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ABSTRACT

Simultaneous heat flow and geochemical gravity coring data from

186 sites on the Brunei margin reveal abundant thermogenic hy-

drocarbons in the landward half of our study area, where the mean

heat flow is 83.7 ± 66.5 mW/m2. Seaward, the mean heat flow is

59.0 ± 22.6 mW/m2, and surface thermogenic hydrocarbons are

largely absent. In accord with active accretionary complexes, the

low-heat-flow zone coincides with the Palawan (northwest Borneo,

Nansha) Trough paleosubduction zone. The high-heat-flow zone of

hydrothermal convection and hydrocarbon seepage coincides with

the landward, land-derived Baram delta sediments, constituting a

pseudo–accretionary prism. The transition from oil to gas produc-

tion with increasing geothermal gradient, observed in well data, ap-

pears to be reflected in our surface data. Equality of Brunei andChina

margin heat flow predicts a common thermotectonic origin that

predates by less than or equal to 5 m.y., the oldest (32Ma) magnetic

lineations in the South China Sea Basin. Thermal effects of prior

active subduction, if any, have dissipated, and Brunei margin heat

flow has rebounded to theoretical passive-margin values.

A single megaseep exhibits maximum heat flow (604 mW/m2)

coincident with anomalous thermogenic hydrocarbons. Vertical fluid

flow at 1.7 cm/yr (0.67 in./yr) (5.5� 10�10 m/s; 1.80� 10�11 ft/s)

from 6 km (3.7 mi) depth, implying greater than 30 times focusing

of flow, can account for this heat flow and provide hydrocarbon

transport from potential sources. A 42 times higher flow rate via

bubble ascent or continuous gas-phase flow can also account for

our data. Simple models of fluid flow around fault-bounded sedi-

ment troughs reproduce the observed heat flow. These models pre-

dict that measurements confined to trough interiors, where heat

flow is uniform, seriously underestimate mean regional heat flow

(23–80%) and thermal maturation; whereas heat flow at all geo-

chemical coring sites yields reliable means.
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Megaseep data reveal systematic changes in thermogenic hy-

drocarbons and heat flow with distance from the seep axis. A sim-

ple diffusion model represents these changes in terms of bulk near-

surface processes. A simple thermogenic model also simulates gas

data; however, thermal-maturation parameters indicate no causal

connection between megaseep heat flow and thermogenesis. In-

variant parameters, less affected by migration, fractionation, mix-

ing, and biodegradation, remain anomalous more than 250 m

(800 ft) from the megaseep axis, encompassing all four high-heat-

flow sites. This constitutes a significantly greater aperture for iden-

tifying seeps in coring data compared with headspace gases, found

anomalous at one site only. Like heat flow, invariant parameters

that are extreme at the megaseep may particularly reflect more

active seepage, where hydrocarbons are less altered and more closely

reflect their sources. Regional data covering 10,000 km2 (3600 mi2)

largely reflect the same near-surface processes occurring within

500 m (1600 ft) of the megaseep. Consequently, distances from

regional seeps and paleoheat flow can be inferred.

INTRODUCTION

Models based on the kinetics of kerogen degradation (Tissot and

Espitalie, 1975) led to the integration of heat flow and petroleum

geochemistry (e.g., Tissot and Welte, 1978; MacKenzie and Mc-

Kenzie, 1983) that largely focused on hydrocarbon maturation and

generation for now-traditional basin analysis (e.g., Lerche, 1990).

The fluid-flow implications of secondary migration and its effect

on the thermal field (e.g., Fowler, 1980; Roberts, 1981) provided

another application for heat flow (e.g., Zielinski and Bruchhausen,

1983; Zielinski et al., 1985). Renewed interest in surface hydrocar-

bon geochemistry (Jones andDrozd, 1983; Schumacher and Abrams,

1996) resulted in land-based thermal measurements performed

at the same sites sampled for geochemistry (Zielinski et al., 1985).

We report results from successful simultaneous geochemical cor-

ing and marine heat-flow measurements (Appendix 1) conducted

in 2 weeks in 2001. Resulting data represent 186 sites in water

depths from 800 to 2700m (2600 to 8800 ft) within a 10,000-km2

(3600-mi2) study area on the Brunei continental margin of the

South China Sea (Figure 1). We use these data to investigate the

global correlation between hydrocarbons and their thermal regimes

(e.g., Klemme, 1975; Fowler, 1980; Zielinski and Bruchhausen,

1983; Zielinski et al., 1990; Nagihara et al., 2002; Ruppel et al.,

2005).

Reliable correlation of thermogenic hydrocarbons with their

sources is dependent on the knowledge of their evolution subse-

quent to seepage.Direct evidence for this derives fromdiverse studies

(e.g., Bernard et al., 1977; Brooks et al., 1979; Abrams, 1996a, b;

Sassen et al., 2003, 2004); however, data commonly represent a

limited range of hydrocarbon parameters. A quantitative, chemically
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20 articles in international journals.
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independent indicator of seepage is commonly lacking

or limited to direct observations of bubbles and chemo-

synthetic communities. In this study, sensitive, inde-

pendent, quantitative evidence for active seepage is

provided by the Ewing technique marine heat-flowmea-

surements (Langseth, 1965) (Appendix 1) and a broad

spectrum of hydrocarbon parameters. The purpose of

this article is to report the preliminary results of this

unique data set and its implication to surface geochem-

ical data interpretation. We do so by focusing on seven

megaseep data sites where heat flow and surface hy-

drocarbons are locally well constrained, and their re-

lation to 179 regional sites.

GEOTHERMAL RESULTS

Heat-flow measurements at 186 sites reveal a mean

heat flow and standard deviation of 77.6 ± 59.8 mW/m2

for our survey area (Figure 1). This compares favor-

ably with the value for marginal seas of 76.5 mW/m2

(Lee and Uyeda, 1965); however, our data show greater

than 30% higher standard deviation. Nearby, Ter-

tiary back-arc basins exhibit high mean heat flow

(�90 mW/m2), but with a low standard deviation of

13.0 mW/m2 (Watanabe et al., 1977). Our Brunei heat

flow and standard deviation are comparable to the

79.4 ± 61.8 mW/m2 reported for ocean ridges (Lee,

Figure 1. Study area, offshore Brunei
and the South China Sea basins and mar-
gins (after Ru and Pigott, 1986). Line AB
indicates the generalized location repre-
sented by Figure 2. Line BC approxi-
mately locates the Xia et al. (1995) China
margin heat-flow data. Mean heat flow
(mW/m2) in parentheses.
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1970), where the high standard deviation is now widely

accepted to result from hydrothermal circulation (e.g.,

Pollack et al., 1993). The earliest global heat-flow com-

pilations (e.g., Lee, 1970) reveal a similarly high standard

deviation associated with continental margins as well.

Our study area on the Brunei margin lies within

what has long been interpreted as the paleosubduction

zone of the Palawan (also known as northwest Borneo

or Nansha) Trough and associated accretionary prism

(Figure 2). Hutchison (2005) argues against the accre-

tionary prism interpretation, stressing that the associ-

ated sediments are derived from mainland Borneo, not

from a subducting plate. However, he also compares

the evolution of the region with that of the active Bar-

bados Ridge complex. His cross sections show a decol-

lement descending beneath the Baram delta sediments.

Faulting appears similar to that within the accretionary

prism in Figure 2, but resulting from delta deposition

and not compressional tectonics. Our highly varying

heat flow is also consistent with the heat- and fluid-

flow regimes of active accretionary complexes (Langseth

and Moore, 1990; Langseth et al., 1990; Langseth and

Silver, 1996; Ruppel and Kinoshita, 2000), where active

fluid flow predominates within accretionary prisms,

but not with their generally low mean heat flow be-

lieved to be associated with active subduction. Hence,

in terms of fluid flow, the land-derived sediments of the

Baram delta constitute a pseudo–accretionary prism.

Xia et al. (1995) report a mean heat flow of 65.3 ±

18.0mW/m2 and no low-heat-flow belt for the broad

Palawan Trough (Figure 1), based largely on well data

(dashed line, Figure 2). They contrast this with the

reported 40% lower heat flow (39.0 ± 17.3 mW/m2)

caused by the active subduction of cold oceanic crust

along the Manila Trench (MT, Figure 1). Likewise, our

higher mean heat flow implies that thermal effects

of past subduction, if any, have largely decayed in the

16 m.y. since the end of sea-floor spreading in the

South China Sea Basin (Taylor and Hayes, 1983). This

16 m.y. is equivalent to one thermal time constant for

the 40-km (25-mi)-thick oceanic crust estimated by

Furukawa (1995).

