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[1] The hot spot-influenced western Galápagos Spreading Center (GSC) has an axial topographic high that
reaches heights of �700 m relative to seafloor depth �25 km from the axis. We investigate the cause of the
unusual size of the axial high using a model that determines the flexural response to loads resulting from
the thermal and magmatic structure of the lithosphere. The thermal structure simulated is appropriate for
large amounts of cooling by hydrothermal circulation, which tends to minimize the amount of partial melt
needed to explain the axial topography. Nonetheless, results reveal that the large axial high near 92�W
requires that either the crust below the magma lens contains >35% partial melt or that 20% melt is present
in the lower crust and at least 3% in the mantle within a narrow column (<�10 km wide) extending to
depths of 45–65 km. Because melt fractions >35% in the crust are considered unreasonable, it is likely that
much of the axial high region of the GSC is underlain by a narrow region of partially molten mantle of
widths approaching those imaged seismically beneath the East Pacific Rise. A narrow zone of mantle
upwelling and melting, driven largely by melt buoyancy, is a plausible explanation.
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1. Introduction

[2] The topography of mid-ocean ridges displays a
wide range of contrasting forms. Heavily faulted
axial valleys >1 km deep occur along ridges with
limited magma supply such as those with slow and
ultraslow spreading rates. At the other end of the
spectrum are axial topographic highs 20–50 km in
width and rising 100–500 m above the surround-
ing topography. This morphology is associated
with magmatically robust environments such as
the fast spreading East Pacific Rise (EPR) [e.g.,
Wang and Cochran, 1993; Scheirer et al., 1998];
portions of intermediate spreading centers such as
the Valu Fa Ridge [Collier and Sinha, 1992], Juan
de Fuca Ridge [Hooft and Detrick, 1995], South-
east Indian Ridge [Sempéré et al., 1991], and
Galápagos Spreading Center (GSC) [Canales et
al., 1997], as well as along the hot spot-influenced
slow-spreading Reykjanes Ridge [Searle and
Laughton, 1981]. Along the EPR, the axial topo-
graphic high is often accompanied by a positive
free-air gravity anomaly (FAA) that is larger in
amplitude than predicted if the high were isostat-
ically supported by lateral density variations in the
crust [Wang and Cochran, 1993; Magde et al.,
1995], an enigmatic finding that led to several
hypotheses.

[3] In recent studies, researchers have proposed
that the axial high topography and corresponding
gravity signal reflect the thermal structure and
stress state of mid-ocean ridge lithosphere and
asthenosphere. One class of models, originally
proposed by Madsen et al. [1984], suggests that
the axial high results from an upward force exerted
on the base of the lithosphere by buoyant, partially
molten mantle. The combination of the strong
positive free-air gravity signature and observed
topography requires this low-density material to
be narrow (�10 km) and extend deep (20–70 km)
[Wilson, 1992; Wang and Cochran, 1993; Magde
et al., 1995]. As an alternative, Eberle and Forsyth
[1998] suggested that dike injections above the
magma lens relieve tension in the shallow crust
and generate large vertical variations in horizontal
stress. The resulting bending moment dynamically
lifts the ridge axis and eliminates the need for a
deep low-density mantle column. Shah and Buck
[2001] have noted that all of these models require
the lithosphere to cool and thicken slowly with age,
whereas many studies based on seismic, compli-
ance, and other data indicate that the lithosphere
cools very rapidly with distance from the ridge
[e.g., Vera et al., 1990; Toomey et al., 1994;

Crawford et al., 1999; Cochran, 1979; McNutt,
1979; Phipps Morgan and Chen, 1993; Henstock et
al., 1993; Chen and Lin, 2004; Dunn et al., 2005].
Shah and Buck [2001] (see also Buck [2001] and
Shah and Buck [2003]) showed that the axial high
observed along the southern EPR can be explained
by a narrow zone of partially molten crust that
uplifts the axis combined with rapid near-axis melt
solidification and strong crustal cooling by hydro-
thermal circulation, if topography on the flanks of
the ridge is supported by flexure of the accreting
lithosphere, and curvature at the ridge axis is
allowed to form. The thermal/density structure of
their model also satisfied the observed gravity
anomaly without any additional buoyancy from
melt in the mantle.

