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Abstract

We report the first discovery and sampling of vast fields of hydrocarbon-derived carbonate chimneys along the
Gulf of Cadiz continental slope, at depths between 500 and 1200 m. A large variety of carbonate chimneys (more than
200 samples) were recovered from four different areas, named the DIASOM, TASYO, GBF (Guadalquivir Basin) and
ESF (East Moroccan) fields. Observations from an underwater camera revealed a spectacular high density of pipe-like
chimneys, some of them longer than 2 m, lying over the sea floor, and some protruding from muddy sediment. Local
fissures and alignment of isolated chimneys were also observed, suggesting that their distribution is controlled by fault
planes. Chimneys collected show a wide range of morphological types (spiral, cylindrical, conical, mushroom-like and
mounded) with numerous nodule protuberances and ramified fluid channelways. The chimneys are mainly composed
of authigenic carbonates (ankerite, Fe-bearing dolomite and calcite) with abundance of iron oxides, forming
agglomerates of pseudo-pyrite framboids. 8'30 isotopic values vary from 0.7 to 5.5%0 whereas 8'3C values indicate
that chimney carbonates are moderately depleted in >C, ranging from —46 %o to —20 %o PDB, interpreted as formed
from a mixture of deep thermogenic hydrocarbons and shallow biogenic methane. These vast fields of carbonate
chimneys imply new considerations on the importance of hydrocarbon fluid venting in the Gulf of Cadiz and,
moreover, on the active role of the olistostrome/accretionary wedge of the Gibraltar arc.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction
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record have stressed the importance of carbonate
formation associated with hydrocarbon seepage
and bacterial activity (e.g. Camoin, 1999). In re-
cent submarine environments, carbonate and bar-
ite chimneys, slabs and crusts associated with hy-
drocarbon seeps have been reported in various
tectonic settings: Oregon margin (Schroeder et
al., 1987); North Sea (Hovland et al., 1987; Hov-
land and Judd, 1988); Gulf of Mexico (Baoshum
et al., 1994; Roberts and Carney, 1997); Monte-
rey Bay (Orange et al., 1999; Stakes et al., 1999);
Kattegat (JOrgensen, 1992); Nankai Trough (Sa-
kai et al., 1992), Otago continental slope, south-
ern New Zealand (Orpin, 1997) and Makran ac-
cretionary wedge (Von Rad et al., 1996).

In the Gulf of Cadiz, pockmark-like structures
on the shelf break (Baraza and Ercilla, 1996) and
mud volcanoes bearing gas hydrates, authigenic
carbonate crusts and slabs discovered along the
continental slope (Ivanov et al., 2000; Somoza et
al., 2000; Gardner, 2001) have revealed the intense
activity of hydrocarbon seeps, both on the Iberian
and African margins. According to the results
of gas measurements, the fluid venting areas in
the Gulf of Cadiz are characterised by a rela-
tively high background gas content (up to 292
ml/l) in comparison with other areas of extensive
hydrocarbon seeps such as the Eastern Mediterra-
nean Sea and the Black Sea (Stadnitskaia et al.,
2000).

On the Iberian continental margin of the Gulf
of Cadiz, a research cruise aboard the R/V Hes-
pérides surveyed the continental slope with multi-
beam echo-sounders and ultra-high resolution
seismics. A large number of mud volcanoes,
mud ridges, crater-like pockmarks, and large sedi-
ment slides were mapped. In 2000 and 2001, two
research cruises aboard R/V Cornide de Saavedra
were conducted to the targets previously identified
on multibeam bathymetry and seismic surveys,
using underwater camera, coring and dredging.
A large field of carbonate chimneys was discov-
ered, named DIASOM, showing an unusual high
abundance and variety of pipe-like morphologies.
This paper describes the first observations of a
carbonate chimney field in the Gulf of Cadiz,
the DIASOM field, although for the purposes of
comparison and future research we have included

geochemical data from isolated chimneys found in
other sites of the Gulf of Cadiz. In this way, the
objectives of this contribution are to: (1) report
our preliminary results on the petrography, geo-
chemical characteristics and stable isotopic data
of these vast fields of chimneys; (2) draw compar-
isons between previously reported hydrocarbon-
related chimneys and authigenic carbonates in
other areas of cold seeps; and (3) comment on
the processes that may control the formation of
these types of submarine structures and their re-
lationship with bacterial activity.

2. Geological setting

The Gulf of Cadiz is located at the front of
the Gibraltar arc, the westernmost tectonic belt
of the Alpine-Mediterranean compressional sys-
tem (Fig. 1). This front consists of the olistos-
trome/accretionary complex units, emplaced in
the Late Miocene (Maldonado et al., 1999), in
response to the NW-SE directed convergence
between the African and Eurasian plates (Flinch
et al.,, 1996). Four main tectonic allochthonous
provinces surround the internal zones of the
Gibraltar arc orogenic belt overlying both the
Iberian and African passive margins (Fig. 1):
(a) Flysch units of the Campo de Gibraltar com-
plex; (b) external zones, tectonically detached Me-
sozoic sediments ranging from Lower Jurassic to
Upper Cretaceous—Palaeocene pre-tectonic units;
(c) Triassic Diapir Zone, composed mainly of
salts, gypsum and shallow carbonate deposits em-
placed as diapiric expulsion by thrusting of thick
nappes of Mesozoic sediments (Berastegui et al.,
1998); and (d) the front of the deformed wedge,
mainly formed by plastic clays and marls of
Early-Middle Miocene age (Maldonado et al.,
1999).

The most frontal parts of the Gibraltar arc are
composed of Triassic evaporites and Miocene
plastic marls and have been referred to tradition-
ally as the ‘Olistostrome Zone’ (Perconig, 1960—
62) or ‘Gualdalquivir Allochthonous Unit’ (Blan-
kenship, 1992) (Fig. 1). The end of the Gibraltar
arc emplacement occurred during the Late Mio-
cene, coinciding with accelerated tectonic subsi-
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Fig. 1. Simplified structural map with tecto-sedimentary units that compose the olistostrome/accretionary wedge of the Gulf of
Cadiz (modified from Somoza et al., 1999). The location of the main sites where carbonate chimneys have been recovered is indi-
cated: (1) DIASOM field, (2) TASYO field, (3) Guadalquivir Basin Field (GBF), and (4) Eastern Moroccan field (ESF).

dence on the shelf, which resulted in gravitational
gliding and spreading of Triassic salt and Miocene
shale deposits towards the Central Atlantic basins
(Somoza et al., 1999). Major gravitational gliding
nappes have been defined in the Gulf of Cadiz, on
the Spanish-Portuguese margin (Cadiz Salt
Nappe) and the Moroccan margins (e.g. Rharb
Basin), which were detached from the front of
the olistostrome/accretionary complex (Somoza
et al., 1999). The Late Miocene accretionary front
has extended since the early Pliocene from the
shelf towards the Horseshoe and Seine abyssal
plains (Torelli et al., 1997), west to the Gibraltar
arc, with thickness exceeding 2.4 km (Vazquez et
al., 2001). Fault systems observed on the sea floor
related to active mud volcanoes (Gardner et al.,
2001) are coherent with the N-160° directed con-
vergence between the African and Eurasian plates

proposed for the present times in the Gulf of Ca-
diz.

