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Nonuniform contraction of the oceanic lithosphere as it cools and thickens following its formation at
the axis of a spreading center results in a complex three-dimensional state of deviatoric stress which can
be separated into two parts: a thermal bending stress due to changes in the vertical temperature
distribution and a thermal contraction stress due to lateral variations in the vertically averaged temper-
ature. We examine thermal contraction stresses due to temperature changes in a thin, semi-infinite
rectangular plate bounded by the spreading center axis. Two stress-free boundaries, representing trans-
forms or fracture zones, define the plate width or ridge segment length L. With the bottom of the elastic
plate defined by a prescribed temperature, the plate thickens as the square root of age, as expected for a
thermal boundary layer due to vertical conductive cooling. Above this prescribed temperature, elastic
stresses are assumed to relax quickly. Stresses are obtained by properly accounting for the rate of
accumulation of the vertically averaged stress as initially stress-free material is added to bottom of the
cooling, thickening plate. The state of thermal contraction stress calculated from this model is
characterized by large tensile stresses at the boundaries of the plate and relatively low stresses in the plate
interior. At the ridge axis, ridge-parallel tensile stresses are about 300 MPa, the same as if the plate were
not allowed to contract in this direction. Along the transform boundary, the maximum transform-
parallel tensile stress occurs at a distance L/2 from the ridge-transform intersection, where its magnitude
is comparable to the stress at the ridge axis. The tangential stresses at the plate boundary decrease
rapidly with distance from the boundary; at a distance of L/4 from the ridge axis the ridge axis parallel
stresses are one tenth of their ridge axis magnitude. The stress magnitudes are independent of both
spreading rate and ridge segment length. A large transform-parallel tensile stress may control the length
of transform offsets. Thermal bending moments are influenced by the large thermal contraction stresses
near the ridge axis. However, a short distance from the ridge these moments attain their free horizontal
contraction values which previous studies have shown to cause observable bending of the plate and a
geoid anomaly at fracture zones. Flexure due to thermal bending moments will concentrate bending
stresses at a distance from the fracture zone determined by the flexural length of the plate, thus providing

a natural length scale controlling the spacing of transforms.

INTRODUCTION

Contraction of cooling oceanic lithosphere has important
implications for our understanding of the seafloor spreading
process and the tectonic evolution of oceanic lithosphere.
While vertical thermal contraction is expressed in the subsi-
dence of seafloor with age, horizontal thermal contraction can
produce large stresses. Thermal stresses that are as large as
theoretical models predict will contribute significantly to the
state of intraplate stress in the oceanic lithosphere. The exis-
tence of large thermal stresses is indicated both by studies of
intraplate seismicity [Bergman and Solomon, 1984; Wiens and
Stein, 1984; Bratt et al., 1985] and by geoid anomalies at
fracture zones [Parmentier and Haxby, 1986]. These stresses
may have a variety of important consequences. For example,
thermal stresses may strongly influence the degree to which
intraplate stresses reflect plate driving forces [Sykes and Shar,
1974; Richardson et al., 1979; Wiens and Stein, 1983]. The
contribution of thermal stress to geoid anomalies at fracture
zones may affect measurements of the change in geoid height
across fracture zones and the geoid height-age relationship
and mantle thermal structure that have been inferred in this
way [Crough, 1979; Detrick, 1981; Sandwell and Schubert,
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1982; Cazanave et al., 1983]. A good understanding of the
form of the geoid anomaly is also needed for properly identify-
ing fracture zones and for plate motion reconstructions based
on fracture zone traces identified from geoid anomalies
[Haxby et al., 1985]. Lister [1986] has suggested that thermal
stresses may be an important factor in magmatic and hy-
drothermal processes. More generally, thermal stresses may
play an important role in intraplate tectonics. For example,
Turcotte and Oxburgh [1973] have suggested that thermal
stress may explain the formation of island and seamount
chains. At plate boundaries, thermal stresses may in some way
be responsible for the formation of transform faults and frac-
ture zones (FZs) along mid-ocean ridges [Collette, 1974; Tur-
cotte, 1974 ; Sandwell, 1986].

