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Abstract

Bathymetry and gravity data of the northern Atlantic suggest that oceanic crustal structure on the flanks of the
Mid-Atlantic Ridge is strongly modified by tectonic extension at spreading ridge segments. The seafloor along the zero-age
isochron is systematically more elevated and the crust thicker near the segment midpoint than at the ends, suggesting focused
magmatic accretion at segment centers. In contrast, seafloor older than 2–3 Ma is usually the shallowest at inside corners of
ridge-offset intersections, where positive residual gravity anomalies indicate tectonically thinned crust. Coherence between
residual gravity and bathymetry for zero-age crust is found at wavelength greater than ;20 km, which reflects the
characteristic length of ridge segments, and is consistent with an effective elastic plate thickness of 1–3 km. No significant
coherence, however, is observed on isochron profiles at ages of 2.5 Ma and older at all wavelengths. Flow-line profiles
display coherence at wavelength greater than ;5 km, yielding an estimated effective elastic plate thickness of only 0.3–0.5
km. Synthetic fault models suggest that the flow-line coherence may be controlled by the relatively close spacing of
fault-generated abyssal hills rather than reflecting the true elastic thickness of unfaulted lithosphere. Together these results
indicate that the crustal structure of the zero-age crust is modified strongly by tectonic extension along the rift valley walls
of the slow-spreading Mid-Atlantic Ridge. q 1998 Elsevier Science B.V.
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1. Introduction

Morphology, gravity, and seismic data from the
Ž .slow-spreading Mid-Atlantic Ridge MAR reveal

that the segmentation of the spreading center strongly
controls the oceanic crustal structure. The MAR axis

) Corresponding author. Tel.: q44-131-650-8511; fax: q44-
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is divided into segments ;20–100 km in length
w x1,2 . Within the axial rift valley, the seafloor is
systematically shallower and the crust thicker at
segment midpoints than at segment ends near both

w xtransform and non-transform discontinuities 3–7 .
These observations are consistent with models of
focused magmatic accretion at the center of seg-

w xments 4,8,9 .
Systematic segment-scale variations in seafloor

morphology and crustal thickness are also observed
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Ž .Fig. 1. a Sketch of systematic variations in residual gravity structure observed at a segment in the North Atlantic. Typically, residual
gravity highs extend along IC crust in the vicinity of segment boundaries and are associated with elevated terrain. In contrast, residual
gravity lows tend to be found as ribbons that extend off axis along segment centers.
Ž .b Typical along-axis depth cross-section of the crust. Focused magmatic accretion at ridge segments may result in elevated topography and
thicker crust at segment centers than near their distal ends.
Ž .c As the crust is rafted off axis, tectonic extension at the rift valley walls may result in tectonic uplift and crustal thinning, particularly at
IC crust. Thus tectonic activity along the rift valley may modify the original crustal structure emplaced at the ridge axis, resulting in off-axis
ribbons of gravity highs and lows.
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off axis, but differ from those on axis. Near disconti-
nuities there is a clear asymmetry in seafloor eleva-

Ž .tion: inside corners ICs are more elevated and have
more positive residual gravity anomalies than outside

Ž . w xcorners OCs 10–12 . Data on the MAR flanks
reveal off-axis traces of elevated thin IC crust,

Ž .whereas segment centers SCs display relatively
w xthick crust 13–16 . These changes in seafloor mor-

phology and gravity patterns indicate that the off-axis
structure of the crust is the product of magmatic
accretion at the ridge axis and later tectonic faulting
at the rift valley walls. The extent of crustal modifi-
cation and the processes responsible for it are still
poorly understood.

Constraints on tectonic processes that modify the
crustal structure can be obtained from the examina-

Fig. 2. Location of the study area on the northern Atlantic marked on a free-air gravity anomaly map derived from Geosat and ERS1
w xsatellite altimetry 27 . High-resolution shiptrack data encompasses the ridge axis from south of the Kane FZ to north of the Atlantis FZ, and

extends off axis on the western flank between ;25830X and ;27810X N.
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Ž . Ž . Ž . Ž . Ž .Fig. 3. Rotated grid maps of: a bathymetry; b residual MBA RMBA ; and c , d maps of relative crustal thickness calculated from the RMBA data for two different crustal
Ž . y3 Ž .density models. c Model A corresponds to a single crust layer with constant density of 2700 kg m , and d model B corresponds to an upper crust of 2 km thick and density

of 2600 kg my3 and a lower crust of variable thickness and a density of 2800 kg my3. The ridge axis is indicated by the double lines. Segment boundaries identified from
w xmagnetic data 16 are marked by black or white thick lines. See text for details on the rotation of grids, and on calculations of the RMBA and crustal thickness maps.
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tion of the relationship between gravity and
w xbathymetry in the spectral domain 17,18 . Spectral

Ž .transfer functions admittance and coherence be-
tween gravity and bathymetry can also be used to

Ž .estimate the effective elastic thickness EET of the
w xoceanic lithosphere 19–21 . In this paper we test a

simple conceptual model for on-axis crustal con-
struction and off-axis modification using isochron
and flow-line data of residual gravity and bathymetry
of the northern MAR. The primary high-resolution
data were collected on the western flank of the MAR

Ž . w xin 0–25 Ma old crust 25.5–27.58N 16 and along
the MAR axis at 24–308N. Statistical and coherence
analyses of these data suggest that the oceanic crust
is modified by tectonic extension at the spreading
center.