Watanabe et al. (1977) report seven heat-flowmea-

surements from the Palawan Trough. Two of these have

low values, with one less than 21 mW/m2, whereas our

lowest measured heat flow is 15.2 mW/m2. Such low

individual values typically indicate hydrothermal circu-

lation (Williams et al., 1974; Pollack et al., 1993). For

the South China Sea Basin (Figure 1), high mean heat

flow is reported for the northern East subbasin (�88 ±

10 mW/m2) and the Southwest subbasin (�116 ±

18 mW/m2) (Watanabe et al., 1977; Xia et al., 1995;

Blanche and Blanche, 1997). Our Brunei mean agrees

with the 77.4 ± 10.5 mW/m2 reported for the north-

ern margin of the South China Sea Basin, based on

47 measurements (Xia et al., 1995) along line BC

in Figure 1. However, the high standard deviation of

our Brunei data and its postulated hydrothermal cause

are absent in these other locations. Based on 39 mea-

surements in the Zengmu (Sarawak) Basin adjacent

Figure 2. Cross section (AB, Figure 1) through our study area illustrating the long-held paleosubduction zone model of the Palawan
(also known as northwest Borneo or Nansha) Trough (PT) and accretionary prism (AP) (modified after Letouzey et al., 1988; Blanche
and Blanche, 1997). Mean heat flow increases slightly from deeper to shallower in the trough (PT), and then significantly increases
over the landward prism (AP) caused by the hypothesized fluid flow (arrow) and concomitant seepage of observed hydrocarbons.
Data for this study are the means for the landward and seaward zones in Figure 4. Mostly from well data (Xia et al., 1995), the mean
heat flow for the broader Palawan (Nansha) Trough (dashed line) equals the average of the three shallow-probe means.
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(south and west) to our study area, high and moder-

ately variable heat flow (97.1 ± 25.7 mW/m2) is at-

tributed to magmatic and hydrothermal activity asso-

ciated with Tertiary extension (Xia et al., 1995).

Anderson (1980) showed that several marginal

basins in the western Pacific conform to the global

heat flow-versus-age relation of Parsons and Sclater

(1977). Taylor and Hayes (1983) confirmed this rela-

tionship by correlating heat-flow measurements with

marine magnetic lineations that date a middle Oligo-

cene (32-Ma) onset of sea-floor spreading in the East

subbasin (Figure 1). Based on higher heat flow (�116 ±

18 mW/m2), Xia et al. (1995) ascribe a 10-m.y. lesser

age to the Southwest subbasin. Applying the heat flow-

age relation (solid curve, Figure 3) directly to our data

(solid square) yields an age of 37Ma for our Brunei mar-

gin survey area as well as for the continental slope of

China (line BC, Figure 1). This implies that a single

thermotectonic event at the Eocene–Oligocene bound-

ary preceded sea-floor spreading (Taylor and Hayes,

1983) by 5 m.y., simultaneously affecting both north-

ern and southern margins of the South China Sea

Basin. However, Watanabe et al. (1977) compared

their data to the Pacific Basin cooling model of Yoshii

et al. (1976) (dotted curve, Figure 3), which predicts

more rapid cooling than Parsons and Sclater (1977).

More rapid cooling is also predicted for younger pas-

sive margins (Zielinski, 1977, 1979) relative to purely

oceanic models because of 2-D heat transfer. Because

the South China Sea region departs significantly from

the Parsons and Sclater (1977) global depth-versus-age

relation (Anderson, 1980; Taylor and Hayes, 1983; Xia

et al., 1995), this criterion cannot give preference to

either heat-flow model; neither can the heat-flow data

(Ritter et al., 2004) from the early Tertiary (�60 Ma)

passive Norwegian margin (open square, Figure 3) be-

cause both models (Yoshii et al., 1976; Parsons and

Sclater, 1977) predict similar heat flow at that age.

Compared with other published heat-flow data sets,

both Ritter et al. (2004) and our Brunei data set are

unique in consisting of hundreds of measurements per-

formed in relatively small, individually isochronous

areas. The resulting mean values are well controlled,

having equal standard error(s) of 4.4 mW/m2. For

our data and for the China margin, Yoshii et al. (1976)

(dotted curve, Figure 3) yield an age that agrees with

the 32-Ma onset of sea-floor spreading (Taylor and

Hayes, 1983) in the East subbasin (Figure 1). Based on

our data results, more recent thermal events or sea-

floor spreading (Ru and Pigott, 1986; Xia et al., 1995)

do not affect heat flow on the Brunei or the China

margins.

Figure 3. The global Parsons and Sclater (1977) heat flow versus age relation (solid curve) and reliable heat-flow means (solid
diamonds) and standard errors for the Pacific Ocean basin. Nearly equal mean heat flow predicts a common age of 37 Ma for the
present study (solid squares) and for the China margin (BC, Figure 1); however, models predicting more rapid cooling (e.g., Yoshii et al.,
1976, dotted curve) reduce this estimate to about 32 Ma. Data from the 60-Ma Norwegian passive margin (open square) and for this
study have equal standard error (4.4 mW/m2).
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Langseth et al. (1990) applied the Parsons and

Sclater (1977) heat flow-versus-age relationship to as-

sess the effects of active subduction on the heat flow

across the Barbados accretionary complex. Converse-

ly, the accuracy of such models for Brunei margin

age determination (solid squares, Figure 3) depends

on the absence of significant subduction effects in our

data. Our mean heat flow is 10 mW/m2 (11.5%) lower

than for the six (Taylor and Hayes, 1983) purely oce-

anic sites (87 ± 6 mW/m2 at 30.5 ± 1.2 Ma) from

the northern East subbasin (Figure 1) located 1000 km

(600 mi) north of our study area. However, the mean

for the adjacent China margin (line BC), with no his-

tory of subduction, is also lower by the same amount,

and both are explained by ages and/or cooling rates

in Figure 3. A significant subduction effect in our data

implies a correspondingly significant difference in age

between the southern margin and the purely passive

northern margin of the South China Sea Basin, where

subduction does not apply. Cooling plate model re-

sults in figure 10 of Carslaw and Jaeger (1959) pre-

dict greater than 90% decay of subduction effects on

the geotherm (and heat flow) in t = 16 m.y. (kt/l2 = 1;

2l = 40 km; k = 0.8 � 10�6 m2/s). Based on the

26.3-mW/m2 lower heat flow for the active Manila

Trench versus the inactive Palawan (Nansha) Trough

(Xia et al., 1995), we estimate maximum remaining

subduction effect (if any) on our heat flow at less than

3 mW/m2, and 2-D cooling would further lower this

estimate.

Likewise, our lower mean heat flow compared

with the 30-Ma Taylor and Hayes (1983) data can-

not be attributed to sampling bias because of our

program’s site-specific (Abrams, 1996a) targeting of

fluid-migration sites and seeps. If present, this bias

results in erroneously higher mean heat flow, im-

plying increased disparity between our data and those

of Taylor and Hayes (1983) and Xia et al. (1995). Site-

specific surveys may provide reliable sampling of the

geothermal field in our study area because the seep

targets are illusive, short-wavelength features, as evi-

denced by the many small open circles in Figure 4,

where no anomalies (hydrocarbon or heat flow) were

encountered.

Figure 4. Anomalous heat flow (small
squares) and sediment hydrocarbons (large
squares) within our study area (Figure 1).
The solid curve separates a landward
high heat-flow (small solid squares) zone
of abundant thermogenic hydrocarbons
(large shaded squares) from a seaward
low-heat-flow, geochemically quiescent
zone. The seaward zone is associated
with the Palawan Trough (PT) and the
landward zone with the adjacent Baram
delta pseudo–accretionary prism (AP)
in Figure 2. The southern (S) hydrothermal
area exhibits anomalous heat flow asso-
ciated with recent seeps (large shaded
squares) and biodegraded old seeps
(large UCM, large open squares). UCM =
unresolved complex mixture (e.g., Peters
et al., 2005). Gas hydrates were observed
only at the megaseep (604 mW/m2) and
northern (N) seep (241 mW/m2). Abun-
dant oil hydrocarbons indicate chromato-
grams (Appendix 1) with abundant
n-alkanes, low carbon preference indices
(CPI), and typical oil profiles with or
without broad unresolved envelopes. Quan-
titative geochemical values are shown in
Figures 7 –14. HC = hydrocarbon.
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HEAT FLOW AND HYDROCARBON DISTRIBUTION

Based on the amounts of C2+ n-alkanes and nonbio-

genic associated compounds such as the branched and

cyclic hydrocarbons, significant thermogenic hydrocar-

bons are present in the surface sediments of our study

area. In addition to thermogenic light hydrocarbons,

abundant oil and associated gas are present in the or-

ganicmaterial (bitumen) extracted from sediments (e.g.,

Hunt, 1979;Waples, 1981). Themagnitudes observed

are represented by the chromatograms for anomalous

seep sites (Appendix 1) and the crossplots of individ-

ual geochemical parameters (Appendix 4) to be dis-

cussed. The crossplots also allow comparison of seep

data magnitudes with those for the entire data popu-

lation. A large variation in the maturity of the liquid

hydrocarbons is found in the samples, equivalent

to Ro (vitrinite reflectance) of 0.6–1.3% (Figure 5).

