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ABSTRACT

GRAVITY ANOMALIES ALONG THE EAST SCOTIA RIDGE:
CONSTRAINING THE RELATIVE IMPORTANCE OF MAGMATIC AND TECTONIC
CONTROLS ON CRUSTAL ACCRETION

Briton Lee Nicholson
Old Dominion University, 2012
Director: Dr. Jennifer Georgen

Similar to regions such as the Lau Basin and the Caribbean Sea, the eastern
Scotia Sea is a geologically complex area that involves multiple plate boundary
types. This study uses bathymetry and gravity data to infer upper mantle geody-
namics in the eastern Scotia Sea region. Beneath this region is an intermediate-rate
back-arc spreading center known as the East Scotia Ridge (ESR) that forms the
boundary between the Scotia and Sandwich plates. To the east of the ESR are the
South Sandwich island arc and the South Sandwich Trench. The ESR is a relatively
young feature, with spreading estimated to have begun ~20 Ma (Livermore, 2003).

Earlier studies examining trends in bathymetry and geochemistry along the
north-south striking ESR (e.g., Livermore, 2003) suggested that westward-directed
flow from the Bouvet plume, located approximately 2000 km to the east, may affect
ridge magmatic processes at segments near the slab ends, particularly in the north.
In this investigation mantle Bouguer anomaly (MBA) is calculated for the eastern
Scotia Sea to evaluate the relative importance of magmatic and tectonic factors in
controlling crustal accretion along the ESR.

MBA values do not indicate the presence of enhanced, plume-dominated up-
welling beneath the northernmost and southernmost segments. Likewise, geo-
chemical data from published sources do not show a clear thermal plume influence.
Overall, a mechanism of geochemical source heterogeneity plus enhanced melting
due to plate boundary geometry, rather than a “classic” thermal plume, is preferred

to explain geophysical anomalies along the ESR.
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INTRODUCTION AND OVERVIEW

The eastern Scotia Sea is located between the South American and Antarctic Plates,
in the southern portion of the Atlantic Ocean (Fig. 1). In general, geological proc-
esses in the eastern Scotia Sea have been studied less than those for other ocean re-
gions, such as the northern Atlantic Ocean or eastern Pacific Ocean, because of the
relative remoteness of the southern Atlantic. However, bathymetry and gravity data
derived from satellites, as well as a series of recent cruises to the Scotia Sea, allow
the geodynamics of the area to be investigated more thoroughly than previously

possible.

The Scotia Sea is a geologically active region. The East Scotia Ridge (ESR), located in
the eastern portion of the Scotia Sea, is a back-arc spreading center that forms the
boundary between the Scotia (SCO) and Sandwich (SAN) plates. To the east of the
ESR is a subduction-related chain of islands called the South Sandwich island arc.
Subduction occurs farther to the east at the South Sandwich Trench (SST), which
delineates the eastern margin of the Sandwich Plate. Because it contains a variety of
plate boundary types over a relatively small geographical area, the eastern Scotia
Sea is well-suited for exploring upper mantle flow fields in a geologically complex

area.

One aim of this study is to investigate how oceanic crustal accretion and magmatic
processes along the ESR are affected by long-wavelength upper mantle geodynamic
processes over the scale of the southern Atlantic Ocean. Bathymetric and geochemi-
cal anomalies along the ESR axis have been interpreted as indicating affinity with
the Bouvet mantle plume (e.g, Leat et al., 2000; Pearce et al., 2001; Fretzdorff et al.,
2002; Livermore, 2003), which is located at 54°24’S, 3°24’E. The relationship be-
tween the ESR and the Bouvet plume is an interesting geologic problem, because
while geedynamical interactions between plumes and ridges usually occur over a

distance of ~1500 km or less (Ribe, 1996; Ito et al., 2003), the ESR and Bouvet are
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Fig. 1. Geographic and bathymetric map of the Scotia Sea region. Four tectonic
plates are shown: South American (SAM), Sandwich (SAN), Scotia (SCO), and
Antarctic (ANT). The toothed line indicates subduction at the South Sandwich
Trench. Divergence occurs at the East Scotia Ridge and American-Antarctic Ridge.

The North Scotia Ridge, South Scotia Ridge, and the Shackleton Fracture Zone are
transform boundaries.



separated by approximately 2000 km. Another goal of this investigation is to exam-
ine how crustal accretion processes along the ESR vary at the scale of individual
ridge segments. Previous studies have quantified systematic relationships between
spreading rate, ridge segment length, gravity, and bathymetry for other global
spreading centers such as the Mid-Atlantic Ridge (MAR) and Southwest Indian Ridge
(SWIR) (e.g., Lin et al,, 1990; Cannat et al., 1999). If a ridge such as the ESR follows
these relationships, it suggests that plate boundary lithospheric or tectonic proc-
esses are important in the creation of oceanic crust. However, deviation from the
relationships indicates that other factors may be involved, such as broad-scale

thermal input from a mantle plume source causing excess magmatism.

The primary data used in this study are seafloor bathymetry and free-air gravity
anomaly (FAA), which are used to calculate mantle Bouguer anomaly (MBA). MBA
maps can be interpreted in terms of density heterogeneities in the crust and upper
mantle, which can then be used to infer geodynamical processes. This investigation
focuses on the region between longitudes 40°W and 20°W and latitudes 50°S and
65°S. This study area includes the ESR as well as the SST. Overall, variations in
bathymetry and MBA are used to contrast the importance of magmatic and tectonic

factors in controlling crustal accretion along the ESR.



BACKGROUND INFORMATION

elati ion B ri nd Antarcti

Many of the tectonic features in the Scotia Sea region are a result of relative motion
between southern South America (SSA) and the Antarctic Peninsula (AP). Approxi-
mately 150 Ma, the southern tip of SSA was adjacent to the northern tip of the AP
(Cunningham et al,, 1995). The two features separated by mid-Cretaceous time
(~100 Ma), and westward motion of SSA began to outpace that of the AP by roughly
84 Ma (Cunningham et al,, 1995).

Relative plate motions around the boundaries of the Scotia Sea region changed sig-
nificantly over the past ~30 Myr. The Scotia Sea is presently bordered in the west by
the Shackleton Fracture Zone, which is a left-lateral transform fault that separates
SCO from the Antarctic Plate (ANT) (Fig. 1). A proto-Shackleton Fracture Zone ac-
commodated most of the westward motion of SSA relative to AP until 30 Ma, at
which time the Shackleton Fracture Zone became active (Cunningham et al., 1995).
From about 30 Ma to 9 Ma, 700 km of east-west (strike-slip) and 440 km of north-
south (divergent) motion occurred between SSA and AP due to plate motion along
the now-inactive West Scotia Ridge and the Shackleton Fracture Zone (Cunningham
etal, 1995). Around 30 Ma, the North Scotia Ridge became the northern boundary
of newly generated seafloor in the west Scotia Sea (Cunningham et al., 1995). Since
~20 Ma, approximately 270 km of relative east-west SSA-AP motion has taken place
along the North Scotia Ridge (Eagles, el al.,, 2005). The South Scotia Ridge, which
previously formed as a magmatic arc, became a transform boundary about 20 Ma

(Cunningham et al.,, 1995).



he East Scotia Ri

The ESR is a divergent plate boundary between SCO and SAN. Spreading along the
ESR began approximately 21 Ma (Livermore, 2003), and the initiation of ESR diver-
gence resulted in a decrease in spreading rate for the West Scotia Ridge. The half-
spreading rate in the West Scotia Ridge was approximately 2.4-2.6 cm/yr from 26.5
Ma to 17 Ma, but it decreased to about 1-1.2 cm/yr from 17 Ma to 6 Ma (Lagabrielle
et al, 2009). At approximately 17 Ma, the ESR replaced the West Scotia Ridge as the

site of fastest spreading in the Scotia Sea (Livermore, 2003).