2. Conceptual model

The systematic gravity patterns observed at slow
spreading ridge segments are summarized in Fig. 1a.

ŽOff-axis zones of relatively thin crust positive resid-
.ual gravity are mainly found on crust formed at

inside corners of ridge-offset intersections, while
Ž .zones of relatively thick crust negative gravity are

found along segment centers. This pattern of gravity
highs and lows is relatively continuous off-axis and
shows a wavy pattern with varying amplitude, which
has been previously attributed to temporal variations

w x Žin magmatic crustal emplacement 11,13,14 Fig.
.1a . The shallowest seafloor in crust )1–2 Ma is

often not located at the center of the segment as
Ž .along the axis Fig. 1b , but instead at the ICs, and

the gravity highs are often displaced from the trace
Žof the discontinuity and centered at ICs isochron

.profile in Fig. 1c . The model proposed in Fig. 1
indicates that off-axis RMBA highs mark the locus

w xof tectonic thinning at inside corners 12 rather than
the paleoposition of ridge offsets as proposed by

w xRommeveaux et al. 14 . This interpretation is con-
sistent with substantial tectonic uplift through low-

w xangle faults at ICs 22,23 , the increase in spacing
and throw of faults from segment midpoints towards

w xsegments ends 24,25 , and the clustering of mi-
w xcroearthquakes at ICs 26 . In this study we will test

this simple model using on- and off-axis residual
gravity and bathymetry data.

3. Data reduction

The data used encompass the MAR axis between
Ž .the Kane and Atlantis fracture zones FZs and ex-

tend to 25 Ma crust off axis on the west flank of the
Ž .MAR between 25.58 and 27.58N Fig. 2 . The data

w xcomprise along-axis surveys 4,28 and the off-axis
survey in the ONR Acoustic Reverberations Special

Ž . w xResearch Program ARSRP area 16 . Also included
w xare data from the TAG area 29 , and from the MAR

w xaxis north and south of the Kane FZ 30,31 . Details
on track coverage, navigation, and data processing
are given in the above references.

Data from the ARSRP area have been rotated, for
purposes of presentation and data analysis, into an

Ž .across- and along-axis coordinate system Fig. 3 .
The spreading direction at 268N predicted by the

w xplate model NUVEL-1 32 is N1008. The magnetic
lineations and abyssal hill orientations Mark a
counter-clockwise change of ;98 in plate motion at

w x22–24 Ma 16 that is recorded by the trace of the
w xKane FZ 33 . We remapped the data by clockwise

rotation of the crust younger than 20 Ma by 108 and
the crust older than 20 Ma by 198, and resampled it

Ž .in the new rotated coordinate system Fig. 3 . In this
rotated coordinate system, the ridge axis, abyssal
hills and magnetic lineations are sub-parallel to the

Fig. 4. Location of isochron and flow-line profiles along the north
Ž . Ž . Ž .N , central C and south S sections of ridge segments. Traces

Ž .of non-transform offsets NTOs are also identified. These pro-
files were used to calculate the coherence between residual gravity
and bathymetry and to perform statistical analyses. Non-transform

Ž .segment offsets NTOs are marked by bold lines, and are
w xidentified from magnetic anomalies 17 . The small numbers

indicate crustal isochron ages in Ma, and the gray numbers mark
different active and extinct segments.
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y-axis, and the direction of spreading is parallel to
Ž .the x-axis Fig. 3a . In the rotated maps at xf150

km a small strip of data overlap and gap exists south
Žand north of the point of rotation, respectively Fig.

.3a . This strip was not included in any of the profiles
Ž .used in the analysis Fig. 4 . The magnetic data on

the MAR at 28–298N, immediately north of the
study area, show plate motion changes of less than

w x"108 during the last 10 Ma 34 . As these changes
in spreading direction were relatively small, short-
lived and local, they were not incorporated in the
remapping scheme.

