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ABSTRACT 

Using the near-bottom A R G O  imaging system, we visually and acoustically surveyed the narrow (<  200 m wide) axial 
zone of the fast-spreading East Pacific Rise (EPR) along 83 km of its length ( 9 ° 0 9 ' - 5 4 ' N ) ,  discovered the Venture 
Hydrothermal Fields, and systematically mapped the distribution of hundreds of hydrothermal features relative to other 
fine-scale volcanic and tectonic features of the ridge crest. The survey encompasses most  of a 2nd order ridge segment and 
includes at least ten 4th order (5-15 km) segments defined by bends or small lateral offsets of the ridge crest or axis (Devals). 
4th order segmentation of the ridge crest is clearly expressed in the high-resolution A R G O  data  by the fine-scale behavior of 
the ridge axis and by changes in the characteristics of the axial zone (axial lava age, extent of fissuring, axial morphology and 
structure, etc.) across segment boundaries. The distribution and along-strike variability of hydrothermal features corresponds 
closely to the morphotectonic/s t ructural  segmentation of the ridge. On the 2nd order scale, we find that high T hydrothermal 
activity correlates with: (1) shallowing of the axial magma  chamber  (AMC) reflector to depths < 1.7 km beneath the ridge 
axis; and, (2) with the presence of a well-developed axial summit  caldera (ASC). Previous work refers to this feature as an 
axial summit  graben (ASG); however, the extent of volcanic collapse along the ASG revealed by the A R G O  survey adds to 
evidence that on fast-spreading ridges it is an elongate volcanic caldera rather than a tectonic graben, and supports the 
introduction of "axial summit  caldera" as a more accurate descriptor. All but  1 of the 45 active high T vent features identified 
with A R G O  are located within 20 m of the margins of the ASC. Despite the significant extent of our track coverage outside 
the ASC, no important  signs of venting were seen beyond the axial zone. On the 4th order scale, the abundance and 
distribution of hydrothermal features changes across 4th order segment boundaries. We find that high T vents are most  
abundant  where: (1) the ASC is very narrow (40-70 m), (2) the AMC reflector is most  shallow ( < 1.55 km beneath the axial 
zone), and (3) the axial lavas are youngest and least fissured. To explain the observed distribution of vent activity, a two-layer 
model of ridge crest hydrothermal flow is proposed in which 3-D circulation at lower T in the volcanic section is 
superimposed on top of axis-parallel high T circulation through the sheeted dike complex. In the model, circulation parallel to 
the ridge axis is segmented at the 4th order scale by variations in thermal structure and crustal permeability which are directly 
associated with the spacing of recent dike intrusions along strike and with cracking down into the sheeted dikes, especially 
along the margins of the ASC. Based on ratios between numbers  of active high T vents and inactive sulfide deposits along 
particular 4th order segments, and on corresponding volcanic and tectonic characteristics of these segments, we suggest that 
the individual 4th order segments are in different phases of a volcanic-hydrothermal- tec tonic  cycle that begins with fissure 
eruptions, soon followed by magma dra inback/dra inage  and accompanying gravitational collapse, possible development of an 
ASC, and onset of hydrothermal activity. The hydrothermal activity may wax and continue for up to several hundred years 
where an ASC is present. The latest phase in the cycle is extensive tectonic fissuring, widening of the ASC by mass wasting 
along its margins, and waning of hydrothermal activity. In the A R G O  area, where full spreading rates are 11 c m / y r ,  the entire 
cycle takes less than - 1000 years, and the tectonic phase does not develop where the time interval between eruptions is 
significantly less than 1000 years. 

0012-821X/91/$03.50 © 1991 - Elsevier Science Publishers B.V. 
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1. Introduction 

A l o n g  t he  c r e s t  o f  t he  g l o b e - g i r d l i n g  m i d - o c e a n  

r i d g e  ( M O R )  sy s t em,  m a g m a  u p w e l l i n g  f r o m  t he  

e a r t h ' s  m a n t l e  e r u p t s  a n d  f reezes  i n t o  t he  r ig id  

p l a t e s  of  l i t h o s p h e r e  t h a t  f loo r  t h e  o c e a n  b a s i n s .  

M a g m a t i c  a c t i v i t y  a n d  t e c t o n i c  p l a t e  m o v e m e n t  

a n d  d e f o r m a t i o n  a l o n g  t he  M O R  are  a c c o m p a n i e d  

b y  v o l u m i n o u s  h y d r o t h e r m a l  c o n v e c t i o n  of  c o l d  

s e a w a t e r  t h r o u g h  t h e  u p p e r  p o r t i o n s  of  t he  ho t ,  

n e w  p la tes .  T h i s  v a s t  h y d r o t h e r m a l  c i r c u l a t i o n  

f ac i l i t a t e s  a g l o b a l - s c a l e  t r a n s f e r  of  h e a t  a n d  

c h e m i c a l s  b e t w e e n  t h e  h y d r o s p h e r e  a n d  t he  l i t ho -  

s p h e r e  [1 5], a n d  p r o d u c e s  n u m e r o u s  h o t  s p r i n g s  

a l o n g  t he  c r e s t  of  t he  M O R  t h a t  a re  a s s o c i a t e d  

w i t h  m i n e r a l  d e p o s i t s  a n d  u n i q u e  a n i m a l  c o m -  

m u n i t i e s  ( [ 6 - 8 ]  a n d  r e f e r e n c e s  t he r e in ) .  S i n c e  t he  

i n i t i a l  d i s c o v e r y  o f  M O R  h o t  s p r i n g s  in  t he  1 9 7 0 ' s  

[9,10], i n v e s t i g a t i o n s  h a v e  u n d e r s c o r e d  h o w  m u c h  

is ye t  to  b e  l e a r n e d  a b o u t  s e a f l o o r  h y d r o t h e r m a l  

a c t i v i t y  a n d  i ts  s i g n i f i c a n t  i m p a c t  o n  o u r  p l a n e t .  

In  th i s  s t u d y  we a d d r e s s  o u t s t a n d i n g  q u e s t i o n s  

a b o u t  t he  i n t e r a c t i o n  a n d  f e e d b a c k  b e t w e e n  m a g -  

m a t i c ,  t e c ton i c ,  a n d  h y d r o t h e r m a l  p r o c e s s e s  o n  

t he  c r e s t  of  a f a s t - s p r e a d i n g  M O R .  

H y d r o t h e r m a l  f low o n  t he  M O R  cres t  is 

g o v e r n e d  b y  t he  t h e r m a l  r e g i m e  a n d  p e r m e a b i l i t y  

f ie ld  in  n e w  o c e a n  c rus t ,  p r o p e r t i e s  w h i c h  a t  p r e -  

s e n t  a re  n o t  w e l l - c o n s t r a i n e d  b y  d i r e c t  m e a s u r e -  

m e n t s .  B o t h  p a r a m e t e r s  a re  s t r o n g l y  c o u p l e d  to 

m a g m a t i c  a n d  t e c t o n i c  a c t i v i t y  a l o n g  t h e  M O R  

cres t .  U n t i l  q u i t e  r e c e n t l y  we k n e w  t o o  l i t t l e  a b o u t  

the  spa t i a l  a n d  t e m p o r a l  sca les  o f  v a r i a b i l i t y  in  

M O R  m a g m a t i c  a n d  t e c t o n i c  p r o c e s s e s  to  h a v e  a 

rea l i s t i c  c o n t e x t  for  u n d e r s t a n d i n g  h y d r o t h e r m a l  

p roces se s .  In  the  1980 ' s ,  h o w e v e r ,  a c o m p e l l i n g  

n e w  v iew of  M O R  p r o c e s s e s  a r o s e  f r o m  a n  im-  

p r e s s i v e  c o n f l u e n c e  of  b a t h y m e t r i c ,  g e o p h y s i c a l ,  

a n d  g e o c h e m i c a l  d a t a  (e.g. [11 16]) w h i c h  i n d i c a t e  

t h a t  t he  M O R  is s u p p l i e d  w i t h  m a g m a  f r o m  a 

l i n e a r  a r r a y  of  d i s c r e t e  m a n t l e  m a g m a  s o u r c e s  t h a t  

a re  d i s c o n t i n u o u s  a l o n g  t he  r i dge  a n d  v a r i a b l e  in  

o u t p u t .  In  th i s  n e w  p a r a d i g m ,  t he  M O R  is p a r t i -  

t i o n e d  a l o n g  i ts  l e n g t h  i n t o  d i s t i n c t  m a g m a t i c  seg- 

m e n t s  o v e r l y i n g  s e p a r a t e  m e l t  sou rces .  B e c a u s e  

t he  m e l t  s o u r c e s  d o  n o t  fal l  e x a c t l y  a l o n g  a l ine ,  

a d j a c e n t  r i dge  s e g m e n t s  o f t e n  a r e  l a t e r a l l y  o f f se t ,  

r e s u l t i n g  in d i s c o n t i n u i t i e s  o f  t he  r i d g e  axis.  A n  

e m p i r i c a l  h i e r a r c h y  o f  s e g m e n t s  h a s  b e e n  e s t a b -  

l i s h e d  b a s e d  o n  the  n a t u r e  o f  t h e  r i dge  ax is  d is -  

c o n t i n u i t i e s  m a p p e d  to  d a t e  [12,14]. T h e  l e n g t h s  of  

s e g m e n t s  o n  t he  E a s t  Pac i f i c  R i s e  ( E P R )  v a r y  

f r o m  300 500 k m  for  1st  o r d e r  s e g m e n t s  ( b o u n d e d  

b y  m a j o r  t r a n s f o r m  fau l t s )  to  a p p r o x i m a t e l y  10 