Divergence along the ESR is partially caused by SSA-AP relative motion; however,
recent spreading rates in the ESR greatly exceed the relative motion between SSA
and the AP (Eagles et al., 2005). The additional velocity component is due to trench
rollback at the SST (Eagles et al., 2005). Present day divergence of the north-south
striking ESR occurs in an east-west direction at intermediate rates. Full spreading
rates are 6.0 cm/yr at the northern end, 7.0 cm/yr at ~58°S, and 6.8 cm/yr at the
southern end (Thomas et al,, 2003). Spreading at the ESR’s southernmost segment

began within the past 1 Myr (Livermore, 2003).

he Bouv

Trends in bathymetry and geochemistry along the ESR have been attributed in part
to influence from the Bouvet mantle plume source (e.g, Leat et al., 2000; Pearce et
al,, 2001; Fretzdorff et al,, 2002; Livermore, 2003). Mantle plumes affect approxi-
mately 20% of the length of the Earth’s mid-ocean ridge (MOR) system (Ito et al.,
2003). A mantle plume is defined by the upwelling of unusually hot, and therefore
buoyant, material originating at a thermal boundary layer in the mantle or at the
core-mantle boundary (Ito et al., 2003). Once a plume rises to the base of the litho-
sphere, material from the plume may be focused towards and along a MOR, along
the “inverted duct” created by cooling and thickening lithospheric plates (Fig. 2).

Examples of plume-ridge interactions include the Iceland/MAR, Galapagos/



Fig. 2. Schematic profile of a plume-affected MOR. Lines and arrows in the mantle
show the direction of upwelling beneath a ridge. Thermally buoyant plume mate-
rial rises under a mid-ocean ridge axis and spreads along an “inverted duct”
formed by the cooling and thickening lithospheric plates. Dark grey indicates
spreading lithospheric plates and the grey regions beneath the ridge represent a
plume.



Galapagos Spreading Center, and Azores/MAR systems (Ito and Lin, 1995; Ito et al.,
1996; Moreira et al., 1999; Toomey et al., 2001; Canales et al., 2002; Moreira and
Allégre, 2002; Ito et al., 2003 and references therein). Where plumes and ridges in-
teract, the seafloor is generally marked by anomalies in depth and gravity, crustal
thickness is often elevated, and mid-ocean ridge basalt (MORB) can have anomalous
geochemistry. Numerical modeling results indicate that plumes and ridges generally

only interact when separated by less than 1500 km (Ribe, 1996).

The Bouvet plume is a region of anomalous mantle located near the Bouvet triple
junction, which is defined by the intersection of the SWIR, MAR, and American-
Antarctic Ridge (AAR) (Fig. 3). Geochemically, samples with Bouvet plume affinity
(e.g., high concentrations of incompatible elements, low Zr/Nb ratios, and high Zr/Y
and La/Yb ratios) are dredged to at least 16°E along the SWIR axis, and perhaps as
far as 25°E (le Roex et al., 1983; le Roex et al., 1992; Standish et al., 2008). Enriched
MORB is also found along the AAR, but not as abundantly as along the SWIR (le Roex
et al., 1985). Geophysically, however, the effects of the Bouvet plume appear to be
more localized. Gravity data suggest that the influence of the Bouvet plume on the
SWIR is generally limited to a length of the ridge between the Islas Orcadas and
Bouvet FZs, a distance of only ~100-200 km (Georgen et al., 2001). The amplitudes
of anomalies in gravity and bathymetry are also lower for the Bouvet/SWIR system
than for other hotspot-affected ridges. For example, the low in MBA imparted to the
SWIR by the plume is about -100 mGal (Georgen et al., 2001), compared to -300
mGal for the Iceland/MAR system (Ito and Lin, 1995). Overall, therefore, the appar-
ent widespread distribution of the Bouvet geochemical signature contrasts with

more localized anomalies in bathymetry and gravity.

In some subduction zones such the Tonga Trench, asthenospheric flow driven by
slab retreat may enter the back-arc basin by advecting around slab ends or through
gaps in the torn subducting plate (Keller et al., 2008). Similarly, it has been sug-
gested that westward-flowing mantle with Bouvet plume characteristics enters the

back-arc region of the SST (Fig. 3) (e.g., Livermore, 2003). Under this hypothesis,



Fig. 3. Regions with Bouvet plume geochemical affinity. Dashed lines enclose the
potentially affected areas (le Roex et al., 1983; le Roex et al., 1992; Leat et al.,
2000; Fretzdorff et al., 2002; Georgen et al., 2003). The background map shows
relative variations of seafloor depth, with lighter yellow colors indicating shal-
lower bathymetry.



asthenospheric flow enters the melting region of the ESR via slab tears in the north
and along the AAR in the south. Such flow could help to explain observed anomalies
in seafloor depth and basalt geochemistry along the northernmost and southern-
most ESR segments (Leat et al., 2000; Pearce et al., 2001; Fretzdorff et al., 2002; and
Livermore, 2003). However, direct interaction of the Bouvet plume with the ESR
would not be expected based on the small seafloor expression of the Bouvet plume,
with the localized geophysical effects described previously (Georgen et al., 2001),
and the ~2000 km distance between the plume and the Scotia Sea. Thus, the mecha-
nism by which an apparent Bouvet plume signature is found along the northern and

southern ESR is an unresolved question.

Ri i n i

Geological activity at a MOR is largely a balance of two types of processes. Tectonic
processes are related to lithospheric faulting and plate boundary segmentation,
while magmatic processes refer to the upwelling and thermal regime underlying the
lithosphere. Segmentation is a fundamental characteristic of Earth’s MOR system,
with discontinuities occurring every 10 to 1000 km along spreading centers (Mac-
donald et al., 1988). Offsets between segments may be in the form of transform
faults, which are often 50 km long or more, or in the form of discontinuities called
overlapping spreading centers (0SCs), in which the ends of adjacent segments over-
lap along the ridge axis. In OSCs, the offset in the direction of spreading is typically
only 0.5 to 10 km, and the length of overlap along axis is typically three times the
distance of the offset (Macdonald et al., 1988).

The ESR has ten segments, numbered E1 to E10 from north to south. E10 is not con-
sidered in this study because it is located entirely within the subduction zone, where
compressive stress is likely the dominant force, rather than tectonic extension. The
SST also influences segments E1 and E9. The depth of E1 is much greater than adja-
cent segment E2 due to the trench, and segment E9 curves sharply to the east at its

southern end as it nears the SST. Overall, the ESR segments are relatively short, with
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mean and median length of about 50 km. The shortest segments are E1, E4, and ES,
with lengths of approximately 20 km, 30 km, and 40 km, respectively. The longest
segments are E8, E9, and E2, with lengths of about 90 km, 80 km, and 60 km, respec-
tively.

