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Abstract 

We present deep-towed side-scan sonar mosaics of the inner valley floor of eight spreading segments at the slow-spreading 
Mid-Atlantic Ridge between 25” and 29”N. An analysis of these images, which well-resolve features a few tens of meters in size, 
confirms that the multitude of small seamounts, with diameters between 0.5 and 3 km identified on the inner valley floor from 
previously collected multibeam bathymetry data, are volcanically constructed. Moreover, these images reveal that these volcanoes 
have distinct surface morphologies not evident in the coarser resolution multibeam bathymetry maps: 83% of the seamounts 
have a hummocky (bulbous) morphology; the other 17% have a smooth morphology. In addition to near-circular seamounts, 
small (l-2 km long) volcanic ridges are abundant in our study regions, and are not, in general, seen in the bathymetry maps. 
We combine these new morphological data with existing models for the construction of.the shallow oceanic crust to obtain a 
better understanding of the melt delivery system that builds the distinctive seafloor topography at the slow-spreading Mid- 
Atlantic Ridge. 

1. Introduction 

The study of seafloor volcanic features produced at 

mid-ocean ridges provides information on crustal melt 
supply and delivery to the ridge. To understand these 
processes better at the slow-spreading Mid-Atlantic 
Ridge (MAR), we collected high-resolution side-scan 
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sonar images of the axial zone between 25” and 29”N. 

In this paper we focus on the multitude of small vol- 
canic edifices observed on the inner valley floor. These 
individual volcanoes with length scales between 0.5 
and 3 lun have varied and distinct volcanic morpholo- 
gies and shapes (e.g., Kong et al., 1988; Smith and 
Cann, 1992)) and they commonly overlap and pile up 
to build larger axial volcanic ridges (e.g., Ballard and 
van Andel, 1977; Karson et al., 1987; Smith and Cann, 
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1990,1992). Understanding their formation is essential 

to understanding how the oceanic crust is constructed 
at this slow-spreading ridge. 

Mapping of the axis of the MAR using multibeam 

echo-sounders has now been accomplished in a number 

of regions (e.g., Ballard and van Andel, 1977; Karson 

et al., 1987; Purdy et al., 1990; Grindlay et al., 1991; 

Detrick et al., 1995). Multibeam bathymetry data pro- 

vide an excellent overview of the topography, and have 

been used to investigate the distributions and abun- 

dances of near-axis volcanoes in both the South and 
North Atlantic (e.g., Batiza et al., 1989; Epp and 

Smoot, 1989; Smith and Cann, 1990, 1992). The spa- 

tial resolution of the multibeam data is coarse ( - 150 
m footprint), however, and using them to discriminate 

between volcanically and tectonically produced edi- 

fices is, in some places, difficult. 

To refine the volcanological inferences made from 

our earlier investigation of near-circular volcanoes 

(seamounts) at the MAR between the Kane and Atlantis 

transforms (Smith and Cann, 1990,1992), we obtained 

deep-towed side-scan sonar data in four study areas 
within the existing bathymetry coverage (Fig. 1). 

These data well-resolve features a few tens of meters 

in diameter. Deep-towed side-scan sonar data have 
been collected at the MAR prior to this (e.g., Macdonald 

and Luyendyk, 1977; Kong et al., 1988; Searle et al., 

1992; Parson et al., 1993); our data are unique, how- 

ever, in that they provide complete coverage of the 
inner valley floor of the median valley along major 

portions of eight spreading segments. Such extensive 

high-resolution coverage has not been obtained previ- 

ously, primarily due to the effort of mapping the wide 
(10-15 km) axial zone. 

An analysis of the side-scan sonar images confirms 
that seamounts identified from the bathymetry data are 
volcanically constructed. In addition, they reveal that 

seamounts have distinct surface morphologies not evi- 
dent in the coarser resolution multibeam data: 83% of 
the seamounts identified in the side-scan sonar data 
have a hummocky (bulbous) morphology; the remain- 
der have a smooth morphology. (Whether these mor- 
phologies are constructed from pillow or sheet flows 
can not be determined from the side-scan sonar data, 
however.) The sonar images also reveal that small ( l- 
2 km long) volcanic ridges occur throughout the study 
areas. In most cases, these features can not be identified 
in the bathymetry maps. 

In this paper we present the side-scan sonar mosaics 
of each study area and discuss their general character- 

istics. We then present detailed images of the two mor- 

phological types of seamounts (hummocky and 
smooth), examine the characteristics of their popula- 

tions, and discuss the possible controls on their for- 
mation. Next, we describe and classify the numerous 

small volcanic ridges that cover the inner valley floor 

of our study areas. Finally, we incorporate this new 
morphologic information provided by the side-scan 

sonar images into existing models for building the crust 
at the slow-spreading MAR. 

2. Overview of Mid-Atlantic Ridge topography 
and summary of previous work 

The slow ( N 25 mm/yr full rate) -spreading MAR 

between 20”and 40”N is composed of discrete spread- 

ing segments tens of kilometers long (e.g., Ramberg 

and van Andel, 1977, Ramberg et al., 1977; Purdy et 

al., 1990; Sempere et al., 1990, 1993) (Fig. 1). The 
large-scale topography of the ridge is dominated by a 
major rift valley. The inner floor of the rift, whose edges 

can be defined structurally as the first major fault scarp, 
is the primary site of crustal construction (e.g., Mac- 
donald, 1977). Understanding the volcanic processes 

and, in particular, the volcanic products formed on the 

inner valley floor is the main focus of this study. 
Most, but not all, segments contain prominent axial 

volcanic ridges within their inner valley floors that are 
the principal sites of lava extrusion. Between the Kane 

and Atlantis transforms only Segment 6 (Fig. 1) has 
no axial volcanic ridge. South of the Kane transform, 
the “southern cell” of Kong et al. (1988) also lacks 
an axial ridge. Axial volcanic ridges show a wide spec- 
trum of styles; they can be discontinuous along the 

strike of the segment, and can range in size up to several 
hundreds of meters high, several kilometers wide and 

tens of kilometers long (Ballard and van Andel, 1977; 
Ramberg and van Andel, 1977; Karson et al., 1987; 
Sempere et al., 1990, 1993; Smith and Cann, 1990, 
1992, 1993). The widespread occurrence of axial vol- 
canic ridges on the inner valley floor indicates that their 
construction is the preferred style of large-scale vol- 
canism in the axial zone. 

