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[1] The morphology of the flanks of the Southwest Indian Ridge holds a record of seafloor formation
and abyssal hill generation at an ultraslow spreading rate. Statistical analysis of compiled bathymetry and
gravity data from the flanks of the Southwest Indian Ridge from 54°E to 67°E provides estimates of abyssal
hill morphologic character and inferred crustal thickness. The extent of the compiled data encompasses a
spreading rate change from slow to ultraslow at ~24 Ma, a significant inferred variation in sub-axis mantle
temperature, and a patchwork of volcanic and non-volcanic seafloor, making the Southwest Indian Ridge an
ideal and unique location to characterize abyssal hills generated by ultraslow spreading and to examine the
effect of dramatic spreading rate change on seafloor morphology. Root mean square abyssal hill height in
ultraslow spreading seafloor ranges from ~280 m to ~320 m and is on average ~80 m greater than found
for slow-spreading seafloor. Ultraslow spreading abyssal hill width ranges from ~4 km to ~12 km, aver-
aging ~8 km. Abyssal hill height and width increases west-to-east in both slow and ultraslow spreading
seafloor, corresponding to decreasing inferred mantle temperature. Abyssal hills persist in non-volcanic sea-
floor and extend continuously from volcanic to non-volcanic terrains. We attribute the increase of abyssal
hill height and width to strengthening of the mantle portion of the lithosphere as the result of cooler sub-
axial mantle temperature and conclude that abyssal hill height is primarily controlled by the strength of
the mantle component of the lithosphere rather than spreading rate.
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Theme: From the Mantle to the Ocean: Life, Energy, and Material Cycles at Slow

Spreading Ridges

1. Introduction

[2] The characteristics of abyssal hills at ultraslow
spreading ridges and how they compare to seafloor
generated at faster rates have not been extensively
explored. Abyssal hills are the most pervasive
geologic feature on the planet, covering 85% or
more of the seafloor [Menard, 1960, 1967; Goff,
1992]. However, only a small fraction of the sea-
floor has been mapped with the resolution neces-
sary to characterize abyssal hill fabric reliably. The
majority of high-resolution bathymetric surveys at
intermediate and slower spreading ridges are sited
on or near the ridge axis rather than the ridge flanks
where the formation of abyssal hill fabric can be
assumed to be complete [e.g., Sauter et al., 1996;
Shaw and Lin, 1993; Sloan and Patriat, 2004].
Although limited, these data have been enough to
drive the development of multiple models of abys-
sal hill formation. Conceptual models based on
interpretation of observations and more abstract
quantitative calculations attribute abyssal hill char-
acter primarily to lithosphere strength, spreading
rate, and sub-axial magma supply [e.g., Buck and
Poliakov, 1998; Buck et al., 1997, 2005; Cannat
et al., 2003; Goff, 1991, 1992; Goff and Jordan,
1988; Goff et al., 1993, 1995, 1997; Malinverno,
1991; Malinverno and Pockalny, 1990; Neumann
and Forsyth, 1995; Poliakov and Buck, 1998;
Sloan and Patriat, 2004; Tucholke et al., 1997].

[3] The dependence of lithosphere character on
spreading rate is widely accepted: slower spreading
rates tend to produce thicker, stronger lithosphere
[e.g., Lin and Parmentier, 1989; Lin and Phipps
Morgan, 1992]. Several models for abyssal hill
generation link lithosphere thickness and strength
with normal fault throw, fault spacing or frequency,
and elastic flexure [e.g., Buck et al., 2005; Buck and
Poliakov, 1998; Shaw and Lin, 1993]. Thicker,
stronger lithosphere is thought to sustain greater
fault spacing, throw, and elastic flexure to produce
larger abyssal hills. Thus, slower spreading rates
should produce larger abyssal hills than are typi-
cally generated at intermediate and fast spreading

rates [e.g., Buck and Poliakov, 1998; Chen and
Morgan, 1990; Goff, 1991; Goff et al., 1995;
MacDonald et al., 1996] with the largest abyssal
hills being generated at ultraslow spreading ridges.
Comparative observations from the near-axis region
and occasionally the flanks of a variety of ridges, in
addition to being consistent with the proposed
models mentioned above, have generated quantita-
tive predictive models relating abyssal hill mor-
phology to spreading rate [e.g., Ehlers and Jokat,
2009; Malinverno, 1991]. It must be taken into
consideration, however, that these models are based
on compilations of widely spaced, isolated data
from ridges with a broad range of spreading rates
[e.g., Ehlers and Jokat, 2009; Malinverno, 1991].
To truly test the relationship between spreading
rate and abyssal hills size, it is necessary to char-
acterize a full range of abyssal hills generated at
distinctly different spreading rates at a single ridge.
The Southwest Indian Ridge (SWIR; Figure 1), the
focus of this work, underwent a dramatic change
from slow (30 mm/yr) to ultraslow (15 mm/yr)
spreading ~24 Ma [Patriat et al., 2008]. Compiled
bathymetric data from the axis and flanks of the
SWIR currently offer the only opportunity to sys-
tematically test the effect of slow to ultraslow
spreading rate change on abyssal hill morphology.