These values are obtained from crossplots of steranes

[%C29aa20S/(20S + 20R) versus %C29bb/(bb + aa)]
and terpanes [Ts/(Ts + Tm) versus 30d/(30d + 29ba)],
where Ts and Tm are C27 hopanes 18a-22,29,30-
trisnorneohopane and 17a-22,29,30-trisnorhopane,

30d and 29ba are C30 diahopane and C29ba-hopane
(for general discussion and notation, see Peters et al.,

2005), and from the aromatic methylphenanthrene

index (MPI) (Radke et al., 1982; Radke and Welte,

1983; Radke, 1987). The distribution of heat-flow de-

fined hot and cold spots is examined in relation to the

summary hydrocarbon results for our study area in

Figure 4. The data are separated into seaward and land-

ward regions. The seaward, minor fraction of our data

constitutes a relatively uniform low-heat-flow zone,

where the mean heat flow is 59.0 ± 22.6 mW/m2

and abundant oil-related hydrocarbons (large shaded

squares) are largely absent. Landward, where the mean

heat flow is 83.7 ± 66.5 mW/m2, numerous hot (small

solid squares) and cold (small open squares) spots occur

in varying association with sites that frequently ex-

hibit abundant oil-related hydrocarbons (large shaded

squares). The indicated megaseep is where our two

highest heat-flow values (509 and 604 mW/m2) co-

exist with abundant thermogenic hydrocarbons, as

does the third highest heat flow (241mW/m2) observed

just north of themegaseep (NSEEP).Gas hydrateswere

observed in sediment cores from only these two seep

Figure 5. Heat-flow means (black) and standard deviations (gray) for the summary hydrocarbon groups. Trends (dashed lines)
are speculative; however, only abundant oil and thermogenic gas hydrocarbon sites exhibit heat flow increasingly higher than the
Brunei mean. Transition from oil to gas production with increasing geothermal gradient is seen in well data from the Palawan (Nansha)
Trough (Xia et al., 1995). Values of Ro (%) are obtained from crossplots of steranes [%C29aa20S/(20S + 20R) versus %C29bb/
(bb + aa)] and terpanes [Ts/(Ts + Tm) versus 30d/(30d + 29ba)] where Ts and Tm are C27 hopanes, 18a-22,29,30-trisnorneohopane
and 17a-22,29,30-trisnorhopane, 30d and 29ba are C30 diahopane and C29ba-hopane (e.g., Peters et al., 2005), and by aromatic MPI
(Radke et al., 1982; Radke and Welte, 1983; Radke, 1987). Abundant oil hydrocarbons indicate chromatograms (e.g., Appendix 1)
with abundant n-alkanes, low carbon preference indices (CPI), and typical oil profiles with or without broad unresolved envelopes.
Thermogenic gases exhibit high values of wetness, abundant branched and cyclic compounds, and low alkenes. Quantitative geochemical
values are in Figures 7 –14.
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locations. The relative position of the two zones in our

area (Figure 4) is consistent with prior observations of

more variable and higher heat flow and fluid loss in

accretionary prisms and uniformly lower heat flow

found in the seaward subduction zones (e.g., Langseth

andMoore, 1990). For our data (Figure 4), we associate

the most significant hydrocarbon seepage and the high-

heat-flow zone with the Palawan pseudo-accretionary

prism (Baram delta) and the lack of observed seepage

in the seaward zone of low heat flowwith the adjacent

Palawan Trough (Figure 2). In the south of the land-

ward zone, a 15� 30-km (9.3� 18.6-mi) area (south-

ern hydrothermal area, Figure 4) of very high and very

low heat flow exists, where multiple sites are found to

contain seeped hydrocarbons that are severely biode-

graded (large unresolved complex mixture [UCM] val-

ues, large open squares) (e.g., Peters et al., 2005), sug-

gesting these seeps to be presently inactive. Sample

contamination, where it is in the form of UCM, com-

monly takes the form of a narrow (distillate-type) en-

velope with increased, although not commonly large,

UCM values. Large and broad UCM (see chromato-

grams inAppendix 1) found in our study area (Figure 4)

are more commonly associated with the degradation

of seeped hydrocarbons. However, the highly variable

heat flow in the southern hydrothermal area reflects

active hydrothermal circulation, implying that the orig-

inal source of hydrocarbons at depth has been depleted,

its pathway to the surface interrupted, or seepage has

shifted to adjacent nonbiodegraded (shaded) sites. Such

transient seepage may be a product of the region’s on-

going geohistory (Hutchison, 2005). The location of

this area appears to coincide with the relatively high

geothermal gradient reported by Xia et al. (1995).

The low-heat-flow, relatively hydrocarbon-void,

seaward zone (Figure 4) represents 30% of all survey

sites. In addition to being more numerous, a fraction

of landward sites was selected using three-dimensional

(3-D) seismic data acquired over only the landward

zone. All other sites (landward and seaward) were se-

lected beforehand using only two-dimensional (2-D)

data, and reportedly, all 2-D generated landward sites

survived any later 3-D seismic data scrutiny. Despite

the size difference between the landward and seaward

data sets, the respective success rates for encounter-

ing anomalous hydrocarbons (any of the three large

squares, Figure 4) are about the same at 40%. Indeed,

the more numerous landward sites include a pro-

portionally greater number of background sites (small

open circles, Figure 4), devoid of anomalous hydro-

carbons or heat flow that were presumably added to

the survey based on the 3-D seismic data. For our sur-

vey, this suggests that the advantage of 3-D over 2-D

data for identifying site-specific targets is largely one

of increased data coverage, and the seaward sites can

be considered a population sample of the entire data

set. However, only one seaward site (Figure 4) exhibits

heat flow greater than 99 mW/m2 (small solid squares)

and only one separated seaward site exhibits abundant

oil-associated hydrocarbons (large shaded squares), about

2% of all seaward sites. In significant contrast, 16% of

landward sites exhibit abundant oil-associated hydro-

carbons, and 20% exhibit high heat flow (small solid

squares), with both frequently occurring at coincid-

ing sites or in close proximity. The latter is further

reflected in the mean heat-flow values for the sites of

each of the summary hydrocarbon groups (Figure 5),

where Ro > 1% data represent the most notable de-

parture from speculative trends (dashed lines). How-

ever, only abundant oil and thermogenic gas hydro-

carbon sites exhibit heat flow higher than the Brunei

mean, and these overwhelmingly represent the land-

ward zone in Figure 4. Xia et al. (1995) demonstrate

an oil-window–like transition from oil production to

gas production with increasing geothermal gradient

based on well data from the broader Palawan (Nansha)

Trough. This trend may be reflected in Figure 5 (left

dashed line). The statistics support a significant differ-

ence between the landward and seaward zones, clearly

shown by the areal separation of dark and light symbols

in Figure 4 that is not caused by sampling bias.

Furthermore, our mean heat flow of 59.0 ± 22.6

mW/m2 for the seaward zone corresponding to the

Palawan Trough is in good agreement with a mean

value of 54.0 ± 15.6 mW/m2 for five measurements

(Taylor and Hayes, 1983) from deeper in the trough

(2305–2882 m; 7562–9455 ft) just north of our sur-

vey area (Figure 2). These measurements combined

with ours indicate an increase in both heat flow and its

standard deviation from the deep trough to the Pala-

wan pseudo–accretionary prism (Baram delta), where

the mean heat flow is 83.7 ± 66.5 mW/m2 (Figure 2).

To attribute this to sampling bias renders our seaward

heat-flow data in disagreement with the adjacent (Taylor

and Hayes, 1983) values. Furthermore, the Xia et al.

(1995) value (65.3 ± 18.0 mW/m2) for well data from

the broad Palawan (Nansha) Trough falls between our

two observed mean values (Figure 2) instead of signifi-

cantly below the single mean value (83.7 mW/m2) pre-

dicted if all of the observed difference between trough

and landward sediments were caused by sampling bias.

The average of our two heat-flow zones (71.3 mW/m2)
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is within 10% of the well data mean, and the average

of all three means shown in Figure 2 (65.6 mW/m2)

essentially equals the well data mean (dashed line).

Fluid-Flow Models

Consistent with local geology, our range of heat-flow

measurements can be simulated by a simple model of

heat flow across a fault zone–bounded sediment trough

(Figure 6). We treat the sediment trough as a 2-D semi-

elliptic cylinder of contrasting thermal conductivity.

Using the analytical solutions (Appendix 2) from La-

chenbruch and Marshall (1966), we assign a uniform

heat flow from below that is equal to the Brunei mean

(77.6 mW/m2). To reproduce our observed surface

heat flow with this simple model, it is necessary to

invoke an order of magnitude contrast between the

thermal conductivities inside and outside the trough

(Figure 6). This contrast (K = 10, Appendix 2) ap-

proximates a change in thermal regime from conduc-

tive (inside the trough) to convective (outside the

trough). Outside the sediment trough, faulted base-

ment highs or fault zones provide conduits for verti-

cal fluid flow and the seeps targeted by our survey.

From model 1 (Figure 6), a trough with a half-width–

to–depth ratio (hw/d ) of 30 can be seen to produce

a departure from our mean heat flow to account for

our highest observed heat flow at the sediment-fault

zone boundary. Model 2 (hw/d = 1.2) reduces heat

flow in the interior of the trough to our lowest observed

values.

The reliable means (Sclater et al., 1976) in Figure 3

represent data obtained from sediment ponds greater

Figure 6. Theoretical heat flow (solid black curves and lines) across semielliptic cylinders of half-width–to–depth ratios (hw/d) of
30 (model 1, left) and 1.2 (model 2, right) for a constant heat flow of 77.6 mW/m2 (Brunei mean) from depth. Inside the cylinder
represents a sediment trough with thermal conductivity, k, and outside represents a faulted zone of convective heat transfer simulated
by thermal conductivity k� 10 (K = 10, Appendix 2). Models 1 and 2 reproduce our observed data range. Model 1 (left) also simulates
the transition in heat flow from the Palawan Trough to the Baram delta pseudo–accretionary prism (PT-AP, Figure 2), represented by
the model trough interior (59.7 mW/m2) and the fault zone, respectively. The model 1 heat flow at the trough-fault zone boundary
simulates high heat flow associated with decollements and observed at the megaseep. Theoretical heat flow across trough interiors
is uniform but reduced significantly (R) below the Brunei mean.
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than 200 m (660 ft) thick, believed to inhibit the in-

fluence of hydrothermal circulation on the data. Some

investigators apply this strategy to surface geochem-

ical surveys and deliberately position heat-flow sites

away from geochemical sites, where heat flow is ex-

pected to be uniform and more indicative of regional

means. Our model results (solid curves and lines,

Figure 6) predict uniform heat flow within the trough;

however, mean regional heat flow is significantly re-

duced (R). Accordingly, heat-flowmeasurements with-

in a 200-m (660-ft)-thick sediment trough with a

12-km (7.5-mi) spacing between fault zones (hw/d =

30, model 1) would underestimate mean regional heat

flow by R = 23%. For shallower troughs with nar-

rower fault zone spacing (e.g., hw/d = 1.2, model 2),

it can be seen that this underestimation can be sev-

eral times greater (Figure 6). To reliably define mean

regional heat flow (the inverse problem), our model

results support the need for a representative data sam-

pling of the full spectrum of heat flow. Even if sub-

bottom geometry is known exactly, correction of in-

terior trough measurements is impossible without

the confirmation of active fluid flow and an estimate

of its rate. These can only be provided by heat-flow

measurements within zones of anticipated vertical

fluid migration, as in the present survey. Hence, using

the model of Bredehoeft and Papadopulos (1965) (Ap-

pendix 3), we calculate the rate of fluid flow from

depth required to produce the maximum heat flow

(604 mW/m2) observed at the megaseep (assuming the

Brunei mean regional heat flow of 77.6 mW/m2).

