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ABSTRACT

The offset ridge-transform structure of ocean basins is one of the most prominent expressions of plate
tectonics. Yet why this configuration is favored over a continuous divergent boundary has remained
unresolved. We examine this issue using mantle Bouguer anomalies (MBAs) from contrasting ridge
systems in the North Atlantic. The Reykjanes Ridge north of the Bight transform fault has no transform
offsets and is characterized by rapidly propagating melting centers along a linear axis and a continuous
MBA low. To the south, the adjoining Mid-Atlantic Ridge has typical ridge segments each underlain by a
discrete MBA “bulls-eye” low and offset by transform and non-transform discontinuities. We hypothesize
that the pattern of mantle melting, as reflected in the MBAs, creates chemical and rheologic variations
in the residual mantle that either favor or hinder transform fault formation. Within ridge segments,
mantle melting efficiently extracts water producing dry and strong residual mantle. At segment ends,
low extents of melting and inefficient melt extraction preserve damp and weak mantle. On the linear
Reykjanes Ridge continuous melting and rapidly propagating melting centers create continuous strong
mantle with possibly weak rheologic variations at high angles to the opening direction, not favoring
transform faults. In contrast, stable segmented mantle melting on the Mid-Atlantic Ridge forms bands of
strong and weak residual mantle aligned in the spreading direction, the latter creating favorable locations
for shear deformation and transform faults. Our hypothesis also explains the lack of transform faults at
Earth’s endmember spreading rates. At ultra-slow ridges, overall melting is limited and irregular and melt
extraction is inefficient. At ultra-fast ridges, mantle melting is pervasive and melt extraction is efficient. In
both cases, organized spreading-parallel compositional rheological variations do not form and transform
faults are not favored. Our model implies that beyond cooling and strengthening with age, the pattern
of mantle melting shapes the rheological structure of oceanic lithosphere and the geometry of plate
tectonics.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

uous curvilinear divergent boundary has remained difficult to ex-
plain in plate tectonics and geodynamics (Froidevaux, 1973; Piithe

Transform faults are strike-slip boundaries where tectonic
plates slip horizontally past each other. They connect various
convergent and divergent boundaries and together with these
boundaries form the geometric elements of plate tectonics (Wil-
son, 1965). Transform faults most frequently occur between offset
seafloor spreading segments where they typically form a single
fault or narrow fault zone aligned in the spreading direction with
the ridge segments oriented nearly at right angles. Transform faults
typically originate after seafloor spreading is established and are
not generally inherited from continental rift offsets (Taylor et al.,
2009) unless these are quite large (Wilson, 1965). Yet why a seg-
mented and offset ridge-transform pattern is favored over a contin-
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and Gerya, 2014; Schierjott et al., 2020; Turcotte, 1974). Further,
the entire classes of ultra-slow (Dick et al., 2003) and ultra-fast
(Naar and Hey, 1989) ridges, constituting end-member lithospheric
thermal structures, characteristically lack transform faults. These
observations point to factors beyond lithospheric thermal proper-
ties to form and sustain transform faults.

In addition to a gradually thickening thermal lithosphere,
seafloor spreading produces rapid and extensive chemical and rhe-
ologic changes in the mantle that emerges from the ridge melting
regime. In particular, mantle melting removes hydroxyl defects
(typically expressed as water content) from olivine, the major
constituent of the mantle, thereby increasing the residual mantle
viscosity by over two orders of magnitude (Hirth and Kohlstedt,
1996; Phipps Morgan, 1997). This occurs because water behaves as
an incompatible element and is strongly partitioned from olivine
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Fig. 1. Schematic depiction of the tectonic evolution of the North Atlantic. Left panel: The early tectonic configuration of the North Atlantic with three plates, Greenland
(GL), North America (NA) and Eurasia (EU) separated by three divergent boundaries, the Reykjanes Ridge (GL-EU), Labrador Sea Ridge (NA-GL) and the Mid-Atlantic Ridge
(NA-EU) meeting at the Bight triple junction. Double headed arrows depict relative spreading rates and directions. Center panel: After about anomaly 17 (~40 Ma) the
Labrador Sea Ridge became extinct, ending the triple junction, joining Greenland to North America and causing a ~30° change in the opening direction of the Reykjanes
Ridge. The Reykjanes Ridge became segmented and offset by transform faults in order to spread orthogonally to the new opening direction. The Bight transform fault formed
separating the Mid-Atlantic Ridge from the Reykjanes Ridge. Right panel: Promptly after the Reykjanes Ridge became segmented it began to reconfigure back to its original
linear configuration from north to south even though this required the ridge to spread obliquely as it became linear again. The Mid-Atlantic Ridge south of the Bight spread

~E-W.

into basaltic melt (Karato, 1986). So, two other important consider-
ations are the extent of melting and the efficiency of melt removal
from the mantle. Both may be limited in areas of cool mantle,
low mantle upwelling rates and where there is a thick overlying
thermal lid—conditions that prevail near ridge segment ends (e.g.,
Cannat, 1996). On solidifying, hydrous low-degree melts retained
in the mantle can reinfuse olivine with hydrogen due the high dif-
fusivity of hydrogen in mantle material (Mackwell and Kohlstedt,
1990). These concepts and observations imply that lithospheric
strength should vary as a function of the pattern of mantle melt-
ing, both with respect to overall spreading rate and within ridge
segments themselves.

Below we apply this hypothesis to the North Atlantic spreading
systems, which display contrasting plate boundary geometries and
patterns of mantle melting as reflected in their mantle Bouguer
anomalies (MBAs), to account for the presence or absence of trans-
form faults on these systems. This hypothesis can be extended
generally to account for the occurrence and spacing of transform
faults, or their absence, across the global range of spreading rates
as the associated patterns of mantle melting vary.