[4] The volume of magma supplied to the ridge axis
may be another factor contributing to the character
of the abyssal hill fabric [e.g., Behn and Ito, 2008;
Cannat et al., 2008; Shaw and Lin, 1996]. Magma
supply has been closely linked to sub-axial mantle
temperature [e.g., Cannat et al., 2006], making the
thermal structure of the ridge system a first-order
controlling factor of abyssal hill morphology.
Regional (100 s km) variation of sub-axial mantle
temperature may affect overall lithosphere thick-
ness as well as the relative thicknesses of its crustal
and mantle components [e.g., Cannat et al., 2006].
Geophysical and geochemical data along the SWIR
indicate large-scale variation of sub-axial thermal
structure (Figure 2) [Cannat et al., 2008; Sauter and
Cannat, 2010; Sauter et al., 2011a]. Within the
study area, mantle temperature is thought to cool
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Compiled multibeam bathymetry of the Southwest Indian Ridge between the Gallieni FZ and 67°E with

location map inset. Magnetic anomaly identifications A6 (stars), A8 (triangles) and A13 (squares) are from Patriat
et al. [2008] and Sauter et al. [2008], AS (hexagons) are from Lemaux et al. [2002]. Boxes indicate the areas of
seafloor selected for morphologic analysis: slow segment center (red), ultraslow volcanic segment center (blue), and
non-volcanic seafloor (black). A dashed red line marks the SWIR axis; thin black lines represent transform fault and frac-
ture zones; thick dashed lines represent the triple junction trace; and black arrows indicate plate motion vectors. SWIR:
Southwest Indian Ridge; SEIR: Southeast Indian Ridge; CIR: Central Indian Ridge; RTJ: Rodrigues Triple Junction.

progressively west-to-east [Cannat et al., 2008;
Sauter and Cannat, 2010; Sauter et al., 2011a]. The
easternmost part of the SWIR appears to be among
the deepest parts of the oceanic ridge system, and it
is thus inferred to represent a relatively colder, melt-
poor end-member of this system [Cannat et al.,
1999]. The inferred along axis mantle temperature
variation and classification as an end-member
example make the SWIR an excellent location to
study the effect of mantle temperature and/or magma
supply variability on abyssal hill morphology.

[s] Temporal variability of magma supply is also
thought to affect the volume of volcanic crust
produced [e.g., Behn and Ito, 2008; Cannat et al.,
2008, 2006]. Reduction of crustal thickness rela-
tive to the rigid upper mantle will strengthen the
lithosphere and should result in larger abyssal hills

[Behn and Ito, 2008; Shaw and Lin, 1996]. In
addition, reduced sub-axial magma supply in the
deep, melt-poor part of the SWIR may result in
focused upwelling to produce a patchwork of locally
enhanced amounts of crust [Bown and White, 1994,
Sauter et al., 2011a] juxtaposed with areas of little
or no volcanic crust [Cannat et al., 2006]. Temporal
variation of the accretion process within the con-
text of a cool mantle temperature regime with
reduced melt production is probably the principal
cause for the formation of areas of lithosphere with
very thin or no volcanic crustal component in this
region [Cannat et al., 2006, 2008]. The eastern
SWIR displays the largest known expanses of sea-
floor with little or no volcanic upper crustal layer,
also referred to as smooth seafloor [Cannat et al.,
2006]. The non-volcanic nature of these areas
of seafloor is confirmed by deep-tow sonar data
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Figure 2. SWIR along-axis profiles from Sauter and Cannat [2010]: (a) depth [Dick et al., 2003; Grindlay et al.,
1998; Munschy and Schlich, 1990; Patriat et al., 1997; Sauter et al., 2001, 2009], (b) mantle Bouguer anomaly
[Georgen et al., 2001], and (c) Na8.0 composition of dredged basalt glasses [Cannat et al., 2008; Sauter et al.,
2009; Standish et al., 2008] (subscript 8.0 refers to values corrected for low-pressure fractionation to a common
MgO content of 8 wt%, as described by Klein and Langmuir [1987]). The thick gray line in Figures 2b and 2c repre-
sents the smoothed axial depth profile for comparison Sh: Shaka TF; DT: Du Toit TF; AB: Andrew Bain TF;
Ma: Marion TF; PE: Prince Edward TF; ES: Eric Simpson TF; Di: Discovery I and II TFs; In: Indomed TF;
Ga: Gallieni and Gazelle TFs; Me: Melville TF; RTJ: Rodrigues Triple Junction.

[Sauter et al., 2004] and by the abundance of ser-
pentinized mantle-derived peridotites dredged from
the axial valley [Seyler et al., 2003] and on the
flanks [Sauter et al, 2011b] with only minor,
occasional basalts and gabbros.

