Central role of detachment faults in accretion of slow
spreading oceanic lithosphere
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The formation of oceanic detachment faults is well established from inactive,
corrugated fault planes exposed on seafloor formed along ridges spreading at less
than 80 km/My'™. These faults can accommodate extension for up to 1-3 Myrs’,
and are associated with one of two contrasting modes of accretion operating along
the northern Mid-Atlantic Ridge (MAR). The first is symmetrical accretion,
dominated by magmatic processes with subsidiary high-angle faulting and
formation of abyssal hills on both flanks. The second is asymmetrical accretion
involving an active detachment fault® along one ridge flank. An examination of
~2500 km of the MAR between 12.5 and 35°N reveals asymmetrical accretion
along almost half of the ridge. Hydrothermal activity identified to date in the study
region is closely associated with asymmetrical accretion, which also exhibits high-
levels of near continuous hydroacoustically and teleseismically recorded seismicity.
Enhanced seismicity is probably generated along detachment faults
accommodating a sizeable proportion of the total plate separation. In contrast,
symmetrical segments have lower levels of seismicity, which concentrates primarily
at their ends. Basalts erupted along asymmetrical segments have compositions that
are consistent with crystallization at higher pressures than basalts from

symmetrical segments, and with lower extents of partial melting of the mantle.



Both seismic and geochemical evidence indicate that the axial lithosphere is thicker
and colder at asymmetrical sections of the ridge, either because associated
hydrothermal circulation efficiently penetrates to greater depths, or because the
rising mantle is cooler. We suggest that much of the variability in seafloor
morphology, seismicity and basalt chemistry found along slow-spreading ridges
can be thus attributed to the frequent involvement of detachments in oceanic

lithospheric accretion.

The large fields of detachment surfaces recently identified in oceanic crust formed
along the slow spreading MAR and ultra-slow spreading South-West Indian Ridge
(SWIR)*® demonstrate the involvement of these structures in the accretion of a larger
portion of the oceanic lithosphere than previously inferred from seafloor corrugated
planes alone’. The resulting seafloor morphology and lithospheric structure on the
flanks of the ridge axis are strongly asymmetrical® and differ from the more regular and
roughly symmetrical axis-parallel abyssal hill fabric believed to characterize ‘normal’
slow-spreading seafloor. The abyssal hill morphology is caused by ridge-parallel, high-
angle faulting of volcanic seafloor® (Figures la-c). In contrast, detachment-related
terrain is caused by long-lived steep, normal faults initiated beneath the rift valley floor
that rotate to low angles as their footwalls are exposed”®. Distinctive narrow ridges with
steep outward-facing slopes that are often curved in plan view develop near exposed
detachments at the seafloor, and bound deep swales’ (Figures 1d-e), producing blocky
and chaotic terrain”’. The asymmetric nature of accretion in the presence of
detachments is also observed in the overall lithospheric structure, composition and
geophysical character wherever data are available®*'°. The MAR lacks the broad ridges
only found along the melt-poor SWIR, likely a manifestation of detachment faulting

that is different from striated fault planes and associated structure”.



Multibeam bathymetry data are available for most of the northern MAR and its
flanks between the Marathon and the Oceanographer Fracture Zones (12°40°N to
35°15°N, Figure 1a). We use the systematic morphological differences between abyssal
hill terrain (Figures 1b-c) and detachment-related terrain’ (Figures 1d-e) to re-interpret
the existing bathymetry on both flanks of these ~2500 km of ridge. We quantify the
importance of detachment faulting in lithospheric accretion, and investigate
relationships between the mode of accretion and seismic character of the spreading axis
and geochemistry of erupted basalts (Figures 2-3). Our analysis shows that
“symmetrical segments” with abyssal hill terrain flanking both sides and no detachment
faulting occupy >30% of the axis. “Asymmetrical accretion” where detachment fauting
occurs along one flank of the axis make up ~50% of the ridge axis. The remaining
~20% of the axis is unclassified owing to limited bathymetric coverage or to unclear
morphology at discontinuities and oblique ridge sections (see interpreted maps and
Table 1 in Supplementary Information). While there is no apparent correlation with
axial depth (Figure 2a), nor a continuous along-axis trend in the relative distribution of
accretionary modes, there is a broad wavelength change. Detachments are dominant
between the Marathon and Fifteen-Twenty Fracture Zones, with 70% of the ridge axis
accreting asymmetrically, and they are practically absent between the Hayes and
Oceanographer Fracture Zones, immediately south of the Azores hotspot, where less

than 15% of the axis accretes asymmetrically (Figure 2a).

