
INTRODUCTION

The mid-ocean ridge system is the largest continuous
volcanic feature on Earth, with significant interactions be-
tween tectonic activity, volcanism and seawater circulation
(e.g., Lister, 1974Macdonald, 1982). At mid-ocean ridges,
new crust is formed, and rapidly cooled by hydrothermal
circulation (e.g., Morton and Sleep, 1985; Morgan and
Chen, 1993; Johnson et al., 1994; Stein and Stein, 1994).
Seawater penetrates into the upper crust, and is heated as it
moves down toward the base of the sheeted dike complex,
in the vicinity of the magma chamber. Hydrothermal fluids
are discharged along the ridge axis at temperatures up to ~
400°C (e.g., Koschinsky et al., 2008). While circulating in
the upper crust, seawater reacts with basaltic rocks, and ex-
changes mass and heat (e.g., Edmond et al., 1982; Alt et al.,
1996; 2010; Bach et al., 2003).

The 1522 m deep ODP Hole 1256D is the first and only
scientific drill hole that drilled a complete section of upper
oceanic crust, from extrusive lava through dikes and into a
few tens of meters of underlying gabbros (Wilson et al.,
2003; 2006; Teagle et al., 2006). It is located in the
Guatemala Basin and penetrated the 15 Ma crust of the Co-
cos Plate, formed at the East Pacific Rise (EPR) during a pe-
riod of superfast spreading rate (> 200 mm/yr). The paleo-
ridge is currently oriented NW-SE (Fig. 1; Wilson, 1996;
Wilson et al., 2006).

The drilled basement at Site 1256 consists, from top to
bottom, of ~ 800 m thick alternating thin sheet, massive and
pillow lava flows, a ~350 m thick sheeted dike complex,
and a ~ 100 m thick zone of transition to the lower crust,
which is composed of two distinct gabbro intervals screened
by granoblastic dikes (Fig. 2; Teagle et al., 2006; 2012).

This first complete penetration of the upper oceanic crust
to the uppermost gabbros offers a unique opportunity to

study the deep part of the hydrothermal system, in the tran-
sition zone between the sheeted dike complex and the lower
crust gabbro of present-day in situ oceanic crust (Fig. 3).
The root zone of the sheeted dike complex represents a thin
zone of extreme thermal gradient (Teagle et al., 2006; 2012;
Alt et al., 2010), and can be regarded as a dynamic thermal
boundary layer in the ocean crust between the magma
chamber system (axial melt lens) below (1100°C) and the
main convective hydrothermal system above (≤ 450°C)
(e.g., Lister, 1980; Gillis, 2002; 2008; Koepke et al., 2008;
2011; France et al., 2009; Alt et al., 2010).
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ABSTRACT
Ocean Drilling Program Hole 1256D reached for the first time the transition zone between the sheeted dike complex and the uppermost gabbros. The re-

covered crustal section offers a unique opportunity to study the deepest part of the hydrothermal system in present-day oceanic crust. We present a structural
analysis of electrical borehole wall images. We identified, and measured the orientations of four categories of structures: major faults, minor fractures, possi-
bly hydrothermal veins, and dikes. All structures tend to strike parallel to the paleo-ridge axis. Three major fault zones (meter thick) and dikes are steeply dip-
ping (~ 75° on average) outward the ridge. Centimeter-thick moderately conductive planar features are interpreted as hydrothermal veins, are organized in ar-
rays of consistent spacing, thickness, and orientation, and are dipping about 15-20° toward the ridge. This structural pattern is interpreted as an on-axis paleo-
hydrothermal circulation system, with vertical, dike-parallel fractures, and sub-horizontal high-temperature hydrothermal veins at the base of the sheeted dike,
which was subsequently rotated ~ 15° westward around a ridge-parallel, sub-horizontal axis. This rotation can be caused by upper-crustal block rotation along
a listric normal fault, and/or subsidence at the ridge axis.

Fig. 1 - Location of ODP Site 1256 (modified from Teagle et al., 2006).
The different gray areas are bounded by isochrones at 5 Ma intervals. The
location of DSDP Site 504 is also shown. 



Logging ODP Hole 1256D with the Formation Micro
Scanner (FMS) during IODP Expedition 312 (Teagle et al.,
2006) provided continuous, oriented, high-resolution images
in the root zone of the sheeted dikes down to 1437 meters
below seafloor (mbsf), in the first gabbro interval.