[6] The multibeam bathymetry and gravity data
compiled along the SWIR from 54°E to 67°E
(Figure 1) provides a unique opportunity to analyze
abyssal hill characteristics along flow line corridors
that traverse a change in spreading rate from slow
to ultraslow. In addition, it allows us to determine
whether the progressive west-to-east cooling of
inferred mantle temperature is reflected in abyssal
hill morphology and whether abyssal hill morphol-
ogy varies from volcanic to non-volcanic seafloor.
Based upon our findings, we discuss the implica-
tions of abyssal hill morphology in relation to
spreading rate change, magma supply and litho-
sphere strength.

2. Data and Methods

[7] We compiled and merged multibeam bathy-
metric and gravity data from several French, U.S.,

and Japanese surveys and transits of the SWIR
between 54°E and 67°E [Baines et al., 2007
Cannat et al., 2003, 2006, Dick et al., 1991;
Fujimoto et al., 1999; Hosford et al., 2003; Mendel
et al., 1997, 2003; Munschy and Schlich, 1990;
Patriat et al., 1997; Sauter et al., 2001, 2002,
2011a, 2011b]. These bathymetry data have a hor-
izontal resolution of 1% to 2% of seafloor depth
and thus do not image seafloor structures less than
100 m to 120 m across. Taking into account this
resolution limit, the merged data set was gridded at
0.15 km node spacing, which is sufficient to derive
basic characteristics of the seafloor morphology.
Seismic data within the region indicates negligible
sediment thickness [Sauter et al., 2011a].

[8] We used the stochastic modeling procedure of
Goff and Jordan [1988, 1989] to analyze the sta-
tistical properties of abyssal hill morphology on the
flanks of the SWIR. Subset areas of multibeam
coverage, referred to as “boxes,” were utilized for
analysis (Figure 1). The boxes were chosen so as
to exclude non-abyssal hill features such as frac-
ture or discordant zones and seamounts. The boxes
are polygonal, with their longest, straight, parallel
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or sub-parallel sides aligned with the spreading
direction or flow line. Each box extends for dis-
tances of ~30 to ~110 km along the flow line
trend, spanning age intervals of ~3-5 Myr. The
bathymetry data within the boxes are resampled
onto a new grid aligned with the flow line orienta-
tion as determined by Patriat et al. [2008], with
rows representing the along-flow line direction
and columns the across-flow line direction. Col-
umns are detrended up to order 3, depending on
the macro-scale bathymetry. After detrending, sto-
chastic parameters are estimated with a weighted,
least squares inversion [Goff and Jordan, 1988,
1989]. Derived parameters include the root mean
square (RMS) height, which is the average varia-
tion of depths with respect to the regional depth
trend, characteristic length and width, abyssal hill
strike or azimuth, and fractal dimension.

[9] In this study we focus principally on (1) the RMS
height, (2) the lineament azimuth and (3) the char-
acteristic width defined as the width of the covariant
function perpendicular to the azimuth [Goff and
Jordan, 1988]. Although statistically robust, the
RMS height underestimates the actual relief of
abyssal hills [Small, 1998]. We therefore include
an analysis of the amplitude of relief, defined as
the difference between the minimum and maximum
values of the bathymetric data [Small, 1998], to
provide an additional characterization of abyssal hill
morphology. Relief amplitude is calculated from
gridded bathymetry corrected for the effect of ther-
mal subsidence. The thermal subsidence correction
was calculated from a smoothed surface age grid
derived from isochrons of Patriat et al. [2008],
Sauter et al. [2008], and Lemaux et al. [2002]
using the empirical depth (D) versus age (t) curve
of Parsons and Sclater [1977], Dy = 350 t? +
D¢ = o), where D = ¢y is the depth of the zero-age
ridge crest.

[10] We derived mean values of the mantle Bouguer
anomaly (MBA) within each of the boxes from
grids calculated by Sauter et al. [2011a] using an
assumed crustal thickness of 5 km with a constant
density of 2700 kg/m>. Each box spans a different
range of seafloor ages and therefore the degree of
thermal subsidence varies from box to box. In order
to obtain comparable depth and mean MBA values,
we sub-sampled within ultraslow boxes for the
common age range of 8—13 Ma and within slow
boxes for ages 2631 Ma.

[11] Of the 36 boxes analyzed, 30 extend along
extensional flow lines at or near segment centers,
and six are located within zones of non-volcanic

seafloor (Figure 1). Non-volcanic seafloor at the
SWIR has only been identified to the east of 61°E,
typically in or near discordant zones [Cannat et al.,
2008]. Several volcanic ultraslow boxes are also
located in this area. Nine of the 30 segment center
boxes contain seafloor generated at the rate of
30 mm/yr, between Cl13n.y and C8n.o [Patriat
et al., 2008]. The other 21 segment center boxes
contain seafloor generated at 15 mm/yr, between
Cén.o and C3An.y [Patriat et al., 2008]. Every
effort was made to select boxes with a full range
of well-developed abyssal hill morphologies and
to avoid inside and outside corner relief. Relief
associated with the axial valley and ridge moun-
tains was excluded by selecting seafloor older than
C3An.y. We also avoided corrugated surfaces
associated with mega-mullions structures as iden-
tified by Baines et al. [2003], Cannat et al. [2006,
2009], Dick et al. [1991], Searle et al. [2003], and
Searle and Bralee [2007].

