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Continuous near-bottom gravity measurements made
with a BGM-3 gravimeter in DSV Alvin on the East
Pacific Rise crest near 9°31'N and 9°50'N

James R. Cochran,' Daniel J. Fornari,” Bernard J. Coakley,'
Randall Herr,® and Maurice A. Tivey?

Abstract. A Bell BGM-3 gravimeter has been used to collect continuous, underway, near-
bottom (3- to 10-m altitude) gravity measurements from the deep-diving submersible DSV Alvin
during surveys on the East Pacific Rise (EPR) crest near 9°31'N and 9°50'N. Closely spaced (20-
to 30-m) gravity measurements were made along transects up to 8 km long in both regions.
Repeatability of measurements made at the same location on different dives is ~0.3 mGal. Along-
track spatial resolution of anomalies is ~130-160 m, with the limiting factors being precision and
sampling rate of the pressure gauge depth data used to calculate vertical accelerations of the sub-
mersible. The average upper crustal density of the ridge crest determined from the relationship be-
tween depth and free-water gravity anomalies varies greatly between 9°31'N and 9°S0'N. Average
upper crustal densities of 2410 kg/m® for the 9°50'N area and 2690 kg/m® for the 9° 31'N area were
calculated. The different densities are not due to differing geometry of the Layer 2A-2B boundary
or a regional cross-axis gravity gradient. Differences in porosity of the shallow crustal rocks, or a
difference in the proportion of low density extrusives to higher-density dikes and sills within Layer
2A in these two areas, are the likely causes of the different upper crustal densities. Bouguer grav-
ity anomalies near the EPR axis are primarily small amplitude (0.5-2 mGal), are a few hundred
meters across, and appear to be lineated parallel to the axis. Larger-amplitude Bouguer anomalies
of up to 4 mGal were found at a few locations across the crestal plateau and are associated with pil-
low ridges composed of lavas which are clearly younger than the surrounding seafloor. These
ridges have distinct chemical compositions compared to lavas from the axial summit collapse
trough (ASCT) at the same latitude. Probable sources of the 0.5- to 2-mGal anomalies observed
on the summit plateau include areas of collapsed and fissured terrain and dike swarms feeding melt
through Layer 2A to the surface. A grid survey of the ridge axis near 9°50'N shows Bouguer
anomalies lineated along the axis, suggesting that dike swarms do contribute to the observed
Bouguer anomalies. The along-axis continuity of the gravity anomalies is disrupted at a 75-m
offset of the ASCT, suggesting that shallow feeders of lava to the surface may be segmented on a
finer scale than the deeper crustal magmatic system. This initial study confirms the ability to con-
duct high-resolution, near-bottom, continuous gravity measurements from Alvin. It also provides
important information on how the shallow crustal structure of a fast spreading mid-ocean ridge
develops and how it varies with the surface morphology.

1. Introduction

Marine gravity measurements have been made from surface
ships for 40 years [Worzel, 1959] and have been widely used to
investigate the gross crustal structure and isostasy throughout
the oceans. Surface ship gravity measurements are, however,
limited in resolution by the several kilometers of water be-
tween the measurement site and source of the gravity anoma-
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lies. As a result, marine gravity studies have focused on
anomalies with wavelengths >5-10 km. These wavelengths
can be used to address questions such as crustal thickness varia-
tions, mantle density variations, and isostatic compensation.
Gravity studies have not yet proved useful for detailed studies
of the shallow structure of oceanic crust, largely because sur-
face measurements lack the necessary resolution.

Seafloor gravity measurements have been made using La-
Coste land gravimeters, either within a submersible
[Luyendyk, 1984] or lowered from a surface ship in a pressure
case [Hildebrand et al., 1990]. These techniques produced on-
bottom gravity measurements estimated to be accurate to
within 0.5 mGal. However, both methods are very time-con-
suming, resulting in only about 10-20 measurements per day,
which severely limits both the areal coverage and the resolu-
tion of the resulting survey. In addition, the location of meas-
urements made with the over-the-side system is known only to
within 100-200 m because of uncertainties in estimating the
wire angle and the on-bottom position of the instrument
[Stevenson et al., 1994]. Measurements made using the over-
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the-side instrument [Hildebrand et al., 1990; Stevenson et al.,
1994; Stevenson and Hildebrand, 1996] or within a submersi-
ble sitting on the seafloor [Luyendyk, 1984; Holmes and
Johnson, 1993; Evans, 1996] have provided useful estimates
of average upper crustal density, but the uncertainties in loca-
tion (for surface-deployed instruments) and limitations on the
number of measurements which can be made using these tech-
niques limit their utility for investigation of detailed crustal
structure at the scale required to map zones of volcanic intru-
sion, hydrothermal deposits, or regions of alteration or low
porosity in the shallow ocean crust.

Another method to make near-source gravity measurements
is the TOWDOG system [Zumberge et al.,1997], which can be
towed above the seafloor. Tests of this system off the coast of
California showed a repeatability of a few tenths of a mGal
[Zumberge et al., 1997]. TOWDOG allows closely spaced
gravity measurements to be made at an elevation of 30 - 50 m
above the seafloor. The main limitations of this system are
that it must be towed at a safe distance (30-50 m) above the
seafloor, that its maneuverability is limited, and that no visual
observations are made of the seafloor to link the gravity to lo-
cal geologic structures.

These restrictions can be overcome by making underway
gravity, measurements within a submersible. This paper de-
scribes the acquisition, reduction, and interpretation of the
first continuous, underway near-bottom gravity measurements
made with a Bell BGM-3 gravimeter mounted in the personnel
sphere of the submersible Alvin. A series of dives on the East
Pacific Rise (EPR) crest near 9°31'N and 9°50'N (Figure 1) col-
lected densely sampled (20- to 30-m spacing) gravity and
bathymetry measurements along profiles up to 8 km long and
demonstrated the reliability of these measurements. The grav-
ity data collected from Alvin can be combined with other near-
bottom geological and geophysical observations to investi-
gate the density distribution and structure within the upper
crust. Advantages of a submersible for underway near-bottom
gravity surveys include the fact that observations are made
close to the seafloor (<10 m) along a well-navigated track and
visual observations are made simultaneously with other geo-
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Figure 1. Map showing the location of the field area with
respect to plate boundaries and North America. Major trans-
forms are also identified. Within the study area, detailed sur-
veys were undertaken near 9°31'N and 9°50'N.

COCHRAN ET AL.: CONTINUOUS NEAR-BOTTOM GRAVITY ON THE EPR

14|||||||||||||||||||

3 meters elevation

1.2 1 100 meters elevation

1.0 1
0.8 1
0.6 1
0.4 1
0.2
0.0 L

mGal

a
g
E
-1.0 0.5 0.0 05 10
Kilometers
2 8 il Il A Il L L 1 1 1 L L L L L L i L L L L
26 3 meters elevation
----- 100 meters elevation
2.4 4
g 22
g 201
w LA
1.6 1
14
0.0
vl
Tt
g
g
.5
-1.0 -0.5 00 0.5 1.0

Kilometers

Figure 2. Gravity models showing the effects of distance
from the source on observed gravity anomalies. a) Gravity
anomalies resulting from a 50-m-wide vertical-sided zone of
dike intrusion with a density contrast of 600 kg/m’ with the
surrounding rocks. The density contrast is assumed to extend
to a depth of 300 m below the seafloor. Calculated gravity
anomalies are shown measured at heights of 3 m and 100 m
above the seafloor. b) Gravity anomalies resulting from a se-
ries of 50-m-wide vertical-sided dike swarms located 200 m
apart. The density contrast of 600 kg/m’ is assumed to extend
to a depth of 300 m below the seafloor. Calculated gravity
anomalies are shown measured at heights of 3 m and 100 m
above the seafloor.

physical measurements. This allows very high resolution
investigation of the shallow crustal structure (Figure 2) and
correlation to the bottom morphology and geologic features.

