Fast rift propagation at a slow-spreading ridge

Martin C. Kleinrock  Department of Geology, Vanderbilt University, Nashville, Tennessee 37235

Brian E. Tucholke
Jian Lin

Maurice A. Tivey Massachusetts 02543

ABSTRACT

Bathymetric, magnetic, gravity, and morphologic data from the
flank of the dow-spreading Mid-Atlantic Ridge reveal obliquely ori-
ented featuresthat offset magnetic isochrons and mor phological pat-
ternswithin individual ridge segments. These features form angles of
~10°-40° with theisochronsand areinferred to result from rift propa-
gation at ratesseveral timesthespreadingrate, representing thefastest
propagatorsyet observed at a dow-spreading ridge. Thesefast propa-
gators appear to have formed asa result of tectonic extension migrat-
ing along ridge segments as the segments change from more magmatic
tolessmagmatic periods of spreading.

INTRODUCTION: RIFT PROPAGATION AT MID-OCEAN
RIDGES

Rift propagation along mid-ocean ridge spreading axes has been rec-
ognized for ~20 years(e.g., Hey, 1977). This process generally involvesthe
lengthening of one spreading segment at the expense of its neighbor asthe
offset between them migrates along the strike of the ridge with respect to
relatively fixed points on the ridge such as transform faults (Fig. 1). This
migration crestes awake of pseudofaults that are oblique to the ridge axis
and point in the direction of offset migration. By measuring the acute angle
0 between the propagating ridge and a pseudofault and knowing the half-
spreading rate v from magnetic anomalies, the propagation rate p may be
computed (V/p =tan 6).

Initia investigations of active propagating rifts (or “propagators’) were
mede at ridges spreading at intermediate rates, such as the Ga apagos spread-
ing center (e.g., Hey et ., 1980) and the Juan de FucaRidge (e.g., Hey, 1977),
where propagation rates are about equal to half-spreading rates. Fast (e.g.,
Naar and Hey, 1986) and “ ultra-fast” (e.g., Cormier and Macdonad, 1994) rift
propagetion was detected at the fast-spreading East Pacific Rise, whereratios
of propagetion to haf-spreading rate were as high as 10. Many moderate- to
fast-propagating rifts at medium- to fast-spreading ridges were observed in
Geosat satdllite dtimetry datafrom the southern oceans (e.g., PhippsMorgan
and Sandwell, 1994). Rift propagation has also been identified at the slow-
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spreading Mid-Atlantic Ridge (e.g., Brozenaand White, 1990; Carbotteet d.,
1991; Sloan and Patriat, 1992; Kleinrock et a., 1992, Sempere et ., 1995),
wherereported propagetion to half-spreading rateratiosareusualy 0.5 or less.
Here we describe the first evidence for fast rift propagation along a slow
spreading ridge, the Mid-Atlantic Ridge near 26°N, whereratiosin excessof 2
are observed. After describing the geologica setting and observations, wein-
vestigate possible causes for such fast propagation and their implications.

METHODS

We collected multibeam bathymetry (Hydrosweep), long-range side-
scan sonar imagery (HAWAII MR1 system), and gravity, magnetics, and
single-channel seismic reflection dataa ong lines spaced 4-9 km apart from
an ~200 km by 400 km area on the west flank of the Mid-Atlantic Ridge
near 26°N extending from the zero-age ridge crest to crust asold as 29 Ma
(Fig. 2). For explanation of data collection and processing and adescription
of the overall segmentation history see Tucholke et a. (1997).

Figure 2. Schematic of magnetic anomalies
(numbered lines, with crustal ages in paren-
theses), and primary segments (A-l) and their
boundary traces (heavy lines, gray where left-
stepping and dashed where weakly devel-
oped). Straight dashed west-northwest—trend-
ing line is synthetic spreading flow line. Two
well-developed oblique features discussed in
text as fast propagator traces are highlighted
by north-northwest-trending thick checkered
bands; additional north-northwest thick bands
show 10 more possible propagators inferred
from morphology plus geophysics (heavy ran-
dom dot pattern—5 examples) and from only
magnetics (lighter random dot pattern—5 ex-
amples). Dotted box near center shows area of
Figure 3. Dashed line near perimeter shows
coverage from survey and other data (after
Tucholke et al., 1997).
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Figure 3. Enlargement of data from portion of survey highlighting best
two examples of traces of fast propagators. A: Shaded relief map of
Hydrosweep bathymetry illuminated from the west. B: Magnetic iso-
chrons (from Figure 2). C: Residual gravity after removing effects of
bathymetry, constant thickness crustal layer, and ridge cooling (cf., Lin
et al., 1990); contours every 5 mgal, dot patterns for values under
10 mgal; line patterns for values over 15 mgal. Traces of inner pseudo-
fault systems (IPFS) shown by paired oblique lines. Segment bound-
aries shown as heavy ~east-west wavy lines.