[4] Hot spot-related variations in thermal structure
along the western Galápagos Spreading Center
offer an opportunity to test the above-proposed
causes of axial high topography. The western
GSC spreads at an intermediate rate (full rate of
45–55 mm/a) and has an axial high that in many
locations is appreciably larger in amplitude than
most sections of fast spreading ridges such as the
EPR. Moving westward from 91�W away from the
Galápagos hot spot, the amplitude of the axial high
decreases as crustal thickness decreases and as the
depth of the axial magma lens increases [Detrick et
al., 2002; Blacic et al., 2004] (Figure 1). This trend
is the opposite of the trend that would be predicted
by the model of Eberle and Forsyth [1998] (i.e.,
increasing the height of the dike zone above the
magma lens would increase the hypothesized bend-
ing moments associated with extension), but it
agrees with the general predictions of Shah and
Buck’s [2001] model. Moreover, recent tomograph-
ic inversions of the wide-angle seismic data col-
lected over the GSC show evidence for a narrow
8–15 km wide zone of partially molten crust with
rapid cooling along its sides [Canales et al., 2006].
Both sets of observations support the model of
Shah and Buck [2001].

[5] In this study we use Shah and Buck’s [2001]
model to investigate the density structure causing
the cross-axis topography and gravity at two loca-
tions along the western GSC, one close to the
influence of the hot spot where the axial high is
large and one farther away from the hot spot where
the axial high is smaller. Our data set consists of
shipboard gravity and bathymetry combined with
information about magma lens depth from multi-
channel seismic reflection observations and crustal
thickness from seismic refraction data. The main
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questions we address are (1) how much melt is
present beneath these two hot spot-influenced
regions of the GSC, (2) how deep does it extend
into the crust and mantle in these regions, and (3)
how important is melt in the crust versus the
mantle in determining the amplitude of the axial
high and how it changes along the western GSC?
Following Shah and Buck [2001], we develop

models of axial topography and gravity that in-
clude the effects of rapid off-axis cooling, melt
solidification, and lithospheric flexure. The implied
rates of hydrothermal cooling are near the upper
range of what is expected at mid-ocean ridges and
thus tend to minimize the amount of partial melt
needed to explain the topography. In addition we
explore a more complete set of solutions that allow

Figure 1. (top) Bathymetry map of the Eastern Province of the western Galápagos Spreading Center (GSC). Inset
shows general location of the GSC and the study region (green box) in the eastern equatorial Pacific. Thick purple
lines show the main cross-axis profiles used to create topography and gravity profiles for modeling. Grey lines mark
the location of multichannel seismic (MCS) survey lines. White lines mark the ridge axis. (bottom) Depth below the
seafloor to the top of the axial magma lens imaged in MCS lines. Stars are depth from cross-axis lines and black dots
are depth from along-axis lines. Blue bars indicate average depths based on cross-axis multichannel seismic results.
Average uncertainty in magma lens depth is ±110 m.

Geochemistry
Geophysics
Geosystems G3G3

blacic et al.: axial high topography and partial melt 10.1029/2008GC002100blacic et al.: axial high topography and partial melt 10.1029/2008GC002100

3 of 22



melt to extend into the mantle. We show that the
�400–700 m axial highs at the GSC are most
likely associated with large fractions of partial melt
both in the crust and extending substantially into
the mantle below.