2. Tectonic evolution of the North Atlantic

Following the tectonic rifting of the continental margins of the
North Atlantic, several divergent plate boundaries formed at differ-
ent times (Fig. 1). The Reykjanes Ridge began as the Greenland-
Eurasia plate boundary at about anomaly 24 (~55 Ma) in a triple
junction configuration with the already existing Mid-Atlantic Ridge
(North America-Eurasia plate boundary) and the Labrador Sea
spreading center (North America-Greenland plate boundary) (Hey
et al,, 2016; Fig. 1). The early Reykjanes Ridge spread orthogonally
without transform offsets at slow opening rates as a linear axis

to about anomaly 17 (~40 Ma) when spreading in the Labrador
Sea ceased, joining Greenland to North America, eliminating the
triple junction and resulting in a ~30° change in its opening di-
rection (Fig. 1) (Smallwood and White, 2002). This abrupt change
in opening direction led to the breakup of the linear Reykjanes
Ridge into a series of new segments oriented normal to the new
opening direction and offset by transform faults (Fig. 2) (Hey et
al.,, 2016 and references therein). The new segments were roughly
centered on the position of the previous axis and the segmentation
involved fairly short ridges (<~80 km) and offsets (<~40-45 km)
which become less distinct north of about 61°N toward Iceland
(Hey et al., 2016) (Fig. 2). The failure of the triple junction also
initiated the Bight transform fault (Fig. 1) which has continued
to offset the Reykjanes Ridge from the Mid-Atlantic Ridge to the
present day (Martinez and Hey, 2017). Despite a stable spreading
direction thereafter, as indicated by the linear trend of the Bight
fracture zone (Fig. 2), the stair-step ridge-transform configuration
of the Reykjanes Ridge was progressively eliminated from north
to south (Hey et al, 2016). Magnetic isochrons from the south-
ernmost Reykjanes Ridge indicate that this reconfiguration back to
a linear axis was achieved by asymmetric spreading of the offset
ridge segments, shortening and finally eliminating the transform
offsets (Martinez and Hey, 2017). Such lateral migration of indi-
vidual segments by asymmetric spreading is not uncommon on
the Mid-Atlantic Ridge (e.g., Schouten and White, 1980), however,
on the Reykjanes Ridge it proceeded systematically from north to
south (Hey et al., 2016; Martinez and Hey, 2017; Martinez et al.,
2020).

During the stages when its axis was linear, the Reykjanes Ridge
formed southward-pointing V-shaped crustal ridges on its flanks
(Fig. 2) (Vogt, 1971). The crustal ridges were originally interpreted
as resulting from thermal variations flowing outward from a man-



F. Martinez and R. Hey

44°W  42°'W  40°W  38°W  36°W  34°W  32°'W  30°'W  28°W

64°N

@]
=z
<
—
Z
L
L
o
Q)

62°N

60°N

58°N

56°N

Earth and Planetary Science Letters 579 (2022) 117351

26°W  24°'W 22°W  20°W  18'W  16°W  14°'W  12°W  10°W

I‘ﬁ"‘ )
[e=WAN> W’? S
i ’ir',

A 64°N
62°N
60°N
58°N

(
W o M, Y X (0
FREE AIR GRAVITY ANOMALY

T T i T
50 0 50 100

Fig. 2. Regional satellite-derived free-air gravity anomalies in the North Atlantic south of Iceland (Sandwell et al., 2014, v. 30.1). Tectonic features are indicated: Reykjanes
Ridge = dashed line; transform faults, fracture zones and non-transform discontinuities = yellow lines; Mid-Atlantic Ridge segments = red lines; BT] = Bight Triple Junction;
Bight transform fault and fracture zone labeled. Yellow arrows indicate interpreted V-shaped crustal ridges in sedimented unsegmented older crust (White, 1997). White box
outlines detailed area of Figs. 4-6. (For interpretation of the colors in the figure(s), the reader is referred to the electronic version of this article.)

tle plume beneath Iceland. As the thermal variations migrate along
the ridge axis, locally enhanced melting would produce thickened
crustal highs that then spread outward onto the ridge flanks to
form the V-shaped ridges (Vogt, 1971; White et al,, 1995). Other
explanations view the troughs bounding the ridges as a type of
pseudofault formed by propagating ridge phenomena also respon-
sible for plate-scale crustal accretion asymmetries between North
America and Eurasia (Hey et al., 2016). More recent studies inter-
pret the V-shaped ridges as formed by rapidly propagating mantle
upwelling instabilities along the ridge axis driven by the large-
scale gradient in mantle melting away from Iceland (Martinez
and Hey, 2017; Martinez et al.,, 2020). Whatever process forms
them, the V-shaped ridges consist of crustal thickness excesses
of about 2 km relative to their bounding troughs (White et al,,
1995). Their geometry indicates broad (~200 km) loci (Searle et
al,, 1998) of relatively increased mantle melting migrating south-
ward along axis at about 10 times the half spreading rate. There
is evidence from regional free air gravity anomalies of V-shaped
ridges in the original, now sedimented, crust formed prior to the
change in spreading direction when the Reykjanes Ridge was also
linear (White, 1997) (Fig. 2). Thus, axially propagating melting cen-
ters appear to characterize at least the linear axis stages of the
Reykjanes Ridge, and possibly its entire history.

South of the Bight triple junction, which later became the Bight
transform fault and fracture zone, the Mid-Atlantic Ridge evolved
separately (Fig. 1). The nearly east-west orientation of the Char-
lie Gibbs fracture zone further south and the subparallel orienta-
tion of the Bight fracture zone shows that the Mid-Atlantic Ridge
did not undergo large changes in opening direction (Smallwood
and White, 2002). The Mid-Atlantic Ridge developed typical trans-
form offsets and NTD’s some of which gradually migrated toward
and away from Iceland at various times (Fig. 2). V-shaped ridges
have not been identified south of the Bight fracture zone, ex-
cept near the Azores hotspot, and the mode of crustal accretion
along the northern Mid-Atlantic Ridge appears like that of other

slow-spreading ridges with segmented crust bounded by transform
faults and slowly migrating NTDs (Martinez et al., 2020).

