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1. Introduction 

ABSTRACT 

This paper presents a computational model for mapping the regional 3D distribution in which seafloor 
gas hydrates would be stable, that is carried out in a Geographical Information System (GIS) environ
ment. The construction of the model is comprised of three primary steps, namely: (1) the construction of 
surfaces for the various variables based on available 3D data (seafloor temperature, geothermal gradient 
and depth-pressure); (2) the calculation of the gas function equilibrium functions for the various 
hydrocarbon compositions reported from hydrate and sediment samples; and (3) the calculation of the 
thickness of the hydrate stability zone. The solution is based on a transcendental function, which is 
solved iteratively in a GIS environment. 
The morlel has been applied in the northernmost continental slope of the Gulf of Cadiz, an area where an 
abundant supply for hydrate formation, such as extensive hydrocarbon seeps, diapirs and fault struc
tures, is combined with deep undercurrents and a complex seafloor morphology. In the Gulf of Cadiz, the 
model depicts the distribution of the base of the gas hydrate stability zone for both biogenic and ther
mogenic gas compositions, and explains the geometry and distribution of geological structures derived 
from gas venting in the Tasyo Field (Gulf of Cadiz) and the generation of BSR levels on the upper 
continental slope. 

Gas hydrates are crystalline solids formed from water and 
hydrocarbon gases under low temperature and high pressure 
conditions. They are common world-wide in sediments of continental 
margins at water depths ex:ceeding 300 m. Although controversial, an 
indirect seismic indicator of the base of the gas hydrate stability zone 
(GHSZ) is the bottom simulating reflector (BSR) (Miller et al., 1991), 
which has a high amplitude and reverse polarity, and is located below 
a seismic "blanking" facies (Andreassen et al., 1995). The importance 
of evaluating the hydrate stability field on seafloors lies in the fact that 
the massive dissociation of hydrates generates major slumps and 
pockmarks inducing geological risks (Campbell, 1991; Bagirov and 
Lerche, 1998; Bouriak et al., 2000). 

A large number of pockmark-like structures (Baraza and Ercilla, 
1996; Somoza et al., 2000, 2003; León et al., 2001, 2006), mud 
volcanoes bearing gas hydrates (Ivanov et al., 2000; Somoza et al., 
2000, 2003; Standnitskaia et al., 2001; Mazurenko et al., 2002), and 
authigenic carbonate crusts and slabs have been reported along the 
continental sIope (Díaz-del-Río et al., 2003; Magalhaes et al., 2004; 
Mata et al., 2005) and have revealed the intense activity of hydro
carbon seeps in the Gulf of Cadiz on both the Iberian and African 
margins (Ivanov et al., 2000; Somoza et al., 2000; Gardner, 2001). 
These hydrocarbon seepage structures are especially frequent in an 
area named the Tasyo Field (Somoza et al., 2003), which is warmed 
by the Mediterranean outflow water (MOW). BSR levels have also 
been detected below the upper continental slope (Somoza et al., 
2000; Casas et al., 2003; Depreiter et al., 2005). 
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Several quantitative models can be found in the literature for 
calculating the hydrate stability field in the seafloor. They calculate 
the theoretical hydrate stability field from equations deduced from 



its composition and infer their results from physical characteristics 
obtained from geophysical surveys. One of these types of models, 
transient models, are based on the conservation of energy (Sloan, 
1998; Mienert et al., 2001, 2005; Sultan et al., 2004). Transient 
models are often conceptually simpler and easier to model the 
GHSZ 3D occurrence below seafloor as the only equation that they 
need to salve is that of energy conservation in transient regime. 
They consider the GHSZ as a function of temperature and pressure, 
and sorne of them take into account changes in oceanographic 
conditions that show rises and falls in the GHSZ related to changes 
in sea level or bottom water temperature (e.g. Vogt and Jung, 2002; 
Sultan et al., 2004; Mienert et al., 2005). 

The regional and wide-extend 3D prospecting of the GHSZ, by 
the above models and methodologies, entails the difficulty of the 
punctual solving the GHSZ thickness and infer the results over 
a wide-extend area. The use of gridded datasets of the physical 
parameters controlling the formation of gas hydrate is a useful 
solution for the GHSZ 3D prospecting in several continental 
margins; Europe (Miles, 1995), India where there is applied an 
implementation of a C-program (Rao, 1999), and China Sea (Wang 
et al., 2006). Nevertheless, incorporation of new parameter for the 
system, spatial variability of parameters, actualization of new data 
in real time, simulation of conditions, and assessment of the 
uncertainty of the model and propagation error of the parameters 
due to algebra processes of the gridded dataset, entails an added 
difficulty not easy solution. This paper propases a methodology 
inside a GIS environment that provides a useful solution to the 
difficulties above mentioned. Proposed model presents an added 
value to the geographical application of transient models of the 
hydrate stability field, managing of 3D dynamic variables such as 
seafloor temperature and the geothermal gradient, and introducing 
the gas hydrocarbon composition in the model as a boundary ofthe 
hydrate nucleation in the sub-seafloor. These parameters can be 
especially important in controlling the distribution of hydrates in 
areas with variable seawater temperatures caused by deep water 
undercurrents, such as the loop current of the Gulf of Mexico 
(Milkov and Sassen, 2001 ), the Mediterranean outflow undercur
rent in the Gulf of Cadiz (Gardner et al., 2001) and the Congo 
continental slope (Sultan et al., 2004). Furthermore, the spatial 
variation in the sub-seafloor temperature gradient is a key control 
of the thickness of the GHSZ, especially in areas with anomalous 
heat flows related to focused fluid venting such as mud volcanoes 
or carbonate mounds. In addition, GIS technology allows large 3D 
data sets to be managed by a logical and mathematical function for 
solving geographical problems. 

This paper presents a predictive numerical model for regional 
mapping of the thickness of the GHSZ. The principal contribution of 
this model are: (a) the understanding of the hydrocarbon gas 
composition as a mathematical function and the variables that control 
the hydrate nucleation as inferred surfaces for the estimation of the 
GHSZ 3D thickness; (b) the solution of the GHSZ 3D thickness based 
on a transcendental function, which is solved iteratively in a GIS 
environment; and (c) implementation ofthe uncertaintyassessment 
and propagation error in the work processes of the model. The 3D 
geographical solution of the GHSZ establishes a GIS methodology for 
the 3D spatial inference ofhydrates by incorporating real data such as 
bottom seawater temperatures, swath bathymetry, geothermal 
gradient values and hydrocarbon composition. 

Furthermore, to validate this model, an area of the Gulf of Cadiz 
(Fig. 1) was selected as a case study. The Gulf of Cadiz is an area with 
a complex regime of cold and warm underwater currents, fluid flow 
and thermal anomalies, which control the hydrate stability field. 
The model explains the distributions and geometry of several 
geological structures related to gas venting in the Gulf of Cadiz and 
the presence of BSR levels on the upper continental slope of the 

Gulf of Cadiz. It is also applicable to other, simpler areas such as 
passive continental margins. 