OVERALL CRUSTAL SEGMENTATION

Between the Kane and Atlantis fracture zones, 18 right-stepping non-
transform offsets (“ second order” discontinuities, applying the offset order ter-
minology of Macdonald et d., 1980) offset the Mid-Atlantic Ridge (e.g., Sem-
pere et d., 1990; Smith and Cann, 1992). The eastern margin of our survey
(Fig. 2) coversfive of these offsets and the four intervening “second order”
spreading segments (gpplying the segment order terminology of Macdonald et
al., 1988) between 25°30'N and 27°10'N. Based on bathymetry, morphology,
magnetics, and gravity, Tucholkeet al. (1997) found thet the overal| pattern of
segmentationin thisareahas been mostly stable but was modified ~24-20 Ma
during amajor changein spreading direction when several ssgmentswereini-
tiated or eliminated. The second-order ridge segments have lengths of
~40-70 km and lifespans of at least ~10-20 m.y., and they are offset 0-60 km
(typically ~20-30 km) by second-order offsets that have migrated aong the
Mid-Atlantic Ridge axis at rates ~0-5 km/m.y. Thus, angle 8 between the
traces of discontinuity migration (pseudofaults) and features presumably par-
dlel totheridge at the time (i.e., crustal isochrons such as magnetic anomaly
stripes and abyssal hill lineaments) generally exceed 80°.

OBLIQUE FEATURESWITHIN SEGMENTS

In bathymetric and magnetic datafrom the survey area, weidentify anew
classof tectonic features, heretoforenot described in d ow-spreading crugt, that
cut obliquely acrossthe standard bathymetric and magnetic lineamentsat rdla
tively low anglesto theisochrons. At least 2, and perhgpsup to 12 such oblique
features, all of which have agenera northwesterly trend, can be identified in
morphology, gravity, or magnetic data. In this paper we primarily discussthe
two best examples of these obliquefeatures. They occur near long 46.3°W and
47.0°W within crust formed at second-order Segment E (Fig. 2) and contain
elongate, partialy sediment-filled basins up to ~30 km long and ~5 km wide
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that disrupt the regular abyssal hill morphology (Fig. 3A). The pattern of
abyssal hillson either Sde of thesefeaturesisdigtinet, and it isdifficult to con-
fidently correlate structures across these features. Single-channel seismic-
reflection profiles show that the basins arefilled with ~100-150 m (locally up
to 350 m) of sediment, and they show partially buried scarpsinthe ocean crust.

The oblique features are associated with ditinct kinksin the trace of
magnetic anomdies (Fig. 3B). In the 46.3°W and 47.0°W examples, pairs
of kinks produce right-stepping net offsets of ~7 km in magnetic isochrons.

Residua gravity anomalies (Fig. 3C) show the 46.3°W and 47.0°W
featuresto occur at transitionsfrom relatively low residual anomaliesinthe
west to elevated anomalies in the east, suggesting a possible causal rela-
tionship discussed further bel ow.

Each oblique feature is contained entirely within a single crustal seg-
ment and extends much of the way from the trace of the northern nontrans-
form (second order) discontinuity to the trace of the southern one. Thus, the
process that produced these features affected much of a single whole seg-
ment, but not its neighbors.

FAST PROPAGATORSIN SL OW-SPREADING CRUST

The combination of oblique morphologic disruption coincident with
offset of magnetic anomdiesis strongly suggestive of a propagating rift sys-
tem (e.g., Hey et d., 1986), and we propose this explanation for the festures
described. Assuming the propagating rift model, the right-stepping isochron
offsets and the overall northwest-trending geometry of the 46.3°W and
47.0°W featuresrequire that therifts propagated south, and that the observed
features thus represent inner pseudofault systems, each of which consists of
an inner pseudofault, transferred lithosphere, and afailed rift (Fig. 1). At
these best-devel oped examples, the angle 8 between inner pseudofault com-
plexes and crustd isochrons ranges from 20° to 40°, constraining propage-
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tion rate to half-gpreading rate (p/v) ratios as 1.2 to 2.7. For the 14 km/m.y.
half-spreading rate here, this indicates propagation rates of 17-40 km/m.y.