Near-circular volcanic edifices (seamounts) with 
diameters between 0.5 and 3 km, are distributed over 
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Fig. 1. Location map showing the northern Mid-Atlantic Ridge. The 
box indicates the area between the Kane and Atlantis transforms that 
has been the site of detailed multibeam bathymetry surveys (Purdy 
et al., 1990). The. lower panel is an enlargement of the region within 
the box. Straight lines show the location of the ridge axis; dashed 
lines show ridge segment boundaries. Numbers correspond to indi- 
vidual spreading segments that have been defined from the bathym- 
etry. Lines to the right of the axis indicate the along-axis extent of 
the four study areas that have been surveyed using the TOBI deep- 
towed side-scan sonar instrument. 

the valley floor of all spreading segments. Most of them 
are associated with the large-scale axial volcanic ridges 
(Crane and Ballard, 1981; Karson et al., 1987; Kong 
et al., 1988; Brown and Karson, 1988; Smith and Cann, 
1990, 1992; Sempere et al., 1993). In some segments 
chains of seamounts mark the tops of the axial volcanic 

ridges. In other segments they occur along the top and 
sides of the volcanic ridge. In segments without axial 
volcanic ridges, seamounts are scattered across the val- 
ley floor (Kong et al., 1988; Smith and Cann, 1992). 

As a step towards understanding the formation of 
these small volcanoes and their relationship to the 
larger axial volcanic ridges, Smith and Cann ( 1990, 
1992) characterized the abundances, distributions and 
shapes of nearly 500 seamounts with heights in the 
range 50-350 m identified in multibeam bathymetry 
data from the inner valley floor between the Kane and 
Atlantis transforms (Fig. 1) . They suggested that each 
of the seamounts was fed from a point source and that, 
in combination with flows, seamounts pile up and coa- 
lesce to construct the large axial volcanic ridges. Fur- 
thermore, based on their interpretation of the 
multibeam data and combined with existing seismic 
and geochemical studies (e.g., Whitmarsh, 1973; 
Bryan and Moore, 1977; Nisbet and Fowler, 1978; 
Fowler and Keen, 1979; Purdy and Detrick, 1986; 
Toomey et al., 1988; Huang and Solomon, 1988; Kong 
et al., 1992), Smith and Cann suggested that beneath 
the MAR magma rises buoyantly within the crust to the 
sharp rheological transition at the base of the brittle lid, 
where it is trapped to form small bodies, each of which 
then feeds one or a few seamounts. They argued that, 
if the MAR is fed by small ephemeral magma pockets, 
the structure of the lower crust will be substantially 
different than if it were fed by a single long-lived 
magma chamber (as speculated for the faster-spreading 
East Pacific Rise). The crust will be composed of a 
multitude of small plutonic bodies, each linked to a 
surface volcanic feature by a feeder dike or pipe, and 
each having cooled separately. 

The collection of the deep-towed side-scan sonar 
surveys presented in this paper led directly from the 
work of Smith and Cann ( 1990, 1992). Our intention 
was to refine our interpretation of the bathymetry data 
by obtaining high-resolution images of the volcanic 
morphology within the multibeam coverage and over 
the entire width of the inner valley floor. 

3. Data description and study areas 

The deep-towed side-scan sonar data presented in 
this paper were collected in 1992 aboard the RRS 
CharZesDunvin using the Towed Ocean Bottom Instru- 
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Table 1 
Characteristics of the four study areas 

Study area Segment number Segment length Segment width” Along-axis 

(km) (km) shallowingb (m) 

I 17 60 6.5 750 
16 15 15 _ 

2 11 40 7.5 600 
10 45 6 750 

3 6 55 7.5 750 
4 8 42 12 500 

7 35 10 500 

Along-axis MBA Seamount density” 
variation’ (m&l) (per IO3 km’) 

-20 110 

-7 16 
- 15 133 
- 10 67 
-22 84 
- 16 48 

-9 88 
- 

“Width averaged along the axis. 

“Measured from segment end to shallowest depth running along the center of the inner valley floor. 
“MBA = mantle Bouguer anomaly, variation calculated from the end of the segment to the center of the low. Area 1 values from Lin et al. 

(1990). 

dFrom Smith and Cann ( 1992). 

ment ( TOBI) which was developed and is operated by 

the Institute of Oceanographic Sciences Deacon Lab- 
oratory. TOBI deep-towed side-scan sonar operates at a 
frequency of 30/32 kHz, and collects a swath of data 
6 km wide. The TOBI vehicle is towed 400-600 m from 
the seafloor. The resolution of the side-scan images is 
a function of range, but in general the image pixel size 
is about 10 m so that features with diameters a few tens 
of meters or greater are well resolved. In addition to 
the side-scan sonar, the TOBI vehicle housed a 75kHz 
sub-bottom profiler and a triaxial magnetometer. Ship- 
board gravity data were also collected during the 
surveys. In conjunction with the collection of geophys- 

ical data, a dredging program was also accomplished; 
these data will be presented in another paper. 

Four study areas were selected within the existing 
multibeam bathymetry coverage (Fig. 1) . The char- 
acteristics of each study region are described below and 
summarized in Table 1. The areas were selected after 
a detailed examination of all 18 segments between the 
Kane and Atlantis transforms and provide a cross-sec- 
tion of the different characteristics observed. The seg- 
ments in our study areas, therefore, exhibit a wide range 
in overall topographic parameters (e.g., size of the axial 
volcanic ridge, width and length of the inner valley 
floor, characteristics of the seamount population). Sea- 

Fig. 2. Area 1 bathymetry (a), side-scan sonar data (b), and geologic interpretation (c) (a) Top panel shows the bathymetry for Study Area 

1. Individual swaths collected along ship tracks can be seen. Shadings represent water depth as shown to right. Contours are plotted every 200 

m. The white lines show the tracks of the TOBI vehicle. The lower panel also shows the TOBI tracklines. The spreading segments are marked 

and the boundary between them is shown by a dashed line. The solid dark contour represents the bounding scarp of the inner valley floor; it is 

defined here as the first major fault ( > 200 m in relief). Triangles plotted within the valley floor are the locations of seamounts identified in the 

multibeam bathymetry by Smith and Cann ( 1992); shading corresponds to seamount surface morphology. Black triangles show the locations 

of hummocky seamounts; open triangles show the locations of smooth seamounts; and shaded triangles show those seamounts that could not be 

identified in the side-scan sonar data. (b) Side-scan sonar mosaic of Area I composed of three overlapping swaths. The mosaics were constructed 
by hand, and photographed. The track of the TOBI vehicle is at the center of a swath; scalloping along the track is an artifact caused by a bottom 

tracking problem. In general, data located within 500 m either side of the vehicle track ate considered unreliable. Bright is a reflection. and dark 

is a shadow or attenuated return from sediment covered terrain. Where two swaths overlap, the swath shown was selected (in most cases) so 

that the illumination direction is from the center of the mosaic. The spreading segments are labelled with numbers corresponding to those shown 

on Fig. I. The boundary between segments is shown with a dashed line. Only features that are distinctive at this scale are marked. Bright linear 

reflectors are inferred to be faults; bright regions near the ends of segments ate interpreted to be landslide zones. Two seamounts are marked in 
Segment 17. The southern one is - 350 m in relief. It is the tallest seamount identified by Smith and Cann ( 1992) between the Kane and Atlantis 

transforms. The seamount to the north is - 220 m in relief and has a large summit crater. Detailed images of these two seamounts are given in 

