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a b s t r a c t
The morphology of abyssal hills provides important information on the crustal accretion processes
acting at mid ocean ridges. Discretely characterizing abyssal-hill shape is challenging, and therefore, the
study of abyssal-hill morphology is often approached by examining the average properties of relatively
wide regions containing multiple hills. However, this averaging process removes any spatial trends in
abyssal-hill shape that may reﬂect temporal variations in crustal accretion processes. Here we present
an automated approach for analyzing the shape of individual abyssal hills, which we detect using the
ridgelet transform method of Downey and Clayton (2007). We ﬁrst analyze seaﬂoor morphologies, as
revealed in multibeam bathymetry surveys, across 16 mid-ocean ridge segments with varying spreading
rates. The results of this analysis display the known negative correlation between the width and height
of abyssal hills and the spreading rate, thus validating our approach. Our results also show that the
fraction of inward-facing abyssal hills exhibits a simple linear trend across all spreading rates, suggesting
a property that could be used to determine the spreading rate at which the seaﬂoor formed. We then
apply our technique to study a ﬂow line transect collected across the fast-spreading 10◦ 30 N segment
of the northern East Paciﬁc Rise, revealing temporal changes in the shape of the abyssal hills formed
during the last 3.8 Myr. The youngest part of the ﬂow line coincides with a location where basaltic
glasses were previously sampled. The abyssal-hill morphology and MgO content of the glass samples
share mutual trends (over 105 -106 yrs), suggesting that abyssal-hill morphology is sensitive to the rate
at which magma is supplied to the ridge axis. Finally, a ∼1 Myr cyclic variation in seaﬂoor morphology is
observed. This periodicity is attributed to temporal changes in magma supply at the ridge axis, possibly
related to upper mantle dynamics or the presence of chemical heterogeneities.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
Abyssal hills are common bathymetric features, covering approximately 80% of the seaﬂoor, that are formed and shaped
by the combination of normal faulting and magmatic constructional processes acting at mid-ocean ridges (Buck et al., 2005;
Buck and Poliakov, 1998; Goff et al., 1995; Macdonald et al.,
1996). Usually elongated and oriented parallel to sub-parallel with
the ridge axis, abyssal hills are commonly asymmetric in their
spreading axis-perpendicular direction (i.e., cross-sectional shape,
Fig. 1), having varying slopes toward (the inward-facing ﬂank) and
away (the outward-facing ﬂank) from the ridge axis (Goff, 1991;
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Kriner et al., 2006). The morphological properties of abyssal hills
shows correlation with spreading rate, becoming higher, wider,
longer and more asymmetric (the steeper ﬂank more commonly
faces the ridge axis) with decreasing spreading rates (Goff et al.,
1997; Kriner et al., 2006). Normal faulting is the main tectonic
process controlling the shape of abyssal hills at all spreading
rates (Bohnenstiehl and Carbotte, 2001; Macdonald et al., 1996;
Macdonald and Luyendyk, 1977), but hill shapes are also related
to the magma ﬂux to the spreading center, which affects the axial
thermal structure and the frequency and nature of volcanic activity. Overall, magmatic spreading modiﬁes the state of stress at the
spreading center, tending to reduce faulting activity and generating volcanic ﬂows, resulting in more gently sloped surfaces (Behn
and Ito, 2008; Buck et al., 2005; Carbotte and Macdonald, 1994;
Howell et al., 2016; Ito and Behn, 2008; Macdonald et al., 1996).
Quantifying seaﬂoor morphology can therefore provide important
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Fig. 1. Example of abyssal-hill detection and analysis. (a) Multibeam bathymetry map of a Southeast Indian Ridge ﬂow line. Abyssal hills are detected by the ridgelet transform
method (Downey and Clayton, 2007) and delineated by lines marking their azimuth directions and a superimposed I-shaped symbol whose length equals the width of each
abyssal hill. Grid resolution is 150 m. The analysis of a representative abyssal hill (highlighted by a red line) is shown in panels b-d. (b) Oblique Mercator projection of the
representative abyssal hill (thick black line). The location of extracted bathymetric proﬁles oriented perpendicular to the hill are shown with thin black lines. Bathymetric
proﬁles were extracted every 150 m along the 20 km length of the abyssal hill. For illustration purposes, the locations of only 50 synthetic proﬁles appear in the ﬁgure,
compared to 133 proﬁles that were produced and analyzed. The red line shows the location of the representative cross-sectional proﬁle shown in panel c. (c) Plot of the
representative bathymetric cross-sectional proﬁle (red line in panel b). The automatically determined boundaries of the abyssal hill are marked by red (top of the hill) and
green (bases of the abyssal hill) circles. Houtward,inward correspond to the heights of the ﬂanks of the abyssal hill. The slope angles are marked by α outward,inward . (d) The
boundaries of the abyssal hill (white lines) as calculated by the repeated analysis of the cross sectional synthetic proﬁles. The black line marks the location of the top of the
hill. Note the rather consistent asymmetric hill-shape, where the inward facing ﬂank is both narrower and steeper compared to the outward facing ﬂank. (For interpretation
of the colors in the ﬁgure(s), the reader is referred to the web version of this article.)
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Fig. 2. Location of the 16 studied sites (stars). Abbreviations correspond to the site numbers (Tables 1 and 2). The colors of the stars indicate spreading rate.

