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Well name m R? J¢;

Bujang-2 2.3787 0.9735 2.42
Sepat-1 2.5864 0.9932 2.82
Noring-2 2.8953 0.9994 4.03
Semangkok-1 1.4831 0.9973 1.60
Tangga-1 2.6048 0.9994 2.87
Inas-1 2.9482 0.9998 4.43

Table 6.4. [ estimates at centre of the Malay Basin, based on the slope of subsidence
vs (1-e~¥/7) plot in Fig. 6.27.

instantaneous stretching was assumed when estimating 3 in the central wells. This
is not regarded as serious because a rifting duration of 10 Ma is well within the
permissible range for the instantaneous rifting model to work (Jarvis and McKen-
zie, 1980). Another possible reason is that the gravity anomalies are sensitive only
to the present-day crustal structure, whereas subsidence analysis incorporates a
time-dependent thermal model, which assumes uniform thinning of the subcrustal
lithosphere and the crust (McKenzie, 1978). The reliability of the subsidence anal-
ysis techniqﬁe, therefore, depends on the quality of the biostratigraphic data used
in the backstripping. The ages of the stratigraphic units, however, are believed to
be reasonably accurate because they are based on a recently updated stratigraphic

scheme which uses a large well data base in the Basin (Morley et al., 1994).

The discrepancy between the values of 3 from gravity modelling and S from
subsidence analysis could also be the result of non-uniform stretching (c¢f. Royden
and Keen, 1980), whereby the amount of subcrustal stretching and/or thinning
(Bm), perhaps by some other mechanism, is slightly greater than that in the crust
(B.). If B estimated from subsidence analysis represents the stretching factor for

the whole lithosphere, the stretching factor in the subcrustal lithosphere, 3, is

given by

a-y. _a_y (6.13)
Bm B B

where a and y, are the lithospheric and crustal thicknesses, respectively, and .

is the crustal stretching factor. From the results, 8 = 4.3, 8. = 2.3 (minimum)
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and, hence, 8, is 6.4. A greater, instead of lower, (3,, at the centre of the Basin
contradicts with the earlier model of nonuniform stretching used to explain the rift
flank uplift. Also, if mantle stretching is much greater than the crustal thinning

at the center of the Basin, we would expect massive uplift of the basin centre

rather than subsidence.

The discrepancy in the 3 estimates is most probably the artefact of the different

assumptions used in the two methods (Fig. 6.29). In Chapter 5, 3 was estimate

Crustal restoration
/N

tectonic
subsidence (t=35 Ma)

‘ Ye/Bt
Ye/Bi Moho from Thermal

Model (t=35 Ma)
Isostatic Moho (t=2°)

— "best-fit gravity" Moho

Figure 6.29. Diagram showing the difference in 3 values obtained using the two
methods: 3; — from backstrip (isostatic) Moho (Chapter 5) and 3; — based on subsidence
analysis (Chapter 6). Isostatic Moho calculated assuming p,, = 3330 kg m~3. Note that
Bt > Bi. The “best-fit” gravity Moho represents the Moho configuration that explains
the free-air gravity anomaly.

from the crustal structure based on the backstrip Moho, which assumes Airy
isostasy. Asshown in Fig. 5.7 (p. 161), the Airy model underestimates the amount
of thinning for a young basin because it ignores the fact that the stretched mantle
may have a lower density than that assumed in the Airy model. The stretching
factor obtained in this manner (5; in Fig. 6.29) is, therefore, not the correct 3,
because the observed subsidence, from which it is derived, is less than the total
subsidence (i.e. the subsidence when t = o0). On the other hand, # determined
from subsidence curves using the stretching model in Chapter 6 (53; in Fig. 6.29) is
more reliable because it incorporates a thermal model, which takes account of the
transient nature of the subsidence. Because the Moho implied by the subsidence-

derived, B; (maximum 4.3), is shallower than the isostatic Moho, the degree of
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isostatic compensation, C,,, of the Basins may be even lower than that determined

previously in Chapter 5.

A maximum J. value of 4.3 means that the crust underneath the centre of
the Malay Basin has been thinned to about 7 km, assuming the initial crustal
thickness was 30 km. The gravity data from across the central part of the Basin,
however, suggest that the present crustal thickness is about 14 km, much greater
than is indicated by the total subsidence. As discussed in Chapter 5, this could
be the result of addition of lower crustal material by magmatic underplating. The
underplating mechanism is, however, considered unlikely because the evidence for

uplift, which should have occurred during the rifting phase, is lacking.

Without invoking the underplating mechanism, the 3 estimate of 4.3 already
seems rather excessive for a basin that is still underlain by continental crust and
filled, almost completely, with sediment. At stretching factors >2, there is an
increasing chance of magma rising to the surface through dyke injection and vol-
canism; >4 usually leads to continental splitting (Dewey, 1982). There is no
evidence so far, despite extensive drilling for oil, of any intrusive or extrusive vol-
canics in the sedimentary fill. The available evidence, therefore, appears to be
in favour of the alternative hypothesis suggested in Chapter 5, that part of the
subsidence in the Malay and Penyu Basins is the result of strike-slip or upper
crustal detachment faulting that did not involve the mantle. The total tectonic
subsidence obtained by backstripping does not reflect the true stretching factor
but includes subsidence resulting from other tectonic causes. The structural data,

presented in Chapters 3 and 4 have, indeed, shown the importance of strike-slip

faulting in controlling basin formation.

6.3.5 Heat Flow

To test the estimates of 3, the theoretical heat flow predicted by the 3 values are

compared with the heat flow anomaly observed in the Basin. Data from 29 wells
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were used, including those based on DST/PT data. Figure 6.30 shows a series of
theoretical heat flow curves for various values of 3 between 1.2 and 4, as indicated

by the subsidence analysis results. The figure shows that heat flow anomaly

Mo
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Figure 6.30. Theoretical heat flow history (1D model, uniform stretching) predicted
by various (3 values for stretching duration of 10 Ma. Shown also is observed range of
heat flow (35-80 mW m~2) in the Malay/Penyu Basins (age ~35-40 Ma), excluding
crustal heat flow of 33 mW m™2.

resulting from lithospheric stretching decreases exponentially with time since the
end of stretching (10 Ma) but, for young basins (<50 Ma), the anomaly is still
significant. For example, the Malay and Penyu Basins, whose age is ~35-40 Ma,
show present-day heat flows of 35-80 mW m™2 after the crustal contribution of
33 mW m~? has been subtracted, which is comparable to the predicted basal heat
flow. Table 6.5 compares the predicted and observed heat flow at some of the well
locations, based on 3 derived from backstripped subsidence. The observed and
predicted heat flows are plotted in Fig. 6.31, which shows a reasonable correlation

and, thus, gives confidence in the § estimates from 1D backstripping.
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heat low (mW m™2)

Well name I} observed calculated
Anding-1 1.3 94 76
Anding-2 1.3 89 76
Angsi-1 1.9 94 95
Banggol-1 1.5 75 82
Bedong-1 3.6 72 110 *
Belumut-2 1.15 75 72
Besar-1 2.0 84 93
Bujang-2 2.4 70 99 *
Duyung 5H-2.1 1.6 91 89
Duyung Barat-1 1.6 85 84
Irong Barat-1 3.0 107 106
Palas-1 1.7 85 87
Resak-2 1.65 96 86
Tinggi-1 1.4 98 79 *
Tok Bidan-1 1.15 62 72
Sepat-1 2.8 86 104
Tujuh-1 4.0 66 112 *
Tangga-1 2.87 77 118 *
Sotong-1 1.3 89 76
Sotong-2 1.35 94 79
Sotong-5 1.3 86 76
Sotong 5G-5.1 1.3 94 76

Table 6.5. Comparison between observed and modelled heat flow based on 3 ob-
tained from subsidence analysis. “Calculated” heat flow, here, includes the crustal heat
flow of 33 mW m~2 estimated in Section 6.1. Bold well names denote DST/PT data.
Calculation of heat flow assumes 35 Ma-old basin, stretched over a 10 Ma period. There
is reasonable agreement between predicted and observed except for wells indicated by

(*). The observed and calculated heat flows are plotted in Fig. 6.31.
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Figure 6.31. Plot of predicted vs observed heat flow data from Table 6.5. The
diagonal line (slope = 1) represents perfect correlation.

For wells at the deepest central parts of the Basin, the predicted heat flow
is higher than the observed. This could be the result of sediment blanketing,
which may have reduced the observed surface heat flow significantly. The thick
pile of sediment, especially at the centre of the Basin, acts as an insulator that
prevents heat from escaping through the surface. Studies by de Bremaecker (1983)
and Lucazeau and Le Douaran (1985), have shown that, for a moderately high
sedimentation rate (350 mm Ma~!) as in the Malay Basin, the reduction of surface
heat flow resulting from sediment blanketing could be as high as 20-30%. If
we assume, rather conservatively, a 25% reduction in the Malay Basin, a closer

agreement between the predicted and observed heat flow is achieved.
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6.4 Penyu Basin

In this section, the principles of subsidence analysis applied to the Malay Basin
are used to examine the subsidence history in the Penyu Basin to determine the

amount of stretching. Data from four wells were used (Table 6.6). The depths

Horizon Ma Penyu Cherating Rumbia Merchong

1 0 52 72 66 62
2 3.5 400 530 480 560
3 7 720 840 820 880
4 13 800 990 900 1050
3 19 1150 1400 1330 1400
6 25 1700 2100 2000 1850
7 30 2350 2780 3050 2420
8 35 7230 5200 5950 4450

Table 6.6. Depth (in metres) to seismic horizons in Penyu Basin wells obtained by
seismic-to-well correlation.

to the top of stratigraphic units are as defined in Chapter 3, based on seismic
reflection data. The ages of the units are based on available biostratigraphic
data (Appendix A.3). The approximate ages of the major unconformities in the
Basin (Horizons 3 and 6) are based on correlation with the Malay Basin using
the chronostratigraphic scheme of Morley et al. (1994). Horizon 3 is ~7 Ma,
equivalent to the regional unconformity that marks the end of the basin inversion
in both the Malay and West Natuna Basins (Ginger et al. 1993, Morley et al.
1994). Palynological studies by Rexilius et al. (1992) suggest that Horizon 6
corresponds approximately to the top of the Oligocene (~25 Ma). The ages of
other horizons are much less certain and were determined by interpolation between
the main marker horizons. As in the Malay Basin, rifting in the Penyu Basin is

assumed to have been initiated at 35 Ma.

