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Crustal thickness variations along the Southeast Indian
Ridge (100°-116°E) from 2-D body wave tomography
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[1] Axial morphology along the Southeast Indian Ridge (SEIR) systematically changes from an axial high
to a deep rift valley at a nearly uniform intermediate spreading rate between 100°—116°E, west of the
Australian-Antarctic Discordance (AAD). Basalt geochemistry has a consistent Indian—mid-ocean ridge
basalt (MORB) type isotopic signature, so changes in axial topography are attributed to variations in both
mantle temperature and melt supply. Wide-angle seismic refraction lines were shot to four ocean bottom
hydrophones within SEIR segments P1, P2, S1, and T, where each segment is characterized by a different
morphology. We constructed 2-D crustal velocity models by jointly inverting hand-picked P wave
refraction (Pg) and Moho reflection (PmP) traveltime data using a top-down, minimum-structure
methodology. The results show a 1.5 km eastward decrease in crustal thickness across the study area, with
segment averages ranging from 6.1 km at P1 to 4.6 km at T. Melt generation models require a ~30°C
decrease in mantle temperature toward the AAD to account for the crustal thickness trend. Significant
changes in axial morphology accompany small-scale variations in crustal thickness, consistent with models
of crustal accretion where ridge topography is determined by a balance between mantle temperature, melt
supply, and cooling from hydrothermal circulation. Layer 3 thins by 3.0 km as layer 2 thickens by 1.4 km
between segments P1 and T, reflecting the eastward decrease in melt supply and increase in melt lens
depth. The trade-off in seismic layers may be explained by models relating the increase in overburden
pressure on a deepening melt lens to the volume of magma erupted into the upper crust rather than cooling
at depth to form new lower crustal material.
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1. Introduction

[2] The fast- and slow-spreading end-members of
the global mid-ocean ridge system represent dis-

Copyright 2008 by the American Geophysical Union

tinct structural modes defined by a unique set of
morphological characteristics. Fast spreading
ridges (>90 mm/a full rate) like the East Pacific
Rise (EPR) are marked by a prominent axial high,
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Figure 1.

116°

Shaded relief map of multibeam bathymetry for the section of the Southeast Indian Ridge surveyed by

cruise EWO0114. The solid line marks the ridge axis. Inset shows the location of the study region in a global context.
Labels identify first- and second-order ridge segments. Larger labels indicate segments where seismic refraction data

were acquired.

smooth ridge flanks, and both seismic and geologic
evidence of frequent eruptive activity [Menard,
1960; Macdonald, 1982, 1989]. By contrast, slow-
spreading ridges (<40 mm/a full rate) like the
Mid-Atlantic Ridge (MAR) are characterized by a
15-40 km wide, 1-3 km deep axial rift valley
and rough, faulted topography [Heezen, 1960;
Macdonald, 1982, 1986]. Although axial depth
and relief tend to decrease with increasing spread-
ing rate [Menard, 1967; Macdonald, 1986; Small,
1994], studies do not support a smooth morpho-
logical transition between an axial high and an
axial valley. Small and Sandwell [1989] concluded
that a threshold-type mechanism governs axial
form based on how abruptly characteristics of
Geosat altimetry gravity profiles change at spread-
ing rates of 60—70 mm/a. Global variations in
across-axis ridge topography suggest the ridge-
valley transition occurs over an interval of only
10—15 mm/a [Malinverno, 1993]. Similarly abrupt
transitions are also evident in measurements of
along-axis gravity roughness [Small and Sandwell,
1992], on-axis mantle Bouguer anomaly (MBA)
gradients [Lin and Phipps Morgan, 1992; Wang
and Cochran, 1995], and basic morphologic
parameters like axial relief, cross-axis profile
asymmetry, bathymetric roughness, and zero-age
depth [Small, 1998].

[3] A full determination of how the transition
between fast- and slow-spreading ridge morpholo-
gies takes place is a necessary component to under-
standing the processes behind crustal accretion
along mid-ocean ridges. Studies of intermediate

spreading ridges can provide the needed insight into
how individual tectonic, geochemical, and thermal
parameters control ridge-axis structure. The South-
east Indian Ridge (SEIR) west of the Australian
Antarctic Discordance (AAD) offers a unique
setting where the nearly constant intermediate
spreading rate and consistent mid-ocean ridge basalt
(MORB)-type isotopic signature isolate axial ther-
mal structure as the controlling factor on ridge
topography. In this study, we present our analysis
of seismic refraction data collected between 100°
and 116°E along four segments of the SEIR that
exhibit very different types of axial morphology. We
employ P wave traveltime tomography to produce
2-D models of velocity structure and crustal thick-
ness within each segment and subsequently discuss
the implications for variations in melt supply, mantle
temperature, and the systematic evolution of ridge
morphology across our study area.

2. Tectonic Setting

[4] The Southeast Indian Ridge (SEIR) forms the
boundary between the Australian and Antarctic
Plates, extending from the Rodriguez Triple Junction
(25°S, 70°E) east of Madagascar to the Macquarie
Triple Junction (63°S, 165°E) south of New Zealand.
Detailed tectonic reconstructions of the region face
continual reassessment due to the paucity and com-
plexity of magnetic data, but evidence shows seafloor
spreading initiated near the Great Australian Bight in
the Late Cretaceous (likely 96 Ma) [Cande and
Mutter, 1982; Veevers, 1986] and remained ultraslow
(1.5—4.5 mm/a half-rate) until the breakup between
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the Kerguelen Plateau and Broken Ridge beginning
in the early Eocene [Cande and Mutter, 1982; Royer
and Sandwell, 1989; Tikku and Cande, 1999]. Sub-
sequent rate increases in the mid-Eocene (chron 18,
~40 Ma) and early Oligocene (chron 13, ~34 Ma)
established the intermediate range of rates observed
today [Royer and Sandwell, 1989], which vary from
69 mm/a full-rate near 88°E to 75 mm/a near 120°E
[DeMets et al., 1994].

[5s] The Australian-Antarctic Discordance (AAD)
is an anomalously deep (>4 km) and pervasively
fractured segment of the SEIR between ~120° and
128°E. The regional negative depth anomaly
[Weissel nd Hayes, 1974; Hayes, 1988], negative
free-air gravity anomalies [Weissel and Hayes,
1974; Cochran and Talwani, 1977], high Rayleigh
wave velocities [Forsyth et al., 1987; Kuo et al.,
1996], and major element basaltic geochemistry
[Klein et al., 1991] all suggest the AAD overlies a
region of low mantle temperatures. Isotopic studies
show the AAD marks an abrupt transition between
Indian-MORB and Pacific-MORB-type mantle
[Klein et al., 1988; Pyle et al., 1992], consistent
with the convergence and downwelling of along-
axis asthenospheric flow [Weissel and Hayes,
1974; Hayes, 1988; West et al., 1997], although
the disruption of mantle convection by a remanent
subducted slab has also been proffered [Gurnis et
al., 1998; Ritzwoller et al., 2003; Gurnis and
Miiller, 2003].

