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in oceanic crustal thickness and seafloor bathymetry linked to sea level change. Analyses of seafloor
bathymetry have found evidence of significant spectral energy at frequencies consistent with Milankovic

Editor: R. Bendick cycles of 1/23, 1/41, and 1/80-1/120 ka~—!. However, other studies emphasize the need for crustal
thickness observations to test the “sea level hypothesis”.

Keywords: Here we investigate the hypothesis of climate driven periodicity in mid-ocean ridge magmatism through

mid-ocean ridges analysis of a unique bathymetry and crustal thickness dataset derived from a 3D multi-channel seismic

glacial cycles investigation of the East Pacific Rise from 9°42’ to 57’N. Crustal thickness data spans the last ~235 ka

crustal thickness in age and reveals three axis-parallel zones of 200-800 m thicker crust. The amplitude and spacing of

East Pacific Rise
multi-channel seismic
magmatism

these thick crust ridges, which are most prominent on the east flank of the ridge, are consistent with
predictions of sea level modulated mantle melting. Similarly spaced ridges are apparent in the longer
duration (470 ka) seafloor bathymetry data. Spectral analysis of these datasets shows peaks centered
near 1/80 ka~! and locally near 1/41 ka~! on the east flank in both bathymetry and crustal thickness.
West flank spectral results show intermittent peaks near 1/100 ka—' and 1/41 ka~! in crustal thickness
and no coherent peak frequencies in bathymetry data. We attribute differences between the east and
west flank to the impacts of spatially variable asymmetric spreading and small changes in the locus
of accretion. Observed half spreading rates are dominantly faster to the east with small ridge jumps
transferring crust from the west flank. Lagged cross-correlations between sea level and crustal thickness
indicate a maximum when the latter is lagged by ~45 ka, which align thick crust zones with the ~100 ka
periods of lower sea level. Crustal thickness is also directly compared with seafloor bathymetry, indicating
a component of compensated topography with RMS relief at the seafloor of 10 to 29% of crustal thickness
variations. However, complexity inherited from variable asymmetric spreading and seafloor faulting is
also apparent, and results provide new insights into how the crustal accretion filter modulates the
recording of magma supply variations in the crust and in seafloor relief.
While the significance of the statistical analysis of these ridge records is limited by the short duration
of the available crustal thickness dataset and effects of asymmetric spreading, the novel observations of
crustal thickness varying at timescales of ~80-100 ka require a mechanism, and the sea level hypothesis
provides a plausible explanation.

© 2020 Elsevier B.V. All rights reserved.

* Corresponding author.
E-mail address: BridgitB@ldeo.columbia.edu (B. Boulahanis).
1 Present address: Ocean Networks Canada, Victoria, BC, Canada.

https://doi.org/10.1016/j.epsl.2020.116121
0012-821X/© 2020 Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.epsl.2020.116121
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2020.116121&domain=pdf
mailto:BridgitB@ldeo.columbia.edu
https://doi.org/10.1016/j.epsl.2020.116121

2 B. Boulahanis et al. / Earth and Planetary Science Letters 535 (2020) 116121

1. Introduction

The abyssal hills that cover the deep ocean floor are the most
common morphologic features on earth’s surface (e.g. Macdonald
et al,, 1996). These structures form at Mid-Ocean Ridges (MORs)
and correspond with relatively regularly spaced ~1 to 10 km wide
fault-bounded bathymetric highs and lows oriented parallel to the
ridge axis (e.g. Macdonald, 1982; Goff and Jordan, 1988). Models of
abyssal hill formation fall into two end member groups: those that
invoke primarily extensional faulting linked to seafloor spreading
versus those that suggest magmatic cycles related to fluctuations
in mantle melt supply (e.g. Kappel and Ryan, 1986; Carbotte and
Macdonald, 1994; Macdonald, 1998; Buck et al., 2005). Extensional
faulting models are generally favored. However, recent studies have
led to renewed debate concerning the origin of these features, sug-
gesting that variations in melt supply to MORs due to glacially
modulated fluctuations in sea level contribute to abyssal hill relief
(Huybers and Langmuir, 2009; Lund and Asimow, 2011; Crowley
et al,, 2015). A related hypothesis is that both direct orbital forcing
and sea level change may contribute to the frequency of seafloor
eruptions, which generate the extrusive layer of oceanic crust and
contribute to abyssal hill topography (Tolstoy, 2015).

Glacial-interglacial cycles during the Pleistocene account for a
transfer of 5 x 10!° kg of water between continental ice sheets
and the ocean, leading to eustatic sea level variations on the order
of 100 m (e.g. Tushingham and Peltier, 1991). Models of mantle
melting beneath MOR predict that changes in lithostatic pressure
associated with sea level rise and fall of this magnitude will re-
sult in variations in decompression melting in the mantle of +10%
(Crowley et al., 2015). The effect of sea level variations on MOR
magmatic systems could lead to variations in hydrothermal metal
fluxes (Lund and Asimow, 2011; Lund et al., 2016; Middleton et al.,
2016; Costa et al., 2017), ridge CO, emissions (Burley and Katz,
2015; Tolstoy, 2015; Huybers and Langmuir, 2009; 2017; Cerpa
et al., 2019), frequency of seafloor eruptions (Tolstoy, 2015; Lund
et al., 2018), and oceanic crustal thickness (Crowley et al., 2015). If
variations in crustal thickness contribute to abyssal hill topography
through isostatic or flexural compensation then temporal modula-
tions in mantle melt supply to the crust may be expressed in the
width and height of abyssal hills.

As a test of the proposed relationship between glacial cy-
cles and abyssal hill topography, Crowley et al. (2015) employed
spectral analysis of bathymetry records from a portion of the
Australian-Antarctic Ridge and found that abyssal hill topography
is periodic at the Milankovi¢ frequencies associated with sea level
variations of ~1/100 ka~!, 1/41 ka~!, and 1/23 ka~'. Tolstoy
(2015) analyzed bathymetry from the southern East Pacific Rise
(EPR) and found evidence for periodic variations at 1/100 ka~'.

