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Abstract: As part of our effort to improve pore-pressure estimation in diagenetically altered mudstones, we have used wireline
logs to estimate disequilibrium compaction and unloading contributions to the hard overpressure encountered in the Bekapai
Field, Lower Kutai Basin. The maximum vertical effective stress that the overpressured mudstones have experienced is
estimated from the density log using Dutta’s relationship between vertical effective stress and void ratio. The sonic–density
cross-plot is then used to estimate the sonic reference trend: that is, the expected sonic response if the mudstones were currently
at maximum vertical effective stress. Finally, comparison of the sonic log with the sonic reference trend gives the unloading
contribution to overpressure using Bowers’ unloading relationship between the vertical effective stress and velocity. In spite of
poor data quality, fair results were obtained showing a steady increase in disequilibrium compaction overpressure below the top
of the sharp pressure ramp. Immediately below the pressure ramp, the unloading contribution to overpressure dominates, with
gas generation being the most likely cause. Our interpretation explains the pressure and wireline log data in this deltaic setting
satisfactorily, resolving a debate on overpressure-generation mechanisms in the shelfal area of the basin that has been ongoing
for 25 years.
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The Lower Kutai Basin is located in eastern Kalimantan (Fig. 1) and
is the largest basin in Indonesia for gas production. The onshore area
and the shelfal area surrounding the Mahakam Delta are mature
areas for hydrocarbon exploration and production. In the shelfal
area, fields are located along three major anticlines lying parallel to
the coast, known as the Internal, Median and External axes. The
Bekapai oil and gas field lies on the Median Axis. The sediments
hosting and overlying the hydrocarbon accumulations are deltaic
deposits sourced by the Mahakam River (Moss & Chambers 1999),
and sedimentation has been continuous during the Neogene (Duval
et al. 1998) so the strata are at maximum burial.

Due to lateral drainage through the deltaic sandstones, the pore
pressure remains hydrostatic to depths of approximately 3 – 4 km
below sea level, where there is a sharp pressure ramp into hard
overpressure. Hydrocarbons are trapped hydrodynamically in the
adjacent Peciko and Tunu fields (Grosjean et al. 2009), so it is
probable that lateral water flow is also taking place in the
overpressured reservoirs of the Bekapai Field.

Rapid burial during the Neogene was thought by earlier researchers
to have generated the overpressure by disequilibrium compaction
(Burrus et al. 1992; Bois et al. 1994; Bates 1996; Burrus 1998).
Although doubts had been expressed about the quality of the density
logs, the low mudstone porosities observed in the zone of hard
overpressure are inconsistent with the disequilibrium compaction
mechanism.These lowporosities promptedSchneideret al. (1993) and
Burrus (1998) to suggest that compaction depends on theBiot effective
stress. Goulty (1998) argued that use of the Biot effective stress was
inappropriate, and proposed that porosity should be related to mean
effective stress instead of the vertical effective stress. However, in that
paper he used poroelasticity and ignored soil mechanics principles:
that is, during compaction, the void ratio depends on both mean
effective stress and differential stress, although use of vertical
effective stress is justified provided that the ratio between the
horizontal effective stresses and the vertical effective stress does not
change much with depth (Goulty 2004; Hauser et al. 2014).

In previous articles (Ramdhan & Goulty 2010, 2011), we have
suggested that overpressure has been generated by unloading
processes, especially gas generation, because mudstone density
trends continue to increase downwards through the pressure ramp and
the depth to top of hard overpressure coincides with the vitrinite
reflectance threshold for gas generation. Furthermore, we suggested
that the density reversal observed in the deepest well below the sharp
pressure ramp was a consequence of ‘chemical undercompaction’, a
process in which porosity was preserved by very high pore pressure
holding pores open while the mudstone matrix was being cemented
by the products of clay diagenesis (Goulty et al. 2012). We no longer
think that chemical undercompaction is the correct explanation
because it has become clear that diagenetically altered siliciclastic
mudstones continue to compact mechanically in response to
increasing effective stress (Cicchino et al. 2015; Goulty et al. 2016).

We have now applied two-step analysis to density and sonic logs at
Bekapai to discriminate between loading and unloading mechanisms
of overpressure generation. Our analysis method builds on the work
of Bowers (1995, 2001), Dutta (1986, 2002, 2016) and Sargent et al.
(2015). We find that although overpressure immediately below the
onset of the sharp pressure ramp has predominantly been generated
by unloading, the contribution of disequilibrium compaction
gradually increases with depth. We claim that our interpretation
finallymakes sense of the pressure andwireline log data in this deltaic
setting, resolving conflicting suggestions about overpressure
generation mechanisms in the shelfal area of the Lower Kutai Basin.

We start with a brief review of the geology and overpressure regime
in the Lower Kutai Basin. Then we describe the two-step method of
wireline log analysis, and show the result of its application to two
Bekapai wells that penetrate the pressure ramp into hard overpressure.