Fig. 1. Distribution of tectonic, magmatic, and hydrothermal features of the Venture Hydrothermal Fields along the East Pacific Rise 
(EPR) crest~ 9°09 ' -9°54 'N.  Inset map shows location of the survey area on the northern EPR. Sea Beam bathymetry on left was 
plotted at UCSB using JOI synthesis data [58]. Contour interval for the rise crest is 20 m. Columns on right show distribution of 
various features along strike, note excellent correlation between 4th order morphotectonic/structural segments and the distribution 
of hydrothermal features along the ridge. The delineation of the axial summit caldera (ASC) in the leftmost column is based on 
combined analysis of ARGO sonar data and near bottom imagery (Fig. 4 and Fornari et al., in prep.) and Sea MARC II sonar data 
(Fig. 4; [29]). The ASC is well-developed (wall-bounded) in the regions denoted by a solid line. The dashed portions of the line denote 
sections of the ridge axis where the ASC is poorly developed, i.e. where the axial zone exhibits extensive fissuring and /or  collapse 
that is not scarp-bounded on both sides. Almost all high T vents are located near the bounding scarps of the ASC. Using data from 
Detrick et al. [13], the behavior of the seismic axial magma chamber reflector (AMC REFL.) is shown in the next column to the right. 
The solid line indicates where an AMC reflector was detected; the dashed line shows where the subseafloor depth of the AMC 
reflector shoals to 1.7 km or less; and the dotted line marks where the AMC reflector is shallowest (at subseafloor depths of 1.55 km 
or less). Moving right to the next column, the regions of active high T venting detected by the ARGO survey are represented as solid 
boxes. Black dots mark the areas where black smoker chimneys or smoke plumes were seen. The dashed boxes are areas where 
venting of cloudy fluid (lower T?) was observed. Note that high T vents are most abundant where AMC is shallowest. In the column 
labelled "SULFIDE DEPOSITS", the solid boxes outline areas where mineral deposits were seen with ARGO (both active and 
inactive). The "VENT BIOTA" column shows the distribution and density of hydrothermal vent fauna along the axial zone, with 
solid black bars denoting dense vent communities, solid open boxes representing groups of 5 30 animals and dashed boxes denoting 
1 5 scattered animals. The arrows in the next column ("HYDROTHERMAL GAPS") denote areas where no evidence for 
hydrothermal activity is observed in the ARGO data. The rightmost column divides the ridge crest into Deval-bounded, 4th order 
segments based on subtle bends in Sea Beam bathymetric contours [11,12,17,58] and offsets in the ASC seen in Sea MARC lI [29] 
and ARGO sonar data (Fig. 4). The segment boundaries correlate with distinct along-strike changes observed in axial lava age and 
flow morphology; presence, structure and morphology of the ASC; extent of axial fissuring, and hydrothermal vent abundance and 

distribution based on the ARGO data. 
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km for 4th order segments (bounded by spreading 
axis offsets of less than 500 m). The 4th order 
segments, like the higher order segments, may be 
associated with independent pulses of mantle-de- 
rived melt [12,14,17]. Alternatively, short, small- 
offset ridge segments may result from misaligned 
fissure eruptions from longer, more continuous 
crustal magma reservoirs [11,14] like those seismi- 
cally detected at depths of < 3 km beneath the 
EPR crest [13]. 4th order segments could therefore 
reflect either shallow magma plumbing and de- 
livery processes, or the deeper pattern of mantle 
magma upwelling, or possibly both. 

These new ideas about M O R  magma supply 
processes have profound implications for under- 
standing MOR hydrothermal circulation. How- 
ever, study of hydrothermal activity at the re- 
quisite spatial scale of whole ridge segments re- 
quires visual surveys over large areas of seafloor, a 
technically difficult objective. The global M O R  
system is - 70,000 km in length. Altogether, less 
than 1% of its length has been visually surveyed 
thus far, and prior to this study the maximum 
continuity of systematic vent-mapping along the 
strike of the ridge was not more than 20 km 
[5,6,9,18 20,46]. Hence the abundance of vent ac- 
tivity and its distribution relative to other M O R  
features remains largely unknown. 

In this study, we have applied advanced tech- 
nology for near-bottom imaging of the seafloor to 
establish the abundance and distribution of hy- 
drothermal vents and deposits for most of a 2nd 
order ridge segment, including at least ten 4th 
order segments. Our survey, along a fast-spreading 
portion of the M O R  in the eastern Pacific, pro- 
vides continuous coverage of an 83 km stretch of 
ridge crest. This unique data set shows variations 
in hydrothermal output correlating with specific 
volcanic, morphological, structural, and geophysi- 
cal features of the ridge crest (Fig. 1), and reveals 
along-strike changes in hydrothermal activity re- 
lated to magmatic processes at the second- and 
fourth- (5-15 km) order scales of ridge segmenta- 
tion. 

2.  D a t a  c o l l e c t i o n  

In November -December  1989, during Leg III  
of the Venture expedition on R / V  Thomas 
Washington, we visually and acoustically imaged 

the axial zone of the East Pacific Rise (EPR) 
between 9° 09 'N  and 9 ° 54 'N  (Fig. 1) in a continu- 
ous near-bot tom survey along multiple closely 
spaced tracks (Fig. 2). A deep-towed instrument, 
the coaxial A R G O  imaging system, owned and 
operated by the Deep Submergence Laboratory of 
the Woods Hole Oceanographic Institution, was 
used for this purpose [21]. For our survey, the 
A R G O  was configured with: three video cameras 
(forward-looking, down-looking, and down-look- 
ing zoom) for continuous video imaging; a down- 
looking electronic still camera for high-resolution, 
digital imaging [22]; a down-looking 35 mm still 
camera for color photography; a 100 kHz Klein 
sonar system for high-resolution side- and for- 
ward-looking acoustic imaging; a pressure depth 
sensor; a 100 kHz narrow-beam acoustic altimeter 
to determine height above the bottom; a magnetic 
compass; four 600 w a t t / s  strobes and two 250 
watt  floodlights; an Ocean Sensors CTD to mea- 
sure conductivity, temperature, and density of the 
bot tom waters, and a Benthos transmissometer to 
measure the clarity of bo t tom waters. The coaxial 
A R G O  system has previously been used for two 
similar (though less dense and continuous) M O R  
surveys, including the A R G O  RISE survey along 
parts of the EPR between 10°19 'N and 11°53'N 
[18,231. 

The axial zone along most of the surveyed 
portion of the EPR is less than 200 m wide, and 
thus a high degree of navigational precision using 
bot tom-moored  transponders was required for our 
survey. By laying out a line of nineteen trans- 
ponders spaced 1 km west of the ridge axis and 
- 5 km apart, and by using GPS satellite naviga- 
tion and Sea Beam maps at the outset to fix the 
positions of these transponders relative to one 
another, we were able to attain _+ 5 m navigational 
precision within our transponder array for the 
entire 83 km length of our survey area. This al- 
lowed us to drive a series of closely spaced long 
lines, 10-50 m apart, throughout the area (Fig. 2), 
and to carry out detailed surveys with line spac- 
ings of only 5 20 m over hydrothermal fields. To 
achieve the optical resolution needed for identifi- 
cation of hydrothermal and geologic features in 
the video images, we towed A R G O  7-10 m above 
the bottom. This resulted in a visual swath width 
of 10-16 m, and an acoustic swath width of 
- 300 m. Given the close spacing of our lines, we 
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est imate our density of visual coverage at an un- 

precedented 80% where the ridge axis is well-de- 

f ined by an axial summit  caldera (see section 4.4) 

and 40% or bet ter  along the por t ions  of  the ridge 

where the caldera  is poor ly  developed or absent. 

The  total  area imaged  visually is roughly 9 mil l ion 

square meters.  The  densi ty  of  the sonar coverage 

is approx imate ly  90%, and the over lapping swaths 
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cover a 500-800 m wide zone centered on the 
ridge axis. 

3. Description of the tectonic and magmatic char- 
acteristics of the EPR crest in the ARGO survey 
area 

The A R G O  survey area comprises most of a 
2nd order segment along a fast-spreading portion 
of the EPR (full opening rate = 11 c m / y r ;  [24]). 
This segment is bounded to the north, at 10°10 'N,  
by the Clipperton transform fault, and to the 
south, at 9°03 'N,  by an overlapping spreading 
center ("OSC";  a type of ridge axis discontinuity 
[11,14,25-27]; Fig. 1). The 2nd order segment 
surveyed includes numerous 4th order segments 
(discussed below). No 3rd order segments, as de- 
fined by Macdonald et al. (1988) [14], occur along 
this section of the EPR. 

In the A R G O  survey area, the depth and shape 
of the EPR vary along strike [11,17,28-30]. Start- 
ing at the 9°03 'N OSC, the ridge shoals north- 
ward from a 2760 m deep, narrow razorback ridge, 
only 2 km wide and with a triangular cross-sec- 
tion, to a 2540 m deep, 4 km wide ridge with a 
rectangular cross-section at 9°50 'N.  A local topo- 
graphic high is present on the ridge crest at 
9°50 'N,  where the Lamont  seamount chain inter- 
sects the EPR crest [30]. North of this high, the 
ridge crest maintains a broad, rectangular shape 
and is shallower than 2600 m until the western 
end of the Clipperton transform is reached. 