The backstripped subsidence and the corresponding best-fit theoretical curves
are plotted in Figure 6.32. Airy isostasy was assumed in the backstripping. To

fit the observed subsidence, a stretching duration of 5 Ma was assumed in all
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wells. The results indicate 3 values between about 1.6 and 2.4 which, as expected,
are lower than those obtained in the Malay Basin. Note that, in Penyu-1 for
example, the slope of the observed subsidence curve is slightly less than that
of the theoretical curve. This could be the result of the basin inversion phase
(Chapter 3) which causes slight uplift of the basement during the later part of
the Basin’s development. The 3 values predict present-day surface heat flows,
inclusive of crustal heat flow of 33 mW m™2, between 80 and 92 mW m~2, which

agree rather well with the observed heat flow shown in Table 6.7.

Heat flow mW m™2

Well B  predicted* observed
Merchong-1 1.6 84 82
Cherating-1 1.75 87 89
Rumbia-1 2.0 92 82
Penyu-1 2.4 97 87

Table 6.7. Predicted vs observed heat flow in Penyu Basin based on the results of
subsidence analysis (Fig. 6.32). (* — predicted heat flow includes the crustal contribution
of 33 mW m™2).

Gravity modelling results for the Penyu Basin (Chapter 5) have indicated that
the effective elastic thickness, T., of the lithosphere is about 12 km. A finite T,
and flexural rigidity means that, for a given sediment load, less subsidence will
occur compared to when the lithosphere has no rigidity (7. = 0). By assuming
Airy isostasy when backstripping the Penyu Basin well data, the contribution of
sediment loading to the total observed subsidence may have been overestimated.
This could have resulted in a slight underestimation of the tectonic subsidence
and, hence, #. The 3 values obtained using Airy isostasy, therefore, represent
the minimum stretching factors. However, because the T, is relatively low, the
underestimation may not be siginificant. The crustal stretching factor estimated
from the gravity profile (Line A, Table 5.1, p. 183), which crosses the deepest
part of the Basin, is about 2.3 and, therefore, agrees with the results of the Airy

backstripping in this section.
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Figure 6.32. Subsidence in Penyu Basin wells. Best-fitting curves suggest rifting
event from 35 to 30 Ma. Curves suggest § values between about 1.6 and 2.4.

-250-



Chapter 6. Subsidence and Heat Flow

6.5 Thermal History

In this section, sediment maturation data from the Malay Basin are used to inves-
tigate its heat flow history and compare it with the results of subsidence analysis
and heat flow modelling. Only the Malay Basin is dealt with, because there are no
data from the Penyu Basin. Determination of past heat flow is done, commonly,
by extrapolating present-day heat flow back in time, using various indicators of
temperature such as vitrinite reflectance, fission track annealing temperatures,
and fossil biomarkers. Vitrinite reflectance is still the most common method of
determining paleotemperatures in sediments. Below, an attempt is made to derive
the heat flow history of the Malay Basin using vitrinite reflectance and fluores-
cence data. Vitrinite fluorescence measurement is a relatively new technique that
has been applied successfully in basins where vitrinite reflectance is found to be
suppressed because of various factors (Wilkins et al. 1992). Waples et al. (in
press) used both types of vitrinite data in a recent study of the heat flow and ma-
turity modelling study of the Malay Basin. Their work, however, did not address
the tectonic mechanisms of basin formation. The objective of this section is to
examine the heat flow history of the Basin using the available vitrinite maturity
data and to test the models presented so far, which were based on analyses of
gravity anomalies, subsidence, and heat flow data. Some of the maturity data
used in the study have been analysed by Waples et al. (in press) but most were

compiled from unpublished reports listed in Appendix A.3.

6.5.1 Maturity Modelling

Derivation of the temperature history of sediment from vitrinite reflectance (R,)
requires knowledge of the burial history, which may be obtained by 1D backstrip-
ping (Chapter 6). If the temperature gradient at a given time during the Basin’s
history is known, the maximum temperature attained by a sedimentary unit can

be calculated. The temperature history so derived is then used to calculate the
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time-temperature index (TTI) — an indicator of thermal maturity — from which
R, may be derived using one of the maturity modelling techniques described,
for example, by Woods (1988). In this study, the “forward” modelling approach
is used, whereby the present-day R,-depth profile is calculated based on an as-
sumed temperature -gradient history, and is then compared qualitatively with the

measured R,. This process is repeated until a reasonable fit is achieved.

The traditional method of calculating R, from Lopatin’s TTI (Waples, 1980)
is now, generally, considered unsatisfactory and has been superseded by the more
sophisticated techniques based on chemical kinetics (Waples, 1994). In this study,
R, is modelled using the simplified chemical kinetics method of Sweeney and Burn-
ham (1990), called “EASY%R,”. As in other kinetics-based model, the maturation

of kerogen in the EASY% R, model is given by the Arrhenius rate equation
k= Ae E/RT (6.14)

where A is the pre-exponential factor, E the activation energy, R the universal
gas constant (0.008314 kJ mol~! K=!), and T the temperature in K. The main
advantage is that, instead of using a single reaction specific to a particular kerogen
type (¢f. Hunt and Hennet, 1992), the model uses a set of 20 parallel reactions
with different E’s but the same A = 1 x 10!® s7!. This is done to simulate a
natural mixture of kerogens, each with a value of E weighted according to a pre-
determined stoichiometric factor, as shown in Table B.2 (p. 300). The Arrhenius

equation is used to calculate the extent of reaction, F', which is related to R, by
R, =exp(—1.6 +3.7F)

where F' is the fraction of reactants converted. Details of the calculations are

given in Sweeney and Burnham (1990) and summarized in Appendix B.2.

6.5.2 Suppression of Vitrinite Reflectance

The possible suppression of vitrinite reflectance in the Malay Basin was inves-

tigated recently by Waples et al. (in press). They applied a new technique of
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measuring vitrinite fluorescence, “Fluorescence Alteration of Multiple Macerals”
(FAMM) (Wilkins et al., 1992; Wilkins et al., 1995), which measures the change
in the peak fluorescence intensity of vitrinite when subjected to excitation by
a constant-intensity light source over a specified period of time (700 s). Mea-
surements are made with a laser Raman microprobe instead of the traditional
fluorescence optical microscope. FAMM measurements are calibrated against a
“standard” telocollinite sample for conversion of the fluorescence alteration ratio

to the equivalent vitrinite reflectance, R,,.

Waples et al. (in press) compared the FAMM results with R, measured us-
ing the conventional method. They found significant suppression of vitrinite re-
flectance, particularly in the southwest and north-central parts of the Malay Basin.
Some of the data from the southern part of the Basin are illustrated in Fig. 6.33
in which vitrinite reflectance (R,) is plotted against equivalent reflectance (R.,).
The figure shows that the FAMM data plot, almost, in a straight line, with R,,
increasing with depth, whereas the R, data plot to the left of the FAMM data,

suggesting varying degree of suppression.

The cause of the suppression is unclear, although Waples et al. (in press)
suggested that it may be the result of marine influence in the southeastern part of
the Basin, where connection with the ancestral South China Sea may have been
established. However, this does not explain the suppression of vitrinite in the
far northwestern corner of the Basin. The chemical basis of vitrinite reflectance
suppression has been investigated by a number of workers (Wilkins et al., 1992;
Pradier et al., 1992) and is thought to be one or a combination of several factors,
the most important being the hydrogen content of kerogen. Wilkins et al. (1992)
have shown significant suppression of vitrinite reflectance on the NW Australian
shelf, because of the presence of perhydrous vitrinite, abundant liptinite or both.
These studies also suggest that vitrinite suppression could be related to source-

plant type and environment of deposition.