Fig. 9a. (c ) Geologic interpretation of the side-scan sonar mosaic in (b) The same features are marked on both. In addition, the approximate 

location of the axial volcanic ridge is shaded. 
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Table 2 

TOBI side-scan sonar coverage 

Study area Area surveyed (km’) 

1 690 
2 700 
3” 1130 
4 1120 
Total 3640 

“Segment 6 only. 

mount densities are also given in Table 1. These values 

are from Smith and Cann (1992) and represent the 
number of seamounts identified on the inner valley 

floor of each segment normalized to area surveyed. In 
addition, Table 1 lists the along-axis variation in man- 

tle Bouguer gravity anomaly for each segment. A large 

negative anomaly is generally associated with thicker 
crust or higher mantle temperatures or both (e.g., Kuo 

and Forsyth, 1988; Lin et al., 1990). 
The multibeam bathymetry data and side-scan sonar 

mosaics for each area are presented in Figs. 2-5. The 

track lines of the TOBI surveys are displayed on the 

bathymetry maps of each area. Within each of the areas 

the surveys were designed to image the entire width of 

the inner valley floor and parts of the first fault block 
of the median valley walls. To accomplish this the ship 

tracks were selected to get better than 100% coverage. 

During the surveys, the ship was navigated using the 

multibeam bathymetry data. In total, over 3600 km* of 

side-scan sonar images of the inner valley floor and first 
step of the bounding walls were obtained (Table 2). 

The side-scan sonar mosaics presented in Figs. 2-5 

were constructed by hand from individual swaths and 
photographed. Each swath is 6 km wide; bright is a 

reflection, dark is a shadow or attenuated return. The 
inner valley floor can be seen in these mosaics as a 
region of relatively bright backscatter returns. The vol- 

canic morphology of the inner valley floor appears, in 
all but Segment 6, to be dominated by a hummocky or 
bulbous texture. Single hummocks range in size with 

diameters 50 <d < 500 m. These features are not well 
defined in the multibeam data. Individual volcanic edi- 
fices that are distinctive at this scale are labelled on the 
mosaics. Outside the inner valley floor linear, narrow 

reflectors are inferred to be fault scarps of the median 

valley walls. Large regions of high reflectivity are land- 
slide zones. The low backscatter seen in the valley walls 

is most likely caused by sediment buildup which atten- 

uates the signal. Each mosaic has an accompanying 
sketch marking the location of the segments and bound- 

aries between them, the axial volcanic ridge, some of 

the major faults, landslide zones, and a few specific 
volcanic edifices. 

3.1. Area I 

Area 1 is composed of the southern half of Segment 

17 and most of Segment 16 (Fig. 2). Segments 16 and 
17 are offset by approximately 7 km, and separated by 

a faulted ridge (septum) (Spencer et al., 1992). 

Segment 17 is approximately 60 km long; the inner 
valley floor is, on average, 6.5 km wide. Segment 17 

shallows along the axis approximately 750 m from the 

ends to center. A large negative, mantle Bouguer anom- 
aly (approximately 20 mGa1 variation along the seg- 

ment) is located near the center of the segment (Lin et 
al., 1990). An axial volcanic ridge runs most of the 

length of the inner valley floor; in places it is asym- 

metrically located to the west between the bounding 
scarps. The volcanic ridge widens and narrows along 

its length, but is typically a few kilometers wide and 

about 150 m high; seamounts are scattered along it. The 
tallest seamount identified by Smith and Cann ( 1992) 

between the Kane and Atlantis transforms ( -350 m 
in relief) is located near the southern terminus of the 

axial volcanic ridge and is marked on Fig. 2. Another 
seamount north of this one is about 220 m in relief and 
has a large crater at the top. These two volcanoes sit 
within the axial volcanic ridge, but rise well above its 

average height of 150 m. Other seamounts are not as 
easily distinguished in the mosaics at this scale. Seg- 

Fig. 3. Area 2 bathymetry (a), side-scan sonar data (b) , and geologic interpretation (c) (a) Bathymetry and locations of identified seamounts 

are shown. See Fig. 2 for description of the data and shade coding of triangles. (b) Side-scan sonar mosaic of Area 2 composed of three 

overlapping swaths. See Fig. 2 for description of the data. Because of the dominance of hummocky topography in Area 2, individual volcanic 
edifices are hard to see at this scale. One seamount, located in a gap in the axial volcanic ridge is marked. It is approximately 70 m high, and 

has a summit crater at the top. A detailed image of this feature is shown in Fig. 9b. (c) Geologic interpretation of the side-scan sonar mosaic 

in (b). The same features are marked on both. In addition, the approximate location of the axial volcanic ridge is shaded. 
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ment 17 has a seamount density of 110 per IO” km2. 
Segment 16 is a short, wide segment; it is approxi- 

mately 15 km long and 15 km wide. A relatively weak, 

mantle Bouguer gravity anomaly low (approximately 
7 mgal along-axis variation) is centered on Segment 

16 (Lin et al., 1990). Multibeam data indicate that the 
inner valley floor contains 3 parallel and offset volcanic 

ridges; seamounts are associated with each. The density 

of seamounts, 76 per 10” km*, is smaller than that of 
adjacent Segment 17. 

3.2. Area 2 

Study Area 2 contains Segment 11 and the northern 

half of Segment 10 (Fig. 3). The offset between Seg- 

ments 10 and 11 is small -approximately 3 km, and 
the axial volcanic ridges of the two segments overlap 

by about 6 km (Spencer et al., 1992). Numerous small 

volcanoes are associated with the overlap zone. 
Segment 11 is approximately 40 km long, and the 

width of the inner valley floor is, on average, 7.5 km. 

The bathymetry shallows approximately 600 m along 

the axis. Surface gravity data collected during our side- 

scan sonar surveys yield a negative mantle Bouguer 

anomaly near the center of the segment (approximately 
15 mGal decrease from the segment end). An axial 

volcanic ridge runs most of the length of the segment; 

it widens and narrows and is discontinuous in places, 
and seamounts are scattered along it. In the northern 

half of Segment I1 a volcanic ridge located asymmet- 
rically to the west on the valley floor appears to be 

faulted into several sections by the southwards exten- 

sion of a bounding fault into the valley floor. The west- 
ernmost sections of the ridge are inferred to be covered 

with sediment because of the low echo amplitudes asso- 
ciated with them. Apparently eruptions in this region 

of the inner valley floor are infrequent. Seamounts more 
centrally located within the valley floor have been built 
to the east of this faulted volcanic ridge. One, a 70-m- 

high flat top volcano with a summit crater is labelled 
on the side-scan sonar mosaic in Fig. 3. It and other 
seamounts (not marked) fill the gap where the axial 
ridge is discontinuous. The density of seamounts in 
Segment 11 is 133 per lo3 km2, the highest of all the 
segments between the Kane and Atlantis transforms. 