The steady increase in the width and elevation 
of the ridge crest from the 9°03 'N OSC to the 
intersection of the EPR with the Lamont  
seamounts has been attributed to a northward 
increase in mantle magma flux that causes the 
northern portion of the ridge segment to be mag- 
matically inflated compared to the melt-starved 
OSC [14,28,30]. This interpretation is consistent 
with seismic reflection data along the ridge axis in 
this area [13]. The seismic reflection studies reveal 
the presence of a nearly continuous seismic reflec- 
tor, thought to be the top of an axial magma 
chamber (AMC), at depths of 1.5-2.5 km beneath 
the seafloor. The only gap in this reflector coin- 
cides with the location of the 9°03 'N  OSC (Figs. 1 
and 3). Altogether, the high elevation of this sec- 
tion of the EPR compared to adjacent ridge seg- 
ments [28], the signal strength of the seismic re- 

HIGH T VENTS OR 
2000 .'-- / SULFIDES 

: ' ~ ¢ 0  ,_ , , , .~t= (__ASC 

 ooo £ osc 
J= ~_ CLIPPERTON 

TRANSFORM db 
4000 -- 

f ;  / ' ~ ' - ' - ' ~ ' " .  ~ .... 
• ,--~.~ ( - ~ , '  AXIAL MAGMA CHAMBER REFLECTOR 

".f%, (after Detrick et al., 1987) 
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Fig. 3. Correlation plot modified from Macdonald and Fox 
[28] showing: (1) EPR axial depth profile, from Sea Beam data 
[11,28]; (2) depth to the AMC reflector, based on seismic 
reflection data [13,33]; (3) locations of areas along the axial 
zone (solid boxes and vertical bars) where high T hydrother- 
mal vents a n d / o r  sulfide deposits occur, based on the A R G O  
visual data; and (4) location of the ASC, based on A R G O  
sonar records (Fig. 4; Fornari et al., in prep.) and Sea MARC 
II sonar data (Fig. 4; [29]). Solid line denotes well-developed 
ASC, dashed line represents poorly developed ASC. Note that 
high T vent activity and sulfide deposition occur where the 
AMC is shallow and the ASC is well-developed. AMC reflector 
is dotted where the mult ichannel  seismic profile along the ridge 
crest may be slightly off-axis [28], and is dashed where the 
reflector is present but weak as interpreted by Detrick et al. 

[13]. 

flector [13], the relatively homogeneous composi- 
tions of lavas erupted north of the OSC in this 
area [12,31], and the burial of ridge crest faults 
and fissures by recent volcanism (observed in Sea 
MARC I sonar records and near-bot tom photos 
taken between 10°5 ' and 10 'N;  [32]) mutually 
suggest unusually enhanced magmatic activity on 
this segment of the EPR. 

The location of the ridge axis in this area as 
determined from Sea MARC II side-looking sonar 
records [29] is shown in Fig. 4. From north to 
south, the axis steps west in a series of right-step- 
ping, en echelon, 4th order segments < 15 km in 
length. South of 9°28 'N,  seismic data show that 
the position of the magma chamber axis lies - 3 
km to the west of the topographic ridge axis 
[17,33]. Possibly the topographic ridge is stepping 
west to recenter itself over the present axis of the 
magma chamber. 

From the character of the axial trace in Sea 
MARC II side-looking sonar records, an "axial 
summit graben", i.e. a linear trough bounded by 
opposing scarps, has been identified along much 
of the EPR axis in the A R G O  survey area [29]. 
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Fig. 4. EPR plate boundary configuration in the ARGO survey area. On left, blow-up of Sea MARC II sonar record between 
approximately 9030 ' and 42 'N showing paired black acoustic reflectors and white shadows characteristic of a well-developed ASC. 
In middle, plate boundary determined from Sea MARC II (SM II) sonar data, 9054 ' - I 5 ' N ,  from Macdonald et al. [29]. The presence 
of the ASC is denoted by a solid line; the dashed line shows where the axial zone appears as a discontinuous, "'fuzzy" trace in the Sea 
MARC II records. On right, ASC configuration determined from ARGO sonar records. Width of the ASC is measured across the top 

of this feature between the outermost bounding walls. Agreement between Sea MARC II and ARGO delineation of the ASC is 

excellent considering the difference in resolution and areal coverage for the two systems. 

For  reasons discussed below (section 4.4) we have 
chosen to rename this feature "ax ia l  summit  
ca lde ra"  and refer to it th roughout  as the " A S C " .  
The presence of the ASC in the Sea M A R C  II 

da t a  is ind ica ted  in Fig. 4 by  a solid line. Where  
the pla te  b o u n d a r y  is dashed  in Fig. 4, there is no 
dis t inct  A S C  in the records,  a l though the axial  
zone can still be d is t inguished as a fuzzy na r row 
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band of higher reflectivity and closely spaced fis- 
sures. The ASC does not show up on Sea Beam 
maps contoured at 10 m depth intervals, which 
suggests that it is rarely > 15 m deep [11,17,58]. 
Macdonald and Fox [28] note a strong spatial 
correlation between the occurrence of an ASC 
along the EPR between 9 and 13°N, and: (1) the 
presence of a strong AMC reflector; (2) shallow 
axial depths; and (3) a broad cross-sectional shape 
to the ridge crest. They propose that these features 
develop where the magma budget of the ridge is 
high. 

Based on a combined analysis of A R G O  sonar 
records (this study, Fig. 4; Fornari et al., in prep.), 
Sea MARC II sonar data ([29], Fig. 4), and Sea 
Beam bathymetry ([11,17,29,30,34]; Fig. 1), we 
have divided the A R G O  survey area into morpho- 
tectonically/structurally defined 4th order ridge 
segments labelled A - H  (Fig. 1). The segment 
boundaries are placed at "Devals"  (deviations 
from axial linearity [12]) arising from either offsets 
in the ridge axis, changes in the trend of the ridge 
axis and the ridge crest bathymetric contours, or 
(usually) both (see Table 2). We did not put in 
boundaries where the lateral distance of ridge axis 
offset is less than 50 m. Where offsets in the axis 
occur as a series of en echelon steps, we arbitrarily 
chose the boundary at the northern onset of step- 

ping. Our boundaries all lie within 3.8 km of 4th 
order boundaries picked by Macdonald et al. [29] 
on the basis of Sea Beam and Sea MARC II data. 
We consider the two studies to be in excellent 
agreement, given the much finer resolution of the 
A R G O  data compared to Sea MARC II or Sea 
Beam data, the more restricted areal coverage of 
the A R G O  data, and the subjectivity involved in 
picking boundaries in areas where the ends of 
segments overlap (Fig. 4) or exhibit multiple steps. 

The ridge-axis offsets at 9 °17 'N  and 9°51.5 ' 
were identified previously by Langmuir et al. [12], 
although these authors placed the 9°51.5 'N 
boundary at around 9°53 'N.  In general, basalts 
recovered from within the A R G O  survey area 
exhibit homogeneous, depleted normal MORB 
compositions; however, there are subtle changes in 
the Fe and Si composition of eruptives on either 
side of the 9 ° 17 'N  Deval (C. Langmuir, pers. 
commun.)  and distinct magma fractionation se- 
quences on either side of the 9°53 'N  Deval [12]. 
Such compositional variations may reflect sep- 
arate magma sources, differences in partial melt- 
ing, differences in plumbing, or poor magma mix- 
ing across these offsets [11-14,31]. Seismic tomog- 
raphy data beneath the EPR crest show a narrow- 
ing of the seismic low-velocity volume at 3 km 
depth beneath the ridge at 9°28 'N and 9°35 'N,  

T A B L E  l 

A g e  scale used  in a n a l y s i s  of  A R G O  b o t t o m  p h o t o g r a p h s  

VERY APPROXIMATE 
SCALE DESCRIPTION AGE SCALE FOR 9°N AREA 

No sediment cover, highly vitreous luster 1.0 

1.2 

1.5 

1.7 

2.0 

3.0 

Light "peach fuzz" of sediment cover, 
vitreous luster 

Light sediment cover within grooves and 
cracks in pillows, vitreous luster 
diminished, no sediment pockets 

No vitreous luster, very small sediment 
pockets (-2 cm across) on and between 
pillows 

Sediment pockets well developed between 
pillows 

Sediment pockets deep enough to connect 
between pillows 

<50 years old 

<100 years old 

<500 years old 

<1000 years old 

1000-5000 years old 

5000-20,000 years old 

*Modified slightly from scale for the EPR crest at 20°S published in Macdonald et al. (1988) [26], based 
in pert on previous work by Ballard et al. (1981) [35]. Regional sedimentation rates in the two areas 
are similar [2 cm/1000 years near 2(PS (McMurtry et al., 1981) [59], compared to 2.3 cm/lO00 years near 
9°N (Lonsdale and Spiess, 1980) [36].] 
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C a p s u l a t e d  d e s c r i p t i o n s  o f  the  p r i n c i p a l  vo lcan ic ,  tec tonic ,  and  h y d r o t h e r m a l  c h a r a c t e r i s t i c s  o f  the  4 th  o r d e r  

s e g m e n t s  of  the  E P R  f r o m  9o09 , to  5 4 ' N  b a s e d  on  the  A R G O  da ta ,  S e a M A R C  II ,  Sea  B e a m  a n d  s e i smic  d a t a  as 

r e f e r enced  in text  
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SEGMENT 

A 9°54"-5l°5'N 9°54'N: 

9°51.5'N: 

B1 9°51.5'-49.0'N 9°49.0'N: 

B2 9°49.5'-44.8'N 9°44.8'N: 

C 9°44.8'-37.1'N 9°37.1"N: 

D 9°37.1'-34.9"N 

E1 9°34.9"-32.7'N 

E2 9°32.7"-26.1'N 

F 9°26.1"-17'N 9°17"N: 

G 9°17'-12'N 9°12"N: 

H 9°12"-09'N 9°09"N: 

CRITERIA FOR SELECTING SEGMENT 
BOUNDARIES + 

Northern boundary of ARGO 
survey area. 
Ridge crest Bends and changes 
trend; ASC appears in ARGO 
~cords. 