[12] One box to the west of Atlantis II FZ has
anomalously large RMS height and characteristic
width values. It is located within a segment bounded
to the west by what was once a 45-km-long trans-
form fault at 56°30'E. This transform fault evolved
into an 11-km offset non-transform discontinuity
when spreading rate decreased [Baines et al,
2007], a change in plate boundary geometry that
may have disrupted abyssal hill organization and
produced anomalously high estimations of abyssal
hill statistical parameters. This anomalous result
illustrates the importance of box position to obtain-
ing representative results from the analysis.

[13] In order to examine abyssal hill morphology
within the ensemble of the compiled bathymetry
data we filtered the bathymetry grid to isolate
intermediate wavelength bathymetric features that
correspond to abyssal hill morphology (Figure 3).
Considering the range of characteristic abyssal hill
width of ~6.4 km to ~8.5 km, the upper limit of
the filter was set at wavelengths 15 km. The lower
limit was set at wavelengths of <2 km, corre-
sponding to volcanic edifices and small-scale fault
textures.

3. Results

[14] Our interest lies in the variability of abyssal hill
character with spreading rate change, with mantle
temperature variation and with the presence or
absence of volcanic crust. We therefore present our
results within the context of variability along flow
lines, variability parallel to the axis (i.e., with
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Figure 3. Extracted examples of boxes of bathymetry and intermediate wavelength filtered bathymetry used for anal-
ysis: slow segment center (red), ultraslow volcanic segment center (blue), and non-volcanic seafloor (black);
(a) bathymetry located between Gallieni and Atlantis II FZ; (b) filtered bathymetry shown in Figure 3a; (c) bathymetry
located to the east of Melville FZ; (d) filtered bathymetry shown in Figure 3c. In Figures 3b and 3d, intermediate
wavelengths corresponding to the abyssal hills have been retained while wavelengths corresponding to the volcanic
texture (<2 km) and to the regional trend (>15 km) were removed. Magnetic anomaly identifications: A6 (stars),

A8 (triangles), and A13 (squares).

longitude), and volcanic or non-volcanic litho-
sphere. The calculated mean values of abyssal hill
parameter estimates and proportional error esti-
mates for each type of seafloor morphology

analyzed are summarized in Table 1. Results of the
statistical analysis, relief amplitude calculation,
mean depth, and mean MBA values within each
box appear graphically in Figure 4.
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Table 1. Mean Abyssal Hill Characteristics With 1-sigma Errors
Full Rate RMS Height Characteristic Azimuth Relief Depth MBA
Seafloor Type (mm/yr) (m) Width (km) (deg)  Amplitude (m) (m) (mgal)
Slow 30 222 +22 6.4 +£0.5 95+4 1800 £ 159 4298 £273 17+5
Ultraslow 15 298 + 23 7.8 +£0.5 83+2 2507 £114 3455+£570 -34+6
Ultraslow Volcanic 61-67°E 15 372 + 23 85+0.5 78 +4 2855 +£267 37534173 —-20+2
Ultraslow Non-volcanic 61-67°E 15 304 £ 20 8.0+ 0.4 61 £4 2314 4+227 4393+ 142 -9+2
a) b)
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Figure 4. Abyssal hill characteristics with 1-sigma error bars plotted with longitude: (a) RMS height, m; (b) relief

amplitude, m; (c) characteristic width, km; (d) mean depth, m; and (e) MBA values, mGal. Red circles represent slow
seafloor, blue squares represent values for ultraslow volcanic seafloor, and black triangles represent non-volcanic

ultraslow seafloor.
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3.1. Along-Flow Line Variation: From Slow
to Ultraslow

[15] RMS abyssal hill height mean value for all
ultraslow spreading boxes (298 + 23 m) is signifi-
cantly larger than that for slow spreading boxes
(222 £+ 22 m). The two populations are clearly
distinct in Figure 4a. Mean abyssal hill relief
amplitude variation (Figure 4b) is consistent with
that of the RMS height, indicating coherent esti-
mates of abyssal hill height. The mean value of
characteristic abyssal hill width for ultraslow
spreading boxes (7.8 + 0.5 km) is larger than that for
slow spreading boxes (6.4 + 0.5 km) (Figure 4c).
The difference between the two populations is
1.4 km, while the standard deviation of both popu-
lations is 0.5 km. Regression trends for the two
characteristic width populations indicate that they
are significantly distinct. Mean azimuth values
(Table 1) indicate a ~12° change in the orientation
of abyssal hills following the transition from slow to
ultraslow spreading, a figure consistent with the
kinematic reconstruction of Patriat et al. [2008].