FMS and core data are complementary to structural stud-
ies in many respects. Important detailed structures such as
fractures, veins, or intrusive contacts are observed in core,
but FMS images are oriented in space, whereas cores are not
oriented in the horizontal plane. Moreover, core recovery is
often incomplete (e.g., < 19% in the root zone of the sheeted
dike complex; Teagle et al., 2006) and biased with respect
to lithology or structures (e.g., fractured intervals are less re-
covered), whereas FMS images are continuous (Fig. 3). A
preliminary analysis of Hole 1256D FMS data was done on
board (Teagle et al., 2006). Tominaga et al. (2009) provide a
detailed analysis of the electro-facies in ODP Hole 1256D,
and interpret these facies in terms of volcanostratigraphy.
Fontana et al. (2010) used FMS and other log data to depth
shift and reorient core pieces in the shallow lava pond sec-
tion of Hole 1256D.

In this study, we conducted a comprehensive structural
analysis of the FMS images in the root zone of the hy-
drothermal system from 1250 mbsf to 1406 mbsf. We chose
1250 mbsf as the upper limit because it corresponds to a
depth where non-granoblastic dikes are far above the zone
of interactions between melt and hydrothermal fluids (i.e.,
the transition from granoblastic dikes to gabbro). FMS im-
ages can be analyzed down to 1406 mbsf; below 1407 mbsf
the formation is very resistive, resulting in poor data quality
(see section 3 below). 

The main goal of the FMS structural analysis was to map
and describe the structures in the root zone that could not be
observed in cores, to characterize their organisation, to mea-
sure their orientation, and to tentatively relate them to the
global scheme of hydrothermal circulation. We compare our
results with downhole geophysical measurements (Guérin et
al., 2008; Swift et al., 2008; Carlson, 2010; 2011; Violay et
al., 2010; Gilbert and Salisbury, 2011), and petrological ob-
servations on cores collected during (Teagle et al., 2006)
and after the cruise (Koepke et al., 2008; 2011; France et al.,
2009; Alt et al., 2010). The petrological descriptions are
used, whenever possible, to ascribe an origin to the struc-
tures mapped with the FMS. 

METHODS

The FMS images of the borehole walls are generated
from electrical conductivity measurements of the formation
(e.g., Ekstrom et al., 1987; Pezard and Lovell, 1990). The
FMS logging tool consists of four orthogonal pads that are
in contact with the borehole wall, each containing 16 mi-
cro-electrodes. The slim version of the FMS tool used in
ODP and IODP holes allows 22% coverage of the borehole
wall surface (e.g., Ekstrom et al., 1987; Serra, 1989;
Pezard and Lovell 1990; Tominaga et al., 2009). The im-
age resolution is on the order of a few millimeters; any fea-
ture can be detected if its conductivity contrast with the
matrix is sufficient. The electrical current intensity is
recorded and converted to formation conductivity allowing
the creation of an electrical image of the borehole wall.
The color scale ranges from light colors for low conductiv-
ity to dark colors for high conductivity. A three compo-
nents accelerometer and flux-gate magnetometer oriented
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Fig. 2 - Summary of lithostratigraphy in Hole 1256D (after Teagle et al.,
2012).



the tool in space. Consequently, FMS images are oriented
in the geographical reference frame, and allow one to de-
termine the orientation (dip direction and dip) of detected
planar features (e.g., Ayadi et al., 1998; Tartarotti et al.,
1998; Fontana et al., 2010).

We analyzed FMS images using the Schlumberger soft-
ware Geoframe 3.5 to obtain a set of interpreted structures.
Planar structure orientations are measured on FMS images
by fitting sinusoids to observed conductive features. The
amplitude and phase of each sinusoid is converted into dip
and dip direction. For each identified plane, the dip direc-
tion corresponds to the lower point on the sinusoid. The dip
angle is calculated as tan-1(H/R) where H is the amplitude of
the sinusoid and R is the borehole radius (e.g., Ekstrom et
al., 1987).The quality of FMS images recorded in Hole
1256D from two consecutive passes is excellent and recov-
ered 22% to 44% of the borehole circumference down to
1407 mbsf. Below 1407 mbsf the formation is very resis-
tive, resulting in poor data quality. The large resistivity con-
trast between the conductive fluid in the borehole and the
resistive formation led to saturation of the FMS images.
Consequently, the structures below 1406 mbsf are not iden-
tifiable, and the uppermost gabbros that were recovered
from 1407 mbsf cannot be analyzed. 