-253-



Chapter 6. Subsidence and Heat Flow

%Ro

0 1
Southern Malay Basin
o
(o]
C)0
1 o © © 0o L
Og [ ]
~~~ o 1)
E 500 ° o
a o O oo oo
-~ oo, oo"o
2.2 " TS
R i
) °° gt e
he ogzb '
o VRO o°o°o%o° *
« FAMM @9‘;2 o o @
QQO
(o] (SN o o ®
3 ° L

Figure 6.33. Plot of all available R, and R., data from the southern part of the Malay
Basin. Note that all the R, data plot the left of the R., data, suggesting suppression
of vitrinite reflectance.

6.5.3 Results from Malay Basin

The problem of using R, data to invert heat flow history is illustrated in Fig.
6.34, which shows the results from three wells in the southern Malay Basin. The
figure shows that, to fit the observed data, the temperature gradient is much lower
than the present-day value throughout the history of the Basin. In Anding-1, for
instance, the temperature gradient is <30 °C km™!, corresponding to a heat flow
of ~57 mW m~2, which is lower than the estimated background heat flow (see
Section 6.1). This conflicts with the evidence, which suggests that the Basin was
formed by significant thinning of the lithosphere and, thus, would be expected to

show exponential decrease in heat flow with time.

-254-



Chapter 6. Subsidence and Heat Flow

ino- _
Anding-1 %Ro Sotong-5 g po
0.2 0.4 0.6 0.8 1.0 02 0.4 0.6 0.8 1.0
0 ) N N 0 L i i
9. 45 ° C/km
» 40
H 5,
50 &) o
30 ° C/km / . 20 ° C/km
14 » X 1{ o »
~~ . ~ O
g 30 20 Ma B.P 10 é & 40 30 M’ B P 10 €
S o
2, 3
“8 —— calculated ..8 © —— calculated
2 @ O observed @O Oobserved
1 2
(o]
& @
O
O OO
o 8
o]
3 3
Sotong-6
g %R0
é).z 0.4 0.6 0.8 1.0

25°C/km
14
~ MaB.p 10 0
g
g
s T ochane!

Figure 6.34. Result of modelling for Anding-1, Sotong-5 and Sotong-6 wells using
conventional R, data. The data requires the temperature gradient to be much lower
than at present throughout the Basin’s history.
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Figure 6.34 shows a sudden increase in the temperature gradient within the
last 10 Ma in two of the wells; note that these wells penetrate the pre-Tertiary
basement, which contains sedimentary rocks. The spuriously high maturity of the
bottommost sediment could be the result of overmature vitrinite, reworked from
older rocks in the basement and incorporated into the Tertiary sediment. Waples
et al. (in press) suggested that the apparently high maturity in the bottommost
sediment could be the result of a recent regional “heat pulse”. This is highly
unlikely because, first, a recent heat pulse would have caused uplift of the entire
Basin, for which no evidence has been found. In fact, subsidence appears to have
been continuous since the end of the major inversion phase in late Miocene times,
about 10 Ma ago. Secondly, a recent heat pulse would have affected the entire
sediment column, not just the bottommost sediment. We should expect a steeper
R,-depth profile rather than a sharp “kick” at the bottom of the well column.
Alternatively, the abrupt increase in R, at the bottom of the well could be the
result of an igneous intrusion emplaced at or near the sediment-basement interface
during the later part of the Basin’s history. This is difficult to prove, however,

without further drilling.

Waples and coworkers concluded that a more plausible explanation for the ap-
parent low maturity is the result of vitrinite suppression and, hence, recommended
the use of FAMM-derived data wherever possible. FAMM data from five wells (see
location in Fig. 6.8) were used to derive heat flow history to compare with the
predictions of the stretching model. Figure 6.35 shows the results of modelling

FAMM data from five wells.

Figure 6.36 shows the temperature gradients derived from FAMM data from
the five wells modelled. All wells modelled show decreasing temperature gradients
with time since rifting, assumed to be 35 Ma ago, from about 50-55 °C km™! to 40—
50 °C km~!. Assuming an average sediment conductivity for the Basin’s sediment
(1.9 mW m~?), the modelled present-day temperature gradients give surface heat

flow values of 75-90 mW m™~2, which agree rather well with the observed heat flow
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Figure 6.35. Result of R, modelling for Sotong-5 (A) the Geohistory curve derived
from backstripping, (B) Modelled R, profile plotted against measured Ry, and (C)
Temperature-gradient history required to match the observed R.,-depth plot, as shown
in (B). Lines represent calculated R,. Continued next page...
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(Table 6.1).

To estimate the heat flow variation with time from the temperature gradi-
ent, the thermal conductivity of the sediment, ks, at any time was calculated by

assuming a linear dependence of k; on porosity, ¢ (Watts and Thorne, 1984):
ko(2) = $hu + (1 — $)k,  (6.15)

where z is depth and k, and k, are the thermal conductivities of water and
sediment grains, respectively, with values given in Table 5.2 (p. 196). ¢ is assumed
to vary exponentially with depth (equation 5.13, p. 164) while lateral changes of
¢ and, hence, of k, are ignored. The average conductivity of the sediment column

at any time, ¢, is obtained by
Kave(t) = [ks(2¢) + ks(0)]/2 (6.16)

where z; is the thickness of sediment at time ¢ and k,(0) is the conductivity of
surface sediment (1.3 mW m™2). The results in Fig. 6.36 show relatively good
agreement between the modelled heat flows and the heat flows derived from R,
data. All wells, except Larut-1, show initially-increasing heat flow with time since
stretching, and decreasing gradually from about 22 to 15 Ma ago. The observed
heat flow seems to decrease more rapidly after ~18 Ma, probably because of
the increasing blanketing effect of sediment during the later part of the Basin’s
evolution. Absolute match between modelled and R,-derived data could not be
achieved because of uncertainties resulting from, for example, the variation in
sediment thermal conductivity and in the background heat flow (crustal heat
production) with time and the errors in estimating the stretching factors from
subsidence analysis. Considering that the analysis is based on limited data from
only a few wells, the heat flow history derived from sediment maturation data is

reasonably well-matched by predictions of the stretching model.
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Figure 6.36. Geothermal gradient (top) and heat flow histories (bottom) derived
from FAMM data in the five wells modelled (fine dashed lines) in Fig. 6.35. Modelled
heat flow represents = 1.2, 1.3, 1.5 based on backstripping results, with crustal heat
flow of 33 mW m~?2 added.
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6.6 Conclusions

The subsidence and thermal histories of the Malay and Penyu Basins were investi-
gated using well-established techniques of subsidence analysis and basin modelling.
Stratigraphic data from 64 wells in the Malay Basin were backstripped using an
Airy isostatic scheme. Application of the uniform finite-duration stretching model
(stretching duration 10 Ma) based on the above information suggests that the
stretching factor, 3, in this Basin ranges from about 1.2 on the flanks to about
4.3 at the centre. Wells on the flanks of the Malay Basin show a delay in the sub-
sidence, by about 10 Ma, relative to the time of rifting, possibly because of uplift
of the basin flanks during the initial stages of rifting. The evidence suggests that
the most plausible mechanism of uplift of the basin flanks during the initial rifting

stages is by a form of nonuniform stretching coupled with lateral heat conduction.

The stretching factors estimated from the tectonic subsidence curves were used
to predict the heat flow using the stretching model, for comparison with the ob-
served heat flow. Compilation of heat flow data from the Malay and Penyu Basins
and from the surrounding basins show that the area is now a high heat flow region,
with an estimated heat flow anomaly of about 33-42 mW m™? resulting from litho-
spheric stretching associated with the formation of the extensional basins. The
Malay and Penyu Basins, like other basins in Sundaland, are generally less than
40 Ma and, hence, may still be undergoing thermal subsidence. This explains
the relatively high heat flow observed in the region. The predicted heat flows
based on the stretching factors, in general, agrees well with the observed heat
flow. Backstripping well data from the Penyu Basin, also assuming Airy isostasy,
shows maximum water-filled tectonic subsidence of about 3.0 km in the deepest
part of the Basin, corresponding with a stretching factor of about 2.4. The 3
estimates from subsidence analysis were able to predict the present-day surface

heat flows observed in the wells.

The subsidence results are further supported by the results of maturity mod-
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elling based on vitrinite maturity data from a limited number of wells located on
the flanks of the Basin. It is necessary to obtain, in future, good-quality maturity

data from the central part of the Basin to better constrain its heat flow history.
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Conclusions

This study integrates various types of data, including structure (based on seismic
interpretation), well stratigraphy, heat flow, and vitrinite maturity, to gain an
understanding of the tectonic evolution of the Malay and Penyu Basins. In this
chapter, the main conclusions of the various aspects of the study are summarized,

and the implications for the origin and evolution of the Basins are discussed.

7.1 Regional Controls on Extension

The cause of the extension in central Sundaland during the early Tertiary seems
to be related broadly to distributed shear deformation resulting from the inden-
tation of India into Eurasia. Back-arc extension is thought to be unimportant on
account of the large distance of the Malay and Penyu Basins from the Sumatra-
Java subduction zone. Moreover, the oblique nature of the subduction beneath
Sumatra has resulted in strong strike-slip partitioning of the deformation, aided
by arc-parallel strike-slip faults and, thus, seems to have contributed little to the

extension in Sundaland.

The regional geology (Chapter 2) suggests that strike-slip faulting and exten-
sion in Sundaland may have been in progress since Jurassic-Cretaceous times. We
know, for instance, that the region was the site of a major collisional orogeny in the
Late Triassic (The Indosinian), which must have resulted in thickening of the crust

and lithosphere. Small intermontane basins controlled by major strike-slip faults,
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such as the Gagau Formation of Peninsular Malaysia, are strong evidence for
post-orogenic extensional tectonism in the region in pre-Oligocene times. Other
evidence includes late Cretaceous—Paleocene basaltic extrusives and intrusives re-
lated to intraplate extension and, possibly, extension-related exhumation of high-
grade metamorphic complexes in the Central Belt of Peninsular Malaysia. The
Late Cretaceous was a time of widespread granite emplacement, which, appar-
