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Abstract. Spreading ridge-transfonm geometries will remain stable
so long as accretion IS symmetric. Asymmetric accretion, how-
ever, will cause lengthening or shortening of transforms aad, in
extreme cases, may result in zero-offset transforms (ZOTs) and
very-long-offset transforms (VLOTSs) such as the Ninetyeast and
Chagos transforms. We use a simple kinematic model to examine
the efiects of various parameters on the evolution of zero-offset
transforms and very-long-offset transforms. Starling with the
transform length spectrum found along the Mid-Atlantic Ridge
distributed in 2 randomly determined ridge-transform configura-
tion, we ailow for asymmetric accretion along ridge segments, as-
suming that individual ridge segments act independently. We
analyze the effects of initial configuration, depree of asymmetry,
and degree of bias in asymmetry on the generation of very-long-
offset and zero-offset transforms. Finally, we examine the effect
of these parameters on the possible steady-state nature of the
transform length spectra. This model predicts that zero-ofiset
transforms can be generated with a minimum of asymmetry, and
that bias in asymsmetry and initial ridge-transform-ridge configu-
ration have no effect on generation of ZOTs. Similarly, random
variations in spreading asymmetry have difficulty generating sig-
pificant increases in transform length, so VLOTs may be mani-
festations of dynamic processes. Of the parameters tested, only
fack of ‘memory’ of zero-offset transforms has any effect on
transform leagth distribution, and therefore, the transform length
spectrum remains steady-state i ZOTs have some degree of
memory.

1. Introduction

As increasingly detailed bathymetric and magnetic
data become available, our view of the ridge-trans-
form-ridge system of spreading centers becomes more
and more complex (Fox and Gallo, 1984). The sim-
plest possible geometry for an cceanic spreading cen-
ter, symmetric and orthogonally spreading ridge
segments offset by transform faults (Wilson, 1965),
will not change as a function of time, since the length
of the transform faults remains constant. Comparison
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of present and past ridge geometries, however, shows
that the geometry of oceanic ridge-transform systems
can change significantly with time. The most dramatic

cases are ones in which entire spreading centers be-
came extinct and were replaced by new ones, as has
occurred along various sections of the East Pacific
Rise (Menard et al., 1964; Herron, 1972; Mammer-
ickx et al., 1980).

Even in cases like the Mid-Atlantic Ridge, where no
major segments have been abandoned, such that the
overall geometry has remained relatively constant, in-
dividual segments have undergone changes in geome-
try. Figure 1 (Brozena, 1986} shows magnetic
anomalies along a portion of the southern Mid-
Atlantic Ridge. The changes in the distance between
corresponding pairs of anomalies on either side of
transform offsets demonstrate that the length of
transforms has varied with time. In some cases the
lengths increased, and in others they decreased. In the
latter situation, the transform offset sometimes seems
to have shrunk to essentially zero (on the scale ob-
servable with these data) and then increased again.
Transform A', for example shrinks to zero offset be-
tween anomaly 5b and 4 times (15Ma and 7 Ma,
respectively), remains at zero offset until anomaly 3’
(6 Ma), at which time it develops a small left-lateral
offset, Tt then shrinks to zero again at anomaly 2 time
(2 Ma), finally developing into a right-lateral offset at
present. Such cases, in which transforms of initially
discernible offset have shrunk to zero offset, are dis-
cussed by Schouten and White (1980). The reverse
process, in which transforms grow to very long
offsets, has been proposed for the Chagos (Fisher et
al., 1971) and Ninetyeast {Sclater and Fisher, 1974)
Transforms in the Indian Ocean. We refer to such
long transforms, which bave increased their length
significantly, as *“VLOTSs".
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Fig. }. The southern Mid-Atlantic Ridge {heavy line) and magnetic anomalies. Transform A’ reaches zero offset at anomaly 4 and 4’ time,
and again at anomaly 2 and 2’ time. Offset along A" is 15 km at anomaly 5b, 10 km at anomaly 3, and 20 krm at present. 35% asymmetry in
spreading is required to reach zero-offset (after Brozena, 1986).

