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c. Data from rock-dredging have often been used to infer thiit oceiinic friictiire zones provide ii 
'window' into Iziyers of the ocennic criist lying iit 21 depth helow the siirfiice thiit is iippi.oximiitely 
equivalent to the vertical offset of the fracture zone. iind t h ~ i s  permit the reconstriiction of 21 

ci-ustiil stratigrnphy foi. the whole of acoustic layer 2 (commonly considered to hiive :in iiveragt! 
thickness of -2 km) and. in some interpretütions. for the iipper part of luyer 3. Altei.niitively. it 
has been suggested thiit fracture rones are preferentiiil sites ofierpentinite megki-dykes differing 
in composition from layer 3 but containing incllisions of the third layer. The piibliihed diitii 
indicate that basiilts and basaltic riibble iire iibiindiint in friictiire zones und. on iiniilysii. d o  not 
justify the assumptions thiit have been made. The striicture of f~ ic t i i re  zones limits the poiiible 
extent of crti~tiil sections exposed on their wiills. Moreover. it is siiggested thiit rocks ofdifferent 
layers of the lithosphere cnn be empliiced in the triinsform dvmiiin diie to the dyniimic of the 
transform fiiult system. itself. - 

Des données proveniint de roches prélevées p:ir dragiige ont soiivent été iitilisées polir inférer 
que les zones de f~ictiires océaniques foiirniruient des 'fenêtres' montrant lei coiiches de la 
croûte océaniqiie ii une pivfondeur soiis lu s~irfiice 11 peii près éq~iiviilente iiii rejet vei.ticiil de la 
zone de fractiire et ainsi permettraient le rétiihliiiement de Iii striitigriiphie de Iii croûte poiir tolite 
lu couche acoustiqiie 2 (qu'on considère hubitiiellement comme iiyiint iine tipiiisse~ir moyenne de  
- 2  km) et. dans certaines interprétations. poiir la partie iiipéi~ieiire de  Iii  couche 3. D'iiut1.e part. 
on a suggéré que les zones de fructiire étaient de5 sites de choix polir des méga-dykes de  
serpentine de  composition différente de Iii couche 3 mais contenant des inclu\ions de  cette 
derniére couche. Les données piibliées it date indiquent qiie les hiisiiltes et les débris biisiiltiques 
sont iibondants dans les zones fi.nctui.ées et. après iinulyse. ces données ne justifient piis les 
hypothèses de  départ. Lii itructiire des rones de fractiire limite Iii dimension des iections de Io 
croûte ii ce qui est exposé le long de leuri piirois. De plui i l  iemble que les roches de différentes 
couches de Iii lithosphére ont letir origine diins le domaine ti.iinsform;int ii cuiise de Iii dyniimique 
du système de  failles transformantes lui-même. 

[Tfiiduit piir lejourn:il] 
Can. J .  Earth Sci. 13. 1223-1235 (1976) 

Previous Geological Models of Oceanic (particularly of layer 2) and the range of com- 
Fracture Zones pressional velocities are variable, even within a 

Early seismic refraction studies led to the single province of the ocean floor (Raitt 1963); 

division of the upper part of the oceanic crust and there is insufficient field evidence to demon- 

into layer 2 and the thicker layer 3. The geometry strate whether the acoustic layers of the Mid- 
Oceanic Ridge, where sediment cover is thin, 
correspond to crustal units having a charac- 
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kilometres of oceanic crust, and for the purpose 
of this paper we follow the convenient and 
common custom of referring to layers 2 and 3 as 
if they were distinctive crustal units (Christensen 
and Salisbury 1975). 

Hess (1962), to explain the occurrence of the 
serpentinized peridotites from the Mid-Atlantic 
Ridge described by Shand (1949), expressed the 
idea that the "displacement on fault scarps in the 
oceans may have been sufficient to expose layer 
3". The opinion of Hess has become, for many, 
a preferred working hypothesis, thus leading to a 
systematic search in fracture zones for exposed 
sections of deep oceanic crust. According, for 
exaniple, to Engel and Engel (1970), "the most 
deeply exposed rocks of fault scarps represent 
upper parts of the basal oceanic layer". Follow- 
ing Hess (1 962), Bonatti et (11. (197 1) state that 
"direct sampling of the crust beneath the ocean 
can be made in tectonic fracture zones where 
thick crustal sections are exposed". Melson and 
Thompson ( 197 1 )  "favour the view that fracture 
zones provide windows into the deeper zones of 
the oceanic crust". In brief, a prevalent concept 
is that fracture zones expose sections of the crust 
more or less equivalent to their total vertical 
offset, which means that large fracture zones 
such as Vema or Romanche should cut right 
through layer 2, which has a maximum thickness 
of more than 2 km, and provide 'windows' into 
the upper part of layer 3. Data from the study of 
rock dredges have been repeatedly interpreted to  
fit this supposition. 

Miyashiro et al. (1969~)  considered the 'win- 
dow' model of Hess (1962) to be only one of 
several possible structural interpretations. They 
suggested that fracture zones may be instead the 
sites of intrusion of serpentinized peridotites and 
some investigators; for example, Melson and 
Thompson (1971) adopted the latter idea as a 
second choice. The hypothesis that fracture 
zones are loci of huge linear plugs or megadykes 
differs in a fundamental way from the 'window' 
concept as introduced by Hess. It can dissociate 
layer 3 from the ultramafic rocks sampled in the 
deeper parts of fracture zones and adds a third, 
major unit to the simple two-layer model of the 
oceanic crust. Principal specific geological models 
of fracture zones that have been illustrated differ 
with respect to the identity and distribution of 
the various rock units and have different struc- 
tural implications (Fig. 1). 