[¢] By contrast, the SEIR shallows to 1-2 km
depth between 76° and 78°E as it crosses the
massive (>30,000 km?) Amsterdam-St. Paul
(ASP) plateau, the product of enhanced crustal
accretion fueled by the ASP hot spot over the past
~4 Ma [Conder et al., 2000; Scheirer et al., 2000].
Geophysical observations [Small, 1995; Ma and
Cochran, 1996] and minor isotopic evidence
[Hamelin et al., 1986; Michard et al., 1986]
suggest material from the distant (~1500 km)
Kerguelen-Heard (K-H) hot spot group may also
reach the ridge near 84°E, although some are
skeptical of this claim [e.g., Mahoney et al., 2002].

3. Study Area

[7] This study examines the tectonic corridor
south-southeast of Australia between the 100°E

transform fault and the 116°E transform complex
(Figure 1), a 1200 km section of ridge spreading at
a nearly constant rate of 72 + 1 mm/a [DeMets et
al., 1994]. Although along-axis variations in the
Nd-Pb-Sr isotopic signature of basalts exist, sam-
ples from this region indicate the melt source is
singularly Indian-MORB-type mantle [Klein et al.,
1988; Mahoney et al., 2002]. The study area
contains six first-order ridge segments lettered P
through T by the nomenclature of Cochran et al.
[1997] (Figure 1), with numbers delineating second-
order segmentation due propagating rifts (PR) and
overlapping spreading complexes (OSC). Active
PRs at 104°15’E, 111°E, and 112°45’E all trend
eastward in the direction of a 1500 m increase in
axial depth and 500 m increase in ridge flank depth
[Phipps Morgan and Sandwell, 1994; Ma and
Cochran, 1997]. Ridge morphology varies across
the study area as well, exhibiting four distinct
modes as it transitions from an axial high to an
axial valley between segments P1 and T. A number
of other geophysical and morphological character-
istics similarly change between 100°E and 116°E:
mean magnetic anomaly amplitudes weaken by
80 nT [Ma and Cochran, 1996], mantle Bouguer
gravity anomalies (MBA) increase by 50 mGal
[Cochran et al., 1997], abyssal hill relief (bathy-
metric roughness) grows by 50 m [Ma and
Cochran, 1996, 1997; Goff et al., 1997], and
subsidence rates decrease by 40 m/Ma [Kane and
Hayes, 1994; Géli et al., 2007].

[s] Multichannel seismic (MCS) data collected
along segment Pl image a bright reflector at
shallow depths (1480 m below seafloor (bsf))
attributed to the presence of an axial melt lens
[Baran et al., 2005]. The reflector depth increases
to 2100 m bsf in segment P2, then to 2320 m bsf in
P3, and is fully absent from segment P4 [Baran et
al., 2005] (Figure 1). Variations in seismic layer 2A
thickness accompany this trend, increasing from
300 to 450 m between segments P1 and P4 [Baran
et al., 2005]. Rapid transitions in axial morphology
also take place between segments P1 and P2 and
within segment P3 [Sempéré et al., 1997; Shah and
Sempeére, 1998] (Figures 1 and 2). This covariation
of morphology and melt lens depth has similarly
been noted in segment R [Baran et al., 2005] as
well as along sections of the Galapagos Spreading
Center (GSC) [Blacic et al., 2004].

Figure 2. Detailed bathymetry and shot line geometry for segments (a) P1, (b) P2, (c) S1, and (d) T. The
bathymetric grid consists of 150-m resolution Seabeam2000 data supplemented by two minute resolution altimetry-
derived topography [Sandwell and Smith, 1997]. The contour interval is 250 m. Solid black lines mark the individual
refraction lines. Stars indicate the drift-corrected positions of the four OBHs deployed along each line.
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[v] We focused on four distinct segments (P1, P2,
S1, and T) within our study area to further examine
the relationship between ridge morphology and
crustal structure. Segment P1 (100°E transform to
101°30'E OSC, Figure 2a) is characterized by a
robust axial high that stands ~400 m above the
ridge flanks near the segment midpoint [Shah and
Sempéré, 1998]. M1 and M2 (88°30'~90°30'E) are
the only other segments west of the AAD with
similarly well-developed EPR-like highs [Cochran
et al., 1997]. The SEIR more commonly displays
the more subdued “rifted high” morphology of
segment P2 (101°30'E OSC to the 102°45'E trans-
form, Figure 2b) distinguished by a central 1 -4 km
wide, 200 m deep axial graben flanked by small-
offset (50—100 m) normal faults [Cochran et al.,
1997; Shah and Sempére, 1998]. Further to the
west, segment S1 (108°30E transform complex to
111°E PR, Figure 2c) exhibits a “shallow axial
valley” morphology similar to intermediate spread-
ing segments along the Juan de Fuca Ridge and the
GSC [Sinton et al., 2003; Baran et al., 2005; Canales
et al., 2005]. Unlike the matured, 1.0—1.3 km deep
axial valley along segment T (114°E transform to
116°E transform complex, Figure 2d), the central
rift valley of S1 generally has less than 500 m of
topographic relief [Cochran et al., 1997, Shah and
Sempéreé, 1998].

4. Data Acquisition

[10] Six active-source seismic refraction experi-
ments were conducted along segments P1, P2,
S1, and T of the SEIR (Figure 1) as part of R/V
Maurice Ewing cruise EW0114 (from December
2001 to January 2002). Data were recorded at
200 Hz by four WHOI-OBSIP ocean bottom
hydrophones (OBHs) [see Peal et al., 1993]
deployed 15-20 km apart along each line. Re-
fraction lines were run both on-axis and 20 km
south of the axis (~525 ka isochron) within
segments P1 and P2 (Figures 2a and 2b). On-
axis lines were completed along segments S1 and
T as well (Figures 2c¢ and 2d), but extreme
weather conditions precluded off-axis work in
these areas. All refraction lines ran east to west
(into the wind) to reduce the risk of tangling the
air gun tow lines.

[11] The R/V Maurice Ewing’s 20-element 8445 in’
(138 L) air gun array served as the seismic source,
firing once every 120 s (~275 m shot spacing at a
nominal speed of 4.5 knots) from 8 m depth. Shot
locations were determined from known firing times
and shipboard Global Positioning System (GPS)

fixes, subsequently adjusted for the 55 m offset
between the Trimble Tasmon P/Y Code receiver
and the center of the air gun array. GPS logging
occurred at 10 s intervals, resulting in a position
accuracy of ~15 m. Concurrent Krupp Atlas
Hydrosweep-DS2 center beam measurements pro-
vided along-line water depths accurate to 0.2% the
depth or 5-9 m.