3.2. Variation West-to-East: Decreasing
Inferred Mantle Temperature

[16] There is marked and correlated variation in
abyssal hill morphology, seafloor depth and MBA
values west-to-east (Figure 4). Ultraslow abyssal
hills generally have greater RMS heights and relief
amplitude at a given longitude. From 54°E to 61°E,
both slow and ultraslow abyssal hill popula-
tions display a significant eastward increase in RMS
height. East of 61°E, ultraslow RMS abyssal hill
height values decrease slightly, approaching the
mean. Relief amplitude of both slow and ultraslow
populations increases steadily with longitude.

[17] The characteristic abyssal hill width increases
from 54°E to 61°E with a significant difference
between the slow and ultraslow populations. When
RMS heights versus characteristic width for all
boxes is plotted (Figure 5a), the correlation coeffi-
cient is robust at +0.72, resolvable at >0 at 99.9%
confidence (T-test). A correlation coefficient of
+0.74 is found for mean MBA value and RMS
abyssal hill height (Figure 5b). As there are only
9 boxes selected on slow spreading seafloor, the
correlation between RMS abyssal hill height,
characteristic abyssal hill width and MBA for this
population is indeterminate.

[18] Depth values for both slow and ultraslow
boxes increase from 54°E to 61°E (Figures 4d
and 4e). East of 61°E, ultraslow depth remains

approximately constant. MBA values for slow
and ultraslow boxes increase steadily from 54°E
to 61°E. MBA value regression trend slopes
are similar for slow and ultraslow boxes. MBA
values for ultraslow boxes decrease slightly east
of 61°E.

3.3. Volcanic and Non-volcanic

Lithosphere

[19] Within the study area, non-volcanic seafloor
was detected only east of 61°E (Figure 1). The six
boxes containing non-volcanic seafloor are located
on ultraslow seafloor. Another 11 boxes located
east of 61°E contain volcanic seafloor, two on
slow seafloor and nine on ultraslow seafloor
(Figure 1). The mean RMS abyssal hill height for
boxes containing volcanic lithosphere is 372 +
23 m (Table 1). The mean RMS height for non-
volcanic boxes is significantly smaller at 304 +
20 m (Table 1). The non-volcanic boxes display
RMS height values that are intermediate between
those of slow and ultraslow boxes while the non-
volcanic relief amplitude tends to be lower than
both slow and ultraslow volcanic boxes within
the same range of longitude. Mean characteristic
widths of volcanic and non-volcanic boxes are
8.5 = 0.5 km and 8.0 £ 0.4 km, respectively.

[20] Depth values for ultraslow non-volcanic boxes
are ~700 m deeper than ultraslow volcanic boxes
east of 61°E. MBA values of ultraslow non-volcanic
boxes are greater than those of ultraslow volcanic
boxes east of 61°E, with mean values of —9 =+
2 mGal and —20 + 2 mQGal, respectively (Table 1).
Non-volcanic abyssal hill mean azimuth is 61° 4= 4°
while volcanic abyssal hill mean azimuth is 78° +
4° (Table 1), indicating that non-volcanic abyssal
hill azimuths are significantly more oblique to
spreading direction.

[21] The intermediate wavelength filtered bathym-
etry reveals the lateral continuity of individual
abyssal hills that extend continuously across non-
volcanic and volcanic seafloor (Figure 3). The non-
volcanic seafloor abyssal hill azimuths align with
magnetic anomalies just as they do for volcanic
seafloor abyssal hills, but with a difference in
mean azimuth of ~17°.

4. Discussion
[22] The results of our statistical analysis of sea-

floor bathymetry on the flanks of the SWIR pro-
vide internally consistent and globally comparable
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Figure 5. Correlations between (a) RMS abyssal hill height and characteristic abyssal hill width for all boxes and
(b) RMS abyssal hill height and mantle Bouguer anomaly for ultraslow spreading boxes; squares represent values
for ultraslow volcanic seafloor and triangles represent ultraslow non-volcanic seafloor.

characterization of abyssal hill morphology at an
ultraslow spreading ridge. Based upon this anal-
ysis we determine the variability of abyssal hill
morphology resulting from a change in spreading
rate from slow to ultraslow, a regional gradient in
sub-axial melt supply and/or mantle temperature,
and the presence or absence of volcanic crust.

Combining this analysis with inferred crustal thick-
ness derived from MBA values, we discuss varia-
tion of lithosphere rheology with decreasing mantle
temperature as a probable governing factor in the
formation and evolution of abyssal hills. We are
also able to determine morphologic parameters of
abyssal hills generated at ultraslow spreading rates.
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4.1. Effect of Spreading Rate Change
From Slow to Ultraslow on Abyssal
Hill Morphology