Ž .The reduction of free-air gravity anomaly FAA
Ž .to obtain mantle-Bouguer MBA and residual man-

Ž .tle-Bouguer anomalies RMBA followed the proce-
w xdures of Kuo and Forsyth 3 . The gravity effects

from the water–crust and crust–mantle interfaces
were calculated using the upward continuation

w xmethod of Parker 35 , and correction for the thermal
cooling of the mantle was calculated using a 3-D

w x Žpassive mantle upwelling model 36 model parame-
.ters are given in Table 1 . The MBA and RMBA

corrections were subtracted from the FAA at each
point along ship tracklines. The anomalies were then
gridded to obtain the RMBA map in Fig. 3b. The
RMBA arises from differences between the modeled
and actual densities of the crust and mantle, and
from variations in crustal thickness. Mantle density
variations associated with thermal anomalies are rel-
atively small and therefore most of the RMBA re-
flects thickness or density variations of the crust
w x37,38 .

Relative crustal thickness is calculated by down-
w xward continuation of the RMBA 39 . Convergence

Table 1
Model parameters used in gravity calculations

Parameter Value
2 y2 y11Ž .Gravitational constant N m kg 6.6673=10

2 y1Ž .Gravitational acceleration m s 9.80
y3Ž .Water density kg m 1030

y3Ž .Crustal density kg m 2700
y3Ž .Mantle density kg m 3300

Ž .Crustal thickness km 6
y1Ž .Half spreading rate km Ma 13

Ž .Thermal boundary layer thickness km 100
Ž .Asthenospheric temperature 8C 1350

y1 y5Ž .Coefficient of thermal expansion 8C 3.2=10

Ž .Fig. 5. a Theoretical cosine curves used to model the along- axis
bathymetry and gravity within a segment. Once linear trends
Ž .dashed are removed, the depth and RMBA curves can be
parametrized by cosine functions with the form y s

Ž ." Drcos 2p xrL q aq mx, where a and m correspond to the
origin and slope of the linear trend, respectively, and D character-
izes the amplitude of segment-scale variations.
Ž .b Example of data and cosine function approximation to the
zero-age profile from segment 1.
Ž .c Example of data and cosine function approximation to an

Ž .isochron profile 17.5 Ma, segment 1 .

of the solution during inversion is ensured using a
low-pass filter with cosine tapering beginning at 35
km wavelength and ending at 25 km. Since crustal
thickness calculations are non-unique, two alterna-
tive models of density structure are presented. Model
A has a single crustal layer with a density r s2700c

kg my3. Model B has two layers, with an upper crust
of 2 km constant thickness and density r s2600 kgc
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my3, and a lower crust of variable thickness and
r s2800 kg my3. The relative crustal thicknessc

Žmaps are shown in Fig. 3c and d models A and B,
.respectively . Model B is intended to reflect more

accurately the recent seismic observations suggesting
Ž .systematic thinning of the lower crust layer 3 with

Ž .the upper crust layer 2 maintaining a relatively
w xconstant thickness 40,41 . Previous gravity analyses

Ž .using a crust of constant density model A underes-
timate crustal thickness variations with respect to

w xseismic methods 40,41 . However, model B pro-
duces larger relative crustal thickness variations than

Ž .model A "3.5 and "2.0 km since the density
contrast at the crust–mantle interface is smaller in

Ž y3 .model B D rs500 and 600 kg m .

4. Variations in segment-scale bathymetry and
gravity structure

The effect of tectonic extension at the spreading
center can be investigated by comparing off-axis
residual gravity and bathymetry data with those along
the zero-age crust. The isochron profiles chosen for
analysis are spaced at 2.5 Ma intervals, from 0 to 25
Ma old crust, as determined from magnetic anoma-

w x Ž .lies 16 Fig. 4 . Because our main objective is to
quantify the segment-scale variability, we remove a
linear trend in the bathymetry and RMBA profiles
that might be associated with processes at wave-

Žlengths longer than the segment length i.e., regional
w x.effect of the Azores hot spot 6 . The detrended

curves are then parametrized by segment length L,
amplitude of along-axis bathymetric variation DB

within a segment, and amplitude of the RMBA
Ž .D using a cosine curve Fig. 5 . The correlationRMBA

coefficients of the linear fit between the model and
the data in a least-squares sense are calculated for

Žthe bathymetry and gravity r and r , respec-B RMBA
.tively , and for the fit between gravity and bathymetry

Ž .r . The calculated parameters L, D andB – RMBA B

D , the correlation coefficients r , r , andRMBA B RMBA

r , and the confidence level of the fits using aB – RMBA
w xStudent’s t-test 42 are given in Table 2.