Porosity, density, electrical resistivity, acoustic veloci-
ties, and natural gamma rays have also been determined
from downhole measurements in Hole 1256D and are here
utilized for comparison with FMS structural data (Fig. 3;
Teagle et al., 2006; Swift et al., 2008; Guérin et al., 2008;
Tominaga et al., 2009; Carlson et al., 2010; 2011; Violay et
al., 2010; Gilbert and Salisbury, 2011). 

LITHOSTRATIGRAPHIC DESCRIPTION 
OF THE STUDIED ZONE (1250 TO 1407 MBSF)

The studied 1250 to 1407 mbsf interval may be subdivid-
ed in 2 lithostratigraphic zones, labeled Z1 and Z2 (Fig. 3).
Z1 (1250-1348 mbsf) corresponds to non-granoblastic

dikes. The primary assemblage in basaltic dikes is plagio-
clase, clinopyroxene, Fe-Ti oxides, and minor olivine. Sig-
nificant but local textural heterogeneities (cryptocrystalline
in dike margins, medium-grained with few large (~ 1 mm)
phenocrysts in dike cores) are described (Wilson et al.,
2006). Non-granoblastic dikes are characterized by the oc-
currence of greenschist and sub-greenschist minerals in both
the groundmass and the veins. 

Hydrothermal alteration is recorded by (Alt et al., 2010):
(1) background recrystallization; chlorite is a major alter-

ation phase above 1300 mbsf, and amphibole becomes dom-
inant below that depth;

(2) veins and alteration halos along veins; veins are about
one millimeter thick, and their frequency is 30 veins per me-
ter on average; chlorite, quartz, pyrite, chalcopyrite, actino-
lite, prehnite, laumontite, and calcite are the most common
vein-filling minerals; halos around veins are 1 to 11 mil-
limeters thick;

(3) highly altered patches around vugs; 
(4) local sulfide mineralization in breccias, dike margins,

and veins.
Z2 (1348-1406 mbsf) corresponds to the granoblastic

dikes. From 1348.3 to 1406.6 mbsf, the dikes are strongly to
completely altered, and locally recrystallized to granoblastic
textures (Teagle et al., 2006; Koepke et al., 2008; France et
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Fig. 3 - Downhole measurements in Hole 1256D between 1250 and 1450 mbsf. From left to right, density (from Teagle et al., 2006), porosity estimate from
velocity and density logs (see Violay et al., 2010 for further explanations), P-wave velocity, S-wave velocity, potassium content and deep resistivity (from
Teagle et al., 2006). The simplified lithostratigraphy of the root zone of the sheeted dike complex, the main faults zones, and the moderately conductive pla-
nar features (MCPF) clusters are also indicated. 



al., 2009; Alt et al., 2010). Granoblastic dikes have the same
primary mineral assemblages as non-granoblastic ones, but
also display irregularly distributed granoblastic patches, with
small-grained (~ 10 to 50 µm), granular, secondary clinopy-
roxene, plagioclase, magnetite ilmenite, and rare orthopyrox-
ene. The recrystallized patches are ~ 0.5-1 mm in diameter.
The granoblastic texture is interpreted as resulting from a
metamorphic overprint due to the vicinity either of a gabbroic
sill intrusion (Wilson et al., 2006) or of the axial melt lens it-
self (Koepke et al., 2008; France et al., 2009). It becomes
more prominent at the bottom of the hole, where 100% re-
crystallized, granoblastic basalts have been recovered (Teagle
et al., 2012). Hydrothermal alteration that postdates gra-
noblastic recrystallization produces two types of veins. The
first type consists of one-millimeter thick felsic veins that
contain quartz, plagioclase, minor amphibole, and FeTi ox-
ides. The second type of vein consists of one-millimeter thick
Mg-hornblende and actinolite veins (Alt et al., 2010).

RESULTS

Electrical conductivity is a function of 1) pore fluid char-
acteristics (primarily temperature and salinity), 2) porosity
and geometry of the porous space, and 3) alteration (e.g.,
Waxman and Smits, 1968; Pezard, 1990; Revil and Glover,
1998; Ildefonse and Pezard 2001). Consequently, the vari-
ability of electrical conductivity, as recorded on FMS im-
ages, is related to changes of one or more of these parame-
ters. Over 1500 structures have been mapped twice, through
two distinct measurement sessions, and both operators have
found identical and consistent results. The identified planes
are organized into 3 main categories based on their conduc-
tivity (Fig. 4). 