In  Miyashiro et al.'s (1969a) version of the 
'window hypothesis' (Fig. 1, A l )  and in the 1972 
variant of Thompson and Melson (Fig. 1, BI), a 
thin cover of basaltic volcanics (layer 2) overlies 
a thick layer (layer 3) made up of ultramafic 
rocks with some associated metabasites or basalts 
and gabbros. The 'window' into layer 3 is 
essentially horizontal; that is, there is little or no 
exposure of layer 3 on the inner walls of the 
fracture zone. Conforming more closely from a 
structural point of view to the original Hess 
(1962) proposal as adopted, for example, by 
Bonatti et al. ( 1971), is the model schematically 
illustrated by Fox et al. ( 1973), in which there is 
substantial exposure of layer 3 on the inner walls 
of the fracture zone (Fig. 1, C). The 'window' is 
thus both horizontal and vertical with respect to 
layer 3. An a priori implication is that there have 
been large vertical displacements of crust, or 
there has been massive erosion (see Conditions 
for Exposing Deep Crustal Sections, this paper). 
However, layer 3 in this case is equated with 
gabbroic rocks, as originally suggested by Cann 
(1968); the model incorporates the idea of a 
'fracture zone' mélange in the floor, and as a 
skin on the lower escarpment of the walls. 

In the second model of Miyashiro et al. (1969a; 
see Fig. 1 ,  A2). the serpentinite unit constituting 
the floor of the fracture zone can occur also on 
the inner walls and contains inclusions of layer 3, 
which is composed, in this case, of metabasalts 
and, presumably, of inclusions of layer 2. Melson 
and Thompson's (1971) two variants of this 
model (Fig. 1, B2 and B3) associate layer 3 with 
metabasalt and gabbro, permit incidental ex- 
posure of laqer 3 nrar the bases of the fracture 
zone walls, and do not permit a contact between 
layer 2 and the rocks of the fracture zone plug. 
In one of the variants (Fig. 1, B3), gigantic 
dykes of the same material as the fracture zone 
plug cut right through both layers 3 and 2, and a 
diapiric structure similar to the fracture zone 
plug is portrayed under the Rift Valley walls 
adjacent to the fracture zone. The dykes are 
shown to  parallel the fracture zone or have only 
a moderate angle to it. 

The geological models of fracture zones that 
have just been briefly described were designed 
mainly to  put some order in petrological data 
obtained from rock-dredging or  coring. The 
models incorporated little structural analysis of 
the sampled rocks in their tectonic setting. We 
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Fic;. 1. Six simplified schematic cross-sections illustrating different notions of surface and subsurface 
geology of an oceanic fracture zone. A l ,  A2: Miyashiro et al. (1969~) ;  BI : Thompson and Melson 
( 1  972); B2, 83:  Melson and Thompson ( 1  97 1 ); C: Fox et al. ( 1  973). 

feel that it is possible and timely to go to another 
scale of study and discuss more precisely the 
structural setting of oceanic fracture zone rocks. 
It is not Our purpose to argue for or against the 
particular identities, sequences, or lateral distri- 
butions of lithologies making up the oceanic 
crust, nor do we exclude the possibility that 
layer 3 may, under certain circumstances, be 
exposed in fracture zones. The purpose of this 
paper is to discuss more fully the exposure of the 
oceanic crustal sequence in fracture valleys. 
First, we show that the published data on the 
morphology, structural pattern, and distribu- 
tions of different rocks in the fracture zones of 
the North Atlantic d o  not, as claimed, demon- 
strate that circumstances of exposure of the 
crustal sequence exist, nor do they particularly 
support the idea of the presence of a single pipe- 
like body under fracture zones that differs in 
composition from layer 3. Second, incorporating 
arguments from a recent submersible study 
(Arcyana 1975), we stress the view that the 
structural style of fracture zones may be such 
that it typically places severe limits on the vertical 
extent of exposure of crustal sections. Finally, 
we go on to present a sketch that we think 
represents a more realistic view of fracture zones 
than is suggested by models in current favour. 

Analysis of Published Data on Rock Dredges 
in North Atlantic Fracture Zones 

For purposes of compiling information from 

the literature, we have approximated fracture 
zone valleys in the Atlantic Ocean by a single 
cleft separating two regions with typically dif- 
ferent regional depths. The vertical relief shown 
as 00' on Fig. 2, between the regional depth on 
one side of the fracture valley and the deepest 
part of the valley, is the valley height. The frac- 
ture valley is commonly bordered by a linear 
ridge called a "transverse ridge" by Bonatti 
(1973); and when suck-a ridge exists, the valley 
height is taken to be the depth difference between 
the summit of the ridge and the trough of the 
valley. The position of each dredge haul is fixed 
with respect to  the maximum valley height of the 
sampled limb of the fracture valley. Al1 the 
summits of the fracture valley, whether they are 
represented by a linear ridge parallel to  the 
valley or by the regional depth along a line 
perpendicular to the valley, have been brought to  
a common depth datum (Figs. 2, 3). 