There is an excellent correlation between mode of accretion and seismicity at the
ridge axis. This section of the MAR was hydroacoustically monitored between January
1999 and September 2003"". The hydroacoustic catalogue is complementary to the >30
year teleseismic catalogue, as it records smaller magnitude events (magnitude of
completeness of 3 and 5, respectively'?), over a shorter period of time (<5 vs. >30
years). Both seismic catalogues show that detachment-dominated, asymmetrical ridge

sections host ~75% more hydroacoustic events and ~65% more teleseismic events than



symmetrical segments (Figure 2b and c). The concentration of seismicity at segments
shown to have active detachment faults (Figures 1d-e), such as the Logachev massif
south of the Fifteen-Twenty Fracture zone and the TAG detachment fault near
26°N®"_is thus a general pattern. Active detachments also control the zones of
sustained seismicity, which lack shock-aftershock sequences that were previously
identified along the northern MAR'*. Differences between the hydrophone and
teleseismic patterns (Figures 2b-c) probably arise from temporal variability in
seismicity, and from a secondary control on seismicity by other factors in addition to
detachment faulting. For example, shock-aftershock sequences generated along steep
normal faults in the flanks of the MAR may result in elevated rates of hydrophone
events along symmetrical segments, such as those near 24.25°N"2, which are not
observed in the longer-term teleseismic data (Figures 2b-c). Complex tectonic
processes at segment ends and oblique zones can also significantly increase seismicity,

even if segments show little or no seismicity at their centres (Figures 1b-c)'.

Comparison of microseismicity results with regional seismic patterns allows us to
constrain the nature of the zones of elevated and sustained seismicity. An 8-month
microseismic experiment at the TAG hydrothermal field (26.1°N) shows deformation
along the active detachment fault accommodated by continuous creep associated with
steady hydroacoustic event rates (Figure 1d). Microseismicity events at ridge sections
with active detachments (TAG'*'°, 23°N'®) are observed down to 7-8 km below
seafloor, with the interpreted fault rooting directly below the neovolcanic zone'. In
contrast, at the centre of symmetrical segments (35°N'” and Figure 1b, 29°N'®) events
extend to maximum depths of 5-6 km, 1-3 km shallower than near detachments (see

Figure 2 in Supplementary Information).

There is a close association of hydrothermal activity and asymmetrical accretion.

Ridge sections flanked by active detachments host 7 out of the 8 known active or recent



hydrothermal vent fields in the area, and are overlain by 6 out of 7 identified
hydrothermal plumes'? in the water column (Figure 2a). There is also evidence for high-
temperature fluid circulation along detachment faults’**!, suggesting a direct link
between hydrothermal activity and deformation associated with the faults. The data thus
point to a link, albeit complex, between extension on detachments and hydrothermal
activity, consistent with a thicker lithosphere at asymmetrical relative to symmetrical

ridge sections.

The two modes of lithospheric accretion from our study area also exhibit
differences in the geochemistry of basalts. Trace element and to some extent major
element data are subject to regional mantle heterogeneities®, in addition to local
variability®. We thus restrict our investigation to pairs of adjacent segments, one of
which has asymmetrical and the other symmetrical accretion, and from both of which
multiple chemical analyses are available. We note, however, that the trends described
here are present when all data from the study area are considered, and despite
significant overlap between basalt compositions from each of the two modes of
accretion (See Figure 2 in Supplementary Information). Basalts from symmetrical
segments show less compositional variation, and generally reflect lower eruption
temperatures, as expressed by the MgO contents of the lavas. Asymmetrical segments
yield more primitive (higher temperature) basaltic compositions, having undergone less
crystal fractionation than basalts from symmetrical segments. There are also chemical
offsets at constant MgO for major elements. Samples from asymmetrical segments
have higher Na,O and FeO and lower CaO than samples from symmetrical segments

(Figures 3a-c).