2. Regional setting 

The Gulf of Cadiz is the western approach to the Strait of Gibraltar, 
where the interchange of Atlantic and Mediterranean waters takes 
place (Lacombe and Lizeray, 1959). Here the Mediterranean outflow 
water (MOW), ranging from 12.5 oC to 14 oC, flows below the North 
Atlantic surficial water (NASW) warming the seafloor in the process 
(Ochoa and Bray, 1991). The circulation pattern of the MOW is very 
complex: the Coriolis effect pushes it to the NW on the upper slope 
and the MOW becomes separated into several branches that move 
along submarine canyons and channels of the middle and upper 
continental slope (Hernández-Molina et al., 2003). At 900-1000 m 
depth, the MOW rises off the bottom and moves toward Cape San 
Vicente, intercalated between the North Atlantic deep water (NADW), 
ranging from 3 oC to 8 oC, and the North Atlantic central water 
(NACW), ranging from 12 oC to 16 oC (Ochoa and Bray, 1991) (Fig.1). 

Geologically, the Gulf of Cadiz is located at the westward front of 
the Betic-Rifian Arc, in the easternmost sector of the Azores
Gibraltar segment of the AfricajEurasia collisional plate boundary 
(Dewey et al., 1989) (Fig. 1). It has a complex geological history and 
has undergone several episodes of rifting, compression and strike
slip motion since the Triassic (Maldonado et al., 1999). In late Tor
tonian times (11.2-7.1 Ma), westward migration of the Alboran 
domain associated with the formation ofthe Betic-Rifian Arc forced 
the emplacement of a large sedimentary body in the Gulf of Cadiz 
(e.g. Bonnin et al., 1975). During the final stages of accretion of the 
Betic-Rifian Arc and the emplacement of thrusting units, gravita
tional sliding of mobile shale and salt stocks formed a giant complex 
of mass-wasting deposits, generally known as the Guadalquivir 
allochthonous unit (GAU) (Medialdea et al., 2004), which reached as 
far west as the Horseshoe and Seine abyssal plains (Fig. 1). This 
feature appears in seismic sections as a chaotic, highly diffractive 
body with high amplitude reflections, consisting of a mixture of 
Triassic, Cretaceous, paleogene and Neogene sedimentary units 
overlying the Palaeozoic basement (Maldonado et al., 1999). The 
GAU is responsible for diapirism ofhuge volumes ofmud and salt of 
Triassic units and under-compacted Early-Middle Miocene plastic 
marls (Maldonado et al. , 1999; Medialdea et al., 2004). 

Throughout this area, widespread venting of hydrocarbon-rich 
fluid and mud diapirism are observed as numerous mud volcanoes 
(e.g. Gardner, 2001; Ivanov et al., 2000; Somoza et al., 2002; Van 
Rensbergen et al., 2005), carbonate mounds and ridges (Díaz-del
Río et al., 2003), and pockmarks (Baraza and Ercilla, 1996) (Figs. 1 
and 2). These are related to the lateral compression from the Africa
Eurasia convergence, which promotes migration of fluid to the 
surface. In the NE sector of the Gulf of Cadiz, several NE-SW 
oriented diapiric mud ridges occur, topped by carbonate chimneys 
and crusts (Díaz-del-Río et al., 2003; Somoza et al., 2003; Fernán
dez-Puga, 2004). Gas hydrates have been sampled in mud volca
noes (Mazurenko et al., 2002; Pinheiro et al., 2003) and have been 
detected geophysically as BSR-like reflectors (Casas et al., 2003; 
Depreiter et al., 2005) (Fig. 1). Hydrates and hydrocarbon gases 
sampled from mud volcano sediments include both biogenic and 
thermogenic components (Blinova and Stadnitskaia, 2001 ; 
Mazurenko et al., 2003; Stadniskaia et al., 2006). 

3. Predictive model of the gas hydrate stability zone 

3.1. Proposed mode 1 

Natural gases in marine sediments result from thermogenic or 
biogenic formation within the seabed soil (Davie and Buffett, 2003). 
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Under suitable temperature, salinity and pressure conditions 
(inside GHSZ), methane hydrates may only crystallize from natural 
gases when gas concentrations exceed the methane solubility in 
the sediment pore water (Sloan, 1998; Oavie and Buffett, 2001). The 
base of the GHSZ is controlled by the geothermal gradient (Claypool 
and Kaplan, 1974; Kvenvolden, 1988, 1995). The base of the stability 
zone is defined by the intersection of the geothermal gradient 
function and the fixed function T = JCD) (T = temperature, 
D = depth) for a given hydrate composition of the hydrate stability 
field (Fig. 3B). 

The predictive numerical model allows real time actualization of 
the hydrate nucleation variables (temperature, pressurejdepth, and 
geothermal gradient) because they are implemented in a GIS work 
process. These variables are built as inferred 30 surfaces from 
tabular data stored in the GIS database. The composition of gas 
hydrates is a function (T = 11 Pj) fixed from the hydrate stability field 
calculated by the statistical thermodynamic method of Sloan 
(1998) (Fig. 3A). 

The model is built on five differentiated GIS work processes. The 
first steps are the construction of hydrate nucleation variables 
(temperature, pressure and geothermal gradient) as inferred 30 
surfaces in three work processes (Figs. 4A-C). The next step is to 
estimate the fixed function T = 11D]. the hydrate stability function 
(HSF), for each type of hydrocarbon composition recovered 
(Fig. 40). The final step is to calculate the base of the hydrate 
stability zone from the GIS work processes (30 surfaces and HSF) 
mentioned above (Fig. 4E). 

32. Bathymetric surface: digital bathymetric model (DBM) 

The bathymetric variable is put inside the GIS as a digital 
bathymetric surface. In this step we have built two bathymetric 
surfaces that respond to two different needs: (a) a high resolution 
OBM, not covering all the studied area, from swath bathymetric 
data (SBOM) used for accurate calculations (such as detailed GHSZ 
thickness calculation for slope gravitational stability hazards or an 
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assessment of seismic BSR-like reflector occurrence); and (b) a low 
resolution DBM (EDBM), but extensive along the whole studied 
area, allowing a regional evaluation of the GHSZ in the Gulf of Cadiz 
in areas without swath bathymetric data. 

The SBDM (50 m grid)was constructed with the multibeam data 
acquired during the Tasyo 2000 cruise aboard R/V Hespérides 
(Somoza et al., 2003). Swath bathymetry data were acquired with 
a Simrad EM12S-120 (León et al., 2001 ) (Fig. 2), which operates at 
a main frequency of 13 kHz at 10-11 knots, with 81 beams, allowing 
a maximum coverage angle of 120° (about three times the water 
depth). This system, triggered with pulse lengths ranging from 2 ms 
to 10 ms, has a vertical resolution of 0.6 m. Raw multibeam data 
were post-processed (filtering and deleting of acoustic interfer
ences) with Neptune software of Kongsberg Simrad. Post -processed 
data were separated 18 m in mean with a few artifacts of erroneous 
data of difficult filtering in the post-processing phase. For 
smoothing these artifacts, SBDM was built as the result of a statistic 
analysis of the median in a cell size of 50 m. 

The EDBM was created for a regional perspective, and was 
conceived as a query of the GIS database. The EDBM includes both 
global and regional bathymetric data. The sources of the EDBM are 
the GEBCO Digital Atlas (GEBCO, 2003), single-beam bathymetry 
from the marine geological map of Cadiz (JGME, 2003), bathymetry 
from the geological map of the Portuguese continental margin 
(Servic;os Geológicos de Portugal, 1992), and swath bathymetric 
data obtained during the Tasyo 2000 cruise (Somoza et al., 2003). 
The first step for generating the EDBM was to create a triangulated 
irregular network (TIN) from various sets of bathymetric data used 
as "mass features" (bathymetric lines, points and grids) and using 
morphological data as the shelf break and canyons as breaklines in 
order to define and control the surface behavior, inferring values 
along their track. The second step was to interpolate each TIN 
vertex by using an ordinary kriging geostatistical method. 