2. Why Measure Gravity Near the Seafloor?

The water column effectively acts as a low-pass filter, which
results in a loss of detail and of spatial resolution in gravity
measurements collected at the sea surface. The gravity anom-
aly resulting from a two-dimensional feature of wavelength A
falls off with distance above the source by a factor of ¢**
equivalent to multiplication of the anomaly by e in the
wavenumber domain), where z is the vertical coordinate, A is
the wavelength, and k is the wavenumber. Thus, not only is
amplitude attenuated with increased distance from a source, but
short-wavelength (high-wavenumber) components are prefer-
entially attenuated.

The effects of increasing distance from a source in the upper
oceanic crust can be seen in Figure 2. Figure 2a shows the
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anomalies resulting from a 50-m-wide two-dimensional verti-
cal intrusion with a density contrast of 600 kg/m’ with the sur-
rounding rock extending to a depth of 300 m below the
seafloor. This body could, for example, be a zone of concen-
trated dike intrusion into crustal Layer 2A. The solid line
shows the anomalies which would be recorded while traversing
the body at an altitude of 3 m off the seafloor. The dotted line
shows the anomalies measured on a traverse at an altitude of
100 m. The maximum gravity anomaly amplitude is reduced by
a factor of 2.4, from 1.32 to 0.55 mGal, by simply moving
100 m off the seafloor. If the measurements are made at an alti-
tude of 1 km, the anomaly amplitude is reduced to <0.1 mGal,
below the noise level of most marine gravity systems. The ef-
fect of distance from the source is even more pronounced when
there are several sources whose gravity effects are superim-
posed. Figure 2b shows the gravity anomalies resulting from a
series of 50-m-wide bodies identical to that in Figure 2a,
spaced at 200 m intervals. The resulting gravity anomalies
have an amplitude of 0.7 mGal when observed at 3 m altitude
but are reduced to 0.02 mGal at 100 m. Clearly, gravity studies
of shallow crustal structure require near-source surveys.

3. Instrumentation and Installation in Alvin
and Data Acquisition

The Bell Aerospace BGM-3 gravimeter is commonly used
for surface-ship marine surveys and is described by Bell and
Watts [1986]. The meter was installed in Alvin’s personnel
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sphere, taking care to isolate the various electrical compo-
nents from the submersible hull and to insure that uninter-
rupted power could be provided to the meter at all times.

Navigation for the dives relied on three bottom-moored
transponders oriented along an east-west line ~1.5 km south of
the intended submersible traverses in each dive area (Figures 3
and 4). For dive 2770 navigation we used an existing net of
nonrecoverable transponders used for navigation in the Bio-
logical-Geological Transect, a time-series experiment located
along a 1.3-km-long portion of the EPR crest between
9°49.6'N and 9°50.3'N [Shank et al., 1994; 1998]. Occasional
navigation dropouts between Alvin and the transponders re-
quired interpolation of positions along short portions of a few
dive tracks.

In order to assess the repeatability of underway gravity
measurements, we placed benchmarks, numbered bucket lids
(G1 - G17) with large scrap chain anchors, at fixed points on
the seafloor along east-west oriented traverses (Figures 3 and
4). During the initial dive in each area we deployed the mark-
ers and sat at each site for 10-15 min after the meter had stabi-
lized (average stabilization time was 3-5 min). On subsequent
dives we continuously traversed the seafloor at average speeds
of ~1.0 knots within visual and photographic range of the
bottom (3-7 m). Continuous gravity data were collected on
each dive of the field program, both while traversing between
fixed gravity stations on the seafloor and on dives where trav-
erses were largely uninterrupted. Speed and altitude above the
seafloor were kept as constant as possible on traverses across
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Figure 3. Bathymetry of the southern dive sites near 9°31'N. The top diagram shows a SeaBeam bathymetry
map of the 9°31'N area contoured at 10-m intervals and Alvin tracks for the gravity traverses obtained on Dives

2764 and 2767.

Location of the axial summit collapse trough (ASCT) from Fornari et al. [1990, 1998] is

shown in gray. Triangles show the locations of fixed bottom gravity sites G2-G5. The bottom diagram shows

the bathymetric profile obtained during Dive 2767.
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Figure 4. Bathymetry of the northern dive sites near 9°50'N. The top diagram shows a SeaBeam bathymetry
map of the 9°50'N-9°52'N area contoured at 10 m intervals and Alvin tracks for Dives 2768, 2770, 2771, and
2772. Location of the ASCT from Fornari et al. [1990, 1998] is shown in gray. Triangles show the locations
of fixed bottom gravity sites G8-G17. The bottom diagram shows the bathymetric profile obtained during

Dive 2771.

the seafloor. Continuous near-bottom magnetic measurements
were also acquired using Alvin's three-axis fluxgate magne-
tometer [Tivey, 1996; Schouten et al., 1999].

4. Data Processing

The 1-Hz output of a BGM-3 gravimeter must be low-pass
filtered to produce a coherent signal. A 120- to 240-sec
Gaussian filter is widely used for this purpose. The gravimeter
output is the sum of the gravitational acceleration and any
other vertical accelerations experienced by the meter. Surface
ship vertical accelerations can be very large, but average to
Zero over the characteristic period of the wave motions (10-30
5), so the effects of ship motions are removed by the filtering
[Bell and Waztts, 1986]. However, a submersible has no im-
posed constraints to its motions. Vertical accelerations are
not constrained to average to zero over any particular time in-
terval. Vertical accelerations due to Alvin’s vertical motions
(Figure 5f) must be calculated and explicitly subtracted from
the measurements.

Vertical accelerations were determined by numerically calcu-
lating the second derivative of pressure gauge depth data

(Figure 5e). The numerically determined accelerations were
passed through the same 180-s Gaussian filter applied to the
raw meter output (Figure 5d). The raw gravity signal (Figure
5c¢) was determined by subtracting the submersible's vertical
accelerations from the meter output. The raw gravity values
were corrected for effects of variations in submersible depth
(free-water correction), shape of the Earth (latitude correction),
and the fact that measurements were made from a moving plat-
form on a rotating Earth (E6tvos correction), to produce free-
water gravity anomalies (Figure 5b). The free-water correction
differs from the free-air correction in that it accounts not only
for the difference in elevation between two observations, but
also for the gravitational attraction of the slab of seawater be-
tween the two observation depths. As a result, the vertical
gravity gradient in seawater is taken as 0.22242 mGal/m rather
than the value of 0.3086 mGal/m commonly used for the free-
air correction.