Deformation structures observed on seismic
lines along the shelf and slopes of the Gulf of
Cadiz provide geometric evidence for shale/salt
tectonics and related hydrocarbon seepage on
the sea floor (Fernandez-Puga et al., 2000). Over-
pressured compartments generated beneath salt/
shale arched wedges (Fig. 1) have been suggested
as a mechanism to provide avenues for hydrocar-
bon gases, brines and fluidised sediments to mi-
grate upwards through contraction toe-thrust
structures (Lowrie et al., 1999).

3. Chimney fields in the Gulf of Cadiz

Carbonate chimneys found in the Gulf of Cadiz
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Fig. 2. (A) Multibeam bathymetry of the main study area, the DIASOM field, showing the location of the main sites where carbonate chimneys were sampled and
observed by underwater camera: (1) Ibérico, (2) Cornide, (3) Arcos, and (4) Corufia. GDR is the Guadalquivir Diapiric Ridge, a NW-SE linear diapiric ridge lo-
cated on the eastern side of the DIASOM field. The Cadiz undercurrent channel (CAD), is the main contourite channel of the Mediterranean outflow. Note that
the sea floor morphology is mainly characterised by collapse structures and slide scar probably related to extensive gas seepage (Somoza et al., this volume).
(B) Detailed oblique view, looking east, of the Ibérico mound. Most of the carbonate chimneys were collected on the southernmost steep flank (up to 30°) of this
mound. Location of seismic profile (Fig. 3) crossing this structure is also shown. (C) Oblique view, looking northeast, of the eastern part of the DIASOM field.
Carbonate chimneys were dredged and photographed on the crest of the mounds. The alignment of high-relief and small cone-shaped mounds located between Cor-
nide and Corufia mounds has been named the Hormigas Ridge. The slopes of the southernmost side of this prominent high range between 30° and 40°. Note also
the minor cone-shaped structures appearing along the CAD channel.
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are associated with fields of mud volcanism and
mud/salt diapirism being closely related to the
above described tectono-sedimentary units (Fig.
1). The areas where carbonate chimneys have
been found may be grouped as follows:

(1) The DIASOM field (Fig. 2) is composed of
several mounds forming an arcuate mud ridge.
The Ibérico mound was the first surveyed site,
where 76 chimney samples were collected at
depths ranging from 850 to 1100 m, during the
Anastasya 2000 cruise. This area was intensively
explored during the Anastasya 2001 cruise, lead-
ing to the discovery of large numbers of carbon-
ate chimneys and slabs in three more mounds
(Cornide, Arcos and Corufia), at depths between
1100 and 920 m. This field lies close to the de-
formed wedge front of the olistostrome/accretion-
ary complex, mainly composed of plastic blue
marls of Early-Middle Miocene age (Somoza et
al., 2001).

(2) The TASYO field, an area of widespread
fluid venting, is characterised by numerous cra-
ter-like collapse structures and mud volcanoes.
Several small pipe-like carbonate chimneys asso-
ciated with carbonate crusts were found along the
flanks of the Hespérides mud volcano complex, at
depths between 750 and 900 m. The Hespérides
mud volcano is the largest structure of the TA-
SYO field. This mud volcano is seated on a sea
floor-piercing diapir, being composed of six single
circular cone-shaped domes with a seabed diame-
ter of more than 3 km and a relative height of 150
m (Somoza et al., 2003).

(3) The Eastern Moroccan field (ESF) mud
volcano field is an area with extensive mud volca-
nism (Ivanov et al., 2000; Gardner, 2001) located
within the Triassic Diapir Zone of the olistos-
trome/accretionary complex. Although this area
has not been intensively investigated, mushroom
pipe-like chimneys were found at a water depth of
450 m.

(4) The Guadalquivir Basin field (GBF) is re-
lated to Triassic salt diapirs pinching out along
the front-thrusting wedges of the olistostrome/ac-
cretionary complex (Maldonado et al., 1999). In
this area, not intensively investigated, a fragment
of carbonate chimney was found at a water depth
of 514 m.

4. Methods
4.1. Sampling and swath bathymetry

Samples were collected with a rectangular
benthic-type dredge during the 2000 and 2001
R/V Cornide de Saavedra cruises. A standard
gravity corer, 3 m long, was also used to take
samples from mud sediments hosting the carbon-
ate chimneys. Navigation was made with differ-
ential Global Positioning System (DGPS) for
which the average navigational accuracy is esti-
mated to be better than £5 m. Mound-shaped
targets were previously detected during the 2000
R/V Hespérides cruise, a detailed mapping and
ultra-high resolution seismic survey that produced
more than 1200 km of new data on the conti-
nental slope of the Gulf of Cadiz. The Simrad
EM12S-120 system is a hull-mounted multibeam
echo-sounder capable of recording detailed bathy-
metric and backscatter data with a high resolution
of tens to hundreds of metres in the horizontal
and less than 5 m in the vertical direction. Oper-
ating at a frequency of 13 kHz, the EM12-120
system uses 81 beams spread over 120° to image
a swath of sea floor 2.5 times the water depth in
width. The swath mapping provided a bathymet-
ric map contoured at 1 m interval as well as a
subsidiary map of sea-floor backscattering of the
sonar signal (Leon et al., 2001). The parasound
echo-sounder TOPAS (Topographic Parametric
Sound) seismic data obtained allowed us to iden-
tify high-reflectivity mounds related to subsurface
fluid venting.

4.2. Geochemical, mineralogical and isotopic
analysis

Specimens were examined in hand samples and
a microscopic study on transmitted and reflected
light was made. Bulk mineralogy was determined
using X-ray diffraction (XRD) on powdered sam-
ples using a diffractometer with CuKa radiation
(Philips PW-1700) of the Instituto Geologico y
Minero de Espafia. Scanning electron microscopic
analysis was made on both carbon-coated thin
sections and gold-coated fragments of chimneys,
using a Philips XL20 scanning electron micro-
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scope with accelerating voltages of 20-30 kV, at
the Complutense University of Madrid. The
chemical composition of bulk rock composition,
and major and trace elements were analysed by
X-ray fluorescence (Philips PW-1404) and ICP
(Thermo Jarell Ash ICAP 61). Electron micro-
probe analyses were made on a Jeol Superprobe
JXA-8900M at the Servicio de Microscopia Elec-

tronica Lluis Bru, Complutense University of Ma-
drid.