The fracture zones have been arranged by 
increasing magnitude of valley heights, ranging 
from less than 2 km for Gibbs and Kane to  more 
than 4 km for Vema and Romanche (Fig. 3). 
Within fracture zones, the dredge hauls have 
been arranged by increasing level of the valley 
height sampled. In each dredge haul, we have 
classified the rocks into basaltic (triangles), 
gabbroic (circles), and ultramafic (squares). 
Thus, basaltic rocks also include metabasalts and 
no distinction has been made in Fig. 3 between 
peridotites and serpentinites, since most perido- 



CAN. J.  EARTH SCI. VOL. 13, 1976 

NORTH M R A N S F O R M  V A U E Y I  SOUTH 
n " 

TRANSVERSE 

- 
- 

F I ~ .  2. Ceneralized cross-section of an oceanic frac- 
ture zone illustrating method and nomenclature used in 
this paper to analyse published data on rock dredge-hauls 
froni oceanic fracture zones (Fig. 3). ML: Mean topo- 
graphie level (regional depth) of top of either flank of 
fracture zone. 0 :  Depth on top of either flank of fracture 
zone; corresponds with ML if no 'transverse ridge' 
exists: represents regional depth on top of 'transverse 
ridge' where present. 0 ' :  Depth along axis of maximum 
depth of fracture zone. 0 - 0 ' :  Flank height used to deter- 
mine depth range of section sanipled by dredging or 
coring. A'-B': Sanipled section. A-B: Normal projection 
of A'-B' on 0-0'. 

tites dredged in fracture zones show various 
degrees of serpentinization. Ultramafic rocks 
include harzburgites, dunites, Iherzolites, and 
pyroxenites, whereas gabbroic rocks include 
norites, troctolites, etc. 

The adopted presentation is well suited to  
testing the validity of drawing the inference that 
dredge data show the layered structure of frac- 
ture zone walls. Models in which layer 3 is well 
exposed not only on the floor but also on the 
lower walls of a fracture zone (e.g. Fig. 1, C) 
imply that a clear lithologic zonation should 
appear when sampling increasingly deeper sec- 
tions of an inner fracture zone wall. The mode1 
would require, for example, that below about 
2 km (the average thickness of layer 2) only 
layer 3 would be sampled, whether it be gabbroic 
as suggested by Cann (1968) or  ultramafic 
(serpentinized peridotite) as suggested by Hess 
(1955). The only way out of this would be to 
appeal to unlikely arguments (see Conditions for 
Exposing Deep Crustal Sections, this paper). 

In models in which the 'window' into layer 3 
is essentially horizontal (e.g. Fig. 1 ,  A l  and BI), 
layer 3 rocks should be confined to the deepest 
part of fracture zone valleys. Models associating 
fracture zone floors with plugs of material 
different from layer 3, but containing inclusions 
from it, are more difficult to test. In one case (e.g. 
Fig. 1, A2), rocks of al1 types are allowed to 
occupy al1 levels; in another (e.g. Fig. 1, B2), it 

would clearly be difficult, without knowing the 
composition of layer 3, to  be sure whether rocks 
sampled from the deep part of the fracture zone 
should be ascribed to  layer 3 itself or to a 
fracture zone plug. 

We comment on the distribution of the three 
principal rock-types (basalts, ultramafics, and 
gabbro) and make additional comments on the 
Vema and Romanche fracture zones because it 
is inherent in the concept of fracture zone crustal 
sections and deep exposures that only the largest 
fracture zones meet the conditions required to 
yield enough petrological and topographic in- 
formation for constructing models (Bonatti et al. 
197 1 ; Melson and Thompson 1971 ; Honnorez 
and Kirst 1975). 

Basalts 
Basaltic rocks were dredged from the deepest 

sampled depth in Romanche (dredges BKS 7 to 
IO), Atlantis (dredge A 150-RD 20), Oceanog- 
rapher (dredge FLH-I), Kane (dredges K9-D7 
and V-25-D6, D8, D12, D13), and Gibbs 
(dredge D7). Only in Vema (dredge AI1 20-9) 
and St Paul (dredge P6707-41) did the deepest 
dredge contain only serpentinized ultramafic 
rocks. In Vema, however, the upper, nearly 3 km 
deep section contains basaltic rocks; and in St 
Paul, basaltic rocks-are also found in the upper 
2.3 km of the Valley. Indeed, basaltic rocks are 
found at al1 levels except in two dredge hauls of 
Romanche (P6707 B-13 and -32), the deepest 
dredge hauls of Vema (AI1 20-9) and St Paul 
(P  6707 B-41), one additional intermediate dredge 
haul of St Paul ( P  6707 B-40), the Chain dredge 
haul ( P  6707-5), one dredge haul of Kane 
(V 25-D 9), two dredge hauls of Gibbs (201 and 
203), and in the single Chain dredge-haul 
(P  6707-5) that contained gabbroic and ultra- 
mafic rocks. Thus, it is considered significant 
that only nine dredge hauls out of the forty-two 
presented in Fig. 3 contained no basaltic rocks. 
The widespread abundance of basaltic rocks in 
fracture zones is a fact of observation that has 
not received proper recognition in the literature. 

Ultramafic Rocks 
The ultramafic rocks are distributed over the 

same vertical spread as the basaltic and gabbroic 
rocks. Ultramafic rocks for example occur in the 
upper portions of Gibbs (CH 4-DR 2, 203), 
Kane (V 25-D 9), Atlantis (A 150-RD 6), St 
Paul (P 6707 B-35, and of course near St Paul's 
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FIG. 3. Compilation of published data on dredged and cored rocks from oceanic fracture zones, 