For such transform length changes to have oc-
curred, lithosphere must have been accreted asymmet-
rically about the ridge axis. In theory, this process
could occur in several ways (Menard, 1984). Individ-
ual ridge segments can spread asymmetrically (Dick-
son et al, 1968; Weissel and Hayes, 1971, 1974;
Johnson et al., 1972; Macdonald, 1977; Macdonald
and Luyendyk, 1977; Stein et al, 1977) such that
material is preferentially accreted at the ridge axis
itself (Sleep and Rosendahl, 1979). Alternatively,
lithosphere can be formed on one plate and trans-
ferred to another by several possible mechanisms in-
cluding rift propagation (Hey, 1977; Hey et af., 1980;
Hey and Wilson, 1982; Johnson et al., 1983; Wilson et
al., 1984; Searle and Hey, 1983; Hey et af, 1986;
Miller and Hey, 1986; Acton ef ol., 1987), microplate
formation (Menard, 1978, Mammerickx et al., 1980;
Rea and Dixon, 1983; Engeln and Stein, 1984;
Tamaki and Larson, 1987; Engeln er al, 1987), or
discrete ridge jumps (Shih and Molnar, 1975;

Winterer, 1976). The different modes of asymmetric
accretion can be discriminated, when the dimensions
of the area being transferred is large enough. In a case
like that shown in Figure 1, however, it is difficult to
do so.

In this paper we use simple numerical models of
ridge-transform peometries to explore the question of
whether zero-offset and very long offset (i.e. ones
which have undergone large length changes) trans-
forms can be regarded as having been formed purely
by the random perturbations in the spreading process.
If this is not the case, zero-offset and very long offset
transforms may result from a dynamical process
different from those normally operating. We begin
with the observed present day transform length spec-
trum, since the distribution of transform and ridge
crest lengths has recently been compiled (Abbott,
1986; Sandwell, 1986), and simulate the changes ex-
pected with time. In addition to simulating the forma-
tion of zero-offset and very long offset transforms,
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these experiments lead naturally to the question of
whether the observed present day spectrum is a steady
state one. This is suggested by the observation that
the present Mid-Atlantic Ridge retains the shape of
the continental breakup from the opening of the
Atlantic

2. The Model

Figure 2 shows the model we are exploring. We as-
sume that individual ridge segments spread indepen-
dently with a fixed full spreading rate (30 mm yr~='),
and treat the half~rates on each segment as a random
function of three variables. The first two are parame-
ters for a Gaussian distribution of half spreading
rates: the standard deviation (¢ in Figure 2} represent-
ing the fraction or degree of asymmetry, and the mean
(u) representing a possible bias in the sense of asym-
metry. The bias parameter represents the possibility
that over extended ridge lengths different segments
may show a strong preferred sense of asymmetry, as
often observed (Stein et al., 1977; Vogt er al , 1582).
The third parameter measures the memory, the prob-
ability of renewed motion, for transforms in a zero-
offset state. Large values (50-100%) correspend to
Schouten and White (1980) and Schouten and Klit-
gord’s (1982) proposal that zero-offset transforms
(ZOT) will later be reactivated. Small memory values
correspond to the alernative (K. Macdonald, pers.
comm.) that any transform which goes to zero-offset
will not be reactivated, but may remain as one of the
complex local features on the ridge, such as an over-
lapping spreading center or other type of small non-
overlapping offset (Batiza and Margolis, 1986;
Langmuir et al., 1986). For our modeling purposes, a
20T is simply a very smail offset relative to the scales
used; and given the minor deviations from axial kin-
earity that appear to persist, (Schouten and White,
1980) this modeling limitation {s not a serious ome.
Throughout this model, it is assumed that there is no
nucleation of new offsets; that is, the only possible
locations of transforms are the original transform
sites. Examples of the effects of these parameters are
shown in Figure 3.

Starting with a sample initial configuration (Figure
3a), the results of three models are given in Figures
3b-3d. Strong asymmetry in spreading leads to rela-
tively large variations in transform lengths (compare
transforms ‘C' and ‘D in b and d with ‘C’ and ‘D" in
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Fig. 2. Parameters for simple ridge-transform evolution model.
Vo, is the jotal (full) spreading rate, iaken as constant along the
spreading ridge. ¥ is the velocity of the right-hand side, deter-
mined from the asymmetric spreading fraction, f, as shown [, in
turn, is determined from P(S), & Gaussian distribution centered
about , with standard deviation, o.
Top: The size of the asymmetric spreading Iraction (and therefore,
the depree of asymmetry) is controlled by the standard deviation
{o) of the Gaussian distribution of fractional asymmetry in half
spreading rates ¢ varies from 0.05 10 §.25.
Center: Asymmeltry bias: mean {u) of Gaussian distribution, repre-
senting possible preferred sense of asymmetry. Moderate bias
(=0 1) case is shown. Models were run for ¢ =00 (no bias),
p=01, and p =02 {strong bias).
Bottom: Memory, the probability of renewed motion, for trans-
forms once in a zero-offset state. Large memories favor renewed
motion small values correspond to zero-offset transforms not
reactivating