Isotope measurements were carried out at the
Stable Isotope Laboratory of the Estacion Exper-
imental del Zaidin (CSIC, Granada, Spain). Car-
bon dioxide was extracted from the carbonates
using 100% phosphoric acid at 25°C (calcite)
and 50°C (siderite). Isotopic ratios were measured

IBERICO | mound

Carbonate
Z3\ chimneys

Fig. 3. N-S running seismic profile (sparker) showing the cone-shaped Ibérico mound formed by acoustically transparent facies.
Most chimneys were dredged on the southern flank of this mound, characterised by a surface with a high-reflective response.
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by a Finnigan MAT 251 mass spectrometer. The
reproducibility of the analytical procedure was
lower than *0.1%o for calcite and +0.2%. for
carbonate-Fe-Mg. All the samples were com-
pared to a reference carbon dioxide obtained
from a calcite standard prepared at the same
time. Thus, oxygen isotope ratios for ankerite
were recalculated taking into account the fraction-
ation factor for acid decomposition at 50°C,
1.01057 for ankerite and at 25°C, 1.01044 for cal-
cite.

5. The DIASOM chimney field
5.1. Swath bathymetry and sea-floor observations

The DIASOM chimney field is a prominent
structural high with steep slopes up to 25° and
irregular crests at water depths between 800 and
950 m (Fig. 2). A series of cone-shaped mounds
follows an arcuate-shaped ridge at the northern
edge of the Cadiz valley (CAD), the largest under-
current channel of the Mediterranean outflow
(Fig. 2A). This arcuate ridge is located at the
westernmost edge of the Guadalquivir Diapiric
Ridge (GDR) and is likewise a linear diapiric
ridge which trends NE-SW. It is formed of low-
er-middle Miocene plastic marls (Somoza et al.,
2003). NW-SE trending faults inferred from mul-
tibeam bathymetry divide the arcuate ridge into
several segments. The same fault orientation is
also observed controlling active mud volcanoes
on the Moroccan margin (Gardner et al., 2001).
Four main sites with extensive fields of carbonate
chimneys were detected and sampled (Fig. 2A):
(1) the Ibérico mound, a large isolated cone at
the western side of the field; (2) the Cornide
mound, the largest feature of the field; (3) the
Hormigas Ridge, an alignment of high-relief and
small cone-shaped mounds; and (4) the Corufia
mound, the easternmost mound, characterised by
a flat summit.

The Ibérico mound provided the first evidence
for the presence of large fields of pipe-like chim-
neys in the Gulf of Cadiz (Diaz-del-Rio et al.,
2001). It is a 870 m deep and 165 m tall cone-
shaped structure, characterised by an asymmetric

profile with steep slopes of 22°-25° and 12°-15°
on its southward and northward flank, respec-
tively (Fig. 2B). A suite of more than 76 individ-
ual structures of chimneys was dredged on its
southernmost flank. At the same time, dolomite
slabs were also collected. Detailed multibeam ba-
thymetry shows the mound surrounded by col-
lapse structures and slide scars. The highly reflec-
tive surface observed on sparker seismic lines
(Fig. 3) can be related to the presence of carbon-
ate chimneys and slabs. Otherwise, chaotic and
indistinct seismic reflection patterns appear in
the subsurface. Small, highly reflective minor
mounds are also observed on the flanks of the
main mound. Video imagery at the top of the
Ibérico mound obtained during the TTR-11 cruise
shows large colonies of Callogorgia verticillata,
many specimens of sea urchins, Cidaridae, and
sea stars, Asterinidae (Cunha et al., 2002).

The DIASOM field was intensively investigated
during the Anastasya 2001 cruise, leading to the
discovery of large numbers of carbonate chimneys
and slabs from three other mounds, named Cor-
nide, Arcos and Corufia. The Cornide mound ap-
pears as the largest feature of this field (Fig. 2C).
It is characterised by a flat top at 950 m depth,
with an elevation of 230 m and steep flanks up to
30°, next to the Cadiz channel, the main Mediter-
ranean outflow valley. Observations from the
underwater camera revealed a high density of
pipe-like chimneys and carbonate slabs over the
flat top of this mound (Fig. 4). Most of the chim-
neys lie on the sea floor but some small chimneys
protrude from muddy sediments. Coring from the
top of the mound yielded ‘mousse’-like muds with
indications of gas saturation and a H,S smell.

The Arcos mound is one of the small cone-
shaped mounds with steep flanks, located along
the Hormigas Ridge (Fig. 2C). It is a 850 m
deep and 200 m tall cone structure with steep
southern flanks (max. 35°), on the margin of the
Cadiz valley. Observations from the underwater
camera revealed the presence of numerous pipe-
like chimneys and carbonate slabs along its flanks.
Some chimneys protrude from muddy sediments,
although most of them are lying on the sea floor.
Local fissures and alignment of isolated chimneys
were also observed, suggesting that their distribu-
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tion is controlled by fault planes. Many large
pipe-like chimneys and slabs were collected from
this site. The carbonate slabs have a thickness of
10-15 cm and some of them form the base of the
pipe-like chimneys. Samples collected from the
northernmost structure of the Hormigas Ridge
(Fig. 2C) revealed the presence of large boulders,
up to 50 cm across, of plastic blue marls, the
characteristic ‘blue marls’ facies of the pre-olistos-
trome Early-Middle Miocene units of the olistos-
trome/accretionary complex (Maldonado et al.,
1999). This suggests that the Hormigas Ridge is
formed mainly by diapirism of the undercom-
pacted pre-olistostrome units.

The Corufia mound is the westernmost feature
along the DIASOM field, and shows characteris-
tics similar to the Cornide structure: flat top and
steep flanks. Its summit is at 820 m with a relief of
210 m above the Cadiz channel. Dredging from
the top of this structure yielded abundant pipe-
like carbonate chimneys and fragments of carbon-
ate crusts. Centimetric clasts of plastic blue marls
and calcarenites were also collected. At the south-
eastern side of this structure, several small sub-
circular cone-shaped mounds elevated from the
Cadiz valley sea floor are observed on the multi-
beam bathymetry (Fig. 2C), resembling single
mud volcanoes observed at the eastern side of
the Guadalquivir Diapiric Ridge (Somoza et al.,
2003)

5.2. Types and morphologies of chimneys

More than 200 samples of carbonate chimneys
and slabs were collected in the DIASOM field.
The chimneys show a wide range of morphologies
(Figs. 5 and 6) and sizes (5-30 cm in diameter and
15-55 cm in length). The surface of the chimneys
is often irregular with nodule protuberances and
fluid channelways. Chimney tubes can be straight,
tortuous, ramified, and helical (Figs. 5 and 6).

Small bifurcations of the principal vent orifice
are also observed in some chimneys. Outer walls
of chimneys are iron oxide-stained, having brown-
ish red to black colours. Bryozoa and coral en-
crustations can also be observed in most of the
samples. The walls of the chimneys can exhibit
growth layers characterised by changes in colour
from dark grey to light orange close to the exte-
rior walls. In some cases, venting conduits are
fully or partially filled by marly sediments. The
smaller epifauna retrieved from the chimneys col-
lected at the Iberico site is characterised by the
occurrence of brachipod clusters (Gryphus vi-
treus), encrusting sponges, and polychaetes crawl-
ing out of tiny conduits (Pholoides dorsipapillatus)
(Cunha et al., 2002).