Geology

The development of the Kutai Basin has been described by Moss &
Chambers (1999) and Chambers et al. (2004). Basin initiation took
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place during the middle–late Eocene as a consequence of tectonic
extension in the SE Asia region (e.g. Hall 2009). The subsequent
sag phase from the latest Eocene to the late Oligocene was marked
by deposition of deep-marine muds in the basin centre. Early
development of deltaic sediments occurred from the latest
Oligocene to the early Miocene, with a second phase of tectonic
extension in the basin centre. From the middle Miocene to the
present, delta progradation has occurred, accompanied by the
development of the Samarinda Anticlinorium which includes three
anticlinal axes forming structural traps for hydrocarbons in the
shelfal area of the Lower Kutai Basin (Fig. 1). Consequently, the
Neogene strata in the shelfal area mainly comprise intercalated
sandstones, mudstones and coals of the deltaic facies.

The hydrocarbons that have been produced in the Kutai Basin
have come from the fluvio-deltaic petroleum system of middle
Miocene–Pliocene age. A complete synthesis of this petroleum
system was made by Paterson et al. (1997) and Duval et al. (1998),
and a schematic model is shown in Figure 2. The main source rocks
are organic-rich mudstones, coal beds and even sandy facies
deposited in fluvial, delta-top, tidal-plain and delta-front settings,
mostly classified as Type III source rocks. Although the organic-
rich mudstones are gas-prone, Lambert et al. (2003) reported that
the oil-generative potential of the Type III organic matter is
unusually high. The contribution to hydrocarbon generation of the
marine mudstones, located in the deeper part of the Neogene
sequence, is thought to be negligible because their organic content
is low. Interestingly, isotopic analysis performed by Lambert et al.
(2003) showed that the threshold for both oil and gas generation
corresponds to a vitrinite reflectance of 0.6%.

The reservoirs are fluvial andmouth-bar sandstones, and the seals
are marine mudstones that developed during transgressions.
Paterson et al. (1997) and Duval et al. (1998) proposed that
hydrocarbons have predominantly migrated laterally from source
rocks in the synclinal areas into the anticlinal traps.

The structure of the giant Bekapai oil and gas field is a faulted
anticline with major faults striking approximately north–south,
dividing the field into west, central and east compartments (Fig. 3).

Production to date has been only from the west compartment. The
stratigraphic interval that is the biggest contributor to hydrocarbon
production from this field is the upper part of the Fresh Water Sand,
deposited in the late Miocene (Fig. 4). The oil comes only from this
zone. Other productive intervals for gas are the overlying Shallow
Reservoir Zone of Pliocene age and the underlying Tunu Main
Zone, also of late Miocene age. From the middle Miocene, the
sedimentation rate at Bekapai has been fairly constant with an
average rate of over 300 m Ma‒1. The top of overpressure in thewest
compartment is at depths of 3.0 – 3.5 km below sea level, where the
temperature is 120 – 135°C.

Two-step method of analysis

For siliclastic mudstones in the shallow subsurface at temperatures
below 65 – 70°C, where smectite starts to transform to illite,
overpressure generated by disequilibrium compaction can be
detected by an equivalent depth method using a sonic, resistivity
or density log (Mouchet & Mitchell 1989). However, in the Lower
Kutai Basin, we are concerned with diagenetically altered
mudstones that may be overpressured by loading and unloading
processes. We have used both density and sonic log responses in the
mudstones to estimate the disequilibrium compaction and the
unloading contributions to overpressure, the sum of the two being
the total overpressure present.

The first step is to calculate from the density log values in the
mudstones the maximum vertical effective stress to which the
mudstones have been subjected. The maximum vertical effective
stress the mudstones have experienced is subtracted from the
present-day lithostatic stress, obtained by integrating the density log
with respect to depth, to give the maximum loading pore pressure.
Where the maximum loading pore pressure is greater than the
hydrostatic pressure, the difference between the two may be thought
of as the contribution to overpressure from disequilibrium
compaction. Any additional overpressure is due to unloading
mechanisms, such as gas generation, clay diagenesis and lateral
transfer (Swarbrick et al. 2002).

Mudstones respond to unloading poroelastically. We assume that
the poroelastic response of the density log is negligibly small, but
unloading affects both sonic and resistivity logs significantly.
Bowers & Katsube (2002) have suggested that decreasing normal
effective stress opens flexible connecting pores of high aspect ratio
sufficiently to affect transport properties without any significant
effect on the bulk density of the mudstone. Thus, in the second step,
we use the sonic log with an unloading velocity–effective stress
relationship of the form proposed by Bowers (1995) to estimate the
amount of unloading overpressure. Before doing so, we need to
establish the sonic reference trend, which is the sonic response
expected in the mudstones at their present depths if they were now at
the maximum vertical effective stress they have previously
experienced. If the wireline log data are of good quality, we are
able to estimate the sonic reference trend for illitized mudstones
using the sonic–density cross-plot.

