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Abstract: An update of the geothermal gradient and heat flow maps for offshore Malaysia based on oil and gas industry 
data is long overdue. In this article we present an update based on available data and information compiled from 
PETRONAS and operator archives. More than 600 new datapoints calculated from bottom-hole temperature (BHT) data 
from oil and gas wells were added to the compilation, along with 165 datapoints from heat flow probe measurements at 
the seabed in the deep-water areas off Sarawak and Sabah. The heat flow probe surveys also provided direct measurements 
of seabed sediment thermal conductivity. For the calculation of heat flows from the BHT-based temperature gradients, 
empirical relationships between sediment thermal conductivity and burial depth were derived from thermal conductivity 
measurements of core samples in oil/gas wells (in the Malay Basin) and from ODP and IODP drillholes (as analogues for 
Sarawak and Sabah basins). The results of this study further enhanced our insights into the similarities and differences 
between the various basins and their relationships to tectonic settings. The Malay Basin has relatively high geothermal 
gradients (average ~47 °C/km). Higher gradients in the basin centre are attributed to crustal thinning due to extension. 
The Sarawak Basin has similar above-average geothermal gradients (~45 °C/km), whereas the Baram Delta area and the 
Sabah Shelf have considerably lower gradients (~29 to ~34 °C/km). These differences are attributed to the underlying 
tectonic settings; the Sarawak Shelf, like the Malay Basin, is underlain by an extensional terrane, whereas the Sabah 
Basin and Baram Delta east of the West Baram Line are underlain by a former collisional margin (between Dangerous 
Grounds rifted terrane and Sabah). The deep-water areas off Sarawak and Sabah (North Luconia and Sabah Platform) show 
relatively high geothermal gradients overall, averaging 80 °C/km in North Luconia and 87 °C/km in the Sabah Platform. 
The higher heat flows in the deep-water areas are consistent with the region being underlain by extended continental 
terrane of the South China Sea margin. From the thermal conductivity models established in this study, the average heat 
flows are: Malay Basin (92 mW/m2), Sarawak Shelf (95 mW/m2) and Sabah Shelf (79 mW/m2). In addition, the average 
heat flows for the deep-water areas are as follows: Sabah deep-water fold-thrust belt (66 mW/m2), Sabah Trough (42 
mW/m2), Sabah Platform (63 mW/m2) and North Luconia (60 mW/m2).
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INTRODUCTION
Geothermal gradients are an important parameter in the 

analysis of sedimentary basins, particularly for the modelling 
of organic maturation and petroleum systems. It provides a 
starting point for the estimation of heat flow in a particular a 
region and is closely related to tectonic setting. The primary 
source for geothermal gradients at continental margins is 
temperature measurements in oil and gas wells. Much of those 
data, however, remained locked in oil company archives.

The offshore Tertiary sedimentary basins of Malaysia 
provide valuable information on the geothermal gradient of 
the Southeast Asian region. Unfortunately, large data gaps 
exist in the current geothermal gradient maps which were 
published in 1999. Figure 1 shows the geothermal gradient 
data for offshore Malaysia from Madon (1999), along with 
public domain data obtained from the Global Heat Flow 
Database (GHCG, 2013). An update is long overdue. In 

this article we present an updated geothermal gradient 
database for offshore Malaysia that incorporates previously 
unpublished information compiled from regional studies 
conducted by various oil and gas operators in Malaysia. 

This is a progress report of an on-going effort to 
update the geothermal gradient and heat flow maps of 
Malaysia’s offshore regions. Our objectives in this study 
were to review, verify and validate the geothermal data in 
a consistent manner to generate the updated maps. With this 
update, we also made some observations on the geothermal 
gradient, thermal conductivity and heat flow data and their 
geological implications.

GEOLOGICAL SETTING
The main Tertiary sedimentary basins of Malaysia 

are situated in three regions – offshore east of Peninsular 
Malaysia (namely the Malay and Penyu basins), offshore 
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Sarawak (Sarawak Basin) and offshore NW Sabah (Sabah 
Basin). The basins are filled with more than 12 km of 
sediments which range in age from at least late Eocene to 
Quaternary. The Malay and Penyu basins are extensional 
or strike-slip related basins developed on late Mesozoic 
continental crust (Madon et al., 1999; Morley, 2002; Morley 
& Leong, 2008; Madon et al., 2019). The Sarawak and 
Sabah basins are continental margin basins which had a more 
complex history involving rifting, collision and subduction 
associated with the evolution of the eastern Sundaland 
margin and the South China Sea during the late Cretaceous 
to Tertiary (e.g., Taylor & Hayes, 1983; Hayes & Nissen, 
2005; Pubelier & Morley, 2014; Hall & Breitfeld, 2017). 

Whereas the Malay and Penyu basins are essentially 
rift-type intracontinental basins formed in continental crust 
underlying the broad Sunda Shelf, the Sarawak and Sabah 
basins are part of the greater NW Borneo basin system. The 
latter is underlain by attenuated continental crust that forms 
the southern rifted margin of the South China Sea marginal 
basin (Gozzard et al., 2016), with which its tectonic history is 
closely interlinked (e.g., Hazebroek & Tan, 1993; Hutchison, 
2004, 2010; Hutchison & Vijayan, 2010; Franke et al., 
2008, 2011). The various tectonic histories have resulted in 
contrasting sedimentary and geomorphological evolution of 
the three regions and, as this study shows, also resulted in 
differing geothermal and heat flow regimes.

DATA SOURCES
In Malaysia, data related to oil and gas are held by 

PETRONAS, the national oil company. The last geothermal 
gradient compilation was published in 1999 in PETRONAS’s 
book, “Petroleum Geology and Resources of Malaysia”, 
Chapter 5 (Madon, 1999). We have included as many 
datapoints as possible from the archives of PETRONAS, 
including data from wells drilled before 1999 but were not 
available previously and from wells drilled subsequently 
until 2017. In addition, we have also reviewed and included 
unpublished data from Shell and Esso that were made 
available to us during data room sessions.

To complement the Malaysian data and to fill the data 
gaps in neighbouring offshore areas, we also included data 
from the intervening areas in offshore Brunei, mainly from 
Sandal (1997), and in the Natuna region (Indonesia), mainly 
from the SEAPEX/IPA geothermal gradient map (Kenyon 
& Beddoes, 1977; Rutherford & Qureshi, 1981) as well as 
the relatively recent data from Budi & Miftahul (2014). 
Finally, we compared our data with the available Malaysian 
data in the Global Heat Flow Database maintained by the 
International Heat Flow Commission (IHFC) (http://ihfc-
iugg.org/) (GHCG, 2013) in order to check their accuracy 
and identify potential errors. The distribution of the global 
data outside Malaysian waters are plotted as green circles 
in Figure 1.

Figure 1: Map of offshore regions of Malaysia showing the sediment thickness in the three major basins (Malay, Sarawak and Sabah basins) 
based on GlobSed global grid (Straume et al., 2019) overlaid with geothermal gradient datapoints (white circles) from the PETRONAS 
map compiled by Madon (1999). The total number of datapoints in that compilation was 216 excluding those outside Malaysia’s maritime 
boundaries but including some points from Brunei. Green circles represent data from the Global Heat Flow Database (GHCG, 2013).
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Data corrections
Present-day geothermal gradients in sedimentary basins 

are usually estimated from measurements of formation 
temperatures in oil and gas wells. These are derived from 
bottom-hole temperatures (BHT) of the circulating drilling 
mud in oil/gas wells during logging runs or from formation-
fluid temperatures recorded during repeat formation tests 
(RFTs), drill-stem tests (DSTs) and production tests (PTs). 
Barring any operational errors or instrument failures, 
temperatures measured during DSTs and PTs are generally 
considered to be the most reliable (Hermanrud et al., 1990, 
1991; Peters & Nelson, 2009) and are generally accepted as 
valid without further correction. BHTs are generally lower 
than the true formation temperatures and must be corrected, 
using one of a number of correction techniques (e.g., Waples 
& Ramly, 1994; 2001). Based on their analysis of Malay 
Basin data, Waples & Ramly (1994) recommended that 
a standard correction of +16% be added to BHT-derived 
temperatures.