Segment 10 is approximately 45 km long; the inner 
valley floor is about 6 km wide. Segment 10 has an 
along-axis change in relief of - 750 m, and a negative 

mantle Bouguer anomaly near its center that is approx- 
imately 10 mGa1 less than at its ends. The axial volcanic 

ridge in Segment 10 is discontinuous near the midpoint 
of the segment. This gap marks the southern extent of 
the side-scan survey. On the eastern wall of Segment 

10, a large landslide (Tucholke, 1991) has covered the 

bounding scarp and artificially narrowed the valley 
floor. The density of seamounts in Segment 10 is 67 

per 1 O3 km’, approximately half that estimated for Seg- 
ment 11. 

Also of note in Area 2 is the Segment IO-I I bound- 

ary; there is no morphological evidence in the side-scan 

sonar that the 2 segments are distinct; nonetheless, 

gravity data show a mantle Bouguer anomaly low asso- 
ciated with both Segments 10 and 11 (Table 1) indi- 

cating that each is an individual spreading segment. 

Segmentation is also seen in the regular change in depth 
along the axis, shallowing near the center and deepen- 

ing at the ends of each segment. 

3.3. Area 3 

Area 3 contains all but the northernmost part of Seg- 

ment 6 and the western edge of Segment 5 (Fig. 4). 

The boundary between Segments 5 and 6 is complex. 

Using the TOBI data presented here to help interpret the 

Sea Beam bathymetry, Spencer et al. ( 1992) charac- 

terized the boundary as a shear zone that is composed 
of a region of oblique extensional faulting. 

Segment 6 is about 55 km long, and has an average 

inner valley floor width of 7.5 km. The along-axis 

change in relief from segment end to center is -750 

m. A large negative mantle Bouguer anomaly, the larg- 

est associated with the spreading segments considered 

here, is located near the center of Segment 6 (about 22 

mGa1 variation). Segment 6 is the only segment of the 

eighteen identified between the Kane and Atlantis 
transforms that contains no axial volcanic ridge. Instead 

it has a shallow ( - 150 m) central graben extending 
along much of its length with numerous isolated vol- 

canic edifices scattered on the valley floor. These edi- 
fices are surrounded by extensive smooth-textured 
terrain. A transition to the more common (in our study 
areas) hummocky terrain occurs going southward 
along the segment. The density of seamounts in Seg- 
ment 16 is 84 per IO3 km2, comparable to that of the 
other segments. 
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25’ 20’N 

Fig. 4. Area 3 bathymetry (a), side-scan sonar data (b) , and geologic interpretation (c) (a) Bathymetry and locations of identified seamounts 
are shown. See Fig. 2 for description of the data and shade coding of triangles. (b) Side-scan sonar mosaic of Area 3 composed of four 
overlapping swaths. See Fig. 2 for description of the data. Segment 6 has no axial volcanic ridge; instead a shallow graben ( 100-150 m deep) 
extends along its center; extensive smooth-textured terrain is observed here. Several small ridges aligned along the central graben are indicated 
and a detailed image of the northernmost one of these is shown in Fig. 11. Also marked are 3 hat seamounts that appear to be aligned along the 

strike of the segment. The southern two are shown in detail in Fig. 9c. The other seamount marked to the north of the hat seamounts has a 
hummocky texture and is shown in Fig. 7. The easternmost track is outside the valley floor and the lower backscatter returns are most likely 
caused by sediment buildup. (c) Geologic interpretation of the side-scan sonar mosaic in (b) The same features are marked on both. 
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Segment 5 is the easternmost segment of a major observed in Segment 5 striking approximately parallel 
zone of dextral offset of the MAR axis; its east-west to the strike of the ridge axis ( - 010”). A 630-m-high 
dimension ( - 15 km) is longer than the north-south edifice interpreted as a tilted fault block is located in 
length ( - I I km). Several short parallel ridges are the northwest section of this segment. Because of the 
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complicated structure of Segment 5 it is not considered 
further in this paper. 

3.4. Area 4 

Area 4 is located approximately 8 km north of Area 
3, and is composed of Segment 7 and the southern two 
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thirds of Segment 8 (Fig. 5). The offset between Seg- 
ments 7 and 8 is large ( - 10 km), and a septum sepa- 

rates the two (Spencer et al., 1992). 

Segment 8 is approximately 42 km long, and has a 

wide inner valley floor -12 km, on average. Segment 

8 has an along-axis change in relief of - 500 m, rela- 

tively small compared with those of the segments in 

the other 3 study areas, but the same as that of Segment 

7 (see below). A negative mantle Bouguer anomaly 

(approximately 16 mGa1 variation along the axis) is 

located near the center of Segment 8. A large axial 

volcanic ridge approximately 3 km wide and 250 m 

high runs along much of the valley floor. The volcanoes 

built in Segment 8 have the largest average height 

( - 135 m) of all of those of the eighteen segments 

between the Kane and Atlantis transforms. The two 

seamounts labelled on the side-scan sonar mosaic that 

occur on the axial volcanic ridge are 270 m (southern 

one) and 200 m in relief -essentially the same height 

as the volcanic ridge. The density of seamounts in Seg- 

ment 8 determined from the multibeam bathymetry, 48 

per 10” km*, is the lowest (except for the short Segment 

5) of the 18 segments between the Kane and Atlantis 

transforms. 

Segment 7 is approximately 35 km long, and its inner 

valley floor is wide, averaging 10 km. Segment 7 has 

an along-axis change in relief of -500 m. A weak 

negative mantle Bouguer anomaly (approximately 9 

mGa1 variation -about half of that in Segment 8) is 

located south of the center of Segment 7. The inner 

valley floor of Segment 7 is dominated by a robust axial 

volcanic ridge that is approximately 3 km wide, and 

runs most of the length of the segment. Its height of 

about 500 m is twice that of the volcanic ridge in Seg- 

ment 8. Volcanoes are scattered along the top and sides 

of the axial volcanic ridge. A morphologically diverse 

group of volcanic features is observed in the western 

flanking deep of the axial volcanic ridge. The group 
consists of an approximately 120-m-high flat top sea- 

mount, small volcanic ridges extending to the north and 

south, and a smooth-textured patch between the two 
ridges to the south. The density of seamounts in Seg- 

ment 7 is 88 per lo3 km*, nearly twice that estimated 

for Segment 8. The westernmost TOBI track in Area 4 

is located outside the inner valley floor, and imaged a 

sedimented volcanic ridge on the step of the first fault 
block in the median valley wall that is inferred to be a 

fossil axial volcanic ridge. 