Thermal stresses can be conveniently separated into two
parts, the first due to changes in the temperature variation
with depth and the second due to changes in the vertically
averaged temperature. We will refer to these two contributions
as thermal bending stresses and thermal contraction stresses,
respectively. In a recent study [Parmentier and Haxby, 1986]
we examined thermal bending stresses in thickening, cooling
oceanic lithosphere. Flexure of the oceanic lithosphere at frac-
ture zones should occur in response to these bending stresses,
and the resulting seafloor topography should produce visible
geoid anomalies. We showed that bending of the lithosphere
by thermal stresses can explain important characteristics of
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Fig. 1. Simple example showing thermal stresses in an elastic
plate due to nonuniform cooling. The stresses can be separated into
two additive parts. The thermal contraction stresses represent the
thickness-averaged stress in the plate. The thermal bending stresses,
representing the stress variation over the thickness of the plate, intro-
duce a moment M that will tend to bend the plate. If the plate were
not horizontally constrained and so free to contract, the thermal
contraction stress would vanish, but the thermal bending stresses,
representing only the differential contraction between the top and
bottom of the plate, would remain unchanged.

the observed geoid anomaly at FZs. A geoid high that occurs
persistently on the old side of FZs, discussed later, can be
explained by flexure due to thermal bending stresses. This
geoid anomaly may provide direct evidence for the magnitude
and depth distribution of thermal stresses in the oceanic litho-
sphere.

The simple example shown in Figure 1 illustrates the dis-
tinction between thermal contraction and thermal bending
stresses. Consider an initially unstressed clastic plate that is
constrained at its ends so that it cannot contract horizontally.
If the plate is cooled nonunilormly over its thickness, a hori-
zontal thermal stress will develop that is proportional to the
amount of cooling at a given depth. In general, the total hori-
zontal thermal stress can be separated into two parts, the
thermal contraction stresses and the thermal bending stresses.
The thermal contraction stresses are simply the depth-
averaged stresses in the plate and, by definition, are uniform
with depth. The variation of stress with depth is reflected in
the thermal bending stresses which exert a moment M, about
the center plane of the plate. If the plate were not constrained
and thus free to contract horizontally, the thermal contraction
stresses would vanish. The remaining thermal bending stresses
due to differential cooling with depth would bend the plate. In
a perfectly elastic material the total state of stress can be
simply represented as the additive superposition of the ther-
mal contraction and thermal bending stresses. In this case the
thermal contraction stresses would not affect the thermal
bending moment.

Thermal stresses in the oceanic lithosphere must differ from
this simple example in two important respects. First, assuming
that elastic stress relaxes rapidly above a prescribed temper-
ature that defines the bottom of a brittle-elastic plate, thermal
stress accumulates progressively as the plate cools and thick-
ens by the addition of unstressed material at its base. Second,
the accumulating thermal stresses beecome large enough that
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the plate fails by faulting. Thermal stress distributions for the
limiting cases of free horizontal contraction and no horizontal
contraction are shown in Figure 2, taken from Parmentier and
Haxby [1986]. The maximum stresses are limited by brittle
failure of the plate along the dashed failure envelopes shown.
The distinctly different distribution of stresses in the two cases
results in a large difference in the thermal bending moments
[see Parmentier and Haxby, 1986, Figure 2]. In the free con-
traction case the vertically averaged thermal stress, or thermal
contraction stress, vanishes. In the no-horizontal contraction
case, as considered by Turcotte [1974], the thermal contrac-
tion stress does not vanish, and the corresponding thermal
bending moment is much smaller than in the free contraction
case. For a plate in which thermal stresses accumulate pro-
gressively as the plate thickens and which undergoes brittle
failure, the magnitude of the thermal bending moment is
strongly affected by the thermal contraction stresses.

In this study we examine thermal contraction stresses in the
oceanic lithosphere by considering the problem of an elastic
plate that thickens with age or distance from an accreting
plate boundary. In addition to assessing the effect of thermal
contraction stresses on the thermal bending moment, it is im-
portant to consider these stresses to understand the complete
state of thermal stress in the oceanic lithosphere and its possi-
ble implications for intraplate seismicity, structures observed
on the seafloor, and the mechanism(s) responsible for the for-
mation of FZs.

THEORETICAL FORMULATION

We consider the simple problem of a plate of finite width L
that thickens with distance from a spreading center (x = 0), as
shown in Figure 3. In the x direction, perpendicular to the
spreading center, the plate is taken to be infinitely long.
Normal and shear stresses are assumed to vanish along the
edges of the plate at y = +L/2 and at x = 0. We assume that
rock behaves as an elastic material for temperatures below a
prescribed temperature T;, but that above this temperature,
elastic stresses relax instantaneously. The plate thickens as the
square root of age or distance [rom the spreading center, as
would be predicted by vertical conductive cooling and which
is consistent with the observed seafloor depth-age relationship
for young oceanic lithosphere. In this case the temperature
distribution is given by T(x,z) = T, erf (z/2(xx/U)"?), and the
thickness of the plate becomes h = 2A(kx/U)Y2, where
erl (A) = T;/T,x is the thermal diffusivity, and U is the half-
spreading rate.