Bathymetry of ridge crest shows 
subtle offset; ridge axis bends and 
changes ~'end slightly; ASC is 
offset -50m to the right in ARGO 
sonar records. 
Bathymetry of ridge crest shows 
small offset; ASC tapers and loses 
definition in ARGO sonar records, 
axial zone continues as en echelon 
fissure swarm; SOaMARC II 
records show small right step of 
ASC. 

Bend in bathymetry of ridge crest 
and in the ridge axis; ASC steps 
400m right in ARGO sonar records. 

9°34.9'N: Bend in bathymetry of ridge crest 
and in the ridge axis; ASC steps 
right on SeaMARC II records and 
appears to bend in ARGO sonar 
records. 

9°32.7'N: Small bend in ASC. Ridge axis 
steps right -60m in ARGO records. 

9°26.1'N: ASC tapers and loses definition at 
9°26.1'N in ARGO sonar records. 

Bend in ridge crest hathymetry and 
sharp kink in ridge axis. Axial 
trace on 5eaMARC II records steps 
a total of 1.1 km fight between 
9°19'N and 9°17'N. 

Bend in ridge crest hathymetry; 
ridge axis bonds and changes trend. 

Southern boundary of ARGO 
survey area. 

VOLCANIC, TECTONIC, AND 
HYDROTHERMAL 
CHARACTERISTICS OF 
SEGMENTS 

Lobate pillow lavas cut by fissures 
and lava channels. No ASC north of 
9°51.5"N. Low T vents. 

Narrow ASC (40-70m) containing 
many high T vents. "Smoking slot." 
ASC floor exhibits fresh sheet flows, 
auto-brecciated lavas, lava pillars, 
lobate collapse remnants/rubble, and 
few fissures. ASC steps -40m left at 
9°47.1'N. At 9%5.2'N, ASC tapers, 
and at 9°44.8'N it degrades into a 
zone of right-stepping fissures. 

Large fissures (5-20m wide) continue 
down to 9°43.5'N, where a wider (150- 
210m), deeper (15m) ASC takes form 
and continues southward to end of 
segment. High T vents present along 
ASC margins, but less frequent than in 
Segment B, while fissures in ASC are 
more frequent. 

ASC continues southward, 100-150m 
wide. Contains linear troughs (10- 
20m wide). No hydrothermal vents 
and very sparse vent biota. 

Segment E1 has widest ASC in survey 
area (150-400m). Along E2, ASC is 90- 
150m wide, 8-15m deep. Extensive 
collapse within ASC from magma 
drainback or drainage. Increase in 
fissure frequency relative to segments 
B-D. Sparse high T vents and 
numerous inactive mineral deposits 
along ASC margins. 

ASC degrades into a zone of linear 
collapse troughs and fissures south of 
9°26.1'N, and is scarp-bounded on 
both sides only from 9°25.5'N to 
9°23.7'N. Axial zone is highly 
fissured south to 9°21"N, where the 
degraded ASC is buried beneath 

I extremely fresh, unfissured lobate 
: lavas that continue to the end of the 
segment. No active hydrothermal 
vents or any mineral deposits found. 
Very sparse vent biota. 

No ASC. Axial zone dominated by 
fresh, unfissured lobate and pillowed 

; lava flows to 9°14'N. Isolated 
outcrops of fresh lavas on top of older 
flows continue to 9°12'N. One high T 
vent at 9°16.8'N, no mineral deposits. 

VERY APPROXIMATE 
AVERAGE AGE OF AXIAL 
LAVAS* 

Age 1.5 100-500 years 

Age 1.0 < 50 years 

Age 1.2 50-100 years 

Age 1.5 100-500 years 

Age 1.7 500-1000 years 

9°26.1'-2|'N: 
Age 2.0 1000-5000 years 

9o21'.17"N: 
Age1.0 <50 years 

9o17'-14"N: 
Age l.0 <50 years 

9o14".12'N: 
Age1.0-1.5 ,50-500years 

Narrow, steep-sloped pillow ridge. 
Occasional low T vents and vent 
biota. 

Age 1.5 100-500 years 

+ Refer to Figures I and 4 *Refer to Table I 
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possibly indicating a pinching of the axial magma 
chamber near both ends of segment E in Fig. 1 
[171. 

4. Results of the ARGO survey 

Within our survey area, we observe significant 
variability along-strike in apparent lava age 
(qualitatively estimated according to criteria 
established by previous near-bottom investigations 
of fast-spreading ridges [18,26,36]; see Tables 1 
and 2): in the morphology of the lavas and struc- 
ture of the axial zone; and in the degree of tec- 
tonization of the axial zone. We find that this 
variability is expressed on two spatial scales: the 
2nd order scale (encompassing the entire 83 km 
long survey area); and the 4th order scale (5 15 
km). 

4.1. Second-order features 

When the survey area as a whole is considered, 
the following observations emerge: 

(1) The axial zone along this portion of the 
ridge is dominated by young volcanism (Table 2), 
which confirms previous speculation about the 
magmatic robustness of the EPR in this area. The 
youngest axial lavas (0-50 years old) are found 
along the shallowest part  of the ridge axis, be- 
tween 9°37 'N and 9°51.5 'N, and on either side of 
the 9°17 'N Deval (from 9°12 'N to 9°21'N).  

(2) A well-developed ASC with bounding walls 
on both sides is confirmed along - 8 0 %  of the 
ridge axis between 9°24 'N and 9°54 'N.  This fea- 
ture occurs along a portion of the ridge where 
axial depths are above 2600 m and where the 
AMC reflector shallows to depths less than 1.7 km 
beneath the seafloor (Figs. 1 and 3). The average 
width of the ASC is narrowest (40-70 m) above 
the shallowest part of the AMC reflector and is 
wider (90-150 m) south of - 9°44 'N,  where the 
AMC reflector deepens by 100 200 m. South of 
9°24 'N,  the bounding walls of the ASC become 
subdued, and the poorly defined caldera disap- 
pears as a distinct feature at about 9°21'N,  where 
the depth to the AMC reflector sharply increases. 

(3) Density of fissuring in the axial zone is 
higher south of 9°34 'N,  except in the area of fresh 
flows between 9°12 'N and 9°21 'N,  and average 
widths of fissures are correspondingly smaller 

south of 9°34 'N  (Wright and Haymon,  in prep.). 
A R G O  data show that, in general, lava age and 
fissure density are correlated (Wright and 
Haymon,  in prep.; Table 2). 

In summary, A R G O  data show that the seafloor 
at the ridge axis on average gets older and more 
fissured as the ridge axis deepens away from the 
axial high at 9 ° 5 0 ' N  toward the boundaries of the 
A R G O  survey area, except for the area of young 
volcanism at 9°21 ' 12 'N.  A previous near-bottom 
Deep-Tow pho to /acous t i c  survey of the OSC at 
9°03 'N documented similar increases in lava age 
and fissuring along the ridge axis south of 9°09 'N 
to the southern tip of the ridge segment at 9°00 'N  
[27]. With the A R G O  data we further establish 
that the southward increases in axial depth, axial 
lava age, and fissuring are accompanied by a 
widening of the ASC south of - 9 ° 4 4 ' N ,  and a 
degradation of the ASC south of 9°27.5 'N until it 
disappears at about 9°21 'N.  These changes are 
spatially correlated with increases in the depth of 
the magma chamber beneath the ridge axis, and 
may result from possible decreases in the volume 
of magma or partial melt residing beneath the 
ridge axis approaching the OSC, as previous inves- 
tigators have proposed [27,28]. 

4.2. Fourth-order features 

We find that the fine-scale volcanotectonic fea- 
tures of the axial zone (e.g., lava age, small-scale 
seafloor morphology and structure, ASC develop- 
ment, fissuring, etc.) change character every 5-15 
km along the strike of the ridge, and that these 
changes usually occur at or near the morpho- 
tectonical ly/structural ly defined boundaries of 4th 
order segments ( A - H ;  Fig. 1). We thus confirm 
that Deval-bounded, 4th order segmentation of 
the EPR is expressed in the fine-scale features of 
the axial zone. A brief description of the individ- 
ual 4th order segments and the criteria for choos- 
ing their boundaries are summarized in Table 2. 