This yields a flow rate of 1.7 cm/yr (0.67 in./yr) from

6 km (3.6mi) depth, the approximatemaximumdepth

of faulting associated with the Baram delta pseudo–

accretionary prism (AP, Figure 2). In our geologi-

cal setting, vertical water flow represents the most

likely explanation for the high megaseep heat flow.

Independent of the geochemistry, heat flow this

high constitutes strong evidence for characterizing the

megaseep as a localized site of active fluid flow from

depth.

We can also apply our simple trough model

(Figure 6) to the large-scale distribution of heat flow

and surface hydrocarbons in our survey area (Figures 2,

4). Accordingly, the interior of the model 1 trough

(Figure 6) simulates at 59.7 mW/m2 our Palawan

Trough heat-flow data (59.0 mW/m2). The adjacent

convective zone simulates our landward data with the

highest heat flow (�600 mW/m2) produced at the

contact between the two, simulating the decollement

and the megaseep heat flow.

Geological Implications

For the passive Norwegian margin, Ritter et al. (2004)

express the minimum degree of focusing of fluids along

faults as the ratio of the flow rate to the sedimenta-

tion rate, the upper limit to compaction-driven flow

(Bjørlykke, 1993). Sedimentation rates at depths sim-

ilar to ours (�1500 m;�4921 ft) reported for the near-

by Sarawak Basin average 500 m/m.y. (1640 ft/m.y.)

(0.05 cm/yr; 0.02 in./yr) over the last 3 m.y. (Mat-Zin

and Swarbrick, 1997). This implies more than 30 times

focusing of the 1.7-cm/yr (0.67-in./yr) (5.5 � 10�10-

m/s; 1.80� 10�11-ft/s) flow required to account for the

megaseep heat flow, at least three times the values es-

timated by Ritter et al. (2004). Based on our heat-flow

distribution (Figure 4), this flow (arrow, Figure 2) may

be channeled along low-angled landward-dipping faults

associated with the Baram delta pseudo–accretionary

prism. Fluid expulsion along similar faults is supported

by abundant data from the Barbados accretionary com-

plex (Fisher andHounslow, 1990; Langseth andMoore,

1990; Langseth et al., 1990; Screaton et al., 1990;Vrolijk

et al., 1991) and the Costa Rican margin (Langseth and

Silver, 1996; Ruppel and Kinoshita, 2000). Fluid flow

predominates along decollement zones feeding the

low-angle faults, where Darcy velocities from 10�9 to

10�7 m/s (3.3 � 10�9 to 3.3 � 10�7 ft/s) with maxi-

mum permeability 10�12 m2 (10�11 ft2) (�1000 md)

have been calculated (Fisher and Hounslow, 1990;

Screaton et al., 1990). Davis et al. (1990) calculate a

uniform vertical flow velocity of 8 � 10�10 m/s (2.6 �
10�9 ft/s) for the northern Cascadia accretionary prism.

The similarity of our Baram delta pseudo–accretionary

prism data results to active accretionary complexes

exists despite the passive status that our survey area

now holds. Faults in subsiding basins are not likely to

be open because they are generally less permeable than

the surrounding ductile sediments (Bjørlykke, 1999;

Fisher et al., 2003). Higher temperatures could be the

overriding factor. Higher heat flow observed for the

landward sediments of the Baram delta and, correspond-

ingly, higher temperatures at shallower depths facili-

tate flow (Fisher et al., 2003) in the absence of the

forces of active subduction. A history of episodic rift-

ing (Ru and Pigott, 1986) may also exert alternating

degrees of extensional and compressional influence on

our study area. This would help to keep faults active

and to propel fluids.

In addition to the driving pressure, the sources of

fluids under active margin tectonics (e.g., Vrolijk et al.,

1991) may not be available in our area. To duplicate
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maximum flow in the Barbados accretionary prism

requires pressures of up to 2.5 � 106 Pa (Fisher and

Hounslow, 1990), which can be developed in only

250 m (820 ft) differential hydraulic head. Reservoir

rock permeability up to 1900 md has been reported

for the Brunei–Sabah margin (Blanche and Blanche,

1997), exceeding that calculated for Barbados (Fisher

and Hounslow, 1990). Hence, in our study area, tropi-

cal highlands along the coast of Borneo, culminating in

4101 m (13,455 ft) Mt. Kinabalu, are more than capa-

ble of supplying water under sufficient pressure to any

part of the adjacent margin. Water (Figure 2, arrow)

may descend along terrestrial faults to the decollement

zone at about 6 km (3.6mi) depth below seabed. Itmay

then ascend to the seabed via landward-dipping faults

to produce the observed heat flow and hydrocarbon

distribution (Figure 4). This flow can also be seasonal

and transient under Darcian flow conditions (Fisher

and Hounslow, 1990).

Time Constraints

The relationship between heat and fluid flow and the

presence of thermogenic hydrocarbons in the sedi-

ments implies that certain time constraints are met.

The vertical fluid flow needed to produce the mega-

seep heat-flow anomaly (1.7 cm/yr; 0.67 in./yr), re-

quires 3.5 � 105 yr for fluids to reach the seabed

from 6 km (19,700 ft) depth. Well data from various

parts of the region indicate sufficient maturity for sig-

nificant hydrocarbon generation from 2133 to more

than 3353m (7000 to 11,000 ft) (Blanche and Blanche,

1997). Hence, it requires about 1.8� 105 yr for hydro-

carbons generated at 3000 m (9840 ft) depth to reach

the seabed if carried along with the water flow from

depth. This time is about 1% of the middle Miocene

(�14 Ma) to late Oligocene (�25 Ma) ages of impor-

tant source rocks for the Brunei–Sabah basin (Blanche

and Blanche, 1997). If source rocks at 3000m (9480 ft)

average 20 m.y. in age, the average subsidence rate

(150 m/m.y.; 492 ft/m.y.) implies 27 m (89 ft) of sub-

sidence (�1% of depth) in the time it takes fluids to reach

the seabed and to supply proposed reservoirs, thought

to be no younger than the late Miocene (�10 Ma)

(Blanche and Blanche, 1997).

Zielinski and Bruchhausen (1983) showed that wa-

ter flow could account for both long-range hydrocar-

bon migration and high heat flow in the Magellan Ba-

sin (Argentina). The same appears true for the Brunei

margin, provided that significant hydrocarbon genera-

tion has predated about 2 Ma. This does not preclude

more rapid migration by bubble ascent or continuous

gas-phase flow in fractures (Brown, 2000).We compare

the relative effects of water-borne and gas-phase migra-

tion for the same model (Bredehoeft and Papadopulos,

1965) already applied to the megaseep in Appendix 3.

Offsetting the reduced heat transport capacity of gas

compared to water, under the exact same conditions,

the model predicts that an upward gas velocity v zg =

�2.3 � 10�8 m/s (�7.5� 10�8 ft/s) (�72.5 cm/yr;

�28.5 in./yr) can also account for the megaseep heat-

flow anomaly. This is 42 times greater than that for wa-

ter; however, even higher gas-migration velocities are

possible (Brown, 2000).

MEGASEEP DATA RESULTS

From the procedure outlined in Appendix 4, Figures 7–

14 reveal in the megaseep data (dashed lines) direct and

inverse correlations between heat flow and geochem-

ical parameters representing the spectrum of analyses

performed. We observe three basic categories of cor-

relation. In the first, hydrocarbon concentrations and

heat flow at the megaseep (dashed lines) increase pro-

portionally to significantly exceed all or most values

for the remaining regional survey data. This category

includes virtually all of the hydrocarbon data as exem-

plified by adsorbed gases (Figure 7) and the extracted

organic matter (EOM) data (Figure 8). The geochemical

data provide strong evidence for active vertical fluid mi-

gration and seepage of thermogenic hydrocarbons from

depth at the megaseep. Furthermore, in the absence of

a shallow igneous body or salt dome, vertical fluid flow

(Bredehoeft and Papadopulos, 1965) is the only rea-

sonable mechanism to account for the observed high

heat flow, in excess of 500 mW/m2.

