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Abstract. We solve the two-dimensional
time-dependent heat flow equation across
an idealized fracture zone boundary, which
1nc1udes the process of lateral heat con-
duction across an initially abrupt temper-
ature contrast. From this solution we can
calculate the temperature field for any
initial offset and at any sequential time.
We can use this to calculate a theoretical
free air gravity anomaly across the frac-
ture zone given an assumed density varia-
tion with temperature. Results for a 30
m.y. initial offset show that both the
amplitude and the shape of the anomaly
are significantly altered by lateral heat
conduction across the fracture zone even
during the first few million years.
Assumptions of a sharp density contrast
across fracture zones are therefore only
valid in very restricted regions close to
the ridges. We also find that the
theoretical anomaly is small in compari-
son to observations of free air gravity
anomalies. These results add significant
complications to attempts at finding
unique models for the structure of the
lithosphere from graVity anomalies across
fracture zones.

Fracture zones in océan basins form a
unique asymmetrical contact between
separate sections of the same lithospher-
ic plate, which can have substantially
different agesaand thermal structures.
Recently, sevéral authors have suggested
using the gravity anomaly across fracture
zones as a means of measuring changes in
the density structure associated with the
cooling of an oceanic plate [Le Pichon
et al., 1973; Sibuet et al., 1974; Dorman,
1975]. The edge effect produced by such
a sharp discontinuity can reduce the non-
uniqueness inherent in modeling the den-
sity distribution, which is an especially
difficult problem in the interpretation
of long-wavelength features such as mid-
ocean ridges. However, all of these
studies have neglected the effect of heat
flowing laterally across the fracture
zone, which tends to spread out the tran-
sition between the two thermal regimes.
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In. this report we summarize some early
results of our theoretical investigation
into this process and point out possible
difficulties in simple approaches to the
direct modeling or inversion of the
gravity data. We find that the gravita-
tional edge effect associated with deep
thermal structure may be small in compar-
ison with that caused by shallow crustal
differences, which might include topo-
graphic and structural variations; that
the wavelength of the anomaly is greatly
increased by laterdl conduction even
during the first few million years; and
that even without lateral conduction the
analysis of observed free air gravity
anomalies across fracture zones can only
hope to yield a poorly constrained
minimum value for the thickness of the
plate.

Figure 1 depicts the idealized geome-
try of the prgblem. Two ridge segments
(I and II) spreading with a velocity v
are offset a distance y, by an active
transform fault. A section of crust that
is formed on ridge I comes in contact
with newly forming crust on ridge I
after a time t From then on it remains
fixed in relation to this younger crust,
and heat will flow horizontally across
the fracture zone from the hotter (young-
er) to the colder side. At any point far
away from the fracture zone we assume
that the thermal history can be described
as the cooling of an infinite half space.
Near the fracture zone we combine this
vertical cooling with the lateral con-
duction of heat across the fracture zone
boundary.

Such a two-dimensional analysis cannot
adequately model the temperature .struc-
ture in the active transform portion of
the fault zone. The more complicated
boundary conditions within this region
probably necessitate an iterative numer-
ical model. 1In this paper we avoid such
difficulties by assuming that the thermal
structure of the older lithosphere at
section A-A' (Figure la) is unaffected by
having previously been in contact with
another plate. Justification for this is
based on the symmetry of the geometry
within the region of the transform fault.
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Fig. 1. (a) Schematic diagyram of a

ridge offset in plan view. The
thermal model developed in the text
pertains to the fracture zone region,

¥y1 > 0. (b) Cross section of line
A-A' in (a). T = 0 at the surface
z = 0. The functions fl(x,z) and

fo(x,2) represent the initial
temperature distribution in the two
regions (x < 0 and x > 0, respective-
ly) of the half space z > 0 when

t; = 0. The right side is at the
ridge crest and has a constant
temperature To = 1300°C; the left has
cooled vertically for t, m.y. from
this initially constant temperature.

We know that one side is younger than the
other for half of the time and older for
the other half. Thus we can assume that
the net heat flow across the entire trans-
form fault is zero. If the time history
of the heat flow is also symmetric about
the midpoint of the transform fault, the
thermal structure at A-A' will return to
an exact step discontinuity. Second-order
effects, such as frictional heating by the
two plates sliding past each other, would
affect the accuracy of this assumption
but are not treated in this paper.

