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ABSTRACT: The continental flood basalts of the Columbia Plateau, Washington State, have been deformed 
into aseries of anticlines termed theYakima Fold Belt. These periodically spaced folds may be associated with 
buckling instability of a basaltic layer overlying a sedimentary substrate. Previous calculations of critical stress 
and dominant wavelength of buckling for these rocks assumed the strength properties of intact basalt. Those 
calculations suggested that buckling required very large modulus contrasts. Here we investigate the effect of 
using a rock-mass strength criterion and a deformation modulus on simple elastic models for buckling of basalts 
at the Earth's surface. We find that buckling can be predicted for smaller, more plausible values of modulus 
contrast. Using revised parameters, the buckling model provides a reasonable explanation for periodic folding 
in these fractured basalts. 

1   INTRODUCTION 

Foldingof sequences ofbasaltic lava flows on the Co- 
lumbia Plateau, Washington State, is a plausible mecha- 
nism for forming the Yakima ridges (Reidel et al., 
1989a). Although thrust faults have nucleated in the 
cores of these anticlines (Reidel, 1984), the regular 
spacing between ridges is consistent with localization 
and dominant wavelength of folding due to buckling 
instability at or near the free surface (Watters. 1989). 

Previous investigations of folded basaltic rocks from 
the Columbia Plateau and elsewhere have assumed ei- 
ther elastic (Watters, 1989, 1991) or power-law vis- 
cous (e.g., Zuber and Aisi, 1990) rheologies for the 
rocks at the time of fold nucleation. Because these 
rocks were deformed in the shallow near-surface but 
at elevated temperatures, a variety of rheologies could 
apply. We choose to examine an elastic rheology as 
an approximation to the initial, short term material re- 
sponse. 

In order for previous elastic models to predict the 
proper ridge spacing on the Plateau {12-28 km), large 
Young's modulus contrasts (plate vs. substrate) that 
exceed 5{K) or lOOOare typically required. Thisresuh 
requires that the critical stress for buckling is less than 
the shear strength of the basaltic plate. Division of the 
strong basaltic plate into a number of thinner piates 
with frictionless contacts (Johnson, 1970) is also 
needed. The requirement of very large modulus con- 
trast has rendered elastic buckling models somewhat 
liniited in their applicability to this problem. As a re- 

sult, viscous models have been preferred over elastic 
models for predicting ridge spacing. 

Because the strength of the plate is a constraint on 
elastic buckling models, the choice of strength crite- 
rion for the strong basaltic layer is of fundamental 
importance. Previous work assumed an elastic (ba- 
saltic) plate with shear strength limited only by 
Byerlee's law (Byerlee, 1978), a single plane of weak- 
ness model of static frictional strength (Priest, 1993, 
pp. 276-285). In this paper we assume instead a rock- 
mass strength envelope based on the Hoek-Brown cri- 
terion (Hoek and Brown, 1980) and applied to basal- 
tic lava ñows by Schult2(1993, 1995). Evaluation of 
the rock-mass strength criterion for the strong plate 
demonstrates that an elastic buckling model can be ap- 
plied successfully to the stated problem. 

2   RELEVANT OBSERVATIONS OF COLUMBIA 
PLATEAU ROCKS 

The Columbia Plateau is the second largest continen- 
tal flood-basalt province in the world, covering some 
164,000 km^ in the Pacific Northwest region of the 
United States (Tolan et al., 1989). The basalts studied 
in this paper occur in central Washington State as part 
of the Columbia River Basalt Group, which is of Mi- 
oceneage(16-6 Ma; Reidel et al., 1989a). The basal- 
tic sequence has a maximum thickness of 4 km in the 
center of the province (Pasco Basin; Reidel et al., 
1989a), and is underlain by 1-7 km of Tertiary 
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volcaniclastic and fluvial sediments (Campbell, 1989) 
that may have been deposited in a series of pull-apart 
basins (Johnson, 1985; Jarchowet al., 1994). Seismic 
refraction work (Catchings and Mooney, Î988) docu- 
ments several (>5-10) low-velocity layers, interpreted 
as intercalated sediments, within the basaltic sequence. 
Thin sedimentary inierbeds in the basal sequence of 
the Columbia River Basalt Group, the Grande Ronde 
Formation, have been observed in well-log data (Reidel 
etal., 1989a). 