showing distribution of major rock types with respect to the geometry of the fracture zones as deter- 
mined from bathymetric information available in the literature. Gibbs: Fleming et al. 1970; Campsie 
et al. 1973; Hekinian and Aumento 1973; Olivet et al. 1974. Oceanographer: Fox et al. 1969; Shibata 
and Fox 1975. Atlantis: Shand 1949; Muir et al. 1966; Opdyke and Hekinian 1967; Miyashiro al. 
1969a,b, 1970, 1971 ; Kay et al. 1970. Kane: Miyashiro et 01. 1971 ; Uchupi 1971 ; Fox et al. 1973; 
Fox and Opdyke 1973. Chain: Heezen et al. 1964a; Bonatti 1968; Bonatti et al. 1971. St Paul: Bonatti 
1968; Bonatti et al. 1971; Uchupi 1971; Christensen 1972; Melson and Thomson 1973. Vema: 
Heezen et al. 19646; Melson and Thomson 1971; Van Andel et al. 1971. Romanche: Heezen et al. 
19646; Bogdanov et al. 1967; Bogdanov and Plosko 1967; Melson and Thomson 1970; Bonatti et al. 
1971. FLH-1 : Dredge 1 in Fox et al. 1969. BKS-7 to -10: Dredges 7 to 10 in Bogdanov et al. 1967. 
Solid triangles: basalts and basaltic rocks in general; solid circles: gabbros and gabbroic rocks; solid 
squares: ultramafic rocks (peridotites, serpentinites, etc.). Light continuous lines represent sampled 
flank height (0'-O', Fig. 2). Dark lines indicate sampled section projected on 0-0' (Fig. 2). Hori- 
zontal arrows mark mean topographic level (ML, Fig. 2). Flank heights adjusted to same datum; 
fracture zones arranged, from left to right, in increasing order of total vertical relief. 

rocks), and Romanche (P 6707 B-32). In the case 
of Gibbs, Kane, Atlantis, and Romanche, these 
ultramafic rocks which are al1 serpentinized 
were dredged from the linear 'transverse ridges', 
which are stated by Bonatti (1973) to be pre- 
dominantly composed of ultramafic rocks. We 
question this inference because the ultramafic 
rocks were accompanied by basaltic and/or 
gabbroic rocks in al1 dredge hauls mentioned 
above except core 203 of Gibbs. Ultramafic 
rocks represent the sole rock-type of a dredge in 
just 6 out of 42 dredge-hauls, and only in St Paul 
is it found in the deepest haul (Fig. 3). 

Gabbros 
The presence of gabbros is noted in 17 out of 

the 42 reported dredge-hauls (Fig. 3). With the 
possible exceptions of Oceanographer, Vema, 
and St Paul, they appear to have no preferential 
association at al1 with the deeper parts of the 
fracture zones. 

Vema Fracture Zone 
Melson and Thompson (1971) proposed that 

the ultramafic rocks are a major component of 
the lower part of the oceanic crust in the Vema 
fracture zone. This does not appear in Our 
compilation of their data, especially if we note 
that it is not possible to sample the deepest levels 
because of the considerable sediment fill. It is 
unfortunate that only 5 out of the 23 dredge 
hauls made in Vema (Honnorez and Kirst 1975) 
could be incorporated in Fig. 3 because lack of 
precise information on dredges conducted during 
Miami's R/V PILLSBURY cruise 7003. Honnorez 
and Kirst (1975) mention that, from a total of 23 
dredge-hauls, ultramafic rocks were recovered in 
8 dredge hauls from the northern wall of Vema 
fracture zone, whereas they occurred in 5 dredge 
hauls from the southern wall, the Vema 'trans- 
verse ridge' of Bonatti (1971, 1973), leading 
Bonatti (1971, 1973) to state that "extensive 
dredgings have established that the Vema trans- 
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verse ridge is essentially an ultramafic body". 
The Vema Transverse Ridge has a width of 
30 km, a length of 350-400 km, a height above 
the mean topographic level of about 2000 m, 
and is bounded by scarps with slopes of about 
15" (Van Andel (11. 1971). The size of the 
alleged ultramafic body is thus enormous even 
when coinpared with, for example, the 160 km- 
long, I O  km-wide Nahalin peridotite body of 
British Columbia ( Ringwood 1969). 

However, one notes fro~ii Fig. 2 of Bonatti 
al. (1971), where dredge results of P 7003 are 
displayed, that in only two dredge hauls (AI1 
20-9 and probably P 7003-5, see Bonatti 197 1 
and Bonatti ot al. 1971) were ultramafic rocks 
the only or 'niain' rock-type (Melson and 
Thoinpson 1971). 

Honnorez and Kirst (1975). who mention that 
ultraniafic rocks were comnionly dredged with 
gabbroic and basaltic rocks, have to suppose 
that the non-ultraiiiafic rocks inay be passively 
'iiplifted' on tlie backs of the ultramafic blocks. 
Tliompson and Melsoii (1972) argue that the 
ultramafic 'intrusion' is capped by old, meta- 
niorphosed volcanics unrelated to the peridotite. 
For Melson and Thonipson ( 1  971). the Vema 
dredge results indicate that, in the fracture zone, 
in accordance with their model BI of  Fig. 1, the 
Lipper basaltic zone I ~ a s  beeii rifted apart by a 
change in spreading direction (Van Andel et al. 
1969) and lias exposed a predoniinantly serpen- 
tinized peridotite zone (layer 3 3 .  capped in at 
least one region (dredges AI I 30-59 and A I l  3 1 - 
core 2 )  by basaltic rocks. Melson and Thompson 
(1971 conclude that equatorial Atlantic trans- 
for111 fault 7orics appcar to expose layer 3. which 
would be a coniplex in wliich peridotite pre- 
dominates with subordinate gabbroic and nieta- 
niorphosed basaltic rocks. 