2. Data

[6] During the Galápagos Plume-Ridge Interaction
Multidisciplinary Experiment (G-PRIME) in 2000
we collected multibeam bathymetry, gravity, seis-
mic refraction, and seismic reflection data along
the western GSC from �91� to �95.5�W. The
GSC is �200 km north of the Galápagos hot spot,
thought to be centered beneath the western edge of
the Galápagos Archipelago [White et al., 1993].
Hot spot interaction with the GSC is expressed in a
variety of forms including enhanced crustal thick-
ness, elevated axial topography, changes in axial
morphology, and changes in magma composition
[e.g., Detrick et al., 2002]. Influence in all of these
measures along the western GSC is evident along
the length of the ridge east of �95.5�W to the large
offset at �91�W. Near the hot spot, between 91�W
and �92.5�W, the ridge axis is characterized by an
axial high that is both taller and broader than that
seen along the fast spreading EPR [Canales et al.,
1997; Sinton et al., 2003]. The axial high disap-
pears between �92.5�W and the propagating rift
tip at 93.25�W that marks the boundary of the
Eastern Province of the ridge defined by Sinton et
al. [2003]. West of 93.25�W, the ridge displays
faulted, but flat (i.e., transitional) topography in the
Middle Province before merging into ridge valley
morphology west of 95.5�W in the Western Prov-
ince. Seismic reflection and refraction data from
the G-PRIME experiment (from axis-parallel lines
located �15 km off-axis) reveal a gradual decrease
in near-axis crustal thickness away from the hot
spot from 7.45 km at 92�W to 5.9 km at 94.25�W
[Canales et al., 2002]. Depth to the top of the axial
magma lens is constrained by 13 axis-crossing
seismic reflection lines from �94.3�W to
91.5�W. The axial magma lens deepens gradually
from a depth of �1.5 km at 92.5�W to �2.5 km at
93�W (Figure 1) corresponding with the decrease
in the axial topographic high [Blacic et al., 2004].
Note that differences in depth of the axial magma
lens determined from cross-axis lines compared to
along-axis lines in Figure 1 may be artifacts of the
ship straying away from the ridge axis while
shooting along-axis lines or could represent real
changes in magma lens depth away from the axis
[Blacic et al., 2004]. For this reason, we use the

cross-axis lines to define the shallowest magma
lens depth at the axis in our areas of interest.

[7] We examine bathymetry and gravity data from
two areas within the Eastern Province of the
western GSC. The first area is centered at 92�W
where the G-PRIME seismic refraction experiment
Gala3 crosses the ridge axis. This area displays
typical axial high morphology for the western GSC
with a large topographic high �675 m in amplitude
and �20 km in width [Canales et al., 1997], the
top of which is cut by a small axial trough less than
half a kilometer wide and only tens of meters deep
[Blacic et al., 2004]. Crustal thickness in this area
is well constrained to be 7.45 ± 0.25 km by the
Gala3 seismic refraction data and Canales et al.
[2002]. Axis-crossing seismic reflection data reveal
an axial magma lens 1.7–1.8 km beneath the
seafloor near 92�W [Blacic et al., 2004]. Averaging
the depths observed in four adjacent survey pro-
files (Figure 2), we obtain a representative depth
of 1.75 km. This depth is near the maximum
depths of magma lenses observed beneath the
EPR (�1.65 km) [e.g., Hooft et al., 1997; Carbotte
et al., 2000] despite the fact that the height and
width of the Gala3 axial high is much larger than
those observed at the EPR [e.g., Scheirer and
Macdonald, 1993]. A simple calculation consider-
ing only Pratt isostasy shows that (for compensa-
tion depth equal to the base of the crust) if the axial
high is to be supported by low-density melt only in
the crust, it would require the volume below the
melt lens to be nearly 100% melt. If we allow there
to be 3% melt in the mantle down to a compensa-
tion depth of 50 km then �51% melt is needed in
the crust and for 5% melt in the mantle �23% melt
is needed in the crust. As we will show, the effects
of off-axis cooling as well as lithosphere flexure to
dynamically support the axial topography require
less melt than the above values based on isostatic
topography.

[8] At the second area, near 92.7�W, the axial high
is significantly smaller (�475–500 m in height)
and more similar to what is typically found along
the EPR, although with a broader top and a more
prominent axial summit trough than is typical at
the EPR. Here we use data from the Gala96
Spanish cruise, which includes a bathymetry and
gravity profile crossing the GSC at 92.7�W, here-
after referred to as Profile 10 after Canales et al.
[1997] (Figures 1 and 2). GPRIME seismic data
constrain the crustal thickness in this area to be
�6.75 km [Canales et al., 2002] and both along-
and across-axis seismic reflection profiles from
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92.58� to 92.98�W constrain the average magma
lens depth to lie near 2 km (Figure 1). This depth is
at least �17% (�300 m) deeper than typical depths
of the magma lens beneath the EPR [e.g., Kent et
al., 1993a, 1993b; Detrick et al., 1993; Hooft et al.,
1997; Tolstoy et al., 1997; Carbotte et al., 2000].
Both the Gala3 and Profile 10 areas have signifi-
cantly thicker crust than the 6 km assumed for the
southern EPR by Shah and Buck [2001], allowing
for the possibility of more partially molten lower
crust than along the EPR. Meanwhile, the greater
magma lens depth at the GSC reduces the required
vertical extent of crustal melt in models.