The spatial resolution of the gravity data was limited by the
necessity to filter out short-period (75- to 150-s) noise in the
free-water anomalies (Figure 5b). These variations cannot be
of geologic origin since implausibly large density contrasts
(>1000 kg/m’) are required to reproduce the amplitude and
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Figure 5. Gravity data processing steps. (f) Alvin track above the seafloor during a 2500-s (41.7-min) por-
tion of Dive 2771 (The total length of the profile shown is 1322 m.), (e) vertical accelerations experienced
by Alvin calculated from the second derivative of the pressure gauge depth data passed through a 180-s Gaus-
sian filter, (d) meter output passed through a 180-s Gaussian filter, (c) raw gravity data obtained by subtract-
ing Alvin’s vertical accelerations from the meter output (Mean value has been removed from data for display;
note change in vertical scale between Figures 5d and 5c.), (b) gravity data corrected for variations in sub-
mersible depth (free-water correction) and with application of latitude and Eotvos corrections, and (a) free-wa-
ter gravity anomalies after application of a Parks-McClellan low pass-filter (solid line); dotted line shows un-
filtered data. The filtering effectively removes the high frequency noise but limits spatial resolution to 130-
160 m. Note change in vertical scale between Figures 5b and 5a.

short wavelength (30-80 m) of the anomalies. We were able to
filter this noise from the data using a Parks-McClellan low-
pass filter, which effectively removed periods of less than
about 270 sec, while the longer period signal remained unaf-
fected. Both the filtered and unfiltered free-water anomalies are
illustrated in Figure 5a.

Since signal and noise cannot be clearly separated on the
basis of frequency (Figure 6), we applied a series of filters with
successively longer wavelength cutoffs. The criterion used to
determine the filter finally adopted was that quasiperiodic
variations with wavelengths too short to be geologically pos-
sible were not visually apparent in the data. This is a subjec-

tive decision and it is almost certain both that some shorter-
wavelength anomalies have been removed and that some
longer-wavelength noise is still present. Figure 7 shows the
effects of filtering on the data by comparing the final filtered
gravity anomalies for the Dive 2764 profile across the axis
with the unfiltered gravity data from the same profile and with
those data filtered using a different filter having a shorter
wavelength cutoff. The anomalies present in the final data are
also present at the same location in the two other data sets,
demonstrating that the pattern and spacing of anomalies is not
simply a result of the filtering process.

We are also confident that the anomalies in the filtered
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Figure 6. Power spectra of unfiltered free-water anomalies (dashed line) and of low-pass filtered free-water
anomalies for Dive 2771. The filter removes signals with periods shorter than about 270 s while the longer

period signal remains unaffected.

gravity data are of geologic origin. This is demonstrated in
Figure 8, which compares the free-water anomalies measured
across the ridge axis during Dives 2764 and 2767. These two
profiles were run during two different dives in opposite direc-
tions on parallel lines separated by about 100 m (Figure 3).
Although the amplitudes of individual anomalies vary between
the two profiles reflecting along-strike variation in the
sources and any residual noise, the same pattern of anomalies
is observed, confirming that the anomalies are of geological
origin and not artifacts introduced by the data processing and
filtering. This is further demonstrated by the observation that
during the grid survey of the ridge axis carried out on Dive
2770 (Figure 4), a coherent and mappable pattern of anomalies
was observed for over 1 km along the axis (see Figures 16a and
16b).

Filtering limits our resolution to gravity signals with peri-
ods >270 s (Figure 6). The gravity transects were carried out at
a speed of 0.5 - 0.6 m/s (~1.0 - 1.2 knots), so gravity anoma-
lies with wavelengths greater than ~135-165 m can be re-
solved in our data. Since gravity anomalies are wider than
their source (see Figure 2), narrower bodies can be detected,
particularly if they extend to depth of a few hundred meters or
more into the crust.

We have identified the source of this noise as the limited
sampling rate and precision of the submersible’s pressure
depth data. In 1994, the Alvin data logger recorded submersi-
ble depth measurements at 2-s intervals with 10-cm resolution,
even though the pressure depth transducer then on Alvin was
capable of resolving 1-cm depth variations at 1-s intervals.

We investigated the effect of the limited resolution of Alvin

depth data on the calculation of the vertical accelerations using
synthetic submersible tracks. In the first experiment (Figure
9), the vertical component of the submersible track was de-
fined by a sinusoidal function which allowed the vertical accel-
erations to be analytically calculated. The synthetic track was
sampled at 2-s intervals with a resolution of 10 cm, and at 1-s
intervals with a resolution of 1 cm. Vertical accelerations were
determined numerically from these two data sets in the same
manner as for the actual submersible data. Maximum differ-
ences from the analytic solution were < +0.07 mGal for the 1-
s, 1-cm data, but of the order of +1.2 mGal for the 2-s, 10-cm
data. The noise in the 2-sec, 10-cm data was similar in appear-
ance to, but of lower amplitude, than, noise in the real data.
This may be because the synthetic submersible track was
smoother than the actual submersible track. A more realistic
example was defined by fitting a spline through the recorded
depths for a portion of dive 2771 and sampling it at 1-s inter-
vals with 1-cm resolution, and at 2-s intervals with 10-cm
resolution (Figure 10). In this exercise the difference between
accelerations determined from 1-cm data and accelerations de-
termined from the 10-cm data approximates the noise intro-
duced into gravity anomalies by truncation of depth data. This
noise has an amplitude of 3 mGal and is similar in appearance
to the noise observed in the Alvin data (Figure 5b). Changes
subsequently implemented in the Alvin data logging system
(1-Hz recording of all attitude data and greater precision in
logging the pressure gauge depth) will remove the source of
this noise, drastically reducing or eliminating the need for ex-
tensive filtering of the data and will thus greatly improve the
spatial resolution of measurements during future surveys.
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Figure 7. Effects of filtering on free-water anomalies. The
bottom plot shows the unfiltered free-water anomalies for a
profile across the ridge axis from Dive 2764 along with two
profiles of that data after filtering with Parks-McClellan filters
which pass wavelengths longer than 180 s and longer than 270
s. The 270-s filter was that used to produce the final filtered
data shown in subsequent figures. The profiles are offset by 35
mGal. The top and middle plots show the final data overlain on
the unfiltered data and data filtered with the 180-s filter. In
both cases the final data is the thicker curve. The solid black
dots are the free-water gravity anomalies obtained at markers
G2-G5 (Figure 3) while Alvin was sitting motionless on the
bottom.

5. Field Area: East Pacific Rise 9°30'N - 9°52'N

We chose the axis and summit plateau of the fast spreading
(110 mm/yr full rate) [Carbotte and Macdonald, 1992] EPR in
the region from 9°30'N to 9°52'N (Figure 1) as the field area for
our study. The 9°N-10°N segment of the EPR extends for ~130
km from an 8 km offset overlapping spreading center (OSC) at
9°03'N to the Clipperton transform at 10°10'N. The segment
is magmatically active. A continuous axial magma lens reflec-
tor is observed from the 9°03'N OSC to within 2 km of the
Clipperton transform [Detrick et al., 1987; Barth et al., 1994].
The axial topographic high is generally broad with a large
cross-sectional area [Scheirer and Macdonald, 1993] and a
rectangular or domal summit [Macdonald and Fox, 1988].
Argo I studies showed abundant evidence of recent volcanism
and hydrothermal activity with at least 45 active high-tem-
perature sites [Haymon et al., 1991]. Volcanic eruptions in
1991 and 1992 have been documented between ~9°45'N and
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9°51'N [Haymon et al., 1993; Rubin et al., 1994], near the
shallowest portion of the segment.