constraints on crustal accretion processes, revealing information on
the temporal evolution of these processes when examined at increasing distances from the mid-ocean ridges.
Previous morphological analyzes of abyssal-hill fabric have examined the characteristics of the faults that conﬁne abyssal hills
by using either side-scan sonar data (Carbotte and Macdonald,
1990, 1994; Escartin et al., 1999), bathymetry data (Howell et
al., 2016; Jaroslow, 1996; Sloan and Patriat, 2004) or a combination of both (Alexander and Macdonald, 1996; Bohnenstiehl and
Carbotte, 2001). Most of these studies have visually detected the
faults. Additionally, several studies statistically evaluated the morphological aspects (e.g., root-mean-square (RMS) height, average
relief and characteristic width) of wide regions of the seaﬂoor from
bathymetry data (Bird and Pockalny, 1994; Goff and Jordan, 1989;
Goff et al., 1997, 1995; Macario et al., 1994; Malinverno and Pockalny, 1990; Neumann and Forsyth, 1995). Although easy to implement, visual inspection of bathymetric data is somewhat subjective, time-consuming and lacks proper estimation of the uncertainties. On the other hand, statistical analysis of wide regions averages
out any spatial changes in the shape of the hills caused by temporal variation of accretionary processes. Downey and Clayton (2007)
developed a method based on the ridgelet transform that automatically detects and characterizes the width, amplitude and azimuth
of individual abyssal hills. Although they assumed a symmetrical
abyssal hill shape, their work provides an opportunity to quantitatively describe the temporal evolution of seaﬂoor morphology.
Here we extend the ridgelet transform method of Downey and
Clayton (2007) by adding additional analysis to characterize the
shape of individual abyssal hills without making any a-priori assumptions of their shape. We compute estimates of the slopes,
height, width and facing direction of young abyssal hills that
formed under a range of seaﬂoor spreading rates. The results of
this analysis are consistent with those of previous studies. We
next apply our approach to study temporal changes in seaﬂoor
morphology across the 10◦ 30 N northern East Paciﬁc Rise (EPR)
segment, where a ﬂow line dredging and coring transect (Batiza et
al., 1996; Regelous et al., 1999) offers independent constraints on

the petrology of upper crustal basaltic rocks younger than 0.8 Myr.
By comparing these two data sets, we evaluate the connection between the shape of abyssal hills and magmatism at fast-spreading
ridges. We then extended our analysis to the 3.8 Myr old Paciﬁc
crust and discuss the long-term cyclic nature of the morphology
and the corresponding implications for the temporal evolution of
crustal accretion processes.
2. Data and methods
We have characterized abyssal-hill morphology across 16 active spreading segments formed under a range of spreading rates
(Fig. 2). Processed multibeam bathymetry data were gathered
from the open public Marine Geoscience Data System (MGDS,
www.marine-geo.org) database. We only considered locations
where the sediment coverage is relatively thin (<100 m; Divins,
2003) to minimize smoothing of the original seaﬂoor shapes by
sedimentary processes. We also avoided using bathymetry data
collected in regions contaminated by obvious secondary volcanic
features (e.g., large seamounts) because these features tend to
mask the original shapes of the abyssal hills. We selected bathymetric transects across the centers of ridge segments to avoid
morphological signatures associated with the more complex stress
regime near transform faults and other ridge-axis discontinuities.
This approach also avoids morphological signatures related to
along-segment variability in crustal accretion (e.g., Escartin et al.,
2008; Howell et al., 2016). At the intermediate spreading Southeast
Indian Ridge, a variety of axial and abyssal-hill morphologies coexist (Goff et al., 1997). In this region, we therefore only used data
collected across ridge segments characterized with an “intermediate” morphology (between 102◦ E and 114◦ E; Goff et al. (1997).
The multibeam bathymetry data were gridded at a resolution of
150 m and were chosen to ensure that the collection swaths were
oriented nearly parallel (<20◦ ) to seaﬂoor spreading direction.
The ﬁrst step of our analysis used the ridgelet transform
method (Downey and Clayton, 2007) to automatically detect
abyssal hills. This method also automatically determined their az-
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Table 1
Track data and shape analysis parameters.
Site #

