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Investigation of spreading center evolution by joint inversion
of seafloor magnetic anomaly and tectonic fabric data
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(Received August 20, 1993; revision accepted January 22, 1994)

Abstract

Spreading center segments that have experienced a complex tectonic history including rift propagation may have
a complicated signature in bathymetric and magnetic anomaly data. To gain insight into the history of such regions,
we have developed technigues in which both the magnetic anomaly patterns and seafloor fabric trends are predicted
theoretically, and the combined predictions are compared numerically with the data to estimate best ftting
parameters for the propagation history. Fitting functions are constructed to help determine which model best
matches the digitized fabric and magnetic anomaly data. Such functions offer statistical criteria for choosing the best
fit model. We use this approach to resolve the propagation history of the Cobb Offset zlong the Juan de Fuca ridge.
In this example, the magnetic anomaly data prove mere useful in defining the geometry of the propagation events,
while the fabric, with its greater temporal resolution, is more useful for constraining the rate of propagatioa. It thus
appears that joint inversion of magnetic and seafloor fabric data can be valuable in tectonic analyses.

1. Introduction accretion between and along ridge segments [19-
221,

Considerable attention has been focused in The larger of these systems, microplates, prop-
recent years on areas along mid-ocean ridges agators and OSCs, have a discrete region of litho-
whose geometry has evolved in a manner more sphere between two overlapping ridge segments.
complex than simple ridge-transform systems. Commonly, a propagating rift segment (Fig. 1)
These regions vary in size from discrete mi- lengthens at the expense of an adjacent doomed
croplates [1-10], to propagating rifts [11-14], rift segment, which is pre-empted and eventually
overlapping spreading centers (OSCs) [15], and ceases spreading. The locus of relative motion
smaller along-axis discontinuities known variously between the two plates shifts from the doomed
as ‘saddle points’ [16], ‘devals’ [17], or ‘SNOOs’ rift to the propagating one, transferring litho-
[18]. These features can cause significant varia- sphere from one plate to the other. This process
tions in spreading geometry along-strike, which, leaves a distinctive signature in the magnetic
in turn, may reflect the dynamics of magmatic anomalies, tectonic fabric and bathymetry of the

seafloor associated with the overlap. The bound-
aries between lithosphere formed at the propa-
gating rift and the pre-existing lithosphere are
IMK] age discontinuities, called pseudofaults, which are

0012-821X /94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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oblique to both the ridge segments and the trans-
form fault connecting the rift tips. As the trans-
form fault migrates, lithosphere is transferred
from one plate to the other, so originally ridge-
parallel isochrons formed prior to the arrival of
the propagating rift tip are reoriented and be-
come oblique features.

Pseudofaults, magnetic anomalies and seafloor
fabric oblique to both the spreading direction and
ridge trend are thus primary diagnostics of propa-
gating rift systems. By assuming that the magnetic
anomalies and seafloor fabric represent isochrons,
it is possible to model the kinematics of the rift
propagation process. In the simplest case, where
the propagating and doomed rifts are parallel,
the angle, «, between the pseudofaults and the
propagating rift is related to the half-spreading
rate, u, and the propagation rate, w: a=
tan™~'(u/w). Similaily, the angle 8 between an
isochron before and after it was rotated (taken as
positive clockwise) depends on the ratio of the
two rates: B =tan”(2u/w). Thus, for a given
spreading rate, more rapid propagation gives rise
to a narrower wedge of lithosphere between the
pseudofaults and propagating ridge and to less
reorientation of the isochrons.

This simple propagation model can be general-
ized to more complex models for the evolution of
the region between the ridge segments. For ex-
ampie, in ‘dueling propagator’ systems, propaga-
tion events repeatedly alternate between two
ridge segments and each grows at the expense of
the other [22,23]. Isochrons that are caught within
these dueling ridges are reoriented on each pass
of the active spreading center (Fig. 2). Thus suc-
cessive propagation events lead t0 more oblique
orientations.