Other studies, based on numerical models of MOR faulting as
well as statistical characterization of abyssal hill relief, conclude
that the periodic signals detected in recent spectral studies are
more likely to reflect fault-growth processes rather than temporal
fluctuations in mantle melt supply (Olive et al., 2015; Goff, 2015).
Olive et al. (2015) present a simple tectono-magmatic model of
abyssal hill formation by faulting that predicts changes in dom-
inant fault spacing with spreading rate, that are broadly consis-
tent with prior observations of abyssal hill characteristics. A recent
global-scale study showed that averaging seafloor bathymetry over
large regional areas as a function of crustal age in order to sup-
press expected random variability (e.g. due to faulting and seafloor
volcanism) shows no statistically significant indication of climate
driven variations in bathymetry (Goff et al., 2018).

A number of crustal emplacement processes are expected to act
as a low-pass filter on how the flux of magma from the mantle
is recorded in crustal properties. These include volcanic eruptions,
where lava flows can extend 1 km or more from the axis (e.g.

Soule et al., 2007), and the damping effects of the 4-6 km wide
magma storage zone within the lower crust inferred from seismic
studies (Dunn et al., 2000; Canales et al., 2012). Olive et al. (2015)
suggest that volcanic eruptions and faulting contribute most di-
rectly to seafloor relief and will effectively overprint any temporal
fluctuations in mantle melt supply, making the influence of Mi-
lankovic-period variations, if they exist, undetectable in seafloor
bathymetry.

Oceanic crustal thickness provides a direct measure of magma
flux to the crust over the width of the active accretion zone. At fast
spreading ridges, predicted crustal thickness variations due to sea
level modulated mantle melt supply (on the scale of hundreds of
meters) are an order of magnitude larger than the typical seafloor
relief (tens of meters) and should be readily detectable in crustal
thickness records of sufficient resolution. Further, the effects of
seafloor faulting and volcanic overprint that dominate abyssal hill
topography will have less impact on crustal thickness records.
Hence, analysis of crustal thickness provides arguably the best
and most direct test of the hypothesis that production of oceanic
crust is modulated by glacially driven sea level variations. In this
study, we utilize a unique high-resolution crustal thickness and
bathymetry data set from the fast spreading northern EPR derived
from 3D multi-channel seismic imaging in order to investigate the
sea level hypothesis. This dataset provides a near complete image
of the base of the crust to ages of 235 ka on average, and reveals
three ridge-parallel zones of thicker crust spaced ~80 ka apart.
Co-located high-resolution bathymetry data are available to crustal
ages of ~470 ka and reveal lineated ridges of similar spacing. We
utilize spectral analysis, cross-correlations, and evaluation of root-
mean square relief to further characterize the variability in these
datasets, examine correlations between crustal thickness and sea
level records, and evaluate the relationship between crustal thick-
ness and bathymetry.

2. Study area

Our study is centered on the EPR from 9°42’N to 9°57’N (Fig. 1)
where the Cocos and Pacific places are spreading apart at a half
rate of ~55 mm/yr (Carbotte and Macdonald, 1992). The region
crosses the youngest of the Lamont Seamounts (Sasha seamount)
in the northwest and a portion of the volcanic flow field associ-
ated with the Watchstander seamounts in the northeast (Fornari
et al., 1998; Macdonald, 1982). Off-axis melt bodies in the crust
have been detected in the region on both ridge flanks (Canales
et al, 2012). Three previously identified fine-scale discontinuities
are located along the ridge axis centered at ~9°44’'N 9°48-49'N
and 9°51.5'N with a fourth extending beyond the northern end
of our study region from 9°56’-58’'N (Haymon et al., 1991; White
et al.,, 2002; 2006; Haymon and White, 2004; Carbotte et al., 2013).
Seismic imaging shows disruptions in the mid-crust axial magma
lens (Carbotte et al, 2013) and local zones of lower and higher
melt content in the uppermost mantle melt reservoir (Toomey
et al,, 2007) from which along-axis segmentation of the modern
day magmatic system from crust to upper mantle is inferred (Mar-
janovic et al.,, 2018).

Previous studies of crustal thickness in the region include a 2D
study conducted in the 1980s that revealed small variations (few
100 m) in crustal thickness along crustal flow-lines, from which
near steady-state accretion was inferred (Barth and Mutter, 1996).
A later regional tomography study was conducted which revealed
long-wavelength crustal thickness variations over tens of kilome-
ters primarily in the ridge-parallel direction (Canales et al., 2003).
In 2008 a 3D multi-channel seismic (MCS) study was conducted,
providing the highest resolution image of the base of the crust of
anywhere in the global oceans (Aghaei et al., 2014). For their study,
Aghaei et al. (2014) used post-stack time migration (Post-STM)
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Fig. 1. Seafloor bathymetry and crustal thickness data from the East Pacific Rise. A. Bathymetry with outline of region of crustal thickness data superimposed (white line).
Sasha Seamount, located in the northwest corner of the study region, is indicated. Note that the bathymetry data used in analysis extends beyond the region shown to ~25
km from the ridge axis (Fig. 2). B. Map of crustal thickness from Aghaei (2013). Numbers indicate thick crust regions (TCRs). Also shown is location of ridge axis (solid black
line), previously identified ridge-axis discontinuities (black boxes), and interpreted trace of long-lived discontinuity (dashed black lines).

imaging and were able to identify Moho in 87% of the imaged
volume in contrast to the intermittent Moho imaged in prior 2D
studies in the region (Supplemental text 1).

3. Crustal thickness and bathymetry data

The data used for the current study were derived from the
same 3D MCS investigation but using crustal thickness derived
from more advanced analysis using 3D Kirchhoff pre-stack time
migration (Pre-STM) (Aghaei, 2013) which yields more accurate
imaging in regions of complex structure. The input to the Pre-
STM was the full 3D data set with the output grid of 6.25 m in
the cross-axis direction and 300 m in the along-axis direction. The
Pre-STM provides further improvement in imaging over the ear-
lier Post-STM results with Moho identified in 92% of the imaged
volume. However, the more significant advantage over the prior
study is for the crustal thickness estimation derived from the Moho
picks, which makes use of the detailed 3D velocity model obtained
from Pre-STM to convert crustal travel-times to crustal thickness.
This velocity model is obtained directly from the MCS dataset us-
ing the migration velocity analysis method and exploits the high
MCS data density to provide a much more accurate model than
the 2D OBS-derived model used in the Aghaei et al. (2014) study
(Supplemental text 1).

