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Geothermal heat flow in gas hydrate zones can be determined theoretically from the Bottom-Simulat-
ing Reflector. A Bottom-Simulating Reflector (BSR) has been observed in multichannel seismic data 
from the Caribbean offshore Colombia. This anomalous reflector, known to correspond with the 

base of the Gas Hydrate Stability Zone (GHSZ), can be used to estimate a range of possible values for the 
local heat flow using the stability field of gas hydrates and the thermal conductivity of the sediments. The 
study area extends from northern Guajira in the north to the Gulf of Uraba in the south, covering some 
18 000 km2. The heat flow was found to be 27,6 ± 4 mW/m2 off the coast of Barranquilla, 37,9 ± 3,6 
mW/m2 for northern Guajira, 33,2 ± 5,5 mW/m2 for the central Guajira and 34,7 ± 9,4 mW/m2 for the 
Cartagena –Gulf of Uraba offshore areas. These results are comparable to heat flow estimates of 30 and 
42 mW/m2 obtained for the south Caribbean by others using alternate methods. The estimated heat flow is 
relatively low in relation to other continental margins. The continuous and fast sedimentation rate from the 
Magdalena River may explain the anomalously low heat flow in the river delta area. The Cartagena-Gulf of 
Uraba zone evidences the presence of advection heat loss in the accretionary wedge of the South Caribbean 
deformation front.

Keywords: gas hydrate, bottom simulating reflector (BSR), heat transfer, Caribbean area, Colombia.
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El flujo de calor en zonas con presencia de hidratos de gas puede ser determinado teóricamente a 
partir de la ocurrencia del reflector simulador de fondo (BSR por su sigla en inglés), el cual ha sido de-
tectado en registros de reflexión sísmica adquirida costa afuera del Caribe Colombiano.  Este reflector 

anómalo, el cual se cree que coincide con la base de la zona de estabilidad de la capa de hidratos de gas, 
permite estimar un rango de valores de flujo de calor a partir de los diagramas de estabilidad de los hidratos 
y la correspondiente conductividad termal de los sedimentos.  En este estudio se determinó el flujo de calor 
en el área costa afuera que se extiende desde la alta Guajira hasta el golfo de Urabá con un área interpre-
tada de BSR de aproximadamente 18 000 km2. Así, en estas regiones, el flujo de calor calculado varía de  
27, 6 ± 4 para el sector costa afuera de Barranquilla en la zona correspondiente al delta del río Magdalena,  
37,9 ±3,6 y 33,2 ± 5,5  mW/m2 para el sector costa afuera de la alta Guajira y Guajira central respectivamente y  
34,7 ± 9,4 para el sector costa afuera de Cartagena - Golfo de Urabá. Estos resultados son congruentes 
con estimaciones obtenidas en el Caribe Sur empleando métodos alternos, los cuales varían entre 30 y  
42 mW/m2.  Los resultados obtenidos indican un flujo de calor estimado relativamente bajo en relación con 
otras márgenes continentales.  La rápida y contínua sedimentación en el delta del río Magdalena parece 
disminuir el flujo de calor característico de esta zona. No hay evidencia de calor friccional en el frente de 
deformación del Caribe Sur. Sin embargo, la zona del golfo de Urabá en Cartagena evidencia la presencia 
de calor por advección en la cuña de acreción del frente de deformación Caribe Sur.

Palabras claves: hidratos de gas, reflector simulador de fondo, transferencia de calor, Caribe, Colombia.
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INTRODUCTION 

Knowledge about the flow of heat generated in-
side the earth is fundamental in order to understand 
local hydrodynamics (Hyndman & Davis, 1990), for 
geo-chemical modeling, (Tissot & Welte, 1984), and 
continental margin geo-dynamics (Grevemeyer & 
Villinger, 2001). Geothermal heat is transferred by 
conduction, convection, and/or advection, and distrib-
uted throughout the crust, and from there on, to the 
hydrosphere and the atmosphere, decreasing gradually 
outward (Turcotte & Schubert, 1982). Simplified heat 
flow is calculated according to Fourier’s law as follows 
(Turcotte & Schubert, 1982):

Where K is the material thermal conductivity, and  
is the geothermal gradient.