Cylindrical pipe-like chimneys are the most
common types. The largest in size reach 14 cm
in diameter with central orifices of 7 cm, and 53
cm in length. The average sizes range between 8
and 10 cm in diameter with orifices of 2-3 cm.
Small pipe-like chimneys have also been found
with diameters of 5 cm, with similar morphologies
to the largest sizes. Two different terminations of
pipe-like chimneys have also been observed:
(a) bullet-like termination, showing a progressive
thinning of the cyclindrical pipe toward the top,
and (b) mushroom-like termination, characterised
by a protuberance enclosing the top of the pipe-
like tubes. The conical-type chimneys are charac-
terised by upward thinning of the tube diameter,
with normal sizes of 40 cm in length, 12 cm at the
base and 7 cm at their top with central orifices of
4-5 cm (Fig. 5B). The largest in size reaches 40
cm in length. Several chimneys of this type show
the main vent orifice bifurcated at its top.

The third type is characterised by mound-like
shapes that show the largest diameters observed
in all the samples, with a wide basal diameter of
21 cm, decreasing to 13 cm toward the top. This
type also shows thick outer walls up to 21 cm in

Fig. 4. Bottom photographs of the carbonate chimneys taken with a BENTHOS underwater camera along the crest of the Cor-
nide mound, at depths between 950 and 970 m. See Fig. 2C for location. (A) Large carbonate chimneys, some longer than 1.5
m, lying on the sea floor. Note the high abundance of chimneys at this site. The field of view is about 3 m across. (B) Large
chimneys falling southwards and radially from a sub-circular structure, probably the feeder channel. This suggests the formation
of several chimneys from the same conduit. Note also minor chimneys protruding vertically from the sea floor. Carbonate slabs

underlie superficial sandy sediments with ripple marks.
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A. MORPHOLOGICAL TYPES

1A 1B 2A 2B 3A 3B
Cylindrical Conical Mounded
B. PIPE TYPES
1 2 3

Straight Bended Helical
C. CHANNELWAY TYPES

1 2 3 4 5 6
Nodule Lateral auxiliary Bifurcations
protuberances vent orifices

Fig. 6. Simplified sketch of most of the chimney types discovered in the Gulf of Cadiz. (A) Based on their morphologies: Cylin-
drical pipes (type 1A) with mushroom terminations (type 1B); conical pipes (type 2A) with bifurcations of the vent orifice (type
3B); mound-shaped (type 3A) with mushroom-like termination (type 2B). (B) Pipe types: (1) straight, (2) bent and (3) helical.
(C) Channel types: (1) nodule protuberances along the tortuous pipes, (2) nodule protuberances at the base, (3) lateral auxiliary
vent orifices on the same side, or (4) at alternating sides, (5) bifurcated vent orifices at the top of main pipe, and (6) chimneys
with two vent orifices.

Fig. 5. Photographs of examples of the carbonate chimneys: (A) Helical-type pipe chimney. (B) Conical-type chimney bifurcated
into two pipes. (C) Light yellow mounded-type chimney. (D) Three curved bifurcations at the top of a cylindrical pipe-like chim-
ney. (E) Cylindrical pipe-like chimney. (F) Cylindrical pipes with bullet-like termination. (G) Broad cylindrical pipe-like chimney
showing protuberances at the base. (H) Characteristic cylindrical pipe-like chimney. (I) Details of the central orifice within a thick
cylindrical pipe-like type. (J) Detailed view of the enlarged top of a mounded-type chimney showing the central orifice. (K) De-
tailed view of a broad central orifice related to thin pipe walls.
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Fig. 7. BSE images of thin sections of chimneys from the Ibérico mound. Fine-grained carbonates can be observed in a porous
matrix. Dolomite coatings around detrital grains can be seen in panels A and D (white arrows). Shells and phyllosilicates are
also abundant (panels B and D). Quartz grains (panel A, white arrow) show corroded rims. Ca, calcite; Qz, quartz; Do, dolo-
mite; Fe-ox, iron oxides; Ti-ox, titanium oxides; Ap, apatite; and Chl, chlorite. (A,C,D) Scale bar 10 um. (B) Scale bar 20 pum.

Table 1

Site location and characteristics of the carbonate chimneys from the Gulf of Cadiz

Sample Field Site and related ~ Depth ~ Chimney Authigenic carbonates (XRD, 13C 80
structure morphology BSE, OM)

(m) (%0 PDB) (%0 PDB)
chl3 DIASOM Ibérico mound 870-950 cylindrical ankerite, calcite, dolomite —20.81 to —38.36 4.14-5.56
ch25a  DIASOM Ibérico mound 870-950 small cylindrical ankerite, dolomite, calcite —37.64 2.34
ch25b  DIASOM Ibérico mound 870-950 small cylindrical ankerite, dolomite, calcite —21.61 0.71
ch25¢c  DIASOM Ibérico mound 870-950 small cylindrical ankerite, dolomite, calcite —34.47 2.90
ch77 DIASOM Ibérico mound 870-950 cylindrical ankerite, dolomite, calcite —36.52 3.32
ch24 DIASOM Ibérico mound 870-950 mounded dolomite, calcite —40.02 4.31
ch-h TASYO  Hespérides mud ~ 750-900 fragment calcite, dolomite —23.21 1.93

volcano
ch-za  GBF Salt diapir 500-525 cylindrical dolomite —46.25 4.81
ch-zb  GBF Salt diapir 500-525 cylindrical dolomite —46.11 4.82
Ch-mg ESF Mud volcano area 450 mushroom-like  dolomite —37.01 1.31
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diameter, which decrease to 13 cm toward the top
(Fig. 5C). Vent orifices also decrease in diameter
toward the top, with diameters of 6 cm at the
base, thinning to 2 cm at the top. Some chimneys
attain 55 cm in height and are characterised by a
mushroom-like top. Mounded-type chimneys are
predominantly light yellow in colour, in contrast
to pipe-like and conical types, which are darker
brown.

5.3. Mineral chemistry

XRD analysis shows that the most abundant

minerals in the chimneys are carbonates: ankerite,
Fe-bearing dolomite, dolomite, and calcite. Table
1 summarises the main carbonate mineralogy of
the chimney samples on the basis of XRD data
optics, and electron microscopic study (EDS anal-
ysis on thin sections). XRD data from six chim-
neys analysed from the DIASOM field show the
main component of the chimneys is ankerite (car-
bonate with FeO content up to 19.5%) and Fe-
bearing dolomite (with FeO content between
12.06 and 19.5%), excepting the mounded-type
chimney(ch24), which is formed only by dolomite
(with FeO content under 12.05%) as the main

Fig. 8. BSE images of an ankerite chimney (sample chl3) from the Ibérico mound, showing dolomite/iron oxide agglomerates;
Fe-ox, iron oxides; Do, dolomite. (A) Pentagonal agglomerate composed of up to 60 single framboids of ~1-2 um in size, sur-
rounded by dolomitic micrite. (B) Framboids filling a foraminifera chamber. Note the partial dissolution of the framboid, which
is marked by a thin film of iron oxides sealing the internal wall of the foraminifera. (C) Spherical agglomerate composed of 12
complex pentagonal framboids of ~10-15 um in size. Note that the overall association is rimmed by dolomitic micrite.
(D) Spherical agglomerate composed of single cells, ~0.5-1 um in diameter. Note the pitted surface on the boundary with the

carbonate rim.