5. Data Processing

[12] Seismic data recorded by each OBH were
converted to the PASSCAL variant of the SEG-Y
file format [Barry et al., 1975] for archival and
analysis. Timing corrections applied to the data
comprise a static offset and a linear drift term
determined by comparing the OBH clocks to
GPS (UTC) time before deployment and on recov-
ery. These corrections are certain to within the 5 ms
sampling interval of the OBH clocks. The seafloor
positions of the OBHs were established by invert-
ing direct water wave traveltimes from both the
axis-parallel refraction lines and short (~3.5 km)
instrument-centered cross lines. The latter were
shot with a single 385 in’ air gun at a 120 s
interval for line 1 and a 60 s interval for lines 2—
6. Table 1 lists the corrected OBH positions for all
six deployments and the location uncertainty char-
acterized by the final RMS error for the water wave
picks.

[13] The data were passed through a bandpass
Butterworth filter (5—25 Hz, 24 dB/octave side-
lobe decay rate) to reduce ocean wave and wa-
terborne noise prior to the identification of P
wave arrivals. We manually picked traveltimes
for first-arriving crustal refractions (Pg) and
high-amplitude secondary arrivals attributed to
Moho reflections (PmP). There is a progressive
decrease in signal quality (Figure 3) and pick
totals (Table 3) for lines run further to the east
presumably due to the worsening sea conditions
and the eastward increase in axial depth and
bathymetric roughness. Uncertainty estimates
assigned to Pg picks range from 15 to 150 ms
and were chosen as a function of the trace signal-
to-noise ratio (SNR) at the time of the arrival
[Zelt and Forsyth, 1994] (Figure 4). The SNR
method does not readily apply to PmP picks
because Moho reflections arrive within the coda
of a preceding phase. Instead we evaluated each
refraction line in turn, selecting from a trial suite
the smallest PmP pick error value capable of
producing a solution fitting the data to the level
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Table 1. Results of Instrument Relocation
Latitude, Longitude, Instrument RMS
Line OBH °S °E Depth, m  Error, ms
1 16  47°24.62" 100°50.31 2456 9
20  47°13.99° 100°28.15 2689 5
25 47°20.00" 100°40.25' 2489 9
27  47°30.64 101°03.29 2671 8
2 16  47°32.95" 100°40.47 2931 10
20  47°22.50' 100°19.11' 2953 6
25  47°27.93" 100°30.02 2836 10
27  47°48.70' 100°54.74 2933 7
3 16 47°38.21" 101°58.42’ 2850 6
20  47°38.21 101°46.47 2901 7
25  47°44.03" 101°32.47 2771 6
27  47°55.11" 102°13.25' 3063 7
4 16 47°58.70' 101°50.53’ 2974 7
20  47°50.26' 101°26.71 2998 18
25  47°53.74" 101°36.93’ 2941 10
27  48°03.69" 102°04.46' 2954 7
5 16  49°32.85 109°32.72 3332 5
20  49°41.43" 110°00.17 3293 10
25  49°37.45" 109°47.05 3468 5
27  49°28.87° 109°20.07 3322 5
6 16  49°58.86' 115°03.38’ 4162 6
20  49°52.84° 114°34.04 4367 4
25  49°55.33" 114°45.94' 4336 4
27 50°01.28" 115°15.64 4195 7

of the noise. The selected error estimates range
from 20 ms for line 2 to 35 ms for lines 5 and 6.

6. Methodology

[14] We applied the method of Korenaga et al.
[2000] to jointly invert Pg and PmP traveltimes for
two-dimensional (2-D) P wave structure and crust-
al thickness. Each model was parameterized as a
dense grid of velocity nodes draped on the along-
line bathymetry. Nodes were spaced every 500 m
laterally and at a vertical interval increasing from
50 m at the seafloor to ~150 m at the base of the
mesh (20 km), resulting in a parameter density of
36,200 nodes/100 km. The Moho was parameter-
ized as a series of depth nodes spaced 1 km apart
that collectively define a floating reflector indepen-
dent of specific velocity contours or mesh geom-
etry. The starting depth assigned to the reflector
was determined from a suite of trial inversions
(Figure A1) such that the chosen value (circled)
resulted in the smallest initial x2 misfit for PmP
traveltimes.

[15] Velocity models for the refraction lines were
constructed from the 1-D forward modeling results
for line 2 (T2) and line 5 (T5) [7olstoy et al., 2002]
(Figure 8). Specifically, the line 1 and line 2
starting models were based on the T2 profile, as

were the models for lines 3 and 4 under the
assumption that crustal velocity structure is first-
order continuous across the 101°30’'E overlapper
(Figures 2a—2b). Starting models for lines 5 and
line 6 relied on the TLS5 profile. The water column
was assigned a constant velocity of 1500 m/s to
simplify traveltime calculations. Shotpoint water
depths were extracted from 150 m resolution
gridded SeaBeam2000 multibeam bathymetry
along the L1-minimized great circle path through
all shot positions. Known source (shot) and receiver
(OBH) locations were projected onto the same great
circle path, as were layer 2A thickness estimates
derived from multichannel seismic (MCS) data
collected along separate but coincident shot lines
in segments P1, P2, and S1 [Baran et al., 2005].
Layer 2A was incorporated into the starting models
as a homogeneous upper crustal layer assigned the
line-specific average 2A velocity determined by
MCS data analysis (J. M. Baran, personal commu-
nication, 2007).

[16] The forward step of the Korenaga et al. [2000]
inversion method takes a graph theory approach
[e.g., Dijkstra, 1959] to searching for the minimum
traveltime raypaths connecting each source-
receiver combination [Moser, 1991, van Avendonk
et al., 1998]. Graph methods systematically over-
estimate path lengths with solutions that zigzag
across the underlying nodal framework, so a sec-
ondary conjugate gradient ray-bending procedure
is used to refine the raypaths, resulting in more
accurate traveltimes [Moser et al., 1992]. The
inverse step applies the LSQR iterative linear least
squares method for sparse matrices [Paige and
Saunders, 1982] on a system regularized with both
damping and weighted smoothness constraints [van
Avendonk et al., 1998; Korenaga et al., 2000]. Model
perturbations generally decrease in magnitude with
each iteration of an inversion, so damping parameters
were allowed to freely vary under the condition that
velocity and depth perturbations never exceeded 5%
and 10%, respectively. Depth-dependent correlation
lengths are used to define the dimensions of a
Gaussian smoothing operator that regulates model
roughness. The horizontal velocity correlation length
was linearly increased from 2 km at the seafloor to
25 km at the base of the model, and the vertical
velocity correlation length similarly ranged from
50 m to 2.5 km. A constant correlation length of
5 km was applied to the reflector. Table 2 lists line-
specific smoothness weighting factors that were
selected using an L curve analysis of the trade-
off between model roughness and data misfit [see
Phillips and Fehler, 1991; van Avendonk et al.,
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Figure 3. Seismic record sections constructed from OBH data showing (a—f) lines 1 through 6, respectively, with
individual instrument records as labeled. The horizontal axis is source-receiver distance. Negative values indicate the
ship is east of the OBH. The vertical axis measures traveltime reduced to 7 km/s. Data are bandpass filtered between 5
and 25 Hz. A constant gain is used to preserve true amplitude variations. White circles mark pick locations for the
identified phase arrivals. Along-line bathymetry normalized to the fixed range [0,1] is plotted at the bottom of each
panel to highlight the influence of topography on the seismic data.