[23] The significant difference in the RMS abyssal
hill height, relief amplitude, and characteristic
width values for slow and ultraslow seafloor, both
overall mean values and values for individual boxes
at a given longitude, is a clear indicator that the
spreading rate change from 30 mm/yr to 15 mm/yr
had a profound effect on abyssal hill morphology.
This inference is supported by the close correlation
between abyssal hill characteristic width and RMS
height (Figure 5a). The significant increase in RMS
abyssal hill height, characteristic width, and relief
amplitude with decreasing spreading rate at this
relatively cool, magma-poor region of the mid-
ocean ridge system, confirms that faulting is a
dominant contributing factor to abyssal hill relief
at slower spreading rates [e.g., Escartin and Lin,
1998; MacDonald and Luyendyk, 1977; Neumann
and Forsyth, 1995; Searle et al., 1998; Shaw,
1992; Shaw and Lin, 1993]. The increase in abys-
sal hill height is consistent with the notions that
elastic lithosphere generated at slower spreading
rates is relatively thicker [e.g., Phipps Morgan and
Chen, 1993; Shaw and Lin, 1996] and is thus
able to sustain greater relief through faulting and
flexure [Malinverno, 1993; Shaw and Lin, 1996].
The similar RMBA values for ultraslow seafloor
compared to slow seafloor [Cannat et al., 2006;
Sauter et al., 2011a] suggests that either the crustal
thickness does not change or that it thins and is
compensated by a corresponding change in mantle
density due to enhanced cooling as a result of the
spreading rate change. If the thickness of the crustal
component of the lithosphere does not change, this
suggests that the change in lithosphere rheology
that produced greater abyssal hill relief occurred in
the mantle portion of the lithosphere.

[24] The spreading rate change at 24 Ma was
accompanied by a 13° change in spreading direc-
tion [Patriat et al., 2008]. The corresponding 12°
change in abyssal hill azimuth for volcanic seafloor
is remarkably similar, suggesting that the far field
stresses governing plate motion may also influ-
ence abyssal hill orientation.

4.2. Effect of Regional Spatial Variation
of Inferred Mantle Temperature and Magma
Supply on Abyssal Hill Morphology

[25] The pronounced variation of abyssal hill
parameters with longitude for both slow and ultra-
slow seafloor (Figure 4) indicates that spreading

rate is not the sole controlling factor. From 54°E
to 61°E on the flanks of the SWIR, RMS height,
relief amplitude, characteristic width, depth, and
MBA values all increase steadily for both slow
and ultraslow seafloor. Similar regional gravity
and bathymetric variations were found along the
ridge axis (Figure 2) [Cannat et al., 1999; Sauter
and Cannat, 2010]. These findings are further
supported by the steady west-to-east increase of
Nag content and a corresponding decrease in the
content of Feg in basalts dredged from the axial
valley [Meyzen et al., 2003]. These results have
been interpreted as a reduction of the degree of
partial melting beneath the axis west-to-east due
to progressively cooler sub-axial mantle temper-
ature [e.g., Cannat et al., 2008; Sauter et al.,
2011a]. Since elastic strength of the lithosphere is
dependent upon thermal structure [McNutt, 1984],
the eastward decrease in mantle temperature should
produce increasing lithosphere thickness and strength
west-to-east. Progressively increasing RMS height,
relief amplitude, characteristic width, and depth values
correlate well with the interpretation of progressively
thicker, stronger lithosphere west-to-east (Figure 4).
The west-to-east increase in RMS height also cor-
relates with increasing MBA values for ultraslow
(Figure 5b), indicating progressively thinner crust
and/or cooler mantle temperatures; either case should
produce progressive strengthening of the lithospheric
mantle. Increasing abyssal hill height with decreas-
ing crustal thickness and/or cooler mantle tempe-
ratures lends further support to the notion that
abyssal hill RMS height and characteristic width are
primarily controlled by the strength of the mantle
component of the lithosphere.