The results in Table 2 and Fig. 6 indicate that the
zero-age crustal structure formed at the ridge axis is
modified by tectonic extension at the spreading cen-

Žter. A positive and well-resolved correlation confi-
.dence level G0.90 indicates that the model ex-

plains satisfactorily the data; well-resolved negative
correlations indicate that the data are anticorrelated
with the model and therefore cannot be explained by
them. Out of 22 zero-age profiles, 15 and 16 of the
bathymetry and gravity profiles are explained by the
cosine model, and 14 show positive and well-re-
solved correlation between bathymetry and gravity.
In contrast, 19 out of the 31 off-axis bathymetry and
gravity profiles are explained by the cosine model,
and only 13 show positive and well-resolved correla-

Ž .tion between bathymetry and gravity Table 2 . There
is also a marked difference in the segment length L
vs. D and D relationships between the zero-ageB RMBA

Ž .and off-axis profiles Fig. 6 for those profiles that
are properly explained by the cosine model; the
zero-age data show a well-resolved positive correla-
tion of D and D with L, consistent withB RMBA

w xearlier studies 4,6 that is not found on the off-axis
profiles. For a given segment length, off-axis DB

values appear to be systematically higher than the
Ž .on-axis ones Fig. 6a while off-axis D valuesRMBA

Ž .tend to be lower Fig. 6b .

Ž . Ž .Fig. 6. a Measured segment-scale variations in bathymetry DB

vs. segment length L.
Ž . Ž .b Measured segment-scale variations in gravity D vs.RM BA

segment length L.
Ž .The zero-age data solid circles display a linear increase in

amplitude with segment length. In contrast, the off-axis isochron
Ž .data gray diamonds do not display any clear trends. The lines

are the best fit to the data, and the numbers correspond to the
correlation coefficient r 2. The dashed lines correspond to the

w xtrends reported for the MAR segments at 288–308N 4 and
w x338–408N 6 . Only data that fit the model with a confidence level

)0.9 are plotted.
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Table 2
Results of statistical analysis

Segment L D r Conf. level D r Conf. level r Conf. levelB B RMBA RMBA B – RMBA
Ž . Ž . Ž .km m mGal

Present-day axis:

SK-A 106 1335 0.77 )0.99 23.22 0.17 -0.01 0.37 )0.99
KA-A 90 891 y0.18 -0.01 28.26 0.57 )0.99 0.36 0.97
KA-B 15 283 0.96 )0.99 1.67 y0.59 0.77 y0.63 0.86
KA-C 12 200 0.86 )0.99 2.62 0.94 )0.99 0.82 )0.99
KA-4 10 245 0.97 )0.99 1.45 y0.95 )0.99 y0.97 )0.99
KA-D 54 692 0.99 )0.99 20.28 0.99 )0.99 0.98 )0.99
KA-E 37 551 0.59 )0.99 4.04 0.60 )0.99 0.08 -0.01
KA-F 39 485 0.65 )0.99 11.99 0.79 )0.99 0.72 )0.99
KA-G 34 795 y0.74 )0.99 3.69 0.56 0.99 0.01 -0.01
KA-H 11 272 y0.71 0.86 3.89 0.85 0.98 y0.81 0.97
KA-I 39 788 0.85 )0.99 6.21 0.90 )0.99 0.93 )0.99
KA-J 37 530 0.91 )0.99 14.69 0.79 )0.99 0.89 )0.99
KA-K 30 480 0.83 )0.99 6.81 0.92 )0.99 0.77 )0.99
KA-L 7 269 0.88 0.98 2.69 0.76 0.97 0.72 0.96
KA-M 37 394 y0.46 0.56 8.40 y0.68 )0.99 y0.10 -0.01
KA-N 45 687 y0.87 )0.99 11.87 y0.08 -0.01 0.47 0.76
KA-O 41 375 0.96 )0.99 9.15 0.79 )0.99 0.69 )0.99
KA-P 12 105 y0.18 -0.01 1.86 y0.73 0.65 0.38 -0.01
KA-Q 19 242 y0.95 )0.99 4.36 0.91 )0.99 y0.86 )0.99
KA-R 65 548 0.95 )0.99 24.51 0.94 )0.99 0.92 )0.99
KA-S 82 1363 0.91 )0.99 35.17 0.97 )0.99 0.91 )0.99
NA-A 73 1018 0.81 )0.99 9.30 0.74 )0.99 0.40 0.99

Off-axis isochron:

OA-1–2.5 53 1557 0.88 )0.99 15.98 0.90 )0.99 0.77 )0.99
OA-1–5.0 48 2164 0.57 )0.99 12.45 0.85 )0.99 0.43 0.93
OA-1–7.5 55 1431 0.84 )0.99 14.02 0.57 )0.99 0.05 -0.01
OA-1–10.0 78 1877 0.77 )0.99 10.23 0.80 )0.99 0.35 0.92
OA-1–12.5 84 1510 0.56 )0.99 11.66 0.84 )0.99 0.51 )0.99
OA-1–15.0 85 1219 y0.30 0.63 4.32 0.87 )0.99 y0.47 0.87
OA-1–17.5 103 1224 0.47 )0.99 21.21 0.97 )0.99 0.34 0.97
OA-1–20.0 113 1148 0.23 0.05 24.50 0.92 )0.99 0.06 0.01
OA-1–2.5 60 1277 0.88 )0.99 23.24 0.82 )0.99 0.60 )0.99
OA-2–2.5 72 979 0.86 )0.99 14.52 y0.55 )0.99 y0.46 )0.99
OA-2–5.0 60 1304 0.73 )0.99 10.44 0.77 )0.99 0.69 )0.99
OA-2–7.5 49 997 0.26 0.23 4.87 y0.43 0.92 y0.87 )0.99
OA-2–10.0 51 1326 0.98 )0.99 12.47 0.6 0.99 0.50 0.98
OA-2–12.5 65 938 y0.27 0.14 15.82 0.04 0.56 y0.60 )0.99
OA-2–15.0 68 1430 0.69 )0.99 11.75 0.28 0.15 y0.21 0.19
OA-2–17.5 61 1209 0.90 )0.99 10.02 0.59 )0.99 0.29 0.13
OA-2–20.0 57 853 0.20 -0.01 8.38 y0.63 )0.99 y0.51 )0.99
OA-2–22.5 48 317 y0.02 -0.01 7.46 y0.68 )0.99 y0.41 0.89
OA-2–2.5 66 1472 y0.67 )0.99 10.73 0.26 0.18 y0.18 0.24
OA-3–2.5 37 289 y0.26 0.18 6.35 0.68 )0.99 0.16 0.08
OA-3–5.0 56 1064 0.9 )0.99 11.22 0.82 )0.99 0.70 )0.99
OA-3–7.5 53 1251 0.69 )0.99 9.29 0.63 )0.99 0.50 0.98
OA-3–10.0 54 713 y0.49 0.89 11.56 y0.06 -0.01 y0.04 -0.01
OA-3–12.5 39 541 y0.79 )0.99 9.58 y0.89 )0.99 0.50 0.95
OA-4–20.0 41 862 0.77 )0.99 7.31 y0.91 )0.99 y0.73 )0.99
OA-4–22.5 49 1347 0.53 0.98 7.51 0.80 )0.99 0.08 0.60
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Ž .Table 2 continued

Segment L D r Conf. level D r Conf. level r Conf. levelB B RMBA RMBA B – RMBA
Ž . Ž . Ž .km m mGal

Off-axis isochron:

OA-4–25.0 62 768 0.58 )0.99 10.39 0.60 )0.99 0.75 )0.99
OA-5–22.5 50 490 y0.64 )0.99 11.33 y0.01 -0.01 y0.41 0.90
OA-5–25.0 50 1370 0.71 )0.99 8.24 y0.59 )0.99 y0.94 )0.99
OA-6–22.5 60 186 y0.72 )0.99 4.95 0.95 )0.99 y0.62 )0.99
OA-6–25.0 75 865 0.79 )0.99 9.15 0.87 )0.99 0.86 )0.99

Segments: NAsnorth of Atlantis; KAsKane-Atlantis; SKssouth of Kane; OAsoff axis. Letters on along-axis profile names in order
from S to N. Numbers on off-axis profiles are segment number–age in Ma as given in Fig. 4. KA-F, KA-I, and KA-J correspond to
segments 1, 2, and 3 in Fig. 4, respectively. Lssegment length; D samplitude of bathymetry; r scorrelation coefficient of model andB B

bathymetry; D samplitude of residual gravity; r scorrelation coefficient of model and residual gravity; r scorrelationRM BA RMBA B – RMBA
w xcoefficient of bathymetry and residual gravity. Conf. level: Student’s t-test confidence level of r 42 ; confident levels in italic.

5. Contrasts in coherence

The correlation between residual gravity and
bathymetry can be estimated in the spectral domain

Ž 2 .by the squared coherence g :
2 ² ):2 ² ):² ):g s GPH r GPG HPH

where G and H are the Fourier coefficients for the
residual gravity and bathymetry, respectively; the
triangular brackets indicate averaging over individual
spectral bands; and the asterisk denotes the complex
conjugate. In the presence of an elastic plate, resid-
ual gravity and bathymetry are expected to be corre-
lated at long wavelengths and therefore have a co-
herence approaching 1. At short wavelengths, how-
ever, the topography can be dynamically maintained
and therefore low coherence values approaching 0
are expected. In an idealized model, the wavelength
of the transition from low to high coherence depends

Ž .primarily on the effective elastic thickness EET of
the lithosphere, and is relatively insensitive to the