(1) Non-cemented fractures filled by seawater appear
dark on FMS images, due to their high conductivity (Fig.
4a). They are divided into two sub-categories depending on
their thickness: major fault zones are > 1 meter thick, and
are clusters of many conductive structures. Minor fractures
are typically < 10 centimeter thick. Major fault zones signif-
icantly impact downhole geophysical measurements, and
correspond to an enlargement in the caliper record, in con-
trast with minor fractures (Fig 3). 

(2) Moderately conductive planar features (MCPF) ap-
pear brown on FMS images (Fig. 4b). They are less conduc-
tive than non-cemented fractures (see above), but more con-
ductive than the matrix. We posit that these structures are
petrologically distinct from the background formation. We
tentatively interpret them as hydrothermal veins (i.e., ce-
mented fractures) with or without alteration halos. Their
higher conductivity indicates that they contain more con-
ductive phases than the matrix such as hydrous (chlorite,
amphibole, smectite, zeolite…), or metallic (oxide) miner-
als. The exact mineralogy of these presumed veins is impos-
sible to determine because they have not been recovered
(see further discussion). 

(3) Dikes (Fig. 4c) are sandwiched between pairs of
large, blurred, parallel conductive planes on FMS images,
which represent the altered dikes margins. 

Each mapped planar feature is identified by its strike from
0 to 180°, its dip from 0 to 90°, and its dipping direction
quadrant (E, S, N, W). Measurements are reported as N140
70E where 140 is the strike, 70 the dip and E the dip direction
quadrant. The average orientation for each structural group
was automatically computed using the Geoframe software.

Non cemented fractures
Major fault zones

Downhole geophysical measurements, borehole wall elec-
trical images and core descriptions were used to identify
three major fault zones labeled F1, F2, and F3 (Fig. 3). Note,
however, that the recovery is very poor in these zones, and
hence the core description was generally done on a series of
small, rounded, non-oriented samples, some of which dis-
playing a few breccias and/or fractures (Teagle et al., 2006). 
F1 (1265-1273 mbsf) is located in lithostratigraphic zone

Z1. Eighteen FMS fractures were mapped in this interval.
F1 is oriented on average N140 70NE. Porosity increases
from 2.5% outside the fault zone to more than 20% inside.
Acoustic P and S wave velocities decrease from 6000 m/s to
5000 m/s, and from 3500 to 3200 m/s, respectively. F1 is al-
so associated with a strong increase in potassium content re-
lated to alteration minerals such as clay and zeolite (Fig. 3;
see also Violay et al., 2010). Breccias and non-granoblastic
dikes, which bear secondary minerals such as chlorite,
quartz, chalcopyrite and pyrite, are described in cores from
this zone (Teagle et al., 2006; Alt et al., 2010). Such low
temperature minerals are interpreted as early hydrothermal
alteration at temperatures between 400°C and 300°C (Alt et
al., 2010). 
F2 (1296-1303 mbsf) is also within lithostratigraphic zone

Z1. Seventeen fractures were mapped in this zone. F2 is ori-
ented on average N160 60NE. High porosity (> 20%), high
potassium value (> 0.1%) and low P-wave and S-wave veloc-
ities characterize this zone (Fig. 3, 4). As for F1, chlorite,
quartz, chalcopyrite, and pyrite are abundant in recovered
samples from this zone (Teagle et al., 2006; Alt et al., 2010). 
F3 (1403-1404 mbsf) is located just a few meters above

the boundary between granoblastic dikes and the upper gab-
broic interval (at 1406.6 mbsf). F3 is oriented on average
N150 70NE. It is also associated with a decrease in density
and acoustic P and S wave velocity (from ~ 6500 m/s to ~
6000 m/s, and from ~ 3800 m/s to ~ 3500 m/s, respectively),
and with increased porosity (see Fig. 2). Hydrothermal alter-
ation at temperature of 400-500°C in cores, marked by acti-
nolite, chlorite, pyrite and magnetite, postdates the granulite
metamorphism that is associated with granoblastic textures
in granoblastic dikes (Teagle et al., 2006; Alt et al., 2010).