Estimating maximum vertical effective stress

The relationship between vertical effective stress, s 0
v, and void ratio,

e, for mechanical compaction given by Skempton (1969) is:

s 0
v ¼ s 0

0exp(�be) (1)

where s 0
0 is the vertical effective stress when the void ratio is zero

and b is a constant. Equation (1) was determined empirically from
experimental data on clays and, as Skempton (1969) pointed out,
only applies for values of vertical effective stress that are
substantially less than s 0

0 because the void ratio must approach
zero asymptotically at high vertical effective stress.

Fig. 1. Map of the Lower Kutai Basin showing fields and wells referred to
in the text.
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Dutta (1986, 2016) modified equation (1) by redefining b as the
‘diagenesis function’ to account for the mudstone’s temperature
history on the assumption that smectite–illite transformation occurs
as a first-order kinetic reaction. We can use this modified
relationship to estimate from the density log the maximum vertical
effective stress experienced by diagenetically altered mudstones.
The void ratio is obtained from the logged density in mudstone, r:

e ¼ (rs � r)=(r� rf ) (2)

where rs is the density of the solid grains, assumed to be 2.75 g cm‒3,
and rf is the density of the pore fluid, assumed to be 1.05 g cm‒3.

Fig. 3. Vertical section through the Bekapai Field.

Fig. 2. Schematic cross-section of the Neogene petroleum system (simplified from Duval et al. 1998). The giant Bekapai oil and gas field lies
approximately 10 km south of the supergiant Tunu gas field.

Fig. 4. Chronostratigraphic chart for the Bekapai Field.
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The diagenesis function may be written as:

b ¼ b1 � b1 � b0ð Þexp �
ðt

0

A exp [� E=RT (t)]dt

8<
:

9=
; (3)

where t is the depositional age of the bed concerned, b1 is the value
the diagenesis function takes as t ! 1, b0 is the diagenesis
function of the mudstone at deposition, τ is time since deposition, A
is the Arrhenius frequency factor, E is the activation energy, R is the
gas constant and T is temperature in degrees kelvin. Dutta (1986)
determined the values of A and E from published X-ray diffraction
(XRD) data for Gulf of Mexico mudstones as 40 000 a‒1 and
80 750 J mol‒1, respectively, and later reported that these values
were confirmed by using data from other basins (Dutta 2016).
Taking logarithms of equation (1) and substituting for b from
equation (3) yields:

lns 0
v þ eb1 ¼ lns 0

0 þ e b1 � b0ð Þexp �
ðt

0

A exp[�E=RT (t)]dt

8<
:

9=
;
(4)

We adopt the value of 9.4 for b1 given by Dutta (2016, his fig. 1)
because he suggests it is applicable worldwide for siliciclastic
mudstones in which illitization of smectite is complete. b0 depends
on the smectite composition of the mudstone at deposition, and has
to be determined from the data. We estimate b0 and s 0

0 from the
gradient and intercept, respectively, of the best-fitting straight line
on a plot of lns 0

v þ eb1 against e� exp{�Ð t
0 A exp[�E=RT(t)]dt}

for data points in hydrostatically pressuredmudstones, selectedwhere
the density log data quality is good.

If necessary, offset well data can also be used to assist in the
estimation of b0 and s 0

0. Other parameters required are the seafloor
temperature, the geothermal gradient and the burial rate. In general,
these three parameters may have varied over time, but we assumed
constant values for the two Bekapai wells analysed below. Thus,
given the density log, we have all the information needed to
calculate from equation (1) the maximum vertical effective stress
that has been experienced by mudstones in the deeper overpressured
section of each well.

Estimating the sonic reference trend

The link between the two steps in our wireline log analysis method
is provided by the sonic–density cross-plot. Dutta (2002) presented
a cross-plot of sonic transit time and density for mudstones in the
Gulf of Mexico. The black curve marked with arrows in Figure 5
approximates the average trend of his data, comprising a linear early
compaction trend for smectite-rich mudstones and a linear late
compaction trend for illite-rich mudstones, joined by a transitional
section.

Amongst clay diagenetic reactions, the transformation of smectite
to illite has the most influence on the compaction of mudstones in
the depth range of interest. The reaction depends on both
temperature and time. The onset of the transitional section of the
arrowed curve in Figure 5 starts at approximately 70°C and the
linear late compaction trend typically starts at some temperature in
the range 90 – 100°C. Consequently, the transitional section is
displaced to greater sonic travel time for a given density in basins
with higher geothermal gradients or slower burial rates, and vice
versa.

If mudstones become overpressured by disequilibrium compac-
tion during burial, progress along the compaction trend on the cross-
plot slows, and also deviates in the transitional section because the
normal reduction in porosity with depth is inhibited when porewater
cannot escape quickly enough for the pore pressure to remain in

hydrostatic equilibrium. For illitized mudstones on the late
compaction trend, we follow Sargent et al. (2015) in assuming
that disequilibrium compaction would slow progress along that
trend without deviation from it.