Ridge S
segment

Full rate
(km/Myr)

Track
start
(Ma)

Track
end
(Ma)

Grid
spacing
(m)

Low height
thresholda
(m)

Large
height
thresholda
(m)

No. of hills
successfully
analyzed

Median no. of
successful
cross-sectional
proﬁles per hill

1
2
3
4
5
6a
6b
7a
7b
8a
8b
9
10
11
12
13
14
15
16

MAR 28◦ N
MAR 29.2◦ N
MAR 29.7◦ N
MAR 32.9◦ S
MAR 33.3◦ S
MAR 47◦ S
MAR 47◦ S
PAR 64.4◦ S
PAR 64.4◦ S
PAR 64.7◦ S
PAR 64.7◦ S
PAR 49◦ S
SEIR 108◦ E
SEIR 109◦ E
EPR 10.5◦ N
EPR 9.6◦ N
EPR 5◦ N
EPR 7.6◦ S
EPR 19.6◦ S

23
24
24
35
35
34
44
58
37
58
37
70-83
72
72
105
113
131
137
148

0.0
0.0
0.0
0.0
0.0
0.0
10.0
0.0
7.8
0.0
7.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

9.9
12.5
11.8
12.4
12.6
10.0
24.7
7.8
20.0
7.9
18.1
9.8
1.6
1.5
1.6
4.0
4.7
1.4
1.0

150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150

80
80
80
60
60
60
60
60
60
60
60
40
40
40
40
40
40
40
40

100
100
100
80
80
80
80
80
80
80
80
50
50
50
50
50
50
50
50

33
38
45
68
68
82
107
81
61
67
46
141
30
20
44
87
100
45
39

43
55
55
38
45
64
58
57
54
108
69
20
80
100
95
56
67
93
88

a

Cross sectional proﬁles were considered only when the heights of both ﬂanks of the abyssal hill exceeded the “Low height threshold”. In addition,
at least one of the ﬂanks had to exceed the second, “Large height threshold”.

imuth and provided an initial estimate of the width of each hill
(Fig. 1a). Although this step is described in detail in Downey
and Clayton (2007), a brief summary is included here. The twodimensional ridgelet transform maps linear features found in a
two-dimensional space (i.e., multibeam bathymetry data) to a
three-dimensional location-scale-azimuth domain (Downey and
Clayton, 2007). This method ﬁrst uses the Radon transformation to
transform the spatial-domain bathymetry data into the locationazimuth Radon domain. The “location” is deﬁned as the point
that runs along the center-line of the multibeam swath. The “azimuth” corresponds to the geographical direction over which the
bathymetry data are summed, ranging between 0◦ and 180◦ . To
complete the ridgelet transform, a one-dimensional wavelet transform is then calculated along lines of constant azimuth, expanding
the data representation into a three-dimensional location-azimuthscale space. The “scale” is a relative measure that reaches a maxima when the width of the chosen wavelet and width of the
abyssal hills are equal. We follow Downey and Clayton (2007) by
using the symmetric Mexican Hat Wavelet, the shape of which is
that of the second derivative of a Gaussian function. The ridgelet
transformation method is particularly useful in locating linear features (e.g., abyssal hills and volcanic ridges). In previous applications, the method was shown to be successful in locating abyssal
hills wider than two kilometers in crust that was formed at intermediate and fast spreading rates (Downey and Clayton, 2007;
Downey et al., 2007).
We extended the ridgelet transformation method by adding additional analysis of the shape of the detected abyssal hills. For
each detected hill, we constructed a series of cross sections across
the hill axis at various locations along its length, oriented along
the ﬂow line direction and parallel to the direction of seaﬂoor
spreading (Fig. 1b). On each of these cross sections, we located the
ridgeline point (deﬁned as the shallowest point of the abyssal hill,
Fig. 1c) and deﬁned the edges of the abyssal hill as the locations
where the gradient changes sign. For each of the two ﬂanks constituting the hill, we calculated the slope angle and peak-to-trough
height, while the width was estimated for the entire hill (Fig. 1c).
We note that our measured slope angles do not correspond to the
dipping angles of the bounding fault scarps (usually considered to
be the steepest part of the ﬂank; Howell et al. (2016)) nor do they
necessarily correspond to the typically gently-dipping relief of vol-