33. Digital bottom seawater temperature model (DBWTM) 

The seafloor temperature variable is put inside the GIS as a digital 
surface of the bottom seawater temperatures. As the thickness ofthe 

GHSZ depends greatly on seafloor temperature changes (Kvenvol
den, 1988; Sloan, 1998; Dickens, 2001; Sultan et al, 2004), it is 
necessary to generate a reliable digital model ofthe bottom seawater 
temperatures. This is especially important in areas affected by 
strong, albeit variable, undercurrents, such as the Gulf of Cadiz 
(Lacombe and Lizeray, 1959; Ochoa and Bray, 1991; Nelson et al., 
1999; Hernández-Molina et al., 2003). DBWTM (Fig. 5) was erected 
using 276 seawater temperature-depth vertical profiles obtained by 
conductivity-temperature-depth (CTD) and high-resolution 
expendable bathythermograph (XBT) devices, and collected during 
five cruises (Tasyo 2000, GOLFO 00/09, GOLFO 01/05 aboard R/V 
Hespérides and CADISAR 01/08 aboard R/V Sumit) within a time
span of less than 16 months (ApriI2000-August 2001). 

DBWTM has been conceived as a mosaic of seafloor areas under 
the influence of different water masses, each ofwhich is indepen
dently interpolated (Figs. 5 and 6a). The upper and lower limits of 
the MOW current have been marked in each temperature record 
(Fig. 5). These limits (A and B in Fig. 5) have been mapped to 
determine the area of continental slope seafloor under the influ
ence of the Mediterranean undercurrent. The seafloor upslope and 
downslope of this area is influenced by shallow water (NASW
NACW) or deep water (NADW) Atlantic currents. 

DBWTM for each seafloor zone influenced by the different water 
masses were constructed for using different methods, as they corre
spond to isolated hydrodynamic systems (Fig. 5). DBWTM for the 
NASW-NACW-influenced zone (Fig. 5) was interpolated byordinary 
kriging. Due to the lack of a dense net of data, the seafloor temperature 
in the tongue ofNASW-NACW inside MOW (1 in Fig. 5) was inferred 
reclassifying the bathymetric digital terrain model using a function 
T = j{D) fixed to CID data. DBWTM for the MOW-influenced zone 
(Fig. 5) was interpolated by ordinary kriging after generating a TIN 
with the CTD data using the channel boundaries as interpolation 
limits, and bathymetric lines, as breaklines, in order to infer values 
along their track. DBWTM for the NADW-influenced zone (2 and 3 in 
Fig. 5) was reclassified from the EDBM using a function T = j{D) fixed 
to CTD data. Finally, the single seafloor temperature surface (DBWTM) 
has been built summing the locals of each seafloor zone influenced by 
the different water masses (Fig. 6A). 
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3.4. The digital geothermal gradient model (DGGM) 

The aim of DGGM is to create an inferred numerical surface 
representative of the geothermal gradient of at least the first 200 m 
of the sub-seafloar in arder to evaluate the thickness of the GHSZ, 

and to verify the model, especially in mud volcanoes with a highly 
anomalous geothermal gradient. 

Eighty three geothermal gradients derived from two sets of 
sediment heat probes acquired in the Gulf of Cadiz in September 
2001 during the Anastasya 2001 cruise (Gardner et al., 2001) and 

Fig.6. (A) Digital bottom-seawater temperature model (DBWTM). (B) Digital geothermal gradient model (DGGM). (e) ealculated thickness of the GHSZ for thermogenic hydro
carbon gases. (D) ealculated thickness of the GHSZ for biogenic hydrocarbon gases. 



the GAP cruise in December 2003 (Grevemeyer et al., 2004; Kopf 
et al., 2004), plus geothermal data from the Repsol oil company's 
Neptuno-2 well (JGME, 1987) were used to construct the grid 
(Fig. 2). Although the geographical distribution of records is 
somewhat irregular and heterogeneous (Fig. 2), the information 
gathered is ground truth. Therefore, it was considered suitable for 
interpolating a numerical geothermal gradient surface. 

The DGGM was built in two phases. The first step was to 
generate a numerical surface of the regional geothermal gradient 
trends (RGTS). A smooth trending surface was fixed to 51 records 
with a stochastic method. An ordinary kriging method has been 
selected with spherical model type of variogram, in which we have 
applied a smoothing by global polynomial interpolation method of 
power of one, with a maximum smoothing factor equal to one in 
98,846 m in search radius (Fig. 6B). In the second step, the positive 
anomalies of the mud volcanoes were incorporated into the RGTS 
(Fig. 6B). More than 40 investigated mud volcanoes show elevated 
geothermal gradients indicating active focused fluid flow. The 
locations of high heat flow values are shown in Fig. 2. The mean 
geothermal gradient value of each mud volcano was integrated as 
a mask inside the RGTS. 

The geothermal gradient pattern consists of a regional trend and 
positive and negative local anomalies. Values of the regional trend 
are 24-26 oC km- l for the continental shelf and 39-43 oC km- l for 
the deep abyssal plain (Fig. 6B). Theses values are consistent with 
the results of the thermal structure of the Gulf of Cadiz (Greve
meyer et al., 2004). Positive anomalies ,..., 50 oC km- l with peak 
values of 98 oC km- l found on the continental slope are related to 
areas of focused fluid flow such as mud volcanoes (Gardner et al., 
2001 ). The locations of high heat flow values are shown in Figs. 2 
and 6. Otherwise, highly negative anomalies ranging from 0.16 oC 
km- l to 1.5 oC km- l are interpreted either as the effects of warm 
MOW seawater (Gardner et al., 2001 ) or as latent heat of hydrate 
dissociation processes during the deployment of heat probes (Kopf 
et al., 2004). We have excluded these negative anomalies beca use 
these perturbations affect only the first 2 m of sediment, and do not 
interfere in the regional geothermal gradient surface. 

3.5. Hydrate stabílíty functíons for dífferent gas composítíons 

The aim of this GIS work process is to build a function (T = J[D]) 
that will define the hydrate stability field relating temperature and 
pressure for a given composition. The phase equilibrium curves for 
crystallization of gas hydrates from different gas sources were 
calculated based on Sloan's (1998) CSMHYD programo The 
composition data come from Repsol's Neptune-2 oil well drilled in 
1983 (IGME, 1987) and three gravity cores recovered during TTR 
cruises (Stadnitskaia et al., 2000). From the Neptuno-2 oil well two 
gas compositions were extracted, which we have called Neptuno-
2a and Neptuno-2c. Neptuno-2a are the traces ofmethane obtained 
at 850 mbsf and Neptuno-c are the traces of thermal gases obtained 
at 1770 mbsf composed of92% Cl, 3% C2, 1.8% C3 and 1.4% C4 . The gas 
hydrocarbon composition (CI-Cs) was measured during the 
scientific TTR-9 cruise in cores AT-201G, AT-203G and AT-208G by 
chromatographic analysis (Stadnitskaia et al., 2000). AT-203G 
(Yuma mud volcano) and AT-208G (Ginsburg mud volcano) con
tained allochthonous thermogenic gas, whereas AT-201G (pelagic 
sediments) contained autochthonous gas of microbiologic origin 
(biogenic) (Stadnitskaia et al., 2000, 2001, 2006; Blinova and 
Stadnitskaia, 2001; Mazurenko et al., 2003). 