Minor fractures
Minor fractures with variable orientations are mapped in

the entire root zone of the hydrothermal system. They most-
ly strike to the SE with moderate (15-35°) dip to the SW
(Fig. 4b-c). They are on average perpendicular to the major
fault zones (F1, F2, F3). They are more frequent in non-gra-
noblastic dikes (~ 6-8 per meter) than in granoblastic dikes
(~ 5-6 per meter). 

Moderately conductive planar features (MCPF)
The MCPF that we interpret as possible hydrothermal

veins are generally organized in clusters, always with con-
sistent strikes and dips. Those that do not belong to a cluster
mostly display a similar orientation. The average MCPF ori-
entation is ~ N130 15-20 SW (Fig. 5). Their average thick-
ness is about 1 cm, and the MCPF density in these clusters
is 6 to 8 feature/meter. We have identified eight clusters la-
beled V1 to V8 (assuming MCPF are hydrothermal veins) in
the mapped interval (Fig. 3): V1 from 1285 to 1295 mbsf,
V2 from 1312 to 1313 mbsf, V3 From 1322 to 1329 mbsf,
V4 from 1334 to 1337 mbsf, V5 from 1348 to 1351 mbsf,
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Fig. 4 - Example of FMS images of the major fault zone F2 (a), the MCPF cluster V1 (b), and dike boundaries (c). The position of the structure tadpoles (that
correspond to the best-fit sinusoids on the FMS image) on the horizontal axis indicates the dip magnitude, and the tadpole tails point toward the dip direction. 
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Fig. 5 - Equal area stereographic projection (lower hemisphere) of the poles of a) fractures in major fault zones, b) minor fractures, c)
MCPF, and d-e) dike margins. In each stereographic projection, the indicated best axis is the first eigenvector of the corresponding orienta-
tion tensor. N is the number of measurements. Computations and plots are done with the program Field2K written by David Mainprice. f)
Histogram of the dips of the dike margins. 



V6 from 1374 to 1376 mbsf, V7 from 1387 to 1395 mbsf,
and V8 from 1400 to 1402 mbsf. These 8 clusters unfortu-
nately correspond to intervals of very low core recovery (<
5%; Fig. 3), in which most core pieces are too small (i.e.,
smaller than the core liner diameter) to be vertically orient-
ed (see Visual Core Descriptions in Teagle et al., 2006). It is
consequently impossible to compare the MCPF identified
on FMS images with veins identified on the poorly recov-
ered core from these intervals. Only a few veins were de-
scribed, in generally non-oriented core pieces within the in-
tervals where clusters V1 to V8 are mapped (Teagle et al.,
2006; Alt et al., 2010). In V1 and V2, veins are about 1 mil-
limeter thick, with maximum 7 millimeters thick halos, and
filled with pyrite, quartz, and chlorite. In V3 and V4, they
are infra-millimetric, and filled with sulfide, quartz, zeolite,
chlorite and actinolite. In V5 and V6, they are infra-milli-
metric, and filled with quartz, zeolite, chlorite, and actino-
lite. In V7 and V8, they are filled with Mg-hornblende and
actinolite. 

The veins identified in core pieces are generally less than
one millimeter thick, and generally display 0.1 to 10 mm
thick halos. The resolution of FMS images being on the or-
der of a few millimeters, it is impossible to see these veins
in FMS data. No direct comparison can be made between
the one millimeter thick veins observed on core pieces, and
the ~ 1 cm thick MCPF identified on FMS Images. The few
described veins in oriented core pieces are either sub-verti-
cal or sub-horizontal (Teagle et al., 2006). 

Dikes
Vertical dike margins were identified in both lithostrati-

graphic zones Z1 and Z2. Their downhole distribution is
heterogeneous, with the highest density encountered be-
tween 1275 and 1290 mbsf. The average dike thickness
ranges from 0.1 to 1 m. This is in good agreement with ob-
servations made on cores from the same interval (Teagle et
al., 2006). Their average orientation is N165 75NE (Fig. 5),
which is consistent with the average dip of dikes (~ 79°) in
the whole dike complex (1060-1406 mbsf) measured on the
same FMS images by Tominaga et al. (2009) and in recov-
ered cores (Teagle et al., 2006).

DISCUSSION

All structures that are mapped and described in this study
strike ~ N150 on average, which is sub-parallel to the paleo-
ridge axis (Fig. 1; Hallenborg et al., 2003). MCPF and mi-
nor fractures dip to the west, towards the ridge axis, whereas
major fault zones and dikes dip to the East, away from the
ridge axis (Fig. 5). To simplify the discussion we call the
former inward dipping structures and the latter outward dip-
ping structures. 