2004]. Also listed is the depth kernel weighting
factor (w), a parameter that directly biases the
inversion toward fitting PmP traveltime data with
perturbations to either velocities in the lower crust
or the depth of the reflector. We selected a value of
w = 1.0 to equally weight both velocity and depth
node information and, by consequence, rely on the
estimated pick errors to influence where model

changes occur. An assessment of model solution
sensitivity to this parameter appears in Appendix A.

[17] Tomography solutions were derived using a
“layer-stripping” process that focuses first on
shallow structure where steep velocity gradients
and lateral heterogeneity strongly influence phase
arrival times [Zelt, 1999; Rawlinson and Sambridge,
2003]. By inverting for deeper crustal structure
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Figure 3.

from the top down, this method accounts for the
systematic decrease in ray coverage with depth,
thereby reducing the risk of smearing strong
shallow anomalies into the lower crust. Pg travel-
time picks were limited to source-receiver ranges of
5 km or less in the first step of the procedure
(Figure 5a). The limit was increased to 10 km for
the second step, and the third included the full set
of refraction data (Figures 5b—5c). The final step
iteratively inverted all Pg and PmP data until the
solution reached x2 = 1.0, our target level of
misfit (Figure 5d). We find this process produced
models with less lower crustal heterogeneity than
other inversion methods, resulting in minimum-
structure solutions appropriate for such strongly

(continued)

underdetermined inverse problems [e.g.,
Constable et al., 1987; Zelt, 1999].

[18] Each model solution was divided into crustal
units corresponding to seismic layers 2 and 3 in
order to investigate variations in velocity structure.
The layer 2/3 boundary typically marks a sharp,
order of magnitude reductlon in velocity gradient
(>1s"to ~0.1-0.2 s ") at P wave velocities of
6.6 km/s or greater [White et al., 1992]. We
adopted more conservative boundary conditions
to compensate for the smoothness of model sol-
utions, defining a Ve1001ty gradlent max1murn and
P wave velocity minimum of 0.5 s~ ' and 6.5 kmy/s,
respectively. Layer 2/3 boundary profiles were
determined by averaging the results of three dif-
ferent methods in order to out spurious deviations
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Figure 3. (continued)

that occur within any single solution. The first
method identified the depth of the characteristic
shift in velocity gradient by locating the uppermost
spike in the second derivative of the median 1-D
velocity profile (Figure 8) consistent with our
boundary conditions. The second method traced
the depth contour of the boundary velocity deter-
mined by the first method across the 2-D model
solution (Figure 6). In the third method, each depth
point was determined independently by applying
the spike approach to the columns of the velocity
mesh in succession. Green bars in Figure 8 denote
the median average depth of the layer 2/3 bound-
ary in the final solutions, and Figure 9 presents the

final decomposition of the velocity models into
layers 2 and 3.

7. Results

[19] The preferred model solutions for each refrac-
tion line are shown in Figure 6. Image intensity is
regulated by the derivative weight sum (DWS),
which estimates ray density with a hit count that
weights each ray by its distance to the model
parameter. Whitespace corresponds with poorly
constrained regions where DWS< 1.0. Figure 7
presents ray diagrams and traveltime plots illus-
trating the fit between pick times (black vertical
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Figure 3.

bars) and synthetic traveltimes predicted by the
final model solutions (red dots). Median-averaged
1-D velocity models for lines 2, 4, 5, and 6 appear
in Figure 8. Summary statistics for all six lines are
listed in Table 3, including the analysis bounds used
to avoid poorly sampled regions near the model
edges when averaging across the 2-D velocity
models.

7.1. Segment P1 (Lines 1 and 2)

[20] Instrument records for line 1 show a rapid
attenuation of P wave arrivals at ranges of 10—
15 km (Figure 3a), indicating the presence of a
melt lens beneath the segment P1 axial high. The
distribution of Pg ray turning depths in the line 1
solution (Figures 6a and 7a) places the lens at

(continued)

~1.5 km bsf, which is consistent with the estimated
depth to the melt lens reflector (1480 m bsf)
imaged by the coincident MCS shot line [Baran
et al., 2005]. PmP phase arrivals were masked by
melt in the crust, so no on-axis thickness estimate
could be determined.

[21] The high SNR of data collected off-axis along
line 2 (Figure 3b) accommodated the identification
of 1403 traveltimes picks (Pg and PmP), some at
source-receiver ranges in excess of 40 km. Crustal
thickness in our preferred model (Figure 6b) is
6.1 km on average and reaches a maximum of
6.3 km at the peak of a mild dome-like thickening
located near 100°42'E (Figures 6b and 9a). Layer 2
exhibits a nearly constant thickness of ~2.1 km
along the survey line (Figure 9a). Thickening
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Figure 3. (continued)

predominantly occurs in layer 3 and directly
parallels the inflated section of the P1 axial high
(Figures 2a and 9a), consistent with lower crustal
growth due to enhanced melt supply.

7.2. Segment P2 (Lines 3 and 4)

[22] Line 3 record sections display both melt-
related signal loss and, on occasion, discernible
far-offset PmP arrivals (Figure 3c), reflecting the
deeper and more intermittent character of the axial
melt lens relative to segment P1 [Baran et al.,
2005]. The majority (>94%) of refracted rays turn

no deeper than 2.3 km bsf (Figure 7c, top), close
to where a lens reflector appears in MCS data
(2100 m bsf) [Baran et al., 2005]. Estimates of
crustal thickness using PmP reflections depend on
certain assumptions regarding lower crustal struc-
ture, e.g., nearly constant, low-amplitude gradients
with little lateral variations in velocity. When
combined with the inherent velocity-depth ambi-
guity, a common complication arising from the
lack of refraction constraints on deeper velocity
structure, the presence of a low-velocity zone
(LVZ) greatly increases the level of nonuniqueness
associated with solutions to the inverse problem.
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Figure 3.