In general, ESR segment discontinuities are characterized by small lateral offsets,
with half of the discontinuities taking the form of OSCs. For this study, the offset be-
tween segments is defined as the longitudinal distance between the southernmost
point of one segment and the northernmost point of the segment to the south of it.
Mean and median offsets are roughly 30 km and 23 km, respectively. Greater offsets
(~50-60 km) occur near the northern and southern ends of the ridge, while the

smallest offsets (~10-20 km) occur near the center of the ridge.

The overlap between segments is defined as the distance, measured in latitude and
converted to kilometers, shared by two adjacent ridge segments. Considering only
the four cases where ESR segments overlap, mean and median overlaps between
segments are 7 km and 5 km, respectively. The greatest overlap, ~18 km, occurs be-

tween segments E8 and E9. Segments E4 and E5 overlap by approximately 1 km.

In MORs dominated by tectonic processes, segments generally have thicker crust at
the segment center than at segment ends, and longer segments have greater intra-
segment bathymetric relief than shorter ones (Fig. 4). Thus, plots of segment length
vs. bathymetric relief show a positive, linear correlation (Fig. 5) (Lin et al.,, 1990;
Cannat et al., 1999). Slopes are generally lower for plots of fast-spreading ridges,
which reflects a smaller change in bathymetry between segment ends and segment
centers. Slopes for slow-spreading ridges are steeper, due to greater bathymetric
relief from segment center to segment end. The different slopes for fast and slow
spreading ridges may be related to the style of underlying mantle upwelling (Lin
and Phipps Morgan, 1992). Fast-spreading ridges are characterized by along-axis
mantle upwelling that has a two-dimensional, sheet-like, or planar structure,

whereas the along-axis mantle upwelling beneath slow-spreading ridges (Fig. 4) is
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Fig. 4. Model of along-axis MAR (i.e., slow-spreading ridge) subseafloor density
structure. In this model, mantle density is p = 3.3*[1 - f(x, z)]*10° g m3, where
f(x, z) depends on mantle temperature, amount of melt extraction, and amount of
trapped basaltic melts. Crustal density, pc, is 2.7*106 g m-3. The velocity of upwell-
ing is denoted by U. Longer segments have thicker crust, greater bathymetric re-
lief, and more focused upwelling. In general, intra-segment relief is greater in
slow-spreading ridges and smaller in fast-spreading ridges. Figure from Lin et al.

(1990).
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generally more three-dimensional or diapiric (although the diapirs are significantly
smaller in scale than those of mantle plumes) (Lin et al., 1990; Lin and Morgan,
1992). Thus, along-segment variations in crustal production are smaller for faster

spreading ridges than for slower spreading ridges.

If a plot of segment length vs. bathymetric relief does not show a positive, linear cor-
relation, it could indicate that a ridge is influenced by factors other than tectonic
faulting and lithospheric processes. A ridge segment that experiences excess mag-
matism related to a plume, for example, may show less intra-segment bathymetric
relief as the thermally cooler ridge discontinuities are warmed by hot upwelling
mantle. Thus, plots of segment length vs. bathymetric relief for the ESR are useful in

deconvolving magmatic and tectonic influences on crustal accretion.
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METHODOLOGY

Bathymetry and Free-Air Anomaly

For this investigation, FAA data were obtained from a global gravity grid derived
from satellite radar altimetry measurements (Sandwell and Smith, 1997; 2009) (Fig.
6). Bathymetry data were extracted from a global database that merges shiptrack
depth measurements with seafloor topography calculated from satellite data (Smith
and Sandwell, 1997) (Fig. 7). The resolution of both grids is 1-minute by 1-minute,
which is appropriate for studying MOR segment-scale features. However, resolution
constraints preclude the study of features with wavelengths less than ~20-30 km,

such as detailed seafloor faulting patterns.

In marine applications, gravity measurements are either obtained using a shipboard
marine gravimeter or calculated from satellite altimetric data. The International
Gravity Formula is subtracted from gravity measurements to account for the rota-
tion and oblate shape of the Earth (Blakely, 1996). When marine gravimeters are
used, another correction, the Eotvos correction, is made to account for accelerations
of the ship (Blakely, 1996). The resulting quantity, FAA, is the summation of the
gravitational signals of all density contrasts below the sea surface, such as the inter-
faces between water and sediment, sediment and crust, and crust and mantle. Be-
cause FAA is proportional to the inverse of the square of the distance separating the
sea surface and an interface between materials of contrasting density, marine FAA
will be dominated by the interface between the water and the sediment covering the

crust. Thus, FAA maps look very similar to bathymetry maps.



Fig. 6. FAA map of the ESR region. ESR segments are marked with solid black
lines. White masking hides regions that are not well constrained by shiptrack
bathymetry data. FAA data are taken from Sandwell and Smith (1997).
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Fig. 7. Bathymetry of the ESR region. ESR segments E1 to E9 are marked with
black lines and labeled. Most segments show well-defined axial troughs. White
masking hides regions that are not well constrained by shiptrack bathymetry
data. Seafloor depth data are from Sandwell and Smith (1997).
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Mantle Bouguer Anomaly

Because FAA is dominated by seafloor topography, it cannot be easily used to study
the physical properties and inferred geodynamics of the underlying mantle. For this
reason, mantle Bouguer anomaly (MBA) is calculated (Parker, 1973; Kuo and For-
syth, 1988; Lin et al., 1990). MBA can be used to infer crustal and mantle density
variations, as well as variations in crustal thickness. Determination of MBA involves
both bathymetry and FAA data. To ensure the independence of the gravity and
bathymetry data sets during the calculation of MBA, only seafloor depths along ship-
tracks were used. Bathymetry data are better constrained in areas with greater
shiptrack coverage. The best shiptrack coverage in the Scotia Sea is in the vicinity of
the ESR (Fig. 7). Recurrent passes in the east-west direction cover about 1 degree of
longitude on either side of ESR segments. Shiptrack coverage is also fairly dense in

the area of the SST, South Sandwich island arc, and the North Scotia Ridge.

The MBA correction term represents the predicted gravity from a model that as-
sumes that crustal and sediment layers have constant thickness and density, and
that the water-sediment, sediment-crust, and crust-mantle interfaces all mimic sea-
floor topography. The correction term is calculated using distances from the sea sur-
face to each interface, as well as assumed density contrasts across each interface.
The thickness of the sediment and crustal layers were assumed to be 200 m and 6
km, respectively. The assumed crustal thickness is consistent with the global aver-
age oceanic crustal thickness of 5-7 km for non-hotspot-affected seafloor (e.g., Lin et
al,, 1990). The assumed sediment thickness is similar to the median sediment thick-
ness of 193 m and the mean value of 219 m for the ESR region (Divins, 2003). Den-
sity contrasts across interfaces were calculated by subtracting the density of each
layer from that of the one below it. The densities of the seawater, sediment, oceanic
crust, and mantle were assumed to be 1.03 g/cm3, 2.3 g/cm3, 2.8 g/cm3, and 3.3
g/cm3, respectively. MBA was then determined by subtracting the MBA correction

term from FAA data. Subtracting the correction term eliminates the gravitational
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effects of seafloor topography and emphasizes smaller-amplitude, deeper density

anomalies.