c). In Figure 3d the right-hand side of the ridge obvi-
ously spreads comsistently slower than the left-hand
side, reflecting a high degree of bias. The effect of
memory can be seen by comparing b with ¢ and d:
for the no-memory case (b), once transforms go to
zero-offset, they remain at zero-offset throughout
the model (transforms ‘A’ and ‘C’ in b), while for
total memory cases transforms that go to zero-offset
do not tend to remain at zero-offset (*A’, 'C’, and ‘D’
in d).
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Fig 3. Portion of three of the final configurations corresponding to boxed region of an initial configuration (a), after 25 one-million year

time steps and using an average half-rate of 15 mm yr=!. Note effects of different values of the three parameters, {(b) No memory: preserves

largest number of zerg-offset transforms (ZOTs remain at zero-offset such as transforms ‘A" and ‘C"). (¢} Weak (¢ = 0.05) asymmelry and

bias {4 = 0.0): Anomaly pattern is symmetric about ridge, transforms remain a1 relatively constant length. (d) Strong (¢ = 0.25) asymmetry

and bias (u = 0.2): Anomalies are wider west of ridge, transform lengths vary greatly, ZOTs form easily, but do not persist {(transforms ‘A’,
‘C', and ‘D, for example).

In this study, two different groups of experiments
were run: the first to test for generation of zero-offset
transforms, and the second to test for generation of
very-long-offset transforms. The ZOT experiments
were run for four degrees of asymmetry (o = (.05,
0.10, 0.15, and 0.20), three degrees of bias in asymme-
try (none, moderate, and very strong, corresponding
tou=00,0.1, and 0.2), and three degrees of memory
(0, 50, 100%). Additionally, ten different initial ridge-
transform configurations (lettered a-j) were used.
Each configuration consists of 26 ridge segments and
the 25 transforms connecting them. Each was ran-
domly generated such that the transform length distri-
bution was the same as that of the Mid-Atlantic
Ridge, as determined by Abbott (1986). Six had ran-
dom sense of offset, while four had uniform sense of
offset (either all right-lateral or all left-lateral). A total
of 324 trials were run, each with 25 opne million year
time sieps. For the VLOT experiments the effects of

asymmetry, bias, and memory were tested using five
of the initial configurations used in the 20T experi-
ments. The effects of asymmetry (up to 25%) and bias
(for the extremes of u =00 and 0.2) were further
tested using all ten initial configurations.

Such a model attempts to describe the kinematics of
the system in an average, overall sense rather than the
dynamics of an individual spreading cell. Despite its
simplicity, it is a natural way to approach the com-
plexity of the spreading system, so long as segmenis
can be regarded as acting independently, Such an ap-
proach has been used by Schouten and Klitgord
(1982); a conceptually similar model in which spread-
ing rates are used as independent random variables is
used by Batiza and Margolis (1986). Such models
should be useful for a wide range of possible dynamic
behavior of the mdge axis; they omly require that
at some scale the spreading behavior of segments be
independent of adjacent ones, so that their time



A KINEMATIC MODEL OF RIDGE-TRANSFORM GEOMETRY EVOLUTION 185

histories can differ, with some segments spreading
more rapidly with time than others. This is a natural
consequence of models in which spreading occurs by
local magmatic pulses, as suggested by studies of
overlapping spreading centers (Sempere and Mac-
donald, 1986), small non-overlapping offsets
(SNOOs) of the ridge axis (Batiza and Margolis,
1986), and rapid along-axis petrological variations
(Langmuir ef al, 1986). In our model we used the
approximation that the average full spreading rate
over a time was constant; however, this could, of
course, also be varied within limits. Although in ours,
or any numerical simulation, the results are predic-
tions of a particular model, we feel that they offer
some useful insights that are hard to derive otherwise.
This approach is in some ways conceptually similar to
the numerical models used to simulate faulting pro-
cesses {Dieterich, 1974).