In a material with coefficient of linear thermal expansion a,
a uniform temperature change 6T would produce a strain «éT
in each of any three orthogonal directions and a volume
change of 3a6T. However, in a body of material that cools
nonuniformly, differences in thermal volume change between
adjacent material elements will cause thermal stresses. These
stresses must satisfy the equilibrium equations, and the re-
sulting strains must satisfy the strain compatibility conditions
[cf. Timoshenko and Goodier, 1970]. With suitably prescribed
stress or displacement boundary conditions the thermal stress
field within an elastic body can be calculated by solving simul-
taneously the constituitive equations, the equilibrium equa-
tions, and the compatibility conditions. In the present problem
this would lead to a complicated three-dimensional stress field
within the plate.
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Fig. 2. Thermal stress distribution with depth in a brittle-elastic plate that progressively accumulate as the plate
thickens [from Parmentier and Haxby, 1986]. The bottom of the brittle-clastic plate is defined by a prescribed temperature
at which material begins to accumulate elastic stress on cooling. Brittle failure by faulting, shown by the dashed failure
envelopes, limits the maximum stress that can accumulate. Stress distributions for three plate thickness are shown for the
limiting cases of no horizontal contraction (left) and free horizontal contraction (right).

To simplify the calculation of thermal stresses, we consider
a plate that is thin compared to its lateral dimensions and that
thickens slowly with distance from the spreading center. In
this case, approximately free contraction of the plate can
occur in the vertical direction so that the vertical normal
stress o,, as well as the shear stresses o,, and o,,, associated
with x and y variations of the vertical normal stress, are small.
The strains ¢,, and e,, are independent of z, which is equiva-
lent to neglecting bending of the plate. Calculating the thermal
contraction stresses thus reduces to the two-dimensional prob-
lem of solving for the variation of the vertically averaged
stress components in the x and y directions.

Fig. 3. Notation and coordinate system for the analysis of thermal
contraction stresses in an elastic lithosphere that thickens with age.

As in our earlier treatment of thermal bending stresses, it is
important to recognize that material added to the bottom of
the elastic lithosphere in an increment of thickening is initially
free of elastic stress and that elastic stress in material pre-
viously added to the thickening lithosphere accumulates pro-
gressively as the material cools. With the approximations de-
scribed above, the incremental accumulation of stresses within
a thickening, cooling plate can be calculated by considering
the incremental stresses in a vertical slice of the plate parallel
to the spreading center as it moves from a distance x to
x + 6x from the spreading center. Using the constituitive
equation for an elastic material with Young’s modulus E,
Poisson’s ratio v, and coefficient of linear expansion o« [cf.
Timoshenko and Goodier, 1970], the incremental strain is given
by

de,, = (ON,, — voN,, + 6N )/Eh

de,, = (ON,, — voN,, + SN)/Eh 1)
de,, = (1 + v)oN,,/Eh

where

ON,; = n,.jéx = J‘éa,j dz

ON; = npdx = Ea IéT dz

the integrations extending over the thickness of the plate from
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z=0 to h. The thickness integrated stresses N, represent
forces per unit horizontal distance acting on vertical planes
within the plate. To clearly distinguish them from stresses, we
refer to these thickness integrated stresses as forces.

The incremental forces n,; and the incremental strains de,;
must satisfy the equilibrium equations and compatibility
equation, respectively,

on,./0x + én, /oy =0
on, /0x + on, [y =0
0*(de,)/0y* + 0%(de,,)/0x* — 20%(de,,)/0xdy = O 3)

(2a)
(2b)

Combining equations (1), (2), and (3) and introducing an Airy
stress function gives a single differential equation for the in-
cremental stress function f :

VZ(BV2S) — (1 + vX@*B/ox? 8%f/dy* + 8°B/oy* d°f/ox?
— 2 0°B/oxdy 0°f/oxdy) = —V(Bny)  (4)
where § = 1/h and

np=oaE J@T/ax dz

the integral extending over the thickness of the plate. The
incremental forces are obtained from derivatives of the stress
function n,, = 0%/0y*, n,, = 8%/ox?, and n,, = —0%f/9xdy.
On boundaries where the normal and shear forces vanish, the
corresponding stress increments must also vanish. These con-
ditions are satisfied by making f and its normal derivative
vanish along each edge of the plate. The stress within the plate
is the accumulation of stress increments up to that age or
distance from the ridge axis. Therefore, after solving for the
incremental force field the stresses are obtained by integrating
the incremental forces in the x direction and dividing the re-
sulting thickness integrated stresses by the layer thickness

a,j=N,j/h=[Jnij dx]/h (5)

where the integration extends from x = 0 and the accumulated
forces on this boundary vanish. Sandwell [1986] has also re-
cently considered thermal contraction stresses in cooling
oceanic lithosphere. Our treatment differs in that we explicitly
treat stress accumulation and the effect of plate thickness vari-
ations.