Malay and Penyu basins
Early estimates of the geothermal gradient in the Malay 

Basin were made by Matsubayashi & Uyeda (1979) based on 
BHTs in eight exploration wells. This was followed by the 
work of Wan Ismail (1984a, b) who used a more extensive 
data base of 49 wells, including measurements of thermal 
conductivity of over 650 core samples from the Malay 
Basin. In that study, temperature gradients were calculated 
from BHTs corrected using the standard method (Evans & 
Coleman, 1974). Wan Ismail (1990) expanded the database 
to include PT data from 23 wells. This body of work on 
Malay Basin formed the basis for an MSc thesis (Wan Ismail, 
1993), a large part of which remained unpublished. The 
Malay Basin database was updated by Mohd Firdaus (1994) 
who obtained more measurements of thermal conductivity in 
core samples, not just from Malay Basin but also from the 
Sarawak and Sabah basins. Subsequently, more datapoints 
compiled from well completion logs and well test results 
were added to this database (Madon, 1999). The results up 
to that time showed that the geothermal gradients in the 
Malay Basin range between 45 and 60 °C/km, with several 
wells in the basin centre having values >70 °C/km. We have 
included all these previous datasets in our compilation and 
added new datapoints from wells that have BHT data. For 
the calculation of geothermal gradients in the Malay and 
Penyu basins, where the wells in our compilation were drilled 
in water depths of between 33 and 85 m (average 65 m), a 
constant seabed temperature of 24 °C (75 °F) was assumed.

Sarawak and Sabah basins
In offshore Sarawak and Sabah, the data were compiled 

from unpublished regional studies, such as those by Shell 
(e.g., Jong & Ho, 2000; Scherer et al., 2000), as well as 
from well summary reports for the post-2000 wells, with 
input from our ex-colleagues in Shell and PETRONAS. 

As mentioned, since raw BHTs obtained from wireline 
logs are generally cooler than true formation temperatures, 
corrections have been applied. In the dataset compiled by 
Shell, it was noted that the BHT data were corrected by 
either the CTRM (Compensated Time Ratio Method; Burri & 
Miroschedji, 1976), or the CTCYM (Corrected Temperature 
by the Cylinder Method; Brandenburg, 1994) methods. Both 
these methodologies were developed in-house by Shell 
and are variants of the Horner plot correction procedure.  
Wells drilled by other operators were generally corrected 
by the Horner plot method, especially when multiple BHT 
measurements from successive logging runs were available. 
Geothermal gradients were then calculated based on the 
corrected BHTs. 

It is important to point out that the value of seabed 
temperature used in the calculation of geothermal gradient can 
have a significant impact on the results, especially if the water 
depth range is large. In the Sarawak and Sabah basins, wells 
were drilled in water depths ranging from 0 to almost 2000 m. 
The seabed temperature is therefore unlikely to be constant. 
Seabed temperature data for NW Borneo margin compiled 
by Shell (Jong & Ho, 2000) show that seabed temperature 
decreases exponentially with increasing water depth, with 
temperatures dipping below 10 °C at a water depth of about 
375 m (Figure 2A). On the shelf, where water depths are 
less than 200 m, seabed temperatures seem to vary almost  
linearly between about 30 °C and 14.5 °C (Figure 2B). It is 
noted that in our compilation 95% of the wells in offshore 
Sarawak and Sabah were drilled in water depths of less than 
375 m. If we consider only the seabed temperatures down 
to 375 m, the mean seabed temperature is 23.6 °C (standard 
deviation of 5.51 °C). Thus, it seems reasonable to assume an 
average seabed temperature of 24 °C for shallow water wells, 
as was done in the Malay Basin. For the Sarawak and Sabah 
basins, however, due to the large range in water depths, using 
a constant seabed temperature may have a significant effect 
on the calculated geothermal gradients. Based on our review, 
the seabed temperature data in Figure 2A have been used as 
a guide to determine the appropriate seabed temperatures in 
the calculation of geothermal gradients.

A major addition to the current geothermal gradient 
database are numbers compiled for the first time from the 
deep-water areas of Sarawak (North Luconia) and Sabah 
(Sabah Platform or Dangerous Grounds) (Figure 3). This was 
made possible by the availability of direct measurements of 
heat flow at the seabed using marine heat-flow probes (see, 
e.g., Nagihara et al., 2002 for a summary of the technique). 
The marine heat flow surveys were carried out between 2002 
and 2013 by PETRONAS and several other oil companies 
who operated in their deep-water acreages. None of the studies 
have been published except some aspects of heat flow by 
JX Nippon in the Sabah Trough (McGiveron & Jong, 2018). 
There was also some information from deep-water Brunei 
(Zielinski et al., 2007), to which we do not have access. 
Neither of these published studies include specific details 
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Figure 2: Seabed temperature data for NW 
Borneo margin compiled by Shell (Jong & 
Ho, 2000). (A) Seabed temperatures in water 
depth down to 2000 m, showing exponential 
decrease in temperature with increasing water 
depth. (B) A subset of the data in A showing 
only data from 0 to 200 m (shelf area). The 
temperature change with depth from 30 °C 
to 14.5 °C can be approximated by a linear 
regression line as indicated. (C) Histogram 
of seabed temperatures from the dataset in A 
within the depth range of 0 to 375 m shows a 
mean of 23.6 °C and standard deviation (s.d.) 
of 5.51. Note that the higher frequencies in the 
upper range of temperatures is due to more 
wells drilled in shallow water (hence higher 
seabed temperatures).

Figure 3: Marine heat flow surveys carried out by 
various oil companies (2002 – 2013) and research 
institutions (BGR, 1987-88) in the deep-water 
areas, which include North Luconia, Sabah Platform 
and Sabah Trough. This dataset complements the 
data available on the shelf (white circles on blue 
background) and onshore regions collected through 
years of oil/gas exploration since the early 1950s. 
Bathymetric contours at 200 m intervals start at -200 
m (shelf-slope break) down to -2000 m water depth.

of the geothermal gradient or heat flow data. Besides the oil 
company surveys, marine heat flow surveys were undertaken 
in the Sabah Trough by the German Federal Institute for 
Geosciences and Natural Resource (BGR) during its 1987-88 
cruises. The results were also included in our compilation.

All the heat-flow probe surveys mentioned above, 
which were largely in unexplored and undrilled deep-water 
regions, provided important information that complements 
the BHT-derived data in the shelf areas, as well as the 
proximal deep-water areas of Sarawak and Sabah. In total, 
these heat flow surveys contributed 165 additional datapoints 
to our database. With this dataset, we now have in our 
compilation a total of 835 datapoints from the three major 
Tertiary basins of Malaysia.

GEOTHERMAL GRADIENT RESULTS
Malay and Penyu basins

A map of geothermal gradients of the Malay and Penyu 
basins is shown in Figure 4. We can see that most of the 
geothermal gradients in the Malay Basin are above 35 °C/
km, with some reaching 75 °C/km. Some lower values 
are observed in the Penyu Basin. It is worth pointing 
out that since the datapoints were based on oil/gas wells, 
they are located on structural anomalies, many of which 
are hydrocarbon-filled structural traps. As no wells have 
been drilled in the synclinal areas between the structures, 
the datapoints may be considered as “anomalies” due to 
“biased” sampling of geothermal gradients. Also, the high 
geothermal gradients on these structural highs may be as 



Geothermal gradient and heat flow maps of offshore Malaysia: Some updates and observations

163Bulletin of the Geological Society of Malaysia, Volume 71, May 2021

expected since they could have been influenced by migration 
of hot hydrocarbon-bearing fluids from deep sources (kitchen 
areas). The close link between hydrocarbon pools and high 
geothermal gradients has long been established in some 
basins (Majorowicz et al., 1986; Jones & Majorowicz, 1987; 
Zielinski et al., 2007; Tang et al., 2014). It is also noted that 
the high values of geothermal gradient (>35 °C/km) occur 
mainly in the central basin trough, which approximately 
coincides with the 4000 m sediment thickness contour. 

The geothermal gradient can be displayed in two 
dimensions by projecting the data onto a 2D plane located 
along a profile across the central Malay Basin (Line AA’ in 
Figure 4). The profile clearly shows that lower geothermal 
gradient values mainly occur on the basin flanks whereas 
the number of high geothermal gradient values gradually 
rise towards the basin centre. The envelope of maximum 
geothermal gradient (approximated by the dashed line 
in Figure 5) is almost a mirror image of the top of pre-
Tertiary basement identified on the interpreted seismic 
section RC93-13 (lower panel in Figure 5). The apparent 
correlation between geothermal gradient and basement 
depth is likely to be related to crustal thinning beneath the 
basin as a result of basin extension. Due to isostasy, the 
top of basement is deepest and the sediment fill thickest 
where the underlying crust is thinnest. Gravity models have 
shown that the crust beneath the basin had been thinned by 
at least a (β) factor of 2.3 (Madon & Watts, 1998). Where 
the crust is thinner beneath the basin centre, lithospheric 
mantle is shallower and thus causing the higher heat flow 
and geothermal gradient. 