There is some uncertainty in choosing the 
boundaries of Segment F (9°26.1 9°17 'N).  It is 
possible that this segment should be subdivided 
into shorter segments. At 9°21 'N the ASC disap- 
pears and contacts are observed in A R G O  images 
between the oldest and youngest axial lavas in the 
A R G O  survey area. We have tentatively dashed in 
a segment boundary at this latitude in Fig. 1. 
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However, from the A R G O  data we could not 
establish the location(s) of the eruptive center(s) 
for the fresh lavas we observed. It is possible that 
the morphology and structure of the ridge crest 
between 9°21 ' and 9°17 'N  has been modified by 
extensive outpourings of lava from the axial high 
centered at about 9°15 'N (Fig. 1). Alternatively, 
magma may have flowed downhill from the north 
through subsurface lava tubes which intersect the 
seafloor at - 9°21 , N. Given these uncertainties 
we have placed the boundary between Segments F 
and G at 9 °17 'N  where a distinct Deval occurs 
[12]. We predict that the changes in lava composi- 
tions observed across this Deval (C. Langmuir and 
J. Bender, pers. commun.) are compositional dif- 
ferences between the older lavas found north of 
9°17 'N  and the fresh young lavas which have 
flowed over them. Note that we have picked the 
northern boundary of Segment F at 9°26.1'N, 
where a break in the continuity of the ASC occurs. 
Toomey et al. [17] and Macdonald et al. [29] 
placed this boundary 3.5 km further north at 
9°28 'N where the bathymetric contours of the rise 
crest in their Sea Beam maps appear to bend. The 
fact that no sinuosity or discontinuity of the ASC 
is present in the A R G O  sonar records at 9°28 'N 
where the ridge crest contours bend could mean 
that segment E2 has recently lengthened south- 
ward from 9°28 'N to 9°26.1'N. 

The average width of the ASC south of 9°44 'N 
is 90-150 m, however the ASC briefly widens to 
400m along segment El. This appears to be the 
result of overlap between segment D and segment 
E1 which essentially doubles the ASC width in the 
overlap region. 

4.3. The development and evolution of 4th order 
segments 

We can explain the segment-to-segment varia- 
tions described in Table 2 by ascribing the devel- 
opment of 4th order segmentation to spatial shifts 
in the locus of individual volcanic dike swarms 
and eruptions along the ridge over time. The true 
cause(s) of these shifts, i.e. the principle cause(s) 
of 4th order segmentation, cannot be firmly 
established on the basis of present data. The sys- 
tematic right-lateral stepping of segments along 
the ridge (Fig. 4) may indicate that the ridge axis 
is adapting to changes in the location of the axial 

magma chamber [33,54] as well as to changes in 
the direction of spreading [29]. Along-strike pinch- 
ing and swelling of the seismic low-velocity zone 
beneath the ridge led Toomey et al. [17] to agree 
with previous speculation [12,14] that 4th order 
ridge segmentation arises from a segmentation of 
the magma chamber itself at the 5-15 km scale, 
due to the distribution of magma sources in the 
mantle beneath the ridge crest. There are two 
important debatable issues here. (1) Whether 
pinching and swelling of the axial magma cham- 
ber along strike is due to deep magma supply or to 
some other mechanism (such as crustal or sub- 
crustal magmatic plumbing; convection in the axial 
magma chamber; deep hydrothermal cooling; etc.). 
And (2) whether 4th order segmentation of the 
magma chamber is the sole or most common cause 
of the shifts in the locus of magmatic intrusion 
and eruption which, in turn, are responsible for 
4th order segmentation of the ridge crest. Clearly 
the ultimate origin(s) of 4th order segmentation is 
not resolved and requires further investigation. 

The correlation seen in the A R G O  data be- 
tween axial lava age and fissuring density (Table 
2; Wright and Haymon,  in prep.) suggests that 
each 5-15 km segment is in its own phase of a 
volcanic-tectonic cycle that begins with fissure 
eruptions, continues with a phase of magma 
drainback or runoff and consequent gravitational 
collapse, and concludes with tectonic cracking. 
Volcanic/ tectonic  cycles have been postulated by 
previous investigators [14,35,37-40], but have not 
been well-constrained in space and time. At a 
spreading rate of 11 c m / y r ,  a strip of seafloor the 
width of the axial zone in the A R G O  survey area 
(40-150 m) is generated in a time period on the 
order of 102-103 years, a time interval that agrees 
rather well with the young ages of lavas observed 
inside the ASC (Table 2), This agreement suggests 
that eruption frequency is usually high enough to 
keep pace with spreading throughout most of the 
survey area. North of Segment D, where lavas are 
typically < 100 years old and exhibit a low den- 
sity of fissuring, eruption frequency may be so 
often that it precludes the tectonic phase of the 
cycle. Maximum axial lava ages (1000-5000 years) 
are observed along the northern portion of Seg- 
ment F between 9°26 'N  and 9°20 'N,  where ongo- 
ing spreading in the absence of eruptions has 
resulted in extensive fissuring. The appearance of 
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104 ° 17.6' W 104 ° 17.5' W 

Fig. 5. A. ARGO 100 kHz sonar image recorded on Line 19. White areas are strong acoustic reflectors and black is acoustic shadow 
(opposite of Sea MARC II record in Fig. 4). Total width of record is - 300 m. B. Interpretative sketch of sonar image shown in A 
with the ASC outlined. Heavy line denotes limit of the sonar image. The eastern ASC wall is well-defined by the start of the acoustic 
shadow. An area along the western wall has been traced to show the prominent shadows cast by the eastern wall on the highly 
reflective terrain of the western wall. Within the ASC floor, especially along its eastern margin, a linear array of reflectors (shown by 
stippled areas) is interpreted either as uncollapsed remnants of the volcanic roof which once existed over the area now occupied by 
the ASC or as a linear volcanic construct formed by fissure eruptions. The jagged shadows cast by the eastern ASC wall are formed 
by overhanging, large uncollapsed volcanic crusts that were often visually observed when ARGO was towed along the upper rim of 
the ASC. The scalloped (in plan-view) character of the ASC walls, the uncollapsed roof remnants, and the often-observed volcanic 
pillars, collapse pits, and collapse debris within the floor of the ASC all suggest that the ASC is largely a collapse feature associated 

with magma drainback or drainout. 
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significant collapse and fissuring along Segment E 
(where axial lavas are 500-1000 years old) indi- 
cates that a complete volcanic-tectonic cycle has 
transpired within this time interval. 

4.4. Morphology of the axial summit caldera 

From A R G O  side-looking sonar data we have 
precisely mapped the ASC (Fig. 4) and de- 
termined that its morphologic and structural char- 
acter are highly variable along the ridge crest. 
Detailed discussion and interpretation of the 
A R G O  sonar data, and an explanation of the data 

processing methods used, are presented elsewhere 
(Fornari et al., in prep.). The width of the ASC 
shown in Fig. 4 is the distance between the outer- 
most bounding walls, i.e. the width across the top 
of the ASC. Where the bounding walls are stepped, 
the width across the ASC floor is much narrower 
than the width across the top. 

The very fine-scale resolution (1-10 m) of the 
A R G O  sonar data has made it possible for us to 
see the extreme along-strike variability displayed 
by the walls and floor of the ASC. Because this 
variability occurs at very short wavelengths (tens 
to hundreds of meters), we have defined the ASC 
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9 ° 50.8'N 
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as "present"  (solid line in Fig. 1) where it forms a 
strike-continuous trough that is > 1 km long and 
> 40 m in width, with well-defined acoustic reflec- 
tors from opposing walls > 5 m in height. 

Most of the along-strike variability exhibited 
by the ASC is due to magmatic processes at the 
4th order scale. For example, one wall of the ASC 
may terminate abruptly where it is buried by a 
recent lava flow (as on the northern portion of 
Segment F). An important  result of the sonar data 
analysis is the finding that the walls of the ASC 
are commonly jagged or scalloped in plan-view 
(Fig. 5). Video images verify that a jagged, some- 
times overhanging, lip forms at the margins of the 
ASC from ragged collapse remnants. Along much 
of the ASC in the A R G O  survey, visual images 
reveal evidence for extensive collapse, including 
abundant lava pillars supporting roof remnants, 
ubiquitous collapse pits, and widespread collapse 
rubble. Thus in many places the ASC is a syn- or 
post-volcanic collapse feature, not a purely exten- 
sional tectonic graben. This is particularly true 
where the ASC is narrow (40-70 m wide), as in 
Segment B (Fig. 5). Where the ASC is wider (150 
m), it may have a shallow ( <  5 m deep) inner 
trough nested within a wider outer trough. The 
walls bounding the inner trough are jagged from 
collapse, while the walls bounding the outer trough 
are straightened from fissuring and mass wasting 
of large blocks, much as described in the 200-250 
m wide ASC on the EPR near 13°N by Gente et 
al. [381. 

The A R G O  data strongly support the hypothe- 
sis that on fast spreading centers the feature re- 
ferred to in previous work as an "axial summit 
graben" is actually an elongate axial summit 
caldera, resulting from the gravitational collapse 
which follows magma withdrawal in an exten- 
sional stress regime. This idea was first proposed 
by Lonsdale [41] based on Deep-Tow studies of 
the EPR crest at 3°25'S, and was strengthened by 
the spatial correlation between the presence of an 
ASC and the occurrence of an AMC reflector 
documented by Macdonald and Fox [28]. Given 
the confirming evidence provided by our fine-scale 
visual and sonar A R G O  observations, we propose 
that the terminology of "axial summit graben" 
(ASG) be abandoned in the future in favor of 
"axial summit caldera" (ASC). We suggest that 
the character of the floor and walls of this feature, 

and its dynamic behavior in time, are all best 
understood by analogy with volcanic calderas. The 
bounding scarps are quite similar to ring-faults 
(albeit in a line-source extensional environment 
rather than a point source setting), and are subject 
to outward migration and extensive mass-wasting 
when the depth to the magma chamber increases 
[38,42]. The depth of the floor varies along-strike 
and over time in probable concert with changes in 
the magma pressure from below [28]. 