Since there are only limited trace element data for adjacent
symmetrical/asymmetrical ridge sections that can be used to compare chemical

compositions, we can only compare the north (symmetrical, MARNOK) and south



(asymmetrical, MARK) of the Kane fracture zone. For this pair of segments we
compare the ratio of moderately incompatible elements, Zr/Y, which is not particularly
influenced by mantle heterogeneity. The symmetrical MARNOK segment has lower

and more homogeneous Zr/Y ratios than the MARK segment (Figure 3d).

As shown by the liquid lines of descent due to cooling at different pressures
(Figure 3), the variations in FeO and CaO contents are consistent with lower pressure
fractionation for samples from symmetrical segments, and higher pressure fractionation
for samples from asymmetrical segments. The greater homogenization of lavas at
symmetrical segments could be achieved within magma reservoirs resulting from
greater melt supply to lower pressures than at asymmetrical ridge sections. In addition
to the pressure of crystallization, other processes near detachment faults such as melt-
rock reactions inferred from gabbros sampled along the Kane detachment ** may also
contribute to the systematic compositional difference between basalts erupted along the

two types of segments.

High pressure fractionation alone, however, does not fully account for the offset
in NaO contents, nor does it produce significant differences in the Zr/Y ratio, which
may result instead from changes in the extent of melting, or reflect mantle
heterogeneities. Indeed, there are significant differences in incompatible element
compositions of the two segments, with Ba contents, for example, varying by a factor of
2, and Ba/Y ratios in MARNOK of 0.4+0.1 and in MARK of 0.23+0.06. Since the
MARNOK segment has the higher Ba/Y ratio, it might be expected to have a higher
Zr/Y ratio, Zr being less compatible than Y. However, Z1/Y is lower in MARNOK than
in MARK (Figure 3), opposite of what would be predicted from a mantle heterogeneity
effect. These data thus suggest melting differences between symmetric and asymmetric
segments. Further basalt analyses from other segment pairs are necessary to elucidate

these questions.



Accretion along slow-spreading ridges is thus dominated by two distinct modes of
spreading and partitioning of deformation, that in turn are reflected in the thermal
structure, magmatic system and hydrothermal circulation at the axis as illustrated in
Figure 4. Accretion in the presence of detachments is highly asymmetrical, with
approximately 50% of the plate separation accommodated along a single fault along one
of the ridge flanks. Overall tectonic strain at symmetrical segments is probably much
lower (<20%)*>*?’, and distributed instead over multiple high angle normal faults that
are active o several tens of km off-axis'*. This difference in the amount of tectonic
strain may be responsible for the high rates of seismicity at asymmetrical ridge sections
relative to symmetrical ones. Increased hydrothermal cooling and lithospheric thickness
in the presence of detachment faults will likely influence the underlying magmatic
system. A deepening of the top of the melting regime can lead to a reduction of the
extent of melting of the mantle. Once magma separates and ascends towards the surface,
it cools, reacts and crystallizes. There is thus a natural association of the thicker
lithosphere of asymmetrical segments, the lower extents of melting, the higher degree of
melt-rock reactions, and the greater pressures of crystallization at asymmetrical
segments compared to symmetrical segments. One important remaining problem is that
of the origin of the detachment faulting. Do detachment faults establish because of
enhanced hydrothermal cooling and fault weakening that leads to the development of
long-lived faults? Or are they forced to form by lower temperatures of the rising mantle
beneath the axis, and consequently decreased magma supply? There may be a positive
feedback between these two effects, where increased cooling at the surface leads to
decreased melt production at depth, and vice versa, causing small differences to be

amplified to generate such widely different styles of lithospheric accretion.
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Figure 1. Bathymetry of the study area and examples of symmetrical and
asymmetrical segments with associated seismicity. (a) Available multibeam
bathymetric coverage data between the Marathon and Oceanographer Fracture
Zones®®?. (b-c) Examples of linear ridge segments flanked by ridge-parallel
abyssal hills resulting from high-angle normal faulting corresponding to
symmetrical accretion at their centre. Seismicity concentrates at segment ends,
while the centre shows no or very few events. (d-e) Examples of
asymmetrically accreting ridge sections. The axis is flanked by active
detachment faults, which are associated with elevated seismicity rates. Dashed
red lines (d and e): termination of detachment towards the ridge axis; dots:

hydroacoustic events''; open circles: teleseismic events.