4. Seamount population parameters 

In the following we describe the parameters of the 

seamount population in our four study areas estimated 
from the bathymetry data. The criteria used by Smith 

and Cann ( 1990, 1992) to include a feature in their 

seamount counts were that the feature had to be an 
edifice with height h r 50 m and near-circular in plan 

shape. The lower cutoff height (h = 50 m) is based on 
the resolution of the multibeam data. In the four study 

areas a total of 146 seamounts were identified by Smith 

and Cann ( 1992) ; their locations in each area are 
shown below the bathymetry maps in Figs. 2-5. The 

size distribution and shape parameters of these sea- 

mounts are given here and compared to those of the 
entire population between the Kane and Atlantis trans- 

forms (48 1 seamounts). 

The parameters useful in describing and comparing 
seamount populations include characteristic summit 

height, p - ’ (Smith and Jordan, 1988)) height-to- 
diameter ratio, &,, and flatness,5 this being the ratio of 
top diameter to bottom diameter. The values of summit 

height, and basal and summit diameters, used to esti- 

mate these parameters have been measured previously 

Fig. 5. Area 4 bathymetry (a), side-scan sonar data (b) , and geologic interpretation (c) (a) Bathymetry and locations of identified seamounts 

are shown. See Fig. 2 for description of the data and shade coding of triangles. (b) Side-scan sonar mosaic of Area 2 composed of three 

overlapping swaths. See Fig. 2 for description of the data. The eastern half of the inner valley floor of Segment 7 was not imaged. Instead a 

TOBI track was run outside the valley floor to the west. A sedimented ridge was imaged on the first fault block of the bounding wall. This ridge 

is inferred to be a fossil axial volcanic ridge. A smooth flat top seamount is marked to the west of the axial volcanic ridge in Segment 7; it is 

associated with several small ridges, and a smooth patch occurs to its south. A detailed image of this seamount is presented in Fig. 9b. Also 

marked in Segment 7 is a small volcanic ridge that has been built on the western flank of the axial volcanic ridge. It is shown in Fig. 11. In 

Segment 8, two hummocky seamounts are labelled. These types of seamounts are the most common in our study areas. The southern one is 
shown in Fig. 7. (c) Geologic interpretation of the side-scan sonar mosaic in (b). The same features are marked on both. In addition, the 

approximate location of the axial volcanic ridge is shaded. 
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Fig. 6. Height distribution for the 146 seamounts identified in the 

four study regions by Smith and Cann (1992) from multibeam 

bathymetry. Heights have been sorted into 20-m bins. The observed 

fall-off of number with height is consistent with the exponential size- 

frequency model of Jordan et al. ( 1983). 

from the bathymetry data by Smith and Cann ( 1990, 
1992). The distribution of 146 summit heights dis- 

played in Fig. 6 shows that the number of seamounts 

decreasesexponentially with increasing height. A max- 

imum likelihood fit of an exponential function (Smith 

and Jordan, 1988) to the binned data in the height range 

50-2 10 m (bin counts 2 5) yields a characteristic sum- 

mit height of p ’ = 63 + 3 m, essentially the same as 

that obtained for the entire population (/3 - ’ = 58 + 2 

m). 
The l46-point sample mean for height-to-diameter 

ratio is &, = 0. I 1 + 0.03 implying that the diameter of a 
seamount is on average just more than 10 times its 

summit height. The mean value of & is consistent with 
that determined by Smith and Cann (reported as height- 

to-radius ratio, &.=0.21 kO.06) as well as by other 
studies that have compiled seamount shape statistics in 

both the Pacific and Atlantic oceans (e.g., Batiza and 

Vanko, 1983; Abers et al., 1988; Smith, 1988; Kong et 
al., 1988). Flatness varies from 0 (pointy cone) to 0.7 

(flat top cone) and shows no clear relationship with 

height. The 146-point sample mean is f= 0.30 f 0.16. 
This is the same range and mean value for flatness 

obtained for the whole population (o-0.7, 

f=0.31 fOl6). 
Based on the similarities in population and shape 

parameters we conclude that the 146 seamounts located 
in our four study areas are representative of the entire 

population between the Kane and Atlantis transforms. 

5. Morphological types of seamounts 

Using bathymetric overlays we located 109 of the 
146 seamounts in the side-scan sonar images 

(Table 3). Despite attempts to survey the entire floor, 

some of the seamounts ended up directly beneath the 

vehicle path, and therefore were not imaged. The vol- 

canic morphologies of the 109 seamounts as seen in the 
side-scan sonar images are striking, and not evident in 

the multibeam data. Although the resolution of the side- 

scan sonar is not good enough to discriminate between 

individual flow morphologies such as those of sheet 

flows and pillow basalts, two distinct seamount surface 
textures are evident on the scale of tens of meters: 

hummocky (bulbous), and smooth. (The word hum- 

Table 3 

Classification of the morphological types of seamounts 

Study area Segment Seamount counts Classification by surface morphology 

Bathymetry Side-scan sonar Hummocky seamounts Smooth seamounts 

1 17 23 1-l 14 3 

16 II 9 9 0 

2 II 38 31 21 4 

10 9 8 6 2 

3 6 26 17 IO 7 

4 8 I5 13 I2 1 
7 24 14 I2 2 

Total 146 109 90 19 
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Fig. 7. Two examples of hummocky seamounts. Multibeam bathymetry data are shown above the side-scan sonar image. The bathymetry data 

have been extracted from a gridded data set using latitudes and longitudes corresponding to the estimated position of the TOBI vehicle. These 

two data sets are not co-registered, however. Color corresponds to water depth, and 20-m contour intervals have been plotted. The bathymetry 

has been shaded using the intensities of the side-scan sonar data, and not the topographic gradient. Therefore, the side-scan “textures” can bc 

seen on the bathymetry maps. Each figure is the same size, - 2.5 km along the bottom and - 3.25 km along the side. The left panel presents a 

hummocky seamount located in the central graben of Segment 6 (Fig. 4); it is surrounded by smooth-textured terrain, and faults cut its flank. 

Its summit is located in a gap in the bathymetry data so that the contours running east-west from the summit am artifacts of the gridding program. 