canic features. The measured slope angles, however, represent the
summed contributions of the different processes that shape abyssal
hills (i.e., faulting, volcanic activity and mass wasting). We also
note that since our analysis aims to characterize abyssal-hill morphology and not the characteristics of their bounding faults (e.g.,
dipping angle, throw, etc.), any comparison of our results with
the results from previous studies of surface fault planes should be
done with caution.
The number of cross-sectional proﬁles constructed along each
abyssal hill was determined by the width of the swath and the resolution of the gridded multibeam data. We only considered cross
sections where multibeam data existed for most (>50 percent) of
their length. To limit false detections, a particular cross-sectional
proﬁle (e.g., Fig. 1c) was also disqualiﬁed from further consideration if the heights of the detected feature (Houtward and Hinward )
did not exceed certain thresholds. For the different sites that we
analyzed (Fig. 2), the median number of successful cross-sectional
proﬁles per abyssal hill ranged between 20 and 100 (Table 1).
Since abyssal-hill heights are spreading-rate dependent, for each
multibeam-swath location we determined threshold values that
pass ∼90% of the detected hills which we veriﬁed by visual inspection of the results for minimizing false detection (Table 1). Out of
the 1421 abyssal hills that we initially detected with the ridgelet
method, 88% (i.e., 1251 hills) passed the threshold criteria and had
suﬃcient bathymetry data to be characterized.
Finally, based on the cross-section data, for each abyssal hill,
we calculated the mean height and width. We also determined
whether the hill is facing inward or outward by examining
whether the slope towards or away from the spreading center was
larger, with inward facing hills being those with a steeper inward
slope. The abyssal hills were determined to be asymmetric when
their inward and outward slopes were found to be signiﬁcantly
different (i.e., the average slope angles were different beyond their
95% uncertainty bounds). The standard error uncertainties assigned
to each morphological parameter reﬂects both the degree of alongstrike variability and the width of the multibeam swath. We note
that although the shapes of the abyssal hills often varied along
their strike direction (e.g., Fig. 1d), the standard errors of the shape
metrics were an order of magnitude smaller than their average values.

S. Roth et al. / Earth and Planetary Science Letters 525 (2019) 115762

5

3. Abyssal hill morphologies and seaﬂoor spreading rates
3.1. Results
The multibeam data used in this study contained between 21
to 141 abyssal hills at each of the 16 locations (Fig. 2, Table 1).
Of all the abyssal hills we successfully analyzed, 55% were found
to be asymmetrical with this fraction varying between 33% and
73% across the different sites (Fig. 3 and Table 2). Although there
seems to be no simple relationship between spreading rate and
the fraction of asymmetric abyssal hills, we note that asymmetrical
hills are more prevalent at crust created at fast spreading rates
while crust created at slow to intermediate spreading rates shows
large variability in the fraction of asymmetric hills.
The dominant facing direction of asymmetrical abyssal hills,
deﬁned as the fraction of hills for which the steeper ﬂank is oriented toward the ridge, exhibits a clear trend with most (73-97%)
asymmetric hills facing inward at slow spreading rates (Fig. 3 and
Table 2, 20-50 km/Myr) and only half of the asymmetric hills
(54-62%) facing inward for crust that formed at ultra-fast spreading rates (>120 km/Myr). Interestingly, the variability of the facing
directions is higher for crust that formed at slower spreading rates
and relatively lower for crust created at intermediate and faster
spreading rates. The fraction of inward facing abyssal hills always
exceeds half the population, suggesting that this parameter could
potentially be used to estimate spreading rates.
The inter-hill mean heights and widths of the analyzed abyssal
hills are presented in Fig. 4 and Table 2. These results show a
general decrease in both of these parameters as spreading rate increases up to ∼100 km/Myr, above which they create a plateau of
low values. Generally, the average widths tend to be more scattered compared to the average heights and show an additional
increasing trend toward the ultra-fast spreading rates (Fig. 4d). If
these results are reliable, they should match the results from previous morphological analyzes of the ocean ﬂoor.
3.2. Comparison with previous studies
Previous studies of seaﬂoor fault populations showed that the
fraction of inward facing faults decreases steadily with increasing spreading rates (Alexander and Macdonald, 1996; Bohnenstiehl
and Carbotte, 2001; Carbotte and Macdonald, 1990, 1994; Escartin
et al., 1999; Jaroslow, 1996; Sloan and Patriat, 2004). Our results

Fig. 3. Fractions of inward facing abyssal hills (i.e., inward slope is steeper than outward slope) plotted as a function of full spreading rate. Colors of circles indicate
the percentages of asymmetric abyssal hills for which the facing direction was determined. The results from previous studies are shown with different symbols, all
of which analyzed fault-facing directions.