Van Andel ct al. (1971) agree with Bonatti 
( 1971) that the south wall or "transverse ridge", 
and possibly the north wall, did "uplift" slices 
of oceanic crust and suggest that the uplift of 
the south wall "niay represent not only ail of 
layer 2 but also the major part of layer 3". In 
support of this hypothesis, they refer to dredges 
AI1 20-8 at the base of the wall north of the 
fracture zone valley and AI1 20-9 at  the base of 
the south wall, which contained serpentinized 
peridotite in contrast to three dredge hauls from 
the upper slope of the south wall (AI1 31- 
core 2, AI1 20-7 and A11 3 1 -core 1 ?). which 
contained only basalt. In view of the recovery of 

basalt only in dredge All 20-59 from the base of 
the south wall and the recovery of al1 three rock 
types in dredge P 7003-23 (Honnorez and Kirst 
1975) from the eastern end of the south wall, the 
picture of a deeply exposed layer of ultramafics 
capped by basalt seems unjustified and in- 
validates the interpretation of Van Andel et al. 
( 197 1 ), that uplift of several kilometres expose 
ultramafics on the valley walls. 

Bonatti et uI. (1971) mention that during 
cruise P-7003, peridotites were dredged on the 
north wall of the Vema transform fault valley 
below a gabbro-basait layer. This assertion has 
not been documented; but one should note that 
dredge hauls AI I 20-8 and P 7003-1 7 (Honnorez 
and Kirst 1975) from approximately the same 
topographic levels recovered basaltic and ultra- 
mafic rocks, and gabbroic and ultramafics, re- 
spectively, so that the proposed layering is 
further cast into doubt. 

Romanche Fruct~lre Zone 
A transverse ridge making up the northern 

wall of the Romanche fracture zone near the 
western end of its active portion is suggested by 
Bonatti et al. (1971) to consist essentially of 
ultramafic rocks. Their conclusion is based on 
the recovery of ultramafics from both the lower 
slope (dredge P 6707 B-33) and the summit 
(dredge P 6707 B-32) of the transverse ridge. 
However, the summital dredge yielded, in addi- 
tion, 29":; metamorphosed gabbroic rocks, and 
the basal dredge 43'5; basalts and inetaniorphosed 
gabbroic rocks ( Honnorez and Kirst 1975). Thus, 
the transverse ridge cannot be an ultramafic body 
with a iniiiimuiii exposed thickne~s of 3500 m 
(Bonatti 1968), especially if we note that a 
2000 ni high, intervening section of wall has not 
been dredged. 

Bonatti ct al. (1970) argue that they can estab- 
lish an approxirnate stratigraphy for the crust of 
the Mid-Atlantic Ridge on the basis of dredges 
conducted across Romanche during cruise P 
6707. They visualize essentially a pile of basalt 
about 1-2 km thick, grading downwards into 
gabbroic rocks and metabasalts-metagabbros, 
with the base of the exposed sections consisting 
of peridotites. Bonatti et al. ( 1970) give a com- 
posite section of the Ronianche fracture valley 
at 17"-18' W with dredges P 6707 B-10, -1  1 ,  and 
-13 plotted in increasing order of depth with 
respect to sea-level. This differs froin the nor- 
malized presentation we use but equally fails to 
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show any evidence of a definite petrographic P 2 4 6 k m  
1 

level as suggested by Bonatti clt al. (1970). The 
1 

north wall at  a depth of about 5000 m consists N W  SE 
of metabasalt and gabbro near 17" W ( P  6707 
B I I ); basalt, gabbro, and peridotite near 20" W 
( P 6707 B-25); basalt near 23' W (P 6707 B-30); /O 
and basalt and peridotite near 24" W ( P  6707 
9-33). 

Di.sc.ussiori 
The picture that emerges for fracture zones is 

one of lithologic heterogeneity with no clear 
evidence of any simple stratigraphy. We can 
state that, on the basis of the rocks so far 
recovered, fracture zones have not been deinon- 
strated to provide deep sections in the oceanic 
crust. This also applies to the Vema and Ro- 
inanche fracture zones. As well as the absence of 
any petrological zonation in any fracture zone 
demonstrated by Fig. 3, a second fact is con- 7 2 0 0  

VERTICAL EXAGGERATION 

sidered very significant: the very frequent associ- Y x- f  

ation three types Or basaltic and Fi<;. 4. Tracing of  prccision dcpth rcc0i-d aci-0~5 lowcr 
ultraniafic rocks in many dredge hauls, even part of Roii-ianche Treiich (Hcereii ~t 01. 1964~). Vertical 
when the hauls are reasonablv short. This is scaie in nietres derived fioiii scalc i i i  fathoins (1;400 s)  
further evidence tllat no large-scale zonation of shown on original tracing. Vertical cxaggeratioii 2 x 7. 

Mean slopes of walls arc - 37 and 12 , respectively. Note the crust is revealed in the walls of the fracture preSence of nli,nerolls stcps. 
valleys. It is unfortunate that most vetrological - 
desc;iption of fracture zone rocks do'not include 
the statistics of abundance of each rock type in 
the dredge bag. For reasons that will beconie 
clear later, Iiowever, presence or absence of 
any one type of rock is coiisidered more im- 
portant than percentage. 

It is obviously possible to reconstitute a 
vertical stratigraphy if one argues that basaltic 
rocks found at deep levels have been transported 
froin upper levels by gravity. This problem must 
be evaluated in the light of detailed information 
on the topography of the walls of fracture 
valleys. and it would have to be shown, in each 
case, that there are no steps on the walls that 
would act as traps for sedinient and rock debris 
(Fig. 4). Furthermore, if the deep seisniically 
active parts of fracture valleys were shown to be 
occupied by material transported from higher 
up, it would cast a doubt on the significance of 
al1 other rocks recovered froin the valley floors. 
It can also be argued that basalts recovered in 
fracture valleys have been emplaced in this 
setting in a late phase of volcanism. If so, they 
may differ in composition from Rift Valley 
basalts. 