4.3. Effect of Small-Scale Variation of
Magma Supply on Abyssal Hill Morphology

[26] It is clear in Figure 4 that the character of the
flanks of the SWIR east of 61°E breaks from the
regional trends of abyssal hill morphology, depth,
and inferred crustal thickness. Seafloor texture in
this region is also distinctive with juxtaposed areas
of volcanic and non-volcanic seafloor. This break
has been linked to the inferred regional trend in
sub-axial mantle temperature [Cannat et al., 2008;
Sauter et al., 2011a]. The regional decrease in
mantle temperature may result in focused upwelling
east of 61°E, limiting delivery of melt to the surface
[e.g., Cannat et al., 2008; Sauter et al., 2011a] to
produce patches of volcanic and non-volcanic sea-
floor. If patches of volcanic and non-volcanic sea-
floor at the SWIR are indicators of reduced melt
supply and temporal variation of accretion as has
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been suggested [e.g., Cannat et al., 2006; Sauter
and Cannat, 2010], then this variation appears to
occur on the scale of tens of kilometers and millions
of years. High MBA values and abundant serpen-
tinized mantle-derived peridotites, with only minor
basalts and gabbros dredged from non-volcanic
seafloor [Sauter and Cannat, 2010; Seyler et al.,
2003] are consistent with reduced magma supply
compared to adjacent volcanic seafloor where
basalts and gabbros are more abundant [Sauter
et al., 2011b; Seyler et al., 2003]. Within areas
of volcanic seafloor, produced by focused upwell-
ing, the magmatic component of the lithosphere is
thought to be comparatively greater [Bown and
White, 1994; Cannat et al., 2008] as indicated by
mean MBA values that are ~10 mGal lower than
for non-volcanic seafloor. Thus, these two types of
seafloor present evidence of contrasting composi-
tion and rheology. Lithosphere should be thinner,
warmer and weaker where upwelling is focused
and thicker, colder and stronger where upwelling is
reduced or absent [Behn et al., 2006; Cannat et al.,
2008]. However, the mean value of RMS height of
abyssal hills in volcanic seafloor is ~70 m greater
than that for non-volcanic seafloor from 61°E to
67°E. Relief amplitude of volcanic seafloor is also
greater than for non-volcanic seafloor. This appar-
ent contradiction is explained by considering the
differences in both rheology and tectonic defor-
mation style of volcanic and non-volcanic seafloor.
The volcanic seafloor composition is inferred to
include the full complement of oceanic lithosphere
components (i.e., volcanic and intrusive crust
overlying upper mantle) [Cannat et al., 2008] that
tends to accommodate extension by high-angle
normal faults. The non-volcanic seafloor is inferred
to consist largely of serpentinzed peridotites above
unaltered mantle that may contain trapped melt
[Cannat et al., 2009] in which the formation
of low-angle detachment faults is more common
[Sauter et al., 2011b]. Low-angle detachment
faults generally produce less relief, and thus lower
abyssal hills, than high-angle normal faults. The
intermediate wavelength (2 km (\) 15 km) features
revealed in the filtered bathymetry (Figure 3)
clearly show the continuity of individual abyssal
hills across volcanic and non-volcanic seafloor,
suggesting that the low-angle detachments bound-
ing abyssal hills in non-volcanic seafloor may
extend into and interconnect with the higher angle
faults in volcanic terrains. The fact that abyssal
hills extend continuously across volcanic and non-
volcanic seafloor with little variation in width at
this ultraslow ridge is a strong indication that their

morphology is controlled by faulting rather than by
magmatic processes. It has been suggested that
fault spacing that determines abyssal hill width
may be controlled by axial valley morphology
[Goff et al., 1997; Malinverno and Gilbert, 1989;
Shaw, 1992; Shaw and Lin, 1993]. The constant
presence of a deep axial valley along the entire
length of the SWIR within the study area may play
a role in limiting the variation in abyssal hill width
in volcanic and non-volcanic ultraslow seafloor.

[27] East of 61°E there are tens of kilometers
long sections of the ridge oriented oblique to the
spreading direction and associated with similarly
oblique abyssal hill fabric in non-volcanic seafloor
on the adjacent flanks. The mean azimuth of non-
volcanic abyssal hills east of 61°E at the SWIR is
~32° oblique to the N3°E spreading direction while
volcanic abyssal hills are ~15° oblique, suggesting
a response to far field stress that varies with con-
trasting lithosphere rheology and tectonic defor-
mation style. Another contributing factor to the
obliquity of abyssal hills here may be the configu-
ration of the sub-axial zone of mantle upwelling:
alignment of magnetic anomalies with abyssal hill
azimuth suggests that the zone of upwelling is
probably also oblique to the spreading direction.

4.4. Ultraslow Spreading Abyssal
Hill Characterization

[28] Comparison of the results of our analysis of
abyssal hill morphology with similar analyses
conducted at slow and intermediate spreading
ridges is presented in Table 2. There is currently no
comparable analysis at another ultraslow spreading
ridge. RMS seafloor roughness at the ultraslow
Arctic ridges, are estimated as ranging from 450 m
to 584 m using the method of Malinverno [1991]
on individual seismic profiles [Ehlers and Jokat,
2009; Weigelt and Jokat, 2001]. These values
may not be comparable to our statistical analysis at
the SWIR as they are estimated from only two
profiles of seismically determined basement, one of
which crosses the ridge, in a region where sediment
thickness is as great as 3200 m. Ehlers and Jokat
[2009] noted that seafloor roughness values from
a variety of ridges with the same spreading rate
scatter around the best fit seafloor roughness versus
spreading rate curve calculated by Malinverno
[1991] [Ehlers and Jokat, 2009, Figure 6]. This
may be due to mantle temperature variability since
there is no significant variation of spreading to
account for it. RMS height values (~222 m) for
slow (30 mm/yr full rate) seafloor at the SWIR
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Table 2. Abyssal Hill RMS Height and Mean Characteristic Width for Slow and Ultraslow Spreading Ridges With

1-sigma Errors®

Full Spreading RMS Height Characteristic
Ridge Rate (mm/yr) (m) Width (km)
SWIR ultraslow 15 297 + 23 7.8+ 0.5
SWIR slow 30 222 +22 6.4 +0.5
MAR north [Goff et al., 1995] 26 236 + 8 82403
MAR south [Neumann and Forsyth, 1995] 32 222 6.0
MAR south [Goff;, 1991] 36 201 + 18 57406
SEIR axial high near St Paul and Amsterdam hotspot [Goff et al., 72 62+2 1.8 £ 0.1
1997; Cochran et al., 1997]
SEIR intermediate axial valley morphology [Goff et al., 1997, ~74 97 +3 3.1 £0.1
Cochran et al., 1997]
SEIR axial valley close to ADD [Goff et al., 1997; Cochran et al., 76 170 + 7 4.0+ 0.3