ently, was related to a major thermal event in the region. Many of the strike-slip
faults initiated during this period were later reactivated during the Tertiary and
have exerted strong control on rift basin development. Strike-slip faulting and
crustal extension, accompanied by a regional thermal event in middle-late Creta-
ceous times, may have contributed to the weakening of the Sundaland lithosphere,

which underwent a renewed phase of extensional tectonism in the early Tertiary.

The timing of widespread rift basin formation, some 35-40 Ma ago, seems to
coincide, roughly, with the timing of the India—Eurasia collision. The main effect
of the collision was to reactivate the pre-existing faults, depending on their orien-
tation relative to the prevailing stress regime, and to cause localised extensional
basin development. The Malay and Penyu Basins seem to have developed within
one of these major fault systems. Structural evidence from the Basins, however,
can not substantiate the idea of large-scale extrusion of crustal blocks resulting
from the India-Eurasia collision. Although, on a regional scale, the fault system
along which the Malay and Penyu Basin developed may be viewed as a discrete
strike-slip fault, on a local scale, it represents a wide zone of distributed deforma-
tion involving smaller-scale fault-bounded blocks that responded passively to the

relative motion of the plates either side.

7.1.1 Influence of Basement Structures

The formation of many rift basins are, commonly, influenced by pre-existing zones
of weakness in the pre-rift basement (Dixon et al., 1987; Daly, 1989). Hutchison

(1989a) speculated on the possible importance of basement faults in controlling
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the formation of Southeast Asian Tertiary basins. Indeed, the evidence from the
Malay and Penyu Basin seems to suggest a strong basement influence. In the
northern Sunda Shelf area, three main types of basement structures may have

influenced Tertiary basin formation.

Indosinian collisional fabric The Indosinian Orogeny has left a strong pre-
dominantly N- to NNW-trending structural fabric in the region, manifested in
the N-trending plutonic provinces in Thailand and Peninsular Malaysia, and NW-
trending folds in Upper Triassic-Jurassic continental strata (Harbury et al., 1990).
The numerous N-trending Tertiary basins in northern Thailand and in the Gulf
of Thailand are believed to have formed by E-W extension (McCabe et al., 1988),
and were probably influenced by the underlying Indosinian structures. In the
Malay, Penyu and West Natuna Basins, however, N-S-trending structures are ab-
sent (Fig. 1.4) and, therefore, were probably not important in influencing Tertiary

extension.

NW-trending fractures Numerous NW-trending strike-slip fault zones occur
in Sumatra, Thailand, and Indochina and are believed to have played an important
role in the development of Tertiary extensional basins (e.g. Tapponnier et al.
1982, 1986; Moulds, 1989; Polachan et al. 1989). NW-trending faults occur also
on Peninsular Malaysia (Fig. 7.1) and show evidence for post-Early Cretaceous
strike-slip displacement in the order of many tens of kilometres, some offsetting
Lower Cretaceous sedimentary formations (Gobbett and Tjia, 1973). One example
is the Kuala Lumpur-Endau Fault Zone, which is a left-lateral strike-slip fault
zone that was active in late Cretaceous and early Tertiary times (Gobbett and
Tjia, 1973). On the Bukit Tinggi Fault, which is a northern splay of the Kuala
Lumpur Fault Zone, biotites from cataclastic granites have given K-Ar ages of
81-92 Ma (Late Cretaceous) (Gobbett and Tjia, 1973, p. 328). According to
Stauffer (1968), the Tertiary Batu Arang Basin has steep dips near its northern

edge, where the western extension of the Kuala Lumpur Fault is believed to be
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located. This provides strong evidence for the influence of the NW-trending faults

in Tertiary basin formation.

The NW-trending fabric in southern Peninsular Malaysia appears to con-
tinue offshore into the Singapore Platform, where NW-striking lineaments are ob-
served in unpublished aeromagnetic anomaly maps. These lineaments represent,
probably, the offshore continuation of the Kuala Lumpur-Endau strike-slip fault
zones. Gobbett and Tjia (1973) interpreted the NW-trending faults on Peninsu-
lar Malaysia as major left-lateral strike-slip faults which represent Tertiary brittle
deformation of Peninsular Malaysia, complementary to plastic deformation of the
Andaman-Sumatra arc. Similar fault zones are expected and observed offshore
east of the peninsula, for example in the West Natuna Basin and in the southern
Malay Basin (Daines, 1985; Ginger et al., 1993). North of the Penyu Basin, NW-
trending faults such as the Dungun (Tjia, 1993) and Tenggol Faults occur on the
southwestern margin of the Malay Basin. In the West Natuna Basin, major NW-
trending transverse fault zones are believed to be reactivated basement wrench
faults (Daines, 1985, Ginger et al. 1993). Further to the north in Thailand,
Polachan et al. (1989) interpreted the major NW-trending faults as controlling
the formation of pull-apart basins. The NW-trending faults in the West Natuna,
Penyu and Malay Basins appear to be the offshore counterparts of the Late Cre-
taceous strike-slip faults of Peninsular Malaysia, the extensional basins must have
been formed by reactivation accompanying the Tertiary deformation of Sunda-
land. Evidence from the Penyu Basin has been presented earlier to suggest that
the NW-trending faults, such as the Merchong Graben boundary faults and the

Trans-Penyu Fault, have had signifinicant strike-slip displacement.

E-trending fractures E-trending faults, which dominate the Penyu and West
Natuna Basins, are generally absent in Peninsular Malaysia; however, there is
evidence of approximately E-trending fractures associated with mafic intrusive
activity. These have been documented in two areas. In northern Terengganu (Lo-

cation A in Fig. 7.1), dolerite dykes fill joints in granites and trend N 75°E to N
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Figure 7.1. Map of the major faults on Peninsular Malaysia and adjacent off-

shore area, covering the Penyu and Malay Basins. Onshore structures compiled from
Tjia (1989) and Geological Survey Map (1985); Offshore structures from unpublished
PETRONAS maps, incorporating results of present study. Major NW-trending faults:
KLE- Kuala Lumpur-Endau Fault, LBF- Lebir Fault, LPR- Lepar Fault, TPF-
Trans-Penyu Fault, DF— Dungun Fault, TF- Tenggol Fault.
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150°E. At Kuantan (Location B, Fig. 7.1) east-trending tholeiitic basalt dykes cut
Late Permian-Early Triassic granites. The basalts at Kuantan have been dated
as mid-Cretaceous (~110 Ma) (Haile et al., 1983). These dykes, together with
widespread Late Cretaceous granites, in the surrounding region (see Hutchison,
1989a, for review) imply a major middle to late Cretaceous extension and mag-
matic event in the area. It is quite likely, therefore, that the E-trending faults in

the Penyu and Malay Basins may have formed along older structures.

7.1.2 Role of India-Eurasia Collision

In Chapter 2, the geological history of Sundaland was discussed from a phase of
rifting and drifting associated with the break-up of Gondwanaland to a phase of
continental collision and amalgamation at the southern margin of Eurasia, which
moulded the present-day Southeast Asian continent. The region is, basically, the
relict of a Late Mesozoic orogen, which seems to have been undergoing extension
since as early as late Jurassic times, perhaps initially by gravitational collapse
and, later, by back-arc extension and strike-slip related extensional tectonics.
There is overwhelming geological evidence suggesting that the extensional tecton-
ics in Sundaland is not exclusively a Cenozoic phenomenon— the occurrence of
intermontane basins, formed probably by orogenic collapse (Dewey, 1988) and/or
strike-slip faulting. Some of the evidence include the possible occurrence of meta-
morphic core complexes in the interior of Sundaland (MacDonald et al., 1993),
and the widespread evidence for intraplate basaltic magmatism (Flower et al.,
1992). Against this background of an overall extensional regime, the tectonic evo-
lution of Southeast Asia was later influenced by the India—Eurasia collision at the
beginning of the Tertiary. The most important effect of the collision, as far as

Southeast Asia is concerned, was to reactivate pre-existing Late Cretaceous faults.

Dewey et al. (1989) have calculated the motion history of India relative to
Eurasia. From the late Cretaceous to ~45 Ma B.P., India moved roughly north-

eastwards at an average velocity of ~10 cm a™!, but changed to roughly north-
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wards at the onset of the collision with Eurasia, with an average velocity of 5
cm a~!. Before the collision, the convergence between India and Eurasia was
roughly orthogonal and was accommodated by subduction beneath a volcanic arc
along the southeastern margin of Eurasia. The change in relative motion at ~45
Ma, however, resulted in oblique convergence, which is accommodated, mainly, by
lithospheric thickening in the frontal collision zone and by transpressional shear to
the east and west of it (Dewey et al., 1989). The indentation of India into Eurasia

may have resulted, also, in oroclinal bending of the Sumatra-Java volcanic arc

(Hutchison, 1992b).

Because the left-lateral faults in central Sundaland appears to have been active
at least since the late Cretaceous, they may have originated during the orthogonal
convergence phase prior to the India-Eurasia collision at 45 Ma. We may envisage
the initiation of left-lateral faults using the plane-strain indentation model (Tap-
ponnier and Molnar, 1976) where major slip lines radiate from the frontal collision
zone (Fig. 7.2). However, when India collided with Eurasia, the change in relative
plate motion caused dextral transpressional shearing in Southeast Asia adjacent
to the eastern edge of the Indian continent. The effect of the dextral shear was to
reactivate the existing faults that were created during the orthogonal convergence
phase, thus causing internal clockwise rotation of the fault-bounded blocks. At
the same time, the whole region underwent external clockwise rotation in response

to the continuing indentation.

The intensity of the dextral transpression varies with distance from the colli-
sion zone. In central Sundaland, therefore, transpression was “felt” much later,
probably in the late Oligocene-Miocene times, and may have been responsible,
partly, for the widespread basin inversion during that time. Hence, the role of
the India-Eurasia collision was not so much as to cause extrusion but regional
transpressional shear in Southeast Asia, which affected the region in two ways: 1.
Reactivation of the Late Cretaceous faults as left-lateral strike-slip faults whose