Several techniques can be used to measure heat 
flow. In continental zones, heat flow can be obtained 
directly at drilling sites. At the ocean bottom, heat flow 
can be measured with the aid of thermal probes, which 
penetrate into the surficial sediment, to estimate local 
heat flow. Indirectly, estimations derived from the depth 
of the limit of thermal stability and seismic reflectivity 
from the base of the gas hydrate layer are also used 
(Grevemeyer & Vilinger, 2001). In this research, the 
heat flow was calculated from the geothermal gradient 
constrained by the hydrate occurrence map since there 
exists seismic evidence for gas hydrate occurrences in 
the Colombian Caribbean continental margin.

Gas hydrates
Gas hydrates are solid substances composed of rigid 

water molecules that enclose natural gas. When the natural 
gas is mainly methane (>99%), these substances are named 
methane hydrates. Gas hydrates are important for three 
main reasons: (i) they represent a great potential energy 
resource, (ii) they pose a natural submarine slope stability 
risk, produced by their potential for destabilization, and 
(iii) they might result in “greenhouse” type climate effects 
due to their possible emission of methane into the atmos-
phere (Kennett, Cannariato, Hendy, & Behl, 2003). 

Gas hydrates are formed offshore at the ocean bot-
tom, and on land in permafrost zones, where appropriate 

physical conditions exist (moderately low temperatures 
and high pressures), and gas is available (e.g. zones 
saturated in gas and water) (Collett, 2002).

Previous work
Colombian Caribbean gas hydrate occurrence was 

first described by Shipley et al. (1979) base on the 
Bottom-Simulating reflector (BSR). Nevertheless, only 
few studies have derived thermal information from the 
occurrence of hydrates. 

Based upon four seismic lines acquired by Lamont 
Doherty Observatory in 1977, Ladd et al. (1984) inter-
preted the BSR along the South Caribbean deformed 
belt, between depths of 2,3 to 4,2 kilometers. They 
calculated the geothermal gradient from the observed 
BSR, obtaining a value of 313,15 K/km. Gomez and 
León (2000), evaluated the existence of methane 
hydrates in the Colombian Basin, concluding that 
hydrate deposits could store methane gas in the order 
of 22 TCM, based on regional seismic lines. Apply-
ing gas flow in porous media, heat conduction, and 
gas hydrate properties equations, Caicedo and Pinto 
(2003), validated a mathematical model obtained from 
de-pressurization of a hydrate deposit in contact with a 
gas layer, by using computer software (SDYHGAS). 

López (2005) determined the geothermal gradient 
from the BSR assuming that it represents the base of 
the gas hydrate stability zone. However a map of the 
regional heat flow variation does not yet exist. The 
heat flow maps derived from the BSR distribution in 
the study area mapped by López (2005) are shown in 
this paper.

The bottom simulating reflector
The occurrence, mapping, and estimations of the 

volume of marine gas hydrate accumulations are in-
ferred mainly from the presence of the BSR in seismic 
sections. BSR’s are anomalous seismic reflectors result-
ing from a change in acoustic impedance produced by 
a drop in the speed of sound, which is caused mainly 
by the presence of trapped gas under the hydrate stabil-
ity zone, i.e. the BSR marks a transition between the 
gas hydrate zone and the free gas zone (Kvenvolden, 
1998). Consequently, the BSR seems to match closely 
the base of the hydrate stability zone. This reflector 
can be identified by three particular characteristics: (i) 
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HEAT FLOW CALCULATION FROM BSR

The heat flow for the study area was estimated 
from the geothermal gradient data obtained by López 
(2005), which was itself indirectly estimated from 
the BSR observed in 2-D seismic lines. The method 
used by López (2005) is summarized in five steps: 
(1) interpretation of BSR and the seafloor from the 
seismic reflection data; (2) time-depth conversion 
of the BSR and ocean bottom maps by means of a 
velocity-depth function; (3) estimation of the pressure 
exerted by water column and sediments with methane 
hydrates, in order to obtain the total pressure at the 
base of the hydrate layer; (4) conversion from pres-
sure to temperature, based upon the methane hydrate 
stability diagrams by Shipley et al. (1979), in order to 
determine the temperature at the base of the hydrate 
layer; and (5) estimation of the geothermal gradient 
from the differences in temperature and depth be-
tween the ocean bottom and the base of the GHSZ, 
assuming that hydrates have a 96,5% methane content 
and 3,5% NaCl. According to López’s work (2005), 
the geothermal gradient is 30 ± 276,15 K/km for high 
Guajira, 26 ± 277,75 K/km for Central Guajira, 22 ± 
276,65 K/km for Santa Marta – Barranquilla sector, 

it emulates the shape of the ocean floor, (ii) it can cut 
transversely across stratigraphic reflectors, and (iii) it 
has an opposite polarity to the ocean bottom reflector 
(Kvenvolden, 1998). 

