,
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and Ahtanum Ridge have a mean direction of N79.1°E and a
mean spacing of 27.6 km. The mean spacing across all three
domains is 20.4 km (n = 203).

A model for the basalts involving a series of thin, linear
elastic plates with frictionless contacts resting on a mechanically
weak elastic substrate of finite thickness is proposed. Many of the
observed spacings in the three domains can be explained given
the model parameters and (1) a ratio of Young’s modulus be-
tween the basalt and underlying sediments E/E, > 1,000, (2) the
average layer thickness ¢ between 200 and 400 m, and (3) a
thickness of the Grande Ronde Basalt of between 1,200 and
2,300 m when the presently observed wavelengths were
established.

The absence of anticlines and synclines of equal amplitude
predicted by the model may be the result of plastic yielding in the
form of cataclastic flow in the cores of the anticlines after the
initial elastic deflection of the basalts into low-amplitude folds (in
infinitesimal stram). Plastic yielding (in finite strain) concentrated
in the hinge area of the anticlines could (1) account for the
asymmetric fold geometry and (2) result in rapid closing of the
fold and development of reverse to thrust faulting.
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APPENDIX 1. DERIVATION OF EQUATIONS 6 AND 8.

The equation for the deflection of the plate

4 2

d
Dd_:up v
dx dx

+hkw=0 (A-1)

is satisfied by a sinusoidal deflection given by equation (5)
w = C sin(ax)

where C'is a constant and a=27/\. Substituting equation S into equation
A-1 and dividing through by C sin (27r/\)x yields

Da* - Pa*+ k=0 (A-2)
where

5 P+(P’-4Dk)*

PrOE o N

55 (A-3)



292

Since a=27/ A, equation A-3 can be written as

(2 PAP-4DK)”

A4
A 2D a4

In order for the wavelength A to be real the applied load must reach a
critical value P, defined by setting the term under the radical in equation
A-4 to zero. Thus

P = (4Dk)" (A-5)
Then equation A-4 reduces to

(A-6)
Substituting P, for P in equation A-6 the critical wavelength is given by

Ne =21 (%)VI

Substituting equation 2 where h=nt and equation 4 into equation A-7

yields
w2 [ (2E ). ( )]

The expression for the critical stress is obtained by substituting equation
2 and equation 4 into equation A-6 and replacing P, with o nt yielding

o[ G

3(1-v¥)hyn 3(1-vHn

(A-T)

Eni®
12(1-v%)p,g

h Ent®
12(1-v})E,
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