Hydrothermal conduits
Three types of structures were identified on the FMS im-

ages: major fault zones, minor fractures, and MCPF that we
tentatively interpret as hydrothermal veins. All of these
structures were potential conduits for hydrothermal fluid
circulation at, or close to the ridge axis. We discuss here
their on-axis or off-axis origin. 

Major fault zones
F1, F2, F3 have consistent strikes and dips, which sug-

gests that they were created in the same tectonic environ-
ment. Core recovery is very low in these fault zones. How-
ever, relatively low temperature alteration mineral assem-
blages (pyrite, chalcopyrite, chlorite, quartz) are observed in
the breccias and dikes in core pieces recovered from fault
zones F1 and F2, and middle temperature alteration mineral
assemblages (actinolite, chlorite, magnetite) are described in
the dike pieces recovered from fault zone F3 (Teagle et al.,
2006; Alt et al., 2010). These alteration assemblages are in-
terpreted as early hydrothermal alteration at temperatures
between 450°C and 300°C (Alt et al., 2010). Consequently,
although these faults may have been reactivated off-axis, an
early, on-axis origin is very likely. 

Outward dipping faults are not common in ocean crust
formed at slow to intermediate spreading rates (e.g., Car-
botte and Macdonald, 1990). As spreading rate increases,
outward dipping faults become more abundant; at superfast
rates (> 130 mm/yr, Francheteau and Ballard, 1983) out-
ward dipping faults dominate (Carbotte and Macdonald
1990; 1994a). The outward dipping major fault zones in
Hole 1256D are thus consistent with the superfast spreading
environment of Site 1256.

Minor fractures
The minor fractures are perpendicular to the major fault

zones and parallel to the less conductive MCPF. Small-scale
fracture/crack systems in dikes have not been studied in
great details, with the exception of fracture network descrip-
tions in the sheeted dike complex of the Troodos ophiolite
(Van Everdingen, 1995). Fractures are mm thick, and tend
to be preferentially oriented either parallel or perpendicular
to the dike margins. The fracture density varies from 1.1 to
4.7 fractures per meter, and decreases with depth. The orien-
tation, thickness, and depth distribution of these fractures in
the Troodos dikes are not completely consistent with those
observed on the Hole 1256D FMS images. To our knowl-
edge, sub-horizontal centimeter-thick fractures in the root
zone of the sheeted dikes similar to those identified in Hole
1256D FMS images have not been described so far in cores
or in ophiolites.

Fractures observed on FMS images may have formed by
1) thermal cooling (e.g., Shaefer and Kattenhorn, 2004), 2)
on-axis seafloor tectonics, or 3) seafloor off-axis tectonics,
as proposed by Gillis and Sapp (1997) for the effusive sec-
tion of the Troodos Ophiolite in Cyprus. 

MCPF
One of the main results of our FMS image analysis is the

identification of clusters of MCPF, tentatively interpreted as
hydrothermal veins, with consistent thickness (~ 1 cm),
spacing, density and orientation (Figs. 4, 5). These clusters
are unfortunately mapped in very low core recovery inter-
vals (< 5%), and no direct comparison can be made between
the FMS image and the core.

A very limited number of studies describe hydrothermal
veins in the sheeted dikes of the root zone of the Oman and
Troodos (Cyprus) ophiolites (Nehlig and Juteau, 1988;
Nehlig, 1993; Nehlig et al., 1994; Gillis, 2002; Nicolas et
al., 2008; France et al., 2009): 

- Dense networks of epidote-quartz-sulfide bearing (<
450°C), millimeter thick veins have been observed at the
base of the sheeted dike complex of the Oman ophiolite.
About 90% of the veins are parallel to the dike margins;
others are perpendicular (Nehlig et al., 1994). The density
of these quartz-sulfide veins increases, whereas that of
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epidote-quartz veins decreases (~ 0.5 veins/meter to 0.2
veins/meter) when approaching the dike/gabbro transition.
Their dominant orientation, thickness, and density are not
consistent with those observed on FMS images from ODP
Hole 1256D.