We give the name hydrate stability function (HSF) to the result 
of fixing a function [T = fCD)] to the cloud point (T-D or tempera
ture-pressurejdepth) resulting from applying the statistical ther
modynamic method (Sloan, 1998) for each gas composition. The 
HSF defines theoretical hydrated areas of the seafloor by means of 

an exponential or logarithmic fix. as the behavior of the hydrate 
stability field follows this type of function (Katz et al., 1959; Sloan, 
1998; Milkov et al., 2000; Milkov and Sassen, 2001; Sultan, et al., 
2004). 

Assuming a mean salinity of 36%0 (the mean of Atlantic and 
Mediterranean salinity in the Gulf of Cadiz) in the sediment pore 
water, we calculated a total of six hydrate functions (one for each 
composition) (Fig. 3A) that can be grouped into two main clusters 
(Stadnitskaia et al., 2000): (a) Neptuno-2a and AT-201G with 
biogenic-type gases; and (b) YumajAT-203G, GinsburgjAT-208G 
and Neptuno-2c with thermogenic-type gases (Fig. 3A). 

The biogenic-type group is characterized by high concentrations 
of methane and unsaturated hydrocarbon gases that probably 
reveal active microbiological processes in the sediment (Stadnit
skaia et al., 2000), as it shows similar hydrate functions (Fig. 3A). 
The thermogenic-type group has very high concentrations of 
saturated hydrocarbon gases, particularly ethane through normal 
pentane (CrCs), and also a high content of C4 and Cs (Stadnitskaia 
et al., 2000; Kozlova et al., 2000; Blinova and Stadnitskaia, 2001; 
Mazurenko et al., 2002 ). The HSF of this group cover a broader 
spectrum (Fig. 3A). Thus, the different behavior (shift to higher 
temperature values) of the HSF in YumajAT-203G could be probably 
related, as pointed out by Stadnitskaia et al. (2006), to contami
nation by other hydrocarbons with a different degree of maturation 
during its migration. 

In order to simulate the hydrate stability field inside a GIS, we 
have fixed two logarithmic HSF for each of the two groups identi
fied (Fig. 3A): 

(a) For biogenic gases, with a determination coefficient R
squared = 0.998112: 

T = InD-S.2398 
0.12061 

(Function 1) 

(b) For thermogenic gases, with a determination coefficient R
squared = 0.989278: 

T = In D - 4.171846 
0.139077 

where: 

D = depth in meters, and 
T = temperature inaC. 

(Function II) 

For the calculation of the GHSZ thickness, because the hydrate 
stability field always follows a logarithmic behavior, we have 
generated Function I1I, a generic form of Functions I and 11. Ka and Kb 
are the constants resulting from fixing a function [T = fCD)] to the 
cloud point (T-D or temperature-pressurejdepth) resulting from 
applying the statistical thermodynamic method (Sloan, 1998) for 
each gas composition, Ka is the constant of the numerator of the 
HSF, and Kb is the constant of the denominator of the HSF. In the 
present paper, Ka is equal to 5.2398 and 4.171846 for biogenic and 
thermogenic gas, respectively, and Kb is equal to 0.12061 and 
0.139077 for biogenic and thermogenic gas, respectively. 

T = In D - Ka 
Kb 

3.6. GIS calculatíon o[ the GHSZ thíclmess 

(Function III) 

Under ideal sediment pore saturation conditions, hydrocarbon 
gases are hydrated if environmental P-T conditions fall within the 
hydrate stability field (Fig. 3B). Thus, seafloor hydrates are stable 
when the temperature at the seafloor is lower than the 



temperature calculated for the HSF, or in GIS terminology, lower 
than the result of reclassifying the DBM with the hydrate Functions 
I or 11. So, generate a derived temperature surface applying HSF to 
the DBM. Following this reasoning, the first step was to apply the 
HSF of the different hydrocarbon compositions to the DBM, and to 
obtain two new digital temperature models depicting the theo
retical seafloor temperatures under which gas-hydrates are stable. 
The theoretical areas where seafloor hydrates are stable are 
obtained by comparing these theoretical models with the one 
generated above for real seafloor temperatures (DBWTM). We solve 
this, doing a simple map algebra analysis, separating those pixels of 
the digital model of real seafloor temperatures whose values are 
lower than or equal to the equivalent pixels of the reclassified 
temperature model. These pixels define the areas of the seafloor 
where gas hydrates could occur because their formation would be 
stable. 

Owing to the increasing temperature in the sub-seafloor, there 
are temperature values (T GHSZ) at a depth (DGHSZ) at which gas 
hydrates are no longer stable. These define the sedimentjhydrate -
sedimentjgas interface (Fig. 3B). Therefore, the depth ofthe hydrate 
stability zone (DGHSZ) is regulated by Functions III and IV (Fig. 3): 

(a) The geothermal gradient function that relates the increment 
of sub-seafloor temperature to depth: 

T GHSZ = TSeafloor + (DGHSZ - Dseafloor) Og 

Where: 

DGHSZ = depth of the base of the GHSZ. 
DSeafloor = seafloor depth. 
hHSZ = temperature at the base of the GHSZ. 
TSeafloor = temperature on the seafloor. 
Og = geothermal gradient. 

(Function IV) 

(b) The generic form of the HSF that relates pressure and 
temperature for gas hydrates (Function I1I) applied in the base of 
the GHSZ: 

(Function V) 

Assuming that sediment pores are connected to prevent over
pressure, then the pore pressure equals the hydrostatic pressure. As 
a result of the two above Functions IV and V, the depth of base of 
the GHSZ (DGHSZ) is calculated by a transcendental Function VI that 
has no real solution (Fig. 3C): 

In D GHSZ = {[ TSeafloor + (DGHSZ - Dseafloor) Og] Kb } + Ka 

(Function VI) 

As the hydrate stability field follows a logarithmic behavior, the 
calculation of the base of hydrate stability requires a transcendental 
function. In this work this transcendental function has been solved 
by means of the GIS with the following iterative loop for each pixel 
of the problem area: 

Do for each pixel 
GHSZ-Dpth = DBM value 
auxiliary variable, aux = DBM value 
If (In GHSZ-Dpth < = ((DBWTM + (aux - DBM) * DGGM) * Kb) 
+ Ka) then 
GHSZ-Thickness pixel value = NO DATA 
else 

Start loop: 
Do until (In GHSZ-Dpth < = ((DBWTM + (aux - DBM) * 
DGGM) * Kb) + Ka) 

aux: = (aux +1) 
GHSZ-Dpth pixel value = aux 
End loop. 

GHSZ-Thickness pixel value = GHSZ-Dpth - DBM 
Next pixel 

Two different variables (GHSZ-Dpth and aux) have been estab
lished in order to substitute the value of the burial depth of the base 
of GHSZ at both sides of the transcendental function. In a first stage 
GHSZ-Dpth and aux are equaled to the bathymetry. At seafloor sites 
where hydrates are no stable, the burial depth of the base of the 
GHSZ will be equal to the bathymetry. Thus, the right term of the 
equation will be greater or equal than the left side. In this case it 
will have no sense to solve the equation so the pixel representing 
the modelization of the thickness of the hydrate stability field will 
be accounted for (considered) as "no data". On the other hand, 
when the seafloor lies within the stability field, the value of the left 
term of the equation will always be greater than the right one. In 
this case we would get into a loop where we will raise the value of 
the auxiliary variable (aux) to converge when the right term would 
be greater or equal than the left one. This convergence will always 
be assured. Within this loop GHSZ-Dpth will take the value of the 
count of aux and finally when the loop converges it will take the 
value ofthe pixel ofthe GHSZ thickness as the subtraction ofGHSZ
Dpth minus bathymetry. 