On the other hand, the absence of a BSR does not 
necessarily indicate an absence of gas hydrates, i.e. not 
all oceanic gas hydrate accumulations have associated 
BSR’s. Gas hydrates in the absence of BSR have been 
found in marine regions in Mexico, the United States, 
and other parts of the world (Collett, 2002). 

STUDY AREA

The region of interest is located in the Colombian Car-
ibbean Sea, and it extends from the Gulf of Uraba, in the 
south, to high Guajira, in the north, with a lateral extent 
ranging from 60 to 170 kilometers from the coastline. The 
area is located on and Southeast of the South Caribbean 
deformed belt, which is located along the Northwest bor-
der of the North Andean Block, from the Gulf of Uraba 
to the Guajira Peninsula (Ladd et al., 1984).

Figure 2. Location of the study area, Northwest corner of South 
America
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Figure 1. Segment of a seismic line with BSR. Notice it complies with 
the three typical characteristics of this reflector. (1) It follows the same 
shape of the ocean bottom (2) it cuts the stratigraphic reflectors, and 

(3) it has an opposite polarity to the ocean bottom reflector
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and 27 ± 281,15 K/km for Cartagena – Gulf of Uraba 
sector (Figure 3). 

In order to obtain heat flow distribution maps, 
López’s geothermal gradient maps (2005) were used 
in this study assuming constant thermal conductivity. 
Thermal conductivity is one of the variables generating 
most of the uncertainty in heat flow calculation, since it 
can vary widely in marine sediments (Minshull, Singh, 
& Westbrook, 1994). Since there are no in situ data 
available from the study area, a 1,25 W/m°K constant 
value suggested by Grevemeyer and Villinger (2001) 
and Minshull et al. (2005) was used. They claim that 
the variation of thermal conductivity with depth is small, 
and negligible with respect to the effects of gas hydrates. 
The 1,25 W/m°K value corresponds to the average of 
the Chilean (Grevemeyer & Villinger, 2001) and Cas-
cadia (Davis, Hyndman, & Villinger, 1990) margins, 
and it is consistent with the average thermal conductiv-
ity recorded at ODP well 99, where conductivities vary 
from 0,8 to 1,6 (Sigurdsson, Leckie, & Acton, 1997 ). 
Uncertainty in flow results thus calculated is typically 
10%, even though in some cases it might be larger 
(Grevemeyer & Villinger, 2001). 

A highly used empirical expression for the aver-
age thermal conductivity (k) from the surface was 
obtained by Davis et al. (1990): k= 1,07+5,86x10-4z 

– 3,24x107z2. This expression is used to analyse the 
variability of thermal conductivity with respect to gas 

hydrate thickness. As the thickness may be uncertain 
since the BSR does not show the top of GHSZ, heat 
flow may change from about 1,1 W/m°K (assuming 
a 0,1 m of thickness for the gas hydrate layer) to 1,33 
W/m°K (assuming the maximum thickness of 900 m 
for the gas hydrate layer in the Colombian Caribbean). 
These possible changes in thickness of the gas hydrate 
layer render an uncertainty in heat flow results that 
can vary from 1 to ~20%.

Regional heat flow variation
Heat flow in the Colombian Caribbean shows spatial 

variations, both parallel and perpendicular to the cur-
rent continental margin, and it is different for the three 
study areas. Table 1 shows mean values and standard 
deviations for each work zone. 

The Sinú Lineament marks the NW limit of the 
South Caribbean deformed belt, and it works as a refer-
ence line in order to analyze the variation of heat flow 
within the study zone. This lineament was drawn based 
upon the map published by Audemard, Machette, Cox, 
Dart and Haller (2000). The Sinu Lineament intersects 
Zone C longitudinally, it intersects and is tangential to 
Zone B, and lies some 60 kilometers north and west of 
Zone A (Figure 3). 