For the second correlation category, systematic

changes in megaseep heat flow and hydrocarbons rep-

resented by EOM data (Figure 9), biomarker abun-

dances and ratios (Figures 10–12), and isotope data

(Figures 11, 12) are evident (dashed lines). However,

unlike category 1 data, category 2 megaseep and re-

gional (solid lines) hydrocarbon data ranges are com-

parable, suggesting common origin. This is remarkable

considering that the megaseep data (dashed lines) rep-

resent a distance of less than 500m (1600 ft) (Figure 15);

whereas the regional data span distances on the order

of 100 km (60 mi). Data patterns apparent in two

aromatic sterane ratios are mirrored in isotope data in

Figures 11 and 12, also reflecting common genesis.
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For the third category of correlation, hydrocarbon

parameters appear relatively invariant at the four high-

est heat-flow megaseep sites (sites 1–4, Figure 15), but

convert to background levels by the outlying sites 5–7,

where data are available. The represented hydrocar-

bon ratios (Figures 13, 14) constitute the largest wave-

length anomalies associatedwith themegaseep, extend-

ing the greatest distances from the seep axis (Figure 15).

They also appear to span a large fraction of the regional

data range, where outlying site (5–7) data are available

(e.g., upper plots, Figures 13, 14). This is similarly re-

flected in the EOM data (Figure 9), where values also

remain relatively high for the four primary megaseep

data points (right side) and decrease significantly there-

after (left) to background values.

The correlation, trend, and wavelengths of mega-

seep geochemical data and heat flow are shown in

Figure 16, a plot of concentration (or parameter value)

relative to the concentration or value observed at site 1

for the seven megaseep sites located in Figure 15.

Figure 16 includes most of the examples in Figures 7–

14. For the Figure 11 monoaromatic sterane ratio

(marst) and the Figure 13 ratio of alkenes to n-alkanes

(1-adC2–6alkenes/nalk), one minus the values (1 � v),
then normalized to site 1, are plotted in Figure 16. One

minus values are used for plotting purposes because

these parameters, in contrast to the others, increase

with increasing site number and distance from the

seep axis. The dashed lines indicate missing data, where

no d13C isotopic data, e.g., adsorbed propane (ad
13
C3)

were obtained for site 3. The anomalous adsorbed

methane value (adC1) for site 4, at seven times the

value at site 1, is probably biogenic and is omitted. No

biomarker or isotope data were obtained for sites 5–7

because those sites did not meet minimum screening

criteria to warrant those analyses. The biomarker and

Figure 7. Crossplots of heat flow versus
two adsorbed category 1 hydrocarbon
parameters, where megaseep values
(dashed lines) far exceed the remaining
regional or background data (solid line).
Wetness = (C2 + C3 + C4)/(C1 + C2 +
C3 + C4), N and S seeps are 10 and 15 km
(6 and 9 mi), north and south, of the
megaseep.
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isotope values for sites 5–7 in Figure 16 are extrapo-

lated from their respective crossplots (Figures 10, 11)

and are assumed constant at all three sites. These ex-

trapolations appear reasonable in light of the reason

for limited analyses for the sites. The general decline

in heat flow (large solid squares) appears centrally

located amidst the corresponding geochemical data in

Figure 16.

Megaseep Models

Based on the megaseep data and their relative posi-

tions (Figure 15), we have constructed two simple

models for evaluating the Figure 16 data results. First

(Figure 17), we find excellent agreement between

observed megaseep heat flow and that produced by a

simple buried line source model (Von Herzen and

Uyeda, 1963) for a seep oriented nearly east-west at

site 1 (dashed line, Figure 15). This happens to be sub-

parallel to the South China Sea Basin magnetic linea-

tions (Taylor and Hayes, 1983). In Figure 17, the mega-

seep heat-flow data (solid squares) are plotted versus

the distance from the inferred megaseep axis, and the

solid curve is the theoretical model result for an in-

finite line source buried 157 m (515 ft) below the sea

floor (Appendix 5). The higher-than-theoretical values

observed at sites 6 and 7 reflect the decay of anomalous

megaseep heat flow below background heat flow (not

included in our model) beyond 400 m (1312 ft) from

the inferred seep axis. By substituting concentration for

temperature (Appendix 5), the samemodel can be used

to assess the function of broadly defined mass diffusion

on the megaseep geochemical data. Because of the con-

stant surface boundary condition at the sea floor, we

computed relative concentration (C/Co) values for both

Figure 8. Crossplots of heat flow versus
two EOM (bitumen) category 1 hydro-
carbon parameters, where megaseep
values (dashed lines) far exceed remain-
ing regional or background data, except
for the S seep. N and S seeps are 10 and
15 km (6 and 9 mi), north and south, of
the megaseep.
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1 and 4 m (3.3 and 13 ft) below the surface, observing

no significant difference between the two.

In the second model (Appendix 6), we test the

possibility that the correlation of heat flow and geo-

chemistry at the megaseep (Figure 16) results directly

from increased thermogenesis caused by higher heat

flow. Increased thermogenesis can result from expo-

sure of organic material to higher temperatures be-

cause of higher heat flow over its geohistory. Localized

examples may include salt domes (Rashid and Mc-

Alary, 1977) and hydrothermal petroleum (Simoneit

and Lonsdale, 1982). For a first approximation and for

mathematical simplicity, we followWaples (1980), as-

suming that organic material beneath megaseep site 4

is at the onset of thermogenesis. We then calculate

the increases in concentrations (C/Co) from increased

thermogenesis caused by the higher heat flow observed

at each successive site (3 to 1). We first do this for a

geotherm produced by simple steady vertical heat

conduction. Then, we assume that vertical fluid flow

(the only geologically plausible mechanism) creates

the megaseep heat-flow anomaly. The latter geotherm

is calculated according to Bredehoeft and Papadopulos

(1965). Details are in Appendix 6.

Megaseep Model Results

The diffusion model results for source depths of 157 m

(515 ft) (diffusion 157), the same used to model heat

flow (Figure 17), 34 m (111 ft) (diffusion 34), and the

thermogenic model results computed for conduc-

tive (COND) and convective (CONV) geotherms are

plotted in Figure 18. Selected data from Figure 16 are

also plotted in Figure 18. Despite being roughly equi-

distant from the seep axis, some geochemical data dif-

ferences between sites 3 and 4 are apparent. This is

also seen in the crossplots (Figures 7 –14). Because

there are two separate migration paths from the axis

Figure 9. Crossplots of heat flow versus
two EOM (bitumen) category 2 hydro-
carbon parameters, where high-heat-
flow megaseep data branches (dashed
lines) have data ranges comparable to
regional (solid lines). The lateral scale
of the megaseep data is about 700 m
(2296 ft), and the lateral scale of the
regional data is approximately 100 km
(60 mi). See Figure 15 for megaseep,
north (N), and south (S) seep relative
locations. mr = mass ratio.
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to these sites (Figure 15), some real-data differences

are not surprising.

Megaseep data generally reflect patterns exhibited

by the diffusion model for source depths of 34 and

157 m (111 and 515 ft). Headspace gas data repre-

sented by propane (hsC3) can be accounted for by even

shallower source depths. More invariant (category 3)

parameters represented by the ratio of alkenes to

n-alkanes (1-adC2–6alkenes/nalk) can be simulated by

a broader source distribution as demonstrated by Von

Herzen and Uyeda (1963) and deeper source depths

(<1 km; <0.6 mi). However, the thermogenic model

(COND and CONV) appears capable of accounting

for only hydrocarbon gas data, represented in Figure 18

by headspace propane (hsC3) and by adsorbed and

occluded sums of branched hydrocarbons (adsum-

branched and ocsumbranched). Some of the departure

among and between parameters and the thermogenic

model results (Figure 18) could reflect real differences in

kinetic constants not accounted for by Waples (1980)

and in Appendix 1.

In Figure 13, the triterpane ratio Ts/(Ts + Tm),

which can indicate both thermal maturity and source

(Moldowan et al., 1986), appears decidedly invariant

at megaseep sites 1–4, where heat flow varies most

significantly. This invariance holds true for 20S/(20S +

20R)C29 sterane (C29aaa20S),C29bb/(bb + aa) sterane,
30d/(30d + 29ba) terpane ratios, and the aromatic

MPI (Radke et al., 1982; Radke and Welte, 1983;

Radke, 1987), all potential thermal-maturity indica-

tors (e.g., Peters et al., 2005). Plotted relative to heat

flow (Figure 19), they show little variation compared

to heat flow and no consistent sitewise variation. In

contrast, the Figure 11 monoaromatic sterane C21M/

(C21M + bSC28MA) (marst) appears tomirror relative

heat flow in Figure 19. However, it increases with

decreasing heat flow, the opposite of the trend ex-

pected if heat flow were causally linked to thermal

Figure 10. Crossplots of heat flow
versus two biomarker peak heights, cate-
gory 2 hydrocarbon parameters, where
high-heat-flow megaseep data branches
(dashed lines) have data ranges compa-
rable to regional (solid lines). The lateral
scale of the megaseep data is approxi-
mately 250 m (820 ft), and the lateral
scale of the regional data is about 100 km
(60 mi). No data exist for megaseep
sites 5–7; however, plots extrapolate to
regional and background values (�0).
See Figure 15 for megaseep, north (N),
and south (S) seep relative locations.
28d = C28 diahopane; 23/3 = C23 tricyclic.
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maturity (e.g., Peters et al., 2005). The total scanning

fluorescence (TSF) ratio R1 (Brooks et al., 1983, 1986)

also mirrors heat flow and is the only potential ma-

turity parameter with values at megaseep sites 5–7,

where it increases to a maximum of 3.4 (C/C o) at

site 7 relative to site 1. This could indicate correlation

with heat flow and thermal maturation; however, Bar-

wise and Hay (1996) also associate increasing R1 with

increased biodegradation. Based on the other poten-

tial maturation parameters (Figures 13, 19), we con-

clude that biodegradation is reflected in the R1 data.