The boundary value problem defined above is nondimen-
sionalized by choosing a suitable characteristic length and
stress. The plate width L, the only fixed length in the problem,
is chosen as the characteristic length. Inserting the temper-
ature and layer thickness distribution given above into equa-
tion (4) and nondimensionalizing the stress function by L2,
where the characteristic stress ¢ = «ET,[1 — exp(~—A4?)]/
2472, gives

xX3V23(x " V2V2) — 3(1 + v)/4 x'29%f Joy? = 2 6)

Note that this equation, written in terms of nondimensional
variables, contains no parameters that depend on o, L, or U.
The characteristic stress ¢ is simply the ridge parallel tensional
stress that would occur throughout a plate in which the
boundary conditions permit no contraction parallel to the
ridge axis. For o = 1073 °C™ !, E = 100 GPa, T, = 700°C, and
T,, = 1200°C, this stress will have a magnitude of about 300
MPa (3 kbar).
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The solution to equation (6) may be evaluated analytically
in two limiting cases. In the region near the ridge axis, x
« 1/2, |yl < 1/2, where the nondimensional coordinate system
is defined such that the transform boundaries are at y = +1/2,
the boundary conditions demand that the y derivatives of f
vanish. In this region, equation (6) reduces to

X302 [x~"V2n, J/ox* = 2 0

which is the differential equation that describes the state of
stress in a cooling plate that is not allowed to contract hori-
zontally in the ridge-parallel direction. As the ridge axis is
approached along a flow line, the state of stress approaches
uniaxial tension: for y < 1/2 and as x approaches zero, a,, the
ridge-parallel stress, asymptotically approaches the value o
above, and o, vanishes. At large distances from the ridge axis,
x >» 1/2, the asymptotic solution to equation (6), obtained by
expanding f in an even polynomial in y and retaining the
lowest-order 1/x terms in each polynomial coefficient, is given
by

f=x"52{y*12 — y?/24 + 1/192 + O(1/x)} )

indicating that ridge-axis-parallel stresses decay much more
rapidly with distance from the ridge than ridge-perpendicular
stresses.

Equation (6) is solved using finite difference methods. Par-
tial derivatives appearing in this equation are approximated
by central finite difference derivatives leading to a system of
algebraic equations consisting of one equation for each grid
point. The solution of this system which satisfies the boundary
conditions given above is obtained by a simple successive
overrelaxation procedure. The accuracy of the finite difference
solutions is determined by the spacing of grid points. We have
employed uniformly spaced grid points with 89 grid points
along the ridge axis between y =0 and 1/2 and 180 grid
points in the spreading direction. At large values of x we used
the analytic solution valid for x >» 1/2, discussed above, as a
boundary condition. Except for a small region near the corner
of the plate representing the ridge-transform intersection, solu-
tions for the stresses should be accurate to within a few per-
cent. Near the corner the vanishing thickening of the plate
near the ridge axis results in a discontinuity in the ridge-axis-
parallel stresses that is smeared out over several grid points.
The following results are calculated for v = 0.25.

RESULTS

The stress components o;, resulting from the finite difference
solution of equation (6) are shown in Figure 4. The magnitude
of the three tensor components referred to the x and y direc-
tions and normalized by the characteristic stress o, given
above, are shown in each figure. One important and immedi-
ate conclusion is that the magnitudes of the stress components
shown in Figure 4 do not depend on the spreading rate or the
ridge segment length. Furthermore, the variation of stresses
with distance from the ridge scales directly with the ridge
segment length but is independent of the spreading rate. This
conclusion follows directly from the nondimensionalization
described above. If the ridge-axis-parallel stress increased with
the plate width, or the ridge segment length, it could be
argued that a plate wider than some critical length would fail,
forming a new [racture zone. However, since the stress is inde-
pendent of the plate width, it is difficult to understand how the
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Fig. 4. Distribution of thermal contraction stresses in a plate that thickens away from a ridge axis. On each diagram,
the ridge axis is on the left, and the bottom corresponds to the center of the plate about which the stress field is symmetric.
The top of each diagram corresponds to the stress-free edge of the plate that we refer to as the FZ in this simple model.
Stress magnitudes are represented as multiples of the chracteristic stress o (discussed in text) which is expected to have

magnitude of about 300 MPa (3 kbar).

ridge-parallel tensile stress alone can control the spacing of
FZs.