Maps of MBA consist of highs and lows in gravity, which can be interpreted to infer
upper mantle processes (Lin et al.,, 1990; Lin and Morgan, 1992; Ito and Lin, 1995;
Georgen et al,, 2001; Ito et al,, 2003; Georgen et al., 2003; Georgen, 2008; Georgen
and Sankar, 2010). Relative MBA highs may result from higher density oceanic crust,
higher density mantle, and/or thinner oceanic crust than was assumed during
model calculations, or from older lithosphere, which is cooler and therefore more
dense. Relative MBA lows may result from lower density oceanic crust or mantle,
thicker oceanic crust, or young, hot lithosphere. Mantle plumes, which contain man-
tle material that is hotter and therefore less dense, and also tend to produce excess

crust, are generally associated with MBA lows.
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RESULTS

Seafloor depth and gravity show significant variations in the region around the ESR.
In this section the results of MBA calculations are described and geophysical data
are analyzed in several ways. Also, geochemical data such as 87Sr/86Sr, Feg, and Nag
are compiled from previously published sources for comparison against geophysical
variables. Finally, regressions between four independent variables and six depend-
ent variables are statistically analyzed to assess the major controls on the geody-
namics of the ESR region. The independent variables are segment length, spreading
rate, distance between each ESR segment and the nearest point on the SST, and dis-
tance between each ESR segment and the nearest subducting slab end, each of
which characterizes plate kinematics in the Scotia Sea region. The dependent vari-

ables include bathymetry, gravity, and geochemistry data.

Bathymetry

Seafloor depths in the ESR region are approximately 3.0 km for most of the area
immediately surrounding the central part of the ridge (Fig. 7). Shallow areas ranging
from 2.5 km to 3.0 km in depth surround segments E8 and E9. The deepest seafloor
in the portion of the ESR region under investigation occurs in the north at the SST,

where segment E1 intersects the periphery of the trench, and depths exceed 4.9 km.

Axial depths along the ESR range from about 2.5 km to 4.9 km (Fig. 8a). Mean and
median axial depths for the entirety of the ridge are both approximately 3.4 km. For
comparison, average global mid-ocean ridge depth is approximately 2.5 km (Par-
sons and Sclater, 1977). Neglecting E1, which is embedded within the domain of the
trench, ESR segments at the northernmost and southernmost ends of the ridge are
relatively shallower than those near the center. The shallowest points of the ESR oc-
cur at the centers of segments E2 and E9, with minimum depths of 2.6 km and 2.5
km, respectively. Segments E3-E7 range in depth from about 3.0 to 4.0 km. The

deepest point along the ridge axis occurs in E5, which has a segment center depth of



Fig. 8. Axial profiles of ESR (a) bathymetry, (b) spreading rate and segment
length, and (c) ESR-SST separation distance. Dashed grey lines through all sub-
plots mark the boundaries between segments, which are labeled on panel (a). In
(a), the method of determining segment length and bathymetric relief is shown
for segment E9. In (b), individual values of spreading rate are marked with ma-
genta “x”s (Thomas et al., 2003) and segment averages are shown by magenta
dots, which are connected by a solid magenta line. Segment lengths are marked
by black dots, which are connected by a solid black line. In (c), distances from
ESR segment centers to the nearest slab end (distsiab_end) are marked with black
dots, which are connected by a solid black line. Distances from ESR segment cen-
ters to the nearest point on the SST (distsst) are marked with magenta dots, which

are connected by a solid magenta line.
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3.5km.

Where not affected by mantle plumes, intermediate-rate spreading centers such as
the ESR typically have axial morphologies that range from shallow axial highs to
subdued axial valleys (Carbotte and Macdonald, 1994). For the ESR, axial valleys are
visible for at least part of the length of all ridge segments (Fig. 7). At the resolution
of the bathymetry data, only the northern half of E2 and the center of E9 show dis-

tinct axial high structures.

As discussed in Chapter 1, for MOR segments in general, depths are shallower in the
center and deeper at the ends. Following previous studies (e.g.,, Cannat et al., 1999;
Lin et al., 1990), this study defines intra-segment change in bathymetry (Abathy) as
the vertical height difference between the shallowest point along a given segment
(usually near the segment center) and the average of the deepest point on either
side (usually near the segment ends) (Fig. 8a). Along the ESR, mean and median
Abathy are both approximately 0.7 km (Fig. 8c). An along-axis profile of Abathy val-
ues forms a “w” shape, with the highest value of about 0.9 km at both segments E1
and E9. The lowest Abathy occurs at segments E4 and E7, both of which have values
of about 0.4 km.

Free-Ai |

A map of FAA near the ESR is very similar to that of bathymetry (Fig. 6), which is not
surprising given the relationship between bathymetry and FAA discussed in Chapter
2 (Methodology). However, unlike bathymetry, the FAA map shows a generally de-
creasing trend along segments E2 to E9, from about 60-70 mGal in the north to
about 30-40 mGal in the south. The lowest values of FAA (<10 mGal) occur to the
north of segment E1, consistent with the proximity of this segment to the SST. FAA
reaches values almost as low around 61°S, near the southern end of the trench. Axial

valleys are visible in the gravity data. FAA generally decreases with distance away
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from the ridge, with values of about 25-40 mGal in most areas at distances of 10-60
km from the axis. However, localized areas with high FAA, in the range of 40-60

mGal, also occur on the ridge flanks.

The along-axis FAA profile is generally similar to the profile for bathymetry (Fig. 9).
One prominent feature is that the FAA at segment E1 changes significantly along its
length, from about 11 mGal in the north to 47 mGal in the south, probably reflecting
influence of the subduction zone. Over the entirety of the axial profile, highs in FAA
occur at segments E2 (73 mGal) and E9 (57 mGal), while a low in FAA occurs at E6
(14 mGal). Each segment has a local FAA high in the center and lower values at the
ends, except for E1. Notably, segment E7 shows a local high in the center, which is
another difference between the FAA and bathymetry profiles. Because FAA is simi-
lar to bathymetry, and is subsumed by the calculation of MBA, it is not considered in
additional detail for this study.

Ri Pr jon

Ridge propagation occurs when one segment increases in length by overtaking an
adjacent segment. Propagation is indicated by off-axis, v-shaped lineations in
bathymetry and FAA, which point in the direction of propagation (e.g., Briais and
Rabinowicz, 2001). Ridge propagation can occur due to excess magmatism at a
given segment, which then elongates at the expense of a neighboring, shortening
segment (Briais and Rabinowicz, 2001). Alternatively, ridge propagation may occur
due to the rheological process of crack-tip formation and expansion (Phipps Morgan
and Parmentier, 1995). Livermore (2003} found v-shaped ridges at the southern
ends of segments E2 and E4, and the northern ends of segments E8 and E9, suggest-
ing that E2 and E4 are propagating southward and E8 and E9 are propagating
northward. In addition to these propagators, Schreider et al. (2011) add the south-
ern portion of E1. The bathymetry and FAA maps used in this study indicate that
only segments E2, E4, and E5 are propagating southward, while E9 is propagating to
the north.
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Mantle Bouguer Anomaly

For the ESR region under consideration, MBA varies more along-axis than laterally
away from the ridge (Fig. 10). Near segments E1 to E3, MBA varies from about 30
mGal to 80 mGal. MBA generally decreases southward to segments E6 and E7,
where it ranges from about -70 mGal to -120 mGal to the west of the axis, and from
about -20 mGal to -90 mGal to the east. Farther to the south, MBA increases to val-
ues as high as 30 mGal near segment E8, and falls again to as low as -80 mGal near

the southern portion of segment E9.