Figure 2. Along-axis distribution of asymmetrical and symmetrical ridge
sections and correlation with hydrothermal and seismic activity. (a) Along-axis
bathymetric profile showing the two modes of lithospheric accretion interpreted
from seafloor morphology and tectonic structure (see detailed interpreted maps
in Figure 1 of Supplementary Information). Segments associated with active
detachment faulting host the large majority of known vent fields (red circles; see

Methods section) and identified hydrothermal plumes in the water column™®. (b)



The average frequency of hydroacoustic and (c) teleseismic events (c) per km

of ridge axis is higher along asymmetrical than symmetrical segments.

Figure 3. Systematic differences in basalt chemistry from symmetrical and
asymmetrical ridge sections. The systematic differences in MgO vs. CaO (a),
FeO (b) and Na,O content (c) for three pairs of adjacent symmetrical and
asymmetrical segments, and lines of liquid descent (black lines) showing the
compositional evolution of basalts for different pressures of crystallization.
Sufficient rare earth element data are only available for the ridge sections
adjacent to the Kane Fracture zone, MARNOK to the north (symmetrical) and
MARK to the south (asymmetrical). The Zr/Y ratio (d) is higher for the southern
MARK segment.

Figure 4. Across-axis sections corresponding to symmetrical and asymmetrical
accretion and associate processes. (a) In asymmetrical ridge sections
detachments accommodate roughly half of the plate separation tectonically
along a single fault. They also host hydrothermal fields that can contribute to the
thick lithosphere at the axis (up to 8 km), inferred from microseismic data. This
strain partitioning results in more elevated and sustained levels of seismicity
than symmetrical segments (b), which accommodate a lower proportion of the
plate spreading by faulting (~10%) over numerous faults on both flanks
simultaneously, and in a thinner axial lithosphere (<6 km). This colder axial
regime can reduce the melting column, favor reduced melt supply, and promote
crystallization at deep levels relative to symmetrical segments. Alternatively,
mantle anomalies may instead the cause of these along-axis variations in

thermal regime and mode of accretion.
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Methods Summary

Multibeam bathymetry data have been obtained from the Marine Geoscience Data
Service (MGDS, http://www.marine-geo.org) database” and complemented with that of
Smith et al.%’. These data were used to identify the ridgeward termination of
detachment terrain, and the extent of ridge-parallel abyssal hill terrain flanking the axis.
Ridge sections were classified based on the presence of linear abyssal hill terrain on
both flanks (symmetrical accretion), or of detachment terrain along one of the flanks

(asymmetrical accretion). The remaining sections of the ridge axis were unclassified.

Seismicity data were obtained from the hydrophone catalog'' and from the NEIC

teleseismic catalog (http://neic.usgs.gov/). So as to remove intraplate seismicity and

that associated with off-axis deformation, we restricted our analysis to events in oceanic
lithosphere younger than 3 Myr, based on the digital seafloor age map®’. Seismicity
rates were calculated from the total number of hydroacoustic (Figure 2b) and
teleseismic events (Figure 2c¢) recorded, and the length of individual ridge sections

showing symmetric, asymmetric, or undetermined accretion.