190

Table 2

Representative elemental chemistry from carbonate chimney samples
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4
5
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24
37
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0.768

15.594 0.566

5.093 27.62

2.403 29.10

ch-zb

44

0.186 179

9.552 0.809

0.044

20.25 3.32

ch-mg

component. Pyrite, iron oxides (goethite and
hematite), detrital calcite, quartz, feldspars, phyl-
losillicates, rutile, zircon, apatite, and monazite
have also been detected on the basis of micro-
probe analyses.

Optical microscopy and backscattered scanning
electron (BSE) images of these chimneys (Fig. 7)
show that the general texture of the samples is a
fossiliferous micrite with abundant forams, worm
tubes and silty detrital grains in the carbonated
matrix. Authigenic carbonates occur as very fine-
grained crystals (micrite) and as crystalline coat-
ings over terrigenous grains (Fig. 7A). The terrig-
enous components, silt to sand sized, are not in
contact with each other and are: quartz, feld-
spars, phyllosilicates (kaolinite, chlorite and mus-
covite) and minor oxides (Ti oxides) and phos-
phates (apatite and monazite) (Fig. 7A-D). Many
of the terrigenous components, mainly quartz and
feldspar grains, have corroded grains (Fig. 7C)
and are armoured or coated with authigenic do-
lomite (Fig. 7A,D).

BSE images show a wide variety of textures of
agglomerates of iron oxide framboids rimmed by
dolomite (Fig. 8). Single euhedral framboids show
well-facetted pentagonal monocrysts, typical tex-
tures of authigenic pyrite (Sweeney and Kaplan,
1973). Associations of single framboids may form
different textural types of agglomerates. In this
way, single framboids of about 1 pum diameter
form pentagonal-shaped agglomerates up to 60
um in diameter rimmed by dolomite micrite
(Fig. 8A). An interfingering boundary is devel-
oped between the framboid agglomerate and the
surrounding dolomite micrite rim. Some of these
framboid agglomerates have been found in the
interior of the foraminifera chambers (Fig. 8B).
Similar framboidal textures have been suggested
as a symbiotic association between foraminifera
and chemosynthectic bacteria, providing space
for colonisation and local nutrients for bacteria
growth (Kohn et al., 1998). Spherical agglomer-
ates are also observed composed of several well-
developed pentagonal framboids, up to ~10-15
um in diameter (Fig. 8C), or by multiple undevel-
oped single framboids of 0.5-1pm in diameter
(Fig. 8D), rimmed by dolomitic micrite. A char-
acteristic pitted surface is developed at the inter-
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face between the association of framboids and the
dolomite rim. Iron oxide textures can also be
found as coccoid-type structures, showing no in-
ternal walls like the framboids, forming several
types of textural agglomerates. Several coccoids
surrounded by a dolomite rim form oval aggre-
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gates up to 40 um. Single coccoids of an average
size of 15 um may also form chain-type structures
reaching an average agglomerate size of 80 um.
Otherwise, mat-type agglomerates formed by sin-
gle cells may form major irregular agglomerates
up to 100 um. This type of irregular aggregate
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Fig. 9. Representative chemical analysis of carbonate chimneys from the Gulf of Cadiz. (A) Plot of the MgO and Fe,Os content.
(B) Plot of the As and Fe;O3 content. (C) Ni vs Co. (D) Co vs As. Note the variability observed in the DIASOM field, with the
cylindrical-type chimneys showing the highest values in Fe, As, Co, and Ni, whereas the mounded-type chimney is significantly
lower. In contrast, the dolomite chimneys from the GBF and ESF fields show the lowest Fe,Os3, As, Co, and Ni values. Note
also that the calcite chimney of the TASYO field shows the lowest values of MgO, whereas it displays intermediate values in

Fe,03, As, Co, and Ni contents.
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shows single cells growing and interfingering at
the boundary with the surrounding dolomite mi-
crite rim.

5.4. Geochemical characteristics

Table 2 summarises the major, trace element
composition values of the chimneys analysed. If
SiO, content is taken as a measure of detrital
input, the main differences in SiO, and AlO;
content can be related to different content of
silty-size detrital phases (such as phyllosilicates,
feldspars and quartz) in the chimneys. The Fe,Os;
content is variable, ranging from 3.9 to 19.67%,
with the lowest value corresponding to a mounded
chimney (that also has 20.55% of SiO;). In con-
trast, the chemical and mineralogical composition
of the powdery material which fills the central
conduits of the chimneys is slightly different

with respect to the composition of the chimneys,
showing higher values of SiO, (27.09%) and
AlLOs; (5.97%) and lower values of Fe,O;
(2.90%), MgO (1.21%) and As (28 ppm). This
material is composed of major quartz and calcite,
minor aragonite, and dolomite, muscovite and
chlorite as accessory minerals.

A negative relation between the MgO and
Fe, O3 values is observed in the chimneys of the
DIASOM field (Fig. 9A). MgO displays values
between 6% and 11.2% whereas the Fe,O3 content
is highly variable (3.99-19.67%) (Fig. 9A). Sam-
ples from cylindrical chimneys with ankerite car-
bonate show the lowest values of MgO (6%) and
higher values of Fe, O3 (19.67%). The As, Ni, and
Co contents show good correlation with Fe;O3
values (Fig. 9B-D). The lowest values of As, Ni,
and Co correspond to the mounded-type chim-
neys and also correspond with the lowest values

Table 3

Isotopic composition from carbonate chimneys

Sample reference Field Bc 180 Mineralogy
(%0 PDB) (%0 PDB)