If the vertical effective stress acting on a mudstone decreases at
any stage of compaction, the resulting poroelastic unloading effect
increases the sonic travel time whilst having negligible effect on
bulk density. Then the mudstone’s path on the sonic–density cross-
plot would be towards the right. Unloadingmay be brought about by
pore-pressure increases, whether due to fluid influx caused by gas
generation, or lateral or vertical transfer, or due to clay diagenesis in
mudstones which are so well sealed that porewater cannot escape.
The combination of ongoing burial and diagenesis with partial
inhibition of water escape, sufficient for the vertical effective stress
to decrease with increasing burial depth, causes a mudstone’s path
on the cross-plot to lie somewhere on the arc between the late
compaction trend and the unloading response for no compaction
(Fig. 5).

Compaction trends for mudstones on the sonic–density cross-plot
exhibit higher transit times for a given density with increasing clay
content (Katahara 2003, 2006). To improve the consistency of the
trends on the cross-plots, we applied log-based corrections to the
sonic logs to take account of variations in the clay content of the
mudstones, as described by Goulty et al. (2016). These lithology
corrections were derived by correlating deviations from their
smoothed trends of the sonic and natural gamma logs, and the
difference between neutron and density porosity (NPHI� DPHI)
computed from the density and neutron logs. Optimum multipliers
for the gamma-ray and NPHI� DPHI deviations were found by
simultaneous least squares to obtain the best fit to the sonic log
deviations, assuming that the dependence is linear. The corrections
thus generated were applied to the sonic log.

At Bekapai, we are only concerned with mudstones that lie on the
late compaction trend on the sonic–density cross-plot, so this linear
trend has to be estimated from the data above the top of
overpressure. Following Sargent et al. (2015), we assume it is of
the form:

Dt ¼ DtL � 656r (5)

where Dt is the sonic transit time in units of μs m−1 and ρ is density
in units of g cm−3. The gradient is fixed at the value given by Dutta
(2002, his fig. 2) and the intercept on the sonic transit time axis,DtL,
is determined from data in the subject well or, if necessary, from
offset wells. Care must be taken because the intercept can differ

Fig. 5. Mudstone compaction trend (arrowed curve) on a sonic–density
cross-plot based on results obtained by Dutta (2002) in the Gulf of
Mexico. The trend is followed by mudstones undergoing progressive
burial and compaction without unloading. The lower and upper parallel
straight lines are Dutta’s (2002) early and late trends for smectite-rich and
illite-rich mudstones, respectively. The fan of arrows indicates possible
paths for a diagenetically altered mudstone to follow, ranging from
ongoing diagenesis without unloading to unloading without compaction.
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even between near-neighbour wells, as Sargent et al. (2015) found,
probably because of differences in the environmental corrections
applied to the density logs for hole size, mud type and temperature.

At each depth sample, the smoothed observed density is related to
the maximum vertical effective stress through equation (1) and to
the corresponding sonic transit time through equation (5), the late
compaction trend on the sonic–density cross-plot. Hence, density
can be eliminated between the two to give the notional sonic transit
time corresponding to the maximum vertical effective stress
experienced at each mudstone depth sample. This depth trend is
the sonic reference trend.

Estimating the amount of unloading

To estimate the total pore pressure in mudstone using the two-step
approach, we need the maximum loading pore pressure obtained
from the density log in the first step, the sonic reference trend, and
an unloading relationship between sonic velocity and vertical
effective stress. Unloading shifts sonic transit time to higher values
(i.e. reduces the sonic velocity), and we have adopted the following
empirical power-law relationship for unloading proposed by
Bowers (1995):

s 0
v ¼ s 0

max

V � 1500

VR � 1500

� �U
(6)

where V is the observed sonic velocity and VR is the velocity on the
sonic reference trend in units of m s‒1, and U is the unloading
velocity exponent. The total pore pressure is then found by
subtracting s 0

v from the lithostatic stress.

Results

Most of the exploration wells drilled in the shelfal area of the Lower
Kutai Basin terminated above the sharp pressure ramp, and others
terminated within it. Hole conditions in many of the wells were poor
due to the use of water-based drilling muds. Of the few wells that
reached the pressure ramp, only two, W-B-1 and B-11 in the
Bekapai Field, have density logs in the deeper part of each well that
are adequate for our analysis.

West Bekapai-1 (W-B-1) well

The density log data are unreliable down to approximately 2400 m,
so the lithostatic stress was taken to be the same as that in offset well
NWP-9 in the Peciko Field down to 2500 m. NWP-9 is
hydrostatically pressured down to 3300 m, and log quality is good
because the well was drilled with oil-based mud. At depths below
2500 m in well W-B-1, the additional lithostatic stress was
calculated from the W-B-1 density log.