[9] To best estimate average across-axis structure
as well as its local variability, we examined several

profiles with lengths adequately spanning the entire
width of the axial high in each of the two areas. In
the Gala3 area we compared the north and south
sides of the Gala3 across-axis profile and the north
sides of two nearby profiles (the south sides being
too short to span the entire axial high): S2a,�4.5 km
to the west of Gala3, and S2d, �11 km east of
Gala3 (see Figure 1). Figures 2a and 2b show the
topographic and gravity profiles, respectively, for
each of these four lines. To produce the average
topography profile (Figure 2a) we used bathymetry
along these four profiles plus eight profiles
extracted from the bathymetry swaths of these
survey lines �1.5 km to either side of the center
beam. Thus, for each of the four main profiles two

Figure 2. Data used to create observed average profiles to fit with models. (a) Topography and (b) free-air gravity
profiles for the Gala3 area and (c) topography and (d) free-air gravity profiles for the Profile 10 area. Standard
deviation difference between individual topography profiles and the average profile (black) is 34.4 m for Gala3 and
53.7 m for Profile 10. Standard deviation difference between individual gravity profiles and the average profile is
0.75 mGal for Gala3 and 2.0 mGal for Profile 10. These standard deviations are used as a measure of the uncertainty
in our observed profiles. Average topography and gravity profiles for Profile 10 are plotted in Figures 2a and 2b (gray
dashed line), respectively, for comparison with the Gala3 profiles.
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additional bathymetry profiles were extracted from
the swath data, one 1.5 km to the east and one 1.5 km
to the west of the main profile. The standard devi-
ation of the differences between these 12 individual
profiles and the average profile is 34.4 m. To
produce the average FAA we simply averaged
the FAA along the four main profiles. Prior to
averaging, however, we removed a long-wavelength
regional trend evident by a�8 mGal offset between
points 29 km north and south of the axis along the
Gala3 profile. This was done simply by subtracting
the same north-south linear trend fromGala3 and the
three adjacent profiles. The standard deviation of
the differences between the four gravity profiles and
the average profile is 0.75 mGal. We will use the
standard deviation of the individual profiles with
respect to the average profiles as a measure of the
uncertainty of the observed across-axis variation of
topography and gravity. This uncertainty will be
used in assessing the range of acceptable models that
successfully fit the average profiles.

[10] For the Profile 10 area we considered the north
and south sides of Gala96 Profile 10 and the longer
north sides of lines X5a (�14 km east of Profile 10)
and X5b (�20 km east of Profile 10, see Figure 1).
The bathymetry and gravity profiles for these four
lines are shown in Figures 2c and 2d, respectively.
For both topography and gravity, the average
profiles were calculated from these four lines only
(the Gala96 Profile 10 was not swath bathymetry).
For the topography, the standard deviation of the
differences between the individual profiles and the
average profile is 53.7 m, and for the gravity it is
2.0 mGal.