The stress field, expressed as components parallel and per-
pendicular to the ridge axis, predicted by our model, is shown
in Figure 4. The orientation and magnitude of the principal
stresses and the maximum shear stress directions are shown in
Figure 5. As shown in Figure 4, tensile, ridge-parallel thermal
contraction stresses occur along the ridge axis, as would be
expected. The largest value, which occurs near the center of
the ridge segment at the ridge axis, is equal to the stress o that

would occur with no ridge axis-parallel contraction. Because
the plate is very thin and cools very rapidly near the ridge
axis, ridge axis-parallel horizontal contraction is prevented by
its mechanical coupling to the thicker, more slowly cooling
plate farther from the axis. Our numerical solutions attain this
expected value within a few percent. However, large ridge-
parallel tensile stresses occur only near the ridge axis. This
stress component decreases'to one tenth of its largest ridge
axis value in a distance of only about L/4, and the plate
interior is characterized by relatively small compressional
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Fig. 5. Magnitudes and directions of the principal stresses and the maximum shear stress for the same arrangement of
plate boundaries as in Figure 4. Stress magnitudes are again represented as multiples of the characteristic stress ¢

(discussed in the text).

stresses perpendicular to the ridge axis. Relatively large
transform-parallel tensional stresses occur along the sides of
the plate. The transform-parallel tensional stresses that our
model predict attain a maximum value of about 1.25¢. This
stress is greater than the ridge-axis-parallel stresses at the
ridge axis and persists to a distance from the ridge of several
ridge segment lengths. The maximum tensile stress occurs at a
distance of about L/2 from the ridge. It is interesting to specu-
late that these stresses may help to control the length of trans-
forms and that the high stress region may be a preferred site
for ridge jumps or propagation.

Although the prediction of tensile ridge-axis-parallel stresses
in our model is similar to that of Sandwell [1986], the results
differ in several important respects. In our results, because the
ridge-axis-parallel stress remains finite and the plate thickness
vanishes, the ridge-axis-parallel force N,  vanishes near the
ridge axis. Sandwell [1986] imposed a vanishing ridge-axis-
parallel force at the ridge axis, but his solution results in a
finite shear force on the ridge axis contrary to the stated
boundary condition of vanishing shear force there. His results
also show transform-parallel compression along the transform
edge of the plate in contrast to the tensional stresses in our
model.

Thermal bending moments that develop in the presence of
thermal contraction stresses are shown in Figure 6, and exam-
ples of the depth distribution of stresses that generate these
moments are shown in Figure 7. As in our earlier study, these
stress distributions result from the progressive accumulation
of stress in a thickening plate that is not allowed to bend. The
moments calculated from these stress distributions can then be
viewed as loading which will bend the plate and accordingly
modify the stress distributions. In the absence of bending, the
maximum thermal stress exceeds the thermal contraction or
vertically averaged stress. The maximum thermal bending
stress is always comparable to or greater than the character-
istic stress o, even in regions of the plate where thermal con-
traction stresses are near zero. The moment of the ridge-
parallel stresses will produce bending about an axis perpen-
dicular to the ridge. Near the FZ and throughout the plate
interior at distances greater L/2 from the ridge axis, the bend-
ing moment due to ridge-parallel stresses is essentially identi-
cal to the bending moment for free horizontal contraction.
However, in the plate interior near the ridge axis the bending
moment is less than the free contraction stresses would pre-
dict. This indicates that the results of our previous study,
which assumed free contraction throughout the plate, would
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Fig. 6. Distribution of bending moments due to ridge-parallel stresses with depth distributions like those shown in
Figure 7. Moments are represented as the indicated multiples of the moment «ET h%/24(1 — v) for the free horizontal
contraction stress distribution in a perfectly elastic plate [see Parmentier and Haxby, 1986]. Positive and negative mo-
ments cause concave downward and concave upward bending of the plate, respectively.

Fig. 7. Depth distributions of ridge-parallel normal stresses in a
perfectly elastic plate along the FZ boundary, (top) x = L/2 and
(bottom) along the center of the plate x = 0. In each diagram, distri-
butions of stress are shown at six equally spaced distances from the
ridge axis extending to a maximum distance of one ridge segment
length y = L. In each case the stress vanishes at the bottom of elastic
plate. Stress magnitudes are represented as multiples of the character-
istic stress o given in the text.

be affected only if the transform were much shorter than the
ridge segment length and suggests a transform length depen-
dence not included in our earlier thermal bending model. A
two-dimensional formulation of the flexural model will be re-
quired to examine this effect. However, in the vicinity of a
transform and throughout the plate interior at distance from
the ridge axis greater than about one half of the ridge segment
length, the thermal bending moments are well approximated
by their free contraction values.