display a similar trend for abyssal hills (Fig. 3) where the percentages of inward facing hills decrease with increasing spreading rate.
In general, our results show lower variability compared with the
results given by previous analyzes of fault populations. Moreover,
whereas the fault-population studies have shown similar numbers
of inward and outward faults at the fastest spreading rates, the
fraction of inward-facing abyssal hills is the majority for any given
spreading rate (Fig. 3). The reason for these differences might be
related to the observation that the inward facing faults are typically of larger relief compared with the outward facing faults,
independent of the spreading rates under which they were formed
(Bohnenstiehl and Carbotte, 2001; Carbotte and Macdonald, 1994;

Table 2
Fractions of inward facing abyssal hills and the entire-track means of morphological shape parameters.
Site
#

Ridge
Segment

Full Rate
(km/Myr)

Inward
Facing
(%)

Asymmetric
Hills
(%)

Slope
(◦ )

Height
(m)

1
2
3
4
5
6a
6b
7a
7b
8a
8b
9
10
11
12
13
14
15
16

MAR 28◦ N
MAR 29.2◦ N
MAR 29.7◦ N
MAR 32.9◦ S
MAR 33.3◦ S
MAR 47◦ S y
MAR 47◦ S o
PAR 64.4◦ S y
PAR 64.4◦ S o
PAR 64.7◦ S y
PAR 64.7◦ S o
PAR 49◦ S
SEIR 108◦ E
SEIR 109◦ E
EPR 10.5◦ N
EPR 9.6◦ N
EPR 5◦ N
EPR 7.6◦ S
EPR 19.6◦ S

23
24
24
35
35
34
44
58
37
58
37
70-83
72
72
105
113
131
137
148

79
85
74
77
88
97
73
86
79
84
92
73
81
73
77
78
61
62
54

73
53
51
44
35
40
60
53
56
64
54
52
87
55
68
59
64
64
72

12.0 ± 1.3
9.4 ± 1.2
10.0 ± 1.1
9.1 ± 0.9
10.2 ± 1.0
10.4 ± 1.2
7.8 ± 0.8
8.5 ± 0.7
10.0 ± 1.0
8.7 ± 0.9
8.1 ± 1.0
4.9 ± 0.4
9.8 ± 1.3
7.4 ± 1.4
9.9 ± 1.3
6.3 ± 0.6
6.3 ± 0.6
6.1 ± 0.9
4.6 ± 0.7

386
330
286
180
224
215
185
187
252
213
193
109
203
197
175
115
131
122
117

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

Width
(km)
45
40
28
16
25
25
14
13
21
18
24
5
24
37
16
8
8
13
12

4.2
4.6
4.2
2.9
3.0
3.0
3.7
3.3
3.5
3.5
3.3
3.5
2.7
3.6
2.4
2.7
3.2
2.9
4.1

± 0.7
± 0.7
± 0.9
± 0.4
± 0.5
± 0.4
± 0.4
± 0.4
± 0.5
± 0.4
± 0.5
± 0.3
± 0.5
± 1.0
± 0.3
± 0.3
± 0.4
± 0.4
± 0.7

Area
(km2 )
1.05 ± 0.37
1.04 ± 0.36
0.84 ± 0.31
0.32 ± 0.08
0.46 ± 0.17
0.44 ± 0.10
0.46 ± 0.09
0.41 ± 0.08
0.64 ± 0.18
0.47 ± 0.11
0.41 ± 0.15
0.24 ± 0.03
0.34 ± 0.13
0.61 ± 0.33
0.25 ± 0.05
0.19 ± 0.03
0.28 ± 0.05
0.21 ± 0.05
0.32 ± 0.09
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Fig. 4. Abyssal hill shapes plotted as a function of full spreading rate. (a) Average heights shown together with the results of previous bathymetric studies and their
1σ uncertainty. For easy comparison between our results and those from previous studies that estimated root-mean squared (RMS) heights (Bird and Pockalny, 1994;
Goff et al., 1997; Macario et al., 1994; Neumann and Forsyth, 1995), we multiplied RMS height estimates by two to convert to an average peak-to-trough value. (b) Widths
of abyssal hills. Inset shows the characteristic widths of the abyssal hills (Goff et al., 1997; Macario et al., 1994; Neumann and Forsyth, 1995) and fault spacings (Carbotte
and Macdonald, 1994; Cowie et al., 1994; Escartin et al., 1999) taken from previous studies (shown with their 1σ uncertainties). Note that besauce the characteristic widths
include both the widths of the abyssal hills as well as those of their surrounding valleys, and therefore, they are presented in a separate plot.