Mudstone datawere selected using datawindows of 60 – 100 API
units for the natural gamma log, and 0.05 – 0.18 for the difference in
fractional porosity calculated from the neutron and density logs
(NPHI� DPHI) (Fig. 6a). After data selection, the density log was
smoothed using a 100 m-long Hanning (cosine-bell) window
(Fig. 6b).

To determine the maximum vertical effective stress experienced
by the mudstones from equation (1), we estimated b0 as 8.66 ± 0.08
and s 0

0 as 121.8 ± 0.8 MPa by the method described above, where
the errors are expressed at the ±1 SD confidence level, based on
equation (4). We determined the gradient and intercept of the best-
fitting straight line for the hydrostatically pressured mudstone data
points in the depth range 2400 – 3500 m (Fig. 7a), where the density
log quality is good (Fig. 7b). The resultant density normal
compaction trend, extrapolated to the bottom of the well assuming
hydrostatic pore pressure, is superimposed on the density data in

Figure 7b. It overlies the density data to the bottom of the well,
strongly suggesting that there is no overpressure generated by
disequilibrium compaction because there is no anomalous porosity.

Our value of b0 is significantly larger than the value 6.6 given by
Dutta (2016, his fig. 1). We attribute our larger value to a lower
initial smectite content in the Lower Kutai Basin mudstones
compared to those investigated by Dutta (2016), which would be
consistent with the XRD analysis of the clay mineral fraction in the
Handil and Tunu fields (Clauer et al. 1999). Other parameters
were: seafloor temperature 30°C; constant geothermal gradient of
31°C km‒1; and constant burial rate of 350 m Ma‒1 estimated from
the ages of key horizons given by Lambert et al. (2003). Hence, the
diagenesis function, b, was found for all depths using equation (3).
The mudstone void ratio was calculated from the smoothed density
log (Fig. 6b).

The sonic, NPHI� DPHI and natural gamma values logged in
the mudstones were also smoothed using the 100 m-long Hanning
window. Deviations from the smoothed log trends were calculated,
and correction factors for the sonic log deviations were estimated by
least squares using the NPHI� DPHI and natural gamma deviations
as independent variables. The sonic log for the selected mudstone
data points with corrections for clay content applied is shown in
Figure 6c.

From a visual comparison of the density and corrected sonic logs
with the pressure‒depth plot (Fig. 6d), it is possible to identify a
reversal in the sonic log around the top of the sharp pressure ramp at
3600 m depth, but not in the density log. The sonic–density cross-
plot of the smoothed logs (Fig. 6e) emphasizes the reversal in sonic
transit time. Hydrostatically pressured data over the depth interval
2450 – 3500 mwere used to find the intercept in equation (5), where
the linear late compaction trend for illite-rich mudstones at
maximum vertical effective stress meets the sonic transit time axis
on the cross-plot, as DtL ¼ 1941 μs m‒1.

The maximum loading pore pressure, corresponding to the
maximum vertical stress, was estimated from the smoothed density
log using equation (1) (Fig. 6d). The total pore pressure was then
calculated from equation (6) using the smoothed sonic log of
Figure 6c and the sonic reference trend, obtained from the smoothed
density log and equation (5). The choice of 4.5 for the unloading
exponent in equation (6) gives a fair fit, overall, to themeasured pore
pressures and mud-weight profile (Fig. 6d).

Bekapai-11 (B-11) well

The density log data are unreliable down to 3491 m, so the
lithostatic stress was taken to be the same as that in offset well NWP-
9 in the Peciko Field down to 3500 m. At greater depths, additional
lithostatic stress was calculated from the density log in B-11.

Mudstone data were selected using data windows of 40 – 90 API
units for the natural gamma log, and 0.08 – 0.2 for the difference in
fractional porosity calculated between the neutron and density logs
(NPHI� DPHI) (Fig. 8a). After data selection, the logs were
smoothed using a 100 m-long Hanning window.

To determine the maximum vertical effective stress experienced
by the mudstones using equation (1), we assumed b0 ¼ 8:66, as in
well W-B-1. From the values of b, hydrostatic vertical effective
stress and the smoothed void ratio at 3500 m depth in well B-11, the
constant s 0

0 was estimated to be 107.9 MPa. This value differs from
the value of s 0

0 determined in well W-B-1 mainly because of the
difference in logged density between the two wells, which is
probably a consequence of pore hole conditions and differences in
the way that environmental corrections were applied. Other
parameters were: seafloor temperature 30°C; constant geothermal
gradient of 31°C km‒1; and constant burial rate of 330 m Ma‒1

estimated from the ages of key horizons given by Lambert et al.
(2003). Hence, the diagenesis function, b, was found for all depths
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using equation (3). The mudstone void ratio was calculated from the
smoothed density log (Fig. 8b).

The sonic log was corrected for clay content as before, using log
data below 3491 m only for calculating the corrections, and the
whole corrected log was smoothed (Fig. 8c). From visual
comparison of the density and corrected sonic logs with the
pressure–depth plot (Fig. 8d), a strong reversal in the sonic log can
be identified at a depth of approximately 3300 m, around the top of
the sharp pressure ramp, and a reversal in density can be picked at
approximately 3650 m depth, close to the base of the sharp pressure
ramp.