motion was accommodated by clockwise rotation of fault-bounded blocks. Ter-
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Figure 7.2. Sketch of tectonic model for Southeast Asia based on the regional geology
discussed in Chapter 2. Pre-mid Eocene times: orthogonal convergence phase, as India
moves northeastwards. Major left-lateral strike-slip faults initiated. Model for strike-slip
faults based on slip-line field theory (Tapponnier and Molnar, 1976). Oligocene: India’s
motion northwards, resulting in oblique convergence in Southeast Asia. Dextral shear
causes reactivation of pre-existing faults and shear zones. India’s velocities from Dewey

et al. (1989).
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tiary extensional basins, including the Malay and Penyu Basins, may have de-
veloped along these reactivated strike-slip fault zones (Tapponnier et al., 1982),
and (2) Progressive dextral transpression and roughly N-S shortening across the

region, causing inversion in the sedimentary basins.

The above hypothesis emphasizes the probable role of the India-Eurasia colli-
sion in influencing the Tertiary tectonics and basin development in Southeast Asia,
without having to invoke large-scale extrusion of crustal blocks as a mechanism

of extensional basin formation (¢f. Tapponnier et al. 1982, 1986).

7.2 Structural Styles in the Penyu Basin

The first part of the study (Chapter 3) examines the structural styles and fault
geometries in the Penyu Basin, based on newly-interpreted seismic reflection data,
to understand its kinematic development. It was found that the Basin is not the
“typical” rift basin bounded by normal fault zones but a complex extensional
basin made up of a number of isolated subbasins, each controlled by one or more
major basin-bounding faults. The Basin is interpreted to have developed by N-
S extension, possibly related to a regional dextral shear induced by the India-
Eurasia collision. The geometry of the individual subbasins is controlled by NW-
and E-trending sets of pre-existing faults in the pre-rift basement. The fault
geometry and its orientation relative to the regional stress field determine the
style of faulting in the resulting basins. A fault at a high angle to the regional
extension (N-S) resulted in a half-graben basin with a single bounding fault, as
exemplified by the Kuantan Graben. Hence, approximately orthogonal extension
in the Kuantan Graben was accommodated by dip slip on a relatively steep, planar
normal fault. On the other hand, a fault that was oblique to the regional extension
produced a pull-apart or thomb graben, as a result of strike-slip partitioning of
the extension. The Trans-Penyu Fault is one of several basin-bounding faults with

a significant strike-slip history. The fault is probably related to late Cretaceous
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strike-slip faults of similar orientation on land (Fig. 7.1). The Rumbia Graben,
north of the Trans-Penyu Fault, is the result of oblique extension and pull-apart
along the Fault. The importance of strike-slip tectonics in the Penyu Basin is
indicated also by the structural style in the Merchong Graben, which is a pull-
apart thomb graben developed between two parallel NW-striking strike-slip faults.

Recognition of listric, low-angle half-graben border faults in the northeastern
margin of the Rumbia Graben suggests the probable importance of upper-crustal
detachment (“thin-skinned”) faulting during extension in that part of the Penyu
Basin, as a result of strike-slip reactivation of the Trans-Penyu Fault. Low-angle
crustal detachments may have formed along pre-existing thrusts or shear zones in
the Mesozoic basement. Thin-skinned extension has important implications for
the isostatic compensation of the Basin. Because the mantle is not involved in the
brittle extension in the upper crust, the Basin is undercompensated isostatically
and shows a negative gravity anomaly (Chapter 5). Structural evidence suggests
that a major change in the stress regime had affected the region, from N-S ex-
tension to N-S shortening, which is manifested as compressional anticlines formed

over the half-grabens.

7.3 Extension and Inversion in the Malay Basin

The structural data from the Malay Basin (Chapter 4) suggests the importance
of strike-slip faulting during basin formation. An idealized kinematic model is
proposed based on the block model of McKenzie and Jackson (1986) to explain
the main structural features in the Basin:

1. Lack of major strike-slip faults bounding the Basin

2. Predominantly E-trending basement faults, oblique to the basin trend
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In the model, the Malay Basin is envisaged as a type of transrotational basin
developed within a NW-trending zone of distributed deformation ~100 km wide.
The E-trending basement faults were, probably, old basement faults that were
reactivated by sinistral transtensional shear sometime during the early Oligocene
(~35 Ma). Half-grabens were formed as the result of oblique transtension be-
tween fault-bounded crustal blocks which rotated passively in response to shear

deformation.

During early-middle Miocene times (15-17 Ma) the half-grabens were inverted,
apparently, as a result of reversal in the sense of shear. Oblique-slip reactivation
of the E-trending bounding faults causes transpressive shortening across the half-
grabens and the formation of en echelon anticlines. The change from extension
to shortening, as has been observed in the Penyu Basin, indicates that a rotation
of the regional stress field had taken place. A number of processes are likely to
have caused this rotation, including intraplate stresses induced at plate boundaries
(Letouzey et al., 1990; Hutchison, 1992b) and the opening of marginal seas, such
as the Andaman Sea (Daly et al., 1991). Both are possible because the region
is surrounded by active plate margins and back-arc spreading centres and, also,
because the timing of inversion in the Basins coincides with the opening of the
Andaman Sea and the Makassar Strait. Ridge-push forces generated by these
spreading centres may have contributed to the overall compressional regime in
the region during that time. Intraplate stresses induced by collision along the
Sunda arc-trench to the south of the area may have been an additional factor

which contributes to the inversion of Sundaland extensional basins (c¢f. Letouzey

et al. 1990).

Some authors, such as Peltzer and Tapponnier (1988), Harder et al. (1992),
and Huchon et al. (1994), have suggested that the progressive indentation of India
into Eurasia since the mid-Eocene had caused rotation of the stress field across
Southeast Asia. Figure 7.3 illustrates this idea schematically. During the initial

stages of collision with India, the Eurasian margin is oriented roughly NW-SE.
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Figure 7.3. Rotating stress model for Southeast Asia, based on Huchon et al. (1994),
to explain the development of the Malay Basin. (A) Late Eocene/early Oligocene onset
of India-Eurasia collision. Radiating lines represent stress trajectories (o, orientation).
Sketch on the right shows the orientation of oy and the shear zone, and the resulting
shear couple. MB-Malay Basin. B) Early/middle Miocene — start of inversion. India
has indented into Eurasia. Maximum compressive stress has rotated to N-S, while the
shear zone orientation remained essentially NW-SE. WCF — Wang Chao Fault, RRF

— Red River Fault.
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Figure 7.4. Sketch illustrating the cause of basement uplift in southern Malay Basin.
Uplift was caused by crustal thickening between converging crustal blocks: 1. the
northwestern side of the Malay Basin shear zone and 2. the Natuna Ridge, which
acts as a buttress that resisted the southeastward motion of 1. Deformation in the
sedimentary cover within the compressional zone (finely stippled area) is dominated by
reverse and thrust faults, as documented by Ginger et al. (1993).

Hence, the stress trajectories (maximum compressive stress axes) would have been
almost perpendicular to the collision margin, and roughly E-W between Peninsular
Malaysia and Borneo, where the Malay Basin is located. As a result, pre-existing
NW-trending shear zones in Sundaland, in which Malay Basin later developed,
were reactivated as a sinistral shear zone (Fig. 7.3). This caused transtensional
opening of the Malay Basin, accompanied by rotation of the interior fault-bounded
crustal blocks (Fig. 4.16). As the indentation progressed, and India swept pass
Southeast Asia, the stress trajectories rotated clockwise and become roughly N-S.
Because the rotation of the stress field occurred at a much faster rate than that
of the Sundaland continental block, the maximum compressive stress results in
the reversal of shear along the Malay Basin shear zone (Fig. 7.3). This caused

transpressional inversion of the originally transtensive basins (Fig. 4.16).
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In Chapter 4, it was observed that the degree of basin inversion in the Malay
Basin increases southeastwards as we approach the West Natuna Basin. In the
northern Malay Basin, the inversion structures occur, commonly, as broad open
folds, whereas in the southern part, the folds are tighter and commonly show
wrench-related features with significant reverse dip-slip reactivation. In the West
Natuna Basin, more intense deformation is indicated by the preponderance of

reverse and, even, thrust faults (Ginger et al., 1993).

Perhaps, the most obvious manifestation of the increasing deformation towards
the southeast is the massive basement uplift, which resulted in thinning of strata
and truncation by the regional middle-late Miocene Unconformity towards the
southeast (Fig. 4.4, p. 124). Although this has been pointed out previously
(ASCOPE, 1981), the cause of the uplift was not well understood. The available
stratigraphic data suggest that the time of the uplift coincides with the basin in-
version phase in the middle-late Miocene. Hence, basin inversion not only resulted
in local inversion of half-grabens, but also a more regional basement uplift in the
southeast. Because sedimentation seems to have been continuous in the northern
part of the Basin, the uplifted region may have provided sediment to the subsiding
basin to the northeast. This important feature of the Malay Basin, whereby rapid
subsidence and deformation occur at the same time in different parts of the Basin,

is typical of many strike-slip basins (Nilsen and Sylvester, 1995, p. 434).

Figure 7.4 illustrates a mechanism by which the southern Malay and West
Natuna Basin may have been uplifted during the middle Miocene inversion phase.
The inversion of half-grabens in the Malay Basin, as explained in the slat model,
is the result of dextral shear. The increasing intensity of deformation in the south
is caused by the buttressing effect of the Natuna Ridge which, effectively, resisted