The algorithm of the resolution of Function VII is relatively fast 
as the only operations to be made are the resolution of the loga
rithmic function and ten increase of a counter. The counter increase 
has been established in 2 m, which is the maximum precision of the 
multibeam bathymetry data. As the thickness of the G HSZ is usually 
around 220-400 m, and very rarely, up to 1.000 m, the usual 
number of iterations lies within 100 and 200. The application of this 
algorithm in numerical surfaces of 1666 columns and 1243 rows 
never exceeds 2 mino Nevertheless the convergence speedjrate can 
be much greater as the bathymetric precision in the most part of 
the test site is ±20 m. A numerical surface is generated as a result of 
applying this loop in each of the test sites pixels. 

As a result of applying this loop in each of the test sites pixels, 
a numerical surface is generated depicting the thickness of the 
hydrate stability zone of biogenic and thermogenic-type hydro
carbon gases (Figs. 6C,D). 

4. Application to the Gulf of Cadiz continental slope 

Several quantitative models for calculating the thickness of the 
GHSZ have been developed and applied in different regions char
acterized by extensive hydrocarbon seeps such as the Gulf of 
Mexico (Milkov and Sassen, 2001), the Norwegian margin (Mienert 
et al., 2001, 2005 ; Bouriak et al., 2000; Hovland and Svensen, 2006; 
Ivanov et al., 2007), the Nankai Trench (Fehn et al., 2003), the Blake 
Ridge (Tréhu et al., 2004) and the South China Sea (Wang et al., 
2006). Most of these models do not consider the changes of bottom 
seawater related to deep undercurrents or the local spatial vari
ability in thermal gradients associated with fluid flow along faults 
connected to seafloor structures such as diapirs and mud volcanoes. 
Only, sorne models, such as Vogt and Jung (2002), Sultan et al. 
(2004) and Mienert et al. (2005), take into account changes in 
oceanographic conditions that show rises and fa lis in the GHSZ 
related to changes in sea level or bottom seawater temperature. 

The predictive numerical model of the GHSZ presented in this 
paper has been tested against the available morphological and 
seismic data of an area between the Guadalquivir Bank and the 
Tasyo field (Díaz-del-Río et al., 2003; Somoza et al., 2003). This area 
(Fig. 7) is characterized by two NE-SW trending diapiric ridges 
(Guadalquivir and Cadiz) that control the orientation of the Cadiz 
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channel, the main pathway of the Mediterranean outflow under
current, and other minor channels, such as the Gil Eanes channel, 
that dissect the Tasyo field. A detailed description of the contouritic 
channel system can be found in Hernández-Molina et al. (2003). 
The selected area is rich in mud volcanoes and mud carbonate 
ridges, and the Tasyo field is a zone especially affected by crater-like 
collapses, slide scars and mud volcanoes (e.g. Hespérides, Faro, 
Cibeles, Almazan, Aveiro, St. Petersburg, Fig. 7). 

4.1. Calculated BSR for thermogeníc an d bíogeníc source d gases 

Two synthetic 20 profiles were derived from the 30 numerical 
surfaces of the predictive model following: (i) a SW-NE orientation 
from the Cadiz shelf to the middle continental slope crossing the 
Cadiz channel and the Tasyo field (Fig. 8A); and (ii) a NE-SW 
orientation from the Algarve shelf to the Tasyo field crossing the 

Algarve basin, the Guadalquivir Bank, the Guadalquivir Oiapiric 
Ridge and the Cadiz Channel (Fig. 9A). These profiles depict the 
theoretical BSRs for thermogenic and biogenic gases, in relation to 
the swath bathymetry, bottom seawater temperatures and 
geothermal gradients, beca use one of the aims of this task was to 
investigate the influence of anomalous geothermal gradients and 
warm undercurrents on the behavior of the hydrate stability zone. 
For this reason both profiles cross mud volcanoes with known 
values of heat flow and the seafloor warmed by the MOW 
undercurrent. 

The calculated BSR for thermogenic gases reaches the upper 
continental slope at a water depth clase to 450 m, even in the areas 
of seafloor affected by the MOW (Figs. 6C and 9A). In contrast, the 
uppermost limit for the biogenic BSR is located at water depths of 
about 800 m (Figs. 60 and 9A). Therefore, under the present 
oceanographic conditions, the only hydrates stable at water depths 
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of between 450 m and 800 m are those derived from thermogenic 
gases (Figs. 6C,O). BSR-like reflections have been reported in this 
area at 340 m water depth and about 80 ms TWT deep in the 
sediment column related to diapiric ridges (Somoza et al., 2000; 
Casas et al., 2003). Evidence of BSR-like features inside shallow 
mud volcanoes have also been reported on the Moroccan margin, at 
water depths of around 350 m (Oepreiter et al., 2005). Following 
our model, the occurrence of these geophysically-detected BSRs on 
the upper slope associated with mud volcanoes or diapiric ridges 
must be related to focused fluid flow of thermogenic-type gases in 
seafloors influenced by Mediterranean or Atlantic waters. In 
contrast, the hydrate stability field will be placed deeper (800-
900 m) in more mature edifices where thermogenic and biogenic 
gases become more mixed, as reported by Stadnitskaia et al. (2006). 
According to this, the only hydrates sampled in the Gulf of Cadiz at 
water depths of 900 m or deeper are associated with mature mud 
volcanoes such as Ginsburg (Kenyon et al., 2000; Kopf et al., 2004), 
Bonjardim (Kenyon et al., 2001; Kopf et al. , 2004) and Captain 
Arutyunov (Ivanov et al., 2003; Kopf et al., 2004) (Fig. 1). 

S. Uncertainty assessment and sensitivity analysis 

In order to evaluate the degree ofreliability in the interpretation 
of the results of the proposed model, an uncertainty assessment 
and sensitivity analysis study has been carried out of input errors 
from geospatial data and the resulting prediction uncertainty ofthe 
30 proposed model has been established. 

We have established two scopes in the study of the error 
assessment ofthe proposed model: (a) source errors in the building 
of the digital 30 surfaces of temperature, bathymetry and 

geothermal gradient; and (b) sensltIvlty analysis through map 
algebra analysis for calculation of the GHSZ thickness. 

5.1. Uncertainty assessment in the inferred 3D sur[aces 
(bathymetry, seafloor temperature and geothermaI gradient) 

5.1.1. Uncertainty assessment in the building of DBM 
Bathymetric surface error assessment has been developed by 

different methods both SBOM and EOBM. 
Raw data of SBOM were separated 18 m in mean with a few 

artifacts of erroneous data of difficult filtering in the post-pro
cessing phase. For smoothing SBOM, we have calculated the 
median statistic value in a grid of 50 m of cell size. Error assessment 
of SBOM has been calculated by the standard deviation of the 
values of depth in the same of above mentioned mesh (Fig. 1OA). 
Error assessment in SBOM evidences two types of errors. First type 
("a" in Fig. lOA) comes from a wrong record of the XBT sounder 
(wrong profile of sound velocity through the water column), and 
genera tes a systematic biased error in depth along the track of the 
vessel, exaggerated in the external beams of the ecosounder. The 
second type of error ("b" in Fig 1OA) is produced on the steep slopes 
of the study area, more precisely on the flanks of the submarine 
canyons and dipairic ridges, In this places, uncertainty is greater 
due to a greater number of anomalous refractions and reflexions 
produced by bottom steep slopes. 