DIsCUSSION

It is important to discuss several simplifications and as-
sumptions in the model described above. First, in our calcula-
tion of thermal contraction stresses we have considered only a
perfectly elastic plate. As illustrated by the simple limiting
cases of free horizontal contraction and no horizontal contrac-
tion, shown in Figure 2, thermal stresses are expected to be
large enough to cause brittle failure of the lithosphere, particu-
larly at shallow depths beneath the seafloor. Failure therefore
reduces the effective elastic lithosphere thickness. The general
effect of failure will be to reduce the thermal contraction
stresses, particularly the large ridge-axis-parallel tensile stress
that occurs near the ridge axis. This has also been pointed out
by Sandwell [1986]. Since the stresses within the plate away
from the ridge axis reflect a combination of local cooling and
stresses transmitted away from the region near the plate
boundary, thermal contraction stresses will be reduced not
only near the ridge axis but also throughout the plate. Thus
the effect of thermal contraction stresses in reducing the ther-
mal bending moment from its free contraction value will be
less pronounced than indicated by the results in Figure 7.

Thermal stresses in the vicinity of the ridge axis will also
depend on features of the thermal and mechanical structure of
the ridge that we have not attempted to include in the present
study. We have considered only the idealized thermal model
in which the thermal boundary layer and plate thickness
vanish at the ridge axis. However, several thermal models
[Sleep, 1975; Reid and Jackson, 1981 ; Morton and Sleep, 1985;
Phipps Morgan et al., 1987] show that the thermal boundary
layer and therefore a strong plate will have a finite thickness
at the ridge axis. Observations of seismicity along ridge axes
indicate that microearthquakes can occur at depths as great as
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8-10 km on a slow spreading ridge like the mid-Atlantic Ridge
[Toomey et al., 1985].

If the plate were created with a finite thickness at the ridge
axis, the ridge-axis-parallel stress would vanish since elastic
stress could not accumulate instantaneously. In the present
model, finite stress at the ridge axis is a consequence of the
very rapid thickening of the plate. The plate at a ridge axis
must form by the solidification and cooling of material mag-
matically emplaced on or very near the ridge axis. This cool-
ing and solidification process will lead to the development of
thermal stresses and perhaps bending of the plate. The along-
axis deepening of ridges toward FZs and other ridge axis
discontinuities has been attributed to the localization of
magma emplacement near the center of a ridge segment [ Fran-
cheteau and Ballard, 1983; Whitehead et al., 1984; Crane,
1985] or by horizontal pressure gradients associated with vis-
cous mantle flow at the ridge axis [Parmentier and Forsyth,
1985]. Thermal bending stresses at the ridge axis may also
contribute to this along axis topography. While the nodal
deep at ridge-transform intersections can be attributed in part
to thinner crust, along the slow spreading Mid-Atlantic Ridge,
deepening extends over the whole length of a ridge segment.
There is no evidence that crustal thickness variations are re-
sponsible for this long 50- to 100-km wavelength deepening.
The seismic data which do exist suggest that pronounced
crustal thickness variations occur primarily within about 10
km of a FZ. Gravity and topography profiles across the Rio
Grande FZ complex [Gamboa and Rabinowitz, 1981, Figure
2], for example, show that the observed topography cannot be
isostatically compensated at depths of 6-8 km. Bending of the
plate by thermal bending stresses may contribute to the ridge-
transform intersection deep and associated topographic high
that occurs in the ridge-transform corner [Fox and Gallo,
1984; Kuo et al., 1984].

The present model as well as our earlier plate bending
model assumes that a transform can be treated as a boundary
across which there is no vertical or horizontal mechanical
coupling of plates. The degree to which fault distributions and
orientations are influenced by thermal stresses can provide a
possible constraint on the mechanical coupling of plates
across a transform. Fault scarps observed on the seafloor are
generally oriented along the axis of the mid-ocean ridge reflec-
ting plate extension associated with the spreading process [cf.
Macdonald, 1982]. However, oblique or curving faults are ob-
served near ridge-transform intersections [Fox and Gallo,
1984; Macdonald et al., 1986] where normal faults on the
transform side of the ridge axis curve away from the axis.
These fault orientations near ridge-transform intersections
may be explained by shear stresses on the transform [Lonsda-
le, 1977; Fujita and Sleep, 1978; Fox and Gallo, 1984 ; Castillo
and Macdonald, 1984; Phipps Morgan and Parmentier, 1984;
K. Crane and K. Fujita, unpublished manuscript, 1987]. The
thermal contraction stresses shown in Figure 5 do not explain
the observed fault patterns. As shown in Figure 5, the least
compressive stresses near the corner representing the ridge-
transform intersection are oblique to the ridge axis, but the
calculated orientation would predict normal faults that extend
radially from the ridge-transform corner, in contrast to the
observed distribution. The normal stresses in the corner region
are also relatively small, decreasing rapidly with distance from
both the ridge axis and transform boundaries of the plate. If,
alternatively, the plate were not free to contract at the trans-
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Fig. 8. General form of the seafloor topography predicted by
thermal bending stresses. Bending of the plate by thermal stresses
accumulates as the plate ages and thickens. The transform is assumed
to be a free edge across which the plates are mechanically decoupled.