Sterane biodegradation is highly variable depending

on conditions (Peters et al., 2005). However, a com-

bination of processes, including near-surface biodeg-

radation, fractionation during transport and migra-

tion, and mixing with recent organic material (ROM),

instead of thermal maturation, similarly explains the

change of the monoaromatic sterane ratio (marst,

Figure 19). Overall, data and model results support a

near-surface origin (<1 km; <0.6 mi) for the correla-

tion between geochemistry and heat flow at the mega-

seep (Figures 16, 18), with processes represented spa-

tially and temporally by concomitant molecular and

thermal diffusion.

Discussion

Results indicate a lack of causal connection between

correlated heat flow and hydrocarbon geochemistry at

the megaseep and the predominance of the diffusion

model over the thermogenic model to explain the corre-

lation. The data and diffusion model trends (Figures 16,

18) represent transport, near-surface alteration, bio-

degradation, fractionation, and mixing with ROM

(e.g., Mason and Evans, 1969; Mason and Marrero,

1970; Bernard et al., 1977; Brooks et al., 1979; Abrams,

Figure 11. Crossplots of heat flow ver-
sus two category 2 hydrocarbon param-
eters, where high-heat-flow megaseep
and north (N) seep data branches (dashed
lines) have data ranges comparable to
regional (solid lines). The lateral scale of
the megaseep data is about 250 m (820 ft),
and the lateral scale of the regional
data is approximately 100 km (60 mi). The
biomarker ratio (monoaromatic sterane
in Figures 16 and 19) and isotope data
(lower, no S seep value) exhibit the same
pattern, reflecting common genesis. No
data exist for megaseep sites 5–7; how-
ever, plots extrapolate to regional and
background values. See Figure 15 for
megaseep, north (N), and south (S) seep
relative locations. PDB = Peedee belemnite
standard.
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1996a, b; Sassen et al., 2003, 2004). Decreases in d13C
and hydrocarbon gas wetness = (C2 + C3 + C4)/(C1 +

C2 + C3 + C4) with distance from the megaseep axis

support this conclusion. Figure 16 provides a unique

record of the evolution of multiple hydrocarbon pa-

rameters that are relatively fresh at site 1 (caused by

more active seepage) toward their respective back-

ground values (sites 5–7). Understanding these trans-

formations is important for correlating sea-floor hy-

drocarbons with their possible sources at depth (e.g.,

Peters et al., 2005). The availability and use of mul-

tiple independent and interrelated parameters help

discriminate between the basic models in this study

(Figures 18, 19). Patterns corroborated by multiple pa-

rameters (e.g., Figures 11, 12) should likewise lead to

improved models of hydrocarbon seeps.

For category 2 parameters (Figures 9–12), the

simplest explanation for comparable ranges of mega-

seep (dashed lines) and regional (solid lines) data is that

the latter represent former megaseeps, where high

heat flow has largely decayed but the geochemical

fingerprints remain relatively unchanged. A large ratio

of thermal to chemical (molecular) diffusion facilitates

this, and thermal diffusion coefficients are commonly

cited at several orders of magnitude greater than mo-

lecular diffusion coefficients (e.g., Von Herzen and

Uyeda, 1963; Mason and Marrero, 1970). Hence, the

category 2 regional data appear in crossplots as the

cumulative result of site-specific sampling (Abrams,

1996a) at random distances (<500 m; <1640 ft) from

geochemical megaseeps. These data largely reflect the

same near-surface (<1-km; <0.6-mi) processes seen at

the megaseep instead of true regional variations. Under

this hypothesis, individual samples from 100 seeps ap-

pear indistinguishable from 100 samples from a single

seep. A potentially useful consequence is that distances

from seeps and paleoheat flow for each regional seep

site can be inferred from the megaseep data. This is

exemplified for one regional site (X ) and one parameter

(d13C3) in Figure 20.

Figure 12. Crossplots of heat flow
versus two category 2 hydrocarbon pa-
rameters, where high-heat-flow mega-
seep and north (N) seep data branches
(dashed lines) have data ranges com-
parable to regional (solid lines). The lat-
eral scale of the megaseep data is about
250 m (820 ft), and the lateral scale of the
regional data is approximately 100 km
(60 mi). The biomarker ratio and isotope
data exhibit the same pattern, reflecting
common genesis. No data exist for mega-
seep sites 5–7; however, plots extrapo-
late to regional and background values.
See Figure 15 for megaseep, north (N),
and south (S) seep relative locations.
PDB = Peedee belemnite standard.
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Regional data in several category 2 crossplots

(Figures 9–12) are shown with trends (solid lines) that

correspond in slope withmegaseep data trends (dashed

lines). The regional trends are somewhat speculative

because the heat-flow data appear scattered about the

regional lines, and correlation coefficients for regional

data regressions are low. Scatter in the regional heat-

flow data most likely reflects regional seeps in differing

stages of thermal decline and, correspondingly, more or

less active in terms of flow rates. Hypothetical regional

data points plotting vertically just above and just below

siteX in Figure 20, for example,would indicate the same

distance from seeps that are, respectively, more and

less active than seep X. The single regional data point

significantly outside themegaseep data range (d13C4 >

�24x) would indicate a paleoheat flow greater than

604 mW/m2.

Statistics commonly applied to drilling programs

(e.g., Davis, 1986) support the paucity of undiscov-

ered megaseeps within our survey area as follows. Of

the four primary megaseep sites (sites 1–4, Figure 15),

two resulted in decidedly anomalous heat flow and

geochemistry (i.e., 50% success). If we argue that four

sites were required to discover the megaseep, this rep-

resents 25% success. However, the two most anoma-

lous megaseep sites 1 and 2 are unique in 186 sites for

an overall success of only 1.1%.Given the discovery of

the megaseep by any of four sites, the probability that

no other megaseeps are observed among our regional

sites is practically nil. This further supports that our

regional data largely represent thermally decayed, less

active megaseeps with both lower heat flow and an

absence of anomalous category 1 parameters.

The ratios of some triterpanes and alkenes and

n-alkanes (Figures 13, 14) and bitumen (EOM) data

(Figure 9) appear less affected by megaseep processes.

They remain decidedly anomalous at least 250 m

(800 ft) from the megaseep axis, encompassing all

Figure 13. Crossplots of heat flow
versus adsorbed and biomarker ratios,
category 3 hydrocarbon parameters,
which are comparatively invariant in the
primary (sites 1–4) megaseep data
(dashed lines), i.e., across the 250-m
(820-ft) half-width of the megaseep. Outer
megaseep sites 5–7 reflect a rapid fall to
background levels. No site 5–7 biomarker
data exist. See Figure 15 for megaseep,
north (N), and south (S) seep relative lo-
cations. Solid lines indicate regional data
branches. Ts and Tm are C27 hopanes,
18a-22,29,30-trisnorneohopane and
17a-22,29,30-trisnorhopane.

1070 Heat Flow and Surface Hydrocarbons



four high heat-flow sites (Figures 16, 18). Like cast-

ing a significantly larger net, this invariance in cate-

gory 3 parameters constitutes a significantly greater

aperture for detecting seeps in surface geochemical

data. This can be compared with headspace gases

(e.g., hsC3), observed anomalous only at site 1. Like

heat flow, category 1 adsorbed gases, and EOMparam-

eters (Figures 7, 8), 28,30-bisnorhopane/ab-norhopane
(Figure 14) and alkenes/n-alkanes (Figures 13, 14)

exhibit megaseep values that are extreme compared

with most other sites. The Figure 11 monoaromatic

sterane (marst) C21M/(C21M + bSC28MA) additionally

shows sitewise correlation with heat flow (Figure 19).

Like heat flow, these parameters may, in combina-

tion, define more active seepage, where migration to

the surface is more rapid and more recent, and hy-

drocarbons are least altered by effects of biodegrada-

tion (e.g., Tissot andWelte, 1978;Hunt, 1979;Waples,

1981; Peters et al., 2005). Heat-flow data results, how-

ever, are unique in being easily available while in the

field.

Despite its high (604 mW/m2) heat flow, among

the highest ever reported, the adsorbed methane con-

centrations observed (�100 ppb) at the megaseep fall

short of the approximately 1000-ppb levels required

by Abrams (1996b) to be classified as active (type A),

resulting in the presence of bubbles in the water col-

umn and associated benthic communities. However,

based on the megaseep site distribution (Figure 15),

we cannot rule out the existence of higher heat flow

and higher methane concentrations just to the south.

In fact, we havemeasured heat flow atmore than twice

that of themegaseep elsewhere on the northern Borneo

margin. Our data results, however, support the use of

heat flow to detect significant active seepage at subtype

A levels. Like the megaseep, many cold seeps (e.g.,

Figure 14. Crossplots of heat flow
versus adsorbed and biomarker ratios,
category 3 hydrocarbon parameters, which
are comparatively invariant in the pri-
mary (sites 1–4) megaseep data (dashed
lines), i.e., across the 250-m (820-ft)
half-width of the megaseep. Outer mega-
seep sites 5–7 reflect a rapid fall to back-
ground levels. No site 5–7 biomarker
data exist. The terpane ratio is singularly
maximum at the megaseep. See Figure 15
for megaseep, north (N), and south (S)
seep relative locations. Solid lines indi-
cate regional data branches.
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Klaucke et al., 2005) may not appear cold in terms of

heat flow.More data at cold seeps are needed to confirm

results presented here and to assess the significance of

hydrocarbon seepage at rates below those that produce

heat-flow anomalies.