Geochemical data for basalt glass were obtained from the PETDB database *°, and
complemented with unpublished data (J. Cann and C. Langmuir). For the data analysis
we selected those basalt analyses from rocks sampled along the axial volcanic ridge, the
rift valley floor, or the flanking walls. We then selected those analyses that could be
corrected for interlaboratory bias’', discarding the remaining data. Liquid lines for
different pressures of crystallization shown in Figure 3 were calculated using an initial

primitive basalt composition.
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Methods

Multibeam bathymetry grids along the study area were obtained from the Marine
Geoscience Data Service (MGDS, http://www.marine-geo.org)™ and from Smith et al.*’, and
gridded at ~100 m. These data were used to define the ridge axis, either as indicated by axial
volcanic ridges, or following the center of the rift valley in the absence of these structures, as
reported in the interpreted maps from Figure 1 in the Supplementary Information. The
ridgeward limit of both detachment terrain and volcanic abyssal hill terrain, as defined in the
text, was digitized and also reported in the maps. The ridge axis was classified as
corresponding to ‘asymmetric accretion’, ‘symmetric accretion’, or unclassified. The relative
proportions of ridge axis reported in the paper are calculated from the ridge axis geometry
presented in the maps. Proportions based on ridge length may differ from the proportions
apparent in Figure 2, which corresponds to a latitudinal projection that does not take into
account overlap, curvature, or gaps in ridge segmentation. Table 1 in the Supplementary
Information provides relative proportions for each mode of accretion along ridge sections

bound by major fracture zones, as well as their length.

Hydrophone events are from the NOAA hydroacoustic catalog

(http://www.pmel.noaa.gov/vents/acoustics/autochart/GetPosit.html), which extends from

01/99 to 09/03"". Telesesismic events are from the NEIC teleseismic catalog
(http://neic.usgs.gov/) for the period 1973-2007. The digital seafloor age map*’ was used to
discard events occurring in lithosphere older than 3 Ma. As >80% of the hydrophone and
teleseismic events occur within 10 km of the ridge axis and corresponding to a spreading age
of ~1 Ma'?, the remaining events used in the analysis presented in the paper provide a good
characterization of tectonic processes associated with accretion. Segments corresponding to
symmetric, asymmetric and undetermined accretion were grouped into larger ridge sections
with similar mode of accretion. The seismic rate (events per km) for each ridge section is
reported in Figures 2b and 2c, and were calculated using the total number of observed

hydroacoustic and teleseismic events and the total length of ridge axis within each section.

Hydrothermal s--pites reported in Figure 2 of the paper and Figure 1 of the
Supplementary Information include active vents found to date, and inactive hydrothermal
fields within the rift valley that have thus been active in geologically recent times (probably
less than 10’s to 100’s of thousands of years). From South to North these sites are: Ashadze at
12°58’N**** 13°30°N (inactive)’*, Logachev at 14°45°N>, Krasnov (inactive) at 16°38’N,



Snake Pit at 23°22°N°’, TAG at 26°08°N>*, Broken Spur at 29°11’N*, and Lost City at
30°08°N*’. Hydrothermal plumes in the water column reported in Figure 2 correspond to
manganese anomalies generated by active hydrothermal vents within the rift valley*'. In most

cases the source at the seafloor of these plumes has not been directly observed.

The geochemical dataset included available mid-ocean ridge basalt glass analyses from

PETDB (www.petdb.org)*, complemented with unpublished data from J. Cann** and Ch.

Langmuir (~7700 glass analyses). The sample locations were verified to retain only the
analyses from basalts sampled within the rift valley (axial volcanic ridges, rift valley floor, or
inner rift valley walls). Major element data that could not be corrected for interlaboratory
bias®' were then discarded, and the remaining data (~3200 analyses) were used in the paper
(see Figures 1 and 3 in Supplementary Information). The final regional dataset shows
differences in basalt geochemistry between asymmetrically and symmetrically accreting ridge
sections, but a large overlap exists (Figure 3 in Supplementary Information) owing to regional
variations mantle sources, among other factors. We have thus presented in Figure 3 results
for three adjacent pairs of symmetric-asymmetric spreading sections, and therefore removing
in each case long-wavelength compositional variations of the mantle that cannot be attributed
to differences in the mode of accretion. In Figure 3 we also plot the liquid lines of descent for
basalt to illustrate the effect of the pressure of crystallization on basalt composition. The
initial composition corresponds to that of one of the most primitive basalt samples in the area.

The liquid lines of descent are calculated using the program hbasalt® .
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