Multichannel seismic reflection studies of the 9°N-10°N
area have identified a strong, nearly continuous reflector at a
depth of 0.1-0.3 s beneath the seafloor reflector [Harding et
al., 1993; Vera and Diebold, 1994], which is interpreted as
arising from the base of crustal Layer 2A. Comparisons with
ophiolites [Kidd, 1977; Gass, 1989] suggest that Layer 2A is
made up primarily of extrusive lava flows, while Layer 2B, un-
derlying it, consists of sheeted dikes. Christeson et al. [1992,
1994, 1996] used high-resolution on-bottom seismic refrac-
tion experiments to study the shallow crustal structure in the
immediate vicinity of the EPR axis at 9°30'N. They found
Layer 2A to consist of a "surficial low-velocity layer" with
seismic velocity Vp < 2.5 km/s, separated by a high-gradient
region from a layer with Vp = 4.25 - 4.35 km/s, which, in turn,
is separated by another high-gradient region from Layer 2B
with Vp of ~5.0 kmi/s.

An axial summit collapse trough (ASCT) [Fornari et al.,
1998] is present along most of this portion of the EPR crest.
The ASCT varies in width from ~40 m near 9°50'N to ~300 m
near 9°33'N. North of 9°51'N, no well-defined trough is pres-
ent, and the axial zone is characterized by one or several en
echelon ~5- to 20-m-wide fissures [Haymon et al., 1991;
Wright et al., 1995; Fornari et al., 1998]. The ASCT is the lo-
cus of most volcanic and hydrothermal processes occurring on
the ridge segment [Haymon et al., 1991, 1993; Haymon,
1996].
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Figure 8. Comparison of the free-water gravity anomaly

profiles across the ridge axis from Dives 2764 and 2767
(Figure 10a). These two profiles were collected on parallel
lines separated by about 100 m (Figure 3) and run in opposite
directions. The profiles are offset by S mGal on the lower plot.
The top plot shows the two profiles superimposed. Although
the amplitudes of individual anomalies vary between the two
profiles, the same pattern of anomalies is observed, confirm-
ing that the anomalies are of geological origin and not arti-
facts introduced by the data processing and filtering.
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Figure 9. Example of how noise can be introduced into gravity data by limitations in recording submersible

depth data. This example assumes a sinusoidal track.

tions calculated analytically as the second derivative

(e) Synthetic submersible track, (d) vertical accelera-
of the synthetic submersible track shown in Figure 9e,

(c) vertical accelerations determined numerically from the synthetic submersible track shown in Figure 9e
sampled at 2-s intervals with 10-cm resolution and at 1-s intervals with 1-cm resolution. (The two curves are
on top of each other at this scale.), (b) difference between the analytically determined accelerations and the ac-
celerations determined numerically using the data sampled at 2-s intervals with 10-cm resolution (noise), and
(a) difference between the analytically determined accelerations and the accelerations determined numerically
using the data sampled at 1-s intervals with 1-cm resolution (noise). Note that more precise and rapid sam-
pling of depth data, now possible in Alvin, almost completely eliminates this source of noise.

Over distances of >10 km the ASCT is sinuous in map view.
On the basis of observations of the seafloor, this sinuosity
arises from irregular surface collapse of the ASCT walls
[Fornari et al., 1998]. Distinct changes in trough width occur
principally at Devals. At these small fourth-order offsets the
axial trough is discontinuous for short distances (<2 km)
and/or its azimuth changes along small kinks and bends or
short (<0.5- to 1-km) lateral en echelon steps [Langmuir et al.,
1986; Macdonald et al., 1988; Haymon et al., 1991]. Where
the trough is wide, the walls are more linear and tectonic in
character on the basis of Argo I sonar and observations from
Alvin.

Our gravity traverses were situated over the EPR crestal pla-
teau and upper flanks in two areas of contrasting axial mor-
phology. At 9°31'N (Figure 3) the ASCT is ~250 m wide, both

high- and low-temperature hydrothermal activity is present but
not extensive [Haymon et al., 1991], and dive transects east
and west of the ASCT in this area indicate that extensive vol-
canism has occurred outside the ASCT [Perfit et al., 1994] . At
the second area, from 9°50'N to 9°52'N (Figure 4), the ASCT is
only 40 m to 70 m wide, with extensive areas of high-tempera-
ture hydrothermal venting [Von Damm et al., 1995]. This is
the area which experienced an eruption in April 1991 [Haymon
et al., 1993].

Dive tracks in each region are shown superimposed on Sea-
Beam bathymetry in Figures 3 and 4. During the initial dives
in each region, we deployed weighted markers at fixed points
on the seafloor along traverses across the summit plateau.
After deploying each marker, gravity data was collected while
Alvin sat motionless on the seafloor for 10-15 minutes in or-
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Figure 10. Example of how noise can be introduced into gravity data by limitations in recording submersi-
ble depth data. This example assumes a synthetic submersible track determined by fitting a spline curve
through observed submersible depths for a 2500-s segment of Dive 2771: (d) Synthetic submersible track, (c)
vertical accelerations calculated numerically from the submersible track in Figure 10d sampled at 1-s intervals
with 1-cm resolution, (b) vertical accelerations calculated numerically from the submersible track in Figure
10d sampled at 2-s intervals with 10-cm resolution, and (a) difference between vertical accelerations calcu-
lated from 1-s, 1-cm data and from 2-s, 10-cm data (noise). The noise introduced by less precise sampling of
the depth data very closely resembles that present in the unfiltered observed data (Figure 5b).

der to establish a gravity station. On a subsequent dive we ran
a continuous traverse across the markers at a speed of 0.75 -
1.0 knot (23 - 31 m/min). In the 9°50'N area we also conducted
a grid survey of the axial trough between 9°50'N and 9°51'N in
the region of the 1991 eruption and ran an additional traverse
across the summit plateau near 9°52'N in a region which lacks
a well-defined axial trough according to Argo I sonar data
[Fornari et al., 1990, 1998; Haymon et al., 1991] (Figure 4).

6. Free-Water Gravity Anomalies

Bathymetry and free-water anomaly profiles for the four
across-axis traverses are shown in Figures 11a and 11b. Loca-
tions of the traverses are shown in Figures 3 and 4. Free-water
gravity values recorded during stationary bottom measure-
ments at the bottom gravity markers are also shown in Figures
11a and 11b. Reliable gravity measurements were obtained at
13 of the 17 bottom stations. At the other four stations, bot-
tom measurements were not usable either because Alvin was
shielded from the transponders while sitting on the bottom,
preventing accurate location of the station, or because the
submersible shifted while on the bottom so that a reliable
gravity value was not obtained. A comparison of the station-

ary measurements and nearest fly-over value for each gravity
traverse is shown in Figure 12. There are four fly-over com-
parisons with fixed gravity marker measurements for each of
the two southern traverses (Dives 2764 and 2767), and nine
comparisons for the northern Dive 2771 traverse.