3. Results

3.1. ZERO-OFFSET TRANSFORMS

The results of the ZOT experiments are summarized
in Figure 4. For each parameter, the number of ZOTs
(given as a percentage of the total number of trans-
forms) is plotted as a function of time. The number of
zero-ofisets generated by each of the 324 runs was
calculated at each of the 25 time steps, and then added
together to get a total number of ZOTs per time siep
as a function of time. This number was then broken
down as a function of starting assumption for each of
the four kinematic factors being tested.

As expected, the initial configuration had no signifi-
cant effect { Figure 4a). The uniform offset configura-
tions (heavy lines) are not found to bunch together,
but rather are found at the high, low, and intermedi-
ate regions of the plot. No individual configuration
differs significantly from average.

The presence or absence of bias (Figure 4c) had no
effect on the number of zero-offsets produced. Al-
though at first glance surprising, this is to be expected.
In a ridge-transform-ridge system, if both ridge seg-
ments experience the same bias, i e. both spread faster
towards the west, the configuration, and hence trans-
form length, remains the same. If the sense of bias
differs, however, such that one segment spreads faster
to the east while the other spread faster to the west,
then the length of the transform will change with time.

Also as expected, the fraction of zero-offsets pro-
duced increased with the degree of asymmetry (Figure
4b) and decreased with amount of memory (Figure
4d). Of interest is that ZOTs are generated even for
the smallest asymmetry (5%). Also, the number of
Z0Ts seems to reach steady-state for the 50% and
100% memory cases relatively soon in the model. It is
expected that for the 0% memory case the percent of
ZOTs will approach 100% with time.

3.2. VERY-LONG OFFSET TRANSFORMS

The results of the VL.OT experiments are summarized
in Figure 5. Figure 5a shows percentage of transforms
as a function of percent growth for tramsforms ini-~
tially 4 km (short dashes) to 256 km (long dashes)
long. Only the short transforms experienced any sig-
nificant growth, reaching up to four times their initial
length. While the longer transforms may have had
similar absolute growth (~ 20km), their percent
growth rarely reached 100%. As in the case of the
zero-offset transforms, variations in bias and initial
configuration had no effect on the range of growth of
transforms {Figures 5b and 5c, shown for initial
length of 4 km). While transform memory affects the
length distribution, it has no apparent effect on maxi-
mum growth of transforms (Figure 5d). The tall spike
for the zero memory case is a result of the large num-
ber of zero-offsets generated by this model. The only
factor tested that affected the maximum growth was
the degree of asymmetry (Figure 5¢). The curve for
20% asymmetry (long dashes) reflects both the in-
crease in maximum growth, and the generation of
more zero-offsets, The 5% curve appears to approxi-
mate a Gaussian distribution about 0% growth.

The numerical model suggests that it is difficult to
obtain substantial growth of initially long transforms
for any combination of kinematic factors. If our
model is at all appropriate, the development of long
transforms into Ninetyeast- or Chagos-style trans-
forms may require a dynamical origin beyond the ran-
dom fluctuation of the spreading process. Peirce
(1978), for example, suggests that large ridge jumps
were agsociated with the evolution of the Ninetyeast
transform. Alternatively, 2 major change in plate ge-
ometry, such as subdivision or suturing of plates, for
example, may result in a major transform length
change. This has been proposed for the Ninetyeast,
Chagos, and Romanche transforms (ID. Abbott, pers.
comm.)-
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Fig 4. Percentage of zerc-offset trensforms as a function of time for different faciors. The graphs show total number of ZOTs at each time
step. The peneral increase in number of ZOTs with time is due to the zero memory case (a) Initial configuration (Models a—i)
Uniform-ofiset initial configurations (heavy lines, models a—f) behave no differently than random offset configurations (models g-i). (b)
Asymmetry. As expected, the largest number of ZOTs is pencrated by the strongest asymmetry case (¢ = 0.20). Note, however, that even
the weakest case (=0 05) produces ZOTs. (c) Bias. The three different cases (none, moderate, and strong; represented by u =0, 0.1, and
0 2 curves, respectively) have no effect on generation of ZOTs. (d} Memory. The no memory (0%) case should asymptotically approach
100% ZOTs as time increases. The partial (50%) and total (100%) cases apparently reach a steady-staie percentage of ZOTs.