Biogenic calcite DIASOM +0.86 3.36 calcite

ch13-3 DIASOM —35.98 5.05 ankerite

chl13-4 DIASOM —37.13 5.56 ankerite

chl13-5 DIASOM —38.36 5.44 ankerite

ch13-6 DIASOM —36.73 5.50 ankerite

chl13-7 DIASOM —33.26 5.18 ankerite

ch13-8 DIASOM —23.42 4.83 ankerite

ch13-9 DIASOM —35.77 5.35 ankerite

ch13-10 DIASOM —33.37 5.00 ankerite

ch13-11 DIASOM —34.89 5.39 ankerite

chl13-12 DIASOM —29.88 4.93 ankerite

chl3-13 DIASOM —20.81 4.14 ankerite

chl13-14 DIASOM —27.65 4.69 ankerite

chl13-15 DIASOM —26.38 4.56 ankerite

chl3-16 DIASOM —24.13 4.36 ankerite

ch13-17 DIASOM —25.36 4.76 ankerite

chl13-18 DIASOM —26.43 4.89 ankerite

ch13-19 DIASOM —33.87 5.05 ankerite

ch13-20 DIASOM —27.39 4.85 ankerite

ch24 DIASOM —40.02 4.31 dolomite

ch25a DIASOM —37.64 2.34 ankerite, Fe dolomite

ch25b DIASOM —21.61 0.71 ankerite, calcite

ch25¢ DIASOM —34.47 2.90 ankerite, calcite

ch77 DIASOM —36.52 3.32 ankerite, calcite

ch-za GBF —46.25 4.81 Fe dolomite

ch-zb GBF —46.11 4.82 Fe dolomite

ch-h TASYO —23.21 1.93 Calcite/Fe dolomite

ch-mg ESF —37.01 1.31 Fe dolomite
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of Fe,03, in contrast to the cylindrical chimneys,
which show the highest contents of As, Ni, Co,
and V. This relation can be partially explained by
the relative amount of fine-grained pyrite crystals
in these samples, now altered to iron oxides.

5.5. Stable isotopic analyses

Stable carbon and oxygen isotopic analyses
from six chimneys from the DIASOM field are
summarised in Table 3 and plotted in Fig. 10.
Multiple subsamples (20), from the outer and in-
ner walls and at its mushroom-shaped top, were
analysed from the ankerite chimney chl13, in order
to observe isotopic variability during the forma-
tion of the chimneys. In general, the chimneys of
the DIASOM field show moderate to low de-
pleted 8'3C values, varying from —40 to —20 %o
and the 8'0 varies from 0.7 to 5.5 %o . In contrast

193

to the chimneys, biogenic calcite from coral ag-
gregates shows high 8'3C values of 0.86 %o and
8'30 values of 3.36 %o . The lowest values of §'3C
(as low as —40%o ) correspond to the mounded-
type chimney (ch24) composed of Fe dolomite.
Otherwise, the cylindrical chimneys, composed
of ankerite, show moderately depleted 8'*C values
from —37 to —20%o. This variability is also
shown in their 8'%O values, ranging from 0.71 to
5.6 %o .

Data from multiple subsamples from the chim-
ney (ch13) also show a high variability with mod-
erate depleted 8°C values from —38.3 to
—20.81 %o, but constant values of the §'%0 (4.1-
5.6%0). At the same time, this data sequence
shows a relative enrichment in 8O increasing
linearly as the 8'3C values decrease (Fig. 11).
Based on the isotopic results and the relative po-
sition of the dataset within the same chimney,

0—| Biogenic clast O —
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T ~ |G} piasom
2 ® TASYO
o GBF Guadalquivir Basin
2 40— 2 | A ESF Moroccan Margin
Za  Biogenic
Ch-zbl] Other sites
| ® GBF methane — @ Monterey Bay
° O Kattegat
0 | | |
0 2 4 6 8
*O%o(PDB)

Fig. 10. Plot of 8'*C and 8'30 values for carbonate chimney samples from the different fields of the Gulf of Cadiz. See Tables 1
and 3 for an explanation of the sample locations and mineralogy. Isotopic data for representative samples of dolomite chimneys
from Monterey Bay (Stakes et al., 1999) and Kattegat (Jorgensen, 1992) have also been plotted. The boundary between thermo-
genically formed gas and biogenic gas is based on isotopic data of gas-charged sediments in mud volcanoes of the Gulf of Cadiz

(Stadnitskaia et al., 2001).
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samples can be grouped into three groups. Sam-
ples from the inner walls are grouped, showing
slightly depleted 8'3C values from —20 to
—26%0 and relatively low 880 values from 4 to
4.75 %o . Conversely, samples from the outer walls
show moderately depleted 8'*C values from —33
to —38%o and higher values of 380 (up to
5.5%0). On the other hand, samples collected
from the mushroom-like structure of the chimney
show values of 83C (from —27 to —30%o) and
8'%0 (4.75-55.5 %o ), intermediate between the val-
ues characteristic of the inner and outer walls.
This variability of the isotopic data within the
same chimney points out the existence of changes
in the sources of the hydrocarbon fluid venting,
formation temperature and/or pore fluid isotopic

V. Diaz-del-Rio et al. | Marine Geology 195 (2003) 177-200

composition during the formation of the chim-
neys.

6. Discussion

6.1. Hydrocarbon flux rates and carbonate
chimney setting

The formation of carbonate chimneys and oth-
er features originating from such mineralisation
(e.g. carbonate mounds, nodules) are related to
slow flux rates of fluids and gases released to
the sea floor in the Gulf of Mexico (Carney,
1994 ; Roberts, 2001). Ankerite and dolomite au-
thigenic carbonates are typically associated with
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Fig. 11. (A) Plot of 8'*C and §'®0 values for the ankerite chimney chl3 from the Ibérico mound: Group I shows low depleted
3'3C values (—20 to —26%o) and low &'80 values interpreted as derived from thermogenic sources or high-order hydrocarbon.
Group II shows more depleted 8'*C values from —33 to —38%o that fit better within the isotopic window for biogenic gas in
the Gulf of Cadiz (Stadnitskaia et al., 2001). (B) Sketch of the cross section of the ankerite chimney chl3, from the Ibérico
mound, showing the positions of subsamples used for the §'3C isotopic determinations. Darker grey areas represent walls with
isotopic values from Group I; light grey areas show walls with isotopic data from Group II. Blanking inside shows the main
vent conduit. Arrows suggest a model of accretion for the chimney walls, built up by distinct and alternating periods of thermo-
genically and biogenic-derived fluid venting. See text for more detailed explanation.
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pore fluids below the zone of sulphate reduction,
representing the deepest formation zone with suit-
able thermal conditions, as in the Blake Ridge
(Greinert et al., 2001). In this way, all of the
chimney-like carbonate structures described for
the west coast of the US have been unanimously
interpreted as subsurface structures as a result of
methane venting from deeper levels of microbial
methanogenesis and may include fluids that had
been sequestered as a clathrate (Stakes et al.,
1999). The few examples of authigenic carbonates
that formed at the sediment water interface tend
to be dominated by aragonite mineralogies, where
high sulphate concentrations inhibit precipitation
of high-Mg calcite and dolomite (e.g. Hydrate
Ridge, Greinert et al., 2001). At the same time,
the variability in the carbonate-type phase of
chimney-like structures has also been related to
the rate of venting in the Kattegat (Jorgensen,
1992), where large fluxes of methane produce do-
lomite cementation, whereas high-Mg calcite and
aragonite precipitate when fluxes are lower.