For this simple case, with three propagation
events, each occurring with a propagation rate
equal to the full spreading rate, the reoriented
fabric, pseudofaults and magnetic anomalies show
a complex pattern with five different domains.
The isochrons and magnetic anomalies in regions
A and B’ have been twice reoriented and the
pseudofaults separating the primed from the un-
primed regions have also been reoriented. There-
fore, apparent propagation rates inferred from
these orientations would be inaccurate {24].

Magnetic anomaly patterns depend on the
amount of crust transferred between plates. This
transfer produces complex and asymmetric mag-
netic anomaly patterns which depend on the
propagating ridge geometry. In particular, some
patches of crust formed during the same polarity
chron are split and separated by 1ift propagation,
making it difficult to infer their age. Such areas
are wider or narrower than coeval patterns out-
side the propagation area. As a result, it can be
difficult to estimate spreading rates from these
patterns, making determining the tectonic history
of such a region challenging.

2. The inverse problem

Due to the fact that the magnetic anomaly and
seafloor tectonic fabric provide the primary con-
straints on the rift propagation process, we can
treat modeling the evolution of such areas as an
inverse problem. We seek to find a spreading
center history that best predicts the present mag-
netic anomaly and seafloor fabric configuration.
The forward problem, predicting isochrons from
a seafloor spreading history, is conceptually
straightforward, although complicated for a com-
plex spreading history. The imverse problem is
more difficult. The isochrons available for this
purpose are interpreted from two data types:
magnetic anomalies and seafloor fabric. Each data
set has its advantages and limitations.

Magnetic anomaly lineations, the traditional
data source, provide suitable isochrons to infer
the propagation history, provided the region be-
tween the ridge segments is large enough that its
tectonic evolution requires a time period span-
ning magnetic polarity reversals. If, however, the
region is small, much of the lithosphere formed
at either ridge during the propagation history
may have formed within 2 single magnetic polaz-
ity interval. In this case no magnetic boundary
separates the lithosphere formed on the fwo
ridges, so magnetic anomalies and pseudofaulis
are difficult to identify. A further complexity is
that the relation between magnetic polarity and
age can be complicated. For a simple case in
which the ridge geometry does not change, suc-
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cessive polarity regions at increasing distance from
the ridge are easily assigned ages from the rever-
sal sequence. In a complicated case, however, the
transfer of material between plates can make it
difficult to assign an age to lithosphere of a
particular polarity.

In recent years acoustic imaging systems have
provided a second data set: seafloor lineations or
tectonic fabric [e.g., 12]. Such fabric, like mag-
netic anomaly lineations, appears to form near
the ridge axis and retain this trend as it moves
away from the ridge. We thus assume that fabric
can be generally treated as isochroms, although
there are clearly other processes that can give

PATTERN CODE FOR MAGNETIC TIMESCALE

Brunhes Normal Chiroa (073 -~ €.00 Ma} £8°30°

D Matuyama Reverse Chren (0.92 — 073 Ma)
Jaramilio Nermal Subchron (687 ~ 0 82 Ma)
D Matuyams Reverse Chron {1 67 — 097 Ma)
Olduval Normal Subchron (187 = 167 Ma)
D Matuyama Reverse Chron (2 48 — 1 87 Ma)

Gauss Nermal Chron {2.50 ~ 2 48 Ma}

Kilomelers

por 1 M o

[i] 20
Kilometers

48°00

47307

lineations that are not isochrons. The fabric dis.
fers from the magnetic lineations in that it cop.
tains no specific age inforimation, so individual
lineations cannot be matched with others, as ig
possible with magnetic data. Their advantage,
however, is that they are produced more fre-
gquently than the magnetic isochrons, which are
visible only at reversal boundaries. Hence, al-
though all lithosphere produced during the cyr-
rent magnetic polarity chron (730,000 yr) has the
same magnetic polarity, and thus no identifiable
isochrons within it, seafloor lineations are identi.
fiable within this age range. For example, the
fabric in the Cobb Offset region has a mean age

130018 128°i5° 128715
T T T 480"
Endeavour Ridgs
- 43°00"
- 477307
o 47°00°
Horthern Symmetrical Ridg'e
47°30"