3. Mantle Bouguer anomalies

Marine free air gravity variations reflect changes in depth and
density of the seafloor and sub-seafloor interfaces and can thus
reveal basement structure even in sedimented areas. The free air
gravity map of the North Atlantic (Fig. 2) thus images the base-
ment fracture zone and non-transform discontinuity patterns and
V-shaped crustal ridges even beneath the sedimented flanks of
the Reykjanes Ridge. Removal from the free air gravity anomaly
of the effect of the water-crust density contrast and of the crust-
mantle density contrast, assuming a uniform thickness crust, yields
the mantle Bouguer anomaly (MBA) (Kuo and Forsyth, 1988). Slow
spreading ridges typically display focused MBA lows with concen-
tric contours centered near ridge segment mid-points, referred to
as “bulls-eye” lows (Kuo and Forsyth, 1988). These anomalies re-
sult from departures from the assumed uniform thickness crust
as well as unmodeled mantle density variations. Seismic studies
(e.g., Dunn et al., 2005; Tolstoy et al., 1993;) confirm that MBA
bulls-eye lows result primarily from thicker crust near segment
centers relative to segment ends with secondary effects related to
lower density in the mantle near segment centers due to higher
temperature, melt content and mantle depletion (Lin and Phipps
Morgan, 1992). Slow-spreading ridges typically display segmented
crust corresponding with discrete bulls-eye MBA lows even when
there is little or no offset of the ridge axis. This indicates an ac-
tive “buoyant” component to mantle upwelling and melting that
exists at slow spreading ridges whether or not the plate bound-
ary itself is offset (Lin and Phipps Morgan, 1992). In contrast, fast
spreading ridges generally display more uniform crust and MBA
lows spanning entire segments, even when these are hundreds of
km long (Lin and Phipps Morgan, 1992). The reason for this differ-
ence is thought to involve different forms of mantle upwelling be-
tween fast- and slow-spreading ridges with two-dimensional pas-
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Fig. 3. Regional mantle Bouguer anomaly (MBA) calculated from the satellite-derived free air gravity anomaly and a global bathymetry and sediment thickness database (see
Supplementary Information for description of the data sources and processing). Contours are 10 mGals, annotations at 50 mGals. Tectonic features and symbols as in Fig. 2.

sive plate-driven flow at fast ridges and active or buoyant three-
dimensional upwelling instabilities at slow ridges (Lin and Phipps
Morgan, 1992). Thus, different ridge MBA patterns can be related
to different forms of mantle advection and melting, with discrete
MBA bulls-eye lows indicating focused three-dimensional cells of
mantle upwelling and melting and elongate MBA lows indicating a
more continuous two-dimensional pattern of upwelling and melt-
ing.

4. Methods

In order to investigate the patterns of mantle upwelling and
melting at the Reykjanes and northern Mid-Atlantic Ridges, both
slow spreading ridges opening at ~21 mm/yr total rate near the
Bight transform fault, we use regional and local data sets to carry
out MBA gravity reductions. For the regional analysis we use global
bathymetry and sediment thickness databases (see Supplemen-
tary Information) and a satellite-derived free air gravity anomaly
grid (version 30.1) (Sandwell et al., 2014). The estimated sediment
thicknesses are used to account for their gravity effect in flank-
ing areas in the regional data but do not influence our near-axis
results where sediment thicknesses are small. The data sets were
interpolated in uniform 1 x 0.5 min longitude/latitude grids, which
produces roughly equant cell dimensions near 60°N. Following Kuo
and Forsyth (1988), densities of 1030 for water, 2730 for basement
crust and 3330 kg/m3 for mantle were assumed. Additionally, we
use 2100 kg/m?3 for sediments in off axis areas. We truncated sed-
iment thicknesses less than 100 m to zero to eliminate small, iso-
lated pockets of sediment that had no significant gravity effect. We
also tapered isolated sediment patches within ~100 km of the axis
to zero. We then increased the seafloor depths by the sediment
thicknesses to represent the bottom of the sediment layer. The
basement crust was assumed to have a uniform 7 km thickness
measured from this surface to yield the Moho (basement/mantle
interface) depth. The gravity contributions of the various density
interfaces were calculated using five terms in a three-dimensional
fast Fourier technique using the GMT program gravfft (Wessel et

al,, 2019) and removed from the satellite-derived free air anomaly
values (Fig. 2) to yield the regional MBA anomaly (Fig. 3). Details
of the procedure are given in the Supplementary Information.

For the local analysis surrounding the southern end of the
Reykjanes Ridge and northern end of the Mid-Atlantic Ridge we
primarily used ship multibeam bathymetry (Kongsberg Simrad
EM122) from our 2013 R/V Marcus Langseth and 2019 R/V Neil
Armstrong cruises, supplemented with available archive multibeam
data from the US National Centers for Environmental Informa-
tion (NCEI) and RRS Charles Darwin cruise CD87 (Searle et al.,
1998), available at the Marine Geoscience Data System (MGDS).
The multibeam data were cleaned for outliers and gridded at
0.002x0.001 degree spacings in longitude and latitude (roughly 100
m cells) using the global bathymetry database (see Supplementary
Information) to interpolate in gaps between swaths with a mini-
mum curvature algorithm in GMT software (Wessel et al., 2019).
The resulting bathymetry map is shown in Fig. 4 and reveals de-
tails of the basement fabric. For use in gravity reductions this grid
was re-interpolated at 1.0 x 0.5 min cell spacings in longitude and
latitude, respectively.