The extent to which fixed measurements confirm underway
measurements made from Alvin provides an assessment of the
quality of the underway measurements and of the data reduction
procedures. The difference between bottom measurements and
the nearest measurement on the underway traverses varied from
0.03 to 0.95 mGal with a mean of 0.37 + 0.32 mGal (Figure
12a). The discrepancy in 11 of the 17 comparisons was <0.3
mGal and only four comparisons showed a difference of >0.5
mGal. Some of the mismatch may be due to across-track varia-
tions in the gravity field since we attempted to run straight
traverses and therefore did not make sharp course changes in
order to pass exactly over the markers. The distance between
fixed markers and the closest point on the traverses varied
from 0 to 93 m with a mean difference of 47 m. The mean grav-
ity difference between the free-water anomaly at markers and
on the traverses is 0.32 * 0.29 mGal if only measurements
within 60 m of a marker are considered (Figure 12b), and is
0.30 £ 0.30 mGal for measurements separated by <40 m. Thus
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Figure 11a. Free-water gravity anomalies from near-bottom Alvin traverses in the 9°31'N area. Dive tracks
are shown in Figure 3. Data have been projected along 82.4°, parallel to the local spreading direction. The
origin for the projected profiles is the ASCT. The bottom diagram in each profile shows the observed bathy-
metry and the submersible’s track over the seafloor. Light gray bathymetry near kilometer 3.5 on Dive 2767
is estimated from SeaBeam data where Alvin lost contact with the bottom. The top diagram for each profile
shows free-water anomalies. The solid dots show the location and values of the free-water anomalies recorded

at fixed bottom gravity stations.

some, but certainly not all of the difference in gravity values
may be attributed to small-scale lateral variations in gravity in
the upper crust in these areas. From this analysis, repeatabil-
ity of measurements taken at the same location is of the order
of 0.3 mGal.

The free-water anomalies show variations on two very dif-
ferent scales. There is a long-wavelength component which
arises from changes in depth so that overall shape of free-water
gravity profiles resembles the corresponding bathymetry pro-

files (Figures 11a and 11b). The bathymetry-related variation
in free-water anomalies is of the order of 15 mGal in response
to the 250- to 300-m depth variation in profiles 2767 and
2771 (Figures 11a and 11b). There are also much shorter wave-
length anomalies, ~200-500 m across, with amplitudes of
~0.5 - 4 mGal on all four profiles which are not obviously re-
lated to the bathymetry. We interpret the shorter wavelength
anomalies as arising from density variations within the upper
crust.
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Figure 11b. Free-water gravity anomalies from near-bottom Alvin traverses in the 9°50'N area. Dive tracks
are shown in Figure 4. Data have been projected along 82.4°, parallel to the local spreading direction. The
origin for the projected profiles is the ASCT. The bottom diagram in each profile shows the observed bathy-
metry and the submersible’s track over the seafloor. Light gray bathymetry near kilometer -2.0 on Dive 2772
is estimated from SeaBeam data where Alvin lost contact with the bottom. The top diagram for each profile
shows free-water anomalies. The solid dots on the gravity profile for Dive 2771 show the location and values
of the free-water anomalies recorded at fixed bottom gravity stations.

7. Bouguer Anomalies

The free-water correction accounts for the expected change
in gravity with elevation resulting from the change in distance
from the center of the Earth. It does not, however, account for
the gravity effect of the corresponding change in the amount of
mass between the observation point and a base level. As a re-
sult, the free-water anomalies show a correspondence to the to-
pography (Figures 11a and 11b). An estimate of the density of
the upper crustal rocks making up the topographic relief can be
obtained from the relationship between free-air (or, in our case,

free-water) anomalies and topography [Nettleton, 1939]. If the
free-water anomalies arise primarily from topographic relief,
then a plot of free-water anomaly against elevation will form a
straight line with a slope given by 2nG(pc-pw), where pe is
the crustal density, p¢, is the density of seawater, and G is the
gravitational constant.

Plots of free-water anomaly against depth are shown in Fig-
ure 13. Data from the southern dives near 9°31'N (Dives 2764
and 2767) are shown in gray and data from three of the northern
dives at 9°50'N-9°52'N (Dives 2768, 2771, and 2772) are
shown in black. Data from Dive 2770 were not included be-
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markers with underway free-water anomalies determined at the nearest point to the marker on Alvin traverses
over the seafloor. The thin solid line illustrates an exact correspondence between fixed and underway meas-
urements. The inset shows a histogram of the absolute value of the discrepancies. The left hand plot compares
all measurements. Mean difference between fixed and underway measurements was 0.368 * 0.323 mGal. The
distance between the marker and the underway traverse varied from 0 to 93 m. The right hand plot shows the
same comparison when only underway measurements within 60 m of the fixed sites are considered. The mean
difference in this case is 0.324 + 0.285 mGal. These data provide the basis for our considering the resolution
of the continuous gravity data collected using the Bell gravimeter in Alvin to be ~0.3 mGal.
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Figure 13. Plot of free-water gravity anomaly versus seafloor depth. Data from the northern dive sites

(9°50'N-9°52'N) is in black, while data from the southern dive sites (9°31'N) is in gray. The solid line through

each data set shows the best fitting linear relationship between gravity and depth. The slopes of these lines
imply an upper crustal density of 2410 kg/m* for the 9°50'N area and 2669 kg/m’ for the 9°31'N area.
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cause there is less than 15 m of topographic relief along the
entire dive track (Figure 3). The data from each area can be fit
by straight lines, but the slopes of the lines from the two areas
are different. An upper crustal density of 2690 kg/m® was ob-
tained from data collected in the southern (9°31'N) area, while a
value of 2410 kg/m® was calculated using data from the north-
ern dive area near 9°50'N. Straight lines corresponding to both
of these densities are shown superimposed on the data from
both regions in Figure 13 to demonstrate the difference in the
depth-gravity relationship between 9°31'N and 9°50'N.
Bathymetry and Bouguer anomaly profiles for the four
across-axis traverses (Figures 3 and 4) are shown in Figures

10,853

14a and 14b. The Bouguer correction was calculated using a
density contrast (pe-pgy) of 1660 kg/m® for Dives 2764 and
2767 and 1380 kg/m® for Dives 2771 and 2772. The long
wavelength component of the free-water anomalies is com-
pletely removed by the Bouguer correction, which eliminates
any obvious correlation between the observed gravity and
morphology. The Bouguer anomalies have amplitudes of <4
mGal (generally, <2 mGal) and widths of a few hundred meters.
The lack of Bouguer gravity anomalies at longer wavelengths
implies that the crustal structure of the ridge crest is fairly
homogenous laterally at scales of a few hundred meters to a few
kilometers.
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Figure 14a. Bouguer gravity anomalies from near-bottom Alvin traverses from the 9°31'N area. Dive tracks
are shown in Figure 3. Data has been projected along 82.4°, parallel to the local spreading direction. The ori-
gin for the projected profiles is the ASCT. The bottom diagram in each profile shows the observed bathymetry
and the submersible’s track over the seafloor. Light gray bathymetry near kilometer 3.5 on Dive 2767 is es-
timated from SeaBeam data where Alvin lost contact with the bottom. The top diagram for each profile shows
Bouguer anomalies. A density contrast of 1666 kg/m' between rock and seawater was used to calculate the

Bouguer correction.
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Figure 14b. Bouguer gravity anomalies from near-bottom Alvin traverses from the 9°50'N area. Dive tracks
are shown in Figure 4. Data has been projected along 82.4°, parallel to the local spreading direction. The ori-
gin for the projected profiles is the ASCT. The bottom diagram in each profile shows the observed bathymetry
and the submersible’s track over the seafloor. Light gray bathymetry near kilometer -2.0 on Dive 2772 is es-
timated from SeaBeam data where Alvin lost contact with the bottom. The top diagram for each profile shows
Bouguer anomalies. A density contrast of 1380 kg/m* between rock and seawater was used to calculate the

Bouguer correction.

8. Discussion
8.1.

We obtained an upper crustal density of 2410 kg/m’ for the
EPR crest near 9°50'N and 2690 kg/m® for the southern area
near 9°31'N. Nearly identical results were obtained whether the
data for a region were combined or each dive was treated sepa-
rately. There have been several previous estimates of upper
crustal density at ridge axes from bottom gravity measurements
using the Nettleton [1939] "density profiling" technique.