L 1 !
130°18° 125°18' jz8"1s

Fiz. 3. Location of data used in this study. Upper right panel shows the location of the Cobb Offset and the magnetic anomaly data
{22). The large and small boxes represent the areas for which we modeled the magnetic anomalies and seafloor fabric, respectively.
The asterisk shows area of anomalously wide reversely magnetized lithosphere as noted by Johnson et 2l [22]. The patterns
associated with magnetic anomalies are shown in the upper left. The fower left shows a comparison of the digitized observed
seafloor fabric data (thick solid lines) with the synthetic isochrons (thin dashed lines), using the best fitting propagation rate {500
mm/yr) [after 24]. In this panel and Fig. 4 the figures are centered at 47.54°N, 129.07°W and rotated such that N22°F is toward the

top of the page.
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spacing of 141,000 4 91,300 yr (uncertainty is one
standard deviation). :

In a previous study [24], we showed that
isochrons generated for a dueling propagator
model of the Cobb Offset region of the Juan de
Fuca Ridge could be matched to seafloor fabric
data. We treated the isochrons as synthetic tec-
tonic fabric and generated such fabric for a vari-
ety of propagation rates. Numerical comparison
of the fit between the observed lineations and
models provided an objective estimate of the
propagation rate that best fit the data set as a
whole, and its associated uncertainty. Thus, we
were solving the inverse problem of finding the
propagation rate by solving the forward problem
for a range of model parameters, and finding the
best fit. This approach is common for inverse
problems like this, in which the forward problem
is not easy to invert formally.

QOur goal here is to extend this technique to a
joint inversion of magnetic anomaly and seafloor
fabric data. Because the two data types have
distinct strengths and weaknesses, each can con-
tribute differently to a joint sofution. We apply
this technique to the Cobb Offset region, building
on our previous fabric study [24].

3. The Cebb Ofiset, Juan de Fuca Ridge

The geometry of the Juan de Fuca Ridge,
separating the Pacific and Juan de Fuca plates,
has evolved through most of the Tertiary by rift
propagation [11,25-27,22,28~31]. The Cobb Off.
set, at about 47.5°N, 129°W, separates the North-
ern Symmetrical Ridge (NSR) segment from the
Endeavour segment. Currently, the two ridge seg-
ments overlap for about 30 km, and are separated
by about 30 km in the overlap region. For conve-
nience, we use the term ‘overlap’ without imply-
ing that the overlapping ridge segments spread
simultaneously.

A striking feature of the magnetic anomaly
data (Fig. 3) is the area, formed during the Brun-
hes normal chron, cornposed of two wedge-shaped
Tegions; one southward pointing on the Endeav-
our segment and one northward pointing on the
NSR segment. Hey and Wilson [27] interpreted

the wedge boundaries as pseudofauits indicating
northward rift propagation. Johnson et al {22)
inferred, from an anomalously wide zone of re-
versely magnetized crust adjacent to the Olduvai
anomaly on the Pacific side (asterisk in Fig 3),
that an earlier propagation episode occurred be-
fore that indicated by the tapered Brunhes
anomaly. They also used the locations of fresh
basalts to infer that the locus of active spreading
on the NSR trends northwesterly from the center
of the region of Brunhes normal crust. A subse-
quent Seabeam study [29] also supports this inter-
pretation. In this model the propagating NSR tip
does not bisect the wedge of Brunhes-age crust
and has no observable magnetic anoinaly signa-
ture, presumably because it started spreading only
very recently. ‘

To explain the series of propagation events,
Tohnson et al. [22] proposed a dueling propagator
model in which northward and southward propa-
gation events alternated, with only one of the
overlapping ridges active at any given time. In our
earlier study, we parameterized this model and
found that it worked well [24], we thus use this
parameterization in the present study,