1997]

*Error estimates are not available from Neumann and Forsyth [1995].

are similar to those estimated using the same
method on the Mid-Atlantic Ridge (MAR) (~220—
240 m) [Goff et al., 1995; Neumann and Forsyth,
1995] (Table 2). As spreading rate increases from
north to south along the MAR from 26 mm/yr to
36 mm/yr, the RMS height decreases from ~236 m
to ~201 m, respectively. At intermediate spreading
rates of 72-76 mm/yr at the Southeast Indian
Ridge (SEIR), RMS heights range from ~170 m
near the Australian-Antarctic Discordance (AAD)
to ~62 m near the St Paul and Amsterdam hot spot
[Cochran et al., 1997]. This rather broad range of
RMS height occurs along the SEIR from the AAD
to the St Paul and Amsterdam hot spot where
spreading rate varies only slightly, but a thermal
gradient within the upper mantle has been corre-
lated with variation of lithosphere rheology similar
to that inferred at the SWIR [Sempére et al., 1997].

[29] Based upon our findings and comparison with
other slow to intermediate spreading ridges, it is
possible to characterize mean ultraslow spreading
generate abyssal hill RMS heights in volcanic sea-
floor as ranging from ~275 m to ~325 m or pos-
sibly greater. In areas of ultraslow seafloor where
patches of volcanic and non-volcanic terrain occur,
the variability of RMS height resulting from dif-
ferences in lithosphere rheology and tectonic
deformation style prevent characterization of abys-
sal hill height. Abyssal hill widths for ultraslow
seafloor range from 3.7 km to 12.7 km, averaging
~8 km, and do not vary significantly from volcanic
to non-volcanic seafloor.

5. Conclusions

[30] This study characterizes abyssal hill morphol-
ogy on the flanks of the Southwest Indian Ridge

from 54°E to 67°E using the statistical analysis
method of Goff and Jordan [1988, 1989] on com-
piled multibeam bathymetry data. The analysis is
combined with compiled gravity data from the
same zone to provide inferred crustal thickness
estimates. The region encompassed by the com-
piled data includes a spreading rate change from
slow to ultraslow at ~24 Ma, a significant inferred
variation in sub-axis mantle temperature, and a
patchwork of volcanic and non-volcanic seafloor.
We draw the following conclusions:

[31] RMS height and characteristic width of abyssal
hills increased when the full spreading rate changed
from 30 mm/yr to 15 mm/yr. MBA values indicate
that as a result of the spreading rate change
the crustal thickness either remained constant or
thinned with a corresponding compensating change
in mantle density. We suggest that the former is the
correct interpretation, although both interpretations
call for strengthening of the mantle lithosphere.
We, thus, conclude that greater abyssal hill relief
of ultraslow seafloor is due to strengthening of the
mantle portion of the lithosphere as a result of
spreading rate change.

[32] From 54°E to 61°E the west-to-east increase
in depth coupled with the results of geochemical
sampling and analysis correlated with increasing
MBA values are indicative of progressively decreas-
ing mantle temperature, causing eastward decrease
of melt supply to the axis and increasingly thicker,
stronger lithosphere. The corresponding increase
of RMS abyssal hill heights for both slow and
ultraslow seafloor lead us to conclude that abyssal
hill height is primarily controlled by the strength
of the mantle component of the lithosphere rather
than spreading rate and may, thus, be fundamen-
tally linked to mantle temperature.
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[33] The occurrence of juxtaposed patches of vol-
canic and non-volcanic seafloor in the region east
of 61°E is probably due to focused mantle upwell-
ing within this region of cooler mantle temperatures
and overall reduced melt supply. We found that not
only do abyssal hills occur in non-volcanic sea-
floor, but that individual abyssal hill structures
extend continuously from non-volcanic seafloor
into volcanic seafloor changing azimuth trend from
near-orthogonal to moderately oblique to spreading
direction as they do so. Contrasting lithosphere
rheology and tectonic deformation style of volcanic
and non-volcanic seafloor is probably responsible
for comparatively lower RMS abyssal hill height
for non-volcanic seafloor. Continuity of abyssal
hills across volcanic and non-volcanic seafloor with
little or no change in their width suggests that
abyssal hill morphology is controlled by tectonic
rather than magmatic processes.

[34] We propose a characteristic RMS height range
of ~275 m to ~325 m or possible greater for
abyssal hills in volcanic seafloor generated at
ultraslow spreading rates and a characteristic aver-
age width of ~8 km. Based upon this study it is
not possible to determine a characteristic RMS
abyssal hill height for areas of non-volcanic sea-
floor due the variability of lithosphere rheology and
tectonic style in these areas.
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