Our minimum structure approach solves for the
smoothest model that fits the data, favoring models
with a deeper Moho over those with sharp velocity
gradients in the lower crust. For example, the
solution in Figure 6¢ (top) fits the data well
(x2 = 0.98), but the estimated crustal thickness
(6.8 £ 0.4 km) is significantly greater than the
observed within the more robust segment P1,
suggesting the line 3 reflector was overperturbed
in order to fit PmP arrivals to the east. When depth
perturbations are down-weighted relative to veloc-
ity perturbations (w = 0.01), the outline of a
negative anomaly is recovered between OBHs

(continued)

16 and 27, but the absolute P wave velocities
within the LVZ greatly exceed realistic expect-
ations (i.e., v, should approach ~2.5-3.0 km/s
near the subaxial melt lens [Murase and McBirney,
1973; Vera et al., 1990]). Although solutions with
thinner crust would be possible with a more
pronounced negative anomaly, we find this model
represents the minimum thickness solution (6.0 +
0.2 km) as long as no predefined anomaly is
superimposed on the starting model. Given the
high degree of uncertainty associated with model-
ing this shot line, we refrain from further analyzing
the on-axis crustal structure along segment P2.
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Figure 4. Empirical relationship mapping signal-to-
noise ratio (SNR) of a seismic trace to the estimated
uncertainty of a traveltime pick, fashioned as a stepwise
variant of the complementary error function bounded by
extremal values of 15 and 150 ms. The SNR is the
square root of the ratio between the sample variance in
the 250 ms windows following (signal) and preceding
(noise) a first-arrival traveltime pick [Zelt and Forsyth,
1994].

[23] Line 4 traveltime data comprises a total of
1555 picks spanning shot ranges out to 40—50 km
in spite of SNR variations attributable to storm-
related gun-tangling (Figure 3d). Our preferred
model solution exhibits a crustal thickness
of 59 + 0.4 km (Figures 6d), with median-
average seismic layer 2 and layer 3 thicknesses
of ~2.6 and 3.4 km, respectively. Assuming
crustal production has remained approximately
constant between lines 3 and 4, this thickness
result is further evidence for thinner crust and low
velocities in the lower crust beneath line 3.
Although line 4 crustal thickness remains nearly
constant west of ~100°57'E, layer 3 domes by
~0.6 km in a trade-off with layer 2, reaching a
maximum thickness of ~3.9 km near ~101°37'E
(67.5 km mark, Figure 9c¢). This particular section
of line 4 parallels a broad shoaling of the
ridge axis (between OBHs 16 and 20 on line 3,
Figure 2b), suggesting that layer 3 thickens on-
axis in response to a locally enhanced supply of

melt. Layer 2 thickens at the expense of layer 3 to
the west where the shot line crosses off-axis traces
of the 101°30'E OSC (Figures 2b and 9c), possi-
bly indicating a decrease in crustal velocities due
to extensive fracturing and serpentinization asso-
ciated with the discontinuity.

7.3. Segment S1 (Line 5)

[24] The absence of a melt lens reflector in MCS
data collected along segment S1 [Baran et al.,
2005] suggests the systematic regional increase in
axial depth and bathymetric roughness, not inter-
stitial melt, causes the notably reduced SNR in
line 5 records relative to data collected to the west
(Figure 3e). Crustal thickness is 5.2 + 0.6 km
based on the inversion of 899 traveltime picks.
Our preferred model (Figure 6¢) resolves crustal
thinning west of ~109°29'E toward the 108°30'E
transform complex that is primarily focused in
layer 3 (Figure 9d). A gradual but more substan-
tial degree of thinning takes place east of
~109°29’E toward the tip of the 111°E PR,
deviating only near OBH 20 (~110°E) where
the axial valley mildly narrows and shallows in
a hourglass-like shape (Figure 2c¢). These thinning
trends suggest a waning of available melt supply
near segment ends as has been noted along seg-
ments of the MAR [e.g., Tolstoy et al., 1993;
Canales et al., 2000].

7.4. Segment T (Line 6)

[2s] The depth and rigosity of the segment T axial
valley together with the storm-related loss of more
than half the source array greatly reduced the
signal quality observed in line 6 record sections
(Figure 3f), limiting picks to ranges no greater
than 20-30 km. Our preferred velocity model
(Figure 6f, top) displays a crustal thickness of
4.6 £ 0.8 km. Although rays reach turning depths
of ~3.9 km bsf when traced through this model
(Figure 7f, top), the sparseness of the data (845
picks) introduces a greater level of nonuniqueness
to the model solution compared with the other

Table 2. Inversion Parameters

Line L L, Ly Av Ad ay, g w
1 2.0/25.0 0.05/2.5 5.0 5.0 N/A 50/75/150 25.0 1.0
2 2.0/25.0 0.05/2.5 5.0 5.0 10.0 50/100/200 25.0 1.0
3 1.5/20.0 0.05/2.0 5.0 5.0 10.0 50/75/100 25.0 1.0
4 2.0/25.0 0.05/2.5 5.0 5.0 10.0 50/100/200 25.0 1.0
5 2.0/25.0 0.05/2.5 5.0 5.0 10.0 50/75/100 25.0 1.0
6 1.5/20.0 0.05/2.0 5.0 5.0 10.0 50/75/100 25.0 1.0
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Figure 5.

[llustration of the top-down inversion methodology. Image intensity is scaled by the derivative weight

sum (DWS) to emphasize the systematic increase in model constraints. (a) Step 1: input data are restricted to Pg picks
at source-receiver offsets <5 km. (b) Step 2: only Pg picks at offsets <10 km are included. (c) Step 3: the full Pg data
set is used with no offset restrictions. (d) Step 4: all Pg and PmP traveltime data are inverted. The reflector is denoted

by the solid line.

refraction line inversions. We performed a trial
inversion with w reduced to 0.01 in order to test
the possible influence of the velocity-depth ambi-
guity. The resulting model (Figure 6f, bottom) is
characterized by a crustal thickness of 4.5 £ 0.2 km,
indicating our median average thickness results are
robust. Layer 3 and total crustal thickness jointly
decrease west of ~114°40'E (80 km mark, Figure 9e,
top), suggesting that melt supply decreases toward
the 114°E transform. Crustal thickness also
decreases to the east, reaching a minimum of
~3.8 km in the vicinity of a conspicuous left step
in the axial valley (~114°45'E, Figure 2d). The
ridge axis simultaneously deepens to ~4.5 below

sea level (bsl) (Figure 9e, top), the maximum depth
along the refraction line, suggesting the valley jog is
a noteworthy segmentation boundary even with an
absolute offset of <5 km (Figure 2d). Crustal
thickness and seafloor topography increase east-
ward to 115°07'E where the axial valley forms an
hourglass shape, narrowing by half and shallowing
to ~4.0 km bsl (Figure 2d). The w = 0.01 solution
differs from the w = 1.0 case east of this point; when
w = 1.0, crustal thickness remains nearly constant
(~5.0 km) even near the tip of the 116°E stalled PR,
but the w = 0.01 solution shows crustal thinning
as layer 3 effectively disappears by the 20 km
mark (~115°28'E, Figure 9). A similar structural
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Figure 7. (continued)

dichotomy exists near the 114°45’E discontinuity,
due to the bias against perturbing the flat reflector
when w=0.01 (Figure 9). Despite these differences,
the solutions share two fundamental features: the
average crustal thickness remains approximately
the same and the 114°45'E discontinuity marks a
sharp change in crustal structure.