Ž . w xratio of top to bottom loading f of the plate 43 .
w xOther spectral parameters, such as admittance 19 ,

are strongly dependent on f in addition to the EET,
and may yield anomalously low flexural rigidities

w xdepending on the assumed value of f 43 . Coher-
ence is thus preferred over admittance in our analy-
sis. The coherence functions, the error of the coher-
ence estimate, and confidence level were calculated
using a section-averaged, multiple-window technique
with jackknifed error estimates as described by Chave

w x w xet al. 44 and Thomson and Chave 45 . As opposed
to band-averaging methods, the multiple window

Fig. 7. Bathymetry and MBA profiles along the ridge axis, and
residual bathymetry and RMBA along isochron profiles. In the
zero-age profile, non-transform offsets are marked by thin Õertical
lines and transform faults by the labeled lines. Numbers on the

Ž .isochron profiles mark the segment number Fig. 4 .
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coherence method is not dominated by spectral leak-
age, and thus yields statistically robust coherence

w xestimates 44 .
We performed spectral analyses on residual grav-

ity and bathymetry profiles along the zero-age crust,
off-axis isochrons, and flow-lines of each of the

Ž .segments in study area Fig. 4 . Due to the complex
segmentation patterns and the relatively small size of

Ž .our study area ;500=200 km , 2-D coherence
analysis is impractical as it would provide flexural
rigidity estimates over a wide range of crustal ages
and different ridge segments. Long profiles of axial
and off-axis data were constructed by joining data of
a given age from the different segments and interpo-

w x Ž .lating over 5 km 18 Fig. 7 ; the axial profile
extends over ;900 km from south of the Kane FZ
Ž X . Ž X .;22840 N to north of the Atlantis FZ 30830 N .
The north, south, and central flow-lines are located
at 25%, 50%, and 75%, respectively, of the distance
between the two non-transform offsets bounding each

Ž .segment Fig. 4 . The south and north flow-lines on
Ž .segment 1 Fig. 4 sample IC and OC crust, respec-

tively. The north flow-line on segment 2 and the

Fig. 8. Flow-line profiles of residual bathymetry and RMBA
Ž . Ž . Ž .through the north N , center C , and south S sections of

Ž .segments see Fig. 4 for location of profiles .

Fig. 9. Computed coherence functions between residual gravity
and bathymetry along the zero-age crust and selected crustal
isochrons of 2.5, 10, and 20 Ma from Fig. 4. Note that off-axis
data show no coherence at any wavelengths, indicating that the
crustal structure created at the ridge axis is significantly disrupted
by tectonic processes within a very short distance from the ridge

w xaxis. Theoretical coherence functions 43 for an elastic plate with
effective thickness of 1, 3, and 9 km are also shown on the
zero-age profile. Shading corresponds to 1s of data uncertainties
and the thin horizontal line marks the zero confidence level in the
coherence analysis. The double arrow on the axial coherence
indicates the range in length of segments on the zero-age profile.

south flow-line on segment 3 sample both IC and
OC crust, as the polarity of the discontinuity changes

w x Ž .at ;12 Ma 16 Fig. 4 . Crust within the axial
Ž .valley age -2.5 Ma was not included in flow-line

profiles; the rift valley may be dynamically main-
tained and its inclusion could result in reduced co-
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Ž . Ž . Ž .Fig. 10. Coherence functions for flow-line profiles along the north N , center C , and south S sections of segments 1, 2, and 3 of Fig. 4.
Ž .The coherence for zero-age crust dashed is shown in the top panels for comparison. Theoretical coherence curves for elastic plate

thicknesses of 1r3 and 1 km are also shown in the top left panel for comparison. The horizontal double arrows mark the range of fault
w xspacing 48 in each of the segments. Other conventions are the same as in Fig. 9.

w xherence 18 . For each flow-line bathymetric profile,
a square-root-of-age curve was subtracted to obtain

Ž .residual bathymetry Fig. 8 . Coherence on the
flow-line profiles was calculated using the residual
bathymetry and the RMBA to remove variations due
to thermal cooling while maintaining other long-

Ž .wavelength signals i.e., off-axis loading . Coherence
between bathymetry and MBA is essentially identi-
cal to the coherence between residual bathymetry
and the RMBA at the sampled wavelengths, and
differences may only be found at long wavelengths
Ž .)200 km .

5.1. Zero-age coherence

The coherence function between bathymetry and
MBA along the ridge axis yields an EET of 1–3 km

Ž .for the zero-age crust Fig. 9 . The transition from
coherence of ;0 to ;0.8 occurs between wave-
lengths of 20–100 km, and is bracketed by the
theoretical coherence functions for a 2-D elastic

w xplate 43 with EET of 1–3 km. Coherence decreases
somewhat at wavelengths )100 km. We have as-

sumed a top-to-bottom loading ratio f of 1. Our
result is similar to the EET of ;2 km obtained by

w xNeumann and Forsyth 18 along a zero-age profile
that combines several segments from the north and
south MAR.