The data on the distribution of rock types in 

fracture zones does not support the contention 
that fracture zones p;ovide horizontal windows 
into the crust. as layer 3 nlaterial is not con- 
spicuously associated with the deepest parts of 
the fracture valleys. The distribution of ultra- 
niafic rocks, which is pertinent. especially for 
tliose who view serpentinized peridotite as the 
major coniponent of layer 3, is ultiniately linked 
to the problein of the nature of the eniginatic 
'transverse ridges', which do  not appear, on the 
basis of rocks so far sainpled, to be made 
predominantly of ultrainafic rocks. 

As has been pointed out above, a niodel 
involving the presence of a fracture zone plug 
differing in coinposition froiii layer 3 and possibly 
covering the walls is difficult to test in the same 
way as other models, because it is to some extent 
free of field requirements. 

Conditions for Exposing Deep Crustal Sections 

Although the presently available rock infor- 
mation fails to support any one proposed model, 
it could be argued that this is because of poor 
samplitig and lack of knowledge of field relation- 
ships. The problein could then be phrased in a 
different inanner: is it likely that fracture valleys, 
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if sriinpled extensively, would provide thick 
crustal sections or, alternatively, would provide 
horizontal windows into the crust? The problem, 
then, is to discuss the conditions that would be 
necessary for doing so. Recent results obtained 
from direct observations of the geology of an 
active fracture zone in the Atlantic Ocean 
(Arcyana 1975) provide key information on : 
( 1 )  the significance of rock material recovered in 
the deeper parts of fracture zones, and (2) the 
nature and pattern of the deformation associated 
with the slip of lithospheric plates. 

If fracture zone sampling is to be useful for 
establishing geological models of crustai stratig- 
rapliy, it is essential that the nature and position 
of the rocks recovered be considered represen- 
tative of the proposed sequence. This is of course 
implicitly assunied by most authors who consider, 
in deriving fracture zone models from petro- 
logical data, that the rock samples are fragments 
of in sit~r material. This assumption may prove 
to be wrong. Thus, in fracture zone A of the 
Famous region, observations show that the 
deeper part of the transform valley is made up of 
important detrital material in the form of poly- 
genic breccias, the formation of which is prob- 
ably due to tectonic and seismic activity asso- 
ciated with the transform motion (Arcyana 1975). 
Observations also show that part of this material 
may have been transported for appreciable 
distances and that the material is continuously 
reworked by tectonic activity. It is therefore 
manifest that the breccia components are not 
representative of the nature of the underlying 
basement. This situation is probably not excep- 
tional. Fracture zone B of the Famous region 
also shows abundant detrital rnaterial (R.  D. 
Ballard, personal communication). The deeper 
part of Vema fracture zone showed the presence 
of a basaltic rubble zone at least 300 m thick 
during Deep Sea Drilling Project leg 39 (Perch- 
Nielsen et al. 1975). 

Exposure of deeper portions of a horizontal 
lithologic series in fracture zones can theoretically 
be achieved through two main processes: an 
erosional process and a tectonic process. 

Slumping induced by earthquake activity is a 
form of erosion that is quite likely in transform 
valleys. Erosion would, however, have to be 
massive to be significant and the large amount of 
erosion products would have to be present some- 
where. This is not seen. 

There are two main types of tectonic processes 

that may operate to expose deep layers: the first, 
withou t appreciable vertical movements, is ex- 
tension of the bedded oceanic crust, producing 
megacracks on whose walls appears a strati- 
graphie section of the lithologic series. The 
extension could explain exposure of layer 3 in 
the floor of the valley, and even on the lower 
walls if the valley is deep enough (e .g.  Fig. 1, 
Al ,  C). Two mechanisms that have been pro- 
posed for creating this extension are a change in 
the plate relative motion and resulting produc- 
tion of a leaky transform fault (Van Andel et al. 
197 1 ), and secondly, thermal contraction of the 
lithosphere (Turcotte 1974). The latter produces 
much too little extension to be significant and 
the former can obviously not be invoked as a 
general mechanism except in specific, well docu- 
mented cases. Note further that rifting apart of 
the basaltic layer and resulting exposure of deep 
layers implies that leaky transform faults are not 
sites of magmatism, as this would conceal the 
deep layers. The second tectonic mode achieves 
exposure of the various deeper portions of the 
crust by way of vertical relative motions along 
transform fractures. For such a model to be 
possible, the vertical motions can not be distrib- 
uted but on the contrary must be concentrated 
on two planes on either side of the deepest part 
of the transform valley (Fig. 5). The hypothesis 
that exposure is the result of concentrated 
vertical motions can be examined in the light of 
results obtained in fracture zone 'A' in the 
Famous area. It has been found (Arcyana 1975) 
that the transform motion and related vertical 
motions along the fracture zone faults are 
distributed on a large number of faults with a 
highly complex overall geometry. The step-like 
topography of transform fault A (Fig. 5) and the 
occurrence of numerous small vertical scarps on 
faults predominantly affected by shear (Fig. 6) 
show that exposure of deep layers of the crust is 
unlikely because vertical motions are small and 
are not associated with single fault planes. 

Thus a I-km offset apportioned between many 
faults can not yield exposure of deeper units, 
unlike an equivalent offset concentrated on a 
single fault (Fig. 5). This situation may be 
generalized and applied to other fracture zones 
which probably constitute masses within which 
the transform motion is widely distributed 
rather than slip zones with a simple geometry. 