For the local gravity analysis, we used primarily ship measure-
ments acquired with Bell BGM-3 gravimeters aboard the R/V Mar-
cus Langseth and R/V Neil Armstrong with satellite-derived gravity
used to constrain values more than 5 nautical miles away from
the ship data. The combined data were gridded using a minimum
curvature algorithm at 1.0 x 0.5 min grid spacings in longitude
and latitude, respectively (Fig. 5). MBAs were calculated as above
for the regional data but applying no correction for sediments, as
basement fabric was evident in most of the multibeam tracks in
this near axis setting (Fig. 4). The resulting MBA map is shown in
Fig. 6.

5. Results
The MBA maps (Figs. 3 and 6) show contrasting anomaly pat-

terns between the Reykjanes and Mid-Atlantic Ridges separated by
the Bight transform fault. North of the Bight, the MBA low is con-
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Fig. 4. Detailed bathymetry of the southern end of the Reykjanes Ridge, Bight transform fault/fracture zone (labeled BIGHT) and northernmost Mid-Atlantic Ridge segments.
Spreading direction is parallel to the azimuth of the Bight transform fault. Multibeam bathymetry swaths are overlaid on global bathymetry data (see text for data sets used

and processing description). Spreading center axes shown as red lines. Transform faults, non-transform discontinuities and fracture zones shown as dashed lines.

tinuous and roughly centered on the Reykjanes Ridge but broadens
northward toward Iceland and becomes more negative (Fig. 3).
Along the Reykjanes Ridge, seismic studies show that the crust
thickens from typical oceanic values (~7 km) near the Bight trans-
form fault to ~10-11 km near Iceland (Smallwood et al., 1995;
White, 1997) likely contributing most of the negative increase in
magnitude of the MBA low towards Iceland (Figs. 3 and 7). The re-
gional along-axis bathymetry and MBA profiles (Fig. 7) extend and
confirm earlier results from the detailed RRS Charles Darwin sur-
vey showing only low amplitude (<~5-8 mGal) local MBA varia-
tions relative to the axial gradient (Searle et al., 1998). The present
intersection of a V-shaped ridge with the axis (Fig. 7), interest-
ingly, does not form a relative low with respect to the linear axial
MBA gradient, a finding also shown in Searle et al. (1998). The lack
of expression of locally thicker crust in the MBA here may result
from compensating dynamic uplift of the Moho boundary as a re-
sult of a propagating buoyant instability (Martinez and Hey, 2017).
The continuous MBA gradient along the Reykjanes Ridge indicates
continuous and thickening crust toward Iceland with no gaps in
crust or in mantle melting.

The MBA pattern abruptly changes to the south of the Bight
transform fault (Fig. 7). Segments of the Mid-Atlantic Ridge ex-
hibit large (~35 mGal) bulls-eye lows (Figs. 6 and 7) reflecting
thickening crust toward the segment centers. The change in MBAs
indicates an abrupt change in the manner of crustal accretion from
continuous, gradually thickening crust towards Iceland along the
Reykjanes Ridge (White, 1997) to strongly focused loci of crustal
accretion on the Mid-Atlantic Ridge (e.g., Dunn et al., 2005; Tol-
stoy et al., 1993). On the Reykjanes Ridge, the migrating melting
centers that produce the flanking V-shaped crustal ridges modu-

late the already thick crustal thicknesses by about 2 km (White et
al., 1995) but do not indicate absence of crust or extremely thin
crust within the V-shaped troughs. In contrast, on typical slow-
spreading ridges, stable upwelling centers form bulls-eye MBA
lows producing spreading-parallel ribbons of thick crust within
segment interiors delimited by much thinner or absent crust at
segment ends (Kuo and Forsyth, 1988) often exposing mantle ma-
terial within transform and fracture zone domains (Cannat, 1996;
Dick, 1989; Tolstoy et al., 1993). Seismic studies at slow spread-
ing ridges (Dunn et al., 2005; Tolstoy et al., 1993) indicate strongly
focused three-dimensional mantle melting near segment centers
with limited melting near segment ends. At faster spreading ridges
geodynamic studies (Phipps Morgan and Forsyth, 1988; Shen and
Forsyth, 1992) indicate that plate-driven passive upwelling, melt-
ing and temperatures rapidly diminish within about +25 km of a
large-offset transform fault. The large bulls-eye MBA lows on the
northern segments of the Mid-Atlantic Ridge thus indicate focused
mantle accretion near segment centers and significantly thinner or
absent crust near segment ends.

Free air gravity variations off-axis in the areas of the Reykjanes
Ridge fracture zones (Figs. 2 and 5), however, resemble typical pat-
terns associated with oceanic fracture zones suggesting that during
the period when transform faults existed on the Reykjanes Ridge,
crustal accretion was more focused on the offset segments. It is
possible that if the propagating melting centers represent buoyant
upwelling instabilities (Martinez and Hey, 2017), they may have
continued even during the transform fault stages, within a deep
linear “damp” melting regime below the dry solidus (Braun et al.,
2000) and beneath the segmented plate boundary. In this case, the
lack of evident V-shaped ridges during the transform fault stage
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Fig. 5. Ship free air gravity data from R/V Armstrong (AR35-04) and R/V Langseth (MGL1309). Location of ship gravity data is shown as fine dotted lines. Satellite-derived
free air gravity data were used beyond 5 nautical miles from ship data. 10 mGal contours shown. See text for data processing. Other symbols as in Fig. 4.

may be explained if mantle melting and crustal accretion are pri-
marily governed by the offset shallow plate boundary, which con-
trols passive plate-driven flow in the more viscous mantle above
the dry solidus (Phipps Morgan and Forsyth, 1988). Continued
axial propagation of active upwelling instabilities within a deep
damp melting interval would have generated a smaller component
of melting (Braun et al., 2000), not evident as distinct V-shaped
ridges. This could explain why the V-shaped ridges re-formed as
the axis became linear. On a linear axis, the shallow plate-driven
component of melting is uniform. In this case, only the deeper
axially propagating active component of upwelling contributes to
forming the V-shaped crustal ridges. Such a separation of passive
and active components of ridge mantle flow would appear to be a
distinctive if not unique aspect of the Reykjanes Ridge.