To find the degree to which segment-centered upwelling or other magmatic proc-
esses control the density structure along the ESR, intra-segment change in MBA
(AMBA) was calculated (Fig. 11). This parameter was calculated in the same way as
Abathy. Mean and median values of AMBA for all ESR segments are about 50 mGal.
The lowest AMBA is at segment E2, with a value of about 20 mGal. AMBA is rela-
tively constant from E3 to E9, with a high of ~60 mGal at segment E4.

This method of calculating AMBA, however, fails to highlight fully the dynamics of
each segment, because it is influenced by the regional MBA variation. The general
trend of decreasing MBA from north to south along the ESR noted for the MBA map
is also apparent in axial profile. This trend is probably due to the higher-density
SAM plate subducting beneath SAN. Thus, a long-wavelength planar trend was re-
moved from the MBA map to highlight shorter-wavelength MBA variations. The
equation of the removed trend was 3.847x + 50.04y + 3.085z + 2,971 = 0. The result-
ing de-trended MBA is relatively high in the vicinity of segments E2 and E3, as well
as segments E8 and E9 (Fig. 11a).



Fig. 10. MBA map of the ESR region. ESR segments are marked with solid black
lines. White masking hides regions that are not well-constrained by shiptrack
bathymetry data.
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Fig. 11. Profiles of (a) MBA, (b) AMBA, (c) 87Sr/86Sr and Abathy, and (d) Nas and
Fes. Dashed grey lines through all subplots mark the boundaries between seg-
ments. ESR segments are labeled on the MBA profile in panel (a). In panel (a),
black lines denote a raw MBA data profile, and a de-trended MBA profile is shown
with magenta lines. In panel (b), raw AMBA values per segment are shown by
black dots, which are connected by a black line. Values of the segment-scale de-
trended change in MBA (AMBAe) for each segment are denoted by magenta
dots, which are connected by a solid magenta line. In panel (c), 87Sr/86Sr values
are denoted by black “x”s and segment averages are marked by black dots, which
are connected by a solid black line. Magenta dots indicate Abathy for each seg-
ment. In panel (d), Nag values are marked by black “x”s and segment averages are
shown by black dots, which are connected by a solid black line. Feg values are
marked by magenta “x”s and segment averages are denoted by magenta dots,
which are connected by a solid magenta line.
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Similarly, to reduce the effect of the long-wavelength MBA trend on calculations of
intra-segment change in MBA, another method of determining AMBA was imple-
mented (Fig. 11b). To calculate segment-scale de-trended MBA (AMBAge), three
values of de-trended MBA and their corresponding latitudes were identified for each
ridge segment. First, a local de-trended MBA maximum was found near a segment
center. Then, lows in de-trended MBA were found both to the north and to the south
of the local maximum for the segment, and a line was fitted between the two lows on
a profile of de-trended MBA vs. latitude. Finally, the difference was calculated be-
tween the high in de-trended MBA, and the value of the fitted line at the same lati-
tude as the de-trended MBA high. AMBA4e: was determined in this way for all seg-
ments except E7, which has a low in de-trended MBA near the segment center. The
calculation for E7 was done in the opposite way, with two de-trended MBA highs

and one low.

Removing the long-wavelength trend in MBA and calculating AMBAye: resulted in a
parameter that emphasized magmatic process beneath ESR segments. Mean and
median values of AMBAue: for the ESR are both approximately 20 mGal. AMBAge: in-
creases almost linearly from segments E1 to E6, starting at about 0 mGal and reach-
ing a peak of 34 mGal, although a value of about 4 mGal at E4 is lower than the linear
trend. AMBAge: is approximately -21, 54, and 19 mGal at segments E7, E8, and E9,

respectively.

Geochemistry

Degree and pressure of melting: Nagand Feg

Nas is the concentration of Naz0 in samples of basalt fragments from ocean floor
dredges, calculated to 8 wt. % MgO to correct for low-pressure crystal fractionation
(Klein and Langmuir, 1987). Sodium is incompatible in the crystal lattice of the man-

tle minerals olivine and orthopyroxene (Klein and Langmuir, 1987), which means
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that it preferentially transitions out of solid mantle material and into a parcel of lig-
uid melt. Sodium is therefore more highly concentrated in earlier melts, making Nag
a good indicator of the extent of partial melting. Low values of Nag are expected in
areas affected by a hotspot, where the mantle has undergone extensive melting.
High values are often associated with long transform offsets, where cool tempera-
tures result in lower degrees of melting. Nag has been calculated for a number of
ridges. For the Southeast Indian Ridge (SEIR), which spreads at an intermediate-
rate, Nag is in the range of 2.5 to 3.0 (Klein and Langmuir, 1987). The Galapagos
Spreading Center has Nag generally in the range of 2.0 to 2.3 (Klein and Langmuir,
1987). The slow-spreading MAR has Nag in the range of 1.6 to 2.8, whereas Nag for
the fast-spreading EPR is in the range of 2.2 to 2.6 (Klein and Langmuir, 1987).

In this study, Nag for ESR segments E2-E9 were calculated using data from
Fretzdorff et al. (2002) and the method of Klein and Langmuir (1987). Additional
values of Nag for E1-E3 were obtained from Leat et al. (2000). A total of 81 samples
with Nag are available for the ESR (Fig. 11d). The segment with the greatest number
is E2, for which there are 18 data points. However, only one value of Nag is available
for E1. To examine along-axis changes, Nagwas averaged for each segment (Fig.
11d). Along the length of the ESR, Nag takes a roughly upside-down u-shaped trend.
Segments E4 and E9 deviate from that trend, and the southern end of the ridge has
slightly higher Nag. The median of segment-averaged values of Nag is 2.88, and the
mean is 2.68. The lowest average values of Nag are found at segments E1 and E4
(both 2.17), while the highest values occur at segments E5 and E6 (3.08 and 2.94,

respectively).

Box plots were created to examine the Nag data for outliers (Fig. 12). A sample was
considered to be an outlier if it was above q3 + 1.5(q3 - q1) or below q1 - 1.5(q3 -
ql), where q1 and q3 are the 25t and 75t percentiles in the data, respectively.
“Whiskers,” marked with dashed lines, denote the extent of the most extreme data
points not considered outliers by the above criteria. Over the length of the ESR, no

segments appear to be statistically anomalous in Nag, based on the fact that no box
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plot for any one segment fell out of the range of whiskers of all other segments. One
sample for segment E3 and three samples for E6 were determined to be outliers.
These samples were examined in detail, to determine if any geological or analytical
reason supported elimination of their values in subsequent analyses. Two of the
four samples were slightly vesicular pillow basalt with glassy rims, containing feld-
spar phenocrysts (Fretzdorff et al., 2002). The other two were slightly vesicular,
glass-rimmed lavas (Fretzdorff et al., 2002). Thus, no obvious reason was found to
eliminate these samples, and they were retained for all calculations and plots. As
additional confirmation, a generalized extreme studentized deviate (ESD) test (Ros-

ner, 1983) found no outliers for individual Nag data points.