To obtain the sonic–density cross-plot (Fig. 8e), the smoothed
density log was used only below 3491 m. At shallower depths, the
density normal compaction trend was used (Fig. 8b), calculated
from the values of b and hydrostatic vertical effective stress with
s 0
0 ¼ 107.9 MPa. The cross-plot is suspect at depths shallower than

3491 m because the smooth density normal compaction trend has

been used there and the poor hole conditions in well B-11 have
affected the sonic log. The quality of both sonic and density logs in
well B-11 is poor over the depth range 2500 – 3500 m compared
with well W-B-1 (Figs 6b, c and 8b, c), so the linear late compaction
trend on the sonic–density cross-plot for illite-rich mudstones at
maximum vertical effective stress in B-11 could not be estimated
satisfactorily from the data, and was assumed to be the same as in
W-B-1. In spite of the problems with the shallower log data, the
sonic–density cross-plot emphasizes the reversal in the sonic log
and, at a greater depth, the reversal in the density log.

The maximum loading pore pressure, corresponding to the
maximum vertical stress, was estimated from the smoothed density
log using equation (1), and increases downwards in an approxi-
mately linear manner below 3600 m depth (Fig. 8d). The total pore
pressure was then calculated from equation (6) using the smoothed
sonic log of Figure 8c and the sonic reference trend, using the same
value of 4.5 for the unloading exponentU as estimated in wellW-B-1.

Fig. 6. Data from well W-B-1. (a) Cross-plot of natural gamma against NPHI� DPHI for all data points below 2000 m. The box indicates selected
mudstone data points. (b) Density log with smoothed log. (c) Sonic log corrected for clay content with smoothed log. (d) Pressure–depth plot with estimates
of the maximum loading pore pressure and the total pore pressure. (e) Sonic–density cross-plot using the smoothed logs. Sticks mark depths in metres. The
solid, parallel straight lines are Dutta’s (2002) early and late trends for smectite-rich and illite-rich mudstones, only included here as reference lines. The
dotted line is the late compaction trend picked for illite-rich mudstones at maximum vertical effective stress.
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Interpretation

The density log quality in well W-B-1 is poor at depths shallower
than 2400 m. Consequently, the estimated maximum loading pore
pressure and total pore pressure at the shallowest depths in Figure 6d
should be ignored. At greater depths, short-wavelength fluctuations
in the smoothed density log result in short-wavelength fluctuations
in the maximum loading pore pressure: e.g. high density around
3600 m depth causes the estimated maximum loading pore pressure
to be less than hydrostatic pressure. Abnormally high density leads
to abnormally low sonic transit time on the sonic reference trend
and, consequently, overestimation of the amount of unloading
overpressure. In some parts of both wells, notably in B-11 (Fig. 8d),
these effects cancel each other out to give a good estimate of the
pore pressure, but in others they do not. There are also short-
wavelength fluctuations in the smoothed sonic logs, in spite of the
corrections for clay content, that do not correlate with the density
logs: for example, over the depth range 2400 – 3500 m in W-B-1
where the pore pressure is hydrostatic (Fig. 6b, c). We attribute these
fluctuations primarily to variations in mudstone lithology, although
log data quality might also be an issue.

Nevertheless, the pressure trends for maximum loading pore
pressure and total pore pressure below the top of the sharp pressure
ramp in each well are broadly consistent between the two wells.
Furthermore, the pressure trends are consistent with the reversals
seen on the sonic log in W-B-1 (Fig. 6c, e), and on both density and
sonic logs in B-11 (Fig. 8b, c, e). We attribute the reversal on the

density log at approximately 3650 m depth in B-11 to disequilib-
rium compaction, and the reversals on the sonic logs in both wells to
unloading. Disequilibrium compaction enhances the sonic reversal
below 3650 m depth in B-11.

In the shelfal area of the Lower Kutai Basin, the top of the sharp
pressure ramp into hard overpressure is found within upperMiocene
strata at depths of 3 – 4 km and, with the exception of the
neighbourhood of the Handil Field (Fig. 1), these strata are at
maximum burial. In almost every field in the shelfal area, the depth
of the top of the pressure ramp varies and cross-cuts stratigraphic
boundaries. In such circumstances, the mechanisms of overpressure
generation that are most likely to cause a significant amount of
unloading are clay diagenesis and gas generation (Swarbrick et al.
2002).

Transformation of smectite to illite starts at around 65 – 70°C and
is the principal clay diagenetic change in mudstones up to
approximately 120°C. The reaction pathways release water, silica
and cations that can react with kaolinite and calcite to produce
chlorite and ankerite (Boles & Franks 1979). When mudstones have
attained a temperature of approximately 120°C through burial, the
proportion of expandable ‘smectitic’ interlayers containing
hydrated cations in mixed-layer illite–smectite crystals has
generally reduced to about 20% with all the smectite 2:1 layers
having dissolved, so that the remaining expandable interlayers
separate illite fundamental particles (Środoń et al. 2000).