In addition to the crustal thickness data set, we also examine
a coincident 25 m grid interval bathymetry dataset derived from
the same experiment. This dataset is of higher resolution than the
prior bathymetry data available for the region and is derived by
gridding the multiple passes of redundant coverage multi-beam
swath sonar data acquired continuously during the MCS survey.

3.1. Observations

Crustal thickness data reveal a series of lineated, ridge-parallel
zones of alternating thicker and thinner crust that extend for much
of the study area (Fig. 1B). On the east flank of the EPR, three
prominent Thick Crust Regions (TCRs) of 200-800 m thicker crust
are present, each ~2-3 km wide (Fig. 1B). Where crustal thickness
data extends farthest from the ridge axis there is evidence of a

fourth band of thicker crust measuring at least 2 km wide (cen-
tered at ~9°47’N).

On the west flank, three TCRs can also be identified but 2 of the
3 are more intermittent than those on the east flank (Fig. 1B). TCR
1 is located closer to the modern ridge axis with less along-axis
continuity than its east flank counterpart and is narrower (~1.5 km
wide). The second west flank TCR is ~4 km wide and up to 800
m thicker than adjoining crust. TCR 3 is intermittently identified
south of Sasha Seamount, and corresponds with a narrow (~0.5
km) band of ~200 m thicker crust than the surrounding region.

On both ridge flanks the along-axis continuity of the three TCR
are interrupted, defining a v-shaped zone of offset ridges that is
centered about the ridge axis at ~9°49’N. This location coincides
with one of the small discontinuities in the modern axial zone
and in the crustal magmatic system below (Fig. 1). The presence
of this ridge flank discontinuity zone indicates this small ridge off-
set has persisted in the region, migrating north along the ridge
axis through time.

Seafloor bathymetry in the region is typical of magmatically
robust regions of fast spreading crust and shows numerous ridge-
parallel faults with offsets of tens of meters. A prominent ~3 km
wide axis-parallel ridge is also evident on the east flank extending
north of ~9°44'N (Fig. 1A). In order to better highlight the inter-
mediate scale variations in bathymetry on these length scales, we
remove the long wavelength trends associated with the shallow
axial high and seafloor subsidence (Fig. 2).

Filtered bathymetry indicates ridge parallel bands of shallower
and deeper seafloor of similar widths as the TCRs. On the east
flank, we identify 6 regions of shallow seafloor over the 25 km ex-
tent of our data, with peaks rising 20-60 m above average depths
and widths of ~2 km. Much like TCR observations, bathymetry
ridges are more laterally continuous on the east flank than on the
west. West flank bathymetry shows 5 regions of shallow seafloor,
with similar amplitudes but more variable widths (ranging 1-4 km)
than on the east flank.

3.2. Conversion to crustal age

In order to assess the timescale of the quasi-periodic varia-
tions apparent in bathymetry and crustal thickness data, as well
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Fig. 2. Filtered seafloor bathymetry. Residual bathymetry filtered to remove long wavelength trends and highlight intermediate wavelength topography (pass band 75 m to
6.25 km). Numbers indicate interpreted intermediate-scale ridges of shallower bathymetry. Sasha Seamount and MIB Seamount are labeled; greyed region in south indicates

data not included in analysis. Other annotation as in Fig. 1.
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Fig. 3. Age models, half spreading rate, and percent asymmetry. A. Ages of crustal
thickness peaks at each TCR (for full TCR peak locations, see Fig. S2A) calculated
using the coeval TCR age model (magenta) and the Brunhes-Matuyama (B/M) based
model for the west flank (bold black) and east flank (narrow black) of the ridge
axis. Black dashed line is location of profile shown in Fig. 4. Using the B/M age
model, ages of the conjugate TCRs differ for each ridge flank, suggesting substantial
asymmetric spreading that is not accounted for using the spreading rate determined
for the duration of the Brunhes period (see section 3.2). B. Percent spreading rate
asymmetry determined from TCR age model compared with asymmetry calculated
from the Brunhes-Matuyama reversal. Colors as in legend. Asymmetry is calculated
as the percent difference between half spreading rates (for TCRs 1, 2, 3 and the B/M)
and the mean half spreading rate along each profile (~53 mmy/yr), with positive
values indicating a faster half spreading rate for the east flank. Average percent
differences between half spreading rates are 19%, 13%, 3%, and 3% for TCRs 1, 2,
3, and the B/M respectively. (For interpretation of the colors in the figure(s), the
reader is referred to the web version of this article.)

as to explore the potential relationship with the history of global
sea level, the datasets are converted to crustal age. An age model
is constructed, first using the location of the Brunhes-Matuyama
(B/M) magnetic reversal at 780 ka (from Carbotte and Macdonald,
1992, Fig. S1). Utilizing this age model yields significantly different
ages for TCRs across the two ridge flanks, suggesting asymmetric
spreading that is not accounted for using spreading rates deter-
mined for the duration of the Brunhes period (Fig. 3A). In order
to account for this asymmetric accretion, we generate a new age
model assuming that conjugate TCRs on the two ridge flanks are
coeval. We estimate ages along each TCR by identifying the peak in
crustal thickness along each TCR (Fig. S2A), measuring the distance
between conjugate TCR peaks along profiles oriented perpendicu-

lar to the ridge axis, and converting to age using the full spreading
rate determined from the B/M reversal. This analysis yields aver-
age ages of 48 + 9, 1244 15, and 202 + 16 ka for TCRs peaks 1-3
respectively (Fig. 3A), indicating an average spacing of 77 ka. Aver-
age ages of the bathymetric ridges identified beyond the extent of
our crustal thickness dataset are 306 £ 29, 371 £ 23, and 445 +
4 (east flank only) respectively, yielding an average spacing of 80
ka over the 470 ka duration.