Upper Crustal Density:

These studies have generally deduced densities in the range of
2590 - 2660 kg/m® [Luyendyk, 1984; Holmes and Johnson,
1993; Stevenson et al., 1994], slightly lower than, but consis-
tent with, our determination of 2690 kg/m*® for our southern
dives. Our value of 2410 kg/m® for the 9°50'N area is consid-
erably lower than most previous estimates. However, Steven-
son and Hildebrand [1996] obtained a density of 2420 kg/m’
from a set of 10 bottom gravity measurements extending from
the axis to 20 km on the eastern flank at 9°48'N, just south of
our dive area at 9°50'N.
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A regional gravity gradient can affect the density determined
using the Nettleton [1939] technique. A regional across-axis
gravity gradient will decrease the estimated density obtained
from data on one flank of the ridge and increase the density es-
timated with data from the other flank. If gravity and depth
data from each ridge flank of the profile obtained on Dive 2771
(Figure 11b) are fit separately, an upper crustal density of 2420
kg/m” is obtained for data from the east flank and 2540 kg/m’
is obtained for data from the west flank. The east flank data
dominate the fit to the entire data set, since they extend over a
much greater range of depths. The difference in density deter-
mined from each flank suggests that there might be a small re-
gional across-axis gravity gradient at 9°50'N. If that is the
case, then the actual density which would be determined in the
absence of a regional gradient lies between those two esti-
mates. This density is still significantly less than the estimate
of 2690 kg/m® obtained at 9°31'N, or upper crustal density es-
timates obtained elsewhere at mid-ocean ridge crests. If the dif-
ference in density determined at 9°31°'N and 9°50'N is due to an
across-axis gravity gradient at 9°50'N, then the gradient would
need to be 0.75 mGal/km. Surface ship gravity data [Wang et
al., 1996] suggest that if there is a regional across-axis gradi-
ent at 9°50'N, it is <0.1 mGal/km.

Upper crustal densities obtained from gravity studies in
both regions are significantly less than whole-rock densities
obtained directly from oceanic basalt samples, which are gen-
erally in the vicinity of 2900-3000 kg/m® [Salisbury and
Christensen, 1978; Warren and Rosendahl, 1980; Luyendyk,
1984; Holmes and Johnson, 1993; Johnson et al., 1996]. If
the difference between whole-rock densities and those deter-
mined from the gravity anomalies is assumed to arise from po-
rosity of the upper crust, then our results require that the bulk
upper crustal porosity at 9°31'N is 11% and is 22% at 9°50'N,
assuming a whole-rock density of 2900 kg/m’. Other previous
estimates of the porosity of upper crustal rocks from gravity
studies are in the range of 10-23% [Luyendyk, 1984; Holmes
and Johnson, 1993; Stevenson et al., 1994; Stevenson and
Hildebrand, 1996; Johnson et al., 1996].

8.2,

Although the density determined from the Nettleton [1939]
density profiling technique is the effective upper crustal den-
sity from a Bouguer gravity viewpoint, it is not necessarily
the actual density of Layer 2A. Any distortion of the gravity
field on the same spatial scale as the bathymetry will influence
the estimate of density. Stevenson and Hildebrand [1996]
pointed out that a buried density interface which follows
seafloor relief will increase the apparent density determined
from the free-water gravity versus depth relationship. In par-
ticular, the Layer 2A-2B boundary is a density interface that
roughly parallels the seafloor at a depth shallow enough to
have a significant gravity effect. Since Layer 2A thickens
away from the axis [Christeson et al., 1992; Harding et al.,
1993], the effect of the Layer 2A-2B boundary on the free-
water versus depth gradient will be magnified because higher-
density Layer 2B is closer to the seafloor at the axis where the
largest free-water anomalies are found.

The Layer 2A-2B boundary has been mapped at both 9°31'N
and 9°50'N from multichannel seismic reflection data [Harding
et al., 1993; Vera and Diebold, 1994]. Digitized Layer 2A
thicknesses were added to the seaflpor depths to give the depth
to the Layer 2A-2B boundary, and the gravity effect of the in-

Upper Crustal Density and Layer 2A
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terface was calculated at the location of the Alvin gravity
measurements. We subtracted these values from the observed
free-water anomalies and determined the slope of the residual
free-water anomalies versus depth relationship. If a density
contrast of 500 kg/m' is assumed across the Layer 2A-2B
boundary, then the density deduced for Layer 2A from the resid-
ual free-water anomalies is reduced to 1980 kg/m® at 9°31'N and
to 1730 kg/m* at 9°S0'N. Smaller density contrasts across the
Layer 2A-2B boundary produce correspondingly smaller den-
sity reductions and perhaps more realistic Layer 2A densities.
However, the difference between the apparent upper crustal
density at 9°50'N and 9°31'N remains at about 250 kg/m’ and
therefore is not the result of differing Layer 2A thickness or
geometry at the two locations.

Since the 9°50'N area is the shallowest portion of the ridge
axis in the segment and is volcanically and hydrothermally ac-
tive, it could be argued that the lower slope of the gravity ver-
sus depth relationship at 9°50'N is the result of a difference in
the thermal structure or magmatic/hydrothermal regime in the
two regions. Higher temperatures and/or a higher melt fraction
might be expected beneath the axis at 9°50'N than at 9°31'N.
A decrease in the density of a trapezoidal region extending
from the melt lens to the base of the crust, corresponding to
the mush and transition zones of Sinton and Detrick [1992],
can account for the difference in the free-water anomalies at
9°50'N and 9°31'N. However, if the low-density area is as-
sumed to have an upper width of 1 km and a lower width of 10
km, consistent with thermal models [Henstock et al., 1993;
Phipps Morgan and Chen, 1993; Magde et al., 1995], then the
density difference needs to be 60 kg/m’, which implies a tem-
perature difference of over 700°K in the lower crust between
9°50'N and 9°31'N. If the density contrast is assumed to result
from a larger melt fraction in the trapezoidal region, then the
melt fraction needs to be 6-12% greater at 9°50'N than at
9°31'N, assuming a 100 -200 kg/m® density difference between
melt and the crustal rocks. Both the inferred temperature dif-
ference and the increase in melt fraction appear too large to be
reasonable, as are possible combinations of the two effects.
The liquid magma lens has such a small gravity signal at the
seafloor ( < 0.1 mGal for a magma lens 1 km wide and 50 m
thick at a distance of 1.5 km below the seafloor) that reason-
able changes in its width or thickness would have virtually no
effect on the gravity signal.