Escartin et al., 1999). This, in turn, is likely to promote a tendency
for abyssal hills to face inward (Fig. 3).
Previous studies that conducted region-wide statistical characterization of abyssal-hill morphology (Bird and Pockalny, 1994;
Goff et al., 1997; Macario et al., 1994; Neumann and Forsyth,
1995) showed that the average deviation of abyssal hills from
the mean depth of the region (i.e., RMS heights) decreases from
slow to intermediate spreading rate, leveling off at ∼120 m height
for fast rates (Fig. 4a). The peak-to-trough heights of individual
abyssal hills computed along center beam proﬁles by Malinverno
and Pockalny (1990) also reveal a similar trend (Fig. 4a). Similarly, our mean abyssal-hill heights show a decreasing trend toward fast spreading rates. Our results also show signiﬁcantly
lower heights for abyssal hills created at slow spreading rates
compared with some previous studies (Bird and Pockalny, 1994;
Goff et al., 1997). Reduced faulting and elevated magmatic activities at the central part of the ridge segments relative to the
segment ends is commonly observed at slow spreading rates (e.g.,
Escartin et al., 2008). The relatively low abyssal-hill heights that
we observe (Fig. 4a) might therefore be related to our data selection criteria, according to which we have chosen to only use data
located at the segment centers.
The characteristic widths of abyssal hills (Goff et al., 1997;
Macario et al., 1994; Neumann and Forsyth, 1995), which include both the widths of the hills as well as those of their surrounding valleys, and the mean fault spacings reported by previous studies (Carbotte and Macdonald, 1994; Cowie et al., 1994;
Escartin et al., 1999), generally decrease from ∼10 to ∼2 km
as spreading rates increase toward intermediate spreading rates,
and a slight increase in the widths is observed toward ultra-fast
spreading rates (inset of Fig. 4b). Our mean widths, which were
calculated based only on the widths of the abyssal hills (Fig. 1 and
Fig. 4b), reveal a comparable trend where decreasing widths are
observed as the spreading rate increases followed by an increase
in the widths above spreading rates of 100 km/Myr. Overall, the
directions in which the abyssal hills are facing (Fig. 3) and the

mean heights and widths (Fig. 4) that we have measured show
trends similar to those found in previous studies. This consistency
suggests that our automatic approach to analyzing the bathymetry
provides a reliable description of seaﬂoor morphology.
4. Temporal tectono-magmatic variations recorded at the
10◦ 30 N segment, northern East Paciﬁc Rise
We analyzed the seaﬂoor morphology across the southern
part of the 10◦ 30 N segment, northern EPR, where a ﬂow lineoriented basaltic dredging and coring campaign (Batiza et al., 1996;
Regelous et al., 1999) constrains the petrological and geochemical evolution of the upper crust. Under the limitation of data
availability, we constructed a multibeam transect that coincides
with the location of the dredging campaign (Fig. 5). The studied transect straddles the EPR ∼25 km north of the Clipperton Transform fault and fracture zones and is oriented parallel to the spreading direction in an effort to ensure that the
formation of the detected abyssal hills was not inﬂuenced by
the tectonics of the Clipperton Transform. The bathymetry transect covers 0.8 Myr of crust on both the Paciﬁc and Cocos
Plates, and extends back to 3.8 Myr on the Paciﬁc Plate (Fig. 5).
Seaﬂoor spreading rates were relatively constant (∼105 km/Myr)
throughout this period, but a gradual counterclockwise change in
spreading direction took place (Carbotte and Macdonald, 1992;
Pockalny et al., 1997). Our morphological analysis, together with
the geochemical dataset, allowed us to evaluate the connections
between faulting activity and the rate by which axial magma was
supplied to the 10◦ 30 N segment.
4.1. Morphological analysis
Similar to our global analysis, we located and analyzed the
shapes of the abyssal hills along the multibeam transect described
above (Figs. 5–7, total of 67 hills). The average height of each
abyssal hill (i.e., the average determined from all cross-sectional
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Fig. 5. Locations of the ﬂow line transect across the 10◦ 30 N segment, northern EPR. (a) Bathymetric map (Global Multi-Resolution Topography database, Ryan et al. (2009))
of the ﬂanks of the 10◦ 30 N segment. Red circles mark the basalt sampling sites of Batiza et al. (1996), with ﬁlled and empty circles marking the locations on the Cocos and
the Paciﬁc Plates, respectively. Purple and thick black lines mark the locations of the ﬂow lines on which we analyzed abyssal-hill shape, the results of which are shown in
Figs. 6 and 7, respectively. Isochron locations are shown with thin back lines (Croon, 2011; Seton et al., 2014). (b) Enlargement of the ﬂow line area. Thin black lines mark
the strike of the detected abyssal hills. Note that the seamounts and the area found closest to the Clipperton transform were removed from the bathymetry grid before the
abyssal-hill analysis was conducted.