Basalts on the Plateau were deformed into a series 
of anticlines and synclines called the Yakima fold belt 
(Reidel, 1984). Folding occurred during extrusion of 
the basalts (Reidel et al., 1989a), as evidenced by 
ponding and thinning of layers above actively grow- 
ing folds. Many folds appear to have involved shal- 
low layers. High-angle reverse faults cut the cores of 
the folds (Reidel et al., 1989a; Jarehow et al., 1994). 
Anticlines apparently grew toward the free surface; in 
contrast, synclines are typically flat floored, implying 
that downward displacement during folding was in- 
hibited. Folds generally strike east-west {Reidel et al., 
1989b), normal to the direction of regional maximum 
horizontal principal stress (Zoback and Zoback, 1980). 

Folds in the basalts exhibit regular or periodic spac- 
ings (Bentley, 1982; Anderson et al., 1987; Watters, 
1989). Fold spacing generally ranges from 12 to 28 
km, depending on the particular domain in the Yakima 
fold belt (Watterî, 1989). Average spacing is -20 km. 
A periodic spacing implies that a deformation mecha- 
nism such as buckling instability due to unstable hori- 
zontal compression may be appropriate, A buckling 
model is also consistent with the orientations of the 
contemporary stress field in the region. 

3  METHOD 

3.1 Siress Analysis 

Buckling of the basaltic sequence is modeled by evalu- 
ating the deflection of an elastic plate at the free sur- 
face due to an in-plane horizontal end load (Blot, 1961; 
Turcotte and Schubert, 1982; McAdoo and Sandwell, 
1985). The plate rests on a substrate having finite thick- 
ness, which in tum overlies a rigid halfspace. Although 
the degree of involvement of the subjacent halfspace 
(the crust and/or lithosphère) in near-surface buckling 
can be an important influence on fold growth and spac- 
ing (Zuber and Aist, 1990), this factor is not critical to 
the present problem, in part because recent seismic 
and gravity studies show no evidence of basement in- 
volvement {Sal tus, 1993;Jarchowetal., 1994). Model 
geometry is shown schematically in Fig. I ; the critical 
stress for buckling is given by (Watters, 1991) 

Depth 

Figure 1.  Geometry of buckling model; parameters 
defined in Table 1 and text. 
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in which h, E, and V are thickness. Young's (or defor- 
mation) modulus, and Poisson's ratio of the basaltic 
plate; AQ, EQ, and po are thickness. Young's modulus, 
anddensity of the substrate, respectively; n is number 
of layers; compressive stress is positive; and g is ac- 
celeration of gravity. The dominant wavelength of 
folding is given by 

X. = 2n, Enh^ 

l4   \ 1 XPGShoi. Í I2(l-v2)pog m 

Values of these parameters are listed in Table 1, 
The shear strength of the basaltic plate is given by 

the Hoek-Brown criterion for fractured rock masses 

<^i = cr3+(m(T^(73 + íírj.^)2 (3) 

in which (T] and a^ are the greatest and least principal 
stresses at the initiation of failure, <Jc is the uncon- 
fined compressive strength of intact basalt, m and s 
are empirical parameters, and compressive stress is 
positive. We use values for these parameters appro- 
priate to basalts on the Columbia Plateau (Schultz, 
1993), as listed in Table 1. Although we recognize 
that the Hoek-Brown criterion was developed for use 
only in the shallow near-surface region and for spe- 
ciflc engineering applications, this criterion {or one 
similar to it in form) provides a better representation 
of rock-mass strength than does a simple Coulomb 
criterion. The previously used Coulomb-type crite- 
rion (Byerlee, 1978) is |i| < 0.85 a• for 3-5 <a•< 
200 MPa. That criterion was then extrapolated to the 
surface, although its validity there is doubtful. 

Buckling can occur according to the elastic model 
as long as the critical stress for buckling is lower than 
the frictional strength of the plate. Using a value of 
Young's modulus for intact basait {65 GPa), buckling 
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Table 1. Parameters for buckling model 

Definition Value 

V 

Oc 
RMR 
m 
s 
Po 
ho 
g 

Deformation modulus of fractured basaltic plate 
Poisson's ratio of plate 
Uniaxial compressive strength of intact basalt 
Rock Mass Rating of plate 
Hoek-Brown parameter 
Hoek-Brown parameter 
Substrate density 
Thickness of substrate 
Acceleration of gravity 

15-45 GPa 
0.25 

262 MPa 
45-75 

3.086-9.009 
0.0022-0.0622 

2000 kg m-3 
5000 m 

9.8 m s-2 

will not occur for thicknesses <2000 m for a contrast 
E/Ea <1000 and a number of layers n < 6. Thus the 
critical stress is lower than the Byerlee frictional 
strength only at a substantial depth and for large modu- 
lus contrasts. 