8. Discussion

8.1. Crustal Thickness Variations

[26] The most striking characteristic of the tomog-
raphy results is the systematic decrease in crustal
thickness from west to east along the 100°—116°E

section of the SEIR (Figure 10). With the exception
of the ultraslow class of ridges (<15 mm/a) [e.g.,
Minshull et al., 2006; Jokat and Schmidt-Aursch,
2007], studies show crustal thickness is indepen-
dent of spreading rate [Chen, 1992; Bown and
White, 1994]. The average thickness of oceanic
crust is ~7 km away from hot spots, fracture zones,
and other anomalous influences [White et al.,
1992] and drops to 6.0—6.5 km when fracture zone
crust is included [Chen, 1992; Bown and White,
1994]. By these measures, the SEIR exhibits nor-
mal or near-normal crustal thickness at segments
P1 (6.1 km) and P2 (5.9 km), but has unusually
thin crust at segments S1 (5.2 km) and T (4.6 km).
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Figure 7. (continued)

8.2. Mantle Temperature Variations

[27] Assuming that mantle upwelling along the
SEIR is simply a passive response to plate diver-
gence, the two primary factors governing varia-
tions in melt supply and, hence, crustal thickness
are mantle geochemistry, which is consistently
Indian-MORB-type to the west of the AAD [Klein
etal., 1991; Mahoney et al., 2002], and the thermal
conditions in the upper mantle. Basaltic glasses

collected along the SEIR between 86° and 118°E
display an inverse Nag-Feg correlation indicative of
a systematic cooling trend in the asthenosphere
directed toward the AAD [Mahoney et al., 2002; J.
M. Baran et al., Constraints on the mantle temper-
ature gradient along the Southeast Indian Ridge
from crustal structure and isostasy: Implications for
the transition from an axial high to an axial valley,
manuscript in preparation for Geophysical Journal
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Figure 7. (continued)

International, 2008]. Following the methods of
Baran et al. (manuscript in preparation, 2008), we
calculated the magnitude of this thermal gradient
using three theoretical models relating mantle tem-
perature to melt supply (crustal thickness): the
McKenzie [1984] isentropic upwelling model; the
polybaric melting column model of Klein and
Langmuir [1987]; and the Chen [1996] model
combining 2-D corner flow with fractional melting.
On the basis of our average crustal thickness results
for segments P1 and T, these models predict a
mantle temperature difference of 33°C, 30°C, and
28°C, respectively (Figure 11), which is consistent
with the temperature change required by residual
gravity anomaly and ridge flank depth variations

observed across the study region (25°-50°C)
[Shah and Sempéré, 1998]. Using the least squares
great circle fit to the shot data for all on-axis lines
to calculate the distance between the midpoints of
segments P1 and T, we estimate the average mantle
temperature gradient between 100° and 116°E to
be approximately —2.8°C/100 km to the east.

8.3. Transitional Behavior

[28] Segments P2 and S1 lie to either side of the
transition from an axial high to an axial valley,
indicating this fundamental change in morphology
occurs over a very small range of thickness values
(~5.2-5.9 km). A similarly rapid transition is
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Table 3. Results of Inversions

Line 1 2 3 3P 4 5 6 6
Pg pick count 392 922 440 440 934 544 525 525
PmP pick count 0 481 277 277 621 355 320 320
Analysis bounds® 20-95 15-95 30-105 30-105 10-100 10-100 20-100 20-100
Median crustal thickness, km N/A 6.1 6.8 6.0 5.9 5.2 4.6 4.5
Standard deviation?, km N/A 0.1 0.2 0.1 0.2 0.3 0.4 0.1
Median layer 2 thickness, km N/A 2.1 4.0 5.1 2.6 3.2 3.5 3.6
Median layer 3 thickness, km N/A 4.0 2.7 0.8 34 2.1 1.0 0.9
Initial RMS error, ms 61.6 117.6 127.4 127.4 74.0 159.0 79.9 79.9
Initial x2 misfit 7.19 28.29 27.50 27.50 9.14 27.79 5.56 5.56
Final RMS error, ms 27.7 22.0 29.1 29.7 27.2 30.1 33.0 334
Final x2 misfit 0.99 0.99 0.98 0.98 1.00 0.98 1.00 1.00
:Using w = 1.00.
Using w = 0.01.

Defines regions used for calculating median thickness values.
Represents across-model variability, not standard error.

observed at the intermediate-spreading (~50 mm/a)
GSC, where axial topography changes from a rifted
high to an axial valley as crustal thickness decreases
from ~5.9 to 5.6 km [Canales et al., 2002]. In
the slow-spreading 8°—-9°S section of the MAR
(32—-33 mm/a), the high-to-valley transition occurs
at a significantly greater crustal thickness (~8 km)
[Minshull et al., 2003]. This is consistent with
global trends that show a rate-dependent correlation
between ridge morphology and axial depth; mor-
phological changes occur at slower spreading rates
where the ridge axis is shallow, or by rough proxy,
where crust is thick [Malinverno, 1993]. Transitions
from axial high to rifted high at the 101°30'E OSC
(Figures 2a—2b) and from shallow valley to deep
rift valley at the 114°E transform (Figures 2¢—2d)
are likewise very sensitive to changes in crustal
thickness given the small intersegment variations
observed between P1 and P2 (~0.2 km) and
between S1 and T (~0.6 km).

[29] Thermomechanical models for axial topogra-
phy [e.g., Chen and Morgan, 1990a, 1990b] have
demonstrated a threshold-type dependence of ridge
morphology on both spreading rate and the under-
lying thermal structure of the ridge (i.e., mantle
temperature and crustal thickness), which is well-
supported by the abrupt valley-no rift valley transi-
tion accompanying the ~0.7 km decrease in crustal
thickness between P2 and S1. Seismic studies indi-
cate the systematic inverse relationship between
spreading rate and the position of the axial melt lens
behaves in a similar fashion; the melt lens, which
generally lies 1.2—1.8 km bsf at spreading rates of
85—155 mm/a, rapidly deepens with decreasing
spreading rate once an intermediate rate threshold
value (<85 mm/a) has been crossed [Purdy et al.,

1992; Carbotte et al., 1998]. The crustal genesis
model of Phipps Morgan and Chen [1993a, 1993b]
predicts that at any given spreading rate, small
variations in melt supply (crustal thickness) will
produce threshold-type changes in the depth to the
“solidus™ freezing horizon and, consequently, the
depth of the melt lens. Our results support this
model: the median-averaged crustal thickness for
line 2 differs from line 4 by only ~0.2 km, yet the
melt lens deepens from 1480 to 2100 m bsf [Baran
et al., 2005]. And although a reflector is imaged
2900 m bsf within the adjacent segment R, a lens is
absent beneath segment S1 [Baran et al., 2005]
presumably because the solidus has crossed the
crust-mantle boundary in conjunction with the
<1 km decrease in crustal thickness from P2 to SI.