Fig. 6. Average heights of abyssal hills (squares) detected along a ﬂow line (purple
line in Fig. 5), presented together with the average MgO content (circles) measured
in sampled basalts (Batiza et al., 1996; Regelous et al., 1999). Filled and empty
symbols show the results from the Cocos and Paciﬁc Plates, respectively. Longwavelength (>20 km) best-ﬁt curves are shown for the Paciﬁc (dashed lines) and
Cocos (straight lines) Plates. Note that the vertical axis delineating MgO content
is inverted and that the Paciﬁc crustal ages shown above were calculated based
on marine magnetic anomaly identiﬁcations (Croon, 2011). The error bars for the
abyssal-hill heights represent 95% conﬁdence intervals.

proﬁles that transect each hill) is used to examine the temporal variability in abyssal-hill morphology as it generally displays
low scatter compared with the other shape parameters (i.e., width
and slopes). Note that abyssal hills along the EPR are initially
formed and shaped in a ∼30 km region surrounding the ridge
axis (Buck, 2001; Buck et al., 2005; Crowder and Macdonald, 2000;
Macdonald et al., 1996), outside of which faulting activity fades.
Despite the wide range of values spanned by the heights of the
abyssal hills found on crust younger than 1 Myr (Fig. 6), the results
from both the Paciﬁc and Cocos Plates are generally consistent. Although highly variable over short (<5 km) distances, especially in

Fig. 7. Average heights for the abyssal hills detected along the Paciﬁc ﬂow line (thick
black line in Fig. 5). Local maxima are highlighted with light red bars. Ages are
based on the magnetic identiﬁcations of Croon (2011).

the ∼25 km closest to the ridge, a systematic pattern is found on
both ﬂanks, whereby an increase (1 to 0.4 Ma) is followed by a
general decrease (0.4 to present day) of the heights (Fig. 6).
The available multibeam data across this EPR segment allow us
to examine the morphology of the crust on the Paciﬁc Plate at
ages up to 3.8 Ma (Fig. 7). The heights of the abyssal hills found
along this ﬂow line show a systematic long wavelength decrease,
starting from 200 m at the youngest-most crust and reaching 100
m at the 3.8 Myr old crust. Observed at the equatorial EPR, the
average rate of pelagic sedimentation during the last half million
years was 22 m/Myr (Lonsdale, 1977). Assuming that comparable
sedimentation rates prevailed throughout the studied period, the
sedimentary coverage is expected to reach ∼80 m at the 3.8 Myr
old crust (i.e., the crustal age at the edge of the studied ﬂow line).
We therefore conclude that this long-term (>4 Myr) decrease in
the height of the abyssal hills (Fig. 7) most likely reﬂects thick-
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ening sedimentary coverage leading to morphological smoothing.
Finally, we note that the density of the abyssal hills is 1 to 3 hills
for every 100 kyr (equivalent of ∼5 km), and therefore, we can
only identify patterns that, if they existed, lasted for at-least hundreds of thousands of years.
4.2. Temporal variations in abyssal hill morphology and melt supply
The MgO content of basaltic glasses sampled in this region
(Batiza et al., 1996; Regelous et al., 1999) is an indicator of lava
temperature such that lower MgO content reﬂects cooler magmas that experienced greater crystal fractionation (Langmuir et
al., 1992). Likewise, higher MgO content indicates hotter magmas that have undergone less crystal fractionation. In the southern
10◦ 30 N EPR segment, the lavas are relatively evolved (i.e., low
MgO content) and were erupted along an axis characterized by a
magma-starved morphology. Evidence for the axial magma reservoir commonly observed along the EPR ridge has not been found
in seismic images across this ridge segment (Detrick et al., 1987).
Basalts collected from the segment found immediately south of the
Clipperton Transform are not as evolved (Batiza and Niu, 1992), although the crust from both segments went through similar cooling
histories. These observations suggest that the magma ﬂux, rather
than the cooling rate, is the primary factor controlling the degree
of fractionation on the southern 10◦ 30 N segment (Regelous et al.,
1999). Accordingly, a high/low magma ﬂux is evident by high/low
MgO content, respectively (Fig. 6). The sampled ﬂows were formed
close (<4 km) to the ridge axis (Goldstein et al., 1994), and they
provide constraints on the temporal changes of magma ﬂux since
800 ka. As noted before, the MgO content from both the Paciﬁc
and Cocos Plates show similar temporal variations in which a long
decrease in MgO content (7% to 3%) between 800 ka to 400 ka was
followed by a rapid increase (3% to 7%) between 400 ka and 200
ka with a slight decrease afterwards toward the ridge axis.
Our analysis of the less than 1 Myr-old abyssal hills reveals
a pattern that is generally similar to the variations in MgO content, albeit with signiﬁcantly larger variability (Fig. 6). Times of
increase/decrease in the average heights coincide with periods
of decrease/increase in MgO content, respectively. These similarities are less clear in the youngest (<400 ka) part of the ﬂow
line, where prominent active faulting is still taking place (Crowder
and Macdonald, 2000; Macdonald et al., 1996). Interestingly, although the abyssal hills complete their initial formation further
away from the ridge axis compared to the emplacement zone of
the basalts (i.e., 30-45 km vs. 4 km from the ridge axis), the
overall association between the two datasets, and particularly for
the crust located beyond ∼25 km distance from the ridge axis
(Fig. 6), suggests that the ﬁnal shape of the abyssal hills is related to the magma ﬂux at the ridge axis. No consistent temporal offset is observed between the two data sets, whereby larger
hills seem to occur at times of low magma ﬂux, suggesting that
faulting activity in magma-starved spreading segments, like the
10◦ 30 N segment, is closely linked to changes in magmatic supply
at the axis. To conclude, these observations indicate that abyssal
hills are largely formed in the near axis region and the wide active faulting zone, which has been inferred from studies south
of Clipperton Transform fault (Crowder and Macdonald, 2000;
Macdonald et al., 1996), has little impact on the overall scale of
the hills.
Correlation between abyssal-hill morphology and variation in
the magma ﬂux agrees with numerical models suggesting that
abyssal hills found at starved magmatic spreading segments become larger and steeper as the degree of magmatism decreases
(Behn and Ito, 2008; Ito and Behn, 2008). The connection between
magmatism, faulting and seaﬂoor morphology is well known and
has been shown to be a prime factor in shaping the structure of