3. Model Formulation

3.1. Governing Equations

[11] The model used in this study is based on that
developed by Shah and Buck [2001] that calculates
changes in gravity and topography resulting from
variations in density with distance x from the axis.
The model formulation is the same as that used in
the work of Shah and Buck [2001]. Seafloor
topography is calculated by solving the one-dimen-
sional bending problem for a continually accreting
lithospheric plate [Kuo et al., 1986],

d D d3w=dx3ð Þ
dx

þDrgw ¼ q ð1Þ

where w(x) is the downward deflection of the plate,
D(x) is the plate rigidity, Dr is the density contrast

between the mantle and water, g is the acceleration
of gravity, and q(x) is the applied vertical load
distribution. Computationally, the above equation
is treated by considering discretized changes in
deflection Dw(x) and subsurface loads Dq(x) for a
given distance of plate motion and accretion Dx:

d2DMB

dx2
þDrgDw ¼ Dq ð2Þ

where DMB(x) is the incremental change in
bending moment, related to Dw according to

DMB ¼ D
d2Dw

dx2
: ð3Þ

Similar to Shah and Buck [2001], we assume that
thin lithosphere and frequent magmatic activity
allow the ridge axis to be in local isostatic
equilibrium. The appropriate boundary conditions
at x = 0 are d2Dw/dx2 = d3Dw/dx3 = 0 (or
equivalently d3w/dx3 = dw4/dx4 = 0), and the
conditions at x = 1 are w(0) = 0 and dw/dx = 0. It
should be noted that this formulation allows
curvature to develop at the axis, which can
significantly add to the dynamically supported
axial high [Buck, 2001].

3.2. Thermal Structure, Subsurface Loads,
and Flexural Rigidity

[12] The loads q(x) and flexural rigidity D(x) are
ultimately derived from the thermal structure of the
crust and mantle, which is imposed as illustrated in
Figure 3. Model parameters are defined in Table 1.
The depth to the 1200�C isotherm H1200(x)
describes the rate of cooling of the plate, where
1200�C is the temperature at which melting starts.
Near the axis, H1200(x) is set to the depth of the
axial magma lens H0 over a width W0. For x > W0,
we simulate rapid cooling of the lithosphere by
imposing H1200(x) to increase as a function of x2

until at x = W1 where it reaches a depth of H1.
Beyond this point, the isotherm deepens according
toH1200(x) =H1 + S (x�W1)

1/2, where the coefficient
S controls the rate of deepening. The temperature
increases linearly from 0�C at the seafloor to
1200�C at H1200. Another option is to follow Shah
and Buck’s [2001] assumption that the upper portion
of the plate is efficiently cooled by hydrothermal
circulation. We investigate this by setting tempera-
ture to increase linearly from 0�C to 400�C over
the shallowest 75% of the depth to the 1200�C
isotherm. In the lower 25%, we assume a linear
increase in temperature from 400�C to 1200�C. We
refer to this option as the case with depth-varying
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hydrothermal cooling. Partial melt is assumed to be
present below the 1200�C isotherm and above the
base of the crust until H1200 reaches the crustal
thickness Hcr, which marks the horizontal extent of
the melt region W2.

[13] Three sources contribute to the loads q(x) as
the lithosphere evolves away from the ridge [Shah
and Buck, 2001]: (1) thermal contraction of mate-
rial due to cooling, qc(x), (2) solidification of
partial melt, qmelt(x), and (3) thermal bending
stresses (TBS) resulting from material at varying
depths cooling at different rates, qtbs(x). These
three sources are summed to produce a total load
q(x)

q xð Þ ¼ qc xð Þ þ qmelt xð Þ þ qtbs xð Þ: ð4Þ

The thermal contraction load qc is determined by
summing contributions from cooled material above
the 1200�C isotherm:

qc xð Þ ¼
ZH1200 xð Þ

0

gra Tmelt � T x; zð Þ½ 	 dz ð5Þ

where r is the bulk density of the material at
temperature Tmelt, a is the volumetric coefficient of
thermal expansion, and H1200 coincides with the
top of the partially molten zone where T = Tmelt =
1200�C.