the dextral motion of the block on the northwestern side of the Malay Basin shear
zone. Furthermore, the northward subduction of the Indian Plate beneath the
Java Trench to the south may have contributed also to the deformation. The

southern part of the Malay Basin and almost the entire West Natuna Basin are
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situated, effectively, between two converging crustal blocks. This has resulted in

large amounts of shortening, crustal thickening, and isostatic uplift of the region.

Chapters 5 and 6 investigate the state of isostasy and mechanism of subsidence
in the Basins. The results suggest that basin formation may have involved a pro-
cess of whole-lithospheric stretching and, partly, “thin-skinned” crustal extension.
Although the structure indicates a strike-slip origin (Chapter 4), the general ge-
ometry and the subsidence history of the Basin seems to be typical of rift basins
formed by homogeneous lithospheric stretching. The large thickness of sediment
in the Malay Basin (>14 km) requires considerable crustal thinning which, curi-
ously, is not reflected in the free-air gravity field. The low negative anomaly, of
the order of —20 mGal, means that the crust underneath the Basin is not as thin

as the sediment thickness implies.

The results of 1D-backstripping well data suggest a stretching factor, 3, of
up to ~4.0, which should have resulted in a large positive free-air anomaly. This
estimate seems unrealistically high for a basin in continental crust. Indeed, the
gravity data indicates maximum thinning of about 2.3, which means that 8 may
have been overestimated by the backstripping method. The evidence suggests that
magmatic underplating is an unlikely explanation for the apparent thickening of
the crust, and that the most probable cause of the undercompensation in the Basin
is some form of crustal extension that does not involve subcrustal lithosphere.
Hence, although the dominant basin-forming process may have been homogeneous
lithospheric stretching, part of the subsidence could have resulted from, possibly,

upper-crustal detachment or “thin-skinned” extensional faulting.

The lithospheric stretching model (McKenzie, 1978), modified to take account
of finite rifting duration and lateral heat flow, has been very useful, generally, in
explaining the subsidence and thermal histories of the Malay and Penyu Basins
(Chapter 6). Very high heat flows (85-100 mW m~2) are observed because the
Basins are young (<40 Ma) and, therefore, the thermal anomaly resulting from

lithospheric thinning has not dissipated completely. Heat flows predicted using
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stretching factors estimated from subsidence analysis agree rather well with the
observed heat flows. The heat flow history in some Malay Basin wells derived

by modelling vitrinite maturation is also comparable with the predictions of the

stretching model.

7.4 Future Work

Although a better understanding of the origin and evolution of the Malay and
Penyu Basins has been achieved from the integration of various geological and
geophysical data, some areas of study require further investigation. The Malay
Basin, in particular, is an active area of petroleum exploration and, hence, much
of the data are confidential. More detailed structural information is needed to
test further the kinematic model proposed for the Basin in Chapter 4. The deep
structure of the Basin is also poorly known. In particular, much of the synrift
structure 1s still hidden beneath the thick pile of postrift sediment in most parts
of the Basin. A recent acquisition of deep seismic reflection data by PETRONAS
will provide more information on the early synrift structural development of the
Basin. Although the DMA data and Sandwell gridded data have produced some
interesting results, the gravity data coverage in the region is very poor. More high-
quality gravity data, perhaps already available in the oil industry, should provide
a better constrain on the crustal structure underneath the Basins. Also lacking is
seismic refraction data, which would be useful for determining the present Moho
configuration and to test the gravity models discussed in Chapter 5. It is also
important to obtain, in future, high-quality biostratigraphic and sediment matu-
ration data for modelling of the subsidence and heat flow histories of the Basins.

This will be of interest to the petroleum industry.
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Data and Methods

A.1 Velocity Data for Time-Depth Conversion

The seismic sections and structural contour maps illustrated in Chapter 3 were
depth-converted based on velocity information from well “check-shot” surveys.and
stacking velocities. Five out of six wells used in the study of the Penyu Basin have
velocity information. A time-depth (¢ —z) curve for each well was used to “tie” the
seismic picks with the lithological and biostratigraphical boundaries. For depth-
conversion, average interval velocities of the seismic units were used (Table A.1).
The interval velocity of the oldest unit, P1, is based partly on stacking velocities,

which are in the range 41004700 ms~!, with an average of about 4350 ms~ L.

Well Rhu-1/1A Cherating-1 Rumbia-1 Pari-1 Penyu-1 Average

water 1500 1500 1500 1500 1500 1500
pP7 1610 1710 1684 1696 1600 1660
P6 2207 2214 2267 2000 2133 2160
P5 2500 2307 2000 2545 2285 2328
P4 2567 2485 2529 2452 2592 2525
P3 3029 3043 3190 2960 3667 3178
P2 3702 3778 3684 3077 - 3560
P1 - 4136 - 4350 - 43501

Table A.1. Interval velocities in ms~! derived from check-shot surveys in Penyu Basin
wells, and average velocities used in the depth conversion of seismic sections. 'Estimates
from stacking velocities have been included for better approximation of the velocity in

the deeper synrift section.

Using the interval velocities in Table A.1, the thickness, AZ, of a seismic unit
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is given by
AZ =V x At/2 (A.1)

where V is its interval velocity and At is its apparent thickness in two-way travel
time. Hence, the depth, Z,, to seismic horizon n (n = 1,2,.. 8, downwards) is

obtained by the total thickness of all units above it, plus the present water depth:
Zn =Y ViAt[2 (A.2)
=1

Vi and At; are, respectively, the interval velocity and two-way time thickness of

unit z.
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A.2 Porosity-Depth Curve

This section discusses the derivation of the parameters governing the exponential
porosity-depth relationship (equation 6.6), ¢, and ¢, based on sonic logs and
porosity data from the Malay and Penyu Basins. Porosity data from the two
basins were obtained from two sources: core plug measurements and sonic travel-
time logs. The sonic log is probably the better source of porosity information

because it gives an almost continuous coverage of the porosity over the entire

depth of the well.

There are two common methods of obtaining porosity from sonic travel times.
One method is by using the Wyllie’s time-average equation (e.g. Asquith, 1980,
p. 66-67).

4= Atlog — Atpma
Aty — At

(A.3)

where At),, is the sonic transit time (in ps/ft) from the log, At is the transit
time for the sediment grains (53 us/ft), and Aty is the transit time for the fluid
in the well bore (189 us/ft for freshwater mud). For undercompacted sandstones

occurring at depths above ~1000 m, the porosity calculated using the above for-

100
) At:shale

mula is multiplied by a correction factor , where At pqie 1s the transit time

in the adjacent shale from the log.

Equation A.3 is widely used (e.g. Allen and Allen, 1990) although, generally, it
is applicable only to clean, relatively unconsolidated sandstones (Helander, 1983,
p. 154). Figure A.l shows the porosity-depth data derived from the sonic log
in Penyu-1 well, Penyu Basin, using equation A.3. Calculations were done using
two values of At,,,, representing two extreme cases, one in which the lithology
is entirely sandstone (At,, = 5lus/ft), and the other in which the lithology is
entirely shale (At,, = 67us/ft; Issler, 1992). Both curves show exponential decay

of porosity but give unrealistically high values of surface porosities; 0.95 when

Atpe = 67us/ft and 1.18 when Aty = 51us/ft.
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1.5 S S —
e 67 us/ft
67 us/ft best-fit

1.0 - o 51 us/ft -
N ———- 51 us/ft best-fit

porosity

Figure A.1. Porosity vs depth plot derived from the sonic log in Penyu-1 well, using
equation Wyllie’s equation. To illustrate the range of possible porosity-depth curves,
two sets of plots are shown, corresponding to different values of Atp,. The best-fit
curves, obtained by regression, show unrealistic surface porosities.

An alternative to equation A.3 is the empirical formula given by Chapman

(1983) and Raiga-Clemenceau et al. (1988)

At 1/z
-1 — ma A4
¢ <Atlog) ( )

The value of z in the exponent is usually determined empirically but, because no
data is available from the Malay and Penyu Basins to make a calibration, published
values are used. Chapman (1983) suggested the value of 2 for sandstone, whereas

Issler (1992) obtained a value of 2.19 for shale in the Beaufort-McKenzie Basin.

As in equation A.3, the relevant values of At,,, were used.

Figure A.2A shows the result of applying equation A.4 to the sonic log in
Penyu-1 well. A middle value for both Aty and the constant = were used (At,,, =
59us/ft, z = 2.095) for a mixed sandstone-shale lithology, which is appropriate for
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the Malay/Penyu Basin sediments. The best-fit exponential curve gives ¢, = 0.49
and ¢ = 0.50 km~!, which are more realistic and, also, are comparable to the

values obtained by Sclater and Christie (1980) for the North Sea.

Well name ¢, c(km™)
Anding Barat-1 0.55 0.55
Sotong 5G-5.1  0.56 0.56
Duyung 5H-2.1 0.51 0.47

Delah-1 0.51 0.48
Penyu-1 0.49 0.50
average 0.52 0.51

Table A.2. Values of constants for exponential porosity function obtained from sonic
logs in 5 wells.

It is useful to compare the sonic-derived porosity with actual measurements
from core A.2C. Quite a substantial amount of core porosity data are available
from wells in the southern Malay Basin. Four of these wells — Anding Barat-1,
Sotong 5G-5.1, Duyung 5H-2.1 and Delah-1 (their location shown in Fig. 6.8) —
were chosen because continuous sonic logs throughout the well column have been
recorded down to depths of ~3.5 km. As before, equation A.4 was used to obtain
porosity from the sonic logs. Figure A.2B shows the result from Anding Barat-1
well, plotted with core porosities compiled from a total of 15 wells in the vicinity.
Qualitatively, the two data sets seem to match quite well. The best-fit exponential
curve through the sonic-derived data gives ¢, = 0.59 and ¢ = 0.55 km™!. The
porosity data gave a best-fit curve with ¢, = 0.57 and ¢ = 0.61 km~!, which are
somewhat higher than, but not significantly different from, those obtained from
the sonic logs. Figure 6.5 shows the exponential curves from the four wells in