Uncertainty in EOBM has been difficult to obtain due to the 
complex and diverse nature of the data source. As EOBM has been 
conceived as a browse to the bathymetric database available, 
uncertainty of EOBM is depending of the uncertainty knowledge 
linked to bathymetric features stored in the database. 
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Unfortunately, in old bathymetries published in analogical devices 
(paper maps) this was a metadata that was not stored in the 
isolines. Though apparently bathymetric lines published in old 
paper maps show a great accuracy, the numerical quality factor of 
this data is completely unknown. In this sense, the only error that 
can be evaluated is the error of the stochastic process due to TIN 
vertex interpolation. The TIN vertexes are assumed as "ground 
truth". In this assumption we are making an error that we cannot 
evaluate as there is lack of data for evaluating uncertainty. For 
example, CEBCO grid points are introduced as "ground truth", but 
we do not know the initial error associated to this database (no 
error assessment is associated to this database). CEBCO grid is 
a result of a stochastic interpolation in which the spatial distribu
tion of uncertainty is unknown. So, uncertainty in EOBM has been 
evaluated from the vertex of the TIN calculating on each pixel value 
the standard error produced in the stochastic inference (Fig 1OA). 

Uncertainty EOBM shows the nature of data used to build it. 
Area inferred with CEBCO data ("c" in Fig. lOA) shows, as 
mentioned above, an uncertainty controlled by an orthogonal 
structure pointing to the fact that data carne from a grid previously 
interpolated. Thus, uncertainty has been taken into account with 
limitations. Crid size of CEBCO data grid is 1600 m separated. 
However uncertainty model in this area produces a grid of 13 km as 
it comes from a grid previously interpolated. Multibeam data ("d" 
in Fig. 1OA) shows an uniform uncertainty, possibly due to it is 
a generalization of SBOBM in 500 m in grid size. The area with the 
lowest uncertainty are located over the isobathymetry lines digi
tized of the "paper maps" ("e" and "f' in Fig.1OA). This is due to the 

fact of TIN sampled one depth value each 200 mover the isoline, 
which is the thickest sampling in the studied area. However, the 
more precise and accurate data correspond with the multibeam 
data ("d" in Fig. 1OA). Finally, uncertainty in EOBM is showing the 
nature of data source and the density of data given in the last 
inference, rather than a numerical quality factor of such data. 

5.12. Uncertainty assessment in the building 01 DBWTM 
5.12.1. Temporal uncertainty 01 the DBWTM. As mentioned above, 
OBWTM was build using 276 seawater temperature-depth vertical 
profiles obtained within a time-span of less than 16 months (April 
2000-August 2001). This time interval is short enough on a geolog
ical scale to consider measurements as "instantaneous", and allows 
the bottom seawater temperature data to be assembled. Ouring the 
1 year period of data recording, the impact of seasonal variations 
seems to be negligible even in water masses more sensitive to them 
such as the NASW and NACW (Cascard and Richez, 1985; Caralp, 
1988; Johnson and Stevens, 2000). In the area under the influence of 
MOW,Iess sensitive to seasonal variations (Wust, 1961 ; Cascard and 
Richez, 1985), the oscillations of temperature in the 2 year interval 
between cruises averaged only 0.1 oc. Assembling data for the 
NAOW influenced area is stillless problema tic because the NAOW is 
a stable cold water mass with very little seasonal temperature 
changes (Caralp, 1988). This pattern is possible because these water 
masses behave as isolated hydrodynamic systems of different 
salinity and temperature that foster immiscibility (Cascard and 
Richez, 1985). Nevertheless, a tongue of NACW has been detected 
inside MOW (1 in Fig. 5). Although, as mentioned above, seasonal 
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variation inside eaeh water masses is low, the tongue of NACW 
surrounded by MOW seems to suggest an instability, on at least 
a seasonal-to-annual seale, in the eirculation of the MOW under
eurrent. This unstability earried out an uneertainty from ±2 oc to 
±4 oc. Implieations of this temperature uneertainty in the proposed 
model and the relationship with the geologieal struetures found in 
this area will be diseussed in the bullet 6.1. 

5.122. Uncertaínty assessment in the mosaic1dng 3D surface. Uneer
tainty assessment in DBWTM (Fig. 10B) has been coneeived as 
a mosaie of eaeh seafloor areas affeeted for the different water masses 
(the same method we used in the building of DBWTM). In the 

northern area affeeted by NASW-NACW ("a" in Fig. lOB) and the area 
affeeted by MOW ("b" in Fig. 10B), uneertainty has been assessed by 
the standard error of the stoehastie inferenee. In the areas affeeted by 
the tongue ofNASW ("e" in Fig.lOB), NADW ("e" in Fig. 10B) and the 
transitional area between MOW and NADW ("d" in Fig. lOB), we have 
applied the uneertainty of EDBM due to seafloor temperature in these 
areas is a reclassifieation of EDBM. 

As it might be expeeted, uneertainty in DBWTM (Fig. 10B) 
presents two areas clearly differentiated. The first eorresponds with 
the areas inferred from CTB-XBT data. Here, uneertainty is 
controlled by the sounder distribution. Uneertainty is higher in the 
external zones and lower in central zones where there is a high 



density of samples. The second corresponds with the part of 
DBWTM reclassified from EDBM. Here, uncertainty is independent 
of the distribution of the CfD-XBT sounders because it is inheri
tance of EDBM. Although here uncertainty is highest, results must 
be taken with caution as it has been exposed in bullet 5.1.1. Finally, 
the strong contrast of uncertainty observed in the boundary of each 
seafloor area affected by the differentwater masses, is related to the 
fact that it has been inferred independently. Nevertheless, this 
works as independent thermodynamic systems as has been 
observed on the bathythermographic profiles (CTD-XBT data), and 
it has been the base of the expert opinion for the DBWTM building. 

5.13. Uncertainty assessment in the building of DGGM 
Uncertainty in DGGM has been studied in two realms: (a) 

uncertainty assessment in the inference ofRGTS; and (b) uncertainty 
assessment in the inclusion of geothermal anomalies of the mud 
volcanoes. Uncertainty assessment in RGTS has been assessed from 
standard error derived of the stochastic inference (Fig. 1OC). RGTS 
uncertainty is lower in the southwest of the inferred area (about 
0.76) where there is a high density of records. On the other hand, in 
the northeast area where only one record of geothermal gradient 
takes place, uncertainty is bigger but remains below of 0.85. 

In the uncertainty assessment for the inclusion of geothermal 
anomalies of the mud volcanoes, we have followed the same 
methodology (expert opinion) as the DGGM building. First step, 
a cross-validation between RGTS and the geothermal anomaIies 
recorded in the mud volcanoes has been done in order to assess the 
maximum error that will be produced by not taking anomalies into 
account (Fig. lOC). Finally, uncertainty obtained in the cross-vali
dation has been included into RGTS-error model with an area equal 
to the mud volcano. 

52. Sensitívíty analysis 

The aim of this sensitivity analysis is better to understand the 
structure and behavior of the predictive 3D model, and establish 
which variables are independent and which are correlated (their 
behavior depends on the behavior of others). A detailed study of the 
sensitivity in order to evaluate the error and thrust of the model is 
not in the scope of this paper, but will be the aim of a future paper 
dedicated only to this tapie. 