4. Fzbric fitting

In studying the fabric we use the approach and
data set from our earlier study [24], consisting of
154 lineations digitized from a SeaMARC im-
agery map [32], which are described by position
and trend. The lineations were chosen because
they appear not to have been affected by extrane-
ous volcanism, such as a seamount. These fabric
elements range from 2 to 15 km in length and are
less than 0.5 km wide. An important feature of
the data is the large number of fabric elements
within the overlap region. These are oblique to
the trends of the boundaries between polarity
chrons, except where chrons are truncated by
pseudofaults. The most useful constraint on the
propagation models comes from fabric oriented
approximately NE~SW, which appear to have
been reoriented by propagation. The current po-
sitions of the ridge segments are taken from the
bathymetry [29].
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Fig. 4. Magnetic anomaly and seaflcor lineation predictions for models with propagation rates of 100 mm/yr (left), 500 mm /yr
{center), and 1000 mm /yr {right). Magnetic isochron patterns are the same as in Fig 3. Letters labeling regions in upper panels are

discussed in the text

The fabric data are compared with synthetic
isochrons predicted by the Johnson et al. [22] rift
propagation history, with minor modifications to
fit the magnetic anomaly data better [24]. We
assume the simplest possible propagator kinemat-
ics, in which spreading is instantaneously trans-
ferred from the doomed to the propagating ridge
and neither a microplate nor a shear zone forms.
We use a time step of 10,000 yr and generate
synthetic isochrons every 50,000 yr, so events of
duration of less than a few thousand years are
not visible in the models.

For this propagation history, we test the efiect
of rift propagation rates at 100 mm/yr incre-
ments between 100 and 1000 mm/yr. Propaga-
tion rates less than 100 mm/yr were excluded by
the magnetic anomaly data because insufficient

lithosphere would be formed. All of the models
fit the major bathymetric features well. Three
statistical measures: number of fabric elements
misfit, number well fit, and percentage well fit,
were used fo quantify the model fit. A fabric
element is considered well fit if the predicted
trend is within 15° of the observed trend and
misfit if the predicted trend is misaligned by
more than 30°

1t is unclear which test serves best, but ali yield
similar information. Models with rates ranging
from 400 to 800 mm/yr are indistinguishable,
whereas lower rates have clearly poorer fits. For
a reduced y? test, propagation rates from 500 to
900 mm/yr were indistinguishable at the 99%
confidence level.

Fig. 5. Use of the different fitting functions to compare predicted seafloor fabric and magnetic anomalies with the digitized data, as
a function of propagation rate. Left box in each row represents the number of data misfit, the center box represents the number of
data well fit and the right box represents the percentage of the data well fit. Top row = fits to the fabric data; second row = fits to
the magnetic anomaly data using the isochron criterion; third row = fits to the maguetic anomaly data using the polarity criterion;
fourth row = additive combination of the fabric and magnetic anomaly polarity results; fifth row = scaled combination of the fabrie
and magnetic anomaly polarity results; bottom row = weighted combination of the fabric and magnetic anomaly polarity resulis.
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5. Magnetic anomaly fitting

To complement the seafloor fabric study, we
need the magnetic anomalies in digital form to
test for agreement between the model predictions
and the observations. Previous magnetic anomaly
modeling used polarity block models to match
contoured magnetic anomaly data [22,24] and so
were not able to resolve propagation rates. We
digitized the magnetic anomaly patterns of John-
son et al. [22] on 5 km wide grid and compared
the resulting 530 data points with the predictions
from the models. These data are described by
position and either polarity or chron number.

As in the fabric study, we iterated over propa-
gation rates from 100 to 1000 mm/yr. We com-
pared the model predictions with the digitized
data using two different misfit criteria. The first,
a polarity criterion, considers data misfit when
the polarity of the predicted magnetic anomaly is
opposite to that observed. In the other criterion,
which we call an isochron criterion, data are
considered misfit if the predicted chrons and
subchrons do not match those interpreted by
Johnson et al. [22]. This second criterion is more
stringent in that it requires correct age assess-
ments for each chron. The price of this stringency
is a model dependence in interpreting chrons and
subchrons for the magnetic anomalies. This can
be difficult for regions with complicated magnetic
anomaly patterns resulting from a dueling propa-
gator history.