Feg was calculated in the same manner as Nag, using the concentration of FeO in
rock samples taken from the seafloor corrected to 8 wt. % MgO (Klein and Lang-
muir, 1987). The concentration of FeO in a rock sample is related to the pressure at
which it began melting, or the depth at which the adiabat crosses the solidus. Higher
pressures of melting may be associated with anomalously hot mantle material, or a
thick lithospheric lid that depresses the onset of melting to greater depths. Feg data
are available to compare the ESR to other ridges. The SEIR has Feg in the range of
7.5 to0 9.2 (Klein and Langmuir, 1987). For the Galapagos Spreading Center, Feg is
roughly 9.2 to 9.9 (Klein and Langmuir, 1987). The MAR has Fesg in the range of
about 7.6 to 11.9, whereas Feg for the EPR is roughly 9.3 to 9.7 (Klein and Langmuir,
1987).

Feg was calculated for data from Fretzdorff et al. (2002) and Leat et al. (2000) using
the method of Klein and Langmuir (1987). Seventy-four values of Fes were obtained.
The segment with the greatest number was E7, with 16 samples available (Fig. 11d).
Segment averages of Feg form an upside-down u-shape, nearly identical to along-
axis Nas. Segments E4 and E9 deviate from this trend, similar to Nag. Mean and me-
dian values of average Fes are 6.44 and 6.87, respectively. Box plots (Fig. 13) suggest
that no individual samples are outliers for Fes, and no ESR segments are outliers for

average Fes. However, an ESD test suggests that segments E1 and E4 are outliers for
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average Feg. Only one sample is available for segment E1, and average Fes for seg-

ment E4 is 4.21.

Isotopic source composition: 87Sr/8¢Sr

The ratio of 87Sr to 86Sr is an indicator of mantle source composition at a MOR.
87Sr/86Sr for normal MORB is about 0.7026 (Ito et al., 1987). Near hotspots, 87Sr/86Sr
ranges from about 0.7040 to 0.7050 (Ito et al., 2003). 87Sr/86Sr ratios from Bouvet
Island are about 0.7037 (le Roex et al,, 1982; Kurz et al., 1998). 87Sr/86Sr along the
SWIR in the vicinity of the Bouvet plume generally range from 0.70267 to 0.70297
for normal MORB, from 0.70356 to 0.70364 for enriched basalts with plume charac-
teristics, and from 0.70291 to 0.70370 for transitional basalts (le Roex et al., 1983).

87Sr/86Sr values for segments E2-E9 were compiled from Fretzdorff et al. (2002) and
Leat et al. (2000) (Fig. 11c). No published data are available for segment E1. Aver-
ages were calculated for segments E2-E9, yielding mean and median values of
0.7029 and 0.7028, respectively. The profile of 87Sr/86Sr is roughly u-shaped (Fig.
11c). However, average 87Sr/86Sr for segment E4 is much higher than most other
segments, deviating from the u-shaped trend. The segments with the highest aver-
age 87Sr/86Sr are E2, E4, and, to a lesser extent, E9. The segments with the lowest
average 87Sr/86Sr are E5, E6, and E7. Box plots were made for 87Sr/86Sr in the man-
ner described above for Nag and Feg (Fig. 14). No samples were found to be outliers
for 87Sr/86Sr, and no ESR segments were determined to be outliers for average

87Sr /86Sr.
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Regression

As discussed in the Background chapter, previous studies (Lin et al.,, 1990; Cannat et
al,, 1999) have used plots of segment length vs. Abathy to analyze the tectonic proc-
esses occurring at a ridge. Fig. 15 shows a comparison of segment length vs. Abathy
for the MAR, SWIR, and ESR. For each ridge regression lines have been fitted
through the points for individual ridge segments. In general, regression line slopes
are inversely proportional to the spreading rate of a ridge. The regression line for
the SWIR, which is an ultra-slow spreading ridge, has the steepest slope (53.8
m/km). The slow-spreading MAR has a regression line with lower slope (16.1
m/km), and the ESR regression line is even shallower (3.51 m/km), as expected for

an intermediate-rate ridge.

More broadly, beyond this relationship between segment length and Abathy, a se-
ries of statistical regressions was used to explore the correlations between different
types of geological data in the ESR region, with the goal of assessing the interrela-
tionships between tectonic and magmatic processes in the area. Four variables were
considered to be independent and six variables were treated as dependent, yielding
a total of 24 regression calculations. Independent variables were segment length,
segment spreading rate and two different determinations of ESR-SST separation dis-
tance. Segment length was calculated as the latitudinal distance separating the far-
thest north and farthest south points of a given ESR ridge segment. Spreading rates
were obtained from Thomas et al. (2003), who used the width of the Brunhes anom-
aly from evenly spaced magnetic profiles to determine local relative plate motions
for segments E2-E8. One method used to calculate ESR-SST separation distance was
to find the shortest distance between each segment center and any point on the SST
(distsst). This distance was investigated because of its potential significance in the
influence of subduction components on the ESR. The other method of determining
separation distance calculated the distance from each segment center to the nearest

subducting slab end (distsiab_end). This distance provides a potential measure of
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mantle originating beneath SAM and flowing into the back-arc region. The six data
types designated as dependent variables were Abathy, AMBA, AMBA,.t, segment-

averaged Nag, segment-averaged Feg, and segment-averaged 87Sr/86Sr.

Many of the combinations of variables appeared to have little or no correlation with
one another. Among all regressions, the highest r-squared was found for distsst and
Feg, with a value of 0.568 (Fig. 16). A relatively high r-squared value, 0.489, was also
calculated for distsst vs. 87Sr/86Sr. For distsiab_end, the highest r-squared values are
0.559, 0.488, 0.488, and 0.364 for Fesg, 87Sr/86Sr, AMBA, and Nag, respectively. For
segment length, AMBA yielded the highest r-squared value: 0.280. The highest r-

squared value for spreading rate was 0.298, which was for the Abathy regression.