the southern Malay Basin compared with the core data. The data indicate that
equation A.4 gives relatively consistent result for the area and, therefore, justifies
its use in the Malay and Penyu Basins. Table A.2 summarizes the values of ¢,
and ¢ obtained from the four Malay Basin wells and from the Penyu-1 well in the
Penyu Basin. For the Malay Basin, the average value of ¢, and ¢ based on the

four wells shown in Table A.2 were used in the flexural backstripping and gravity
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Figure A.2. Porosity vs depth plots using equation A.4 (A) derived from the sonic
log in Penyu-1 well. (B) derived from the sonic log in Anding Barat-1 well. (C) Core
data from southern Malay Basin for comparison. Both (A) and (B) uses At,,, = 59u/ft,
x = 2.095.
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modelling in Chapter 5 and in the subsidence analysis in Chapter 6.

A.3 Data Sources

Below is a list of unpublished reports, not cited in the text, from which various
data have been compiled for the study. The data include biostratigraphy, borehole
temperatures, velocity survey, well lithological description, vitrinite reflectance,

and porosity-permeability measurements. Data supplied by PETRONAS.

1. Hall, M.E., Ahmad Din, and Mohd Zaki Othman, 1986. The PETRONAS
Carigali PM12 Block Southern Malay Basin: A review of the petroleum

geology.
PETRONAS Carigali internal report.

2. Ho Kiam Fui, 1984. The biostratigraphic re-evaluation of southern Malay
Basin, PM6 Block, and Penyu subbasin, offshore Peninsular Malaysia.

PETRONAS Carigali internal report.

3. Well-completion Logs for Rhu-1A, Merchong-1, Cherating-1, Rumbia-1, Penyu-
1, and Pari-1.

4. Well velocity survey reports for Rhu-1A, Merchong-1, Cherating-1, Rumbia-
1, Penyu-1, and Pari-1.

5. Sonic logs of Rhu-1A, Merchong-1, Cherating-1, Rumbia-1, Penyu-1, Pari-1,
Anding Barat-1, Duyung 5H-2.1, Sotong 5G-5.1, Delah-1.

6. Routine core analysis results (porosity and permeability data) for about 15

wells in the southern Malay Basin (PM12).
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A.4 Malay Basin Well Stratigraphic Data

Below are the stratigraphical data used in the backstripping analysis in Chapter

6. Values represent the top of seismic units in metres.

No | Well Name A D E F H 1 J K L M | Basement
1 | Abu-1 61 759 947 1149 1512 1639 1910
2 | Anding Barat-1 76 639 744 84 1106 1572 1811 1975 2655 | 3167
3 | Anding-1 74 677 794 911 1167 1651 1890 2026 2410 | 2587
4 | Anding-2 74 666 774 890 1148 1645 1868 2000 2409 | 2658
5 | Angsi-1 68 1213 1510 2006 2222 2626 2977
6 | Badak-1 56 811 1110 1234 1433 1981 2090 2295
7 | Banggol-1 64 870 1283 1628 2224 2510
8 | Bedong-1 59 1299 1554 2054
9 | Belumut-2 72 571 605 881 1035 1207 1423 | 1463

10 | Beranang-1 59 680 849 1227 1469 1778 2355 2498 3054 .
11 Besar-1 70 684 851 1434

12 | Bintang-2 50 1062 1364 1722

13 | Bubu-1 62 718 875 1056 1406 1516 1609
14 | Bundi-1 69 1053 1183 1563 1734 2366

15 | Bunga Orkid-1 55 1012 1368 1981 2446 2939 3511 | 3671
16 | Bunga Pakma-1 56 2010 2473 2932 3522
17 | Bunga Raya-1 55 846 1167 1340 1733 2110 2605 2854 | 2906
18 | Cahaya-1 68 888 1160 1302 1469 1593

19 | Delah-1 78 705 828 925 1207 1716 2049 2155 2607 | 2928
20 | Duyung 5H-2.1 75 530 571 647 727 1247 1800 1966 2440 2765

21 Duyung Barat-1 | 70 626 726 852 1010 1548 1689 2155 2562

22 | E Belumut-1 72 605 766 1057 1215 1455
23 | East Larut-2 62 890 947 1072 1227 1562 2192 2336 2725
24 | East Raya-1 69 776 1053 1346 1831 2015 2271 2410
25 | Feri-1 75 660 765 896 1126 1620 1863 1986 2451 | 2918
26 | Gayong-1 74 444 938 1274

27 | Guntong-1 62 812 982 1317 2072 2449

28 | Irong Barat-1 65 572 696 1117 1851 2060

29 | Kepong-1 68 655 712 1021 1678 1994 2490

30 | Larut-1 62 923 1009 1105 1321 1566 2197 2554 2658 2686
31 | Ledang Barat-1 66 365 526 1032 1417

32 | N Lukut-2 61 768 871 940 1166 1577 1687 1945

(continued next page...
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No | Well Name A D E F H I J K L M | Basement
33 | Palas-1 63 797 939 1033 1361 1998 2376 2940

34 | Penara-1 60 925 1103 1227 1472 1946 2076 2314 2373
35 | Pendera-1 83 555 714 1334 1636

36 | Piatu-1 63 1374 1635 2261 2402 2584 2784

37 | Relau-1 63 793 964 1063 1314 1770 1881 1967 2031 | 2177
38 | Resak-2 64 674 880 1290 1648 1947 2546 2771

39 | Seligi-2 74 527 564 1117 1354 1754 2086

40 | Simpur-1 60 689 856 1108 1162 1309
41 | Sotong 5G-5.1 | 76 680 789 918 1134 1598 1857 2013 2476 | 2675
42 | Sotong-1 74 696 802 914 1126 1621 1903 2046 2525 | 2750
43 | Sotong-2 72 688 798 917 1134 1601 1907 2050 2574 | 2911
44 | Sotong-3 74 671 773 896 1094 1625 1918 2047 2630 | 3016
45 | Sotong-4 73 642 741 855 1064 1557 1793 1914 2524 | 2635
46 | Sotong-5 73 700 817 948 1141 1065 2012 2173 2729 | 2985
47 | Sotong-6 73 705 814 944 1185 1681 2046 2199 2802 | 3177
48 | South Raya-1 41 821 1081 1359 1838 2038 2261
49 | Sumalayang-1 | 64 660 775 966 1283 1359 1438 -
50 | Tabu-1 64 774 1004 1391 2217

51 | Tapis-10 64 606 749 1016 1800 2131

52 | Telok Barat-1 62 813 923 1188 1674

53 | Tembikai-1 69 893 1114 1292 1496 2267 2403 2702

54 | Tinggi-1 72 563 705 1216 1437 1766 1999

55 | Tiong Barat-1 | 64 678 812 1134 1789 2160

56 | Tiong-1 67 645 926 1571 1956 2536

57 | Tok Bidan-1 44 667 777 846 1657 2118
58 | Inas-1 64 1252 1492

59 | Sepat-1 62 1201 1472 1740

60 | Noring-2 58 1263 1489 1934

61 | Bujang-2 65 1083 1325 1751

62 | Semangkok-1 62 704 847 1072 1415

63 | Tujuh-1 59 1332 1809 2138

64 | Tangga-1 66 1081 1325 1797
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Computer Programs

B.1 XRIFT

The program XRIFT calculates the subsidence and heat flow of a 1D or 2D basin
based on the quantitative model of lithospheric stretching proposed by McKenzie
(1978), modified to incorporate finite-duration rifting and horizontal heat con-
duction (Cochran, 1983). For the 1D model, only the vertical heat conduction is
considered, whereas for the 2D basin model, effects of horizontal heat loss can, as
an option, be included in the computation. The program is an adaptation of a
FORTRAN version by J.R. Cochran, modified and re-written in the C program-

ming language.

Basic 1D Model

The core of the program is the basic 1D uniform-stretching model of McKen-
zie (1978), which calculates the vertical temperature structure of the lithosphere
following an instantaneous stretching event. The temperature structure of the

lithosphere, T = T(z,t), is calculated by solving the one-dimensional heat flow

equation
oT o*T
BtZHBZZ 0<z<a (B.1)
T(0,t)=0
0<t<o0
T(a,t) =T,
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where z is the vertical coordinate measured positive downwards, t is time, and &
is the thermal diffussivity of the lithosphere. The initial and boundary conditions
are such that the temperatures at the surface and at the base of the lithosphere are
maintained at 0 °C and 7,=1333 °C, respectively. After instantaneous stretching

by a factor 3, the temperature structure becomes

T(z,0)=pT,z/a for 0<z<a/B

=T, for a/f<z<a

At infinite time after stretching, the temperature structure approaches the pre-
stretching equilibrium temperature structure T'(z, 00) (Fig. 6.6C). The solution to
equation B.1 is made up of a steady state (solution when ¢ = c0) and a transient

temperature solution 7*(z,t):
T(z,t) =T(z,00) + T7(z,1) (B.2)

The steady-state solution is T,z/a whereas the transient solution is given by

T*(z,t) =T, i A, sin (T_r_z) exp (—n2t) (B.3)
n=1

a T

where 7 = a?/m?k and A, is the Fourier sine transform of the temperature
anomaly, i.e. the difference between temperature structure at the onset of cooling,
T(z,0), and the equilibrium temperature structure, T'(z,t = oo):

_ 2
~ aT,

nmz

A, /0 [1(2,0) - T(z,00)]sin (727 dz (B.4)

a

Figure 6.6B and C shows that the temperature anomaly is given by

T(z,0) = T(z,00) = (8 —1)Tyz/a for 0<2<a/p
=T,(1 —z/a) for a/B<z<a/B

B.4 is thus evaluated to give

A, = ;27}— (%) sin (7—?—) (B.5)

Hence, the complete solution for the temperature structure is
7 - A s n7rz) —n?t B6
T(z,t)=T, E+z:1 nSln(—a—‘ eXP\ (B.6)
n=
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to  t time —

St=Si + e(0) - e(t)
= Soo - e(t)

Figure B.1. Schematic diagram showing the calculation of total subsidence, ST, at
time t after instantaneous stretching. '

The subsidence, St, at time t after stretching is the difference between the sub-

sidence at infinite time, S.o, and the elevation above that depth, e(t) (Fig. B.1):
St(t) = Seo — €(2) (B.7)

The approximation of So, given by Hellinger and Sclater (1983, p. 8259) is used:

. yc(pm - PC) [1 - aT0y0/2a] _ l
Soo = pm(1l —aT,) — pu (1 IB) 8

while the expression for e(t) is similar to that given by McKenzie (1978):

A —(2k +1)%
e(t) = & 21:1:'11 exp ( ( - ) ) (B.9)
k=0
where
Eo = _2aaTopo_ and  po = pm(l — aT)
m(po — Pw)

The surface heat flux, Q, is found by differentiating B.6 for z = a:

dT
Q - ko-(—i_z— z=a
koTa i 00 _th (BlO)
— - 1+7rz—:1nAnexp( " )

where k, is the thermal conductivity of the lithosphere.
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Xo X Xi X i+l XN-1 XN

Bo Bl BN-l

Figure B.2. Two-dimensional lithospheric model for subsidence/heat flow calcula-
tions. Lithosphere is divided into N blocks, each with a specified stretching factor,
B;. Blocks at either ends, which are distant from the rift zone, have 3 = 1. Att =10
after instantaneous stretching, the lithospheric blocks will be thinned according to their
respective (3 values, and the vertical temperature structure of each block is calculated.
The temperature perturbation in each block as a result of lateral heat conduction from
all other blocks is then calculated to correct for lateral heat loss.

2D Model With Lateral Heat Conduction

To include the effects lateral heat loss on the subsidence and heat flow histories
of a two-dimensional basin, the 1D model is extended to 2D by considering the
two-dimensional heat equation of the form

8_T_ 0*T  0°T
ot - " dz? 022

(B.11)

where T = T(z, z,t) is the vertical temperature distribution at a horizontal dis-
tance x. Watts et al. (1982) and Cochran (1983) have presented the analytical
solution to equation B.11, which can be incorporated into the stretching model.
In this model, the lithosphere is divided into a series of narrow blocks (Fig. B.2).
The temperature structure of each block due to the vertical heat conduction from
the base of the lithosphere will be modified by lateral conduction to and from
the neighbouring blocks. Hence, the computation of the temperature structure,
subsidence, and heat flow of a 2D basin that incorporates lateral heat conduction
amounts to finding, first, the effects of vertical heat conduction for each block, as

in the 1D model above, and then adding the effects of lateral heat conduction in

each block due to all the other blocks.
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The temperature structure of one block due to a stretching event may be

written as
T(z,2,t) = X(z,t)- Z(z,1)

where X (z,t) and Z(z,t) are the solutions of the one-dimensional equation in