6. Discussion

Below we discuss general models of mantle melting and the ef-
fect of melting on mantle rheology. We elaborate on how these
processes could operate in the context of segmented seafloor
spreading systems where melting and melt extraction vary strongly,
and discuss implications of recent studies finding basalts and man-
tle material with elevated water contents near spreading segment
ends. We then interpret the contrasting MBA patterns between the
Reykjanes Ridge and northern Mid-Atlantic Ridge in terms of dif-
ferences in the patterns of mantle melting beneath these ridge
systems. We infer that the different patterns of melting imply
correlated variations in lithospheric rheology and thereby explain
the occurrence or absence of transform faults at these seafloor
spreading systems. We finally generalize the implications of this

hypothesis to explain the occurrence or absence of transform faults
across the global range of spreading rates.

6.1. Mantle melting, depletion, melt extraction and water content near
ridge segment ends

The spatial form of mantle advection beneath ridges shapes the
pattern of melting and the characteristics of the residual man-
tle (Langmuir et al, 1992; Plank and Langmuir, 1992). Beneath
ridge segments, areas where most of the melting occurs are also
thought to undergo efficient melt extraction (Langmuir et al., 1992)
whereas areas of low extents of melting, as near the deep edges of
the melting regime, may trap much of the melt produced (Keller et
al,, 2017; Plank and Langmuir, 1992). Melt retention may be par-
ticularly important near ridge segment ends where slow upwelling
rates, cooler mantle and thicker lithosphere are generally predicted
(Ligi et al., 2008; Phipps Morgan and Forsyth, 1988; Shen and
Forsyth, 1992). Residual mantle is advected away from the melting
regime in the spreading direction recording the extents of melt-
ing and melt extraction it experienced (Fig. 8). At slow spreading
ridges, the degree of depletion of the residual mantle near segment
centers is generally thought to be greater than at fast spreading
ridges (Plank and Langmuir, 1992) because active upwelling flow
is more focused and faster than plate-driven flow (relative to the
spreading rate) leading to greater extents of melting. In addition,
for discrete active upwelling cells at slow spreading rates, lateral
flow of mantle at shallow levels from segment centers along-axis
toward segment ends may also suppress upwelling there (Jha et al.,
1994) regardless of segment offset. If the melting centers are offset
by transform faults the termination of the divergent plate bound-
ary itself will further suppress mantle upwelling increasingly with
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Fig. 8. Three-dimensional depiction of the mantle depletion and melt retention pattern crossing a transform fault (TF) and fracture zone (FZ). Green to yellow colors show
contours of fractional mantle depletion for passive mantle flow following Shen and Forsyth (1992) (yellow = most depleted; green = least depleted). Transform fault offsets
terminate the divergent plate boundary and suppress mantle upwelling leading to low extents of melting within the mantle near segment ends. Low degree hydrous melts
(small blue ovals) formed near segment ends are inefficiently extracted and are frozen in the transform domain mantle. Top solid surface shows intersection of ridges (red
lines) with the transform fault (black line) and the fracture zone extensions (dashed). Dashed outlined surface represents the crustal layer showing thinning near the FZ.
Large open arrows show spreading direction. Contours on the top mantle surface schematically depict upwelling rates, decreasing away from the ridge axes and toward the
transform fault following Shen and Forsyth (1992). Red triangle on right facade depicts the sub-ridge melting regime. Because water is strongly partitioned into melt only
residual mantle that did not undergo melting or where melt is inefficiently extracted retains sufficient water to remain weak. Low-degree melts formed beneath the main
ridge melting regime mix with shallower higher degree melts and are efficiently extracted to the crust.

offset (Ligi et al., 2008; Phipps Morgan and Forsyth, 1988; Shen
and Forsyth, 1992). Therefore, transform offset length is also an
important parameter controlling mantle upwelling near segment
ends at slow-spreading ridges and is the primary control at fast
spreading ridges.

Systematic chemical effects approaching ridge segment ends
have long been recognized and termed a “transform fault effect”
(Langmuir and Bender, 1984). Chemical effects include increasing
incompatible element concentrations, including water, resulting
from decreasing extents of melting approaching transform faults.
Often basalt and pyroxene samples from near segment ends and
from within transform and fracture zone domains show elevated
water contents (Gose et al., 2009; Le Roux et al, 2021; Li et al,,
2020; Ligi et al., 2005; Schmadicke et al., 2018). Several processes
have been suggested to explain the elevated water contents (e.g.,
Schmaddicke et al., 2018; Le Roux et al., 2021). As a general mech-
anism, however, near segment ends, low degree melting in the
deeper “wet melting” portion of the melting interval may be rela-
tively enhanced compared to melting in the shallower dry interval
(Ligi et al., 2005) leading to hydrous melts that are not strongly
diluted by greater extents of melting as occurs near segment in-
teriors. Such low-degree hydrous melts may become frozen into
the relatively cool mantle near segment ends but continue to up-
well within the plate-driven solid state mantle flow. Some of these
hydrous frozen-in components may thus be eventually exposed at
the seafloor near segment ends.