Comparing the TCR ages generated using the B/M reversal with
those assuming coeval TCRs provides a measure of average tempo-
ral uncertainties of 9 & 2 ka in crustal ages (Fig. 3A), which we at-
tribute to variable asymmetric spreading. Half spreading rates cal-
culated from the coeval TCR model indicate average differences of
20, 13, and 3 mm/yr for TCRs 1, 2, and 3 respectively, with spread-
ing on the east flank generally faster than the west (Fig. S2B). The
amount and sense of spreading asymmetry also varies spatially
along the ridge axis, with step-wise shifts broadly consistent with
the ridge segmentation (Fig. 3B). It is likely that small (hundreds of
meters to kilometer-scale) jumps in the locus of accretion within
individual spreading segments contribute to the variable spreading
asymmetry we infer in the study area. The zone of active crustal
formation, as indicated by anomalously thin crust surrounding the
ridge axis, is on average ~1.5 km wide in our study area (Fig. 1B).
Small ridge jumps of ~0.5 km equivalent to the estimated average
temporal uncertainty of 9 £+ 2 ka would be readily accommodated
within this crustal accretion zone.

Given the significant evidence for variable asymmetric accre-
tion we favor the coeval TCR age model and use this model for
comparisons with the history of relative sea level (RSL) variations.
Analyses using the age model determined using the B/M reversal
only are also provided in the supplemental material (Figs. S3-S5)
for comparison.

3.3. Comparison with relative sea level

We compare bathymetry and crustal thickness records with the
RSL curve of Grant et al. (2014), which provides a high-resolution
record of sea level variations over the last 500 ka. RSL is ob-
served to vary at periodicities of ~1/23 ka~—!, 1/41 ka~! and be-
tween 1/80 ka~! and 1/120 ka~! (e.g. Raymo, 1997). Variations in
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Fig. 4. Time series comparison of relative sea level (RSL), crustal thickness, and
bathymetry. A. RSL (blue) from Grant et al. (2014), with grey bars indicating low
RSL (glacial) periods as indicated by even Marine Isotope Stages. B. Example crustal
thickness profile taken from period of longest data (see Fig. 3) after converting to
crustal age using the Brunhes-Matuyama (B/M) regional magnetics model (see Sec-
tion 3.3) with the east flank in red and west flank in maroon. This model results in
age offsets between conjugate TCRs on the two flanks, particularly TCR1. C. Exam-
ple crustal thickness profile as in B, but converted to crustal age using coeval TCR
age model. East flank (red) and west flank (maroon) TCRs are better aligned with
this model, with the location of peak TCRs indicated by black dots. D. East flank
crustal thickness (red) and residual bathymetry (black), converted to age using the
coeval TCR age model. On the east flank crustal thickness and bathymetry appear
to covary, with periods of thick crust associated with shallow bathymetry. E. West
flank crustal thickness (maroon) and residual bathymetry (black). On the west flank
bathymetry and crustal thickness are less well aligned than the east, with little in-
dication that the two are covarying. Black numbers indicate interpreted locations of
crustal thickness and bathymetry ridges as in Figs. 1B and 2.

bathymetry and crustal thickness on the timescale of ~80 ka are
therefore roughly of the same wavelength as long period ice age
cycles evident in the RSL record.

Comparing an example profile taken from our region of longest
crustal thickness data with RSL (Fig. 4) indicates that two of three
TCRs are roughly aligned with sea level highs and one with a
low sea level period. East flank TCRs are of comparable widths
and spacing to glacial cycles, as is TCR 2 on the west flank, but
west flank TCRs 1 and 2 are narrower though comparably spaced.
Bathymetry ridges are generally narrower than either glacial cycles
or TCRs on both flanks. Shallow bathymetry regions 4 and 5 align
with a transition from low to high RSL, while ridge 6 peaks in a
period of low sea level. While bathymetry and crustal thickness
ridges align in some places, there is significant misalignment in
others. Comparison profiles for the entire study area are provided
in supplemental figures S6 and S7.

4. Statistical analyses of crustal thickness, bathymetry and
correlations with relative sea level

4.1. Methods

In order to examine regional variability profiles are extracted
perpendicular to the ridge axis every 150 m along axis from the
bathymetry data and every 300 m along axis from the crustal
thickness data. Crustal thickness profiles extend up to a maximum
of 16 km from the ridge axis corresponding to crustal ages of
310 ka, with an average profile length of 12.5 km (235 ka). Our
high-resolution bathymetric data coverage extends further from
the ridge axis to 25 km (~470 ka). Prior to analyses we remove
data from the presumed zone of active accretion, where MOR crust
is still in the process of forming. In bathymetry, we exclude the
shallow axial high, demarcated here as the region shallower than

2650 m. In crustal thickness data we exclude the zone of anoma-
lously thin crust and intermittent Moho imaging bounding the
ridge axis (crustal thickness values < 5600 m, Fig. 1B). Prior to
analysis, bathymetry data are also detrended by subtracting the
square root of age in order to remove long-term trends associated
with seafloor subsidence as newly formed lithosphere cools (e.g.
Parsons and Sclater, 1977).

Spectral analysis is undertaken using a windowed periodogram
with a single discrete prolate spheroidal sequences taper (e.g. Per-
cival and Walden, 1993). This approach is equivalent to the mul-
titaper method used in Crowley et al. (2015) but with use of a
single taper due to the short duration of our time series. The data
are prepared for spectral analysis by prewhitening, taking the first
derivative of the data in order to reduce the slope of the back-
ground continuum, facilitating the identification of spectral peaks
(Crowley et al., 2015). There are a number of factors that con-
tribute to frequency resolution and need to be considered in the
interpretation of results. These include the dataset sampling in-
terval, temporal uncertainties in the crustal age model, and the
length/duration of the available data.