In the shelfal area of the Lower Kutai Basin, the temperature of
120°C is reached by 3 kmdepth, whereas the top of the sharp pressure

Fig. 7. (a) Plot based on equation (4) to estimate b0 and s 0
0 for the hydrostatically pressured mudstone data points in well W-B-1 over the depth range

2400 – 3500 m. The gradient is b1 � b0 ¼ 0:74+ 0:08, yielding b0 ¼ 8:66+ 0:08 for the assumed value of b1 ¼ 9:4. The intercept is
lns 0

0 ¼ 4:8026+ 0:0061, yielding s 0
0 ¼ 121:8+ 0:8 MPa. (b) Mudstone density data from well W-B-1 overlain by the density normal compaction trend

for hydrostatic vertical effective stress, found from equation (1) with parameters determined from the plot in (a).
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ramp is located at approximately 3.5 km depth in the Bekapai Field.
Although there are other diagenetic reactions in clays, such as the
transformation of kaolinite into illite which continues above 120°C if
a source of potassium is still available, smectite to illite transform-
ation is the clay diagenetic reaction that has the greatest effect on
mudstone compaction because of the disappearance of smectite and
smectitic interlayers (Lahann 2002). Thus, clay diagenesis is
probably not a major contributor to the unloading overpressure.

According to Lambert et al. (2003), gas generation starts in the
Lower Kutai Basin at a vitrinite reflectance threshold of 0.6%.
Vitrinite reflectance data from four fields, Sisi, Peciko, Handil and
Nilam (Fig. 1), show that the threshold value of 0.6% coincides with

the top of the sharp pressure ramp in the respective fields (Ramdhan&
Goulty 2011). It seems likely, therefore, that gas generation is
principally responsible for the unloading contribution to overpressure.

Discussion

In this section, we first summarize our two-step approach and
emphasize how it differs from previously published approaches.
Then we evaluate the effect of uncertainty in lithostatic stress,
quantify the effect of neglecting the poroelastic effect of unloading
on density and comment on the value of the unloading exponent
estimated from the data in well W-B-1.

Fig. 8. Data from well B-11. (a) Cross-plot of natural gamma against NPHI� DPHI for all data points below 2000 m. The box indicates selected mudstone
data points. (b) Density log with smoothed log below 3491 m. The smooth density trend above 3491 m was calculated from equation (1) using the
diagenesis function and assuming hydrostatic vertical effective stress. (c) Sonic log corrected for clay content, with smoothed log. (d) Pressure–depth plot
with estimates of the maximum loading pore pressure and the total pore pressure. (e) Sonic–density cross-plot using the smoothed logs in (b) and (c). Sticks
mark depths in metres. The solid, parallel straight lines are Dutta’s (2002) early and late trends for smectite-rich and illite-rich mudstones, only included
here as reference lines. The dotted line is the late compaction trend estimated for illite-rich mudstones at maximum vertical effective stress.
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Our two-step analysis may be considered as a version of the
method proposed by Bowers (2001), who was the first to use both
density and sonic logs to estimate pore pressure where both
disequilibrium compaction and unloading mechanisms have gener-
ated overpressure. The basis of the two-step approach is that we
assume the density log is primarily sensitive to disequilibrium
compaction overpressure, and that the sonic log is sensitive to both
disequilibrium compaction overpressure and unloading overpressure.

We have adopted Dutta’s (1986) relationship between vertical
effective stress and void ratio to describe compaction, as defined by
equations (1) and (3), to account explicitly for clay diagenesis. Void
ratio is obtained directly from the observed density. In contrast,
Bowers (2001) considered that mudstone compaction trends for
both velocity and density depend only on vertical effective stress,
and are independent of mudstone temperature history and
diagenesis. We assume that the vertical effective stress calculated
from equations (1) and (3) is the maximum vertical effective stress
that the mudstone has experienced. This first step yields the
maximum loading pore pressure, and thereby the disequilibrium
compaction contribution to overpressure.

A key assumption we make is that mudstones that fall on the
arrowed compaction curve on the sonic–density cross-plot (Fig. 5),
and specifically on the linear late compaction trend for mudstones at
temperatures above 100°C, are at the maximum vertical effective
stress they have experienced, regardless of the relative contributions
of mechanical and chemical compaction (Sargent et al. 2015).
Hence, the arrowed curve provides the required link between the
observed density and the sonic transit time at maximum vertical
effective stress, yielding the sonic reference trend.