form boundary, the large ridge-axis-parallel tensional stress
would extend off the axis into the corner region. These ridge-
parallel stresses would surely be large enough to cause faulting
in the plate but would not explain the observed change in
fault orientation approaching a ridge-transform intersection.
The observed pattern of faulting is thus consistent with the
assumption that free horizontal contraction of the plates can
occur across the transform. Both Collette [1974] and Sandwell
[1986] have suggested that separation of plates along the
transform may explain the presence of a FZ valley.

Assuming that adjacent plates are mechanically decoupled
across a transform, thermal bending moments will cause flex-
ure of the plate adjacent to this free edge. The general form of
the thermal bending stress supported topography predicted
previously [Parmentier and Haxby, 1986] is shown in Figure
8. Flexure accumulates as the plate cools and thickens with
age along the transform. Assuming that plates are welded to-
gether along the inactive part of the FZ and that the plates
thicken as the squareroot of age, no additional flexure of the
plates occur along this part of the FZ. The topography that
has accumulated along the transform remains frozen-in along
the inactive part of the FZ. The resulting topography has the
form of a topographic low immediately adjacent to the FZ
and a broader topographic high on the old side. Seafloor to-
pography of this form is, in fact, observed adjacent to FZs. A
topography profile across the Udintsev FZ in the Antarctic
plate and a nearby Seasat geoid profile are shown in Figure 9.
There is a clearly defined asymmetric topographic low and a
broader topographic swell on the old side of the FZ. The
general form of the geoid anomaly corresponds well to this
topography. Geoid and topography profiles across the Men-
docino FZ, shown in Figure 10, also show a positive geoid
anomaly as well as a topographic high on the old side of the
FZ. Preliminary analysis of the geoid and topography indi-
cates that this seafloor topography cannot be isostatically
compensated at crustal thickness depths. Topography iso-
statically compensated by crustal thickness variations at a
depth of 6 km would produce a geoid anomaly of about 35 cm
per kilometer of seafloor topography [Haxby and Turcotte,
1978]. An approximately 500-m-high swell would produce a
geoid high of only 17 cm, in contrast to the 50-cm or more
high that is observed. Our previous study [Parmentier and
Haxby, 1986] has shown that the observed geoid anomaly is
well explained by uncompensated topography due to flexure
by thermal bending moments.

An important objective of our studies of thermal stress is to
understand mechanisms leading to the formation of FZs. Sev-
eral studies cited earlier have hypothesized that FZs form in
response to thermal contraction stresses. However, we have
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Bathymetry and Geoid Profiles
across the Udintsev Fracture Zone
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Fig. 9. Topography along a shiptrack crossing the Udintsev FZ
at 135°W along with a nearby Seasat profile [ Parmentier and Haxby,
1986, Figure 12a]. The shiptrack is projected normal to the FZ. The
young side is on the left, and the prominent trough in the center of
the profile is the FZ. Note the good correspondence between the
topography and the Seasat geoid profile.

recognized several examples of FZs which may be related to
thermal bending stresses. One example is shown in Figure 9,
where a small offset FZ occurs on the outer edge of the swell
that we attribute to thermal bending. An even clearer example,
shown in Figure 10, is the relationship between the Pioneer
and Mendocino FZs: the Pioneer FZ again occurs on the
outer edge of a swell on the old side of the larger offset Men-
docino FZ. A possible explanation for this relationship is
shown in Figure 11. Adjacent to a FZ where the plate is flexed
concave downward, thermal bending stresses are relieved by
the flexure. However, in the adjacent concave upward region,
which must be present if the plate remains continuous, ther-
mal bending stresses are enhanced by flexure. While thermal
bending does not explain the development of shear offset on a
growing FZ, it is not unreasonable to expect a new FZ to
form in this highly stressed region of the plate.