Low r-squared values among the regressions may in part be due to segment E4.
There are several reasons suggesting that E4 is an anomalous segment. For example,
the length of E4 is only slightly greater than that of E1, which is the shortest seg-
ment. Additionally, E4 is a propagating segment. Considering the short length of E4,
much of the extent of the segment is affected by ridge propagation, suggesting that
geological processes are not steady-state. Removing E4 from regression calculations
results in much higher values of r-squared for distsiab_end: r-squared values for Fes,
87Sr/86Sr, Nag, and Abathy become 0.911, 0.765, 0.625, and 0.485, respectively. Val-
ues of r-squared also increased for distsst upon removal of segment E4, to 0.888,
0.721, 0.611, and 0.409 for Feg, Nas, 87Sr/86Sr, and Abathy, respectively. For the
spreading rate regressions, all r-squared values increased with the removal of E4.
The largest r-squared values for spreading rate were for 87Sr/86Sr, Abathy, and Fes,
at 0.422, 0.321, and 0.369, respectively. Upon removing segment E4 from regres-
sions with segment length, r-squared increased for 87Sr/86Sr from 0.013 to 0.317
and for AMBA from 0.038 to 0.116. However, removing E4 resulted in decreases in

r-squared for the other four parameters.
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DISCUSSION

Broadly speaking, either of two general hypotheses may explain the variation of
bathymetry, MBA, or geochemistry in the Scotia region. One hypothesis invokes a
“classic” thermal plume structure, with a connection in the upper mantle between
the ESR and the location of the Bouvet conduit. An alternative hypothesis assumes
that a large region of upper mantle in the southern Atlantic area, encompassing both
the Scotia Sea and the Bouvet plume region, is heterogeneous in geochemical com-
position. Under this hypothesis, melting processes vary with plate boundary geome-
try, causing the expression of heterogeneities in bathymetry, gravity, and eruptive

geochemistry to be related to the localized geological setting.

Potential mechanism: Thermal plume hypothesis

An end-member version of the plume-dominant hypothesis assumes that a “classic”
thermal plume interacts in a steady-state fashion with the ESR, without involving
mantle geochemical heterogeneity. In this model, a continuous flux of mantle mate-
rial advects from the plume to the ESR. A variant of this model takes into account
the westward displacement that the Scotia Arc has undergone relative to the African
plate. Like the steady-state model, this plate-separation model assumes that a high
flux of mantle material originates from a traditional, thermally buoyant plume.
However, in the plate-separation model an initial connection could have been made
between the Bouvet plume and the ESR long before a separation distance of 2,000
km would have become prohibitive for plume-ridge interactions. With an estab-
lished connection between ridge and plume, the supply of mantle plume material to
the ESR may have continued despite increasing separation distance. For example,

the Réunion hotspot has interacted with the CIR for ~38 Ma, even as the separation



44

distance between the ridge and hotspot has grown to over 1,100 km (Morgan, 1978;
Murton et al., 2005).

Evaluation of the thermal plume hypothesis: Geophysical data

Plume-influenced ridges are generally significantly shallower than “normal” spread-
ing centers. For example, the MAR is above sea level where it crosses the ridge-
centered Iceland hotspot (Ito et al., 2003). Likewise, the Galapagos Spreading Center
becomes increasingly shallow over a distance longer than 1,000 km as it nears the
Galapagos plume, reaching ~1.5 km depth where the plume-ridge separation dis-
tance is a minimum, ~170 km (Detrick et al.,, 2002; Chen and Lin, 2004). Although
the centers of segments E2 and E9 are roughly 0.5 to 1.0 km shallower than those of
other ESR segments, the depths of these segment centers are ~2.5 km, which is ap-
proximately the same as average global mid-ocean ridge depth. If a plume affected
E2 and E9, the overall depths of these two segments would be expected to be signifi-

cantly shallower.

Along similar lines, when a plume affects part of a MOR, long-wavelength axial MBA
low values are usually observed (e.g., Detrick et al., 2002; Ito et al., 2003). For exam-
ple, an MBA profile along the MAR near the Iceland hotspot shows a u-shaped
anomaly with an overall magnitude of approximately 270 mGal over a distance of
~2000 km, with the lowest values of MBA centered on the postulated plume conduit
(Ito and Lin, 1995; Ito et al,, 2003). For the Galapagos/Galapagos Spreading Center
system, the long-wavelength amplitude of MBA is about 90 mGal (Ito and Lin, 1995).
For the ESR, however, MBA values do not show the general trends that are observed
along most plume-affected ridges. Instead, higher values of MBA are found at the
ESR segments with lower distss: and distsiab-end, Which presumably would be more

affected by the inflow of Bouvet plume material at the slab ends.
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Evaluation of the thermal plume hypothesis: Geochemical data

In general, average Nag would be expected to be relatively lower along plume-
affected portions of a ridge, where degree of melting is higher. Average Nas for seg-
ment E2 is 2.52, which is significantly below the ESR mean of 2.68 with 89% confi-
dence. However, averages of Nag for segments E4 and E8 are lower than that of
segment E2, and it is unlikely that plume flow influences those segments, at least to
a greater degree than E2. Additionally, average Nag is 2.93 for E9, which is above the
ESR mean, suggesting that there is no plume affect on that segment. Thus, Nag values
for the ESR are not consistent with a simple model in which hot Bouvet plume mate-
rial increases the degree of melting at the northernmost and southernmost seg-

ments of the ESR.

Similarly, if a plume affects the ESR by inflow at the slab ends, average Fes would be
expected to be higher at segments E2 and E9 because of increased depth of melting.
However, average Feg at segment E2 (6.02) is below both the ESR mean of 6.44 and
the median of 6.87. Likewise, average Feg at segment E9 (6.62) is below the ESR
median. While average Feg at E9 is greater than the ESR mean, there is only 61%
confidence that average Fes data for E9 come from a sample with a mean greater
than that of average ESR Fes. Thus, Feg data also do not unambiguously indicate

plume influence on segments E2 and E9.

Globally, ridge segments that are affected by a plume normally show elevated levels
of 87Sr/86Sr, greater than 0.7030-0.7035 (Ito et al., 2003). However, average
87Sr/86Sr ratios at segments E2 and E9 are 0.7032 and 0.7030, respectively. These
values of 87Sr/86Sr are more indicative of transitional, or T-type, basalts, which
range from 0.70291 to 0.70370 along the SWIR (le Roex et al., 1983). Additionally,
although T-type basalts may result from mixing of mantle with plume characteris-
tics and typical depleted mantle, T-type lavas in the southern Atlantic along the AAR
and SWIR have been also explained as the result of partial melting where veining

comprises some of the source (le Roex et al., 1983).
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Evaluation of the thermal plume hypothesis: Geological data (ridge segmentation,

propagation, and axial morphology)

The nature of ridge axis morphology along the ESR does not clearly point to excess
magmatism and plume influence. As noted earlier, axial valleys exist along almost
the entire length of the ESR (Fig. 7). However, segments with axial highs are fre-
quently observed along plume-influenced intermediate-rate ridges (Detrick et al.,
2002). Thus, the presence of near-ubiquitous axial valleys along ESR segments also

seems to contradict the hypothesis that the ESR is plume-affected.

As noted in the Results chapter, some ridge segments appear to be propagating to-
ward the geographic center (near segment E6) of the ESR. Typically, ridge segments
migrate away from plumes due to excess volcanism (e.g., Briais and Rabinowicz,
2002). It is plausible that segments E2, E4, E5, and E9 are propagating due to an ef-
fect by the Bouvet plume. However, propagation may also occur because of a

bathymetric gradient (e.g., Phipps Morgan and Parmentier, 1995) along the ESR.

Along sections of ridges that are not dominated by plume effects (i.e., tectonically-
controlled ridges), plots of segment length vs. Abathy generally show a positive, lin-
ear trend (Lin, 1990). Additionally, the slope of a fitted line is inversely proportional
to the spreading rate (Lin, 1990). The relationship between segment length and
Abathy for the ESR follows the positive, linear trend established by the slow spread-
ing MAR and ultra-slow spreading SWIR (Fig. 15), and the slope of the ESR regres-
sion is lower than the MAR and SWIR. This implies that segment-scale tectonics are

an important control on individual ESR segment centers.