SUMMARY AND CONCLUSIONS

Bias in our heat-flow data caused by site-specific

sampling appears negligible based on the following:

(1) the equality of the Brunei mean heat flow and the

Figure 15. Relative loca-
tion of the seven mega-
seep sites with heat-flow
values (mW/m2) in paren-
theses. The orientation
of the inferred seep axis
(dashed line) is based on
the heat-flow measure-
ments, assuming intersec-
tion with maximum heat
flow site 1. Relative po-
sitions of the north (N)
and south (S) seeps and
heat-flow values are
indicated.

Figure 16. Megaseep observed relative concentrations (C/Co) and relative heat flow (HF/HFo) normalized to site 1 (C = Co; HF = HFo)
plotted versus site number (Figure 15). Legend numbers in italics (*) indicate corresponding crossplot figure number. ad = adsorbed;
eom = solvent extracted organic material/bitumen; trit = triterpane; st = sterane; marst = monoaromatic sterane; oc = occluded; hs =
headspace. Dashed lines indicate missing data. Sites 5–7 biomarker (trit, st, and marst) and isotope (ad13C3) values are extrapolated
from crossplots (Figures 10 and 11).
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Figure 17. Megaseep
heat flow (solid squares)
versus distance from in-
ferred seep axis (Figure 15).
The solid curve is the the-
oretical heat flow versus
distance from an infinite
line source at depth D =
157m (515 ft) (Appendix 5)
underlying the seep axis
at site 1. Theoretical heat
flow falls below back-
ground data values greater
than 400 m (1312 ft)
from seep axis.

Figure 18. Selected (from Figure 16) megaseep observed relative concentrations (C/Co, symbols) normalized to site 1 (C = Co)
versus distance from inferred seep axis (Figure 15). Legend numbers in italics (*) indicate corresponding crossplot figure number.
The solid lines indicate the theoretical relative concentration (Appendix 5) versus distance from an infinite line source at depths D =
157 m (515 ft) (same as for heat flow in Figure 17) and D = 34 m (111 ft) (diffusion 157 and 34) underlying the seep axis at site 1.
Broken lines indicate thermogenic model (Appendix 6) values. Thermogen = thermogenic; cond = conductive geotherm, conv =
convective geotherm, which account for only category 1 gas data; headspace propane (hsC3), occluded (oc), and adsorbed (ad) sum
of branched hydrocarbons (sumbranched). Triterpane (trit) values greater than 300 m (984 ft) from axis (C/Co = 0) are extrapolated
from Figure 10. Invariant (<300 m; <984 ft) category 3 parameters, e.g., adsorbed C2–6alkenes/n-alkanes (large open triangles)
have longest wavelengths, and headspace gases (e.g., hsC3, solid triangles) have the shortest.

Zielinski et al. 1073



non–site-specific China margin heat flow, implying

contemporaneous age; (2) the correlation of that age

with dated magnetic lineations and inferred onset of

rifting and sea-floor spreading; and (3) the correlation

of our data with published non–site-specific heat-flow

data from the northern Borneo margin. Furthermore,

model results applied to our study area demand sam-

pling in fault zones for reliable means, whereas the

elusively short wavelengths of seep anomalies limit

oversampling. Heat flow and surface hydrocarbon geo-

chemistry in this study are shown to be largely un-

biased by relative 2-D and 3-D seismic data coverage.

Contrary to expectation, the advantage of 3-D over

2-D seismic data for identifying site-specific targets ap-

pears to have been negligible.

Active fluid loss from depth in the Baram delta

pseudo-accretionary prism is the prime factor influ-

encing the distribution of heat flow and thermogenic

surface hydrocarbons. Calculations support that bub-

ble ascent and/or gas-phase migration may contribute

significantly to the observed anomalous heat flow and

surface hydrocarbons. Our data support greater flow

conduit potential within the landward Baram delta

than in the seaward half of our study area. Although

the sources of fluids and the driving forces may have

evolved, this flow occurs, possibly along preexisting

faults, despite the absence of active subduction. Results

are in accordance with global correlation between hy-

drocarbons and their thermal regimes in predicting

enhanced generation, migration, and accumulation

within the Baram delta sediments. Geothermal gra-

dients from well data have previously been shown to

be the most important factor influencing the distri-

bution of oil and gas production in the region (Xia

et al., 1995).

A simple diffusion model represents correlated

heat flow and surface hydrocarbon data as being caused

by near-surface processes, including migration, frac-

tionation, mixing, and biodegradation within approxi-

mately 500 m (1640 ft) of lateral distance from seeps.

However, more rapid vertical fluid flow from depth is

required to explain the observed high (604 mW/m2)

heat flow and seep geochemistry and to effectively sup-

ply the line source in the diffusion model (Appendix 5).

We cannot distinguish between seeped hydrocarbons

that are the result of secondary migration directly from

source rocks or tertiary migration from reservoirs. Ac-

tive fluid flow and hydrothermal convection indicated

by heat flow (e.g., over midocean ridges) are not nec-

essarily associated with seeped hydrocarbons; nor are

Figure 19. Relative (to site 1) heat flow (HF/HFo) and relative concentrations (C/Co = 0) of potential thermal maturation indicators,
biomarkers (e.g., Peters et al., 2005), and MPI (Radke et al., 1982; Radke and Welte, 1983; Radke 1987) for megaseep sites 1–4 show
no correlation. Correlation of heat flow (solid squares), the Figure 11 monoaromatic sterane (marst, open squares), and total
scanning fluorescence (tsf ) R1 (Brooks et al., 1983, 1986) are not related to thermal maturation (see text). The abbreviations 30d and
29ba are C30 diahopane and C29ba-hopane.
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salt domes necessarily associated with hydrocarbons.

However, in some petroliferous regions like the Gulf

of Mexico, the salt dome–hydrocarbon association is

well known. The degree of heat flow–hydrocarbon as-

sociation shown in this study awaits testing in other

petroliferous regions.

Operationally, results support the use of the Ewing

technique for maximum heat-flow data sampling in

combination with hydrocarbon geochemistry from

4-m (13-ft) site-specific gravity coring. Data dynamic

range and coherency do not support a need for greater

sediment penetration, which is operationally more

problematic to consistently achieve. Results predict

that for similar convective regimes, survey strategies

that confine heat-flow measurements to the thermally

uniform interiors of sediment troughs seriously under-

estimate mean regional heat flow (23–80%) and calcu-

lated hydrocarbonmaturation and generation. Heat flow

at all geochemical coring sites results in more reliable

means and provides for real-time detection of active

seeps. It draws attention to specific geochemical param-

eters that may more effectively reflect active seepage.

APPENDIX 1: SAMPLING AND MEASUREMENTS

Heat-flow measurements were obtained via the Ewing technique
(Langseth, 1965), with six thermistors attached to a 4-m (13-ft)
gravity corer barrel. Thermistor outputs were monitored and stored
in situ. Less than 5 min of equilibration time were required to obtain
thermal gradient (G) measurements at each site. At the surface, each
plastic-lined core was divided into sections for immediate geochem-
ical sample storage and for needle-probe thermal conductivity (k)
measurements (Von Herzen and Maxwell, 1959). For the latter,
small holes were drilled in the sealed core sections for insertion
of the needle probe into equilibrated sediment samples. A total of

Figure 20. Hypothetical evolution of category 2 parameters (e.g., Figures 9–12), whereby megaseep data (MS) decline in heat flow
with time (vertical lines), with negligible change in chemistry (e.g., d13C3), reflecting the origin of regional data (upper plot, heat flow
versus geochemistry). Below, megaseep geochemistry versus distance from axis (from Figure 15) is plotted with the data (MS)
regression line. This illustrates hypothetical derivation of paleoheat flow (upper plot) and distance from seep epicenter for an
arbitrary regional data point (X). Scatter in regional heat flow (about regional line) may reflect different ages and amounts of
thermal decline.
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909 measurements were corrected to seabed temperatures (Ratcliffe,
1960), averaged, and combined with gradient data to obtain heat-
flow values for each site (HF = �kG). Overall, we estimate the error
of individual heat-flow measurements at less than 5%.

Core samples for geochemistry were canned, flushed with ni-
trogen, sealed, and immediately frozen to �80jC to avoid biological
activity. Live oil, collected in sample bottles, and all sediment sam-
ples, packed in special containers with dry ice, were transported to
our laboratory for analyses. These analyses included headspace gas,
occluded gas, adsorbed gas, solvent extraction, quantitative gas chro-
matography of extracts, TSF of the extract, total organic carbon, and
total carbon for all samples. High-resolution gas chromatography–
mass spectrometry (GC-MS) of the extracts (EOM) that contained
thermogenic hydrocarbons, and gas chromatography– isotope ratio
mass spectrometry (compound-specific isotope analysis) of the gas
fractions that contained thermogenic gases were also performed. Iden-
tification of EOM with abundant thermogenic hydrocarbons is based
on chromatograms exhibiting abundant n-alkanes with low carbon
preference indices (CPI) and typical oil profiles, with or without
broad unresolved envelopes. Sample chromatograms are shown in
Figure 21. Identification of thermogenic gases is by a combination
of several parameters, including high values of wetness, abundant
branched and cyclic compounds, and low alkenes (e.g., Hunt, 1979;
Waples, 1981).