CONCLUSIONS

Thermal contraction stresses, due to changes in the verti-
cally averaged temperature and thickness of the oceanic litho-
sphere, accumulate as the lithosphere thickens with distance
from a ridge axis. We have examined thermal contraction
stresses in a simple semi-infinite rectangular plate which thick-
ens as the square root of age and with free edges representing
the transform faults. At the ridge axis, where the plate is very
thin but thickening rapidly, no contraction of the plate paral-
lel to the ridge axis can occur. This leads to large ridge-axis-
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Fig. 10. Seafloor topography and geoid profiles across the Men-
docino FZ at a number of locations along the FZ. The profiles were
plotted from bathymetry and geoid data gridded at 10 arc min inter-
vals. The amplitude of a narrow feature such as the FZ trough may
be reduced by the gridding procedure, but the broader flanking high
should be less affected. Plate flexure that we attribute to thermal
bending stresses can be seen as the swell along the old (deep) side of
the FZ trough. Note that this corresponds well with the geoid high
also observed at the Clarion and Udintsev FZs [Parmentier and
Haxby, 1986]. The Pioneer FZ occurs at the outer periphery of the
thermal stress flexure. A possible explanation for the formation of a
FZ in this location is shown in Figure 11.

Thermal stress relieved

by flexure Thermal stress enhanced

by flexure

T

New fracture zone forms where
combined thermal and flexural
stresses are a maximum

Fig. 11. Schematic diagram showing the region of highly stressed
lithosphere at the outer edge of the peripheral swell adjacent to the
old side of a FZ (see Figure 8). In this region, thermal bending stresses
are not relieved by plate flexure. Based on examples discussed in the
text, we postulate that this region is a likely site for the formation of a
new fracture zone.
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parallel thermal contraction stresses that decrease rapidly with
distance from the ridge axis. Thermal contraction stresses de-
crease to one tenth of their ridge axis values in a distance from
the ridge axis of only about one fourth of the ridge segment
length, corresponding to the plate width in our simple model.
Thus our results show that large ridge-axis-parallel thermal
contraction stresses are confined to the vicinity of the ridge
axis. Thermal contraction parallel to the ridge axis also in-
duces large transform-parallel tensile stresses along the free
edges of the plate representing the transform fault. These
stresses achieve a maximum value at a distance from the ridge
axis of about one half of the plate width and persist to great
distances from the ridge axis. We suggest that these transform-
parallel stresses may have important implications for ridge
jumps or propagation and may control the length of trans-
form faults.

Thermal contraction stresses influence the magnitude of the
bending moment due to thermal bending stresses that ac-
cumulate in response to changes in the vertical temperature
distribution in the thickening plate. Thermal bending mo-
ments in a plate that undergoes free horizontal contraction are
large compared to those in a plate that does not contract
horizontally. Where thermal contraction stresses are small,
thermal bending moments achieve values corresponding to a
plate that undergoes free horizontal contraction. Strong re-
ductions of the thermal bending moment from its free contrac-
tion value will thus occur only in the immediate vicinity of the
ridge axis. Thermal bending moments with free horizontal
contraction are large enough to bend the oceanic lithosphere
and explain important, previously unrecognized features of the
geoid anomaly observed along fracture zones. In a recent
study of geoid anomalies along the Udintsev and Clarion frac-
ture zones we have shown that this geoid anomaly consists of
a geoid high on the old side of a fracture zone and a geoid low
approximately centered on the fracture zone [Parmentier and
Haxby, 1986]. These features can be clearly identified in the
geoid anomaly across many other Pacific fracture zones and
provide important information on the state of thermal stress
in the oceanic lithosphere. Bathymetric profiles across the
Udintsev and Mendocino fracture zones show seafloor topog-
raphy that corresponds well to the predicted geoid anomaly
due to thermal bending. The relative amplitudes of the topog-
raphy and geoid anomaly show that this anomaly cannot be
explained by crustal thickness variations or other mechanisms
of isostatic compensation at shallow depths beneath the sea-
floor. The geoid anomaly and bathymetry are consistent with
the uncompensated seafloor topography predicted by thermal
bending.

Thermal contraction stresses have been suggested as a
mechanism for the formation of fracture zones [Collette, 1974;
Turcotte, 1974; Sandwell, 1986]. If the ridge-axis-parallel ten-
sile thermal stresses increased with the ridge segment length,
then one could argue that a ridge segment should not be
longer than some critical length corresponding to the strength
of the plate. However, in a simple rectangular plate, ridge-
axis-parallel thermal contraction stresses at the ridge axis are
independent of the width of the plate, corresponding to the
ridge segment length in this simplified model. We suggest in-
stead that fracture zones may form in response to thermal
bending stresses. Examples of small offset {racture zones adja-
cent to larger offset fracture zones have been identified, the
clearest example being the Pioneer and Mendocino fracture
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zones. The Pioneer fracture zone occurs on the old side of the
Mendocino fracture zone in the region where thermal bending
adjacent to the Mendocino cannot relieve the thermal bending
stresses. A small offset, less well-mapped fracture zone may
occur adjacent to the Udintsev fracture zone. While it is far
from clear that all fracture zones form by this or any other
single mechanism, the flexural length of the plate provides a
natural length scale that may govern the spacing of transforms
created by thermal stresses.
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