Magnetic anomaly predictions for three of the
models (100, 500 and 1000 mm /yr) are shown in
Fig. 4. Numerical comparison with the magnetic
anomaly data (Fig. 3) shows the fit and misfit
regions. The major misfits for the 100 mm/yr
model are the wider than observed Brunhes nor-
mal region (left region labeled A, and those la-
beled B), a thinner than observed Brunhes nor-
mal! region (right region labeled A), the Jaramillo
event in the overlap zone (C), and the Olduvai
chrons labeled D and E. The major misfits for the
500 mm /yr model oceur in 2 Brunhes-aged wedge
(F) and the thinner than observed Olduvai aged
lithosphere (). The misfits in the 1000 mm/yr
model are mainly in the same areas as the 500
mm/yr model (H and I) and in a thinner than

observed Matuyama section in the overlap zope
(.

Numerical measures of model fit are shown i
Fig. 5. For both the polarity and isochron misfits
we compute the number of points misfit, numbey
of points well fit anid percentage of points well fit.
Although the variations between the fits of the
magnetic anomaly models with different propaga-
tion rates are smaller than those for the fabrie,
the shape of the histoprams are similar. Thig
agreement is gratifying in that it shows the consis-
tency of the data sets. Hence, by digitizing the
magnetic anomalies we can numerically constrain
the propagation rate, whereas analog compar-
isons with block models could only say that thig
rate was high. Consequently, the numerical mag-
netic anomaly modeling alone constrains the rift
propagation rates, even though such modeling
has a much coarser temporal resolution than the
fabric modeling,

6. Joint fitting

Due to the fact that the magnetic anomaly and
the seafloor fabric data both contain information
about the history of the dueling propagator sys-
tem, it seemed natural to fit the two data sets
jointly. We constructed fitting functions to com-
bine the seafloor fabric fits, which have a contin-
uous quality of fit (the angle between the pre-
dicted and the observed trends), with the mag-
netic anomaly fits, which are binary in nature
(points are either well fit or misfit). Using these
definitions of well fit and misfit has the advan-
tage of permitting direct combination of the data
sets into a single fitting function, but the disad-
vantage of making it difficult to use standard
statistical techniques to estimate confidence lm-
its.

We use three fitting functions to combine Ehle
magnetic anomaly polarity and seafloor fabric
fits:

(1) Additive combination of fits, misfits and
percentages. For example:

Combined fit
= Number of fabric elements well fit
+ Number of magnetic points well fit
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(2) Scaled combination. The magnetic anomaly
data are sampled more coarsely and over a larger
scale than the fabric data. Therefore, we used a
scaling factor, based on grid size, to reduce this
bias:

Scaled combination
= 2 X ( fabric data well fit)

+§ X (magnetic data well fit)

(3) Weighted combinations. Both the fabric
and magnetic fits are divided by the total number
of points associated with each respectively:

Weighted combination

number of fabric data misfit

tatal number of fabric data

number of magnetic data misfit

total number of magnetic data

Histograms showing the number of data misfit,
and the number and percentage of data well fit
for the additive combination of the magnetic
anomaly and seafloor fabric data are presented in
the fourth row of Fig. 5. Those for the scaled
combinations are preseated in the fifth row, and
those for the weighted combinations are pre-
sented in the bottom row. The three methods
produce curves of approximately the same shape,
which is not surprising as fits to the magnetic
anomalies and the seafloor fabric individually
both show similar shapes. We feel that the simi-
larity of shape for each of the fitting functions
implies that the estimate of the propagation rate
is robust, The best fit rate in all these tests was
500-600 mm /yr.

Both the fabric and magnetic anomaly data,
and hence combinations of the two, have better
resolution for the low propagation rates than for
the higher ones. Relative to the preferred rate