The efficiency of melt removal from the mantle depends on
forming an interconnected network of melt at grain boundaries,
pores, veins or channels that can convey melt out of the man-
tle to the crust. This process may be inefficient near the edges
of the melting regime (Keller et al, 2017; Plank and Langmuir,
1992) or in general where upwelling rates are low, mantle tem-
peratures are cool and the overlying thermal lithosphere is thick

(Cannat, 1996). For example, seismic studies of residual mantle
spread from ultra-slow spreading ridges find anomalously low ve-
locities (Conley and Dunn, 2011; Lizarralde et al., 2004) interpreted
as a gabbroic component of melt trapped and solidified within the
upper mantle. Such conditions of slow upwelling rates, cool man-
tle and a thick lithospheric lid prevail near segment ends at both
slow and fast spreading ridges (Cannat, 1996; Phipps Morgan and
Forsyth, 1988; Shen and Forsyth, 1992). Inefficient melt extraction
may therefore generally characterize transform fault domains and
segment ends. Trapped low-degree melts with high water contents
dispersed pervasively within the residual mantle matrix in pores,
grain boundaries, veins or meter-scale channels beneath segment
ends will rapidly re-infuse surrounding mantle with hydrogen on
solidifying due to the high effective diffusivity of hydrogen in man-
tle material (~10-50 m/My at 1200 °C) (Demouchy, 2010; Le Roux
et al., 2021; Mackwell and Kohlstedt, 1990). Thus, both low extents
of melting and inefficient melt extraction may combine to preserve
hydrous mantle material beneath segment ends.

Despite these general observations and model predictions, some
fast-slipping transform faults show only weak crustal thinning or
even crustal thickening (Gregg et al., 2007). Geologic observa-
tions and melt flow models indicate, however, that volcanism and
crustal thickening observed at fast-slipping transforms is primarily
due to near-surface processes and is not derived from the man-
tle beneath the segment ends. Geologic observations indicate that
melt may be delivered at shallow levels from the adjacent ridge
axes through horizontal dike injection or “overshoot ridges” (Lons-
dale, 1986). Geodynamic models also indicate that melt produced
within segment interiors may rise vertically and then flow along a
shallow lithospheric freezing front or permeable layer to the trans-
form domain (Bai and Montési, 2015; Gregg et al., 2007). Thus,
instances of enhanced volcanism and crustal thickness near some
fast-slipping transform faults likely do not derive from the imme-
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Fig. 9. Schematic illustration of the proposed pattern of mantle depletion, melt extraction, and strength beneath the North Atlantic south of Iceland. Yellower shades indicate
mantle with greater depletion, melt removal and strength, whereas greener shades indicate lower depletion, melt removal and strength. (A) The Reykjanes Ridge (RR)
originated as an orthogonally spreading linear ridge. Its melting centers (pink ovals) propagated SW along-axis (indicated by open arrows) away from Iceland generating
V-shaped crustal ridges and a corresponding but weak pattern of depletion and strength variation in the underlying mantle that was not aligned in the opening direction
(double solid arrow) so transform faults were not favored. South of the Bight triple junction the Mid-Atlantic Ridge (MAR) had stable 3-D melting centers indicated by their
robust MBAs (see Figs. 3 and 6) generating strong variations in depletion, melt extraction and strength. These rheologic patterns were oriented in the spreading direction
favoring transform fault development. When the Labrador Sea Ridge (LSR) failed (B) the RR underwent an abrupt change in opening direction as it became part of the
North America-Eurasia plate boundary. An orthogonal ridge-transform plate boundary formed oriented in the opening direction. The transform faults were stable until ridge
segment migration removed the offsets and the deep propagating melting centers eliminated the melting patterns formed by the transform faults. (C) The ridge completed

its reconfiguration back to its original geometry although now spreading obliquely.

diately underlying mantle but are channeled there by near-surface
processes from segment interiors.

An important hypothesis related to mantle melting is that it
leads to a pronounced strengthening of the residual mantle due to
the removal of water (hydroxyl defects) from olivine since water
facilitates various lattice and grain boundary deformation mecha-
nisms in olivine aggregates (Hirth and Kohlstedt, 1996). Water in
olivine behaves like an incompatible component on mantle melt-
ing with a partitioning coefficient on the order of 10* with respect
to basaltic melt (Karato, 1986). If melt removal is efficient the wa-
ter can be removed to the crust yielding a dry residual mantle.
These results have been extrapolated generally to the oceanic man-
tle above the dry solidus to propose an increase in viscosity of over
two orders of magnitude in the residual mantle flowing from the
ridge melting regime relative to the mantle before melting (Hirth
and Kohlstedt, 1996; Phipps Morgan, 1997). Thus, a “composition-
al” lithosphere extending from the Moho to the dry solidus depth
may form close to spreading centers as a result of mantle melt-
ing and melt extraction. It has been assumed in these models that
because water is strongly partitioned into melt that it is every-
where efficiently removed to the crust to yield a residual oceanic
mantle that is uniformly dehydrated and strengthened above the
dry solidus. However, as discussed above, the pattern of man-
tle melting and melt removal beneath segmented ridges is highly
variable. If melting near transform domains and segment ends in
general is significantly depressed and melt extraction is also ineffi-
cient then these areas may preserve significant water content and
remain weak. The “compositional” lithosphere may in fact be rhe-
ologically segmented mirroring the segmentation of the crust, if
not more intensely so, due to shallow redistribution of melt along
axis from segment centers toward segment ends as shown by seis-
mic tomographic studies (Dunn et al., 2005) at the Mid-Atlantic
Ridge.