The data for the Penyu Basin has been updated based on 
recently published information (Madon et al., 2019). They 
show some low values (< 35 °C/km) compared to those of 
the Malay Basin. The much smaller dataset for the Penyu 
Basin is not sufficient to define any patterns in geothermal 
gradient. Like the Malay Basin, the Penyu Basin is also 
underlain by thinned crust (β=2) as indicated by gravity 
modelling (Madon & Watts, 1998). The lower geothermal 
gradients overall, however, probably indicate absence of 
major hydrocarbon accumulations and the lack of hot fluids 
circulating or migrating within the basin. It is noted that 
geothermal gradients on the Tenggol Arch between the Malay 
Basin and Penyu Basin are slightly higher, ranging from 35 
to 55 °C/km, with one point up to 65 °C/km.

Sarawak and Sabah basins
The 1999 geothermal gradient map of offshore Sarawak 

and Sabah (Madon, 1999) was based on a compilation 
by Occidental Oil Co. (Oxy) in 1989 and consisted of 
approximately 250 datapoints. We have now updated the 
database with more than 500 points compiled from the 
archives of PETRONAS and Shell (Figure 6). Also included 
are datapoints on the Brunei Shelf (Sandal, 1997), which 
show strong similarities with the Sarawak side of the Baram 
Delta Province as well as the Sabah Shelf. Geothermal 
gradients in the Baram Delta are generally 35 °C/km or 
less (green points, Figure 6) whereas on the Sarawak Shelf 
the gradients are mainly >35 °C/km (yellow and orange 
points, Figure 6). It should be pointed out also, as for the 
Malay Basin, there may have been a biased sampling of 

Figure 4: Geothermal gradients in 
the Malay and Penyu basins, whose 
outline is indicated by the sediment 
thickness contours at 2000 m. Line 
AA’ represents the location of a NE-
SW oriented 2D plane (shown in 
Figure 5) onto which the temperature 
gradient points have been projected, 
in order to represent a 2D profile of 
the geothermal gradient across the 
basin. Sediment thickness contours 
were extracted from GlobSed grid 
(Straume et al., 2019).
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Figure 5: Geothermal 
gradient  profi le 
Line AA’ across the 
Malay Basin. Upper 
panel shows the 
geothermal gradient 
data points projected 
onto the 2D plane 
AA’ (see Figure 4 
for location). Lower 
panel is an interpreted 
se ismic  sect ion 
along the profile, 
based on regional 
seismic line RC93-
13 (redrawn from 
Yu & Yap, 2019). 
Tertiary sediments 
filling the basin are 
colour-coded. High 
geothermal gradients 
seem to correlate 
with thick sediment 
fill at the basin centre 
where the crust is 
probably thinnest. 

F i g u r e  6 : 
Geothermal gradient 
p o i n t s  i n  t h e 
Sarawak and Sabah 
basins compiled in 
the current update. 
Lines BB’, CC’, and 
DD’ are the location 
of 2D planes onto 
which geothermal 
gradient datapoints 
are projected, as 
shown in Figures 7 
and 9. Profile BB’ 
includes only data 
points south and 
east of line BB’ 
excluding those 
beyond the shelf-
break in the Sabah 
Trough. Profile CC’ 
includes only data 
points located west 
of line CC’, while 
Profile DD’ includes 
only data points east 
of line DD’.

A A'LINE AA' - Malay Basin Geothermal Gradient 
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geothermal gradients in Sabah and Sarawak, since the wells 
commonly targeted structural highs and, as often the case 
in the Baram Delta, are located near growth faults where 
sand-shale ratios (and therefore fluid transmissibility) are 
typically higher. Thus, in places close to growth fault 
structures, heat transfer by fluid flow tends to increase the 
temperatures at any given depth compared to areas down-
dip from the faults. Furthermore, higher sedimentation rates 
away from growth faults tend to depress the temperatures 
at any given depth, resulting in lower geothermal gradients. 
Similar trends linked to sedimentation rates and fluid flow 
effects have been observed in the US Gulf Coast (e.g., 
Border et al., 1985).

In Figure 6, a line of contrast in geothermal gradients 
roughly coincides with the 200 m isobath that marks the 
NW-trending shelf-slope break at the western limit of the 
Sabah Trough. This feature also represents the approximate 
position of the West Baram Line (WBL) which is often 
interpreted as a major tectonic discontinuity of regional 
geological significance in the NW Borneo margin (e.g., 
Cullen, 2014; Kessler & Jong, 2016). As indicated by the 
contrasting colour-coded datapoints in Figure 6, the Sarawak 
Shelf is characterised by relatively higher geothermal 
gradients (with values similar to the Malay Basin) whereas 
the deep-water areas (North Luconia, Dangerous Grounds 
and Sabah Trough) generally have higher geothermal 
gradients compared to the shelf areas.

As was done for the Malay Basin, the geothermal gradient 
data were projected onto 2D planes to show their distribution 
along and across the margin. For this purpose, three synthetic 
2D profiles were created as shown on the map in Figure 6; 
one profile along strike (BB’) sub-parallel to the Sarawak 
and Sabah coastline extending for 1000 km, and two NW-SE 
profiles perpendicular to the coastline, one across the Sarawak 
margin (CC’), and the other across the Sabah margin (DD’). It 
should be pointed out that these are not actual profiles but are 
merely 2D planes onto which the datapoints are projected. In 
Figure 7, for example, profile BB’ represents the projection of 
all datapoints that are located landward of the 200 m isobath 
and to the south and east of line BB’. In other words, the plot 
in Figure 7 represents only those points on the Sarawak Shelf, 
Baram Delta and Sabah Shelf; datapoints in the Sabah Trough 
are excluded. We can see from the profile, as indicated also by 
the map in Figure 6, that generally the geothermal gradients 
on the Sarawak Shelf are significantly higher (average 45.9 
°C/km) than those in the adjacent Baram Delta area (average 
28.9 °C/km). As mentioned, the boundary between an area of 
generally high geothermal gradient (Sarawak Shelf) and an 
area of low geothermal gradient (Baram Delta) is represented 
by the NW-trending 200 m isobath at the shelf-slope break 
facing the Sabah Trough, which is also the approximate 
location of the WBL.

The artificial profiles BB’, CC’ and DD’ in Figure 6 
effectively subdivides the margin into several quadrants and 
their constituent datapoints. Starting from the southwest, they 

are Sarawak Shelf, Baram Delta, Sabah Shelf, and the deep-
water areas of North Luconia and Sabah Platform in Sarawak 
and Sabah, respectively. Figure 8 shows the histograms 
and statistics of the geothermal gradient datapoints in the 
individual quadrants, along with those of the Malay and 
Penyu basins. The average geothermal gradient for each 
quadrant (region) is compared with estimates from previous 
works (Table 1).

The similarities and differences in geothermal gradients 
between the basins may be related to their tectonic settings. 
The Sarawak Basin is underlain by extensional terranes 
characterised by Eocene-Oligocene half-grabens in the 
pre-Oligocene (pre-Cycle I) crust, as has been documented 
particularly in the Half-Graben and Tatau provinces on the 
southwestern Sarawak Shelf (Madon & Redzuan, 1999; 
Jabbar et al., 2015). The geothermal gradient is therefore 
expected to be relatively high, although slightly lower than 
that of the Malay Basin (compare Figures 8A and 8F). The 
Baram Delta, as are many deltaic basins, is characterised by 
rapid sedimentation rate and consequently thick sediment 
accumulation. In some basins, it has been shown that 
geothermal gradients tend to be lower in areas of rapid 
sedimentation due in part to the thermal blanketing effect 
of “cool” sediments inhibiting heat transfer to the surface 
(Karner, 1991). Studies have shown that a pile of thick 
sediments in basins retards the heat flow to the surface, 
resulting in lower geothermal gradients (e.g., Kim et al., 
2020). Like the Baram Delta, the Sabah Shelf is underlain 
by a huge thickness of sediments and therefore shows similar 
but slightly higher geothermal gradient values, especially 
in the outboard areas towards the Sabah Trough.

Figure 9 shows the projected geothermal gradient data 
along Lines CC’ and DD’ (see Figure 6 for location) which 
represent the dip profiles of geothermal gradient across the 
Sarawak and Sabah margin, respectively. The data clearly 

Table 1: Summary of geothermal gradients determined in this study, 
compared with previous works. Deep-water areas are separated into 
Sabah deep-water fold-thrust belt (DWFTB), Sabah Trough, Sabah 
Platform (or Dangerous Grounds) and Sarawak Deep-water (or 
North Luconia). n.a. – not available in previous studies.