3.2 Estimates of Modulus 

The deformation modulus E* for basaltic rocks on the 
Columbia Plateau can be estimated or obtained from 
several methods, (n-situ compressive tests of jointed 
blocks of Pomona flow basalts from the Hanford site 
probably provide the best values for deformation 
modulus. E* for these 2-m by 2-m by 4.5-m long 
blocks, with 58 < RMR < 63, ranged from 10 to 40 
GPa(Department of Energy, 1988). These deforma- 
tion moduli are smaller than the Young's modulus for 
intact basalt (83.4 ± 8.3 GPa) by at least a factor of 
two. A value of Poisson's ratio for the rock or rock 
mass of 0.25 is consistent with in-situ and laboratory 
measurements, 

Bieniawski's (1989) empirical correlation of RMR 
and E* for a variety of rock types is given by 

J5* = 2 RMR - 100 RMR > 50 (4) 

with stated uncertainties of ± 18%. Applied to basal- 
tic rocks (Schultz, 1995), this relation would predict 
values of deformation modulus of J4<£* <31 GPa, 
given the values of RMR above for the jointed block 
tests. The predicted values are in reasonable agree- 
ment with the measured values, as illustrated in Fig. 
2. 

Measurements of seismic wave velocities from 
Columbia Plateau rocks provide an independent check 
on the values of E* noted above. Seismic refraction 
experiments (Jarchow et al., 1994) indicate P-wave ve- 
locities (Vp) for basalts and underlying sedimentary 
rock of approximately 5 and 3.5 km s~', respectively. 
Velocities of both rock types appear to increase some- 
what with depth. In addition, Vp for basalt at the crest 
of an anticline is -3.5 km s-', implying a reduction 

due to fold-related fracturing. Assuming a value for 
Poisson's ratio of 0.25, Vp can be converted to dynamic 
elastic modulus using standard equations (Tutuncu et 
al,, 1994; Fig. 3), Dynamic moduli Ej for basalt and 
substrate are approximately 30-60 GPa and -30 GPa, 
respectively. The dynamic modulus of the basalt is 
about twice that of the underlying sedimentary rock. 

Compressional and shear wave velocities have also 
been measured underground at the Hanford site. Away 
from the tunnel face, Vp -6.2 and 5 km s"' in vertical 
and horizontal directions, respectively; Vj -3.3 and 
2.5 km s-i (Department of Energy, 1988). These val- 
ues convert to dynamic Young's modulus and Poisson's 
ratio of -80 and 50 GPa, and -0.3 for these direc- 
tions. The basaltic rock mass has higher modulus in 
the vertical direction, parallel to column axes. The 
dynamic modulus values are comparable to values of 
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Figure 2. Comparison of measured (box) and pre- 
dicted deformation moduli from Hanford site basalt 
vs. RMR. Shaded barshows range of RMR for basalts. 
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Figure 3. Dynamic Young's modulus E, vs. compres- 
sional-wave velocity Vp showing values for basalts on 
Columbia Plateau. 

static Young's modulus for intact samples of the ba- 
salt, and are up to four times greater than deformation 
moduli for the rock mass (Department of Energy, 
1988). These re su its indicate that the dynamic moduli 
obtained above in the seismic refraction experiments 
are probably upper limits to the rock-mass strength 
for basalt or substrate. 

The sediments underlying the basalts are generally 
poorly consolidated and porous (N. Campbell, pers. 
comm,, 1989). Static moduh of uncompacted dense 
sand and gravel range from 0.1 to 0.2 GPa (Walters, 
1989). Such values could produce a high modulus 
contrast (50-200) with the basalt. Although compac- 
tion due to gravitational loading can increase the modu- 
lus (Talwani et al., 1973), this effect can be mitigated 
by pore water {Mavko and Nolen-Hoeksema, 1994) 
and variations in RMR or degree of fracturing of the 
basalts and sediments, as well as degree of lithification 
of the sediments, at the time of folding. On the other 
hand, some ambiguity exists in relating dynamic to 
static moduli (Glynn, 1987) and, perhaps, to deforma- 
tion moduli. We regard the modulus contrast of two 
as a lower limit and infer that larger contrasts may 
have been possible during the deformation. 