Thesize (~7 kmor ~0.5 m.y.) of thesefast-migrating dextral offsetsis
~20% that of the dextral offsets of the dowly migrating second-order non-
transform discontinuities bounding Segment E to the north and south
(Fig. 2). Inthiscase, the second-order offsetsare akinto thelower order off-
setsin Figure 1 and the fast propagators are thus third-order offsets that ef-
fected areorganization of second-order Segment E.

The northernmost and southernmost portions of the 46.3°W and
47.0°W pseudofault systems are less well-defined than the central portions
(Fig. 3). The trace of kinks in the magnetic stripes indicate a continuity of
each pseudofault system across virtually the entire length of Segment E.
Complex structura patterns interrupting the oblique traces, however, may
suggest that the pseudofaults terminate or become subparallel to isochrons.
Unfortunately, the gravity (Fig. 3C) and crustal magnetization data
(Tucholke et a., 1997) are inconclusive. Continuous pseudofaults would
suggest afairly steady propagation across the entire length of Segment E.
Conversely, pseudofaultsthat terminate or mergeinto isochronswould sug-
gest that the fast propagating rifts began as very short segments (less than
~10-20 km) created by ~5 km eastward ridge jumps of the northernmost
portion of Segment E (or, indistinguishably, by extremely rapid southward
propagation from the nontransform offset between Segments E and G at
rates >75 km/m.y.) and that the propagation events culminated with Similar
jumps or extremely rapid propagation rates. In either case, the nearly full-
segment length of the event suggests a second-order—segment-scale cause
for the propagation.

POTENTIAL CAUSES

Severd mechanisms have been proposed to cause rift propagation, in-
cluding concentration of gravity diding stresses, greater propagation likeli-
hood for longer cracks, changesin direction of sea-floor spreading, and mo-
tion of the ridge in an absol ute (hot-spot) reference frame.

Phipps Morgan and Parmentier (1985) and Phipps Morgan and
Sandwell (1994) showed that rifts at medium- and fast-spreading ridgestend
to propagate down the along-ridge-axis topographic gradient, away from
high points along the ridge; they attribute this to increased crack-tip stresses
caused by differentia gravitationa diding stresses. Higher areas havefarther
todide, sogravitationd diding stressisgreater therethan at lower areas, pro-
ducing concentrated stress at the crack tip. Near the 46.3°W and 47.0°W
pseudofaults, the most elevated crust from Segment E is along its southern
margin, and depth increases toward the north. Thus, if the current topo-
graphic pattern reflects that at the time of rift propagation, the propagators
were propagating uphill, contrary to the gravity-diding hypothesis. Giventhe
~7 km isochron offsets, it islikely that the propagation was occurring within
the median valley walls (typically ~20 km wide; e.g., Sempereet ., 1993).
By analogy with the highs present at the a ong-axis midpoint of typical Mid-
Atlantic Ridge median valleys, the gpparent initiation of propagators at seg-
ment ends suggests initial propagation upslope. Thus, the gravity-diding
modd isinsufficient here.

Theregiona aong-ridgetopographic trend isdeeper to the south all the
way from near the Azores to the equatoria fracture zones. This might sug-
gest asouthward focusing of the gravitational diding stress compatible with
the observed southward propagation direction (Figs. 1 and 2). It isunlikely,
though, that such a broad-scale trend could drive motion of the small fast
propagators without similarly driving southward migration of second-order
discontinuities; numerous second-order offsets (e.g., Miller and Roest,
1992) inthe areaare known to migrate north, including the 26 m.y. history of
the southern-bounding offset of Segment E (Tucholke and Schouten, 1988).

Another popular hypothesis explaining along-axis migration of some
small-offset propagators relate crack length with crack propagation driving
force (e.g., Macdonald et al., 1991): alonger ridge section should lengthen
a the expense of adjacent shorter sections. Our observations, however, sug-
gest initiation of propagation near the northern discontinuity where a very
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short crack propagated at the expense of alonger one.

It has also been proposed that rift propagation may be due to relative
motion between the spreading plate boundary and the underlying, fixed as-
thenosphere (Schouten et d., 1987; Tucholke and Schouten, 1988). Thisar-
gument haslargely been discounted because of more recent observations of
discontinuities that have migrated in opposite directions along nearby por-
tions of a plate boundary (e.g., Miller and Roest, 1992). In this area, north-
ward migration of the Segment E/Segment A discontinuity is counter to the
southward growth of the fast propagators, so acausal relation of plate bound-
ary motion with respect to the mantle and rift propagation is unlikely here.

Changesinthedirection of sea-floor spreading have coincided withrift
propagation (e.g., Wilson et a., 1984; Hey et a., 1988). Despite evidence
for some plate-motion change, no clear evidence exists for fast propagators
associ ated with specific spreading-direction changes.