- The occurrence of high temperature amphibole veins is
reported in the root zone of the sheeted dikes in Oman
(France et al., 2009), and in Cyprus (Gillis, 2002), but the
lack of information on the vein thickness, spacing, and ori-
entation hampers a direct comparison with the presumed
vein set inferred from the studied FMS images. Amphibole
veins and amphibole + chlorite veins have been studied by
Tartarotti et al. (1995) in the lower part of the sheeted dike
complex at ODP Hole 504B, above the root zone. These
amphibole veins are mostly shallowly dipping, with only
smaller peaks of steeply dipping orientation for the lower
temperature chlorite and amphibole + chlorite-bearing
veins.

To our knowledge, sub-horizontal consistent arrays of
veins as those inferred from the FMS images analyzed here-
in have never been described in the field in the root zone of
the sheeted dike. It is therefore impossible to assign an early
or late origin to the MCPF that we interpret as hydrothermal
veins. However, thinner (~ 1 mm) veins with 1 to 10 mm
thick halos were found in non-oriented core pieces located
just above or below these clusters. The alteration facies of
these veins increases from zeolite to amphibolite facies with
depth, from 1285 to 1402 mbsf (from V1 to V8). For exam-
ple, Alt et al., (2010) describe, at 1382.19 mbsf close to
cluster V7, a 1 mm thick Mg-hornblende + actinolite vein. 

Assuming a hypothetical common origin of the millime-
ter thick veins observed on cores and centimeter thick
MCPF observed on the FMS image, core observations sug-
gest that at least V7 and V8 clusters could be related to
high temperature hydrothermal circulation at or close to the
ridge axis (Teagle et al., 2006; Alt et al., 2010) (see Fig. 6).
The consistent strikes and dips of all measured MCPF clus-
ters suggest that they might have been created in the same
environment. 

Rotation of mapped structures
The dike margins in the studied interval (1250-1406 mb-

sf) dip ~ 75° outward on average (Fig. 5). This is consistent
with the average dip of dikes (~ 79°) in the whole sheeted
dike complex (1060-1406 mbsf) measured on the same FMS
images by Tominaga et al. (2009), and with average contact
dips measured on cores (Teagle et al., 2006). This orienta-
tion suggests a modest rotation of about 10 to 15°, around a
ridge-parallel sub-horizontal axis, assuming the dikes were
originally vertical. The MCPF are interpreted as veins that
possibly formed at the ridge axis. They are perpendicular to
the dikes margins, which suggests that they underwent the
same rotation, and were initially sub-horizontal (Fig. 5).

The sheeted dike complex formed in a fast-spreading
context at the EPR is well described along the northern wall
of the Hess Deep propagating rift (Karson et al., 1992;
2002a; 2002b; Hurst et al., 1994; Karson, 2002; Hurst and
Karson, 2004). The dikes are rarely vertical, and most of
them dip outward ~ 60°. Many faults are sub-parallel to
dikes and also dip outward. The dips of the dikes at Hess
Deep are significantly more dispersed and less steep on av-
erage than those observed at Site 1256. 

Karson et al. (1992) proposed five alternative models for
the generation of non-vertical dike swarms. In model 1 (Fig.
4a in Karson et al., 1992), the dip of the dikes decreases
(i.e., rotation increases) in the vicinity of the magma cham-
ber. The roof of the magma chamber is considered as a free
surface that induces stress perturbation. In models 2 and 3
(Fig. 4b in Karson et al., 1992), the dikes rotate as a result
of crustal block rotation along a listric normal fault; they dip
inward in model 2, and outward in model 3. Model 4 ex-
plains the dike rotation by rapid axial subsidence of the up-
per crust (Fig. 4d in Karson et al., 1992). The effect of axial
subsidence has also been described in lava flows in Iceland
(Palmasson, 1973), and proposed at ODP site 504B (Pezard
and Lovell, 1990). Subsidence rotates initially horizontal la-
va flows to inward dipping flows (Palmasson, 1973; Pezard
and Lovell, 1990; Hooft et al., 1996). In model 5, the tilting

Fig. 6 - Conceptual sketch of the of the hy-
drothermal circulation system and associated
structures in the upper crust (after the subsi-
dence model (Model 4) of Karson et al.,
1992). Yellow: MCPF, assumed to be hy-
drothermal veins that are formed sub-horizon-
tal; solid black lines: on- axis hydrothermal
fault, parallel to the sheeted dikes, dashed
black lines: rotated fault, possibly reactivated
outward dipping normal faults; red arrows:
high temperature hydrothermal fluids; blue
arrows: low temperature seawater fluids. L2a:
effusive lava complex. L2b: sheeted dike
complex.



of diabase dikes is not related to ridge axis processes, but re-
sults from rifting-related processes at Hess Deep. 