Heat flow maps provide an indication of heat flow 
base values and variability in the Colombian Caribbean 
(Figures 4, 6 and 8). Mean values in these maps indicate 
heat flow is relatively high in the High Guajira, where it 
reaches 37,9 mW/m2. Its standard deviation, which can 
be interpreted as measure of local variation, is relatively 

Figure 3. Location of zones A, B, and C, outlined by the presence of 
BSR. The Sinu Lineament is marked with a grey line

Figure 4. Zone A heat flow map
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low (3,6 mW/m2), compared to the remaining zones and 
could be due to variations in thermal conductivity. In 
Central Guajira, the mean value is 33,2 mW/m2, and it 
varies some 5,5 mW/m2 around this value. Zone B shows 
the lowest mean within the study area, with a value of 
27,6 mW/m2, and a standard deviation of 4 mW/m2. 
Zone C, which is dissected by the Sinú Lineament, shows 
a 34,7 mean value, and the largest local variation, with 
a 9,4 mW/m2 standard deviation. 

Figure 8. Zone C heat flow map. Grey line represents Sinu Lineament

The heat flow variations in the direction perpen-
dicular to the Sinu Lineament are showed in figures 5, 
7 and 9. Cross section A-A’ shows the heat flow vari-
ation offshore High Guajira. This cross section shows 
a slight regional heat flow variation, which seems to 
decrease towards the continent. The trend line obtained 
via regression suggest a heat flow decreasses towards 
the continent within the study zone at a rate of 0,16 
mW/m2 per kilometer along the section line. 

Figure 5. A'-A Cross-Section. See Figure 4 for location

Figure 6. Zone B heat flow map. Grey line represents Sinu Lineament

Figure 7. B'-B Cross Section. Vertical line represents the 
Sinu Lineament. Notice that heat flow is constant and 

homogeneous to the west of the Lineament
Figure 9. C'-C Cross-Section. Vertical line represents Sinu Lineament. 

Notice that the regional heat flow seems to increase towards the continent
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technique is sound. The heat flow values obtained in the 
present research for the different delimited zones (Table 
1) give results similar to the ones that were calculated on 
the margins of the Gulf of Mexico, Nicaragua and Costa 
Rica (Table 2). 

Zone C is interesting because it is being intersected 
by the boundary of Sinu lineament, which represents the 
front of the South Caribbean deformed belt, an accretion-

In contrast to the High Guajira section, section B-B’ 
seems to indicate a 20 to 27mW/m2 increase of heat flow 
toward the continent (Figure 5). Initially, 35 kilometers 
away from the coast line, a slight heat flow decrease 
around 2 mW/m2 is observed, after which it is constant 
up to 50 kilometers from the coast. From that point on, a 
low close to 5 mW/m2 is observed. The heat flow shows 
another deflection, which matches the Sinu Lineament 
boundary and is consistent with sediment thermal blan-
keting (Zhang, 1993) (Figure 6). 

In the 25 kilometers long Section C'-C, heat flow 
fluctuates between 30 and 40 mW/m2 moving from 
east to west (Fig. 9). It is constant along the first 7 kil-
ometers, decreasing to 35 mW/m2 along a 7 kilometers 
distance, which corresponds to a local low, beginning 
307 kilometers from the coastline. Some 321 kilometers 
away, where the Sinú lineament intersects the profile, a 
deflection of the trend line is found again as in Zone B, 
but in the opposite sense, that is, the gradient decreases 
west of the lineament, beginning 2 to 3 kilometers 
away from it. From this point on, it gradually climbs 
back to 40 mW/m2 (Figures 8 and 9). The regression 
line shows a 0,25 mW/m2 increase per linear kilometer 
toward the continent. 

Zone B is rather homogeneous, with a slight ten-
dency toward increased heat flow toward the continent 
(Figures 6 and 7). This heat flow behavior in the B 
zone might be related to the presence of the Magdalena 
River delta in this area, and its decreasing sediment 
contribution away from the coast, which influences 
heat flow to be smaller in the higher sedimentation 
zone. Magdalena River is the river contributing with 
the largest amount of sediment to the Colombian 
Caribbean coastline. 