the horizontal (z) and vertical (z) directions, respectively. The solution for the z
direction is the same as equation B.2. We can see that the solution of the two-
dimensional equation is equivalent to the vertical solution, Z(z,t), multiplied by
some factor that is determined by the horizontal solution, X(z,t). The solution

in z direction is that of heat flowing into a semi-infinite medium (Carslaw and

Jaeger, 1959, p. 58):

_ _ a\2
X(z,t) (z',0) exp [M] dz'’

2\/7m 4kt

For a single block between, say ¢ = x; and ¢z = z;4; (Fig. B.2), the initial
condition is such that X = 1 between z; and z;;;, the horizontal limits of the

blocks, and X = 0 otherwise. Hence, the above equation reduces to

Tit1 T — T )2
X(z,t) — 2| da’
(z,1) 2 —Wh / exp[ P } x

Substituting u = & \/4—’) gives

Ti4+1
VKt ex du
2 r—m /x p(—u?)

Tit1

= exp(—u?) du

\/7?

which is equivalent to

X(z,1) = [——%erfe(u)]

X(z,t) =

Tig1

T

— ’ . . . . .
where u = ©=Z) . Hence, the solution for one box in the z direction is

V4akt

1 T —x; T — Tip1
7 —— _ .f -
X(z,1) 5 [erfc ( ™ ) erfc ( P )}

Thus, the total solution for the temperature structure of a single block between

x=ux; and * = T;41 1S

T(z,2,t) = T(z,z,00) + -;- [erfc (%) — erfc (-‘5-\;—4%‘—‘)] - T*(2,1)
(B.12)
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where T™(z,t) is the transient solution for the vertical heat conduction given by

equation B.6. As before, the steady-state temperature structure, T'(z, z,00), is

simply T,z/a.

Because the heat flow equation is linear, the law of superposition is used to
determine the temperature distribution in all the lithospheric blocks. If N is the

total number of blocks, the temperature structure is then

3. ot () e ()] e
(B.13)

T(z,2,t)=T(x,z,00)+

|

where z; and ;4 are the position of the edges of block 1.

Finite-duration Rifting

The basic instantaneous stretching model, with or without lateral heat conduction,
as described above, has been adapted for modelling finite-duration stretching.
Following the approach made by Cochran (1983), a stretching period of length
At, is treated as a series of short rifting increments of 0.5 Ma duration. Assuming
that the stetching factor increases exponentially during the stretching phase from

1 to 3, the lithosphere is stretched incrementally by an amount, B;,., given by

t,
,Bz'nc — elJ' inc

where t;,. is the time step of 0.5 Ma duration and u = 'A'li: log, 0 is the constant
governing the exponential increase in the stretching factor; B being the total

stretching factor.

Because the temperature structure changes after each instantaneous stretching
event, the initial temperature structure at the onset of cooling after each stretch-
ing increment is non-linear. Hence, after each stretching increment, the tempera-
ture structure of the lithosphere is evaluated using equation B.2, with the value

of A, obtained by performing the sine transform on the temperature anomaly
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[T'(z,t) — T(z,00)] (equation B.4). A, is evaluated at the end of each stretch-
ing increment and is used to calculate the subsidence (B.7) and heat flow (B.10)
during the stretching phase. The value of A, evaluated after the last stretching
increment is used in the calculation of subsidence and heat flow throughout the

post-stretching phase.
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Appendix B. Computer Programs

B.2 MATURE2

MATURE?2 is a program for calculating the maturity index, either as time-temperature
index, TTI (Waples, 1980), or the equivalent vitrinite reflectance, R,. The input
required are the burial history and the temperature gradient through time. Burial
history is obtained by standard 1D backstripping (e.g. Allen and Allen, 1990).
Although the modelling done in Chapter 6 uses the EASY% R, model (Sweeney
and Burnham, 1990; Wood, 1988), the program can also calculate TTI and R,
based on either the traditional Lopatin-Waples method or a chemical kinetics
model (Wood, 1988; Hunt et al., 1991; Hunt and Hennet, 1992). The following
sections describe briefly the various methods of calculating TTI and R, that have

been implemented in the program.

Lopatin-Waples TTI

The Lopatin time-temperature index (here referred to as TTIy) was introduced
by Waples (1980) based on the theory proposed by Lopatin (1971) that the rate
of vitrinite maturation doubles for every 10° C increase in temperature. The
maturity attained by sediment during a finite period of heating is given by the
length of time (At;) that the sediment spent in a 10° C temperature interval,
multiplied by a temperature factor 2". This is termed the “interval TTI”. The
total maturity or the cumulative TTI is given by the sum of all the interval TTI’s:

TTIL =) At (B.14)

i=0

where n is the number of intervals. In Waples’s (1980) definition, « = 0 corresponds

to the temperature interval 100-110 °C.

Following Wood (1988), the temperature factor is defined as a continuous

rather than as discrete 10 °C intervals:

TTI, =Y  At;20/10710° (B.15)

1=0
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This equation sets ¢ = 0 at 105 °C, the midpoint of Waples’s arbitrarily defined

interval 100-110 °C. If absolute temperature in K is used instead of °Celcius, the

alternative expression is

TTIL =) At;2T/10-37815 (B.16)

1=0
The interval TTI attained during a period from #; to ¢;;; is the integral form of

equation B.16:

TTI = ti+1 -t /TH-I 2(T/10)—37.815 dT (B 17)
= T - T)J10 Jy |

Note that the time interval has to be divided by & of the temperature interval in

order for the value to be the same as the Lopatin-Waples index.

Wood (1988) derived a cubic regression equation for the relationship between
TTI and R, based on the data of Waples (1980, his Table 4), and is used in the

program to convert TTI; to K, in the program:

log,o Ro = —0.006(log,o TT11)* 4+ 0.042(logo TT1L)* + logyo TT I, — 0.397

TTI Based On Chemical Kinetics

It is now recognised that Lopatin’s assumption that kerogen reaction rates double
for every 10° C increase in temperature is too simplistic; in fact, reaction rates
may double after about 3-5° C increase (Ungerer et al., 1990). In recent years,
methods based on chemical kinetics have gained popularity over the traditional
Lopatin-Waples TTI method. Wood (1988) made a comparative study of TTIf
calculated using Waples method and TTI based on the Arrhenius equation (herein
denoted as TTI4), and concluded that thermal maturation trends in sediments are
strongly controlled by heating rates. Wood’s analysis suggests that TTIz tends to
underestimate thermal maturity at heating rates >1° C/Ma and overestimate it at
heating rates significantly less than ~1° C/Ma. To overcome this, many workers

have devised a method of modelling R, using chemical kinetics (Hunt and Hennet,
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1992). Below are a summary of the methods that have been implemented in the

program MATURE?2.
Kinetic models are based on the Arrhenius equation

L = AeE/RT (B.18)

where k is the reaction rate, A is the pre-exponential factor (1 Ma™!), E is the
activation energy (kJ mol™'), R is the universal gas constant (0.008314 kJ mol™!
K~!), and T is absolute temperature (K). Wood (1988) derived an expression for
TTI4:

~ A
TTI, = Z a (hne——E/RTn+1 _ hn_He—E/RTn) for Th # Tt

n=1 1"

+ Z(tn+1 - tn)Ae'E/RT" for Tn = Tn+1
n=1

where m is the total number of temperature intervals, and

B RT}? b1 — tn
"= \Et2rr2) " T, -T.

As for the Lopatin-Waples method described above, TT14 is converted to R,
using the empirical relationship between TTIz, TTI4 and R, for specific values
of A and E, depending on the kerogen composition. Wood (1988), for example,
suggested the use of “average” Type III kerogen kinetic parameters (E=218 kJ
mol™1, A = 5.45 x 102Ma~!) and derived the following cubic regression equation

for converting TTI4 to R.:

log,o Ro = —0.0001(log,o TT14)°
+0.003(log o TT14)? + 0.109(log,o TT14) + 0.106

The program can be used to model different sets of parameters representing a
range of kerogen types, based on the data of Hunt and Hennet (1992) (Table B.1).
However, for each set of parameters, a different equation is needed to convert TTI4

to R,. In MATUREZ2, only Woods average kinetics parameters are used.
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Kerogen Type E (kJ mol™') A (Ma™!) relative reaction rate
IA 194 1.01 x 10® fast

IB 219 8.87 x 10 medium

IC 269 7.48 x 103°  slow

IIA 143.5 7.017 x 10%° fast

IIB 178.7 4.223 x 102 medium-fast

I1C 201.3 1.546 x 10%® medium

IID 218.3 5.656 x 10% slow

III 230 3.98 x 102 medium

“average Type III” 218 5.45 x 1026 slow

Table B.1. Arrhenius kinetic parameters (A and E) for various kerogen types (from
Table 3.1 of Hunt and Hennet, 1992). The “average Type III” values are thosed used
by Wood (1988) in his calibration of Lopatin-Waples TTI.

EASY%R, Method

This method is also based on the Arrhenius rate equation (B.18) but, instead
of using the kinetic parameters for a single reaction that is specific to one type
of kerogen, it uses a set of 20 parallel reactions (Table B.2) with different Es,
weighted by pre-determined stoichiometric factors (Sweeney and Burnham, 1990).
The pre-exponential factor, A, used in the calculation is fixed at 1 x 10'® s™'. The
method is based on the calibration of R, with the fraction of kerogen converted,

F:
R, = exp(—1.6 + 3.7F)

The parameter F', which is a function of the reaction rate, is calculated according
to the method outlined by Sweeney and Burnham (1990, p. 1568) as follows. The
reaction rate can be described in terms of the Arrhenius equation:

dC

i —CAexp(—F/RT)

where C is the concentration of kerogen undergoing reaction. In the EASY%R,

model, the reaction is represented by a set of parallel reactions with the same A
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E (kJ mol=') Stoichiometric factor

142.3 0.03
150.6 0.03
159.0 0.04
167.4 0.04
175.7 0.05
184.1 0.05
192.5 0.06
200.8 0.04
209.2 0.04
217.6 0.07
225.9 0.06
234.3 0.06
242.7 0.06
251.0 0.05
259.4 0.05
267.8 0.04
276.1 0.03
284.5 0.02
292.9 0.02
301.2 0.01

Table B.2. Activation energies (E) in kJ mol~! and their respective stoichiometric
factors used in the EASY%R, model (from Table 1 of Sweeney and Burnham, 1990).
The pre-exponential factor A is fixed at 1.0 x 1013s~1.

but different E's. Hence,

40 _ §~dCi
dt_z_ dt

= — Z C;Aexp[—F;/RT(t)]

where C; is the concentration of component 7, while n is the total number of
components (n = 20). The amount of kerogen i remaining after time ¢ is the

difference between its initial concentration and the integral of B.2 over ¢:
t
C; =Cs —/ [dC,'/dt] dt
0

The fraction of total reactants converted is given by:

F=1-CJC,
. (B.19)
=1-Y [Ci/Cal f:

1
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where f; is the stoichiometric factor for component 7 as given in Table B.2, and
C, is the total concentration of all reactants. For implementation in the program,

the relevant equations in Sweeney and Burnham (1990) are used.
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