Basin (region) Rutherford & 
Qureshi (1981)

Mohd 
Firdaus 
(1994)

This study

Malay Basin 44.7 51.8 47.6
Sarawak Shelf 42.8 43.3 45.2
Baram Delta n.a. n.a. 28.7
Sabah Shelf 28.2 30.5 31.7
Sabah DWFTB n.a. n.a. 63.8
Sabah Trough n.a. n.a. 45.7
Sabah Platform n.a. n.a. 87.0
Sarawak 
Deep-water n.a. n.a. 80.1
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Figure 7: Top panel is a 2D
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Figure 8: Histograms of geothermal gradient 
points plotted in Figures 4 and 6 for the 
different segments of the Malaysian offshore 
regions, summarised by the corresponding 
statistics. (A) Sarawak Shelf. (B) Baram 
Delta, including Sarawak, Brunei and Sabah 
parts. (C) Sabah Shelf. (D) North Luconia 
(deep-water Sarawak). (E) Sabah Platform 
(Dangerous Grounds, deep-water Sabah). (F) 
Malay Basin. Except for regions D and E, all 
datapoints are located landward of the 200 
m isobath. The black curves in all the graphs 
represent the calculated normal distribution 
with the stated mean and standard deviation, 
while the red curves represent the normal 
distribution calculated based on the Median 
Absolute Deviation (MAD) with the standard 
deviation given by 1.4826*MAD. Note that 
in (D) where the distribution is more erratic, 
MAD is a better estimator of the central 
location of the distribution (i.e. median).

show higher geothermal gradients in the deep-water areas of 
both Sarawak (North Luconia) and Sabah (Sabah Platform) 
compared to the adjacent shelf areas. There is significant 
scatter, however, in the geothermal gradient values from point 
to point due to localised effects of hydrothermal activity 
and pore-water advection, as reported in the marine survey 
report (Zielinski & Zielinski, 2003). 

Marine heat flow surveys
Heat flow surveys using heat flow probes in the deep-

water areas off Sarawak and Sabah (in water depths down to 
>2900 m) have been carried out by oil companies including 
PETRONAS since 2002. These surveys covered much of 
North Luconia, Sabah Platform (Dangerous Grounds) and 
Sabah Trough (Figure 3), and provide critical geothermic 
information in the deep-water areas in order to complement 
the BHT data from the shelf areas. In 2002 Hess surveyed 
the northern slopes of the Sarawak margin where a number 
of exploration wells were subsequently drilled. In 2003 Shell 
carried out heat flow surveys in several deep-water blocks 
in the Sabah Trough: Block E at the north-eastern edge of 
Central Luconia facing the Sabah Trough and Blocks G 
and J in the deep-water fold-thrust belt (DWFTB) (Figure 
3). Murphy surveyed the north-eastern part of the DWFTB 
in 2005 and in 2013 JX Nippon collected heat flow and 
geothermal gradient data in the south-western part, close to 
Brunei. Some aspects of the JX Nippon survey have been 
published by McGiveron & Jong (2018). These two surveys 
by the oil industry complement the heat flow measurements 
by BGR taken during its research cruises SO-49 (1987) and 
SO-58 (1988) in the central parts of the Sabah Trough as 
part of its research collaborations with PETRONAS during 
the late 1980s (e.g., Hinz et al., 1989).

Also, in 2003 PETRONAS commissioned a major heat 
flow survey further outboard in the Sabah Platform and North 
Luconia areas, covering large parts of the deep-water areas of 
Sarawak and Sabah (Zielinski & Zielinski, 2003). Altogether, 
there were 92 sites in water depths of 800 to >2000 m, where 
in situ measurements of geothermal gradient and heat flow 
were taken simultaneously using thermistors attached to 
gravity core barrels. Thermal conductivity was also measured 
on sediment cores on board the ship. All the measurements, 
41 for Sarawak and 51 for Sabah, were reported as valid 
measurements, including several anomalously high values 
of temperature gradient and heat flow (> 290 °C/km, and 
correspondingly > 230 mW/m2) with one particular site 
registering 1900 °C/km. Similar high readings were recorded 
in the Brunei margin where Zielinski et al. (2007) reported 
an abnormal heat flow value of 600 mW/m2 associated with 
a “mega-seep” through a submarine mud volcano. 

In Figure 9A, geothermal gradients start to increase 
dramatically seaward of the shelf-slope break into North 
Luconia. The highly variable geothermal gradient in 
the deep-water areas is clearly observed along selected 
bathymetric profiles shown in Figure 10. Some profiles cross 
prominent sea-floor features that coincide with structural 
highs in the subsurface. Some of those highs were the target 
of oil exploration and have been drilled into. Profiles A and 
B cross the shelf-slope break and pass through exploration 
well locations G2-1, Lanjak-1, and Paus-1 where prominent 
bathymetric highs show relatively lower geothermal 
gradients compared to other locations along the same profiles 
(Figure 10A, B). According to the survey report (Zielinski 
& Zielinski, 2003), the abnormally high readings in offshore 
Sarawak were related to a diapir-like subsurface structure 
that underlies a positive seafloor feature. That feature is 
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clearly identifiable on Profiles C and D (Figure 10C and 
D, respectively). Profile C crosses three sea-floor features 
aligned in a NE-SW trend on the slopes of North Luconia. 
The most distal of those features is identified as the one that 
registered the anomalous geothermal gradient of 1900 °C/
km. Profile D runs east-west and intersects Profile C exactly 
on the crest of that structure (see the map in Figure 10E). 
We can see that along Profiles C and D high geothermal 
gradients are associated with that particular sea-floor feature, 
a sketch of which is shown in Figure 10F.

In the Sabah Basin, it is observed in Figure 9B that 
geothermal gradients start to increase significantly seaward 

of the shelf-slope break into the Sabah Trough towards the 
distal (seaward) end of the Deep-water Fold-Thrust Belt. 
Bathymetric profiles in Figures 10G, H, and I also show, as 
in Figure 9B, significant scatter in the geothermal gradients 
across the Sabah Platform. They also indicate that not all 
bathymetric features are associated with high geothermal 
gradients. Two prominent seamounts in the middle of the 
Sabah Trough show contrasting geothermal gradient values 
– the northern one (Figure 10G) has relatively high gradients 
whereas the southern one (Figure 10I) has abnormally low 
gradients. High gradients overall in the Sabah Trough are 
indicated in Profile I (Figure 10H). Hence, while anomalously 

Figure 9: Geothermal gradient datapoints projected onto 2D profiles (A) Line CC’ and (B) Line DD’ (see Figure 6 for locations). For 
CC’ only points to the west of Line C are projected, whereas for DD’ only points to the east of Line D are projected. The positions of 
the shelf-slope break and the Sabah Trough are indicated for reference. The plots show significant scatter but overall higher geothermal 
gradients in the deep-water areas of North Luconia and Dangerous Grounds. The interpreted seismic profiles are based on (A) Iyer (2019) 
and (B) Yan & Liu (2004), with additional information on the Sabah Shelf from an unpublished Shell report (Lee, 2000). In (B) pink is 
pre-rift basement, yellow and white are sediment, and green is mobile shale.
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1	 The temperature gradient is measured in mKm-1 because the core length over which it is measured is only 4 m. It is assumed that the same 
constant surface temperature gradient extends several km downwards.

Figure 10: Selected bathymetric profiles across the study area, 
showing highly variable geothermal gradient recorded during 
the marine heat flow surveys. (A)-(D) are Sarawak Basin 
profiles. (E) is bathymetric map with location of profiles and 
wells. (F) is a sketch of the sea-floor feature identified by the 
star symbol in C and D. Numbers are heat flow in mW/m2 
recorded by the surveys. Modified from Zielinski & Zielinski 
(2003). (G)-(I) are profiles in Sabah Basin. Geothermal gradient 
values are plotted on the profiles as open circles, with the scale 
(°C/km) on the right of each plot. The geothermal gradient data 
are projected from within 10-20 km of each profile. With the 
exception of the profile in B, which is based on single-beam 
echo-sounding records from NCEI database (https://ngdc.noaa.
gov/mgg/geodas/trackline.html), all profiles were extracted 
from GMRT grid version 3.8 (Ryan et al., 2009). Wells on 
the map in (E) are shown in grey circles (after Madon et al., 
2013): Bh-1 – Bukoh-1, Lj-1 - Lanjak-1, Pa-1 - Paus-1, Mu-1 
– Mulu-1, Bo-1 – Bako-1, Tlg-1 – Talang-1, G2-1, G10-1). 
Note that horizontal distance is plotted in degrees longitude 
(0.1° approximately equals 11 km). The profiles and their main 
features are explained in the text.

high geothermal gradients may be caused by hydrothermal 
activity, the low readings (<40 mKm-1)1 at some sea-floor 
features in both Sarawak and Sabah deep-water areas may 
be due to pore-water advection in the seabed sediments. It 
should be mentioned that the origin of the Sabah Trough 
seamounts, which rise to more than 1.2 km above the sea 
floor, is uncertain. Franke et al. (2008) suggested that these 
conical features might be volcanoes, while Hutchison (2010) 
interpreted them as drowned Miocene carbonate reefs. 