DISCUSSION

The results of heat flow obtained with this technique 
are consistent for Zone C, with 30 mW/m2 calculated 
in the Gulf of Morrosquillo by García (1991), and with 
the 41,8 mW/m2 heat flow estimated by (Epp, Grim, & 
Langseth, 1970) for the Caribbean considering the ap-
propriateness of the thermal conductivity assumptions, 
that are included in the standard deviation of every 
calculation (as found in García, 1991), suggesting the 

Zone
Heat Flow Average

(mW/m2)

A-1 37,9 ±3,6

A-2 33,2 ± 5,5

B 27,6 ± 4,0

C 34,7 ± 9,4

Table 2. Estimated heat flows in several parts of the world

Place Reference
Heat Flow
(mW/m2)

Kerala-Konkan, 
India

Shankar et al.(2004) 50–130

Makran, 
Offshore Pakistan

Vohat et al. (2003) 43

Fiorland, 
New Zeland

Townend, 1997 30-51

Cascadia 
accretionary prism

Davis et al. (1990) 46-147

Nankai Trough, 
japan

Yamano et al. 
(1982)

50-80

Blake Ridge, USA
Yamano et al. 

(1982)
45

Gulf of Mexico, 
Western Sector 

Yamano et al. 
(1982)

38

Panama, 
East Pacific

Yamano et al. 
(1982)

84

Costa Rica, 
East Pacific

Yamano et al. 
(1982)

38

Nicaragua, 
East Pacific

Yamano et al. 
(1982)

31

Mexico, 
East Pacific

Yamano et al. 
(1982)

39

Table 1. Study area A, B, and C zones, heat flows
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ary prism, produced by the subduction of the Caribbean 
plate beneath the South American plate (Kellogg & 
Bonini, 1982). The thermal regime in accretionary prisms 
is controlled by many parameters and processes such as 
the age of the subducting plate, basal frictional heating, 
radiogenic heat production, the thermal and mechanical 
properties of the sediments, and the deformation pattern 
of the prism (Wang, Hyndman, & Davis, 1993). The heat 
flow behavior in zone C is opposite to that observed at 
other accretionary prisms, where heat flow decreases 
toward the continent, such as Cascadia, Makran, and the 
Middle American Trench (Ganguly, Spence, Chapman & 
Hyndman, 2000; Kaul, Rosenberger, & Villinger, 2000; 
Mishull et al., 2005). Heat flow in zone C might indicate 
that the tectonic piling in the accretionary prism of the 
South Caribbean generates a thermal wedge effect that 
attenuates heat in the outbound direction from the coast, 
or might indicate topographically driven advective heat 
transfer from fluids being expelled from deeper levels 
of the accretionary prism, commonly observed in this 
type of structures.

There is no local positive anomaly observed in the 
heat flow maps in areas where the Sinú Lineament is 
intersected. This might imply that the Sinu Lineament 
has not been active recently to generate enough heat to 
produce a positive anomaly, or that the lineament is a 
zone of active faulting where heat dissipates without 
a characteristic thermal abnormality taking place. 
The latter effect could be explained, for example, by 
an active hydrological system that might exist along 
the faults and permeable conduits, in such a way that 
these would allow cooling and consequently thermal 
equilibration of the accretionary prism. This behav-
iour is observed in Nankai, and Cascadia (Hyndman 
& Davis, 1990), and it also might explain the differ-
ences along the strike of the deformation zone, since 
it is possible to expel hot waters as well as cool ones, 
as is typical of the cold and hot springs observed in 
thrust belts (Osadetz et al., 1992).

Generally speaking, the heat flow values obtained do 
not reveal great variations in the continental shelf and 
slope in the Colombian Caribbean. However, off the 
coast at Barranquilla-Santa Marta (zone B), the region 
corresponding to Magdalena River delta shows relatively 
smaller heat flows than the rest of the study area. Zone B 
is a high sedimentation area, showing mud diapires (Du-

que-Caro, 1984), and consequently with higher gas and 
water concentrations, which might imply low thermal 
conductivity. Additionally, it is possible that the continu-
ous supply of sediments does not allow the thermal state 
of the basin to stabilize. On the other hand, independently 
of the sedimentation rate, the delta sediments (sands 
and mud) might exert a thermal isolating effect, since 
they have a relatively low thermal conductivity. Low 
thermal flow values might result from the effect of fast 
and continuous sedimentation (Zhang, 1993). 