Pseudofault Angle {a}
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da/dw (1072 deg—yr/mm)
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Fig. 6 Variatien of pseudofault angle and its rate of change with respect to propagation rate. The upper left panel is a plot of the
preudofault angle as a function of the ratio of the half-spreading rate to the propagation rate. The lower left panel is a plot of the
rate of change of this zngle with respect to propagation rate versus the same ratio. The right hand panels show the same respective
dependent varjables plotted against propagation rate. In 2ll cases the half-spreading rate is 29 mm/yr.
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(500600 mmm /yr) the rates that are too slow are
worse fit than those which are too high. This is
because of the way the pseudofault and reori-
ented lineation angles depend on the propagation
rate. The derivative of the pseudofault angle, «,
with respect to the propagation rate w is de/dw
= —u/(w?+u?). As shown in Fig. 6, for the
Cobb Offset half-spreading rate (u = 29 mm/yr),
the rate of change of the pseudofault angle ap-
proaches its asymptotic limit where the propaga-
tion rate exceeds 300 mm/vr, or, equivalently,
the ratio of half-spreading rate to propagation
rate is less than 0.1. Thus, in this case, even large
changes in propagation rates produce only minor
changes in the pseudofault angle. The reoriented
lineations behave stmilarly.

6. Discussion

We find that digitized magnetic anomaly and
seafloor fabric data provide consistent and com-
plementary constraints on rift propagation mod-
els. As expected, the seafloor fabric, with its finer
temporal resolution, provides a stronger com-
straint on the propagation rate. The magnetic
anomaly data also constrain the propagation rate,
but their contribution is largely to constrain the
history of the spreading rates and propagation
events. Because the latter constraints are fixed
throughout our modeling, the contribution of the
magnetic anomaly data is greater than implied by
our fitting functions.

The resulis for the Cobb Oifset support our
suggestion [24] that rates of propagation over the
past 2 Myr were rapid. Fast propagation rates
have been found in detailed studies along sec-
tions of the Fast Pacific Rise [e.g., 10,33] and it
seems likely that further detailed studies will be
able to resolve propagation rates better, particu-
larly for dueling propagator systems.

We thus feel that joint numerical fitting of
seafloor magnetic anomaly and fabric data has
the potential to be a valuable tool for studying
spreading center evolution. The results illustrate
that best fitting tectonic history models can be
derived using objective criteria, and that confi-
dence limits on key parameters can be estimated.

It should be noted that both our modeling ap-
proach, and the earlier modeling studies, implic-
itly make use of results in addition to those from
the magnetic and fabric data. The Cobb models
for example, use dredging and Seabeam resujts té
locate the propagating NSR tip, which is not
visible in the magnetic data.

The success of our simple analysis of this in.
verse problem suggests several approaches that
may make this technique more useful.

First, such a joint analysis can be used to solve
for more than the rift propagation rate alone.
Conceptually, there is no reason why both the
spreading history and propagation geometry can.
not be estimated in the same way. The fabric data
alone do not constrain the spreading rates inde-
pendently of the propagation rates and only
weakly constrain the propagation geometry. Digi-
tal fitting of the magnetic anomaly data, however.
should be quite valuable for these purposes, so
long as the propagation events span more than
one polarity chron. For the Cobb Offset, our
analysis showed that the propagation history de-
termined in the earlier magnetic studies was quite
good, and needed only minor refinement. In less
well studied situations it may be necessary to
determine more than the propagation rate alone.

Second, our technique might be improved by
more sophisticated joint fitting functions. Our
experiments with simple fitting functions find
quite robust results for the Cobb Offset. The
primary question, of course, is how to estimate
best the joint best fit of, and confidence limits
for, the magnetic and fabric models. The ‘com-
mon sense’ joint fitting functions we use ade-
quately estimate the best fit propagation rate.
They do not, however, provide confidence limits,
because the fit to the magnetic data is binary,
whereas the fabric {it is continuous.

Third, the analysis could be made easier and
more objective by working directly from digital
data rtather than from analog images. Recent
results with bathymetric and side-scan data [34}
illustrate the potential for identifying and charac-
terizing lineations directly. Similarly, it would be
desirable to work with digital magnetic anomaly
data rather than analog patterns.

Finally, other datz may also be usefu] in fur-
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ther constraining such models. For example,
propagating rift tips have been associated with
particularly strong magnetic intensities [e.g,
35,33], which could be used to constrain rift tip
locations. It may zlso be possible to include
seafloor depth data, which might discriminate
different aged blocks of the same magnetic polar-
ity that have been juxtaposed.
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