The presence of numerous deep-seated faults in the 
Dangerous Grounds and North Luconia rifted terranes (e.g., 
Hutchison & Vijayan, 2010; Savva et al., 2014) may have 
aided fluid circulation and heat transfer in the crust of this 
region. The variation in heat flow or geothermal gradient 
in the deep-water areas may also have been caused by 
the occurrence of gas/hydrates and/or other extraordinary 
sediment composition, bottom-water temperature seasonality, 
hydrothermal processes or sediment disturbances caused by 

(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)

(I)
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Table 2: Summary of thermal conductivity, heat flow and geothermal gradient measurements conducted in the deep-water areas off 
Sabah and Sarawak during the period 1987 to 2013, based on unpublished reports held by PETRONAS. K- conductivity, G – geothermal 
gradient, HF – heat flow. Numbers in brackets are standard deviation. Water depth is given as range from shallowest to deepest. K, G and 
HF values are quoted as mean and standard deviation. Average of thermal conductivity for the entire deep-water area is 1.025 Wm-1K-1.

SURVEY
BGR 

(1987/1988) 
- SABAH

HESS 
(2002) - 

SARAWAK

SHELL 
(2003) - 

SARAWAK

SHELL 
(2003) 

- SABAH

PETRONAS 
(2003) - 

SARAWAK

PETRONAS 
(2003) 

- SABAH

MURPHY 
(2005) 

- SABAH

JXNIPPON 
(2013) 

- SABAH
No. of 
stations 32 12 24 60 41 51 11 18

Water depth 
range (m) 838-2914 449-1178 447-1872 149-1643 923-2058 910-2272 585-1949 144-1480

K (Wm-1 K-1) 0.906 
(0.092)

0.998 
(0.081)

0.790 
(0.059)

0.786 
(0.072)

0.753 
(0.021)

0.724 
(0.029)

0.818 
(0.0556)

0.924 
(0.139)

G (mKm-1) 62.3 (26.3) 54.5 (11.4) 109.4 (36.3) 109.4 (53.2) 80.1 (38.0) 83.6 (41.3) 74.7 (11.97) 67.1 (21.6)
HF (mWm-2) 55.2 (22.8) 54.4 (13.1) 86.3 (130.4) 89.3 (49.9) 60.2 (28.7) 60.6 (30.5) 60.5 (6.85) 58.0 (17.72)

Notes:
The temperature gradient is measured in mKm-1 because the core length over which it is measured is only 4 m. It is assumed that the 
same constant surface temperature gradient extends several km downwards.
For Sarawak and Sabah data by Shell and PETRONAS, a small number of “highly anomalous” points (1-4 in each area) with G > 200 
mKm-1 were excluded in the calculation of the average.

major sediment debris flow events.  Abnormally high values 
of geothermal gradient (80-90 °C/km and even greater than 
290 °C/km in places) were observed in the Sabah deep-water 
fold-thrust belt, on the slopes of North Luconia and in the 
deep-water off Baram Delta of Brunei. Some of these have 
been shown to be caused by hydrothermal activities associated 
with fluid escape pipes and mud volcanoes (McGiveron & 
Jong, 2018; Zielinski & Zielinski 2003, Zielinski et al., 
2007). Zielinski et al. (2007) reported simultaneous heat 
flow measurements and extensive geochemical coring at 186 
sites on the Brunei margin which indicate an area of mean 
heat flow of 84 mW/m2 on the upper slope and an area of 
average heat flow of 59 mW/m2 immediately seaward of the 
~1000 m isobath. These values are similar to the heat flow 
values recorded by JX Nippon in the adjacent area along 
strike of the margin, with an average heat flow of 58 mW/
m2 and average geothermal gradient 66.5 °C/km (McGiveron 
& Jong, 2018).

Putting aside these abnormal local seabed conditions, 
variation in the heat flow and geothermal gradients, as 

indicated by the standard deviations, is low to moderate 
(Table 2). Overall, the mean geothermal gradient for the  
deep-water areas is quite similar: 80.1 °C/km for Sarawak 
(North Luconia) and 83.6 °C/km for Sabah Platform 
(Dangerous Grounds). The average heat flow for both areas 
is essentially the same, at around 60 mW/m2. In addition, the 
thermal conductivity measurements seem to be consistent 
(an average of 1.025 Wm-1K-1 over the entire deep-water 
region) and provide a good dataset for the calculation of heat 
flow. Table 2 summarises the statistics of the geothermic 
parameters from all the marine heat flow surveys.

CONTOURED GEOTHERMAL GRADIENT MAPS
From the newly compiled database of geothermal 

gradients shown in Figures 4 and 6, we generated contoured 
maps for Malay and Penyu basins (offshore Peninsular 
Malaysia) and for Sarawak and Sabah Basins (NW Borneo 
margin). To minimise contouring artefacts, it is desirable to 
have some “control points” beyond the region covered by 
datapoints. In Figure 5 it was observed that the geothermal 

Figure 11: Correlations between geothermal gradient and (A) basement depth in the Malay Basin and (B) water depth (bathymetry) in 
the deep-water areas offshore Sarawak and Sabah. 
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gradients seem to mimic the shape of the sedimentary basin, 
whereby higher values of geothermal gradient occur above 
the basin centre where the top of pre-Tertiary basement is 
deepest. This relationship may be quantified by plotting 
the geothermal gradient at each well location against the 
corresponding depth to pre-Tertiary basement extracted 
from the basement depth map of the Malay Basin (Madon 
et al., 2015) (Figure 11A). A positive correlation between 
geothermal gradient and basement depth is indicated by the 
plot and was used to calculate the estimated geothermal 
gradient on the basin flanks where there are no data control 
points. It is noted that, based on the regression line in Figure 
11A, in the region outside the basin (where the crust is of 
“normal” thickness) the geothermal gradient is 41 °C/km. 
Using the regression equation, control points were obtained 
outside the data coverage by “predicting” the geothermal 
gradient based on basement depth derived from the global 
grids of sediment thickness (GlobSed, Straume et al., 2019) 
and bathymetry (GMRT, Ryan et al., 2009). The resulting 
contoured map of geothermal gradients is shown in Figure 
12. We can see that the Malay Basin is characterised by 
a zone of high geothermal gradients (>45 °C/km) that 
extends into the central part of the West Natuna Basin. The 
Penyu Basin seems to be an area of “average” geothermal 
gradients (<40 °C/km).

For the areas beyond the deep-water region of Sarawak 
and Sabah, a different approach was taken to generate control 
points outside the area of data coverage. It was observed in 
all the surveys carried out by PETRONAS, Hess, Murphy 
and JX Nippon in the study area that both geothermal 
gradient and heat flow are strongly correlated with water 
depth (bathymetry) (Figure 11B). This behaviour has been 

observed in studies of other continental margins as well 
(e.g., Kim et al., 2010; Hamamoto et al., 2011; Yamano et 
al., 2014). Thus, a plot of geothermal gradient and water 
depth should reveal a strong relationship that can be used 
to predict the geothermal gradient outside the study area 
for the purposes of contouring. Hence, the regression line 
in Figure 11B was used to generate the control points from 
bathymetry in the region outside of our data coverage. The 
Global Heat Flow Database also provided some additional 
datapoints beyond the deep-water areas of North Luconia and 
Sabah Platform. The resultant map of geothermal gradient 
for offshore Sarawak and Sabah (Figure 13) shows that 
the geothermal gradients are higher on the Sarawak Shelf 
compared to Sabah Shelf but the deep-water areas have the 
highest geothermal gradients in the area. A zone of high 
geothermal gradients can be clearly observed on the Sabah 
Platform (Dangerous Grounds). It should be emphasised, 
however, that due to the large degree of scatter in geothermal 
gradient values in the deep-water areas (as shown by the 
profiles in Figure 9), any apparent trend should be treated 
with caution.

ESTIMATING HEAT FLOW
From the geothermal gradients we estimated the heat 

flow and generated heat flow maps for the offshore areas of 
Malaysia. The vertical heat flow or flux Q at a given location 
on the Earth’s surface is given by (e.g., Allen & Allen, 2013):

Q = -k dT/dz ………(1)

where dT/dz is the temperature gradient and k is the 
thermal conductivity of the medium (sediment column). 

Figure 12: Geothermal gradient map 
for the Malay and Penyu basins, 
offshore Peninsular Malaysia. The 
map was generated from datapoints 
shown in Figure 4 by interpolation and 
gridding with continuous curvature 
with splines (Smith & Wessel, 1990), 
contoured using a 10-min grid size. 
“Control” points outside the region of 
data coverage were generated using the 
regression equation in Figure 11A in 
order to minimize contouring artefacts. 
Data for West Natuna Basin are from the 
Global Heat Flow Database (GHCG, 
2013) and Budi & Miftahul (2014). 
Contour interval = 5 °C/km.
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Figure 13: Geothermal gradient map for 
the Sarawak and Sabah basins, offshore 
Sarawak and Sabah. This map was 
generated from data shown in Figure 6 by 
interpolation and gridding with continuous 
curvature with splines (Smith & Wessel, 
1990), contoured using a 30-min grid size. 
“Control” points outside the data region, 
predominantly in the deep-water region of 
the South China Sea, were generated using 
the regression equation in Figure 11B, and 
additional datapoints from the Global Heat 
Flow Database (GHCG, 2013). Contour 
interval = 6 °C/km.