As it might be observed in each of the zones, A, B, 
and C, some local heat flow highs and lows appear in 
the 5 mW/m2 range. There are several possible explana-
tions for the local heat flow variations. Some authors 
explain the local heat flow variations as environmental 
processes perturbing superficial flow (Vanneste, Poort, 
Batist, & Klerkx, 2003). Others consider hydrothermal 
circulation within the ocean crust, as is the case in 
Cascadia (Davis et al., 1990). In most cases, however, 
it is considered that fluid migration plays the main role 
in these local variations, contributing not only to the 
formation of the gas hydrates, but also to their disso-
ciation (Chand & Minshull, 2003). In the study area it 
is common to find diapirs and mud volcanoes (Duque-
Caro, 1984; Ojeda, Hernández, & Olaya, 2004), which 
might affect the heat flow locally, because of their role 
in advective heat transfer by fluids migrating in the 
accretionary complex. 

An important issue regarding fluid migration is that 
along with gas, heat migration is produced. This might 
cause local dissociation of gas hydrates, which might 
be observed seismically at the BSR level. This proc-
ess might result in a BSR migration or formation of a 
double BSR in some cases (Chand & Minshull, 2003). 
Faults, for instance, may act as conduits transporting 
fluid flows (water and gas) and thus heat flow. Figure 
10 shows a sector of a seismic line from zone B. In 
this section, a local BSR dislocation is observed, as 
an effect of a fault, and the heat flow of the footwall 
is larger than that of the hanging wall. Nevertheless, 
this evident variation in heat flow in Figure 10 is in 
the 3 mW/m2 range. This figure might indicate low 
fluid flow through this fault, or, alternatively, that its 
movement is recent enough to have perturbed the heat 
flow substantially. To the right of this slight decrease 
in heat flow, a subsequent increase in the 3 mW/m2 
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CONCLUSIONS

• With this study, the spatial heat flow variation in the 
Colombian Caribbean was assessed. It is character-
ized as being relatively homogeneous in each zone, 
with some local highs and lows in the 5 mW/m2 
range above and below the base value for each zone. 
Even though there are local variations, there is not a 
regional trend of heat flow increase or decrease in a 
certain direction. These values are distributed from 
north to south within a 37,9 ±3,6, 33,2 ± 5,5 mW/m2 
range for the high and central Guajira, respectively; 
27,6 ± 4 mW/m2 for Santa Marta-Barranquilla, and 
34,7 ± 9,4 mW/m2 for Cartagena-Gulf of Uraba. 
The sector corresponding to the Magdalena River 
(B zone) shows low heat flow, possibly due to low 
conductivity of sediments, active and rapid sedi-
mentation (which is characteristic of this zone) and 
large thickness of the unconsolidated sedimentary 
column. 

• The results of this study provide evidence of ad-
vectional heat in the accretionary wedge. At zone 
C, which contains the trace of the South Caribbean 
deformation front, the increase of flow toward the 
continent enables inferring that the accretionary 
prism generates a thermal wedge effect, which 
attenuates heat in the outbound direction from the 
coast, and that fluid migration processes could be 
taken place in this zone. 

Figure 10. Estimated heat flow on seismic line sector at zone B

Figure 11. Seismic line CT1-25. Notice the irregular heat flow 
behavior. (Modified from Lu, Mc Millen, & Phillips, 1983)

range is observed, which is coincident with a diapir 
and mud volcano, and hence it shows the heat gener-
ated by mud rise.

Likewise, in Figure 10, seismic line CT1-25, pub-
lished by Lu et al. (1983) can be seen. It is located 
on zone C, with some heat flow points graphed on it. 
Heat flow behavior along this section is very irregular, 
which might suggest a larger flow of crustal fluids in 
this zone. 



CT&F - Ciencia, Tecnología y Futuro  -  Vol. 3  Núm. 2      Dic. 2006

CAROLL LóPEZ AND GERMáN Y. OjEDA

38

• The most probable explanation for the spatially 
irregular heat flow behavior at zone C is the pres-
ence of faults and fractures, which might operate 
as conduits for fluid flow. The small variations in 
heat flow at the northern part (zone A and B) ap-
pear to be dependant on the thermal conductivity 
assumptions. Finally, it can be concluded that the 
Colombian Caribbean continental margin is a region 
with a relatively low heat flow compared to other 
continental margins. 
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