Christeson et al. [1992, 1994, 1996] used high-resolution
on-bottom seismic refraction experiments to study the shallow
crustal structure in the immediate vicinity of the EPR axis at
9°30'N. They found Layer 2A to consist of a "surficial low-ve-
locity layer” with seismic velocity Vp < 2.5 km/s, separated
by a high-gradient region from a layer with V, = 4.25 - 4.35
km/s, which, in turn, is separated by another high-gradient re-
gion from Layer 2B with Vp of ~5.0 km/s. On the basis of
submersible observations at Hess Deep [Francheteau et al.,
1992], Christeson et al. [1994] interpret the surficial layer as
flows and pillow lavas and the 4.3 km/s layer as a combination
of extrusives, dikes, and sills

The low-velocity surficial layer is very thin (<100 m), much
less than the topographic relief (~300 m) along the cross-axis
profiles, and has a nearly constant thickness away from the
vicinity of the axis [Christeson et al., 1992, 1994]. Thus the
density determined from the relationship between the free-
water anomalies and depth should probably be assigned to the
4.3-km/s layer rather than the surficial layer. The calculated
density will still be affected by the deeper Layer 2A-2B bound-
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ary in the same manner as discussed above. However, the den-
sity contrast between the 4.3-km/s material and Layer 2B is
considerably less, perhaps 200 kg/m>. As a result, the effect
of 2A-2B interface will have less influence on the gravity-ele-
vation relationship. If a density contrast of 200 kg/m’® is as-
sumed for this interface, then the calculation described above
yields 2410 kg/m® at 9°31'N and 2150 kg/m® at 9°50'N for the
upper crustal density. Various empirical density-seismic ve-
locity relationships derived from laboratory data [Christensen
and Shaw, 1970; Carlson and Raskin, 1984, Carlson and Her-
rick, 1990] predict densities of 2400-2560 kg/m’ for the Vp of
4.3 km/s determined by Christeson et al. [1994, 1996] at
9°30'N.

The difference in the relationship between free-water
anomalies and depth at 9°31'N and 9°50'N does therefore ap-
pear to be significant and related to differences in the structure
of the upper crust. There are a number of possible origins for
this difference, including a significant variation in the poros-
ity of the shallow crustal rock volume at different areas along
the ridge crest, changes in the thickness of the low-velocity
(and low-density) upper part of Layer 2A, and a difference in
the proportion of low-density extrusives and higher-density
dikes and sills within the main portion of Layer 2A. However,
in the absence of detailed seismic studies at 9°50'N, such as
have been undertaken at 9°30'N [Toomey et al., 1990;
Christeson et al., 1992, 1994, 1996], it is not possible to ver-
ify or distinguish between different hypotheses.
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8.3. Bouguer Gravity Anomalies and the Structure
of the Uppermost Crust

The main feature of the Bouguer anomaly profiles across the
EPR axis is a series of small gravity anomalies a few hundred
meters across with amplitudes of 0.5 - 2 mGal (Figures 14a and
14b). Density variations within the uppermost crust could
arise from areas of collapsed and fissured terrain separated by
somewhat higher density flows, or zones of intrusion and sub-
surface diking which fed volcanic eruptions at or near the axis.
Fissuring and collapse are observed [Fornari et al., 1998] and
gravity modeling (Figures 15a-15c) shows that lateral density
contrasts arising in this manner may result in observable grav-
ity anomalies. However, for realistic density contrasts and
geometries the gravity anomalies are less than about 0.9
mGal. This suggests that although density variations due to
fissuring and collapse could contribute to the observed gravity
anomalies, they are unlikely to be the sole cause.

Large positive gravity anomalies with amplitudes of about
4 mGal were found at two locations, ~1.85 km east of the axis
on Dive 2767 (near 9°31'N) and ~1.75 km east of the axis on
Dive 2771 (near 9°50'N) (Figures 14a and 14b). Both loca-

tions are characterized by linear ridges (~10 m high and ~50 m
wide) of fresh, glassy pillow lavas [Perfit et al., 1994; Fornari
and Embley, 1995; Fornari et al., 1998] which, on the basis of
observational data, appear to be recent off-axis volcanic con-
structions.

Since the observed morphologic expression of
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Figure 15. Model gravity anomalies arising from hypothetical two-dimensional geologic structures. All
anomalies are calculated at a distance of 5 m above the seafloor. Models A-C represent regions of fissuring or
low-density flows with a density contrast of -300 kg/m’ with the surrounding area. In Model A the low-density
area is 50 m wide and extends to a depth of 100 m, in Model B it is 100 m wide and extends to a depth of 100 m,
and in Model C it is 100 m wide and extends to 200 m. These three models produce gravity anomalies of -0.43,
-0.65, and -0.91 mGal. Model D is a high-density flow (density contrast of 600 kg/m*) 10 m thick and 100 m
wide. It produces an anomaly of 0.22 mGal, which probably could not be resolved. Models E-H represent dike
swarms with a density contrast of 600 kg/m’ extending to a depth of 300 m. The width of the dike swarm is as-
sumed to be (E) 10 m, (F) 30 m, (G) 50 m, and (H) 70 m. They produce anomalies of 0.32, 0.85, 1.28, and 1.65

mGal, respectively.



COCHRAN ET AL.: CONTINUOUS NEAR-BOTTOM GRAVITY ON THE EPR

these suspected off-axis eruptions is small and is accounted for
in the Bouguer correction, we interpret the Bouguer gravity
anomaly at these sites as arising primarily from dike swarms
feeding the off-axis volcanism. The modeling shown in Figure
15d suggests that if these volcanic constructs were simply sur-
ficial mounds of slightly higher density pillows, their near-
bottom Bouguer gravity signature would be small (~0.2 mGal)
and unlike the observed anomalies. The observation of large-
amplitude gravity anomalies at these sites provides support for
the hypothesis that these features are created by off-axis erup-
tions sourced by dikes beneath the pillow ridges and are not
parasitic vents fed via subsurface tubes or channels from the
ASCT.

Figures 16a and 16b show the free-water and Bouguer grav-
ity anomalies mapped during the grid survey of the axis at
9°50'N (Figure 4). These anomalies can be correlated between
tracks and appear to be lineated parallel to the axis for at least
a distance of nearly a kilometer. Axis-parallel lineated anoma-
lies suggest dikes feeding lava to the axis as a possible source
of the gravity anomalies. Axis-parallel bands of low density,
fissured crust may also be present, but for reasonable density
contrasts and geometry they cannot by themselves result in
the observed amplitude of gravity anomalies. If the anomalies
are assumed to arise from dikes, then the dikes must form
swarms since a single dike has a negligible gravity effect. The
observed gravity anomalies in the ASCT grid survey (Figures
16a and 16b) can be reproduced by dike swarms with widths of
40-100 m and a density contrast of ~600 kg/m* (i.e., 2900
kg/m® for dikes, 2300 kg/m® for flows) (Figure 15).

Although the anomalies recorded during the ASCT survey
are lineated along the axis, the amplitude of the anomalies var-
ies from about 0.5 to 1.6 mGal within a distance of a few hun-
dred meters. The along-strike changes in anomaly amplitude
may be related to variations in the depth to the top of a dike
swarm. In this case, we expect that along-axis gravity highs
will be associated with regions of recent volcanic eruption.
This possibility is suggested by the observation that the grav-
ity high we mapped just east of the ASCT near 9°50.3'N
(Figures 16a and16b) overlies a subtle topographic high which
has been attributed to volcanic construction during the 1991
eruption [Fornari and Embley, 1995; Fornari et al., 1998].

The coincidence of the gravity high at 9°50.3'N with extru-
sive volcanism supports the interpretation that small axis-
parallel gravity anomalies result from zones of concentrated
dike injection. At the EPR at 9°30'-9°50'N, a 50-m-wide dike
swarm represents ~455 years of extension. Consequently, if
the anomalies do arise from dike swarms, one implication
would be that the eruptive axis remains spatially stable for
350-900 years and then jumps, perhaps by 100 m or so, leav-
ing an area made up primarily of flows and variably collapsed
terrain between the intrusive zones. When buried by later
flows, this lateral mixture of dike swarms and flows could make
up the lower 4.3 km/s portion of Layer 2A [Christeson et al.,
1994].