The above discussion leads us to question the 
validity of previous geological models of fracture 
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FIG. 5. TWO hypothetical sketches illustrating conse- 
quences of different types of fault scarp distributions on  
possible exposures of underlying lithological units. 

A :  Total vertical offset H-H' is achieved along single 
fault plane, and lithological unit 2 is exposed on  lower 
part of wall. 

B: Total vertical offset H-H' is the same as  in A, but is 
the product of 9 small offsets along individual fault 
planes. Maximum exposure of underlying crust is given 
by the maximum vertical offset along any one fault plane. 
N o  possibility with this geometry of exposing lithological 
unit 3. 

TOTAL 

FIG. 7. Cross-section of fracture zone showing dis- 
tribution of total vertical offset of fracture zone walls 
over a number of individual scarps with the result that 
underlying lithological unit will be exposed only in the 
case where thickness of overlying unit is less than the 
section exposed by largest of individual scarps. Unit 1 
here is shown with dirninishing thickness in fracture zone; 
solid line with unit 2 shows distribution of unit 1 if con- 
stant thickness is maintained. 

-0 

-2 5 

4 

valley is intensely fractured and the presence of 
hydrothermal deposits here suggests that the 
fractures are deep. Further, the deep part is 

O ' 6 km 

occupied by abundant detrital material (basaltic 
rubble, breccia, . . .) and one notes that in long 
fracture zones, the time available for accumulat- 
ing breccia is considerable (much greater, for 
example, than in transform fault A, Arcyana 
1975), so that rubble zones may be very thick. I t  
is interesting to note that deep drilling in Vema 
fracture zone showed the presence of a basaltic 
rubble zone a t  least 300 m thick (Perch-Nielsen 
et al. 1975). 

(2) The presence in fracture valleys of material 

FIG. 6. Photograph of lower part of wall of fracture quite probably derived from layer 3 (gabbroic 
zone A near 37 in the Atlantic photograph from Cyana. rocks with minor serpentinized peridotite), al- 
Offsets on steps are < 1 rn high and indicate the extent t o  though not requiring that the rocks are in situ 
which apparently small single scarps on  fracture zone or in preserved stratigraphic relationship, may 
walls (such as illustrated in Fig. 5B) can be broken up be explained if one considers that intrusive rocks 
into a fine-scale pattern of small offsets. 

can be found at quite upper levels of the oceanic 

zones. However, it has been noted that fracture crustal sequence, and if the thickness of layer 2, 

zones contain a great abundance of plutonic and which is very variable anyway, can in some places 

metamorphic rocks, so that we need to  examine be particularly small. It is not known whether 

plausible mechanisms that would explain the layer 2 keeps the same thickness in fracture 

presence in fracture zones of these possible valleys compared to adjacent portions of crust. 

constituents of layer 3 and the mantle. It could be argued that the basaltic layer 2 may 
be thinner in fracture valleys because it has been 

Elements of a Working Hypothesis 
We summarize arguments that we consider to 

represent key features for developing a working 
hypothesis for the geology of fracture valleys 
using a schematic hypothetical cross-section for 
illustration of the gross structures (Fig. 7). Note 
that these are shown without vertical exaggera- 
tion. 

(1) The central, deepest part of the fracture 

created in the region of the Rift Valley close to 
the intersection between Rift Valley and fracture 
zone, where-among other possible causes- 
the additional boundary condition imposed by 
the thicker, colder plate on one side of the inter- 
section may make volcanic extrusion less abun- 
dant. A thinner layer 2 can explain gravity 
anomalies of Atlantic fracture zones (Cochran 
1973). Christensen and Salisbury (1975) mention 
that refraction studies give the impression that 
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the oceaiiic crust is thinner under fracture zones, 
but it is iiot knowii if this is at  the expense of 
Inyer 2. in fracture zone 'A', an intrusive unit of 
doleritic rocks has been found at  high levels of 
the crust. 

(3) The presence of ultramafic rocks can be 
explaiiied in a nuinher of ways. First, we must 
note that possible representatives of the mantle 
found in fracture zones are almost invariably 
altered aiid tectonized, and it is reasonable to  
suppose that serpentinization is contemporane- 
ous with fracturing. Ultramafic rocks may rep- 
resent sainples of tectonic slivers or slabs, which 
are frequent and well known in the great 
continental shear zones. 

in continental shear zones, the state of stress 
is highly variable: the geornetry of the shear 
fractures is generally such that along the major 
shear regions in which there is compression can 
alternate with zones in which there is extension 
(Kingma 1958; Harland 1971 ; Wilcox et al. 
1973; Harding 1973; Crowell 1974a,b). This 
situation can explain the origiii of tectonic 
slivers, in which the rocks show intense defor- 
ination and easy transformation to serpentine if 
water is present. In the zones where there is 
compression, forceful drag of mantle material 
between two rigid blocks can explain intrusion in 
the crystalline state of dense material in the upper 
levels of the crust. ln the extensional zones, it is 
conceivable that the low density of serpentinites 
(2.6 g/cm3; e.g.  Coleman 1971 ), coupled with 
high lateral pressures and with fault disruption 
of the overlying crust, could be sufficient to 
induce the rise and extension of the serpentinite 
masses as diapirs along deep vertical faults 
(Aumento and Loubat 1971). For example, the 
lherzolite massif of Lanzo (Western Alps), which 
is about 20 km long and I O  km wide, was 
emplaced in the solid state in a zone charac- 
terized by left lateral horizontal shear along a 
subvertical plane (Nicolas et al. 1972; Nicolas 
1974). The Lanzo intrusion zone also shows 
evidence of horizontal shortening and the vertical 
component of motion corresponds to a minimum 
pitch of 15" (Nicolas 1974). If the pitch of the 
line of movement on the near-vertical shear plane 
is only 5-6" upwards, material that is 2 km 
below the crust can be brought to  the surface 
after it has travelled horizontally 20 km. This 
mechanism is feasible for large fracture zones. If 
layer 2 has a reduced thickness under the fracture 
valley, either the pitch of motion or the extent of 