The mechanism assumed for the formation of
the dolomite chimneys is the slow flux of channel-
lised fluids and gases released to the sea floor,
probably through fault planes, from subsurface
levels of bacterially induced fermentation (Stakes
et al., 1999). Following the criteria of formation
of dolomite chimneys and authigenic siderites re-
ported in other cold seeps (e.g. Blake Ridge,
Monterey Bay, Kattegat), this type of chimneys
would have cement pipes as a result of subsurface
fluid flow and mineral deposition under the sea
floor rather than at the water interface. The Blake
Ridge siderites, in fact, were only present several
hundred metres below the zone of hydrate stabil-
ity. Strong erosional processes and remobilisation
of the host sediments might explain their present
location on the sea floor. It is not clear, however,
whether such strong erosional processes occur in
the sites studied in the Gulf of Cadiz, nor whether
all the chimneys result from a similar process. The
fact that underwater observations show a high
density of chimneys overlying the sea floor in
most of the sites and, in addition, mushroom-
like chimneys protruding from muddy patches,
could indicate that some types could also form
at the water—sediment interface.

6.2. Geochemical variations and the role of
bacterial anaerobic oxidation of methane (AOM)

The chimneys collected in the Gulf of Cadiz
mainly consist of three different types of authigen-
ic carbonates: ankerite, Fe-bearing dolomite and
calcite. The Fe,O3 contents of the bulk samples
display a high variability, ranging from 2.40% to
19.61%, and could be moderately negatively cor-
related with MgO contents, from 6.11 to 11.26%
(Fig. 9A). Chimneys from the DIASOM field
show the largest content of Fe,O3; and are formed
by ankerite and Fe dolomite. The cylindrical
chimneys in this field show the highest values of
Fe;O3 (up to 20%) whereas mounded-type chim-
neys show low values (lower than 4%). The mush-
room-like chimney of the Moroccan margin (ESF
field) shows the lowest content in Fe,Os3 (lower
than 2.5%). The highest values of MgO (higher
than 15%) and low values of Fe,Os3 (lower than
4%) are shown in a dolomite chimney of the GBF
which is also associated with salt diapirism. This
chimney also shows high values of Ba (600 ppm),
related to the presence of barite. Otherwise, sam-
ples of chimneys from mud volcanoes of the TA-
SYO field, composed mainly of calcite and Fe
dolomite, show intermediate values of iron oxides
(10%) and low values of MgO (lower than 2%).

The content of Fe, O3 shows a strong positive
correlation with As, Co, Ni in all chimneys
sampled in the Gulf of Cadiz (Fig. 9). There
seems to be an overall relation between Fe and
Mg cations and the production of biogenic pyrite,
oxidised to iron oxides. One possible scenario is
the formation of the dolomite/iron oxide agglom-
erates, which could be related to bacterial AOM,
a process fundamental to the nourishment of the
chemosynthetic cold seep communities and in-
volving formation of authigenic carbonates from
hydrocarbon seeps (Hovland et al., 1987). Sym-
biotic cooperation between the consortium of ar-
chaea and sulphate reducing bacteria (SRB) (Boe-
tius et al., 2000) is the mechanism claimed to
explain the biomineralisation and abundance of
this type of agglomerate. On the basis of the ag-
glomerate textures and geochemical relationships,
we suggest that the consortium between methane-
oxidising archaea and SRB could be responsible
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for this type of biomineralisation (Fig. 8). In this
way, pyrite framboids are the product of SRB
(Belenkaia, 2000), whereas the surrounding ar-
chaea may be responsible for the dolomite micrite
rims as products of AOM. This is supported by
the fact that new data on cold seeps show that
these archaea can also occur as single cells or in
clumps (Boetius, 2002). The relationship between
bacterial activity and biomineralisation is also
supported by the presence of similar pyrite within
the gills of living mussels (Streams and Fisher,
1997) and within foraminifera chambers (Kohn
et al., 1998). What is not clear at present is the
nature of the micro-organisms involved in the for-
mation of the chimneys, and the influence of mi-
cro-organism activity on dissolved carbonate
equilibria and carbonate mineralogy is poorly
understood.

6.3. Carbon isotopic variations: biogenic vs
thermogenic origin

Authigenic carbonates inherit the 3'*C values
characteristic of their specific carbon sources
and even though some mixing is expected, the
813C signature is an indication of the microbial
processes in vent-related carbonate deposits
(Aharon et al., 1992). The §'*C values for authi-
genic carbonates in the Gulf of Mexico from areas
seeping primarily crude oil have 8'*C values that
are close to the crude oil range of values (—25 %o
to —35%0 PDB). Similar carbonates from meth-
ane seeps are more 8'°C-depleted (Roberts and
Aharon, 1994) and in those from gas hydrate
areas, the 8'3C values range between —40 %o
and —55%o (Sassen et al., 1999). In the Gulf of
Cadiz, carbon isotopic data from C2-C5 hydro-
carbon gases measured on mud volcanoes are
moderately depleted 8'°C values (—19.2%0 to
—29 %0 ) whereas biogenic methane values display
extremely depleted 8'*C values ranging from
—32%0 to —63 %o (Stadnitskaia et al., 2001).

In this sense the 8'3C values from the ankerite
chimneys of the DIASOM field, ranging from
—20.81%0 to —35%o, fall almost entirely within
the window of thermogenically formed gas (Fig.
10). In contrast, only the mounded-type chimney
(ch24) shows extreme 8'*C depletion, with values

of —40 %o , indicating their probable origin from a
biogenic methane source. Furthermore, the data-
set of 8'3C values within chimney ch13 points to
the existence of some types of variability in the
hydrocarbon sources of the fluid venting, from
thermogenic to biogenic, during the formation
of the chimneys in this field (Fig. 11A). Two
main groups are identified based on isotopic
data: Group I, showing low depleted 8'3C values
(—20 to —26%0 PDB) and low &'%0 values, in-
terpreted as derived from thermogenic or high-
order hydrocarbon sources (Roberts and Aharon,
1994); and Group II, showing more depleted §'3C
values from —33 to —38 %o that fit better within
the isotopic window for biogenic gas in the Gulf
of Cadiz (Stadnitskaia et al., 2001). The fact that
these two groups are arranged in different walls or
parts of the chimneys (Fig. 11B) suggests a model
of accretion in which a chimney builds up by al-
ternating periods of thermogenic and biogenic-de-
rived fluid venting more than as a mixing process
of different hydrocarbon sources.

The 8'*C values from the calcite chimney col-
lected in the Hespérides mud volcano and associ-
ated with a mud diapir (Somoza et al., this vol-
ume) located in the TASYO field, also show
values of —23.2 %o, possibly related to a thermo-
genic gas source (Fig. 10). In contrast, on the
Moroccan margin, in the ESF field, isotopic val-
ues of —37 %o, corresponding to Fe-bearing dolo-
mite chimneys with mushroom morphology, indi-
cate their possible origin as mixing between
thermogenic and biogenic sources. The most ex-
tremely 8'3C-depleted values obtained in the Gulf
of Cadiz correspond to the chimney analysed
from the GBF field, associated with salt diapirism
and also with the presence of the barite (Ba values
up to 600 ppm in Table 2). Extremely depleted
813C values of —46%o indicate their possible
source as entirely from methane release (Fig. 10).