Model 1 is not consistent with observations in Hole
1256D because dike orientation does not vary with depth.
Model 5 is specific to the Hess Deep context, hence is not
relevant to Site 1256. We can also exclude scenarios in
which dikes dip inward (toward the ridge axis; i.e., model
2). Only models 3 and 4 can explain the outward dipping
orientation of dikes at Site 1256. Model 3 is an appealing
scenario for Hole 1256D because it explains both the rota-
tion of dikes and presumed veins (assuming they were
formed with sub-horizontal orientation and early enough to
be rotated together with the dikes), as well as the outward
dipping of the major fault zones if they reactivate pre-exist-
ing sub-vertical fractures parallel to the sheeted dikes at the
ridge axis (Fig. 5). It requires normal faulting to accommo-
date block rotation; the mapped fault zones are possible can-
didate for such normal faulting. Outward dipping listric nor-
mal faults, though, are not seen in seismic reflection data
around Site 1256, which reveal dominantly sub-horizontal
reflectors in the flowline-parallel profiles (Hallenborg et al.,
2003). Alternatively, a subsidence model (Model 4) could
also explain the inward dipping of the dikes, and the pre-
sumed veins if these formed on-axis, prior to subsidence.
Both models 3 and 4 are consistent with the relatively wide
range of dike contact dips measured in both the FMS images
and the recovered cores (~ 50 to 90°; Teagle et al., 2006),
which may account for later vertical dikes cross-cutting old-
er, rotated ones. 

Using fault restoration technique of seafloor topography
of the EPR at 18°14’S, Carbotte et al. (2003) demonstrate
upper crustal rotation of ~ 15° at the ridge axis. This pattern
is attributed to seafloor collapse at the ridge axis in the
hanging walls of large master inward dipping faults, which
flatten with depth (Carbotte and Macdonald, 1994a; 1994b;
Bohnenstiehl and Carbotte, 2001; Carbotte et al., 2003).
This collapse is related to the deflation of the shallow axial
melt lens during eruptions that build the upper crust. This
implies a rotation around a horizontal axis toward the ridge,
which rotates initially horizontal lava flows to inward dip-
ping flows, and initially vertical dikes to outward dipping
dikes. This scenario roughly corresponds to model 4 of Kar-
son et al. (1992). It can also explain the measured orienta-
tion of dikes, veins and major fault zones, and provides a
mechanism for the rotation. 

CONCLUSIONS

The main hydrothermal fluid conduits within the root
zone of the hydrothermal circulation system at Site 1256, as
identified on Hole 1256D FMS images, are a series of frac-
tures, some of which defining three steeply dipping, meter-
thick major fault zones that strike parallel to the paleo-ridge
axis, and arrays of centimeter-thick MCPF interpreted as
hydrothermal veins dipping 15-20° toward the ridge axis.
Fault, dike, and vein orientations are represented in Fig. 6 in
a conceptual model of hydrothermal circulation at the ridge
axis and subsequent rotation due either to subsidence (e.g.,
Karson, et al., 1992; Carbotte et al., 2003) or to crustal
block rotation along a listric normal fault (e.g., Karson et
al., 1992). Major fault zones are outward dipping, consistent
with observations at superfast segments of the EPR.

The origin of moderately inward dipping fractures, pre-
sumably originally sub-horizontal, is unclear as such fea-

tures have not been described so far in cores or in ophiolites.
They may be related to thermal cooling, and/or on-axis/off-
axis seafloor tectonics.

The presumed vein arrays, which are also moderately
dipping inward, and are perpendicular to the major fault
zones and dike boundaries, may outline the deepest part of
the on-axis hydrothermal system, but the geological struc-
tures associated to these moderately conductive, sub-hori-
zontal FMS features cannot be conclusively characterized.
Low recovery prevented the direct comparison between
these features on FMS images and veins present in cores at
the same depth. Further field studies should be carried out in
ophiolites to look for similar, sub-horizontal (dike perpen-
dicular) clusters of veins close to the base of the sheeted
dike complex. 

Structure orientations suggest a ~ 10 to 15° westward ro-
tation around a ridge-parallel horizontal axis. This rotation
is possibly related to subsidence due to volcanic collapse
following lava eruption, i.e., melt lens deflation at the ridge
axis, and/or to crustal block rotation along-outward dipping
listric normal faults. 
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