5. Abundance and distribution of hydrothermal 
vents in the Venture Hydrothermal Fields 

5.1. Description and classification of hydrothermal 
features 

Prior to the A R G O  survey, very little was 
known about hydrothermal activity along the EPR 
from 9 to 10°N; however, the occurrence of hot 
springs here was considered likely in view of mor- 
phological and geophysical evidence for a high 
magma budget, measurements of anomalously 
warm bot tom water temperatures [43] along this 
part  of the EPR, and submersible observations on 
the axis at 9°53 'N  of hydrothermally stained lavas 
and vent fauna [30]. Expectations were confirmed 
by the A R G O  survey, which located hundreds of 
geologic and biologic hydrothermal features along 
the axial zone. These hydrothermal phenomena 
are now designated as the Venture Hydrothermal 
Fields. The wide range of hydrothermal phenom- 
ena seen with A R G O  are broken down into active 
and inactive categories, and into high-temperature 
(high T)  and lower-temperature (low T)  cate- 
gories (Fig. 1 and Table 3). 

For the purposes of this study, we define "ac- 
tive vents" as sites where active discharge of fluids 
or live vent animal communities are seen in the 
A R G O  video and still images. We classify active 
vents as high or low T based on the visual char- 
acteristics established for high and low T vents by 
previous submersible studies of M O R  hot springs 
[6,9,19,20,44-48]. Active high T vents ( >  200°C) 
are those where visible fluid discharge is accompa- 
nied by precipitation of mineral particulates and 
deposits. This includes all " smoker"  vents, i.e. 
vents where fluids colored by suspended mineral 
particulates issue from mineralized constructions 
(Fig. 6A). Varieties recognized in the A R G O  
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survey include black and white smokers (as de- 

fined by Spiess et al. [9]), and "grey" smokers 
exhibit ing flow rates and densities of plume par- 
ticulates intermediate  between those of black and 
white smokers. F rom previous studies of EPR 
vents [4,9,49 52], we presume that the tempera- 
tures of black smoker fluids are 350-400°C,  and  
that the temperatures of white smoker fluids are 
200-330°C.  A submersible dive program in the 
A R G O  survey area scheduled for 1991 will de- 

termine discharge temperatures for the different 
vent types in this area and provide greater detail 
about  the properties of vent fluids and mineral  
deposits. 

Active low T vents appear in A R G O  images as 
milky, cloudy, or shimmering effluents venting 
from cracks and crevices in the basaltic seafloor. 
There are no mineral  deposits forming on the 
seafloor at these vents, al though some encrusta- 
t ions or s taining of basalt  are often seen. At very 
low flow rates, no fluid can be detected by the 

A R G O  cameras, but  dense colonies of vent 
organisms are present, including vest imentiferan 
tube worms, polychaete tube worms, serpulid 
worms, vesicomyid clams, mussels, b rachyuran  and 
galatheiid crabs, and various fish. 

Inactive vents are sites where mineral  deposits 
and encrustations,  hydrothermal  sediments, or hy- 
drothermal  s taining of basalts are found in the 
absence of fluid discharge and live vent fauna. 

Inactive high T sites in the A R G O  survey area 
include sulfide construct ions classified as follows: 
chimneys = cylindrical or conical construct ions up 
to several meters in height; edifices = larger, more 
complex construct ions up to 20 m in height and 
several meters in diameter,  often topped by several 
chimneys (Fig. 6A and B); mounds  = elongate, 
low-relief massive sulfide accumulat ions  meters to 
several tens of meters long; and, encrustat ions = 
sulfide layers up to several centimeters thick pre- 
cipitated on a basalt  substrate. Inactive low T 

sites are areas where the only hydrothermal  indi- 
cators are minor  s taining of basalts, patchy hydro- 
thermal sediment,  a n d / o r  dead vent organisms. 

5.2. Abundance and distribution of vents: 2nd order 
features 

The port ions of the axial zone where active 
high T vents (i.e., smokers) occur are shown by 

Fig. 6. A. Top view of an active black smoker edifice along the 
base of the west wall of the ASC in Segment B2 near 9°45'N. 
Electronic Still Camera (ESC) image, depth 2540 m, altitude = 
7.0 m, heading 350 ° (towards top of image). Horizontal width 
of image is - 4 m. Note "smoke" plume which is wafting from 
the chimney spires. Edifice is - 7 m high and - 2 m wide near 
the top; note that several smaller chimneys have coalesced to 
form the top of the edifice. B. Top view of inactive sulfide 
edifice near the east wall of the ASC in Segment C near 
9°41'N. Electronic Still Camera (ESC) image, depth 2560 m, 
altitude = 8.0 m, heading 350°(towards top of image). Horizon- 
tal width of image is - 4.8 m, image area = 15.6 m 2. Edifice is 

- 6 m high and - 2.2 m wide near the top; note numerous 
small chimneys which extend upward from the top of edifice. 
The edifice appears to be a complex structure created by 

coalescence of the smaller chimneys. 

the solid boxes in Fig. I (see third co lumn from 
left). The dashed boxes indicate active areas of 
low T venting.  Black dots mark the locations of 
the hottest vents, where either black smokers or 
black smoke plumes appear  in A R G O  images. In 
the adjacent  co lumn to the right, areas of sulfide 
deposi t ion (active and  inactive) are indicated by 
solid boxes. The d is t r ibut ion  and density of hy- 
drothermal  vent  animals  are given in the column 
labelled " V e n t  Biota". In  the co lumn labelled 
"Hydro the rma l  Gaps" ,  arrows delineate por t ions  



528 

TABLE 3A 

Locations of vents actively discharging high-temperature a hydrothermal fluid 

R.M. HAYMON ET AL. 

Black smoker 
Segment B1 : 
Segment B2: 

Segment C 
Segment G 

Grey smoker 
Segment B1 : 
Segment B2: 

White smoker 
Segment B1 : 

Segment B2: 

Smoke plume 
Segment B1 : 
Segment B2: 

Segment C: 
Segment E1 : 
Segment E2: 

[9°50'17.7 ' ' ,  104°17'29.1";  9 ° 50'17.7 ' ' ,  104°17 '28.7";  9°  50'16.8 ' ' ,  104017'29.5 ' '  ] 
9 °46'16.6 ' ' ,  104°16'44.4";  9045'35.8 ' ' ,  104°16 '34.8";  [9°44'56.2 ' ' ,  104°16 '28.0" ;  

9°44'55.1 ' ' ,  104016'27.5 ' '  ] 
9 o 38'54.9",  104°15 '32.4"  
9°16'47.2 ' ' ,  104°13'08.1 ' '  

[9050'25.0 ' ' ,  104°17'30.1";  9 ° 50'24.0 ' ' ,  104°17 '29.9"] ;  9°50 '17 .3  ' ' ,  104017 '28.8"  
9 °47'10.3 ' ' ,  104°16 '57.8";  9046'30.9 ' ' ,  104°16'47.6";  [9 °45'35.8 ' ' ,  104°16 '34.8" ;  
9 °45'35.4 ' ' ,  104°16 '35.0";  9045'35.0 ' ' ,  104°16 '36.7";  9045'34.8 ' ' ,  104°16 '34 .9" ;  
9 °45'32.4 ' ' ,  104016'34.7 ' '  ] 

9 ° 50'34.9 ' ' ,  104°17 '31.6";  [9° 50'24.6 ' ' ,  104°17'30.1";  9 °50 '22.3  ' ' .  104°17 '29 .5"] ;  
9°50 '17 .3  ' ' ,  104017'28.8 ' '  
[9 °47'33.5 ' ' ,  104°17 '01.2" ;  9 °47'32.6 ' ' ,  104°17 '00 .6" ;  9 °47'32.5 ' ' ,  104°17 '00 .7" ;  
9°47 '31.8 ' ' .  104°17 '00.4"] ;  9045'35.0 ' ' ,  104016 '36.7"  

9°51 '22 .2"  
[9 °47 '32.5" 
9 °46 '  31.5" 
9 °44 '55 .7"  
9°44'49.7 '', 
9 °40 '49 .2"  
[9°33'31.6 ' '  
9 ° 30'56.9".  

104°17 '39.2";  9°50 '15 .8  ' '  ' 104017'28.4 ' '  
104°17 '00 .9" ;  9047'32.4 ''" 104°17'00.1"];  9°47 '31 .9  ''" 104°17 '00 .0" ;  

104°16'48.4";  [9°44'56.9 ' ' ,  104°16 '29.0" ;  9044'56.8 ' ' ,  104°16 '27 .9" ;  
104°16 '28.8";  9044'54.2 ''" 104°16 '27.4"] ;  [9044'50.8 ' '  ' 104°16 '26 .6" ;  
104°16'27.1 ' '  ] 
104015'53.7 ' '  
104°14 '55.0" ;  9°33 '31 .4  ' '  ' 104°14 '54.9";  9°33 '31.3  ' '  ' 104014'55.0 ' '  ] 
104014'38.3 ' '  

High temperature inferred from association with sulfide mineral precipitation; see text. 
Latitude given in degrees N; longitude in degrees W. 
Brackets ([ ]) indicate areas where vent spacing is less than 100 m (one second of latitude - 30 m). 

of the axial zone where evidence of past or present 
vent activity, including occurrences of vent 
animals, is virtually absent. Considering the survey 
area as a whole, we report the following observa- 
tions: 

(1) The total number of active high T vents 
detected in the Venture Hydrothermal Fields is 
large (=  45; Table 3A). The actual number of 
vents may be even higher than we report since 
areal coverage of the axial zone by the A R G O  
survey is less than 100%. We have grouped these 
vents into active vent "areas" in which the maxi- 
mum separation between vents is ~< 100 m (Table 
3A, B). Along the 44 km of ridge axis surveyed 
north of 9°30 'N,  we find 5 black smoker areas, 5 
grey smoker areas, 10 additional black or grey 
smoke plumes, and 5 white smoker areas. Over the 
44 km interval, this averages out to one smoker 
area per 2 km of ridge axis. More than 100 mineral 
structures (active and inactive chimneys, edifices, 

and mounds) were found. Though some of these 
features are quite tall (up to 20 m), none are 
volumetrically large. 