Figures 16a and 16b also show the location of the ASCT
walls as picked by Fornari et al. {1990, 1998] on the basis of
Argo I and Alvin observations. The ASCT has a small 75-m
lateral offset near 9°50.15'N (Figures 16a and 16b), and also
changes character at this offset, becoming shallower and less
well developed to the south [Fornari et al., 1998, see their Fig-
ure 2]. The offset is also associated with a disruption of the
along-axis pattern of Bouguer gravity anomalies (Figure 16b).
Anomalies on across-axis gravity profiles can be correlated
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from line-to-line on either side of the offset, but the pattern
changes significantly at the offset (Figure 16b).

Fornari et al. [1998] developed a four-stage model for the
evolution of different axial summit trough morphologies ob-
served on the fast spreading EPR crest, emphasizing the role of
volcanic collapse of the crustal carapace. Chadwick [1997]
and Chadwick and Embley [1998] have emphasized the role of
faulting immediately above an intruding dike in the formation
of axial summit depressions. In both models, there is a direct
relationship between dike injection, lava emplacement, and
the ASCT. Eruptive fissures are often observed within or im-
mediately adjacent to the ASCT [Haymon et al., 1993; Fornari
and Embley, 1995; Chadwick and Embley, 1998; Fornari et
al., 1998], supporting a direct relationship.

It is thus possible that the offset and change in character of
the ASCT and the disruption of the along-axis pattern of
Bouguer gravity anomalies (Figure 16b) are related and, in fact,
are both reflections of segmentation of the shallow feeders
which deliver magma to the seafloor. It is believed that much
of the ridge axis from ~9°45'N to 9°51'N erupted in 1991/1992
[Haymon et al., 1993; Rubin et al., 1994; Gregg et al., 1996].
The deeper portion of the magma supply system (magma
chamber and sheeted dikes) is probably continuous for that en-
tire 8.5 km length of ridge axis, allowing efficient along-axis
transport of melt. The observations in Figure 16b suggest that
the shallower portion of the supply system (dikes up through
Layer 2A to the surface) may be segmented on a finer scale.

9. Summary and Conclusions

High-resolution, continuous underway near-bottom gravity
anomaly data, which can be used to investigate the density dis-
tribution in shallow oceanic crust, can be obtained from a re-
search submersible. We utilized a Bell Aerospace BGM-3 gra-
vimeter mounted within the personnel sphere of DSV Alvin to
collect gravity data at an altitude of ~3-7 m above the seafloor
along more than 35 km of track located on the crest and upper
flanks of the EPR at 9°31'N and 9°50'N (Figures 3 and 4).
Gravity measurements along profiles up to 8 km long may be
obtained on one dive (Figures 3, 4, 11a and 11b). A compari-
son of gravity measurements obtained at fixed bottom markers
and during underway traverses over the markers indicates that
the repeatability of measurements made at the same location
on different dives is about 0.3 mGal (Figure 12).

Along-track spatial resolution of anomalies is about 130-
160 m. The limiting factor on spatial resolution in these data
is low-pass filtering necessary to remove high-frequency noise
resulting from limitations on the precision and sampling rate
of the pressure gauge depth data used to calculate the vertical
motions of the submersible. Model studies suggest that modi-
fications subsequently implemented in the Alvin data logging
system will eliminate the need for the low-pass filtering and
allow detection of shorter-wavelength gravity anomalies in fu-
ture studies which use this technique.

The average upper crustal density obtained from the slope of
the relationship between free-water anomaly and depth on the
EPR crest varies significantly between 9°31'N and 9°50'N. We
calculated an average upper crustal density of 2410 kg/m® for
the 9°50'N area and 2690 kg/m® for the 9°31'N area. Previous
estimates of the upper crustal density based on bottom gravity
measurements [Luyendyk, 1984; Holmes and Johnson, 1993;
Stevenson et al., 1994] have generally given densities in the
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Figure 16a. Free-water gravity anomaly map of the crest of the EPR from 9°49.9'N to 9°50.7'N, contoured at

0.25-mGal intervals.

Areas of gravity anomalies > 26.0 mGal are shaded light gray, and areas of gravity

anomalies > 26.5 mGal are shaded dark gray. Dots show location of near-bottom gravity measurements used in
construction of the map. Dashed lines show the location of the ASCT walls as picked by Fornari et al. [1990,

1998] on the basis of Argo-I and Alvin observations in 1989, 1991, and 1992.

ASCT near 9°50.15'N.

range of 2600-2700 kg/m’, consistent with our determination
at 9°31'N. However, a density estimate at 9°48'N on the EPR
axis by Stevenson and Hildebrand [1996] also produced a value
of 2420 kg/m’. The difference in estimated upper crustal den-
sity between the two regions is not the result of an across-axis
gravity gradient affecting one of the areas. The difference be-
tween the average upper crustal density estimated for the

Note the ~75 m offset of the

9°31'N and 9°50'N areas is also not the result of differing Layer
2A-2B boundary geometry and is unlikely to result from a dif-
ference in the thermal structure of the lower crust in the two re-
gions. Possible explanations for the different effective upper
crustal densities at 9°31'N and 9°50'N include a difference in
the average upper crustal porosity, a difference in the thick-
ness of the low-velocity (and low-density) upper "surficial"
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Figure 16b. Bouguer gravity anomaly map of the crest of the EPR from 9°49.9'N to 9°50.7'N, contoured at
0.25-mGal intervals. A crust-water density contrast of 1380 kg/m* was assumed in calculation of the Bouguer
anomalies. Areas of gravity anomalies > 172.5 mGal are shaded light gray, and areas of gravity anomalies >
173.0 mGal are shaded dark gray. Dots show location of near-bottom gravity measurements used in construc-
tion of the map. Dashed lines show the location of the ASCT walls as picked by Fornari et al. [1990, 1998] ]
on the basis of Argo-I and Alvin observations in 1989, 1991, and 1992. Note ~75 m offset of the ASCT near

9°50.15'N.

part of Layer 2A, or a difference in the proportion of lower-
density extrusives and higher-density dikes and sills with the
main portion of Layer 2A.

The Bouguer gravity anomalies near the EPR axis at 9°31'N
and 9°50'N are characterized by small anomalies a few hundred
meters across with amplitudes of 0.5-2 mGal (Figures 14a
and14b). Larger amplitude anomalies of ~4 mGal are found at a

few locations situated 1-2 km off-axis. Sources which could
contribute to the small-amplitude anomalies include low-den-
sity areas of collapsed and fissured terrain and high-density
dike swarms which fed eruptions. The larger off-axis anoma-
lies are associated with pillow ridges composed of lavas which
are clearly younger than the surrounding seafloor and which
have distinct chemical compositions compared to lavas from
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the ASCT at the same latitude [Perfit et al., 1994]. These
anomalies are interpreted to arise from dike swarms feeding
off-axis eruptions.

A grid survey of the ridge axis between 9°49.95'N and
9°50.65'N shows that the Bouguer anomalies in that region are
lineated parallel to the axis, suggesting that axis-parallel dike
swarms contribute to the observed gravity anomalies. The pat-
tern of gravity anomalies is disrupted and offset at a 75-m off-
set of the ASCT near 9°50.15'N (Figure 16b). The coincidence
of an offset in both the gravity anomalies and the ASCT, both
of which may be related to dikes feeding eruptions at the axis,
suggests that the shallow portion of the magma supply system
(dikes through Layer 2A to the surface) may be segmented on a
finer scale than the deeper magmatic system.
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