[14] The load qmelt associated with partial melt
consists of two terms

qmelt xð Þ ¼ �8crDrcrg Hcr xð Þ � H1200 xð Þ½ 	
� 8mDrmg H2 � Hcr xð Þ½ 	: ð6Þ

The first term describes the contribution of partial
melt in the crust where 8cr is the average volume
fraction of melt in the crust with a density contrast
Drcr relative to the surrounding rock at 1200�C in
a column of height Hcr(x) � H1200(x). Expanding
on the model of Shah and Buck [2001], we allow
melt to extend further into the upper mantle and the
effect of this additional hot molten material is
included in the second load term. In this term the
zone of partial melt has an average melt fraction of

8m, density contrast of Drm, and melt column
height of H2 � Hcr(x) for x less than W2, where H2

is the maximum depth over which appreciable
partial melt is present. The width of the mantle
melt column W2 depends on the parameters that
define the shape of the 1200�C isotherm in the
crust (H1, W0, W1, and S). For example, if H1 is
closer to the base of the crust, the 1200�C isotherm
will cross into the mantle at a point closer to the
axis than if H1 is shallower. Although the melt
fraction probably varies both vertically and hor-
izontally within the melt zone, we consider a
simplified situation in which 8cr and 8m represent
average melt fractions within each partial melt
zone in the crust and mantle, respectively.

Figure 3. Schematic cartoon illustrating model set up and parameters. Partial melt is present below the 1200�C
isotherm in the crust (dark pink region) and into the mantle (medium pink region) above a depth of H2. See text and
Table 1 for further description.
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[15] The bending moments caused by thermal
contraction stresses are implemented via a load
term qtbs based on the approach by Parmentier
and Haxby [1986]. The method involves comput-
ing horizontal normal stresses due to thermal
contraction as a function of depth and integrating
these to find the associated moment and effective
vertical load. This thin plate approximation tends
to overestimate the deflection resulting from these
stresses. Thus, we will examine results for cases
both with and without TBS with the assumption
that reality lies somewhere in between.

[16] The shallow thermal structure also controls
how flexural rigidity D(x) varies with distance in

(1) and (2). Flexural rigidity depends on the
effective elastic plate thickness H(x) according to

D xð Þ ¼ E H xð Þ½ 	3

12 1� n2ð Þ ð7Þ

where E is Young’s modulus and n is Poisson’s
ratio [e.g., Turcotte and Schubert, 1982]. Effective
elastic plate thickness is assumed to be some
fraction w of the depth to the 1200�C isotherm, H =
wH1200 (Figure 3). The parameter w takes into
account the unquantified combined effects of
faulting and the viscous-elastic-plastic behavior
of the material above H1200 [Shah and Buck, 2001].

Table 1. Symbol Table

Symbol Parameter

Material Properties
E Young’s modulus (9 
 1010 Pa)
g Acceleration of gravity (9.81 m/s2)
n Poissons ratio (0.25)
Dr Density contrast between mantle and water (2300 kg/m3)
Drcr Density contrast between melt and crust rock (300 kg/m3)
Drm Density contrast between melt and mantle rock (600 kg/m3)
a Volumetric coefficient of thermal expansion (3 
 10�5 �C�1).
Tmelt Melting temperature (1200�C)

Variable Model Input Parameters
H1 Depth to the 1200�C isotherm at the transition from rapid cooling

to square root of distance cooling (m)
H2 Depth to the base of the melt column (m)
W0 Width of near-axis cooling (m, width of horizontal isotherms)
W1 Width of rapid cooling zone (m, distance from the axis at which

1200�C isotherm reaches H1)
W2 Width of mantle melt column (m)
8cr Average melt fraction in the crust
8m Average melt fraction in the mantle
w Strength reduction factor

Other Model Parameters
Hcr Crustal thickness (m, from seismic data, Canales et al. [2002])
H0 Depth to 1200�C isotherm near the axis (m, axial magma lens

depth from seismic data, Blacic et al. [2004])
S Coefficient of square root of distance cooling (m/m1/2)
x Horizontal distance from ridge axis (m)
H(x) Depth to bottom of elastic plate (m, effective elastic plate thickness)
H1200(x) Depth to 1200�C isotherm (m)
q(x) Total load distribution (Pa)
qc(x) Thermal contraction load (Pa)
qmelt(x) Load from solidification of melt (Pa)
qtbs(x) Load from thermal bending stresses (Pa)

Model Solution Variables
w(x) Downward deflection (m)
DMB(x) Incremental change in bending moment (N*m)
D(x) Plate rigidity (N*m)
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[17] With the net load q(x) and rigidity D(x)
defined, we solve for seafloor topography by first
solving equation (2) for incremental changes in
plate deflection, using a fourth-order finite differ-
ence scheme. It is the lateral change in each of the
above loads (Dqc, Dqmelt, Dqtbs, not the loads
themselves) that sum to Dq in equation (2) and
thus contribute to changes in plate deflection wwith
distance x. The total deflection w(x) is then deter-
mined by integrating the incremental changes to
each distance x.