Extrapolating from contours of only the northern Rank of the seamount, we estimate tt to be - 100 m in relief. It is built from numerous 

hummocks, with diameters of a few tens of meters, piling on top of each other. The right panel shows the southern hummocky seamount located 

at the top of the axial volcanic ridge in Segment 8 of Area 4 (Fig. 6). These types of hummocky seamounts located on the tops and sides of 

axial volcanic ridges are very common in our study regions. This one is approximately 270 m high, with basal diameter of - 2225 m. 
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Fig. 8. Height distribution for the 90 hummocky seamounts identified 
in the four study regions from the side-scan sonar data. Heights have 
been sorted into 20-m bins. The observed fall-off of number with 
height is consistent with the exponential size-fmquency model of 
Jordan et al. ( 1983). and similar to that observed for the population 
of 146 seamounts shown in Fig. 6. 

mock is used here to describe rounded mounds 50-500 

m in diameter and less than 50 m high.) The spatial 

locations of the different morphological types of sea- 
mounts are shown in Figs. 2-5. Examples of hum- 
mocky-and smooth-textured seamounts are shown 

below. 

5. I, Hummocky seamounts 

A hummocky seamount has a bulbous morphology. 

Hummocky seamounts dominate in our study areas: 

83% of the seamounts identified in the TOBI side-scan 

sonar images have hummocky morphologies 
(Table 3). Detailed images of two hummocky sea- 

mounts are presented in Fig. 7 along with the corre- 

sponding bathymetry data. The format of this figure is 
the same as that in the following several figures, and 
we describe it here. Bathymetry data are shown above 
the side-scan sonar images. The bathymetry data have 
been extracted from a larger gridded data set using 
latitudes and longitudes corresponding to the estimated 
position of the TOBI vehicle. These two data sets are 
not co-registered, however, and matching the two is 
often subjective. Color corresponds to water depth, and 
20-m contours have been plotted. The bathymetry has 
been shaded using the intensities from the side-scan 
sonar data; thus, the side-scan textures can be seen 

“through” the bathymetry. Each plot shows a patch of 
seafloor approximately 2.5 km wide and approximately 
3.25 km long. The left panel in Fig. 7 shows a hum- 
mocky seamount located in the central graben of Seg- 

ment 6 (Fig. 4) surrounded by smooth-textured 

terrain; faults cut its flank. The right panel shows the 

southern hummocky seamount located at the top of the 

axial volcanic ridge in Segment 8 of Area 4 (Fig. 6). 

Hummocky seamounts associated with axial volcanic 
ridges are the most common type of seamount in the 
study areas. 

Hummocky seamounts range in height between 50 
and 270 m (Fig. 8). The characteristic height of the 
90 hummocky seamounts (from a maximum likelihood 

fit to the binned data between the heights 50 and 210 
m) is/I - ’ = 62 + 3 m. The 90-point sample mean for 

height-to-diameter ratio is 5’ = 0.1 1 + 0.03. Flatness 
varies from 0 to 0.63; the sample mean is 

f= 0.29 * 0.15. The size and shape parameters describ- 

ing the hummocky seamounts do not vary significantly 
from those estimated for the 146 seamounts located in 

the study regions 
The spatial distribution of hummocky seamounts on 

the inner valley floor of the study areas is shown in 

Figs. 2-5. All hummocky seamounts are associated 
with the larger axial volcanic ridges in Study Areas 1, 

2, and 4. In Area 3, where there is no volcanic ridge, 

hummocky seamounts are more common in the south- 
ern half of Segment 6. 

5.2. Smooth seamounts 

Volcanoes with smooth surface morphology on the 

side-scan sonar images are classified as smooth sea- 
mounts; they make up approximately 17% of the sea- 

mount population (Table 3). Detailed images of 
smooth seamounts are presented in Fig. 9. We cate- 
gorize smooth seamounts into two groups: flat top sea- 
mounts and hat seamounts. Fig. 9a presents detailed 
images of large flat top seamounts; Fig. 9b presents 
detailed images of small flat top seamounts, and Fig. 9c 
detailed images of hat seamounts. 

Both seamounts shown in Fig. 9a are located in 
Study Area 1 (Fig. 2). The 220-m-high seamount pre- 
sented in the left panel of Fig. 9a has a summit crater 
that makes up most of the flat top which has been cut 
by faults. A graben has formed on the summit, and 
down-dropped blocks are observed on each side of the 
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crater. Hummocks cover much of the flanks. The right 
panel shows a tall seamount ( m 350 m in relief) situ- 
ated at the southern terminus of the axial volcanic ridge 
in Segment 17. Its flat top contains a shallow crater. 
Numerous faults cut its flanks, and hummocks cover 
parts of the summit and flanks. A ridge has built on its 
southeast flank. 

The smooth flat top seamount shown in the left panel 
of Fig. 9b is approximately 70 m high, and is located 
in Area 2 (Fig. 3). The flat top is not faulted, and 
therefore it may have been recently constructed. The 
keyhole shape of the shallow summit crater suggests 
that two adjacent craters have coalesced. Hummocks 
have formed on the flanks of the seamount and within 
the crater. The smooth flat top seamount shown in the 
right panel is approximately 120 m high, and is located 
at the southern end of Area 4. As seen in Fig. 5, it is 
part of a morphologically diverse group of volcanic 
features that includes small ridges and a region of 
smooth-textured terrain. Its flat top is cut by faults, two 
of which have formed a small down-dropped graben. 

The second category of smooth seamount is char- 
acterized by a central edifice surrounded by axisym- 
metric flows. The smooth-textured brim has led to the 
use of the term “hat seamount” to describe these dis- 
tinctive seamounts. Only 3 of the 109 seamounts are 
hat seamounts; two of these are located in the central 
graben of Segment 6 in Study Area 3 (Fig. 4). The 
other is located in the flanking deep east of the large 
axial volcanic ridge in Segment 8. Fig. 9c shows exam- 
ples of two hat seamounts, both from Segment 6. A few 
other hat seamounts have been identified in the side- 
scan sonar data; these, however, are not included in the 
seamount counts because they are unfortunately 
located in gaps in the bathymetry data. 

The height distribution of the 19 smooth seamounts 
is shown in Fig. 10. The small sample size makes it 
impossible to estimate a characteristic summit height 
for the population of smooth seamounts. The 19-point 
sample mean for height-to-diameter ratio is 
& = 0.11 f 0.04. Unlike hummocky seamounts, 
smooth flat top seamounts show a relationship between 
height-to-diameter ratio and summit height. That is, EJ,, 
increases nearly linearly with increasing h. The height- 
to-diameter ratios &, of the three hat seamounts are 
smaller than average, suggesting that the growth of hats 
occurs radially more than upwards compared to other 
types. The flatness of all smooth seamounts varies from 

0.13 to 0.69; the 19-point sample mean is 
f= 0.32 f 0.17. Although the mean flatness is slightly 
larger than that obtained for hummocky seamounts, the 
binned flatnesses are not well approximated by a gaus- 
Sian distribution, and show a large peak at 0.1 <f 5 0.2. 