8.4. Crustal Unit Variations

[30] It is a broadly accepted practice to discuss
crustal structure in terms of the classic three-layer
framework: a low-velocity layer of accumulated
sediments (layer 1) generally absent at mid-ocean
ridges due to their young age, an upper igneous
layer with steep velocity gradients (layer 2), and a
generally thicker, low-gradient igneous layer
bounded by the Moho (layer 3) [Raitt, 1963; Houtz
et al., 1970; Talwani et al., 1971]. Ophiolite
exposures show a similar stratification, where a
basaltic upper layer of extrusives and dikes lies
above a thicker, more homogeneous section of
layered gabbros [Christensen and Smewing,
1981; Hopson et al., 1981]. The direct correspon-
dence between seismic and lithological crustal
units has been challenged by Ocean Drilling Pro-
gram (ODP) studies at Hole 504B [Detrick et al.,
1994] and Hole 1256D [Wilson et al., 2006].
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(a—e) Crustal unit thickness variations in the preferred model solutions. The horizontal axis displays

distance in (bottom) kilometers and (top) degrees longitude (°E). Along-line bathymetry (Figure 9, top) is measured
in depth bsl. Crustal thickness (dashed) is subdivided into seismic layer 2 (pluses) and layer 3 (circles) based on the
decrease in vertical velocity gradient defining the layer 2—3 boundary. Layer 2A thickness estimates (dotted) come
from a separate analysis of MCS data [Baran et al., 2005]. Figures 9b and 9e also present thickness results when
depth perturbations are suppressed using a depth kernel weighting factor of w = 0.01.

However, borehole depth limitations at 504B led
investigators to rely on extrapolated velocity
trends, and while gabbros first appear above the
seismic layer 2/3 boundary at 1256D, the top of the
plutonic complex is at the depth predicted by
regional seismic measurements. We have chosen
to analyze our results in context of the seismic
layer representation for its convenience and sim-

plicity. Nevertheless, care must be taken in inter-
preting all velocity variations as petrologic in
nature.

[31] Refraction experiments conducted above “nor-
mal” oceanic crustal (i.e., nonhot spot, MOR-
derived) indicate layer 2 averages 1-3 km in
thickness, while layer 3 is typically 4—6 km thick
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Figure 10. Thickness variations of crustal units across

the study area. (top) Total crustal thickness for segments P1,

P2, S1, and T is plotted with 95% confidence intervals (red) derived from Monte Carlo analysis. Additional thickness
profiles for (middle) layer 3 and (bottom) layer 2A [from Baran et al., 2005] are also shown. Least squares trend lines
for layer 2 (dotted), layer 3 (dashed), and the entire crust (dashed) define linear approximations of the respective
thickness gradients (annotated “s” values) along this section of the SEIR.

[e.g., White et al., 1992; Mutter and Mutter, 1993].
Our results show a systematic decrease in layer 3
thickness from 4.0 km to 1.0 km as the crust
progressively thins toward the AAD (Figure 10).
Crustal thickness variations are commonly tied to
changes in layer 3 thickness [Mutter and Mutter,
1993; Tolstoy et al., 1993], the end-member exam-
ple being the Gakkel Ridge where the crust
thins to 1.4-2.9 km when layer 3 is completely
absent [Jokat and Schmidt-Aursch, 2007]. Less
prevalent is the concurrent ~1.4 km increase in
layer 2 observed between segments P1 and T,
which reveals a fundamental trade-off in seismic
velocity structure associated with the regional
crustal thickness trend (Figure 10). Buck et al.
[1997] describe a similar trade-off in their model
for extrusive behavior at fast- and intermediate-
spreading ridges; as the overburden pressure on the
melt lens increases, a greater fraction of magma
will erupt as pillows and flows, causing the extru-
sive layer to thicken at the expense of the intrusive
sheeted dike complex. Applying a similar model to
the whole crust, as thermal conditions perturb the
depth to the melt lens, the resulting change in
overburden pressure may systematically alter the
mode of crustal accretion along the ridge. Cooler
temperatures to the east will cause the lens to
deepen and the overburden to increase. The
corresponding rise in magma pressure may favor
increasingly larger eruptions that leave a smaller
volume of melt behind to crystallize and form new
lower crustal material. Over time, the overburden-
regulated eruptive activity could build a thicker upper
crustal section characterized by layer 2 velocities as

both layer 3 and the whole crust decrease in
thickness to the east.

9. Conclusions

[32] 1. Crustal thickness systematically decreases
to the east by 1.5 km between 100° and 116°E, a
section of the SEIR characterized by a nearly
constant intermediate spreading rate and consistent
MORB-type isotopic signature. Individual ridge
segments range in thickness from 6.1 + 0.2 km at
segment Pl to 4.6 £ 0.8 km along segment T.
Superimposed on the thickness gradient are major
changes in axial morphology from a well-developed
axial high to a deep axial valley.

[33] 2. Theoretical models of melt production
require a decrease in mantle temperature of
~30°C to account for the change in crustal thick-
ness between segments P1 and T. Assuming this
change is both linear and ridge-parallel, the equiva-
lent upper mantle thermal gradient is —2.8°C/100 km
directed eastward toward the AAD.

[34] 3. Significant changes in axial morphology
accompany small crustal thickness variations; the
rifted axial high-shallow axial valley transition
between P2 and S1 corresponds with a thickness
difference of only ~0.7 km. A threshold-type
sensitivity of morphology on small changes in
crustal thickness and mantle temperature is consis-
tent with models of crustal accretion where ridge
topography is determined by a balance between
mantle temperature, melt supply, and cooling from
hydrothermal circulation.
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Figure 11.

Theoretical calculations of crustal thickness as a function of mantle solidus temperature from Baran et al.

(manuscript in preparation, 2008). The models include McKenzie [1984], Klein and Langmuir [1987], and Chen
[1996]. Horizontal lines labeled P1 and T mark the median-average crustal thicknesses for those segments. Vertical
lines show the corresponding range of mantle temperatures based on each relationship.

[35] 4. Seismic layer 3 systemically decreases by
3.0 km as layer 2 increases by 1.4 km across the
study area, reflecting the eastward decrease in melt
supply (crustal thickness) and the deepening of the
solidus (melt lens) as axial thermal structure cools
toward the AAD. Layer 3 variations control the
regional trend in crustal thickness. The trade-off in
seismic velocity structure may be explained by
models relating overburden pressure on the melt
lens to the volume and efficiency of eruptions,
which could ultimately affect the relative thickness
of the upper and lower crust.

Appendix A: Resolution
and Uncertainty

Al. Starting Reflector Depth

[36] We examined the sensitivity of the crustal
thickness results to the starting reflector by system-

atically varying the initial reflector depth used in
the tomographic inversion for lines 2, 4, 5, and 6
(Figure Al). After completing the first three
steps of the top-down technique with the same
parameterization, regularization, traveltime data
set, and starting velocity model used to derive the
solutions in Figure 6, we combined the output with
10 test reflectors in succession and ran the forward
step to determine the initial PmP traveltime misfit in
each trial case. The depths chosen for the preferred
starting models (circled) correspond with the min-
imum Y2 solutions (Figure Ala).