(2) With only one exception, evidence for high 
T hydrothermal venting is found north of 9°27 'N 
along the shallow ( < 2580 m) portion of the ridge 
where the AMC reflector shoals to < 1.7 km 
beneath the seafloor (Fig. 3) and is centered be- 
neath the topographic ridge axis [33]. Along the 
deeper portion of the axis south of 9°27 'N,  where 
seismic data show that the magma chamber axis 
lies west of the topographic ridge axis [17,33], high 
T venting is almost totally absent (based on 
ARGO data and Deep Tow camera runs between 
9°07 'N and 8°55 'N [27]). Thus the depth and 
location of the magma chamber axis may be de- 
termining the distribution of high T vents at the 
2nd order scale. 

(3) With one exception, all high T vents and 
sulfide deposits are found where the ASC is well- 
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TABLE 3B 

Locations of vents actively discharging low-temperature a hydrothermal fluid 
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Segment A: 
Segment B1 : 

Segment B2: 

Segment C: 

Segment El: 

Segment E2: 

Segment G: 

Segment H: 

9°53'55.1 ". 104°17'52.1"; 9°53'36.1 '', 104°17'50.4"; 9°53'13.7 ' ' , 104°17'50.2 ' '  
9°51'23.7 ' '  104°17'38.4"; [9050'57.9 ' '  104°17'37.1"; 9050'54.0 "" 104°17'39.0"]; 
[9o50'37.0 ''. 104°17'32.6"; 9o50'34.9 ' '  104°17'30.5"; 9050'34.7 ' '  104°17'31.3"; 
9o50'34.4 ' '  104°17'30.5"; 9050'33.7 ' '  104°17'31.3"; 9°50'33.1 ' '  104°17'31.4"; 
9050'32.9 ' '  104°17'32.1"; 9°50'31.6 ''. 104°17'32.4"; 9050'30.5 ". 104°17'32.1"; 
9o50'28.5 ' '  104°17'30.8"; 9050'26.5 ' '  104°17'30.4"; 9050'25.6 ' '  104°17'29.1"; 
9050'25.4 ' '  104°17'30.2"; 9o50'24.8 ' '  104°17'30.1"; 9o50'24.3 ' '  104°17'30.0"; 
9°50'24.1 ' '  104°17'28.9"]; [9°50'19.8 ' '  104°17'28.3"; 9°50'17.7 '', 104°17'28.3"]; 
9o49'56.7 ' '  104°17'26.6"; 9049'30.4" ' 104°17'21.8 ' '  

[9048'25.3 '', 104°17'10.9"; 9 °48'22.1 ' ' , 104°17'09.9"]; 9o47'54.8 ' ' , 104° 17'06.9"; 
[9 °47'44.9 ''. 104°17'03.8"; 9 °47'44.5 ' ' , 104°17'02.7"; 9 °47'44.5 ' ' , 104°17'03.6"]; 
[9047'35.5 ' '  104°17'01.1"; 9°47'32.9 ' ' ,  104°17'00.4"; 9047'32.9 ' ' , 104°17'00.9"; 
9 °47'32.5 '', 104°17'00.9"; 9o47'32.4 ' ' , 104°17'00.1"; 9 °47'32.2 '', 104°17'00.6"; 
9°47'31.9 '', 104°17'00.0"; 9 °47'30.4 ' ' , 104°17'00.1"; 9 °47'27.5 ' ' , 104°16'59.9"; 
9°47'25.1" 104°16'59.3"; 9 °47'24.2 ' ' ,  104°17'00.5"; 9047'23.7 ", 104°16'58.3"]; 
9047'09.0" 104°16'57.5"; [9046'33.2 ' ' , 104°16'48.9"; 9°46'31.5 ' ' , 104°16'48.4"]; 
9 °45'34.8 ''. 104°16'34.9"; 9045'22.7 ' ' ,  104°16'33.0"; 9 °45'14.8 ' ' ,  104°16'31.6"; 
9044'56.5 ''. 104°16'27.7"; [9°44'51.4 ' ' , 104°16'26.0"; 9o44'50.5 ' ' , 104016'25.7 ' '] 

9 °41'24.2 ' ' ,  104°16'03.0"; [9040'52.7 ' ' , 104°15'53.6"; 9 °40'50.7 '', 104°15'54.2"; 
9 °40'49.2 ' ' , 104°15'53.7"]; 9 ° 39'01.7 ' ' , 104°15'33.9"; 9o37'33.7 ' ' , 104o15'22.7 ' '  

[9° 33'31.9 ' ' , 104°14'54.9"; 9°33'31.4 ' ' , 104°14'54.9"]; [9 ° 33'11.3 '', 104°14'55.0"; 
9°33'10.9 '', 104°14'54.5"; 9°33'10.2 ", 104°14'54.5"; 9 ° 33'09.2 ' ' , 104014'54.5 ' '] 

9 o 32'05.5", 104°14'48.6"; [9 o 31'21.8", 104°14'46.1"; 9 o 31'20.6", 104°14'46.0"; 
9 ° 31'18.4 ' ' , 104°14'45.7"; 9 ° 31'17.6 ' ' , 104°14'45.6"; 9°31'17.3 ' ' , 104°14'45.9"; 
9 ° 31'16.8 ' ' , 104°14'45.4"; 9 ° 31'13.5 ' ' , 104°14'45.1"]; [9°31'06.9 ' ' ,  104°14'43.9"; 
9°31'06.6 ' ' , 104°14'44.7"]; [9°30'29.1 ' ' , 104°14'41.1"; 9 ° 30'26.4 ' ' ,  104°14'39.5"]; 
[9°30'21.7 ' ' , 104°14'36.5"; 9 ° 30'21.6 ' ' , 104°14'35.8"; 9 ° 30'20.8 ' ' ,  104°14'35.8"]; 
9°29'43.4 ' ' ,  104014'29.7 ' '  

9°16'48.0 ' ' , 104°13'08.8"; 9°16'34.2 ' ' , 104°13'04.8"; 9°16'27.1 ' ' , 104° 13'05.0"; 
9°15'21.1 ' '  ' 104°13'15.6 ' '  

9°11'38.3 ' ' , 104°12'49.8 ' '  

a Diffuse, cloudy effluent; low temperature inferred from absence of visible sulfide mineral precipitation; see text. 
Latitude given in degrees N; longitude in degrees W. 
Brackets ([ ]) indicate areas where vent spacing is less than 100 m (one second of latitude = 30 m). 

d e v e l o p e d  (Fig.  3), and  a lmos t  all  occu r  on  or  n e a r  

the  scarps  b o u n d i n g  the  A S C .  I t  seems tha t  the 

e n h a n c e d  p e r m e a b i l i t y  o f  the  crus t  a long  the  A S C  

m a r g i n s  m a y  p lay  an i m p o r t a n t  ro le  in the  g e o m e -  

try o f  f luid c i r cu l a t i on  by  c h a n n e l i n g  the  ho t  f lu ids  

at d e p t h  to the  seaf loor .  

(4) C o n s i s t e n t  wi th  (2) and  (3), the  grea tes t  

dens i ty  o f  h i g h - t e m p e r a t u r e  ven t s  is f o u n d  a long  

S e g m e n t  B where  the  A S C  is a n a r r o w  s m o k i n g  

slot,  less t han  70 m wide,  and  whe re  the  A M C  

re f l ec to r  rises to its sha l lowes t  depths .  

(5) A r e a s o n a b l y  g o o d  co r r e l a t i on  b e t w e e n  

y o u n g  lavas,  low f issure  densi ty ,  and  h y d r o t h e r -  

ma l  ven t s  is o b s e r v e d  t h r o u g h o u t  the  su rvey  area.  

Sou th  o f  9 ° 2 8 ' N ,  the  sole  s m o k e r  f o u n d  (at  

9 ° 1 6 . 8 ' N )  is in the  o n l y  a rea  o f  e x t r e m e l y  fresh,  

un f i s su red  lavas.  N o  A S C  is p r e s e n t  at this  site. (A 

de ta i l ed  su rvey  here  e s t ab l i shed  tha t  the  so l i t a ry  

b l ack  s m o k e r  is c o n f i n e d  w i t h i n  an  a r e a  less t h a n  

15 m across.  It  is n o t  a s soc i a t ed  wi th  m i n e r a l  

depos i t s  o r  an imals ,  a n d  m a y  be  a ve ry  r ecen t ly  

d e v e l o p e d  vent . )  Al l  o f  the  h y d r o t h e r m a l  gaps  

occu r  whe re  the  axia l  lavas  a re  Ages  1.5 o r  o lder ,  

and  whe re  f i ssur ing  o f  the  s ea f loo r  is ex tens ive .  