The spatial distribution of smooth seamounts is 
shown for each of the study areas in Figs. 2-5. Smooth 
seamounts are associated with axial volcanic ridges. 
They also occur, however, as isolated features. For 
example, the cratered smooth seamount in the left panel 
of Fig. 9b is located in a gap in the axial volcanic ridge 
in Segment 11; the smooth seamount shown in the right 
hand panel of Fig. 9b is located in the flanking deep to 
the west of the axial volcanic ridge in Segment 7 
(Fig. 6). 

The images in Fig. 9 reveal that smooth seamounts 
often have hummocks on their flanks and summits. 
How these hummocks relate to the seamounts is not 
clear. They may form at the end of the building stage 
and cover the flanks and fill the summit crater. Alter- 
natively, hummocks may be unrelated to the eruptions 
that build the seamount. Despite the fact that hum- 
mocks cover parts of smooth seamounts, smooth sea- 
mounts can always be distinguished from hummocky 
seamounts by their remarkably flat tops (sometimes 
with summit craters), and/or mostly smooth textured 
appearance on the TOBI images. 

5.3. Correlations between seamount morphology and 
segment properties 

To obtain a better understanding of the controls on 
seamount formation, we have investigated the variation 
in seamount morphology between and within seg- 
ments. We find that Segment 6 with its extensive 
smooth-textured terrain, no axial volcanic ridge, and 
large negative mantle Bouguer anomaly has the highest 
percentage of smooth flat top and hat seamounts 
(4 1 S) . We are not sure what the connection between 
these parameters is, however. Large negative mantle 
Bouguer anomalies are generally associated with 
higher mantle temperatures or thicker crust or both 
(e.g., Kuo and Forsyth, 1988; Lin et al., 1990). It is 
possible that higher mantle temperatures, producing 
greater extents of partial melting and perhaps larger 
volumes of magma to the ridge, may have resulted in 
recent flooding of the inner valley floor of Segment 6 
generating the smooth-textured terrain that is evident 
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Fig. 9. Examples of smooth seamounts. The format of this figure is described in Fig. 7. (a) Tall, flat top seamounts. Both are located in Segment 
17 of Area I. The left panel shows a cratered seamount; it is - 220 m in relief with a basal diameter of - 1500 m and a summit diameter of 
- 600 m, most of which is taken up by the crater. The summit is cut by faults and fissures, and down-dropped blocks are observed on each side 
of the crater. Hummocks cover its flanks. The right panel shows the tallest seamount identified by Smith and Cann ( 1992). It is - 350 m in 
relief with a basal diameter of - 2200 m and summit diameter of - 600 m. Numerous faults cut its flanks, and hummocks cover parts of the 
flanks and summit. A shallow graben is observed at the summit. (b) Short, flat top seamounts. The seamount shown in the left panel is located 
in Segment 11 of Area 2. It has a summit height of - 70 m. a basal diameter of - 1600 m, and a summit diameter of - 1100 m. The summit 
crater appears to be filled with hummocks. Hummocks also occur at the edges of the flat top. The seamount shown in the right panel is located 
in Segment 7 of Area 4. It has a summit height of - 120 m, a basal diameter of - 1350 m, and a summit diameter of - 625 m. Small ridges 
extend to the north and south of this features, and it is possible that the seamount was built when an original fissure eruption collapsed to a single 
feeder. The top is faulted and a down-dropped block has formed on its western side. A smooth textured patch occurs between two of the ridges 
to the south. (c) Hat seamounts. Both are located in Segment 6 of Area 3. In the let? panel the central dome of the feature is at the left of the 
image, only half of the edifice is shown. The dome is encircled by a smooth-textured brim. The summit height of the entire feature is - 80 m, 
the basal diameter - 2100 m, and the diameter of the central edifice is - 600 m. A taller hat seamount is shown in the right panel. It has a 
summit height of - 200 m, a basal diameter of - 1875 m, and a summit diameter of - 800 m. Its smooth surface is dotted with hummocks. 
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Fig. 10. Height distribution for the 19 smooth seamounts identified 
in the four study regions from the side-scan sonar data. Heights have 
been sorted into 20-m bins. There are too few smooth seamounts to 
constrain their size-frequency distribution. Their sizes span the entire 
size range observed for the 146 seamounts, 50-350 m. 

there. The volcanic edifices isolated within this smooth- 

textured terrain may have been built prior to this epi- 

sode or may be building on top of the smooth terrain; 

it is impossible to tell from the topography alone. No 

other systematic relationships between seamount mor- 

phology and segment properties (e.g., length, width, 

seamount density) have been found in any of the study 

areas. 

Intrasegment variations in seamount morphology 
have also been investigated. Our results show that all 

hummocky seamounts are associated with axial vol- 

canic ridges (Study Areas 1, 2, and 4) and occur on 

their tops and flanks. Smooth seamounts are also asso- 

ciated with axial volcanic ridges; however, most of 

them occur on the ridge flanks. In addition some smooth 

seamounts are observed in the flanking deeps, and oth- 

ers fill in the gaps in axial volcanic ridges. The one hat 

seamount not in Segment 6 is located in the flanking 

deep east of the axial ridge in Segment 8. (We assume 
that seamounts located in the flanking deeps of the axial 

ridges have formed there since they are not highly 

faulted and fractured as might be expected if they had 
been transported laterally from a more central lcca- 

tion.) All hat seamounts, and all flat top seamounts that 
occur in topographic lows in Study Areas 1, 2, and 4, 
have lower than average height-to-diameter ratios, &, 
suggesting that their growth occurs preferentially out- 

wards at their base rather than upwards. Correlations 

between seamount morphology and other variables 

such as location with respect to the bounding scarps or 
ends of segments have not been found. 

6. Small volcanic ridges 

In addition to nearly circular volcanic edifices, small 

(l-2 km in length) volcanic ridges are abundant on 
the inner valley floor of the MAR in our study regions. 

They are, in general, not evident in the batbymetry data. 
In Areas 1,2 and 4 they occur on the tops and sides of 

the large axial volcanic ridges, as well as the flanking 

deeps. They are also numerous in Study Area 3, in some 

places well defined by the surrounding smooth-textured 
terrain. Commonly, the small ridges are aligned parallel 
to or subparallel to the strike of the segment. Occasion- 
ally, however, their strike is transverse to that of the 

ridge segment. Often, these small ridges are composed 
of individual mounds of comparable size suggesting 

that each mound represents a centralized eruption. In 

other places, the ridges are smoother and individual 
mounds are not as easily distinguished. 

Fig. 11 presents two examples of small volcanic 

ridges. “Tadpole Ridge” shown in the left panel of 

Fig. 11 is located in Area 3 (Fig. 4). It is one of 

several volcanic ridges that are aligned along the shal- 
low central graben in Segment 6. It sits in a background 

of smooth-textured terrain. The orientation of Tadpole 
Ridge mimics the orientation of neighboring faults and 

fissures, and it is inferred that the feature was built by 
eruptions through similar faults and fissures. Its height 

is about 30 m, on average; a near-circular volcano (40- 
50 m in relief) is located at the southern end of the 
ridge; a smooth-textured brim surrounds it. 