horizontal motion can be reduced. Nevertheless, 
because of the high density of shear faults in the 
active part of the fracture valley, it is likely 
that only narrow slivers will be brought up this 
way and there would probably be destruction of 
stratigraphic relationships by erosion contem- 
poraneous with the shear. The dunite-mylonites 
of St Paul's rocks may also provide another 
example of dunitic material from the mantle 
that has been pushed up as a solid mass with 
concurrent mylonitization but absence of ser- 
pentinization because the ultramafic body was 
kept at too high a temperature (Bowen and 
Tuttle 1949). 

In contrast, the Ronda harzburgite massif 
(Southern Spain) was, according to Loomis 
( 1972), diapirically emplaced in an extensional 
zone above a hotter column of asthenosphere. 
Medaris and Dott ( 1970) speculate that "where 
serpentinization was thorough, the ultramafic 
masses appear to have risen as diapirs through 
more dense surrounding rocks". The highly 
fractured nature of the terrain makes deep 
penetration of sea-water and consequent serpen- 
tinization of peridotite rather likely in the case 
of oceanic fracture zones, and thus serpentiniza- 
tion may be more prevalent in fracture zones 
than, for example, in the Rift Valley. It is 
possible that diapirs gf serpentinite operate like 
balloons to bring small blocks of unserpentinized 
peridotite to the surface. On  land, ultramafic 
masses often consist of peridotite blocks and 
serpentinite (e.g. Medaris and Dott 1970); but in 
the oceaii, the extent of unaltered peridotite 
bodies is not known. 

In any case, even if gravity-induced emplace- 
ment (a form of diapirism) of serpentinized 
masses is uncertain, the serpentine has mechanical 
properties, due to its slickensided, slippery shear 
zones, that proinote continued deformation and 
intrusion of the ultramafic mass (Bowen and 
Tuttle 1949). Serpentine intrusions behave "in 
much the same way that a watermelon seed 
inoves when squeezed between one's fingers" 
(Hess 1955). 

Conclusions 

The proposed mode1 (Fig. 7), like other frac- 
ture zone models, lacks several key tests, but it 
can account for the observations at  the present 
time. It explains the abundant basaltic material 
found at  al1 levels of fracture valleys (Fig. 3) and 
predicts that important predominantly basaltic 
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rubble will be found by drilling in the axis of the 
fracture valleys. It also accounts for the emplace- 
ment of ultramafic masses by tectonic transport, 
either entirely by fault drag or partly by diapiric 
action of serpentinized niaterial. The mode1 does 
not incorporate the transverse ridges because 
their coinposition lias not yet becn defined. We 
feel it is important to compare the structural 
characteristics of oceanic fracture zones with 
those of fracture zones on land. In particular, 
the mantle slivers emplaced on continents in 
zones of intense deforniation inay be closely 
analogous to the oceanic transverse ridges. Care- 
ful kinematic studies of the deformations of 
inaterial coniprising the transverse ridges will be 
necessary to establish tlieir mode of einplace- 
ment. 

If crustal stratigraphy cannot be determined 
by sampling in fracture valley walls, then the 
nature of the seisniic layers of the oceanic crust 
will have to be deterniined by first drilling deep 
in the crust away froiii fracture zones aiid second 
by investigating the physical properties (velocity, 
Poisson's elastic constant ratio, niagnetization, 
density, and so on) of potential rock candidates 
for the layers. Even if they do  not yield crustal 
stratigraphic sections, fracture valleys are clearly 
useful in that they provide saniples of these 
candidate rocks. The comparison of true ophio- 
litic sequences with normal oceanic crust could 
then be done in a circular way after the oceanic 
crust layers are characterized through their in- 
ferred physical properties. 

In suniniary, we do  not wish to state that 
stratigraphic sections of the upper part of the 
oceanic crust cannot be found in fracture valleys, 
but we suggest that carefully controlled field 
exercises must be done before any credence 
whatsoever can be given to this possibility. 

Some sites other than typical fracture zones 
have been nientioned as providing oceanic 
crustal sections: Gorringe bank (Allegre et crl. 
1973) and Palmer Ridge (Cann and Funnel 1967; 
Cann 1971). Their tectonic setting is different 
from that of fracture zones because they prob- 
ably represent slices of oceanic crust associated 
with thrust-faulting. However, that an  orderly 
crustal sequence is exposed in these two sites 
remains to be denionstrated. 

A more likely exposure of a crustai section is 
probably to be found in the leading edge of a 
plate that is uiiderthrusted at a trench. An ideal 
test would be to examine such an edge at  the 

inception of underthrusting before an island arc 
appears. and before the crust becomes too 
different from a 'normal' oceanic crust. Perhaps 
one such opportunity exists in the lndian Ocean 
(Sykes 1970). 

Note: After this paper was submitted, we 
received an unpublislied manuscript by Fox ct al. 
(1976) that presents three geologic niodels for 
the crust within oceanographer fracture zone. 
The refractioii data and dredge hauls results 
reported in this nianuscript add support to the 
discussion of fracture zone geology presented 
here. 
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