The nominal spatial resolutions of both the crustal thickness
(6.25 m and 37.5 m respectively in the ridge-normal direction) and
bathymetry datasets should be adequate for resolving the range
of Milankovi¢ cycles. However, the practical spatial resolution of
the crustal thickness dataset will be much less than the nomi-
nal resolution given that the pre-stack velocity analysis used to
derive crustal thickness from crustal travel times is conducted on
a coarser interval and making use of neighboring common image
gathers up to 1 km away (Aghaei, 2013). Based on this consider-
ation, we conservatively do not interpret frequencies higher than
1/27 ka~! (spatially < 1.5 km, Supplemental text 2) in crustal
thickness spectra.

In addition to issues of spatial resolution, uncertainty in the
age model used to convert from distance to crustal age may im-
pact results of spectral analysis. Temporal uncertainties estimated
from comparison of Brunhes-Matuyama and coeval TCR ages are of
order of +10 ka and are not uniform across the study area. Previ-
ous studies have shown how frequencies shorter than ~1/100 ka~!
may be difficult to detect with a temporal “jitter” of this magni-
tude (e.g. Huybers and Wunsch, 2004).

The ability of spectral analysis to resolve frequencies of interest
also depends on the duration of the time series available; at the
lowest-resolved frequencies and using a minimum number of ta-
pers, data spanning at least three cycles are needed for purposes
of distinguishing between peaks and background variability (Perci-
val and Walden, 1993). Given this constraint we expect the ~500
ka duration of our bathymetry dataset will be adequate to resolve
Milankovi¢ periods of interest but the shorter crustal thickness
dataset may be inadequate to resolve the longest ice age cycles
with timescales of ~100 ka. To illustrate how the limited length
of our dataset influences resolvable frequencies, we compute spec-
tral estimates for varying durations of the sea level record. Results
of spectral analysis of the RSL record, after limiting to ages of
200 to 500 ka (Fig. 5), show maximum spectral power near Mi-
lankovi¢ frequencies at all dataset lengths. At lengths of less than
300 ka (comparable to our crustal thickness dataset), frequencies
within the precession (1/22 - 1/25 ka~!) and obliquity (1/37 and
1/44 ka~!) bands are well resolved, and a broad weak band of
power is observed between 1/77 and 1/143 ka~! which spans but
is wider than the band of 1/80 to 1/120 ka~! generally observed
in climate records. There is also a band of weak power outside of
Milankovi¢ frequencies centered at 1/65 ka~! in spectra of pro-
files up to 425 ka in length. At lengths of 450 ka and greater
(comparable to bathymetry data extent), spectral peaks become
sharper and narrower with power at the longest frequencies more
clearly focused from 1/83 ka to 1/112 ka~!. These results show
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Fig. 5. Spectral analysis of the relative sea level record at increasing dataset lengths.
Analysis on the Grant et al. (2014) RSL record is undertaken using the multitaper
method with a single taper. Spectral power is normalized between 0 and 1 and
shown in terms of frequency and dataset length (ka), with spectral power indicated
by color. The red dashed line indicates the average crustal thickness dataset length
(235 ka), the blue dashed line the average bathymetry dataset length (470 ka).
Vertical black dashed lines indicate frequencies surrounding Milankovi¢ frequency
bands where spectral power is increased at dataset lengths comparable to average
crustal thickness profile length: surrounding the precession band between 1/22 and
1/25 ka—', the obliquity band between 1/37 and 1/44 ka~!, and between 1/77 and
1/143 ka~' which spans but is wider than the eccentricity band of 1/80 to 1/120
ka~! (e.g. Raymo, 1997). The distribution of spectral power near Milankovi¢ fre-
quencies show how the limited length of our time series smears spectral peaks into
broader regions, and provides a framework for interpreting spectral power in crustal
thickness (Fig. 6) and bathymetry (Fig. 7).

how the limited length of our time series smears spectral peaks
into broader regions of power (and weaker for the ~1/100 ka~!
band), and provides a framework for interpreting spectral power
in crustal thickness and bathymetry results.

The relationships between RSL and crustal thickness are further
explored using lagged cross-correlation analysis. We do not con-
duct coherence analysis between crustal thickness and RSL as it
generally requires twice the tapers as multitaper spectral analy-
sis (Percival and Walden, 1993), and a longer time series would
be a requirement for assessing coherence. Profiles are filtered to
frequencies between 1/10 ka~! and 1/150 ka~! to remove the
presence of high frequency noise and long-term trends outside our
frequencies of interest. Cross-correlations are calculated between
RSL and crustal thickness profiles to determine the time offset, or
lag, of best correlation. Correlations are calculated only in the di-
rection of RSL change occurring prior to crustal thickness variation,
and so lags in this analysis are positive in sign. Correlation results
are plotted by latitude of the ridge axis intersection along each
profile (Figs. 8 A&B). Example stacked profiles are plotted for each
ridge flank bounding the regions where the highest correlations
are observed with the calculated optimal time lag applied (Fig. 8C).

Cross-correlations are also calculated between crustal thickness
and bathymetry datasets following the same methods in term of
distance from the ridge axis rather than time (Figs. 9 A&B). Cor-
relations are calculated in this case with positive lags indicating
crustal thickness profiles are shifted to further from the ridge axis
and negative indicating crustal thickness shifted closer to the ridge
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Fig. 6. Normalized crustal thickness spectrograms. Spectrograms of western (A) and
eastern flank (B) crustal thickness calculated using the multitaper method with a
single taper on profiles extracted from full crustal thickness grids (Fig. 1B) after
prewhitening (see Methods, 4.1) are shown plotted by latitude of the ridge axis
crossing on each profile, with warmer colors indicating greater spectral energy.
Black dashed lines indicate frequencies of increased power surrounding Milankovié
cycles as in Fig. 5. The grey shaded region on the west flank indicates the area in
which the anomalously thick crust and shallow bathymetry in the area of Sasha
Seamount overprints MOR generated crust.

axis to match bathymetry. Maximum and mean correlation coeffi-
cients are reported as well as standard deviation (). As a measure
of the typical amplitude of variation in bathymetry and crustal
thickness, we calculate the root mean square (RMS) height and
thickness (Fig. 9C). The calculated RMS amplitudes for bathymetry
and crustal thickness correspond to the average variation from the
mean depth and thickness respectively.