6.4. Oxygen isotope variations: temperatures of
formation

The relationship between isotopic fractionation
of oxygen and temperature, in the carbonate—
water system, indicates that the dolomites of the
chimneys are formed between 8.7 and 13.9°C.
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Formation temperatures are calculated using the
equation for the siderite-—water system and assum-
ing a 8'80 for seawater of 0%o (Standard Mean
Ocean Water, SMOW). The palacotemperatures
are consistent with modern bottom water temper-
atures, varying from 10 to 13°C in all fields
sampled (Gardner et al., 2001).

The isotopic data sequence from chimneys in
the Gulf of Cadiz shows relative enrichment in
8180, with 8'80 values increasing linearly as the
8'3C values decrease (Fig. 10). This linear rela-
tionship is clearly observed in datasets from chim-
ney ch13 (Fig. 11), which shows a high variability
in 8'30 from 4 to 5.6%0 PDB. The enrichment in
5'%0 has been explained in other areas of cold
seeps, as the expulsion of free gas from subsurface
clathrate formations (Sakai et al., 1992; Hack-
worth and Aharon, 2000). Gas hydrate decompo-
sition affects the oxygen isotope composition due
to the release of '80-enriched waters (Davidson et
al., 1983). The role of dissociation of gas hydrate,
yielding a net production of CO, depleted in §'3C
and enriched in 8'%0 (Sassen et al., 1999), in the
formation of these chimneys, is a phenomenon
still poorly understood. The gas released from
the hydrates collected on the Moroccan margin
of the Gulf of Cadiz is essentially hydrocarbonic
with a high content of methane homologues, in-
dicating its thermogenic nature and suggesting the
existence of hydrocarbons and gas-rich overpres-
sured sediments at depth, and the upward migra-
tion of these fluids and fluidised sediments along
faults to the sea floor (Stadnitskaia et al., 2000).
Bottom water temperatures of 12.1°C and geo-
thermal gradients of 23.68°C/100 m result in a
thickness of the hydrate stability zone (HSZ) of
125 m for the DIASOM field (Gardner et al.,
2001). Based on these data, we suggest that the
sequestering of upward-flowing gases by subsur-
face clathrates and the episodic warming by the
Mediterranean outflow could be an additional
mechanism for the formation of the chimneys in
the Gulf of Cadiz (Somoza, 2001).

7. Summary and conclusions

In this paper we report the first discovery and

sampling of hydrocarbon-derived carbonate chim-
neys in the Gulf of Cadiz. Carbonate chimneys
have been found in four different areas, named
the DIASOM, TASYO, GBF (Guadalquivir Ba-
sin) and ESF (East Moroccan) fields. The chim-
neys collected (up to 200 samples) show an un-
usually wide range of sizes and morphologies in
comparison with other areas with extensive cold
seeps. Chimney tubes can be straight, tortuous,
ramified, and of helical type, showing complex
internal structures with tortuous fluid channels,
nodule protuberances, and auxiliary vent orifices.
The underwater camera shows a spectacular den-
sity of chimneys overlying the sea floor, and some
small mushroom-like pipes protruding from
muddy patches. Coring on these host sediments
yielded indications of gas saturation, such as de-
gassing structures and a H,S smell. Local fissures
and alignment of isolated chimneys were also ob-
served, suggesting their distribution controlled by
fault planes.

Chimneys from all of these fields show similar
petrographic characteristics, being mainly formed
by authigenic carbonates in different phases with
distinctive contents of Fe-Mg (ankerite, Fe-bear-
ing dolomite and calcite), framboidal agglomer-
ates of iron oxides and detrital calcite, quartz
and phyllosilicates. Authigenic carbonates occur
as micrites and coatings around detrital grains
and framboidal agglomerates. The Fe,O; percen-
tages show a strong positive correlation with As,
Co, and Ni contents in all chimneys sampled in
the Gulf of Cadiz, indicating a relationship be-
tween Fe content and microbiological production.
We suggest that the abundance of textural types of
dolomite/iron oxide agglomerates might be associ-
ated with consortia of AOM aggregates involving
both production of framboids by SRB and dolo-
mite micrite by methane-oxidising microorgan-
isms, which generally include archaea. Detailed
petrographic and microbiological studies of these
vast fields of chimneys are currently underway.

813C isotopic data show significant differences,
which may be related to distinct sources of hydro-
carbon fluid venting within the Gulf of Cadiz. In
this sense, the 8'>C values from the ankerite chim-
neys of the DIASOM field fall almost entirely
within the window of thermogenically formed
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gas (—20 to —32 %o ), whereas the mounded-type
chimneys (Fe-bearing dolomite and calcite) in the
same fields show extreme &8'*C-depleted values
(—40%o0 ), related to biogenic methane sources.
Moreover, the dataset of 8'°C values from the
outer and the inner chimney walls suggests that
the formation of the chimneys in this field is
caused by alternating fluid venting from thermo-
genic and biogenic sources rather than through a
process of mixing different hydrocarbon sources.

The 8'*C data from calcite chimneys collected
on the Hespérides mud volcano and associated
with mud diapirism (TASYO field) show low val-
ues of —23.2 %o, possibly related to a thermogenic
gas source. In contrast, Fe-bearing dolomite chim-
neys in the Moroccan margin, the ESF field, in-
dicate their possible origin as mixing between
thermogenic and biogenic sources. The most ex-
tremely 8'3C-depleted values obtained in the Gulf
of Cadiz are from the chimney analysed from the
GBF field, associated with salt diapirism and with
the characteristic presence of barite. These ex-
tremely depleted 8'3C values of —46 %o indicate
their possible source as entirely from methane re-
lease.

These considerations suggest that the structure
and nature of these pipe-like carbonate chimneys
in the Gulf of Cadiz are related to channelised
and slow flux of fluids and gases released to the
sea floor through fault planes from subsurface
levels of bacterially induced fermentation. There-
fore, the formation of these vast fields of carbon-
ate chimneys implies new considerations on the
importance of hydrocarbon fluid venting in this
area and, moreover, on the active role of the olis-
tostrome/accretionary wedge of the Gibraltar arc,
the westernmost compressional Mediterranean arc
under the compressional stress of the Eurasian
and African plates. Otherwise, the role of episodic
dissociation of gas hydrate, yielding a net produc-
tion of CO, depleted in §'3C and enriched in 8'*0
in the formation of these chimneys, is a process
still poorly understood. In this sense, the seques-
tering of upward flows of gases by subsurface
clathrates, and the episodic warming by the Med-
iterranean outflow waters, could be an additional
mechanism for the formation of the chimneys in
the Gulf of Cadiz.
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