In the region outside of the active
transform faults we solve the two~dimen-
sional heat flow equation,
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aZT 82T = :_L.B_T (l)
3x2 ¥ 327 T X 7t

where K is the thermal diffusivity which
is assigned a value of 1074 cm< s~! on
the basis of experimental values for
typical mantle minerals [e.g., Kanamori
et al., 1968]. The generalized solution
to (1) for a half space with any initial
temperature distribution f(x, z) and

T = 0 at the surface z = 0 is given by
T(x, z, t) = 1/4wKt [ dz'
o () (2)
S E(x', 2")P(x', =2') dx'

-00

where [Carslaw and Jaeger, 1959],

P(x', 2') = exp {-[(z - zi)2 + (x - x')2]
/4Kt} - exp {-[(z + z')2 + (x - x')2]
/4Kt}

At any later time t;(section B-B' in
Figure la) we can solve (2) for initial
temperature distributions fl(x, z), when
%X < 0 and f5(x, 2) when x > 0, as given
in Figure 1lb, and obtain the complete
temperature structure of the half space.
An example when to = 30 m.y. and t; = 10
m.y. is shown in Figure 2. 1Instead of a
step function in temperature at the frac-
ture zone, the transition spreads out
over several tens of kilometers. The
temperature at any depth vertically below
the fracture zone is an average of the two
temperatures at infinity for that same

depth. The difference between this model
and a one-dimensional model which con-
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Fig. 2. Isotherms as a function of
depth and distance from the fracture
zone for t, = 30 m.y. and t; = 10
m.y. The right side represents the
older lithosphere. Lateral conduc~
tion of heat across the fracture
zone has diffused an initially sharp
thermal contrast at the fracture
zone into one that is spread out
over 70 km.
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Fig. 3. The difference for one side of

the fracture zone between the temper-
ature field in Figure 2 and one with
similar ages which allows only
vertical heat conduction. The
temperature difference on the other
(younger) side of the fracture zone
is identical but of opposite sign.
Temperature changes of 100°C extend
nearly 20 km from the fracture zone
and to a depth of 70 km.

siders only vertical conduction is shown
in Figure 3. After 10 m.y. the horizontal
conduction of heat alters the temperature
field as far as 70 km from the fault and
increases the temperature by more than
100°C within a substantial area of the old
lithosphere.

To estimate the influence of the
lateral conduction of heat on the gravita-
tional edge effect, we construct a two-
dimensional structural model in which the
densities are controlled by the tempera-
ture field. The assumption of two
dimensionality is a good approximation if
the spreading rate is fast enough to
sufficiently spread out the variation in
density with age along the strike of the
fault. We assume a constant density
Po(z) at the ridge crest, where the
temperature is independent of depth
(PTe = 1300°C) and then calculate the
density for any other temperature T(x, z)
from the equation,

p(x, 2) = py(2){1 + alTy - T(x, 2z)1}  (3)
where 0 is the coefficient of thermal
expansion. Temperatures were calculated
ona 2 km x 2 km grid, and therefore an
average density could be calculated for
each 2 x 2 km? region. As the litho-
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sphere cools and contracts, density
increases are isostatically cobmpensated
by increasing the depth of the water
layer, at the expense of mantle material,
so that each vertical column from the
water surface to the bottom of the half
space (i.e., where T(x, z) = To) has
equal mass. The water depth is a func-
tion of temperature structure (which
depends on the age) and the value chosen
for o, Esing a value for o of 3.0 x
105 ec™ yields a depth versus age
relationship which matches the observed
bathymetric data of Sclater et al. [1971],
at least up to 50 m.y., where the finite
thickness of the plate becomes important.

At the ridge crest the initial struc-
tural model has a water depth of 2.8 km
and two layers representing the crust
and the upper mantlg. The first layer,
with P, = 2.8 g cm °, has a thickness_of
6 km; the second, with p, = 3.3 g cm™3,
includes the remainder og the half space,
As the lithosphere cools with age, the
thickness of layer 1 remains constant,
but the water depth and mantle densities
increase. Theoretical free air gravity
anomalies are calculated for this two-
dimensional structure by using formulae
for horizontal and vertical sheets given
by Talwani [1973]. These formulae are
approximations that become inaccurate
when the depth of the sheet becomes less
than its cross-sectional dimensions. 1In
our case, anomalies produced by the upper-
most portions of our half space are cal-
culated to within 1% by these formulae.
Calculations of the gravity anomaly
across ,a fracture zone with a 30-m.y.
initial offset are shown in Figure 4 for
several sequential times (t; = 0, 5, 10,
and 20 m.y.). We chose a 30-m.y. offset
in order to compare our results with
those of Sibuet et al. [1974] for the
Mendocino fracture zone.

There are two major points that these
curves emphasize. The first is that the
amplitude of the anhomaly is small, even
before horizontal conduction takes place,
and that such conduction will decrease
it still further at later times. The
maximum peak-to-peak difference for a
30-m.y. offset is 58 mGal when t, = 0.
After 5 m.y. the amplitude difference
(21 mGal) is about half of what it would
be without horizontal conduction (40
mGal), and after 20 m.y., no significant
anomaly remains. These anomalies are
small in comparison with observations
such as those of Cochran [1973] in the
equatorial Atlantic or Sibuet et al.
[1974] across the Mendocino fault, where
one often sees values several times as
large. The observations must therefore
include more than this edge effect.
Indeed, in some cases refraction and
reflection studies show large variations
in crustal structure and accumulations
of sediment within the fracture zone in
addition to large topographic fluctua-
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Fig. 4. Computed free air gravity anomalies across an isostatically
compensated fracture zone for cases of both one- and two-dimensional
conduction. The initial offset to of the fracture zone is 30 m.y.
Graphs represent curves for tj; equal to 0, 5, 10, and 20 m.y. By
5 m.y. the shape of the anomaly is significantly different when heat
is conducted laterally across the fracture zone. By 20 m.y. there
is only a very small anomaly remaining. The anomaly is arbitrarily
set to zero at the fracture 2zone.