T h e  on ly  case  whe re  this is no t  t rue  is at 9 °17  ' -  

2 1 ' N ,  whe re  sur face  l ava  f lows  m a y  h a v e  t r ave l l ed  
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downslope several kilometers along strike from 
their source. Along Segment E, lavas also are Ages 
1.5-1.7, and fissure density is relatively high. Ac- 
tive venting has not yet ceased along this segment: 
however, an extensive field of inactive deposits 
extending south and slightly north of the region of 
active venting suggests that Segment E activity is 
waning. 

(6) Although roughly 40% of our tracks lie 
outside the ASC, and though two transects were 
made out into older off-axis terrain, we saw no 
evidence for active venting outside the axial zone. 
It seems that the ASC is strongly controlling high 
T venting, and that deposits formed along the 
ASC are buried by lava flows before moving more 
than 100 m off-axis. Frequent burial of deposits 
may explain why we find numerous small-tonnage 
mineral deposits, similar to deposits in vent fields 
on the fast-spreading EPR at 12 13°N [48], but 
no large mineral deposits like those found on the 
medium-rate northern Juan de Fuca Ridge and 
Galapagos Rift and slow-spreading Mid-Atlantic 
Ridge [19,45 47]. 

5.3. Abundance and distribution of vents." 4th order 
features 

(1) The boundaries of high T vent areas and 
hydrothermal gaps in Fig. 1 correspond amazingly 
well with the segment boundaries defined by bends 
or small offsets in the ridge axis (Table 2). Our 
data thus show an along-strike segmentation of 
hydrothermal circulation which agrees well with 
morphotectonic/structural  segmentation at the 
4th order scale. 

(2) The number of active vents and the ratio of 
active vents to inactive deposits varies from seg- 
ment to segment. From this we infer that the 
fields on different segments are in different stages 
of development. The single black smoker at 
9°16.8'N has no associated mineral deposits or 
faunal communities and may represent the ini- 
tiation of high T activity in an area of very recent 
volcanism. The numerous high T vents and de- 
posits along Segment B suggest a well-developed 
hydrothermal field at the height of its activity. The 
sparse, active high T vents and abundant inactive 
mineral deposits along Segment E represent a 
waning hydrothermal system. The estimated ages 
of associated lavas and extent of fissuring in these 

areas are consistent with the interpretation that 
hydrothermal venting onto the seafloor most often 
develops soon after the end of an eruption and 
may continue in the area for up to several hundred 
years if no new eruptions occur. The idea that 4th 
order segments are in different stages of a 
volcanic-hydrothermal-tectonic cycle has, in fact, 
been tested already by dating of sulfide deposits 
on either side of the Deval on the EPR crest at 
12°46 'N [53]. North of the Deval at 12°46 'N on 
the EPR, deposits ranging in age from 0 78 years 
are associated with fresh ponded lavas; south of 
the Deval, densely fissured older lavas are associ- 
ated with inactive sulfide deposits ranging in age 
from 140 to 2000 years. 

(3) Above the portion of the ridge where the 
magma chamber shallows (north of 9°27 'N),  high 
T activity occurs discontinuously in discrete areas 
extending along the margin of the ASC for dis- 
tances ranging from a few hundred meters to 
approximately 10 km. These areas are separated 
from one another along-strike by similar dis- 
tances. In contrast, vent biota are distributed more 
continuously, albeit sparsely in places, along 

70% of the axial zone (Fig. 1). Since the vent 
fauna are probably a very sensitive indicator of 
where there is diffuse, low-level leakage of hydro- 
thermal fluids from the seafloor, their distribution 
suggests that some diffuse venting is occurring 
along much of the axial zone. Figure 1 shows 
hydrothermal gaps where vent animal occurrences 
are not observed. In fact there are only six small 
gaps where absolutely no vent animals were seen, 
none of which extends along strike for more than 
3 km. Variations in the abundance of vent biota 
along the ridge crest, with the largest concentra- 
tions occurring near localized areas of high T 
venting, suggest that the fluid flux from diffuse 
venting is variable along the axial zone. 

5.4. Discussion of 4th order segmentation of hydro- 
thermal activity and the implications of vent 
distribution for geometry of circulation 

The close correspondence between the bound- 
aries of morphotectonic/structural  4th order seg- 
ments and the boundaries of hydrothermal fields 
and gaps is striking. From this correspondence we 
infer that hydrothermal circulation is controlled 
by the same phenomenon that produces 4th order 
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Fig. 7. Schematic sketch of hydrothermal flow geometry proposed for a fast-spreading ridge crest, consistent with vent distribution 
observed in the Venture Hydrothermal Fields, EPR crest 9o09 ' 54' N. Cross-section parallel to the ridge axis follows one side of the 
ASC until it disappears, then shifts to the ridge axis and follows a highly fissured segment of the axial zone. This diagram represents 
an integrated model of ridge crest magmat ic / tec tonic  activity and hydrothermal flow that includes the following features: (1) shallow 
3-D circulation in the more permeable volcanics, superimposed on top of (2) 2-D ridge-parallel circulation in the relatively 
impermeable sheeted dike complex along cracked zones of enhanced permeability (e.g., along ASC margins and along deep axial 
fissures); (3) along-axis segmentation of deep hydrothermal flow, due to (a) the spacing of recent magmatic  intrusions (represented as 
bumps  on the magma reservoir and on the upper bound of dike complex) and (b) lateral spatial shifts along-strike in zones of 
enhanced permeability in the dikes: (4) greater abundance of high T vents above shallower segments of the axial magma reservoir. 

This model emphasizes that the interaction between thermal and permeability fields governs hydrothermal flow at MOR crests. 

ridge segmentation, most likely, the locations of 
the most recent dike swarms feeding eruptions 
along the axial zone. It is likely that the upward 
bending of isotherms above zones of recent shal- 
low dike intrusion thermally drives fluids in the 
dike complex toward the seafloor. On this basis 
we propose that 4th order segmentation of hydro- 
thermal venting is governed by the thermal per- 
turbations imposed by small-scale, shallow mag- 
matic intrusion (i.e. diking; Fig. 7), just as vent 
distribution at the 2nd order scale appears to be 
governed by the regional thermal regime corre- 
sponding to the location and depth of the axial 
magma chamber. Seismic data from the survey 
area confirm that narrow high-velocity zones, pre- 
sumed to be dikes, lie only 300 500 m directly 
beneath the ridge axis ([17,54]; M. Purdy, pers. 
c o m m u n . ) .  

Whether the fluids circulating to depth in the 
dike section convect predominantly parallel or 
perpendicular to the ridge axis is an important  
question. The margins of the ASC provide zones 
of relatively higher permeability along which 
vigorous ridge-parallel circulation in the sheeted 
dikes could occur, and the observed gaps between 
high T vent areas along the ASC may be cooler 
a n d / o r  more permeable areas in which recharge 
occurs along the axis. However, the rather con- 
tinuous diffuse discharge of fluids along the axial 
zone, inferred from the distribution of vent 
animals, must be recharged either in the very 
localized gaps along the axis (a possibility which is 
hydrodynamically unlikely and for which there is 
no independent evidence to date), or somewhere 
off-axis by ridge-perpendicular flow. These ob- 
servations may be reconciled by invoking a two- 



532 R.M. H A Y M O N  ET AL. 

layer model of circulation (Fig. 7) similar to that 
previously proposed for fossil hydrothermal sys- 
tems in the Oman ophiolite, in which three-dimen- 
sional shallow circulation of low T fluids in the 
volcanics is superimposed on top of deeper, 
ridge-parallel circulation of high T fluids down 
into the sheeted 0ikes ([55-57]; and Haymon et 
al., in prep.). 

6. Conclusions 

We have established the distribution of hydro- 
thermal features and the volcanic/tectonic char- 
acteristics of the EPR axial zone along an 83 km 
length of a fast-spreading 2nd order ridge seg- 
ment. We conclude that the distribution of hydro- 
thermal activity at the 2nd order scale is largely 
controlled by: (1) the depth and location of the 
magma chamber axis relative to the topographic 
ridge axis, and (2) the development of an axial 
summit caldera. 4th order segmentation of the 
ridge crest is clearly observed in the fine-scale 
characteristics of the axial zone as well as in the 
behavior of the ridge axis. The morphotectonic/  
structural segmentation of the ridge crest at the 
4th order scale matches remarkably well with 
along-strike variability observed in axial hydro- 
thermal activity. We attribute both morpho- 
tectonic/structural 4th order segmentation and 
hydrothermal 4th order segmentation to the spa- 
tial distribution of recent dike intrusions along the 
ridge crest. The 4th order segments appear to be 
in various stages of magmatic, tectonic, and hy- 
drothermal development, and we postulate the 
existence of a typical volcanic-hydrothermal-  
tectonic cycle on fast-spreading ridge crests that 
begins with diking and eruption, followed by mag- 
matic drainback or drainage and gravitational col- 
lapse, possible development of an ASC, and the 
onset of hydrothermal activity. The hydrothermal 
activity may wax and continue for up to several 
hundred years where an ASC is present. The latest 
phase in the cycle is extensive tectonic fissuring, 
widening of the ASC (if present) by mass wasting 
along the margins, and waning of hydrothermal 
venting, due to cooling of the heat source and 
increased dilution of hydrothermal fluids with cold 
seawater penetrating into the fissured crust. When 
the time interval between eruptions is significantly 

less than 1000 years, the late tectonic phase may 
not develop. 
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