The minus sign indicates that the heat flow is in the 
opposite direction (upward) to the temperature gradient. 
A fundamental assumption in this analysis is that the heat 
flow is vertical and constant within the depth range of 
observation, which is at least down to the well depth over 
which the BHTs are measured. Similarly, the geothermal 
gradient is generally assumed as constant throughout the 
sediment column in the well, which could be as deep as 4000 
to 4500 m. The above equation requires a reliable estimate 
of the thermal conductivity of the sediments penetrated by 
the wells. In the following section, we review the available 
thermal conductivity data and outline our approach in 
deriving heat flow from geothermal gradient.

Thermal conductivity of sediment
In the deep-water areas of the study, the thermal 

conductivity of seabed sediments is fairly well constrained 
by the heat flow probe measurements over the length (depth) 
of the probe instrument, which consists of thermistors 
attached to a core barrel. In the PETRONAS and other oil 
company surveys the core barrel was 4 m whereas in the 
BGR surveys the piston core used was 10 m. The reliability 
of probe measurements depends on the assumption that there 
is no disturbance of the substrate when the probe enters 
the sediment. The average thermal conductivity values of 
seafloor sediments based on the deep-water surveys range 
from 0.7 to 0.9 Wm-1K-1 (Table 2). In fact, the average 
thermal conductivity of sea floor sediment (the top 4 m) 
in the deep-water areas can be quite accurately determined 
from the regression line between geothermal gradient and 
heat flow, which is 0.7374 Wm-1K-1 (Figure 14).

It is implicitly assumed that the temperature gradient, 
thermal conductivity and heat flow in the topmost 4 to 10 
m of deep-sea sediment represent the entire column of 
sediment, at least to a depth of few kilometres, comparable 
to that of a typical oil well drilled on the continental shelf. 
However, as these values represent only the top 10 m of 
sediment, which are generally unlithified, they are not 
necessarily representative of sedimentary section penetrated 
by oil/gas wells, especially on the continental shelf. It is 
well-established based on data from International Ocean 
Drilling Project (ODP and IODP) sites that bulk thermal 
conductivity of sediment increases with depth due to 
mechanical and chemical compaction and, consequently, 
loss of porosity during burial. Figure 15A shows a plot 
of thermal conductivity of sediments with depth in metres 
below the sea floor (mbsf) obtained from the report of ODP 
Leg 184 site 1143 (Shipboard Scientific Party, 2000). This 
is the closest ODP site to the study area (see Figure 6 for 
location). According to the report (Shipboard Scientific Party, 
2000) the penetrated sediment consists of late Miocene to 
Quaternary, entirely hemipelagic deposits of fine-grained 
terrigenous material and calcareous nannofossils with minor 
occurrences of ash (tuff) layers, turbidite sediments, and green 
clay layers. Within the depth range of down to about 350 
mbsf, there is generally an almost linear relationship between 
thermal conductivity and depth. As a result of increase in 
density due to compaction, the thermal conductivity of the 
sediment increases from about 0.8 Wm-1K-1 to as much as 1.2 
Wm-1K-1. Hence, the average or bulk thermal conductivity 
of an entire sediment column is also expected to increase 
as the column depth increases. 
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In the estimation of heat flow from BHT data in basins 
on the shelf areas, it is critical to have a reliable estimate 
of the average or bulk thermal conductivity over the entire 
sedimentary column penetrated by the wells for which the 
temperature gradients were calculated. This depth range 
may be as much as 4500 mbsf, i.e., more than 10 times the 
length-scale of observation of most ODP holes. Measured 
thermal conductivity over a depth range of 800 to 2500 m in 
the Malay Basin from previous works (Wan Ismail, 1984a, 
b, 1988, 1993; Mohd Firdaus, 1994) are plotted together 
with the Site 1143 data in Figure 15B. Both datasets lie on 
the same linear trend, with the thermal conductivity of the 
Miocene sediments increasing from 2 to 6 Wm-1K-1. From 
this plot, a linear relationship between thermal conductivity 
and burial depth, as indicated by the regression line, is 
evident and we have used it to estimate the bulk thermal 
conductivity of the sediment column.

Estimation of bulk thermal conductivity of 
sediment

The simplest method to determine heat flow (from 
equation 1, above) is to assume a single, constant value of 
thermal conductivity for the entire sediment or rock column 
at any location in a basin. In the past, for example, an 
average thermal conductivity of about 1.8 to 1.9 Wm-1K-1 has 
been used (Wan Ismail, 1984a, b, 1993). Surely, the choice 

Figure 14: Plot of heat flow vs geothermal gradient at all the 
marine heat flow stations in the deep-water areas of Sarawak and 
Sabah (Figure 3). The straight regression line through the points 
(solid black line) indicates an average thermal conductivity of 
0.7374 Wm-1K-1. Red and blue dashed lines represent the upper 
and lower bounds of the data set, with the origin fixed at 0, and 
correspond to average thermal conductivity of 0.7971 Wm-1K-1 
and 0.6858 Wm-1K-1, respectively. Note that these values represent 
the thermal conductivity of only the top 4 m of sediment on the 
deep-sea floor.

Figure 15: Plot of thermal conductivity of sediments with depth below sea floor (mbsf) (A) at ODP site 1143 (Shipboard Scientific 
Party, 2000). (B) Measured thermal conductivity of core samples from a depth range of 700 to 2500 m in the Malay Basin (data from 
Mohd Firdaus, 1994 and Wan Ismail, 1993) plotted with the ODP 1143 data shown in A, which appear as a cluster of points in the top 
350 m. A linear regression line through both datasets provides a means to estimate the sediment thermal conductivity at any given depth 
and derive a bulk thermal conductivity of sediment column to that depth. It is noted that the range of thermal conductivities increases 
with depth. The root-mean-square (RMS) error, a measure of dispersion of the 276 points from the regression line is 0.5602 Wm-1K-1. 
Regression lines drawn through the lower and upper envelope of points with the origin kept at 0.8309 Wm-1K-1 (dashed lines) indicate 
that the dispersion below and above the average line at 2500 m is 1.5 and 2.25 Wm-1K-1, respectively. 
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of thermal conductivity values has a great impact on the 
calculated heat flow. Applying a constant thermal conductivity 
value for the entire basin, however, does not take into account 
any lateral variation in sediment thermal conductivity due to 
lithological or facies changes, or the fact that the length-scale 
of observation (i.e., the depth range of BHT measurements) 
differs from well to well. Since thermal conductivity increases 
with depth (Figure 15B), the deeper the well, the higher the 
bulk thermal conductivity of the sediment column will be. 
As a result, a constant value of thermal conductivity tends to 
overestimate the bulk conductivity (and hence, heat flow) in 
shallow wells while underestimating the bulk conductivity in 
deep wells. Figure 16 illustrates an example of this problem. 
Wan Ismail (1993) considered the potential effect of lateral 
variations in thermal conductivity in the Malay Basin and 
determined the average thermal conductivity for each well 
to generate an “average thermal conductivity map”.  This 
probably addressed only one part of the problem, which is 
related to lateral heterogeneities in the sediment, but did not 
address the variation in bulk thermal conductivity due to the 
differences in well depth.

The bulk thermal conductivity of sediment down to the 
depth over which temperature gradients are determined, i.e., 
from sea floor to the deepest BHT point, can be calculated 
more accurately based on the last BHT depth or alternatively, 
if not available, based on the TD of the well, which is 

generally within 5% of the last BHT depth. The TDs of the 
171 wells plotted on the map in Figure 4 range from 1000 
to 3930 m, averaging 2367 m. Most of the deeper wells in 
the Malay Basin (greater than say 2600 m) are located on 
the basin flanks, particularly in the northeastern area (e.g., 
the TDs of Bunga Pakma, Bunga Orkid, Bunga Teratai are 
> 3 km) and some even penetrate the pre-Tertiary basement. 
Many wells in the Penyu Basin terminate below 2600 m 
and include older stratigraphic units (seismic Group K 
and below), and therefore are expected to show relatively 
higher thermal conductivity than the Malay Basin due to 
the presence of denser stratigraphic units.