4  RESULTS AND DISCUSSION 

Using the lower and upper limit values of RMR for 
various basalts from the Columbia Plateau (45 < RMR 
< 75) and the associated lower and upper ranges of the 
deformation modulus (15 <£*<45 GPa), the critical 
stress and dominant wavelengüí of buckling were ex- 
plored for a range of possible deformation moduli for 

the substrate {0.1 < £^o < 0.3 GPa), thickness of basalt 
sequence, and number of layers ( see Table 1 ). Buck- 
ling of the Columbia River Basalt Group appears to 
have occurred shortly after the emplacement of the 
oldest flows, the Grande Ronde (see Reidel et al., 
1989a; Watters 1989). The thickness of the Grande 
Ronde at theYakima Fold Belt is estimated to be -2.0 
to 3.5 km (see Reidel et al., 1989c). The number of 
layers n is a critical parameter because a stack of lay- 
ers with frictionless contacLs has a lower critical stress 
for buckling than that of a single plate of the same 
cumulative thickness (eq. i). Thin, mechanically 
weak, sedimentary interbeds are present in the Grande 
Ronde basalts and probably facilitated buckling by 
reducing interface roughness. 

The critical stress for buckling was compared to 
the Hoek-Brown formulation of rock-mass strength 

250 

%" 500 1000 1500 

Basalt thickness h, m 

2000 

Figure 4. Critical stress for buckling {dashed, dotted 
curves) vs. thickness of basaltic plate for plausible 
values of RMR. Plate divided into n = 4 layers. BL, 
Byerlee's law. 
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Figure 5. Determinationof plate thickness consistent 
with observed ridge spacing for indicated modulus 
contrasts. 

to determine the range of admissible values for fold- 
ing. Unlike Byerlee's law, the rock-mass strength cri- 
terion is related implicitly to a deformation modulus. 
Because the critical stress also depends on modulus, 
the stress and strength expressions are not indepen- 
dent. 

For n = 1 and 2, buckling is only predicted for very 
thin plates (< 5 m and <30 m, respectively). At M = 3, 
buckling is limited to a relatively narrow range of pa- 
rameters. Only a multilayer with a thickness nt of 60 
to 130 m will buckle over the range of modulus con- 
trast evaluated (150 < E*IE^ < 250) for RMR = 75. 
ForRMR = 45,bucklingispredictedonly at the upper 
limit of modulus contrast {E*/En ä 150). In the case 
oin-4, the range of parameters over which buckling 
is possible is much broader (Fig. 4). At RMR = 75, 
buckling is predicted for the entire range of modulus 
contrast for n/< 400 m, and over the entire range of H( 
for E*/Eo ¿ 200. Comparing these results with those 
obtained previously using Byerlee's law as the strength 
criterion, only the highest value of modulus contrast 
is admissible for nt > 4300 m (see Fig. 4). At RMR = 
45, buckling is predicted over the full range of modu- 
lus contrast (50-150) for n;< 100 m, and over the en- 
tire range of ni for £*/£o> 100. Using only Byeriee's 
law, buckling is only permitted for nf> 15()0m{RMR 
= 45) or 5000 m (RMR = 75). For n > 4, buckling 
may occur over the entire parameter range when evalu- 
ated against the rock-mass strength criterion. 

The required contrast in (deformation) moduli be- 
tween the basaltic plate and sedimentary substrate is 
much lower Üian for previous solutions using Byerlee's 
law. However, plate thicknesses, modulus contrasts, 
and dominant wavelength of folding should all be con- 

sistent with the observations for the model to be con- 
sidered successful. As shown in Fig. 5, modulus con- 
trasts of <250 are sufficient to predict the spacing of 
ridges on the Columbia Plateau. A plate thickness of 
3000-4000 m is implied by the median ridge spacing 
of ~20 km, comparable to the observed thickness of 
the basalts. 

As noted above, use of a simple Byerlee's law cri- 
terion to represent the shear strength of the basaltic 
plate prohibits buckling of relatively thin multilayers 
(e.g., <1500 m at n = 4, < 1800 m at it = 3, and < 4000 
m at n = 2 for RMR = 45) for the range of modulus 
contrast evaluated (Fig. 4). This implies that thinner 
basalt sequences cannot buckíe. However, field obser- 
vations do not support this prediction. Secondary (or 
second-order) folds arranged in echelon sets are de- 
veloped on the flanks of some of the anticlines (Reidel 
et al., 1989a). Some of these smaller anticlines and 
synclines appear to be rooted in relatively thick sedi- 
mentary interbeds that occur in the upper section of 
the Columbia River Basalt Group and involve basalt 
sequences <500 m thick. Folding of these thinner lay- 
ers is consistent with the buckling model, assuming a 
rock-mass strength criterion for the basaltic layer. 

5  CONCLUSIONS 

We demonstrate that an elastic buckling model, in com- 
bination with a rock-mass strength criterion, can satis- 
factorily predict the spacing and occurrence of folds in 
near-surface basaltic rocks on the Columbia Plateau, 
The presence of very large modulus contrasts between 
basalt and substrate, required in previous elastic mod- 
els, may no longer be necessary when rock-mass 
strength is used instead of simple discontinuity strength. 
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