Compared with gravity coring, heat-flow measurements per-
formed in conjunction with piston coring are more disturbed because
of the rapid entry into the sediments (Davis, 1988). The use of gravity
coring with 4-m (13-ft) core barrels for this survey routinely resulted

in either full vertical penetration of the sediment or no penetration
when submarine reefs were occasionally struck. When the latter oc-
curred, locations were adjusted until full penetration was achieved.
With full penetration, all thermistors entered the sediment, and the
depth of geochemical sampling was relatively uniform.

APPENDIX 2: SEMIELLIPTICAL TROUGH MODEL

According to Lachenbruch and Marshall (1966), the heat flow inside a
semielliptical sedimentary trough (HFi) is givenbyHFi ¼ K�HFm

D þ 1
D þ K,

where K = 10 is the ratio of thermal conductivity inside to outside
(Figure 6); HFm is the mean regional heat flow; and D = d/hw is the
ratio of the cylinder’s vertical to horizontal semiaxes, i.e., the trough’s
depth (d )–to–half-width (hw) ratio. At the contact (outside the
sediment trough), the heat flow (HFo) is given by HFo ¼ HFm D þ 1

D þ K.
The discontinuity in heat flow across the contact HFi/HFo = K.

APPENDIX 3: CALCULATION OF FLOW RATE

Blanche and Blanche (1997) report the average geothermal gradient
(G) for the Sarawak shelf at 4.35jC/100 m (43.5jC/km) based on
data from Rutherford and Qureshi (1981). Using the mean heat flow
of 77.6 mW/m2 obtained for our study area, we arrive at a value for

Figure 21. Sample chromatograms for hydrocarbon seeps located in Figure 4.
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thermal conductivity (HF/G) of 1.78 W/m/K. This value (4.26 �
10� 3 cal/cm/K) agrees with measured values (Clark, 1966; Kappel-
meyer and Haenel, 1974) for various basin sediments comprising
the northern Borneo margin (Blanche and Blanche, 1997).

Bredehoeft and Papadopulos (1965) quantify the effect of ver-
tical water flow from depth (z = L) to the surface on a simple linear
geotherm. For b ¼ 1

k (rwcwv zL), where k is thermal conductivity and
rw, cw, and v z are the density, heat capacity, and vertical flow ve-
locity of water, respectively, Zielinski and Bruchhausen (1983) showed
that surface heat flow is altered because of vertical water flow by the
factor b

eb � 1. For the megaseep, this has a value of 7.7, the ratio of the
megaseep heat flow (604 mW/m2) to the regional mean heat flow
(77.6 mW/m2). From b, we calculate vz = �5.5� 10� 10 m/s (1.80�
10� 11 ft/s) (�1.7 cm/yr; 0.67 in./yr), the upward velocity required
to account for the megaseep heat-flow anomaly by vertical water
flow (L = 6000 m [19,685 ft], k = 1.78W/m/K, and rwcw = 4.186�
106 J/m3/K) (1W= 1 J/s). In the case of gas-phase flow for density rg =
0.1 g/cm3 (Brown, 2000) and from heat capacity data (e.g., table 5-2 in
Zemansky, 1968), we estimate rgcg = 0.1 � 106 J/m3 and rwcw/rgcg =
42. Hence, to account for the megaseep anomaly under the same
model conditions but for gas-phase flow, v zg = 42v zw and v zg = �2.3�
10� 8 m/s (�7.5 � 10� 8 ft/s) (�72.5 cm/yr; �28.5 in./yr).

APPENDIX 4: CROSSPLOTS

To further investigate possible correlations between heat flow and
geochemistry, we generated 181 crossplots of heat flow and nearly
all geochemical parameters representing C1 to C35 hydrocarbons and
their ratios from analyses of headspace gas, occluded gas, adsorbed
gas, EOM hydrocarbons, including GC-MS, carbon isotope, bio-
marker, and fluorescence (TSF) data. The geochemical parameters
represent a full spectrum of data obtainable in surface geochemical
coring programs. Crossplots were generated from all data collected,
without regard to expectations based on prior data reports. Repre-
sentative samples of these are shown in Figures 7–14. Except for
isotopic data, we have not included methane results in Figures 7–14
because of the likelihood of significant biogenic contribution. Head-
space gases were found anomalous only at the maximum heat flow
(604 mW/m2) megaseep site 1 (Figure 15). Hence, their contribu-
tion to the data interpretation presented is limited. Occluded gas
and adsorbed gas hydrocarbon results were found to be in good
agreement. The crossplots allow comparison of seep data (N, S, and
megaseep) magnitudes with those for the entire data set.

APPENDIX 5: DIFFUSION MODEL

The theoretical results in Figure 17 (D = 157 m [515 ft]) are derived
from a thermal diffusion model, where surface heat flow (HF) result-
ing from a line source of heat (Q) generated per unit length per unit
time at depth z = D is (Von Herzen and Uyeda, 1963)

HF ¼
�
Q

p

� 1
D

1þ x2

D2

The heat flow directly over the line source (HFo) at x = 0 is given by
(HFo ¼ Q

p
1
D, and the relative heat flow is)

HF

HFo
¼ 1þ x2

D2

" #�1

.

Using this same model for the concentration ratios of the
geochemical parameters, we substitute concentration (C) for tem-
perature in equation 11 of Von Herzen and Uyeda (1963), and the
relative concentration becomes

C

Co
¼ ln A

ln B
where A ¼ x2 þ ðz�DÞ2

x2 þ ðzþDÞ2
and B ¼ ðz�DÞ2

ðzþDÞ2

APPENDIX 6: THERMOGENIC MODEL

For a first-order quantitative assessment of any direct effect of heat
flow on the surface distribution of geochemical parameters, we make
use of the time-temperature index (TTI) of Lopatin (1971), as
calibrated by Waples (1980), and defined by

TTI ¼
Z t 0

0
2

TðtÞ �105
10 dt ð1Þ

where T and t are temperature (jC) and time (m.y.), respectively.
This equation approximates the alteration of organic matter as a
kinetic process, whereby reaction rate doubles with every 10j rise in
temperature. We have chosen to use this formulation as opposed to
those based on the Arrhenius equation (e.g., Tissot andWelte, 1978)
because temperature intuitively appears in the numerator of the
exponent in equation 1 and for mathematical simplicity. We feel that
the uncertainty associated with this approximation (e.g., Sweeney
and Burnham, 1990) is small enough to justify this approach as a first
approximation, with no computer necessary.

Accordingly, we use equation 1 to estimate the bulk effect of
exposing organic material to a higher thermal regime brought about
by a higher mean heat flow, for otherwise the same geohistory. In
our simplified model, we assume

TTI ¼ 2
T� � 105

10 Dt ð2Þ

and

TTI

TTIo
¼ 2

T� � 105
10 ¼ C

Co
ðDt constantÞ ð3Þ

where TTIo represents the onset of alteration, when T = 105jC,
resulting from an initial mean (constant) heat flow (HFo); T* is a
higher mean (constant) temperature resulting from higher mean
(constant) heat flow (HF*), where

T� ¼ z

k
HF� ð4Þ

and

z ¼ 105k

HFo
ð5Þ

the depth where T = 105jC for the initial heat flow (HFo), and k is
thermal conductivity, assumed constant. (Note that for z in meters
and k in W/m/K, HF values are in W/m2.) Equation 3 assumes that
the TTI ratio reflects the extent of reaction resulting from the in-
creased heat flow (HF*) and, hence, the concentration ratio (C/Co) of
reaction products. Note that this concentration ratio is fundamentally

Zielinski et al. 1077



different from that for the diffusion model, where Co (Appendix 5)
corresponds to the highest heat flow.

Temperature values (T*) were computed first from the simple
(equation 4) conductive geotherm (COND), with k = 1.78 W/m/K
estimated from the average geothermal gradient (G) reported for the
Sarawak shelf (Rutherford and Qureshi, 1981; Blanche and Blanche,
1997) of 4.35jC/100m (43.5jC/km), and themean heat flow (HFm)
of 77.6 mW/m2 obtained for our Brunei study area (k = HFm/G).

We also calculate T* for equation 3 not using the conductive
equation 4, but by the simple convective model (CONV) of Brede-
hoeft and Papadopulos (1965). It quantifies the effect of vertical
water flow (v z) from depth (z = L) to the surface (z = 0) on a simple
linear geotherm (T ), where

T

TL
¼ e

b
L
z
� 1

eb � 1
¼ 1� e

b
L
z

ðT ¼ 0 at z ¼ 0; T ¼ TL and eb ! 0 at z ¼ LÞ ð6Þ

b ¼ rwcwvzL
k

ð7Þ

and rw, cw, v z, and k are the density, heat capacity, and vertical flow
velocity of water respectively, and k is thermal conductivity. Vertical
flow velocities upward have negative values (v z < 0) as do values of b.
Zielinski and Bruchhausen (1983) showed that surface heat flow is
altered because of vertical water flow by the factor

b
eb � 1

ð8Þ

For both models (COND and CONV), TL = 261jC at L =
6000m (19,685 ft). In CONV, for any initial heat-flow value (HFo), a
value of b (bo) is calculated fromexpression 8 (L=6000m [19,685 ft],
k = 1.78W/m/K, and rwcw = 4.186 J/m/K), and equation 6 is used to
calculate z for T = 105jC. Then, for a higher heat flow (HF*), a new
value of b (b*) is calculated from expression 8, and equation 6 is used
to calculate T = T* using the initial value for z. Equation 3 is then used
to compute relative concentrations (C/Co).
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