A better approach, therefore, is to estimate the bulk 
thermal conductivity of the sedimentary column as a function 
of well depth (TD). This takes into account the increase in 
sediment thermal conductivity with burial depth. From the 
plot in Figure 15B, a linear regression equation may be 
derived as follows: 

y = 0.0014x + 0.8309 …..(2)

This relationship can be used to calculate the thermal 
conductivity (y) of sediment at any given depth x. The bulk 
thermal conductivity of the entire sediment column from 
the sea floor to that depth x is calculated by the harmonic 
average (Vacquier et al., 1984), given by:

Figure 16: Heat flow calculations in two wells, Well A (Gajah-1, geothermal gradient= 47.4 °C/km) and Well B (Kuda-1, geothermal 
gradient= 56.2 °C/km) using two approaches: a depth-dependent bulk thermal conductivity model (graph on the left, the same as in Figure 
15), and a constant average thermal conductivity of 1.9 Wm-1K-1 (red horizontal line). The depth-dependent model gives different bulk 
thermal conductivities and heat flows that correspond to the respective well depths (TD, black horizontal lines), whereas a constant average 
thermal conductivity (represented by the red horizontal line) is equivalent to about 2000 m of sediment column in the depth-dependent 
model. By applying the depth-dependent model, Well A with a TD at 2714 m will have a bulk thermal conductivity of 2.24 Wm-1K-1 for 
the entire sediment column whereas Well B with a TD at 1630 m will have a bulk thermal conductivity of 1.73 Wm-1K-1. Thus, applying 
a constant average conductivity of 1.9 Wm-1K-1 will underestimate heat flow at well A and overestimate heat flow at Well B.
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K = (d1+d2+…dn)/(d1/k1+d2/k2+ …dn/kn) ………(3)

where K is the bulk or “effective” thermal conductivity, 
d1,...dn is the thickness of individual layers of sediment 
with corresponding thermal conductivities k1,…kn. In this 
study, k is computed using the regression equation (2) for 
discrete sediment intervals of 250 m, down to 5000 m. By 
computing K for each of those sediment layers, a polynomial 
curve defining the change in bulk thermal conductivity with 
depth is obtained: 

K = -3e-8z2 + 0.0006z + 0.8309 ………………..(4)

 where z is depth at the base of the sediment column 
(which could be either the last BHT depth or the TD). This 
equation was used to calculate the bulk thermal conductivity 
of the well column given the TD, based on which the heat 
flow was then calculated. The resulting heat flow map for 
offshore Peninsular Malaysia is shown in Figure 17. Two 
maps using the different thermal conductivity models are 
shown: constant thermal conductivity (Figure 17A) and 
variable or depth-dependent thermal conductivity (Figure 
17B). Obviously, by applying a constant thermal conductivity 
the heat flow map has an almost identical shape to the 
geothermal gradient map, as it is just a multiplication by the 
bulk thermal conductivity. On the other hand, the variable 
thermal conductivity model resulted in a different, probably 
more geologically realistic, heat flow map that incorporates 

the lateral variation in bulk thermal conductivities across 
the basin.

A similar approach was used in calculating heat flow 
for the areas offshore Sarawak and Sabah. The thermal 
conductivity curve applied to the Malay Basin (equation 
4) may not be applicable to offshore NW Borneo due to 
different tectonic settings and basin evolution; the Malay 
Basin being an intracontinental rift whereas the NW Borneo 
margin are continental margin basins with a complex 
history of extension and collision. As sediment thermal 
conductivity is closely linked to porosity and density 
(Figure 15) and since these basins underwent different 
burial and diagenetic histories, it would be appropriate to 
construct a different thermal conductivity curve for offshore 
Sabah and Sarawak. Unfortunately, measured thermal 
conductivity data for Sarawak and Sabah, as reported in 
Mohd Firdaus (1994) (Table 3), are not available. Hence, 
we constructed a thermal conductivity curve based on 
data from ODP and IODP drillholes in the South China 
Sea region, which includes ODP Leg 184, sites 1143-1148 
(Wang et al., 2000) and from IODP Expedition 349, sites 
U1431 and U1433 (Li et al., 2015a, b). The locations of 
these sites are shown in Figure 18. In addition, due to 
their extended coring programs which enabled thermal 
conductivity measurements to be taken down to 2500 mbsf, 
we also included data from the IODP Expedition 337 Site 
C0020 in the Shimokita Basin, off Hokaido, northern Japan 
(Tanikawa et al., 2016) and IODP Expedition 338 Site 

Figure 17: Heat flow maps for offshore Peninsular Malaysia. (A) Using constant thermal conductivity of 1.9 Wm-1K-1. (B) Using variable, 
depth-dependent thermal conductivity model (Figure 15B), as described in the text. The maps were generated by interpolation and 
gridding with continuous curvature with splines (Smith & Wessel, 1990), contoured at a 10-min grid size. Contour interval = 10 mW/m2.   
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C0002 in the Shikoku Basin, off Kii Peninsula, southern 
Japan (Sugihara et al., 2014).

All the thermal conductivity data from the ODP and 
IODP sites mentioned are plotted in Figure 19 to represent a 
model of sediment thermal conductivity for offshore Sabah 
and Sarawak (a “NW Borneo Model”). A linear regression 
equation was obtained from the plot as follows:

y = 0.0004x + 1.0447 ……..(5)

where y is sediment thermal conductivity and x is depth. 
From this, we derived a polynomial equation:

K = -5e-9z2 + 0.0002z + 1.0483 ..…..(6)

that was used to calculate the bulk thermal conductivity 
K for the sediment column to any given depth z. Based 
on this approach we generated the heat flow maps for 
offshore Sarawak and Sabah (Figure 20). We also produced 
two versions of the map, one applying a constant thermal 
conductivity (2.34 Wm-1K-1) and another using the depth-
dependent thermal conductivity model for NW Borneo 
(Figure 19, equation 6). The two versions look similar but 
there are significant differences. In particular, there is in 
both versions the presence of a prominent high heat flow 
area underlying the Sarawak Shelf, while the high heat flow 
domain in the deep-water areas have been enhanced by the 
application of the depth-dependent thermal conductivity 
model. Additionally, the high heat flows in the Sabah 
deep-water fold-thrust belt are also enhanced by the depth-
dependent thermal conductivity model.

DISCUSSION
Thermal conductivity model

With this updated compilation of geothermal gradient 
data, we now have a better data coverage of the offshore 
regions of Malaysia, in particular the Malay, Sarawak and 
Sabah basins. Data in the less explored areas such as the 
Straits of Melaka and eastern Sabah need to be updated as 
more data become available. From the geothermal gradient 
data, heat flow maps were derived based on the best-available 
information on thermal conductivity of the sediments, using 

Table 3: Thermal parameters for Malaysian sedimentary basins from Mohd Firdaus (1994) and present study.
Malay Basin, 
Mohd Firdaus 

(1994)

Malay Basin
 (this study)

Sarawak,
Mohd Firdaus 

(1994)

Sarawak 
(this study)

Sabah,
Mohd Firdaus 

(1994)

Sabah 
(this study)

Average geothermal 
gradient (°C/km) 51.8 47 43.3 45 30.5 32

No of wells 101 176 88 319 54 124

Average thermal 
conductivity (Wm-1K-1) 2.95 n.a. 2.34 n.a. 2.35 n.a.

Average heat flow 
(mW/m2) 142.9 92 104.3 95 74.0 79

Figure 18: Location of ODP and IODP drill sites in the South 
China Sea from which thermal conductivity data were obtained and 
applied to this study. Red rectangle is the study area in this paper.    

either local measurements (as in the Malay Basin) or regional 
analogues in the South China Sea and similar margins (for 
Sarawak and Sabah basins) in order to constrain the heat flow 
estimates. Data from deep-sea drilling projects were used to 
generate empirical models of thermal conductivity in order 
to convert geothermal gradient to heat flow. As a result, a 
more accurate, and probably geologically more realistic, heat 
flow calculation was achieved by using a varying, depth-
dependent model of bulk thermal conductivity instead of a 
constant value as commonly applied. It is fair to assume that 
thermal conductivity models are basin-specific, and should be 
built using local data, due to potentially different facies and 
burial histories in different basins. This is clearly illustrated 
in Figure 21 in which the thermal conductivity of sediments 
in the Nam Con Son and Cuu Long basins, offshore Vietnam, 
are compared with those of the Malay Basin. The thermal 
conductivity of sediments in the Vietnamese basins increases 
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Figure 20: Heat flow maps of offshore Sarawak and Sabah regions. (A) Using a constant bulk thermal conductivity of 2.34 Wm-1K-1. 
(B) Using variable, depth-dependent bulk sediment thermal conductivity model (Figure 19). The maps were generated by interpolation 
and gridding with continuous curvature with splines (Smith & Wessel, 1990), contoured at a 25-min grid size.