3.3. Gravity Calculations

[18] The free-air gravity field is predicted by com-
bining the effects arising from the modeled density
structure of the lithosphere, the effects of seafloor
topography, and corresponding relief on the crust-
mantle boundary. Predicted gravity resulting from
topographic variations of the seafloor and Moho
are calculated using standard spectral techniques
[Parker, 1973] in 2-D plan view assuming a
uniform crustal thickness of 7 km and average
crustal density of 2850 kg/m3. The effects of
crustal and mantle density variations are computed
separately assuming 2-D structure in cross-section
with a polygon formulation based on Talwani et al.
[1959]. Density and topographic effects are then
summed for comparison to observed free-air grav-
ity profiles.

3.4. Model Misfits

[19] The misfit of each model profile is the root-
mean squared (RMS) difference between the pre-
dicted and observed average profile. For the Gala3
location, RMS misfits are calculated from x = 0 to
x = 48 km, but for the Profile 10 region, the misfits
are calculated using only the first 22 km of the
profiles due to the presence of a 300-m-deep
trough �22–29 km from the axis. Misfits that
exceed the data uncertainty (as represented by the
standard deviation of the individual profiles with
respect to the average profile) are considered
significant, whereas misfits less than or equal to
the data uncertainty are indistinguishable and rep-
resent the best possible fits.

4. Results

4.1. Solving for Optimum Secondary
Parameters

[20] Numerous variables control the details of the
model subsurface. Crustal thickness and depth to

the magma lens (Hcr and H0) are constrained by
seismic data and thus are taken as ‘‘known’’
quantities rather than parameters to solve. Similar-
ly, the rate of slow (square root of distance) cooling
outside of the near-axis zone, S, is also held fixed
(for most cases) and assumed to be the same
between the two regions based on bathymetric
data. A value of S = 45 m/m1/2 produces good fits
to both locations on the GSC when depth varia-
tions in hydrothermal cooling are not included and
is consistent with a half-space cooling model
[Turcotte and Schubert, 1982] using a basal mantle
temperature that agrees with results of Parsons and
Sclater [1977]. We found that when depth varia-
tions in hydrothermal cooling are included, a lower
value of S (30–36) was required to obtain good fits
to the observed data, especially with TBS.

[21] The model parameters we solve are 8cr, 8m,
H2, H1, W0, W1, and w. Because we are interested
in comparing melt quantity and location between
our two profiles, we will consider the model
parameters that most strongly influence the total
amplitude of the bathymetry and gravity anomaly
as the primary parameters: melt fraction in the crust

8cr and in the mantle 8m, and the depth to the base
of the partial melt column H2. These three primary
parameters will be the focus of this study. The four
secondary parameters (H1, W0, W1, and w), which
define the details of the crustal thermal structure,
most appreciably control the width of topographic
high and the associated gravity signal but have a
relatively minor effect on the total amplitudes of
the bathymetry and gravity variations. Our model-
ing strategy is to first find sets of secondary
parameter values (two sets for each profile, with
and without TBS) that provide good fits to the
observed gravity and bathymetry. We will then
hold the secondary parameters constant while
searching for the best fitting primary parameters.

[22] To identify the optimum values of the second-
ary parameters, we used an iterative process. Start-
ing with the assumption that the melt fraction is the
same throughout the entire melt region, i.e., 8cr =
8m = 8, we chose a pair of 8 and H2 values for
which reasonable fits to the topography and gravity
data could be obtained from a starting set of model
parameters. We then varied H1, W0, W1, and w one
at a time, while keeping the others constant, and
chose the value at which a minimum RMS misfit
for both topography and gravity was obtained. The
cycle was repeated successively in order to con-
verge on the most optimal set of values. Multi-
channel seismic images provided constraints on the
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