A geochemically-based alternative to the purely thermal plume hypothesis does not
require continuous advection of material between the Bouvet plume and the ESR,

and in fact might not require the existence of a plume whatsoever (Fig. 17). The geo-
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chemical and geophysical characteristics of the ESR could be explained by a “plum-
pudding” model (le Roex et al., 1983; le Roex et al., 1985; Standish et al,, 2008} in
which the mantle source material that enters the melting region of the ESR has a
heterogeneous geochemical composition (Fig. 17). In the “plum-pudding” model,
eclogite or pyroxenite veins are distributed throughout a peridotite matrix. The fer-
tile material from these veins can begin melting at depths greater than the solidus of
the surrounding peridotite (Anderson, 2004; Korenaga, 2005). Thus, a veined man-
tle may melt more than a geochemical homogeneous mantle even without a tem-

perature anomaly.

This geochemical hypothesis postulates that enhanced melting of a heterogeneous
mantle is modulated by plate boundary geometry. For example, such an effect might
explain the broad region of elevated seafloor and other anomalies observed around
the Bouvet Triple Junction. As discussed in the Background chapter, gravity and
bathymetry data suggest that the Bouvet plume influence is relatively localized, to a
distance of only approximately 300 km along the SWIR (Georgen et al., 2001). Addi-
tionally, 3He/4He data suggest that the Bouvet plume’s influence along the SWIR ex-
tends less than 500 km to the east (Georgen et al., 2003), and that 3He/4He may not
be elevated to the west along the AAR (Kurz et al., 1998). Previous studies have
shown that elevated 3He/*He ratios may be associated with the central core of a
plume (e.g., Kurz and Geist, 1999), and therefore may serve as an indicator of the
region most influenced by the plume conduit. Other types of geochemical data, such
as 143Nd/144Nd, Zr/Nb, Y/Nb, Zr/Y, La/Yby, and (La/Sm)x (le Roex et al., 1983; le
Roex et al,, 1985), indicate a much broader distribution of basalts with characteris-
tics similar to transitional MORB and enriched MORB, with anomalies over 700 km
to the east of Bouvet Island (le Roex et al., 1983; le Roex et al,, 1985) and ~1,200 km
to the west, via the AAR (le Roex et al,, 1983; le Roex et al., 1985).

It is possible that the broad geochemical anomalies observed in the vicinity of the

Bouvet Triple Junction may not be entirely due to the Bouvet plume. Numerical
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Fig. 17. Schematic of a heterogeneous mantle beneath a MOR. Lines and arrows
in the mantle show the direction of upwelling beneath a ridge. Irregularly shaped
geochemical heterogeneities are shown throughout the mantle.
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models have suggested that mantle upwelling at plate boundary triple junctions
may be different from that at a single ridge (Georgen and Lin 2002; Georgen, 2008;
Georgen and Sankar, 2010). Because of the juxtaposition of the upwelling fields of
three ridge axes at a triple junction, mantle temperatures and crustal production
might be higher than in a single-ridge setting. For example, in a model that does not
incorporate a thermal plume or geochemical heterogeneity, crustal thickness is pre-
dicted to increase approximately 6 km within 200 km of a triple junction such as
Azores Triple Junction or BT] (Georgen, 2008). The addition of source heterogeneity
into such a model is likely to increase the amplitude and spatial distribution of

anomalies in seafloor depth, gravity, and basalt geochemistry.

In the case of the ESR, a back-arc ridge intersects a subduction trench. A seismic ani-
sotropy study of the Scotia region revealed fast flow directions parallel to the ridge
axis in the northern portion of the ESR, consistent with inflow occurring through a
slab tear zone (Miiller et al., 2008). Although similar seismic anisotropy results do
not exist in the southern portion of the ridge due to a lack of data coverage, north-
ward-directed flow through the southern slab tear would be consistent with geody-
namic processes observed in similar subduction settings, such as the Tonga Trench
(Keller et al., 2008). Thus, it is possible that mantle from beneath SAM and ANT en-
ters the ESR region. In that case, the superposition of ridge-parallel mantle flow and
corner flow associated with plate separation could increase the flux through the
melt triangle, thereby enhancing the magma budget of the northernmost and south-
ernmost segments of the ESR. The existence of a veined mantle source within the
Scotia area could result in even more enhanced melting in the northern and south-
ern portions of the ESR, thereby increasing the differences between the central and

distal segments of the ridge.

It is important to note that, while geochemical heterogeneities can enhance melting
beneath a spreading ridge, such a mechanism is not required to act in isolation. For

example, it is possible for geochemical heterogeneities to amplify the effects of a
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thermal anomaly (Fig. 18). If a geochemically heterogeneous mantle is present, a

small thermal anomaly may be sufficient to produce a large melting effect.

In summary, direct flow of Bouvet plume mantle into ESR seems unlikely, even al-
lowing for plume-ridge interaction extended by plate separation. Instead, a role of
geochemical heterogeneity in the mantle is favored, particularly since this explana-
tion has been invoked for other regions in the south Atlantic with complex plate ge-
ometry. The existence of a small thermal heterogeneity cannot be ruled out from
MBA, but if it exists, it must be considerably smaller in magnitude than, for example,

those in the Iceland or Galapagos systems.
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Fig. 18. Schematic of a geochemically heterogeneous mantle with plume. Curved
lines, which spread out horizontally in the mantle, show the direction of upwell-
ing beneath a ridge. Irregularly shaped geochemical heterogeneities are shown
throughout the mantle. Dark grey indicates spreading lithospheric plates and the
grey regions beneath the ridge represent a plume.
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CONCLUSIONS

The main results of this study of geological processes along the ESR include the fol-
lowing:

(1) Geophysical data (e.g., bathymetry and MBA) along the ESR do not have the
characteristics of a “classic” plume-affected ridge like the Galapagos Spread-
ing Center. This is also the case for geochemical data. For example, 87Sr/86Sr
is not elevated to levels consistent with a mantle plume. Additionally, geo-
logic data show a presence of axial valleys, which is not typical for ridge
segments affected by a mantle plume. Plots of segment length vs. Abathy are
consistent with ridges that are unaffected by a plume. Overall, geophysical
data provide evidence against the hypothesis, suggested by earlier studies
(e.g., Livermore, 2003), that direct flow from the Bouvet plume affects ESR
segments.

(2) The geophysical, geochemical, and geological variability along the ESR may
be explained by complex plate boundary geometry and geochemical hetero-
geneity in the mantle source. This explanation is consistent with geochemi-
cal hetereogeneity inferred for adjacent areas in the southern Atlantic Ocean
by earlier studies (le Roex et al.,, 1983; le Roex et al., 1985; le Roex et al,,
1992; Standish et al., 2008). Under this mechanism, mantle flowing into the
ESR subridge region would add to the corner flow due to plate separation,
causing the flux of more material through the melting region. The presence
of geochemical heterogeneities in the mantle source region could addition-

ally increase the production of melt.
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