tions. This creates the possibility inversion techniques which employ the

that the edge effect could be completely
dominated by shallow heterogeneities. To
remove the crustal effects, either very
complete seismic reflection and refrac-
tion results must be available, or many
profiles from a wide variety of locations
must be used to average out these shallow
complications. Also, any observational
program should be concentrated near the
ridge crest, where the anomaly will not
yet have decayed.

The second point is that the horizon-
tal conduction of heat alters the fre-
quency spectra of the gravity anomaly.

As can be seen in Figure 4, the spreading
out of the thermal transition zone between
the two lithosphere sections removes the
high-frequency part of the signal from
the anomaly. The long-wavelength anomaly
remaining would normally be interpreted

as being produced by a deep-seated
density contrast with a sharp transition,
rather than by relatively shallow struc-
ture with a diffuse transition. Thus

Fourier transform of the gravity field,
such as that developed by Dorman [1975],
would produce density models with con-
trasts consistently deeper than those
actually producing the anomaly. Either

a correction must be made for the diffu-
sion of the temperature transition, or
only measurements very close to the ridge
crest should be used. The curves in
Figure 4 show that there is a significant
change in the sharpness of the anomaly
even after only 5 m.y.

The inversion technique of Dorman
[1975] describes the shape of the thermal
transition zone as a Heaviside unit step
function. Part of the process of finding
the effect on the gravity field of a
density contrast associated with the
change in temperature involves con-
volving this step function with the
gravity field of an infinitely long wire.
The inversion technique can be approxi-
mately corrected for the diffusion of
the thermal transition zone by replacing
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the step function with a function of the
form of

h(x, t) = erfc [-x/2(kt)1/2]
(4)
where

x
erfc (x) =1 - 2/(MY/2  exp (~y?) dy

o
The function h(x, t) is a description of
the form of the temperature field in an
infinite solid with an initial step in
temperature at x = 0, t = 0 [Carslaw and
Jaeger, 1959]. After convolving with
this altered description of the
transition, inversion can proceed as
before.

Sibuet et al. [1975] in their analysis
of the free air anomaly across the Mendo-
cino fracture zone have avoided the
problem of thermal diffusion by placing
greatest emphasis on their profile
closest to the ridge (t; = 0.3 m.y.).
They attempt to place constraints on the
thickness of the lithospheric plate by
finding the value in the thermal model of
Sclater and Francheteau [1970] that
produces a best fit to the gravity anom-
aly. The problem with this method is
that the effect of varying the thickness
of the plate is very small in comparison
with the total anomaly across the frac-
ture zone. For instance, their results
show a 10-mGal difference between a 75-
and a 100-km-thick lithosphere, while the
total peak-to-peak anomaly is 150 mGal.
Figure 5 shows a similar result when we
compare the gravity anomaly produced by
our half space model (for ty = 30 m.y.
and t] = 0 m.y.) to that produced from
thermal models of Sclater and Francheteau

[1970] for plate thicknesses of 50 and
100 km. One can also see that the
thinner the plate is, the greater is the
effect of a small perturbation in thick-
ness. Unless the plate is about 50 km
thick or less, such an analysis can only
yield a minimum value for the thickness
of the lithosphere.

The two important parameters to be
considered are the plate thickness and
the difference in ages across the frac-
ture zone. The thicker the plate, the
greater must be the age offset for the
size of the anomaly to be semnsitive to
the bottom of the plate. If the litho-
sphere is approximately 100 km thick, our
results show that the offset across the
fracture zone must be larger than 30 m.y.
to produce a 15-mGal difference when the
thickness is changed by 25 km.

These difficulties still do not negate
the possible importance of a more com-
Plete analysis of transform fault and
fracture zone regions. But care must be
taken to consider both the theoretical
and the observational limitations to any
particular method of analysis. The work
presented in this paper considers the
qguantitative effects on the gravitational
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Fig. 5. Computed free air gravity anom-

alies across a fracture zone with a
30-m.y. offset. Curves are calcula-
ted for a half space model (same as
in Figure 4) and the lithospheric
plate model of Sclater and
Francheteau [1970] with thicknesses
of 50 and 100 km. The difference of
5 mGal between results for a half
space and a 100-km-thick lithosphere
is too small to be easily observable.

edge effect anomaly of both thermal
diffusion and age differential across the
fracture zone boundary. Our results show
that these should be considered when
structural models are constructed from
observed gravity anomalies across fracture
zones.
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