[37] Each curve in Figure A1b traces the difference
between the trial case results and the reflector in
the preferred final models (Figure 6). Solutions
approach zero deviation where velocity structure is
best constrained by Pg ray coverage and PmP
reflections span larger, more continuous sections
of the reflector. Overall, the different starting
models give results that are not statistically signif-
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icant from one another, indicating the inversions
are largely insensitive to reasonable variations in
the starting reflector depth.

A2. Depth Kernel Weighting

[38] The traveltime equivalence of changing the
depth to a reflector and perturbing the overlying
velocity structure when fitting reflection data
renders solutions to the reflection traveltime
tomography problem inherently nonunique [see
Lines, 1993; Ross, 1994]. Refraction data provide
independent constraints on crustal velocities in
marine seismic surveys; however, the progressive
decrease in SNR with increasing range obscures
Pg arrivals at large source-receiver offsets. The
resulting gap in Pg coverage at lower crustal depths
introduces a trade-off between variations in lower
crustal velocities and the depth to the Moho
reflector. We performed a series of inversions with
different depth kernel weighting factor (w) values
to test model sensitivity to this velocity-depth
trade-off. The w parameter controls how the Fré-
chet derivatives for PmP data are weighted relative

to those associated with Pg picks, biasing the
inversion toward velocity perturbations when w <
1.0 and depth perturbations for w > 1.0 [Korenaga
et al., 2000]. Figure A2 presents the percent
difference between trial solutions and the preferred
velocity models for lines 2, 4, 5, and 6 (Figure 6)
when w ranges from 0.10 to 10.0. Also plotted are
the trial (solid) and preferred (dashed) reflectors.

[39] The velocity-depth trade-off is most apparent
where PmP rays pass through model regions
marked by sparse Pg coverage (see Figure 7).
Examples include the eastern edges of lines 2, 5,
and 6 as well as between 60 and 90 km along line 5
where the trial and preferred reflector solutions
differ by up to ~0.3 km (Figures A2a and A2c—
A2d). Line 6 exhibits the most pronounced veloc-
ity variations, reaching maximum model differ-
ences of +1% to —1.7% when w = 0.1, although
the reflector depth varies by only ~0.1 km in the
same model regions (Figure A2d). Outside of these
specific examples, the velocity-depth ambiguity
generally introduces variations in crustal thickness

Figure A2. Model sensitivity to the velocity-depth ambiguity. (a—d) The percent difference between each trial case
and the preferred (w = 1.0) model solutions for lines 2, 4, 5, and 6. The contour interval is 0.2%. Test case depth
kernel weighting factor values include w = 0.1, 0.5, 2.0, and 10.0. Superimposed are the reflectors from the trial

solution (solid) and the preferred final model (dashed).
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Figure A3. Monte Carlo uncertainty analysis. (a—d) The ensemble-averaged parameter uncertainty (standard
deviation) for lines 2, 4, 5, and 6 using only those realizations with a data misfit of of y2 < 1.5. Areas with no ray
coverage are masked using the DWS. The contour interval is 0.05 km/s. Red dashed lines plot the 95% confidence
intervals for the Moho reflector. On the right is depicted the 200 1-D random velocity models (black) and random
starting reflector depths (gray) generated for the Monte Carlo series of inversions.

and velocity structure of no more than 0.2 km and
+0.5%, respectively.

A3. Monte Carlo Uncertainty Analysis

[4] We estimated the accuracy of our velocity
models using a nonlinear Monte Carlo methodol-
ogy. The posterior marginal probability density
function (o) describes the complete solution to
the inverse problem and can be approximated
through Bayesian inference by the distribution
of many randomly sampled model realizations
[Sambridge and Mosegaard, 2002; Tarantola,
2005]. We therefore determined individual param-
eter uncertainties using the sample variance of a

solution ensemble constructed by inverting 200
random starting models (see Figure A3) together
with the real traveltime data perturbed by random
errors [Matarese and Rodi, 1994; Tarantola, 2005].

[41] A broad suite of starting models was created
by adding zero-mean Gaussian perturbations in
both velocity and depth to the median-averaged
1-D final solution for each refraction line. Veloc-
ities were varied by +0.2 km/s and +0.75 km/s at
the base of layer 2A and at the layer 2/3 boundary,
respectively. A perturbation of +0.5 km/s was
applied at the crust-mantle boundary (Moho) and
+0.2 km/s was used at the base of the model.
Depth randomizations of 0.5 km, +0.825 km,
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and +1.35 km were introduced at the base of layer
2a, layer 2, and layer 3. The starting reflector
depth, defined by the median-average crustal thick-
ness for each refraction line, was independently
varied by £2.0 km.

[42] Rather than adding random white noise to the
traveltime picks, we followed the method of
Zhang and Toksoz [1998] and applied Gaussian-
distributed N(0, o) common receiver errors and
N(0, 0,) traveltime move-out errors to the data. We
chose o1 = 15 ms to match the uncertainty of short-
offset picks and substituted the RMS misfit of the
data gradient in the preferred models for 0,. The
mean and maximum error magnitudes generated by
this method were 43 ms and 158 ms for line 2,
40 ms and 165 ms for line 4, 44 ms and 174 ms for
line 5, and 40 ms and 173 ms for line 6. All Monte
Carlo inversions used the same parameterization,
regularization, and top-down method as described
for the preferred final solutions. Results with a data
misfit of x2 > 1.5 were discarded, reducing the
realization count for each ensemble to 177 for line
2, 197 for line 4, 191 for line 5, and 124 for line 6.
Since the variance of these ensembles is greater
than would be found using the target misfit for the
preferred final solutions (x2 < 1.0), we consider
the standard deviations in Figure A3 to represent
upper bounds for the true parameter uncertainties.

[43] Figure A3 shows the results of the Monte
Carlo procedure for lines 2, 4, 5, and 6. The +2¢
confidence intervals plotted in Figure 8 are the 1-D
median average o-depth profiles derived from
these surfaces. Standard deviations presented in
this analysis essentially describe uncertainties
associated with vertical variations in velocity. The
1.5-D geometry of the starting models, defined
by the lateral expansion of the 1-D velocity
profiles, precludes testing the resolution of hori-
zontal variations. The largest uncertainties (0.15—
0.25 km/s) generally appear in the high-gradient
upper crustal region of the models where the
discrete model parameterization can cause large
changes in internodal velocities with small changes
in velocity gradient. Increased uncertainty toward
model edges likely reflects the lower ray density
and unidirectional ray coverage in those areas.
The velocity-depth trade-off results in elevated
uncertainty values (0.10—0.15 km/s) near the
Moho reflector, particularly in the region of line
5 west of 60 km previously identified in section
10.2. When ray coverage is dense, the standard
deviation for the depth of the Moho falls below
0.2 km for all lines, while peak depth uncertainties

are 0.3, 0.2, 0.5, and 0.2 for lines 2, 4, 5, and 6,
respectively.
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