3.3, TRANSFORM LENGTH SPECTRUM

The predictions of the model can be summarized by
examining the change in transform length spectrum
between initial and final configuration as a function of
kinematic factors. Figure 6 shows the basic result; the
observed Atlantic transform length spectrum does not
change significantly except for the case when trans-
form memory is small. The three spectra for the differ-
ent bias cases are all virtnally identical to the initial

distribution (Figure 6a). The small departures pro-
duced in the asymmetry expernments {Figure 6b)
reflect a combination of high asymmetry and no
memory, as only the zero-memory case {Figure 6¢)
results in a change in length spectrum. In other words,
unless transforms which evolve to zero-offset tend to
remain so, the observed Atlantic transform spectrum
is steady state. In the absence of a mechanism prefer-
entially driving transforms to longer offsets, or keep-
ing them at zero (memory), the random variations
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in transform length will not change the transform
spectrum.

4, Discussion

Another fook at Figure 3 shows that the ridge-trans-
form geometry varies with time in a fashion similar to
that observed along the Mid-Atlantic Ridge (Figure
1; Brozena, 1986). Although individual transforms

change length, the overall configuration and trans-
form length spectrum do not seem to change signifi-
cantly. More specifically, while the shorter transforms
(ie. A’ in Figure 1, A in Figure 3) may go to zero-
offset or even reverse their sense of offset, the length
of the longer transforms does not change significantly
{transform B in Figures 1 and 3, for example). Thus,
the model parameters which predict a steady state
transform length spectrum seem appropriate, al-
though a detailed analysis of transform length spectra
at past times would be needed to prove this. Since the
steady state length spectrum requires some degree of
transform memory, these simulations favor the idea
that some process or combination of processes
provide it. The model cannot, of course, indicate
physically how this occurs: possibilities include the
persistence of independent spreading systems even
once the offset is quite small, or simply the combina-
tion of spatially limited magmatic pulses and the in-
herent weakness of the fracture zone associated with a
ZOT.

We feel that the simple numerical model offers
some useful insights. We thus regard it as an initial
model, for which more sophisticated extensions may
be justified. One possibility would be to examine the
effect of other initial length spectra, using those for
the other ocean basins, initially to see if they are also
in steady state. Similarly, it would be interesting to see
whether other initial spectra will evolve into spectra
like those presently observed, and whether differences
in the spectra, like those observed in different oceans,
can result from the factors considered here. If not,
perhaps spreading rate dependent parameters, such as
different characteristic times for different kinematic
factors, can result in differences between oceans.

An important further test invelves transform mem-
ory. This model suggests that there must be at least
some memory at zero-offset transforms. It does not
allow, however, for generation of new transforms
along ridge segments. Obviously, if new transforms
are generaied at the same rate as old onss go to zero-
offset, the number of finite-offset transforms could
remain constant, even with no transform memory. A
second test would be to allow memory to decrease
with time, so that if a transform happens to remain at
zero-offset for any length of time, the chance of it
jengthening again would decrease. This may be the
case if each nidge segment has its own magma cham-
ber. The longer the ridge segments remain aligned,
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the more the two separate chambers may consolidate
into one, thus effectively eliminating any trace of the
transform,

A feature not included in the present model is that
the variation in transform lengths will cause a varia-
tion in ridge segment lengths, as transforms go to
zero-offset. It would be interesting to incorporate this
effect in later models, since the available data show a
clear spreading rate dependence of ridge crest lengths
{ Abbott, 1986) which has been interpreted as reflect-
ing ridge dynamics (Schouten ef al, 1983). If this
interpretation is correct, the numerical experiment
would explore whether the spreading rate dependence
of ridge segment length, though ultimately of dy-
namic origin, may be accomplished through the kine-
matics of the spreading process.

Another feature that might usefully be incorpo-
rated is the generation of spready obliquity by these
processes. We regarded each segment as independent
and allowed asymmetric but not oblique spreading.
Since the along-axis spreading variations we treated
could change the ridge axis trend from the normal to
the spreading direction, oblique spreading and hence
interesting changes in spreading geometry (Menard,
1984) might easily result.

5. Summary

The major prediction from this model is that rela-
tively small changes in ridpe-transform geometries are
to be expected from minor random variations to nor-
mal symmetric spreading processes, but large changes
require some alternative processes. Therefore, such
features as zero-offset transforms and short trans-
forms that change their sense of offset are not directly
indicative of dynamic forces, although the ability of
segments to spread independently ultimately reflects
the spreading process. In contrast, the growth of very-
long offset transforms, or any transforms thal un-
dergo large changes in length, should not be expected
from random variations. A consequence of this pre-
diction is that overall transform length distribution
for a ridge system should remain essentially steady
state in the absence of transform memory or effects
tendinp to significantly increase transform length.
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