Figure 19: Thermal conductivity data used to derive a thermal conductivity-depth 
curve for offshore Sarawak and Sabah from ODP and IODP drill sites in the South 
China Sea: Leg 184 site 1143-1148 (Wang et al., 2000), IODP Expedition 349 sites 
U1431 and U1433 (Li et al., 2015a, b) (see locations in Figure 18), with additional 
data from offshore Japan: IODP Expedition 337 Site C0020 (Tanikawa et al., 2016) 
and IODP Expedition 338 Site C0002 (Sugihara et al., 2014). There is quite a spread 
of data above and below the regression line. Ignoring the outermost outlier points 
above and below the upper and lower envelope lines (shown by dashed lines), the 
deviation from the regression line is about 0.57 Wm-1K-1. The RMS error for the 
476 points on this plot is 0.2276 Wm-1K-1.

Heat flow and CO2 occurrences
Many oil and gas fields in both the Malay and Sarawak 

basins are associated with high percentage of CO2 (Idris, 
1992; Madon et al., 1999; Mansor et al., 2005; Mansor & 
Mohd Irwani, 2008). The higher-than-average heat flows 
observed in both these basins suggest that heat flow may 
have been a major contributing factor in the occurrences 
of high-CO2 gas fields, some of which contain more than 

at a much slower rate with burial depth compared to the 
Malay Basin even though both are located on the Sunda 
Shelf and underlain by Sundaland continental basement. 
The higher heat flow in the Malay Basin (average 92 mW/
m2) compared to the Vietnamese basins (70-80 mW/m2) 
may have enhanced porosity reduction through diagenetic 
processes and chemical compaction which influence thermal 
conductivity.
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75% by volume, such as the K5 field in Sarawak. Studies 
have shown that a large proportion of the CO2 in both 
basins is of inorganic origin, likely to be derived from the 
metamorphic reactions in carbonate rocks at depth with 
formation temperatures exceeding 250 °C (Mansor et al., 
2005; Mansor & Mohd Irwani, 2008). 

Figure 22A is a map of CO2 distribution in the Sarawak 
Basin, based on a compilation of data from PETRONAS, 
and supplemented with data from the neighbouring Sokang 
and East Natuna basins obtained from SKKMIGAS (2017). 
The map shows that CO2 content in the oil and gas pools 
range from less than 1% to greater than 80% in some 
fields. While a large proportion of the CO2 occurrences 
is in carbonate reef structures in Central Luconia, the 
volumetrically large occurrences (say, > 20 vol.%) are not 
found within Central Luconia but primarily to the west of 
the carbonate province, i.e., over the West Luconia Province 
and in the Sokang and East Natuna basins (Figure 22B). 
This may suggest that the lithology of the host-reservoir 
is not a determining factor in the occurrence of high CO2, 
as is expected if the CO2 sources lie somewhere at depth. 
An older suite of Tertiary carbonate rocks of Cycle I and 
Cycle II age is believed to be the primary candidate for 
the source of the CO2 (e.g., Madon & Redzuan, 1999; 
Jong et al., 2003). It is interesting, however, that the zone 
of high-CO2 volume is close to the area of highest heat 
flow on the Sarawak shelf (>70 mW/m2) (Figure 22C) and 
appears to overlie the West Luconia Delta depocenter and 
its northward continuation, the Bunguran Trough, where 
the basement depth is >10 km (Figure 22D). We speculate 

Figure 21: Thermal conductivity of sediments in intracontinental 
rift basins of the Sunda Shelf, plotted with depth in metres below 
sea floor (mbsf). Malay Basin data from Wan Ismail (1993) and 
Mohd Firdaus (1994), same as in Figure 15B. Data from Vietnamese 
basins, namely Cuu Long and Nam Con Son basins, are from 
Funnel et al. (1997).

that a large proportion of the CO2 may have been generated 
from deep sources in the West Luconia Delta and Bunguran 
Trough and have migrated upwards and laterally into the 
structures in the neighbouring sub-basins on the fringes of 
the West Luconia Province. These include the carbonate 
reefs of Central Luconia and other structural traps in West 
Luconia, Sokang Basin and East Natuna Basin.

In the Malay Basin the relationship between areas of 
high CO2 content and areas of high heat flow is not obvious 
because the entire basin has a relatively high heat flow. In 
Figure 23, a map of CO2 distribution does indicate that 
areas with the highest CO2 contents (say >20 vol.%) are 
concentrated over the central deepest parts of the basin 
where heat flows are also in the higher range (90-100 
mW/m2), particularly near the Western Hinge Fault Zone 
(WHFZ). Previous studies have indicated the importance 
of deep-seated basement faults, including the WHFZ, in 
the migration of hydrocarbons and other gases from deep 
sources into the shallower reservoirs (Madon et al., 1999; 
Mansor & Mohd Irwani, 2008).

CONCLUDING REMARKS
In this study, the geothermal gradient and heat 

flow database for Malaysia’s offshore regions has been 
significantly improved by the addition of old and new 
data from unpublished PETRONAS and operator files. 
We believe this new compilation will be an important 
contribution to the Global Heat Flow Database. Our new 
geothermal gradient and heat flow maps for offshore 
Malaysia may now be compared with maps by other 
authors (e.g., Shi et al., 2003; Hall & Morley, 2004), and 
help in regional studies to improve our understanding of 
the hydrocarbon systems in Malaysia and the surrounding 
region as a whole.

We have updated the geothermal gradient map of 
offshore Malaysia with the addition of more than 600 
datapoints derived from BHT data in exploration and 
development wells. An additional 165 points were also 
added from the deep-water heat flow surveys carried out by 
PETRONAS and its operating partners up to 2013. From the 
geothermal gradient data, we generated heat flow maps based 
on sediment thermal conductivity models derived from both 
actual measurements of core samples in oil/gas wells and 
available analogue data from ODP/IODP sites in the wider 
South China Sea and East Asian region. In our approach, it 
is suggested that a more accurate and geologically realistic 
method of calculating heat flow from geothermal gradient 
can be achieved by determining “effective” bulk sediment 
conductivity as a function of the depth range of the BHT 
measurements (essentially, well depth), as opposed to a 
constant thermal conductivity.

Subsurface geothermal gradient and heat flow 
information are important in hydrocarbon exploration. 
Previous studies have demonstrated a correlation between 
geothermal gradient and oil and gas accumulations, with 
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Figure 22: Map of CO2 distribution in the Sarawak Basin and possible relationships with heat flow. (A) Map of CO2 distribution (in 
vol.%) on the Sarawak Basin based on data from PETRONAS (the datapoints shown as blue circles), extended into the neighbouring 
Sokang and East Natuna sub-basins based on information from SKKMIGAS (2017). (B) Map of CO2 distribution as in (A) with overlay 
of oil and gas fields and contours at 20, 40, 60 and 80 vol. %CO2; warm colours represent high CO2, cool colours low CO2. Carbonate reef 
structures of Central Luconia shown as blue polygons, non-carbonate fields in yellow polygons. Note that the highest percentages of CO2 
are not in Central Luconia but to the west of it in West Luconia and East Natuna and Sokang sub-basins. The 200 m bathymetric contour 
is also shown for reference. (C) In the same map frame, the CO2 contours and oil/gas fields are overlaid on heat flow map from Figure 
20B, colour shaded to emphasise areas of high heat flow (warm colours) and low heat flows (cool colours). Contours of heat flow at 60, 70 
and 80 mW/m2 are also shown. It is noted that a large part of the high-CO2 area coincides with the high heat flow area. (D) CO2 contours 
over basement depth map of the Sarawak Basin showing the northward continuation of the West Luconia Delta – the Bunguran Trough, 
outlined by the 10 km contour and straddling the Sarawak Shelf and North Luconia. Basement depth map based on Loftus et al. (2003).

Figure 23: Map of CO2 distribution in the Malay Basin 
based on data from PETRONAS (datapoints shown 
as black dots). The warm-colour shaded areas, with 
contours at 10% intervals, represent relatively high 
CO2 contents. Red dashed lines mark areas with heat 
flows >100 mW/m2, based on the map in Figure 17B. 
Blue dashed lines represent the Western Hinge Fault 
Zone (WHFZ) and its major splays, Tenggol Fault and 
Dungun Fault (based on Liew, 1996). The Malay Basin 
is outlined by sediment isopachs at 2000 m and 5000 
m (thin black lines) derived from GlobSed (Straume 
et al., 2019).
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gas discoveries generally made in areas of higher heat 
flow and geothermal gradients (e.g., Jong & Ho, 2000; 
Bishop, 2002; Madon et al., 2006; Gebregergis & Wan 
Ismail, 2011). A study of geothermal gradients can help 
to delineate the temperature regimes and to identify the 
oil and gas windows in various petroleum provinces, and 
when superimposed with stratigraphy and structure, the 
technique provides a useful exploration tool for assessing 
oil and gas prospects. With the new heat flow maps 
we have shown a strong correlation between high-CO2 
gas occurrences and high heat flows in the Malay and 
Sarawak basins.
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