4.2. Results

4.2.1. Spectral analysis

Results of spectral analysis of crustal thickness data are shown
in Fig. 6. Crustal thickness spectra for the west flank indicate in-
termittent power centered at 1/100 ka~! (spanning 1/77 - 1/125
ka~1, Fig. 6A). From 9°47'N to 9°51’N power is centered at 1/44
ka~! and north of 9°51'N is broadly distributed. Crustal thickness
spectra on the east flank show power focused along two main
bands (Fig. 6B). In the south, from 9°42’'N to 9°47'N power is cen-
tered between 1/36 ka—! and 1/63 ka~!. Increased spectral power
is observed on the east flank from 9°43’N to 9°52'N centered at
1/83 ka~! (spanning 1/67 to 1/125 ka~!). North of 9°52’N power
is intermittent.

West flank bathymetry spectra show little evidence of consis-
tent frequencies of increased spectral power except at the northern
end of our study area, where Sasha seamount dominates topogra-
phy (Fig. 7A). East flank bathymetry spectra show increased spec-
tral power south of 9°48'N spanning 1/30 to 1/50 ka—?!, centered at
~1/41 ka—! (Fig. 7B). North of 9°48'N power shifts to be centered
at 1/77 ka~! (spanning 1/66 to 1/90 ka~!). Intermittent power is
observed throughout bathymetry spectra from both flanks, with re-
gions displaying increased power at ~1/25 ka~!.
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Fig. 7. Normalized bathymetry spectrograms. Spectrograms of western (A) and east-
ern flank (B) bathymetry calculated as for crustal thickness (Fig. 6) for profiles
extracted from full bathymetry grid to average crustal ages of 470 ka (Figs. 1A &
2) and plotted by latitude of the ridge axis crossing on each profile. Annotated as
in Fig. 6.

4.2.2. Correlations between crustal thickness and RSL

Cross correlations between crustal thickness and RSL are vari-
able but show good correlations at a dominant time lag of ~45
ka across much of the study region. The average lag of maximum
correlation on the west flank is 46 + 28 ka, with 66% of profiles
displaying maximum correlations within that range (Fig. 8A). Av-
erage peak correlation coefficients on the west flank are 0.43 +
0.17, with maximum correlation coefficients of 0.74. The average
lag of maximum correlation on the east flank is 44 + 16 ka, with
77% of profiles displaying maximum correlations within that range
(Fig. 8B). Average east flank peak correlation coefficients are 0.36 +
0.12 with maximum correlation coefficients of 0.60. Shifting exam-
ple profiles from each flank to the regional lag of best correlation
aligns the dominant periods of thicker crust with the ~100 ka
periods of lower RSL and thin crust during periods of high RSL
(Fig. 8C).

4.2.3. Comparisons between crustal thickness and bathymetry records

Cross correlations calculated between crustal thickness and
bathymetry indicate good correlations at lags near O offset for
some of the study area, consistent with isostatic compensation.
However, for much of the region maximum correlations are at
non-zero offsets. West flank correlations between bathymetry and
crustal thickness are variable along axis — good correlations are
observed at an offset of approximately -2.25 km south of 9°45'N,
with the negative lag indicating thickness data needs to be shifted
to ridgeward to match bathymetry (Fig. 9A). Average west flank
correlation coefficients are 0.55 £ 0.22, and maximum correlation
coefficients are 0.95. The strongest east flank correlations are at a
negative lag of ~1.75 km found north of 9°46.5'N (Fig. 9B). Aver-
age east flank peak correlation coefficients are 0.55 + 0.17 with
maximum correlation coefficients of 0.88.

On the east flank, bathymetric RMS amplitudes average 39 +
10 m and for the west flank south of Sasha seamount bathymet-
ric RMS amplitudes average 54 4+ 11 m (Fig. 9C). East and west
flank crustal thickness RMS amplitudes average 210 + 37 m and

221 + 79 m respectively (Fig. 9D). On the east flank bathymetry
RMS amplitudes average 19% of crustal thickness RMS amplitudes,
whereas on the west flank bathymetry RMS amplitudes average
25% of crustal thickness RMS amplitudes.

5. Discussion
5.1. Testing the sea level hypothesis

The high-resolution crustal dataset used in this study reveals a
series of ridge-parallel bands, ~1.5-4 km in width, of alternating
thicker and thinner crust (Fig. 1B, 2) particularly apparent on the
east flank of the ridge axis. While the width and axis-parallel con-
tinuity of these thick/thin bands is less on the west flank, crustal
thickness ridges of similar scale and periodicity as those on the
east flank are observed. Temporal variations in mantle melt pro-
duction and/or episodicity in melt delivery to the crust on short
time intervals of ~80 ka are indicated.

Simple models of depressurization mantle upwelling suggest
sea level changes on the order of 100 m associated with the glacial
cycles of the late Pleistocene could be associated with 10% changes
in melt production, equivalent to 600 m for a 6 km average crustal
thickness (Huybers and Langmuir, 2009; Lund and Asimow, 2011).
More sophisticated mantle upwelling and melt transport models
show the amplitude of the response depends on the frequency of
the sea level forcing and spreading rate (Crowley et al., 2015; Bur-
ley and Katz, 2015). The variations in crustal thickness of 200-800
m found on both flanks in our study (Fig. 1B) are consistent with
these model predictions. Further, spectral analysis of crustal thick-
ness data confirms the presence of ~1/80 ka~! frequencies on the
east flank and more intermittent ~1/100 ka—! power on the west
(Fig. 6). These periods are comparable to the long wavelength ice
age cycles of the late Pleistocene. Spectral analysis also indicates
intermittent crustal thickness variations at the ~1/41 ka~! oblig-
uity frequency, which are predicted by the numerical models of
Crowley et al. (2015) at fast spreading ridges.