6.2. Mantle melting and rheologic variations in the North Atlantic
lithosphere

During the linear axis stages of the Reykjanes Ridge, enhanced
overall melting due to the Iceland hotspot anomaly would result
in a generally depleted mantle (Fig. 9). Any chemical and rheo-
logic variations formed by the axially propagating melting centers
would be weak and oriented at high angles to the opening di-
rection. Transform faults would thus not be favored during these
times despite oblique spreading during the second linear stage
(Fig. 9¢). When an abrupt change in opening direction occurred at
~40 Ma, the brittle lithosphere responded mechanically by form-
ing new segments normal to the opening direction offset by trans-
form faults (Fig. 9b). This new plate boundary configuration could
have persisted and did last for nearly 40 Myr near the south-
ern Reykjanes Ridge. However, as the segments merged back to
their original linear geometry (Martinez and Hey, 2017) transform
faults and even non-transform discontinuities disappeared, again
replaced by V-shaped ridges (Fig. 9c). The linear Reykjanes Ridge
axis today is characterized by only small local MBA gravity vari-
ations, typically < 5 mGal (Figs. 3, 6 and 7) (Searle et al., 1998)
superimposed on a linear gradient toward Iceland but forming no
strongly focused melting centers. In contrast, the divergent plate
boundary immediately south of the Bight transform fault evolved
separately from the Reykjanes Ridge (Fig. 1) and has stable ro-
bust melting centers as indicated by strong local MBA lows >
30 mGal amplitude (Figs. 3, 6 and 7), resulting in the formation
of strong crustal segmentation. These crustal patterns imply cor-
responding variations in residual mantle chemistry, water content
and therefore strength oriented in the spreading direction thus fa-
voring transform fault formation and stability at the Mid-Atlantic
Ridge (Fig. 9).

6.3. Lack of transform faults at ultra-slow and ultra-fast spreading rates

Our model also explains the general lack of transform faults at
the end-member ultra-slow and ultra-fast spreading rates and how
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Fig. 10. Model for the evolution of transform faults as a function of spreading rate. Green = damp, weak mantle; yellow = dry, strong, residual mantle. Spreading rates and
direction are schematically indicated by length of double arrows at top of panels. Pink ovals are melting centers. (A) Ultra-slow spreading rates (<~20 mm/yr) generate small
degrees of overall mantle melting and/or inefficient melt extraction. Volcanic crustal formation is probably limited to especially fertile and irregularly distributed chemical
heterogeneities forming local axial volcanic centers generating irregular distributions of strong depleted mantle (small yellow ovals). Despite significant curvature and oblique
spreading at some of these ridges, transform faults do not form and a continuous curvilinear divergent boundary is favored. (B) As spreading rates increase, stable 3-D melting
centers begin to develop and form corresponding growing zones of depleted (dry, strong) mantle separated by poorly depleted (damp, weak) mantle. (C) At slow spreading
rates (>~20 mm/yr), fairly stable 3-D centers of melting generate a banded pattern of strong (yellow) and weak (green) depletion and therefore strength variations in the
mantle aligned in the spreading direction allowing transform faults to form (red lines, fracture zones dashed). When ridge offsets are small the melting centers may migrate
along-axis due to local mantle heterogeneities forming V-shaped non-transform discontinuities. (D) As spreading rates increase mantle upwelling transitions from buoyant
3-D instabilities to 2-D plate-driven passive patterns where upwelling and melting are rather uniform within segments but depressed at offset segment ends. Thus, transform
faults only form at significant offsets of the spreading segments where poorly depleted, damp and weak mantle persists. (E) At ultra-fast spreading centers, the near-axis
brittle lithosphere becomes sufficiently weak that overlapping and dueling spreading centers (white ridge tips) form at ridge offsets and generate an effectively diffuse plate
boundary zone driving broad and weaker mantle upwelling. Rapid dueling of these overlapping spreading centers results in trails of abandoned tips (grayed out) on the ridge
flanks. However, at ultra-fast rates significant mantle melting occurs even in diffuse zones and the mantle is generally depleted forming no weakly depleted bands. Transform
fault formation is not favored.

transform fault spacing relates to spreading rate (Fig. 10). At ultra- step ridge-transform offset segments following the strong/weak
slow rates (< ~20 mm/yr) mantle melting may be suppressed due rheologic variations rather than a continuous curvilinear boundary
to cooling from the surface (Langmuir et al., 1992). Diminished (Fig. 10b-c). By slow-spreading rates (~20-50 mm/yr), fairly sta-

crustal thicknesses observed at ultra-slow spreading rates may also ble mantle melting centers predominate generating a systematic
indicate that melt is not efficiently extracted to the crust and re- strong and weak banded rheological structure in the underlying
mains trapped in the mantle (Cannat, 1996; Conley and Dunn, mantle, thus favoring stable transform faults (Fig. 10c). At slow
2011; Lizarralde et al., 2004) (Fig. 9a). At ultra-slow rates, volcan- spreading rates, mantle upwelling instabilities form at preferred
ism occurs as irregularly distributed and variable centers in space spacings of ~40-80 km (Lin and Phipps Morgan, 1992), thus trans-
and time or as spaced discrete volcanic edifices sometimes forming form faults also generally have this spacing. As spreading rates
chains (Dick et al., 2003). This volcanic pattern may reflect irregu- increase to fast rates (Fig. 10d) mantle upwelling, melting and
lar mantle chemical heterogeneities where small distributed fertile the corresponding rheological patterns become two-dimensional—
blobs melt preferentially but overall melting is limited and/or in- determined by the plate boundary geometry rather than buoyant
efficiently extracted. Such spatially and temporally irregular man- instability spacing (Lin and Phipps Morgan, 1992). Thus, as rates
tle melting does not create magmatically segmented, organized, increase, transform faults can only form at larger ridge axis off-
steady-state spreading-parallel bands of thick and thin crust and sets where the termination of the divergent plate boundary sup-
corresponding bands of high and low residual mantle depletion, presses mantle upwelling and melting (Fig. 10d). At ultra-fast rates
dehydration and strength, so that transform fault formation is not (>~145 mm/yr) transform faults are no longer observed (Naar and
favored (Fig. 10a). Mapping of ultra-slow spreading systems shows Hey, 1989). Although at ultra-fast rates a general near-axis weak-
that continuous curvilinear divergent boundaries predominate, de- ening of the thermal lithosphere may occur promoting overlapping
spite significant spreading obliquity and large changes in trend of and dueling spreading tips (Naar and Hey, 1989), these distributed
the axis, as between the Mohns and Knipovich Ridges. As spread- zones of extension still create significant upwelling and melting

ing rates increase, stable cells of mantle melting begin to form as at ultra-fast rates so that melting and efficient melt extraction is
more of the mantle is able to melt. Greater degrees of melting ubiquitous. Thus, no systematic weak rheological bands are pro-

and increasing spreading rates likely also enhance the connec- duced and transform faults are again not favored (Fig. 10e).