A dgnificant clue to the origin of the fast propagators may be found in
the residua gravity data. As noted above, the two best-devel oped propage
tors (46.3°W and 47.0°W) correlate with changes from lower to higher resid-
ual gravity anomalies (Fig. 3C). Thisimplies that some combination of
crustal thinning and/or mantle cooling occurred coevally with the initiation
and migration of the fast propagators. These gravity variations are part of a
set of broader spatia patternsin theresidua gravity anomaly that have been
interpreted as being associ ated with episodicity in the amount of magmasup-
pliedtotheridge (Linetd., 1993; Tucholkeet a., 1997). Weinfer periods of
higher magma supply (corresponding to the gravity lows) to be times when
plate separation was more dominated by magmatic intrusion, in contrast to
periods of lower magma supply (corresponding to the gravity highs) when
more of the separation wastaken up by faulting (Lin et d., 1993; Tucholke et
al., 1997). Thus, the fast propagators seem to have developed during transi-
tions from more magmatic to less magmatic periods of spreading. This may
reflect acausal relationship. Because such transistions require an increasein
thefraction of total plate separation accommodated by tectonic extension and
are associated with areduction in melt and associated thermal cooling that
may strengthen thelithosphere, it may bedifficult for an entire segment tore-
spond instantaneously. Fast propagators may represent the progressive,
though rapid, along-axistearing of the lithospherefacilitating thetransition to
relatively amagmatic periods. If so, the southward propagation direction may
reflect a southward migration of the trandition to alower magmeatic regime
that presumably started at the northern edge of the segment.

CRUSTAL GEOMETRY

Inlight of current models (e.g., Tucholke and Lin, 1994) of asymmet-
ric ridge-parallel faulting with master detachment faults near inside corners
(between rifts and active offsets) and smaller antithetic faults near outside
corners (between rifts and the inactive traces of offsets), we expect the
southward-bound fast propagators growing 5-7 km east of the previous
spreading axistoinitially bresk into inside corner crust in the median valley
wall on the northeast side of the doomed ridge. Although the finest details
of the rifting process are beyond the resolution of the data available, this
propagation into thefootwal | block of the detachment presumably effectsan
eastward stepping of the master fault in this northern section of the segment.
Asrrifting progresses southward within the eastern median valley wall, it
then propagates into segment center crust which may lack adominant mas-
ter fault (Tucholke and Lin, 1994). In such an area this additional denuda-
tion may facilitate exposure of lower crust and mantle rocks near segment
centers (e.g., Cannat et al., 1992), overcoming the general prediction of
Tucholke and Lin (1994) that segment centers should expose only upper
crust. Finaly, rifting propagatesinto outside corner crust of the east wall as
it completes replacement of the doomed segment. During thislast stage, itis
rifting the hanging wall; at depth the new rifting may soleinto the previous
decollement, hence transferring aklippe of outside corner crust to the plate
onthewest. Thefinal inside/outside corner configuration mimicstheinitial
one(i.e., inside corner at the north and outside corner at the south onthe east
flank of the ridge), though the rift is now displaced severa km to the east.
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The small offset (5—7 km), intra—median-valley nature of the fast
propagators may also help limit their along-axis extent to individual seg-
ments. Although rifting within the relatively thin lithosphere of the young
median valley may be feasible, rifting of the thicker lithosphere acrossthe
larger segment-end discontinuities (typically 20-30 km) is presumably
more difficult.

In addition to the 46.3°W and 47.0°W fast propagators, Figure 2 shows
the locations and simplified geometry of an additional ten possible propa-
gator traces. Although not aswell devel oped as the two examples discussed
above, and sometimes only identifiablein magnetics data, each of thesefea
tures has the same type of northwest-trending oblique character suggesting
an inner pseudofault complex associated with a southward propagating rift.

CONCLUSIONS

From analysis of new geophysical and morphological datafrom the
Mid-Atlantic Ridge, we observe obliquely offset magnetic isochronsand as-
sociated bathymetric anomalies that represent the traces of fast propagating
rifts at a Slow-spreading ridge. The off sets between the propagating and
shortening riftsis typicaly <10 km, and the propagation rates exceed half-
spreading rates by afactor of ~2—4. The propagators transect individual rift
segments rapidly, but do not extend into neighboring segments. Hypotheses
relating the propagation to plate-motion changes, crack length, and aong-
axistopographic gradientsfail to account for thesefeatures. Instead, residual
gravity anomalies indicate that this propagation is due to along-axis migra-
tion of increased tectonic extension as more magmetic periods of sea-floor
spreading give way to less magmatic periods.
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