The length of the zero-age profile is ;900 km,
which is considerably longer than that of off-axis

Ž .isochron profiles -400 km . To test the effect of
profile length on the coherence, we calculated the

Ž .coherence on four sub-profiles each ;240 km long
of the zero-age profile. For each sub-profile, we
obtained EET values of 1–4 km, similar to the 1–3
km values obtained for the 900 km long profile. The
maximum coherence in all sub-profiles was ;0.6,
always above the confidence level, but lower than
the ;0.8 shown in Fig. 9 for the 900 km long
profile.

5.2. Off-axis isochron coherence

The coherence functions for all off-axis isochron
profiles show that residual gravity and bathymetry in
crust older than ;2 Ma are systematically uncorre-
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lated at all wavelengths. This lack of coherence can
be seen by comparing the coherence for the ridge
axis data with those for isochrons at 2.5, 10, and 20

Ž .Ma Fig. 9 . The calculated coherence is lower than
the confidence level except for wavelengths -4 km
in all profiles and at ;10 km in the 20 Ma profile.
The coherence peaks at wavelengths -4 km can be
attributed to noise because wavelengths shorter than

Ž .the water depth ;4 km were filtered by upward
continuation of the gravity. The coherence peak at
wavelengths of ;10 km in the 20 Ma profile has
large errors associated, suggesting that these values
may not be significant.

5.3. Flow-line coherence

The observed coherence functions for profiles
along flow-lines over the crust in the north, center

Žand south of the three segments N, S, and C,
.respectively; Fig. 10 also differs substantially from

that of the axial profile. The transition from uncorre-
lated to correlated bathymetry occurs at wavelengths
of 7–15 km on average. At wavelengths )20–100
km, bathymetry and gravity become uncorrelated in
all flow-line profiles.

6. Discussion

6.1. Interpretation of isochron coherence results

The ridge axis coherence may reflect the variabil-
Ž .ity in spreading segment length arrow in Fig. 9, top

rather than the true elastic plate thickness of the axial
valley floor. The measured coherence along the ridge
axis is controlled mostly by the systematic correla-
tion between gravity and bathymetry at segment

Ž .scale Fig. 7a that may arise from focused magmatic
accretion at segment centers. The transition from no
coherence to high coherence on the zero-age profile
occurs at ;10–100 km, which is similar to the

Ž .observed segment lengths Table 2 , and may coin-
cide fortuitously with that of a flexural model with

Ž .EET values of ;1–3 km Fig. 9 .
The coherence functions along isochrons in crust

age of 2.5 Ma and older differ substantially from that
Ž .of the zero-age crust Fig. 9 , in that they show no

coherence at wavelengths -300 km, which is the

maximum length of off-axis isochron profiles. The
lack of coherence is consistent with the lack of
correlation between segment length and segment-

Ž .scale anomalies in off-axis data Fig. 6 , and is best
attributable to the modification of the crustal struc-
ture by tectonic extension. Other effects, such as
differential thermal subsidence across ridge offsets
w x46 , are expected to be small because the offsets are
short. Coherence may exist at wavelengths )300
km, but cannot be resolved without out data. Since
isochron profiles in crust ages of 2.5–25 Ma display
similar patterns in residual gravity, bathymetry, and

Ž .coherence Figs. 6 and 9; Table 2 , it is expected that
the transition from the unfaulted crust to the signifi-
cantly faulted crust must occur within short distance

Ž .of the ridge axis 1–2 Ma crust .
The degree of crustal modification appears to vary

both temporally and spatially. We note that several
of the off-axis isochron profiles show a pattern simi-

Ž .lar to the zero-age profiles Table 2 , indicating that
the axial crustal structure may sometimes be main-
tained off axis. Based on the spacing of isolated
residual gravity peaks along off-axis traces of inside
corner crust, it was previously proposed that the
formation of inside corner terrain may be discontinu-

w xous in time 12 . Although some of the off-axis
isochron profiles show a crustal structure similar to
the axial profiles, the length–amplitude correlation

Ž .observed on-axis is not maintained off-axis Fig. 6 ,
indicating that even in those cases modification of
the axial crust has occurred. Tectonic extension must
also vary along rift valley walls and among segments
to result in decorrelation between residual gravity

Ž .and bathymetry in off-axis isochrons Fig. 9 .