In prior studies, primarily using geochemical observations,
where temporal variability in crustal accretion processes are in-
ferred, melting events due to convective instabilities in the upper
mantle or presence of melting anomalies due to the mantle hetero-
geneities have been invoked (e.g. Batiza et al., 1996; Regelous et al.,
1999). These and other crustal level processes, such as off-axis
volcanism and the lateral flow of erupted lavas, (e.g., Sims et al.,
2003) may contribute to our observation of temporal variability in
crustal production. However, the findings of quasi-periodic crustal
thickness variations consistent with model predictions in both am-
plitude and frequency are a novel observation that point to sea
level variations as a potential modulating force in crustal produc-
tion in this region.

Results of cross-correlation analysis between crustal thickness
and RSL (Fig. 8) provide further support for this hypothesis. In
the Crowley et al. (2015) model, the generation of depressurization
mantle melt anomalies is expected to be most sensitive to the rate
of sea level change relative to the time required to deliver melt
from depth to the surface. Cross-correlations calculated between
crustal thickness and rate of sea level change (dRSL) are negligible,
which may be attributed to the high frequencies that dominate
the rate of sea level change record (Fig. S8). Good lagged corre-
lations between RSL records and crustal thickness are observed,
which align the large amplitude crustal thickness changes with the
lowest frequency glacial cycles.

A quarter cycle time lag between sea level change and mantle
melting response is expected, as well as further lags due to the
time required for mantle melt perturbations to traverse the melt-
ing column, and the impacts of the finite width over which crust
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Fig. 8. Correlations between crustal thickness and relative sea level. Cross correlations are calculated between RSL (Grant et al., 2014) and crustal thickness on the west (A)
and east (B) flanks, and plotted by lag time at latitude of profile intersection with the ridge axis, with color indicating correlation coefficient. Profiles were extracted from
crustal thickness grids and filtered to frequencies between 1/10 ka~' and 1/150 ka~! prior to correlation calculation (see Methods, 4.1). Peak correlation for each profile
is indicated with black dots. Correlations are calculated only in the direction of RSL change occurring prior to crustal thickness variation; hence lags are all positive Black
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Fig. 9. Correlations between crustal thickness and bathymetry. Cross correlations are calculated between co-located crustal thickness and bathymetry profiles after filtering
to frequencies between 1/75 m~' and 1/7 km~! to eliminate high frequency variations and any long term trends associated with seafloor subsidence (see Methods, 4.1).
Correlations are shown for the west (A) and east (B) flanks, and plotted by offset in km and latitude of the ridge axis crossing of each profile, with color indicating correlation
coefficient. Correlations are calculated with positive lags indicating crustal thickness profiles are shifted to further from the ridge axis. C. Calculated RMS amplitudes for

bathymetry on the east flank (black) and west flank (grey). D. Calculated RMS amplitudes for crustal thickness on the east flank (red) and west flank (maroon).

is formed (e.g. Lund and Asimow, 2011; Crowley et al., 2015; Bur-
ley and Katz, 2015; Olive et al., 2015; Tolstoy, 2015). The ~1.5
km (equivalent to ~14 ka) wide zone of accretion centered at
the ridge axis may account for part of the dominant lag of ~45
ka between crustal thickness and RSL, implying a residual lag of
~30 ka attributable to mantle melting response and melt ascent
times. The presence and magnitude of a lag beyond that due to the
width of the accretion zone has important implications for the sea
level model. However, our crustal thickness dataset is short and
observed correlations with RSL are modest. Future studies with

longer crustal thickness time series and in other regions will be
needed to further explore these implications.

5.2. Comparisons of spectral results for East and West flanks

Results of our spectral analysis indicate major differences be-
tween the east and west flanks that warrant further examina-
tion. While variations in bathymetry and crustal thickness on both
flanks at similar long periodicities are evident from visual inspec-
tion, these similarities are less apparent in spectral analysis, par-



B. Boulahanis et al. / Earth and Planetary Science Letters 535 (2020) 116121 9

ticularly in bathymetry data. Spectrograms of east flank crustal
thickness and bathymetry show evidence for a spectral peak cen-
tered at 1/80 ka~! (Figs. 6A and 7A) and local regions with spectral
peaks near 1/41 ka—!. West flank crustal thickness spectral results
also show regions of power centered at slightly lower frequencies
of ~1/100 ka~!, though less consistent than the east flank, and
little coherent signal in spectral analysis of bathymetry (Fig. 6B
and 7B). We attribute these results to differences in ridge flank
structure due to the variable spreading asymmetry inferred for the
region.

While conjugate bands of thicker crust are present on both
ridge flanks, the TCR are not mirror image structures about the
ridge but rather are mostly narrower, thinner and are more discon-
tinuous features on the west flank than the east (Fig. 1B). Assum-
ing the TCRs are coeval structures requires significant spreading
asymmetry in the region, which has varied in sense and magnitude
through time (Fig. 3B). Small (hundreds of meters to kilometer-
scale) jumps in the locus of accretion within individual spreading
segments likely transfer of crust from the west to the east, con-
tributing to the narrower and more discontinuous TCRs on the
west flank. As a result of their inconsistent and narrow width, the
~80-100 ka spaced TCR on the west flank would be expected to
be more difficult to detect as a long-wavelength signal in spectral
analysis (Fig. S9).

There are other geologic factors that may also contribute to dif-
ferences in west and east flank structure including the off-axis
volcanism associated with Sasha Seamount which has obscured
‘normal’ MOR topography and crustal thickness from the northern
extent of our data to as far south as 9°50'N. The ridge flank discon-
tinuity, which disrupts the thick crust ridges on both sides of the
ridge axis, corresponds with a wider zone of thinner crust on the
west flank and likely accounts for the diminished along-axis con-
tinuity of the TCR in this region. Overall however, we expect these
factors to contribute less to differences in crustal spectra than the
effects of the variable spreading asymmetry.

5.3. Seafloor relief as a record of crustal thickness variations

An important question arising from the recent studies of
abyssal hill topography and the sea level hypothesis (Crowley et al.,
2015; Tolstoy, 2015; Olive et al., 2015; Goff, 2015) is the nature
of the relationship between seafloor relief and crustal thickness.
In Crowley et al. (2015), the hypothesis that sea level variations
result in changes in mantle melting and melt delivery to the
crust is tested using seafloor bathymetry under the assumption
that thicker crust is recorded in the bathymetric undulations of
the seafloor through isostasy. For an Airy isostasy approximation,
bathymetric variations that are 13-26% of crustal thickness vari-
ations are predicted for plausible crustal and mantle densities
(Turcotte and Schubert, 2014).