the oceanic crust (Macdonald, 1982). Although highly controversial (Goff et al., 2018; Olive et al., 2015), recent studies suggested
that abyssal-hill morphologies exhibit periodicities (∼100 kyr and
shorter) that are presumably related to glacial cycles (Crowley et
al., 2015; Tolstoy, 2015). The apparent correlation between our
morphological results and the MgO content of the basalts extends
the time frame in which the linkage between faulting and magmatic activity occurs at fast spreading ridges. This correlation also
implies that seaﬂoor morphology can locally be used as an eﬃcient
indicator for the temporal evolution of melt supply.
Finally, our analysis reveals a short-term cyclicity in which the
heights of the abyssal hills reach local maxima at 2.6, 1.4 and 0.4
Myr old crust (Fig. 7), suggesting that a possible ∼1 Myr periodicity in the evolution of abyssal hills has been operating. Assuming
that the linkage between the shape of abyssal hills and magmatism
extends beyond 800 ka, we interpret this cyclic pattern to occur
due to ∼1 Myr periodic changes in magma supply. Periodicity (2
to 4 Myr) in crustal accretion processes has been observed in the
slow Mid Atlantic Ridge (Bonatti et al., 2003; Cann et al., 2015;
Wang et al., 2015) and was attributed to either the dynamics of
upper mantle convection or to chemical heterogeneities in the
mantle that lead to differential melting. The record of temporal
variability in magma supply over the past 4 Myr inferred from
our study of the 10◦ 30 N segment could similarly reﬂect temporal changes in upper mantle dynamics or the presence of chemical
heterogeneities in the mantle.
5. Conclusions
We present a new automated approach for detecting and
characterizing the morphology, with its uncertainty, of individual
abyssal hills from seaﬂoor bathymetry data. We calculate the average height, width and facing direction for abyssal hills on young
oceanic crust formed at different seaﬂoor spreading rates. The fraction of abyssal hills facing the ridge axis and the average heights
and widths that we calculate are consistent with results from previous studies, all of which show negative correlation to spreading
rate.
We analyzed the seaﬂoor morphology across the fast-spreading
10◦ 30 N segment of the northern EPR and ﬁnd that the characteristics of the abyssal hills in crust younger than 800 ka is generally
correlated with MgO content of dredged and cored basalts (Batiza
et al., 1996; Regelous et al., 1999). This correlation indicates that
the morphology of the abyssal hills is sensitive to the magma ﬂux
beneath the ridge axis, and therefore, it can be used as an indicator
for the evolution of magmatic activity. The results from the analysis of abyssal-hill morphology along a ﬂow line covering the last
3.8 Myr of Paciﬁc crust shows a cyclicity of ∼1 Myr in the shape
of the abyssal hills. Overall, these variations suggest a periodicity
in crustal accretion processes that may be the result of changes in
the upper mantle dynamics or of the presence of chemical heterogeneities.
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