tivity of grain boundary melt, porosity, veins and channels and Rapid changes in plate opening direction can still initiate new
decreases the axial thermal lithospheric thickness so that melt is transform faults in the brittle upper lithosphere even without a
more efficiently extracted to the crust (Fig. 10b). This begins to pre-existing rheological structure or even cross cutting such a
form a stable segmented crustal and residual mantle rheological structure, as we infer occurred on the Reykjanes Ridge (Figs. 1 and
structure aligned in the spreading direction. Oblique spreading and 9b). In other places where such rapid changes in spreading direc-
changes in trend are mechanically better accommodated by stair- tion have formed new sets of transform faults, as in the Parece
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Vela basin, they appear to be stable even when ridge offsets are
small. This is probably because the melting centers are also stable
due to a relatively uniform mantle composition. However, the ex-
ample of the Reykjanes Ridge suggests that when offsets are small
or become small, regional gradients in mantle melting properties
(as with distance to the Iceland hotspot) can cause melting centers
to migrate (Martinez et al.,, 2020) removing transform faults and
even non-transform discontinuities.

The rheological mantle structure created by stable melting cen-
ters can also explain the origin of oceanic transform faults fol-
lowing continental rifting even when there are no significant pre-
existing offsets of the continental margin (Taylor et al., 2009). Only
after oceanic spreading begins can mantle melting form the seg-
mented spreading-parallel rheological structure favoring transform
fault formation. If the breakup boundary is oblique to the spread-
ing direction and spaced stable melting centers form, a stair-step
orthogonal ridge transform geometry will likely form. If early man-
tle melting is excessive, however, as at volcanic passive margins,
then the residual mantle will be generally depleted and dehydrated
without weak rheologic bands leading to the formation of contin-
uous linear or curvilinear early seafloor spreading centers, as occur
bordering the volcanic passive margin sections of the North At-
lantic.

Geodynamic models of ridge segmentation that include only
thermal and melt controlled rheologic variations use a priori weak-
nesses “seeded” in the model domain to generate transform and
non-transform offsets and often create highly asymmetric spread-
ing and curved ridge segments (e.g., Piithe and Gerya, 2014). Geo-
dynamic studies also suggest that transform faults modeled pri-
marily as lithospheric mechanical boundaries tend to be short
lived—stable for only ~2 Myr, without further rheological weak-
ening within the deeper mantle (Schierjott et al., 2020). The com-
positionally based rheologic variations proposed here are naturally
formed by the segmented nature of mantle melting at seafloor
spreading centers: Strong domains form beginning near the ridge
axis within segment interiors and extend from the Moho to the
dry solidus depth. Weak domains form at segment ends due to
low extents of melting, melt retention and local re-fertilization of
mantle with hydrogen from these hydrous melts on solidifying.
These processes likely provide the additional physical mechanisms
needed to stabilize the typically orthogonal and symmetric ridge-
transform structure of divergent plate boundaries. Although geody-
namic models have yet to incorporate such complex and dynamic
effects, they are strongly implied by empirical observations of MBA
patterns, supported by seismic, geologic, and geochemical studies
confirming the correlated patterns of mantle melting. Our hypoth-
esis proposes a predominant control of mantle melting in generat-
ing the segmented character of oceanic plate tectonics by creating
a dynamic compositional control on lithospheric rheology. Melting
centers grow, shrink and migrate in response to heterogeneities in
mantle composition and in response to their own dynamics and
with their evolution shape lithospheric rheology and the geometry
of plate tectonics.

7. Conclusions

Mantle Bouguer anomalies in the North Atlantic indicate dif-
ferent patterns of mantle melting between the Reykjanes Ridge
and northern Mid-Atlantic Ridge. We propose that the pattern of
mantle melting shapes the chemical and rheologic structure of
the residual mantle, either favoring or inhibiting the formation of
transform faults on these systems. Melting within segment inte-
riors efficiently removes water creating a dry and strong residual
mantle lithosphere whereas low extents of melting and inefficient
melt removal at segment ends preserves damp and weak residual
mantle. Where melting centers are stable, as on the Mid-Atlantic
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Ridge, strong and weak rheological bands are generated in the
spreading direction corresponding to segment centers and ends
respectively. The weak zones favor the formation of shear zones
between the strong bands and therefore favor transform faults.
Where melting is pervasive or where melting centers rapidly mi-
grate, as on the Reykjanes Ridge, residual mantle will be generally
strong and only weak rheological bands may form but at an an-
gle to the spreading direction, not favoring transform faults. This
concept may be extended to the full range of spreading rates ex-
plaining the general lack of transform faults at ultra-slow and at
ultra-fast rates. At these endmember rates melting and/or melt
extraction is either limited or ubiquitous so that systematic rhe-
ological bands do not form and transform faults are not favored.
Our hypothesis implies a more complex rheological structure to
the oceanic lithosphere than suggested by purely thermal controls
on strength or models that consider rather uniform mantle dehy-
dration above the solidus depth. It explains the existence, spacing
and persistence of transform faults, or their absence, over the full
range of seafloor spreading rates as a function of the associated
patterns of mantle melting.
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