In order to understand the behavior of the model to input vari
ations, a local and sta tic sensitivity analysis (Fig. 11) has been carried 
out in two points (UD" in Fig. 6). The two points are located over 
seafloor inside GHSZ, in different areas. Point (J. (36° 13.6/N, 7° 
33.7/W) are located over an area of the critical equilibrium where 
GHSZ thickness are thinned by the influence of the MOW. Point 
B (35° 59.9/N, 8° 16.36/W) are located over a cold and stable area 
influenced by the NADW. Predictive 3D model has been run in these 
points varying the parameters (depth, bottom seawater temperature 
and geothermal gradient) a 1%, 5%, 10% and 20% of their range of 
values. The range of values of bottom seawater temperature varies 
from 6.9 oC (NADW) to 21.1 oC (NASW). The range ofvalues of depth 
is 800 m which is the greater GHSZ thickness calculated by the 
model. Two situations have been established in order to evaluate the 
effect of not taking into account the anomalies of the geothermal 
gradient measured in mud volcanoes: (a) taking into account only 
the global trending of the geothermal gradient (from 2.4 oC/lOO m to 
4 oC/lOO m); and (b) taking into account the anomalies of the mud 
volcanoes (from 2.4 oC/lOO m to 8 oC/lOO m). Result of this iterative 
process has been compared with the presented 3D model, to 
establish the behavior of the variables through the model (Fig. 11). 

Sensitivity analysis shows that the presented 3D model is most 
sensible to bottom seawater temperature oscillation. Oscillations of 
2.84 oC (20% ofthe range ofvalues in the study area) give a maximum 
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Fig.11. Sensitivity analysis of the predictive 3D model. Diagram shows the sensitivity 
of the model to their parameters: temperature, depth and geothermal gradient. 
Parameters have been modified 1%, 5%, 10% and 20% in order to calculate the GHSZ 
thickness oscillation. bwtb , sensitivity of the model (for biogenic gases) versus bottom 
seawater temperature. bwtr , sensitivity of the model (for thermogenic gases) versus 
bottom seawater temperature. db , sensitivity of the model (for biogenic gases) versus 
depth, dr, sensitivity of the model (for thermogenic gases) versus depth . ggb, sen si
tivity of the model (for biogenic gases) versus the trending of the geothermal g~adient. 
ggr_, sensitivity of the model (for thermogenic gases) versus the trending of the 
geothermal gradient. ggb', sensitivity of the model (for biogenic gases) versus 
geothermal gradient plus positive anomalies of mud-volcanoes. ggr' , sensitivity of the 
model (for thermogenic gases) versus geothermal gradient plus positive anomalies of 
mud-volcanoes. 

oscillation of the GHSZ thickness of about 140 m, with a clear 
behavior as additive independent variable. Besides, oscillations of 
120 m in sea level (20% ofthe range ofvalues in the study area) such 
as those appearing in glacial conditions, give variations from 5 m to 
50 m of the GHSZ thickness, with behavior as correlated variable. So, 
this analysis points that in glacial-interglacial situations, GHSZ 
thickness seems more sensible to seafloor undercurrent fluctuations 
or temperature changes than sea level oscillations. 

Geothermal gradient behavior as correlated variable depending on 
the gas composition modeled. When GHSZ thickness is modeled for 
a biogenic gas taking into account only the global trending of the 
geothermal gradient, the model seems little sensible to the geothermal 
gradient. Besides, when GHSZ thickness is modeled for a thermogenic 
gas taking into account the anomalies of the geothermal gradient of the 
mud volcanoes, the model seems very sensible to the geothermal 
gradient and has behavior as an additive variable. 

In the Gulf of Cadiz, evidences of thermogenic gases have been 
detected in mud volcanoes where very high geothermal gradients 
have been recorded. Nevertheless, in mud volcanoes with high 
thermal gradient values, such as Gades, we would have an uncer
tainty of about 96-100 m depending on taking into account or not, 
the geothermal gradient. If we fail to take into account anomalous 
geothermal gradients inside mud volcanoes (for a total of 20 mud 
volcanoes with a mean diameter of 2 km) the total volume of the 
thermogenic GHSZ will increase by 8 109 m3

. For a total volume 
estimated in the Gulf ofCadiz oflO.091015 m3, this assumption will 
mean an increase of 0.8 10-4% which, although insignificant, is an 
important input for calibrating the model. 

6. Discussion 

6.1. Consequences of changes in seafloor temperatures on hydrate 
stabílíty 

The upper limit of the calculated biogenic BSR rises under the 
warming influence of the MOW (Fig. 8A). This is the case in the 



Cadiz Channel, where an abrupt increase in seafloor temperatures 
up to 13-14 oC represents the upper boundary of the calculated 
biogenic BSR (Fig. 8A). Thus, calculated biogenic BSR begins only 
within Atlantic-type bottom seawater temperatures at around 
10 oC within the Tasyo field (Figs. 7 and 8A). In this field, where 
water depths range from 800 m to 1100 m, the calculated biogenic 
GHSZ is very thin, reaching less than 50 m (Figs. 8A and 9B). Seismic 
profiles and swath bathymetry in this area reveal numerous crater
like collapses, slumps and mud volcanoes. The observed basal 
boundaries that act as a detachment level for slumps (Fig. 8B) and 
collapses (Fig. 8C) coincide with the calculated base of the biogenic 
GHSZ (Fig. 8). Furthermore, the mounded transparent facies ("Bu in 
Figs. 8 and 9) observed between minor MOW channels (e.g. Gil 
Eanes) are rooted in undulating basal reflectors that match the 
calculated biogenic GHSZ (Fig. 9b). The occurrence of mass move
ments in the Tasyo field area is not explained by slope processes, 
because the measured mean slope (1-20

) never exceeds the angle 
of internal friction (160

) calculated for this area (Lee and Baraza, 
1999). Therefore, it is suggested here that collapses and slides could 
well be related to a dissociation process at the base ofthe GHSZ, and 
are presumably triggered by seismogenetic activity. The occurrence 
of biogenic BSR in the Tasyo field can be explained, at least theo
retically, but the absence of any regional biogenic BSR is more 
striking. One possibility might be that the flux of methane is 
insufficient to generate significant amounts of gas hydrate (Dep
reiter et al., 2005). Therefore, the proposed numerical model 
explains that this is a zone of fragile equilibrium for the hydrate 
stability field of methane, which is especially vulnerable to changes 
in sea level andjor bottom seawater temperature (Figs. 8 and 9). The 
presence of Atlantic water masses inside the MOW adds another 
instability factor in this zone of fragile equilibrium for the hydrate 
stability field. The maximum seasonal-to-annual uncertainty of 
±4 oC in the temperature records inside MOW represents an 
uncertainty of ±45 m in the calculation of the GHSZ thickness. As 
the mean GHSZ thickness calculated in the seafloor area warmed by 
MOW is about 75-80 m. this means that huge oscillation (more 
than half of its thickness) takes place in the base of the GHSZ over 
annual cyeles in this zone offragile equilibrium. In Fig. 6D, the effect 
of the tongue of NACW water makes the base of the biogenic GHSZ 
on the Spanish margin (900-950 m) deeper than it is on the 
Portuguese margin (750-800 m). 