Seafloor RMS amplitudes of 25-51 m are measured in our study,
except in the vicinity of Sasha Seamount (Fig. 9C), similar to pre-
viously reported values, (Goff, 1991 - 34 + 4 m to 56 + 4 m)
based on stochastic analysis of bathymetry in the region. These
RMS amplitudes range from 10 to 29% of the observed RMS crustal
thickness amplitudes, close to the percentages predicted for bathy-
metric relief due to isostatic compensation of crustal thickness.

Cross-correlations calculated between crustal thickness and
bathymetry show good correlations at zero offset in parts of our
study (Fig. 9A&B), as expected for direct isostatic compensation
of seafloor topography. However, strong correlations at non-zero
offsets are also found, with consistent patterns in the east flank
dataset north of ~9°46.5'N. In this region, maximum correlations
are at offsets of -1.75 km with the sense of offset indicating a shift
of crustal thickness ridges closer to the MOR to best align with the
seafloor ridges above.

We attribute the non-zero offsets to differences in the width of
the crustal accretion zone in the upper and lower crust and mis-
alignment in the locus of accretion linked to asymmetric spreading.
Dike intrusion, which is the dominant process in the formation of
the upper crust, is believed to be narrowly focused within the few
100 m wide axial summit trough that bisects the shallow ridge
axis high (e.g. Fornari et al.,, 1998). The crustal thickness dataset
shows a wider region (~1.5 km) of thin crust bounding the ridge
axis (Fig. 1B), consistent with (albeit narrower than) the wider
zone of distributed melt and high temperatures in the lower crust
inferred from seismic tomography studies in the region (Dunn
et al,, 2000; Canales et al., 2012). Provided the loci of accretion in
the upper and lower crust are aligned, periods of increased crustal
production should result in collocated seafloor ridges and thick
crust zones. However, small ridge jumps with misalignment of the
locus of accretion in the upper and lower crustal could lead to
offset bathymetry and crustal thickness ridges transported to the
ridge flanks. The change from dominant offsets in the east flank
data from near O to -1.75 km north of 9°46.5'N coincides with the
observed ridge segmentation and is plausibly linked to small ridge
jumps that have transferred crust to the east during asymmetric
spreading in this region.

Complexity in the relationship between bathymetry and crustal
thickness is also evident in the differences in spectral signatures of
the two parameters across the study region. Bathymetry spectro-
grams show more power at higher frequencies than crustal thick-
ness records, which likely reflects both higher resolution imaging
in bathymetry records compared to crustal thickness as well as
the effect of faulting which dominates seafloor relief and is largely
confined to the upper crust. Average fault spacing in the area
measured from a comprehensive regional mapping study is 0.9
km =+ 0.1 km (Carbotte and Macdonald, 1994) and similar results
are obtained using a subset of bathymetry data from our study
(Fig. S10). Based on these observations we can attribute the dif-
fuse spectral energy in bathymetry between 1/14 ka~! and 1/20
ka~! (equivalent to ~750 m - 1 km) to the dominant fault spac-
ing (Fig. 7). The weak ~1/41 ka~! signal apparent in bathymetry
in the southern half of the east flank is consistent with the char-
acteristic abyssal hill spacing measured in this region from prior
analysis (Goff, 1991, average of ~2.0 km) and likely reflects the
spacing of the larger amplitude longer-lived faults (Olive et al.,
2015). It is important to note, however, that faulting and variations
in crustal magma supply may be closely linked (e.g. via crustal
thermal structure, impact on crustal stress state). The presence of
an intermittent 1/41 ka~! signal in our crustal thickness data does
not rule out magmatic variability on these length scales. Recent
fault modeling studies show faulting driven by sea level modulated
magma supply at the 41 ka periodicities (Huybers et al., 2019).

6. Conclusions

High-resolution crustal imaging of a 25 km long region of the
EPR extending to crustal ages of ~235 ka reveals three prominent
ridge-parallel zones of 200-800 m thicker crust implying tempo-
rally variable crustal production in this region on ~80 ka time
scales. Spectral analysis indicates peak frequencies near 1/80 to
1/100 ka~!, consistent with visual observations, as well as near
1/41 ka~! in parts of the region. Both the amplitude and wave-
lengths of the crustal thickness fluctuations are consistent with
models of mantle melting in response to sea level variations of the
Pleistocene. Cross-correlations between crustal thickness and RSL
indicate maximum correlation at lags of ~45 ka, which aligns the
thick crust zones with periods of lower sea level. While other pro-
cesses could contribute to the fluctuations in crustal thickness ob-
served in the region, glacially modulated mantle melting provides
a plausible mechanism. Future high-resolution studies of crustal
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thickness that sample longer crustal ages and using modern longer
offset streamers, providing further improvements in crustal veloc-
ity estimation, in other regions will be needed to further test the
hypothesis.

The availability of coincident high-resolution crustal thickness
and bathymetry data provides the opportunity to examine the re-
lationship between these two crustal properties and to address the
question of if, and how, crustal thickness variations are recorded
in bathymetry. Spectral analysis indicates similar spatial variations
and similar longer wavelength peak frequencies in both datasets.
The relative scales of seafloor and crustal thickness relief support
a component of compensated topography. However, the data also
indicate that the relationship between the two crustal properties
is complicated. Cross-correlations between bathymetry and crustal
thickness show strong correlations in parts of the study area at
non-zero offsets, which could reflect the different widths of the
upper and lower crustal accretion zone and misaligned locus of ac-
cretion during the variable asymmetric spreading and related ridge
jumps inferred for the region. Spectral analysis shows more power
overall, though diffuse, at higher frequencies in bathymetry data,
which we attribute to the effects of data resolution and ridge-flank
faulting. From the combined observations we infer that bathymetry
and crustal thickness variations are linked, but that the effects of
faulting, asymmetric spreading and the variable width accretion
zone complicate the record.
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