6.2. Flow-line coherence and faulting

The lack of coherence at long wavelengths on the
Ž .flow-line profiles Fig. 10 is not consistent with

flexural models of an elastic plate that predict high
w xcoherence at long wavelengths 43 . In addition, the

calculated EET for all of the flow-line profiles is
-0.3–0.5 km, substantially smaller than the 1–3 km

Ždetermined for the ridge axis dashed lines in Fig.
.10 even though the EET of the oceanic lithosphere

w xis expected to increase with age 47 . Therefore,
other models must be invoked to explain the ob-
served transition from non-significant to significant
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coherence at anomalously short wavelengths of 7–15
km.

Faulting along rift valley walls can reshape the
crust substantially before it is rafted off axis. Fault
spacing varies along the length of MAR segments,
ranging from ;1–3 km at outside corners and
segment midpoints to ;3–10 km at inside corners
w x25 . The typical fault spacing estimated from side-
scan sonar at the midpoints of the three segments is
0.8–1.5 km, and the maximum abyssal hill width of

w xthe same segments is ;18 km 48 . Abyssal hills
along the MAR are interpreted to have a tectonic

w xorigin 25,48 , and their width may be an indirect
measure of the spacing of larger faults. The range in
fault spacing along each segment is indicated in Fig.
10 by the horizontal double arrows, which in all
cases overlap with the transition from no to signifi-
cant coherence. Thus, the bathymetry is strongly
correlated with residual gravity at wavelengths simi-
lar to the abyssal hill spacing, i.e. major fault spac-
ing. Synthetic modeling suggests that faulting can
cause anomalies in both seafloor topography and

w xresidual gravity 12 , and thus coherence at wave-
Ž .lengths similar to the fault spacing 1–;20 km is
Ž .expected. The shorter wavelengths Q4 km of the

residual gravity signal are filtered by upward contin-
uation from the crust to the sea surface. Thus, the
observed transition from no coherence to high coher-
ence at ;7–15 km on flow-line profiles may be
caused by faulting rather than reflecting a thin elastic
plate with EET values of -0.3–0.5 km.

The lack of coherence at wavelengths R100 km
in the flow-line profiles is not predicted by flexural
models. Temporal variability in magmatic accretion
may result in across-axis variations in crustal thick-

w xness at time scales of 2–9 Ma 11,13,14 , corre-
sponding to intermediate wavelengths of 25–100
km. However, there is no identified magmatic or
tectonic process that will produce morphology and
crustal thickness variations at wavelengths )100

Ž .km i.e., )10 Ma , and consequently, low coher-
ence due to lack of power may be expected at long
wavelengths.

7. Conclusions

Spectral and statistical analyses of residual gravity
and bathymetry data of the Mid-Atlantic Ridge indi-

cate that the crustal structure at the ridge axis is
strongly modified by tectonic extension at the
spreading center. Seafloor along the axis is systemat-
ically elevated and the crust thicker at the segment
midpoint than at the segment ends, suggesting fo-

w xcused magmatic accretion at segment centers 3,4 .
In contrast, seafloor older than 2–3 Ma is usually the
shallowest at inside corners of ridge-offset intersec-
tions, where positive residual gravity anomalies indi-
cate tectonically thinned crust. Evidence for this
tectonic modification can also be found from spectral
and statistical analyses of residual gravity and
bathymetry. The zero-age crust profile displays high
coherence at wavelengths greater than 20 km, which
corresponds to the characteristic length of ridge seg-
ments and coincides with an effective elastic plate
thickness of 1–3 km. In contrast, isochron profiles
outside the rift valley show no significant coherence
at all wavelengths. Furthermore, while there is a
marked positive linear correlation between segment
length and the segment-scale anomalies in the zero-
age crust, such correlation is absent in the off-axis
isochron profiles. These results are consistent with
substantial tectonic modification of the crust off-axis.
The transition from the axial to the off-axis crustal
structure occurs at 1–2 Ma crust, along the rift-val-
ley walls.

The effect of tectonic extension is also observed
on flow-line profiles and is inferred from fault mod-
els. Synthetic models suggest that faults may result
in residual gravity and bathymetric anomalies corre-
lated at wavelengths equal the fault spacing. The
transition from no coherence to high coherence on
the flow-line profiles is observed at wavelengths of
;7–15 km, which overlaps with the typical fault

w xspacing values of ;1–20 km 25,48 in the study
area. The calculated coherence is not consistent with
an elastic plate model, as the calculated effective
elastic plate thickness is -0.3–0.5 km, lower than
the ;1–3 km inferred for the zero-age crust. Con-
sequently, interpretation of the effective elastic plate
thickness from coherence must be done with caution,
as several processes, such as faulting and focused
magmatic accretion, may result in a high degree of
correlation between residual gravity and bathymetry.
The off-axis crustal structure records not only the

w xon-axis magmatic processes 49 but also the near-
axis tectonic processes that further modify the crust.
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