“Caterpillar Ridge” shown in the right panel of 

Fig. 11 is located on the western flank of the axial 
volcanic ridge in Segment 7 (Fig. 5). It is not well 

defined in the bathymetry data. It appears to be com- 
posed along its length of individual, roughly circular 
mounds. Ridges such as this one may form from a 
fissure eruption in a manner similar to those observed 
in Iceland and Hawaii in which the original eruption 

breaks down to several points along the fissure to build 
ridges composed of a string of discrete highs. 
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7. MAR VOkZinOeS - modes of formation 

The side-scan sonar data presented in this paper pro- 
vide high-resolution images of the many volcanic edi- 
fices built on the inner valley floor of the MAR between 
25” and 29”N. An analysis of these data shows that 
seamounts 50-350 m in relief are fundamental building 
blocks of the segment-scale topography. They have 
distinct volcanic morphologies and shapes and, in com- 
bination with small ridges and fields of hummocks, 
assemble themselves into large axial volcanic ridges. 
Understanding the formation of these seamounts and 
their relationship to the axial volcanic ridges is critical 
to understanding how the shallow crust is constructed 
at a slow-spreading ridge. 

seamounts. They include physical parameters (e.g., 
eruption temperatures, lava density and viscosity), vent 
geometry (fissure versus point source) and underlying 
topography (ponding of lava in depressions, and 
deflection or folding of lava by substrate roughness) _ 
In addition, several volcanic edifices may be related, 
and connected by lateral subsurface feeder tubes 
(Humphris et al., 1990; Bryan et al., 1994). All of these 
factors must play a role (major or minor) in build&g 
the seafloor topography. 

Possible analogs to the hummocky-and smooth-tex- 
tured MAR edifices have been mapped in the Troodos 
ophiolite in Cyprus, and are called “pillow” and 
“sheet” volcanoes by Schmincke and Bednarz 
( 1990). Pillow volcanoes are composed of pillows of 
varying diameters (up to 6 m) and are thought to result 
from low-viscosity lavas that erupted at steady slow 
rates to build upward-growing bulbous masses. Sheet 
volcanoes are composed of discrete low-relief flows 
typically less than 5 m thick and are associated with 
more intermediate lavas, fast eruption rates, and distinct 
eruptive events. Schmincke and Bednarz ( 1990) con- 
cluded from their study that the composition of the lava 
is not the most important factor governing the forma- 
tion of pillow or sheet volcanoes. Formation is largely 
related to mass eruption rate and volume of lava 
erupted. 

Laboratory simulations of volcano growth using hot 
wax extruded under water also indicate that slow erup- 
tion rates and/ or rapid cooling of the lava surface pro- 
duce features that build by individual bulbous 
outgrowths; smooth-textured edifices form when erup- 
tion rates are high, or cooling of the lava surface is slow 
(e.g., Griffiths and Fink, 1993). In addition, laboratory 
models indicate that the shapes of edifices will vary. 
Fast eruption rates will build edifices with low aspect 
ratios; i.e. they grow by preferentially increasing their 
diameter rather than their height; slow eruption rates or 
episodic emplacement history will build edifices with 
higher than average aspect ratios (e.g., Fink et al., 
1993). 

In the following we incorporate our new morpholog- 
ical data, and the results from the field and laboratory 
work described above, into existing conceptual models 
for magma supply at the slow-spreading MAR (e.g., 
Nisbet and Fowler, 1978; Sinton and Detrick, 1992; 
Smith and Cann, 1992, 1993). Because of the exten- 
sional environment at the ridge axis, eruptions most 
likely occur through fissures. We envision that small- 
volume eruptions through fissures commonly build 
small ridges; if the eruption breaks down to several 
points along the fissure, the ridge will be composed of 
a string of individual mounds. If the fissure eruption 
collapses to a single feeder, a hummock is formed and, 
when magma supply is sufficient, a hummocky sea- 
mount will be constructed. Hummocky seamounts 
enlarge by bulbous outgrowths and form when eruption 
rates are slow and steady, and cooling is rapid 
(enhanced in the submarine environment). A concen- 
tration of eruptions along a narrow zone within the 
inner valley floor leads to overlapping and piling up of 
the hummocky seamounts, small ridges and fields of 
hummocks to build an axial volcanic ridge. Occasion- 
ally, focussed eruptions with faster effusion rates and 
perhaps consisting of several discrete eruptive events 
form smooth flat top seamounts that are also associated 
with the axial volcanic ridge. 

Hummocks cover most of the flanking deeps and 
gaps in the axial volcanic ridge. In some places, how- 
ever, fissure eruptions with fast effusion rates form 
smooth-textured patches, or centralize to a single feeder 
to construct smooth flat top and hat seamounts. These 
features grow preferentially in their diameters rather 
than their heights. Rare voluminous eruptions with high 
effusion rates will spread out to cover the inner valley 
floor producing extensive smooth textured terrain as 
seen in Segment 6. 

There are, of course, many controls other than effu- How magma is supplied to the crust to build the 
sion rate on the surface morphology and shapes of distinctive seafloor topography on the inner valley floor 
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Fig. 1 I. Two examples of small volcanic ridges. The format of this figure is described in Fig. 7. The left panel shows “Tadpole Ridge”. It is 

located in Segment 6 of Area 3. It is - 3300 m long, - 400 m wide, and 30 m high, on average. A circular volcano is located at the southern 

end. A smooth-textured brim encircles it. The along-axis orientation of the ridge mimics neighboring faults and fissures, and it is inferred to 

have erupted from similar fissures. The right panel shows “Caterpillar Ridge”. It is located in Segment 7 of Area 4. It is at the center of the 

image casting a shadow to its right. It is - 2400 m high, and -450 m wide. Its height is not well defined in the bathymetry data. Because of its 

segmented appearance, it is thought that an original fissure eruption collapsed to several point sources along its length. 

in our study region is currently unknown. Volcanic 
edifices may be fed from discrete small magma bodies 
that rise into the crust or from small-scale instabilities 

that develop in an existing large crustal magma body. 
In the latter case, there are strong parallels to fields of 
monogenetic cones in continental areas on Earth (e.g., 
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Heming, 1980; Hasenakaand Carmichael, 1985,1987; 
Connor, 1990, Perry et al., 1990). It is, of course, 
impossible to constrain the crustal plumbing system 
from the morphology alone, which is only one piece of 
the puzzle. Linking these small-scale edifices with 
detailed rock sampling and detailed geophysical studies 
is the next critical step in understanding how the shal- 
low crust is constructed at the slow-spreading MAR. 
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