The huge oscillation of the base of the GHSZ below the seafloor 
warmed by the MOW could explain the formation of the pockmarks 
in the Tasyo Field, which is located over sandy submarine fans and 
lobes inside the hydrate stability field (Figs. 1 and 7). Sandy bodies 
laterally homogenize the storage of gas from isolated feeder 
channels. Changes in hydrate stability field conditions in this zone 
of fragile equilibrium could have caused a massive dissociation of 
the whole of this sandy hydrate-bearing body. 

62. Focused flow and anomalous heat flows in the hydrate stabílity 
zone 

Thermogenic gases occur mainly as focused flow along fault 
surfaces associated with seafloor structures such as mud volcanoes 
(Henry et al., 1996; Kopf, 2002). The calculated GHSZ for mud 
volcano structures shows a sharp decrease towards the crest, due to 
the influence of bathymetry and heat flow. AH sediment heat 
probes deployed in mud volcanoes have reported anomalous values 
of heat flow. For example, the heat flow for the Almazan mud 
volcano (Tasyo field, Fig. 7) is 87.92 mW m- 2, with conductivity 
values of 1.025 W m-l K- l (Gardner et al., 2001). The diameter of 
the volcano is 1.2 km and the summit of the cone rises 75 m above 
the bottom, reaching a water depth of 870 m. The calculated base of 
the biogenic GHSZ rises from 75 mbsf at the base to 58 mbsf at the 

cone top (Fig. 8A). The base of the GHSZ of thermogenic gases also 
shifts upwards from 250 mbsf at the base to 160 mbsf at the topo 

The decrease in depth of the base of the GHSZ towards the crest 
of the mud volcanoes is still more evident in areas influenced by the 
MOW. This is the case of the Gades mud volcano, located at a water 
depth of 915 m under the influence of the Mediterranean under
current (Fig. 7), where Gardner et aL (2001) measured anomalous 
heat values of 49.67 mW m- 2 with conductivity values of 0.977 W 
m-l K-l. The base of the calculated biogenic GHSZ lies only 10 mbsf 
at the cone top, and the thermogenic GHSZ is located at 160 mbsf 
but deepens to 200 mbsf towards the outer edifice (Fig. 9A). The 
shape of the modeled BSR coincides with the geophysically inter
preted BSR below mud volcanoes on the Moroccan margin (Dep
reiter et al., 2005). According to the proposed numerical model, the 
GHSZ is thicker in localities with thermogenic production than 
those with biogenic production, such as mud volcanoes, even in 
areas with high heat flow. 

63. Comparatíve with previous modeIs and proposed modeI 
contríbutíons 

Several GHSZ 3D models have been published using gridded 
datasets and applying transient models: Gulf of Mexico (Milkov 
et al., 2000), Norwegian margin (Mienert et al., 2005), Chinese Sea 
(Wang et al., 2006), Congo continental slope (Sultan et al., 2004), 
European margin (Miles, 1995) and the Indian continental margin 
(Rao, 1999). AII of them do important generalizations and assump
tions in the physical parameters (T - temperature, D - depth, G -
geothermal gradient) to simplify calculus if spatial variability of T
D-G parameters will be taken into account. Generalizations and 
assumptions are made in order to calculate the bottom seawater 
temperature as a function of depth (Miles et al., 1995; Milkov et al., 
2000; Wang et al., 2006), applya constant geothermal gradient for 
the total of the studied area (Milkov et al., 2000; Wang et al., 2006), 
or deduce a geothermal gradient value from burial depth ofBSR (De 
Batist et al., 2002). Most of these previous models take into account 
the parameters controlling the GHSZ thickness as static geographical 
variables, implying a difficulty of not easy solution the incorporation 
ofnewdata in real time, to add or simulate geographical variations of 
T-D-G parameters, to inelude OI modify limits to force interpola
tions, to assess the uncertainty ofthe model and propagation error of 
the gridded datasets. It is especially important in areas with warm 
underwater currents (that decrease greatly GHSZ thickness) and 
fluid flow (with anomalous values ofthe geothermal gradient) such 
as Gulf of Mexico or Gulf of Cadiz. Proposed model is profiting from 
GIS environment managing the gridded datasets of T-D-G param
eters as dynamic geographical variables. New data are added inside 
proposed model updating or adding records of its database, 
improving the model through a better understanding of the envi
ronment. For example: new multibeam data implies to increase 
a record in the table offeed the TIN ofbuild EDBM; the inclusion or 
modification of the track of an underwater current, involves to 
update the vectorial dataset which establish the limits of interpo
lation of the bottom seawater temperature; or a new geothermal 
gradient anomalies entail to adding a new geographical features in 
the anomalies gridded dataset. 

The European model of the GHSZ thickness published by Miles 
(1995), that takes into account geological and oceanographical 
parameters as sta tic variables, seems to showa huge dependence or 
sensitivity to the depth in the Gulf of Cadiz. Besides, the proposed 
model shows that GHSZ thickness is quite sensitive to the changes 
in temperature induced by MOW. Miles (1995) theorizes presence 
of hydrates from just the lower slope of the Gulf of Cadiz, whereas 
in the proposed model hydrates could be present at the base of the 
upper slope. 



Besides, GIS environment allows the possibility to include 
work processes focused to the uncertainty assessment and the 
error propagation included in the gridded datasets involved in 
map algebra analysis, and analyzes the weakness of the model. 
This is an added value of the GIS environment and a contribution 
of the proposed model not taken into account in the previous 
models. 

7. Condusions 

The proposed numerical model described herein allows the 
incorporation of real 3D data such as bottom seawater tempera
tures determined by conductivity-temperature-depth (erD) 
measurements, swath bathymetry, sub-seafloor gradients 
measured with sediment heat probes, and functions obtained from 
hydrocarbon compositions of sediment and hydrate samples. 
Furthermore, the thickness of the GHSZ has been calculated 
through an algorithm involving the regional oceanographic vari
ables converted to 3D surfaces (depth-pressure, geothermal 
gradient and bottom seawater temperature) and the hydrate 
equilibrium condition functions. The behavior of the hydrate 
stability field follows a logarithmical function whose solution with 
the geothermal gradient function is a transcendent function 
(y = In y), without a real solution, that we have named the 
"transcendent function of the base of the GHSZ". The easiest GIS 
method for solving is to increase the unknown on one side of the 
equation iteratively by means of a loop until the equation is 
balanced. 

The proposed numerical model depicts the distribution of GHSZ 
thickness and the theoretical BSRs for distinct gas sources under 
the present prevailing oceanographic conditions in the Gulf of 
Cadiz. Gas composition and bottom seawater temperatures are two 
important factors controlling the thickness of the GHSZ and the 
occurrence of BSR. Thus, the upper boundary of GHSZ for thermo
genic-type gases reaches the upper continental slope at water 
depths (450 m) shallower than the GHSZ for biogenic-type gases 
(770 m). Therefore, under the present oceanographic conditions, 
only the hydrates fuelled from deep-seated thermogenic gases are 
stable on the upper continental slope. The thickness of the calcu
lated GHSZ of both types of hydrocarbon gases decreases dramat
ically just beneath the seafloor affected by MOW undercurrent 
warming. The upper boundary of the biogenic GHSZ is strongly 
controlled by the MOW undercurrent, represents a zone of fragile 
equilibrium for methane hydrate stability, and is particularly 
vulnerable to sea level changes andjor oscillations of bottom 
seawater temperature. 

Predictive model show a high sensitivity to the bottom seawater 
temperature with a behavior as additive and independent variable. 
Besides, the model is little sensitive to sea level changes. Finally, 
geothermal gradient behavior is as correlated variable very 
dependent of gas composition. 
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