In the second step, we adopt the unloading relationship of
equation (6) (Bowers 1995) between velocity and vertical effective
stress to estimate the present-day vertical effective stress in the
mudstones from the maximum vertical effective stress they have
experienced. Unloading causes a reduction in the observed sonic
transit time compared to the sonic transit time the same mudstone
bed would have at the maximum vertical effective stress it has
previously experienced. This second step differs from Dutta’s
(2016) methodology because he introduced the equation of Raiga-
Clemenceau et al. (1988) to relate sonic transit time, or seismic
slowness, directly to porosity, and hence to vertical effective stress
through equations (1) and (2). His motivation was to estimate
vertical effective stress from velocity alone, in order to estimate
overpressure from the seismic velocity field computed from surface
seismic reflection data, as described by Dutta et al. (2014).
Unfortunately, the vertical effective stress acting on a mudstone of
given lithology is not a single-valued function of velocity. The
velocity increase due to a fixed increment of vertical effective stress
during compaction is much smaller than the velocity reduction that
occurs if unloading subsequently decreases the vertical effective
stress by the same amount. For the same reason, methods of pore-
pressure estimation using only the sonic log, such as the popular
method of Eaton (1975), gives erroneous results where there are
changes in the relative contributions of disequilibrium compaction
and unloading to overpressure (Goulty & Sargent 2016).

For well W-B-1, we found that the value 4.5 for the unloading
exponent U in equation (6) gave a reasonable fit to the measured
pressures. Bowers (1995) found values of U (equivalent to U=B in
his paper) to be about 3.8 for the Gulf Coast, 5.0 for the deep-water
Gulf of Mexico and 5.6 for Jurassic mudstones in the Central North
Sea, while Sargent et al. (2015) used U ¼ 1:5 for Cretaceous
mudstones at Haltenbanken, indicating a much greater sensitivity to
unloading there. Hermanrud et al. (1998) had previously found that
sonic velocity in the Jurassic Not Formation at Haltenbanken is also
relatively sensitive to lateral variations in vertical effective stress.
Teige et al. (2007) compared velocity–effective stress relationships
in North Sea and Haltenbanken mudstones, and concluded that

sonic velocity had a much greater sensitivity at Haltenbanken. The
cause is unknown, although Teige et al. (2007) suggested that it
might be due to microfracturing in response to crustal flexuring
because progradation of thick Plio-Pleistocene sedimentary wedges,
varying Quaternary ice loads at the shelf edge and uplift of mainland
Norway in the Plio-Pleistocene resulted in more crustal flexuring at
Haltenbanken than in the North Sea (Nordgård Bolås et al. 2005).

One possible source of error in the estimated contributions to
overpressure from disequilibrium compaction and unloading is
uncertainty in the lithostatic stress. Density logs are commonly not
acquired at shallow depths, so assumptions have to be made about
the shallow density–depth profile which may contribute a fixed
error in overburden stress at greater depths. To estimate its effect, we
repeated the analysis of the data in well W-B-1 assuming that the
lithostatic stress had been underestimated by 1.0 MPa.
Consequently, the value of the constant s 0

0 in equation (1)
increased, and both the density normal compaction trend and the
sonic reference trend were altered. At 3807 m depth in well W-B-1,
the greatest depth where data are available (Fig. 6b–d), the estimated
disequilibrium compaction pore pressure reduced by 0.1 MPa,
whereas the estimated total pore pressure increased by 0.4 MPa.

For simplicity, we have neglected the effect of poroelastic
unloading on density, but it would be possible to allow for it. To
check whether we are justified in neglecting the effect of poroelastic
unloading on density, we estimated the magnitude of the effect at
approximately 4300 m depth in well B-11. Using Gassmann theory
for an isotropic medium, with mudstone sonic velocity and density
values taken from the logs and assuming a Poisson’s ratio of 0.28,
we calculate that 30 MPa of overpressure causes a poroelastic
increase in porosity of 0.37%. Correcting for this increase in
porosity reduces the estimated contribution to pore pressure from
disequilibrium compaction by 1.0 MPa. The estimated contribution
to overpressure from unloading then increases by 1.5 MPa due to
the consequent reduction of 4.1 μs m–1 in transit time on the sonic
reference trend. Thus, neglect of the effect of poroelastic unloading
on density at this depth in this well causes the pore pressure to be
underestimated by about 0.5 MPa.

Given our interpretation that the unloading contribution to
overpressure in the shelfal area of the Lower Kutai Basin is due to
gas generation, we should consider whether the reversals in the sonic
logs in the Bekapai wells are in part due to the presence of free gas.
The resistivity log response in the mudstones reverses at the same
depth as the sonic log (see fig. 8 inRamdhan&Goulty 2011), whereas
free gas would have the effect of increasing the resistivity, and the
resistivity log has a greater depth of penetration into the formation than
does the sonic log. Furthermore, the low sensitivity of the sonic log to
unloading, with the values of the unloading exponent U similar to
those determined by Bowers (2001) for the Gulf Coast and deep-water
Gulf of Mexico, suggests that the unloading effect on the sonic
response is not reinforced by the presence of free gas. However, the
form of the unloading relationship in equation (6) is empirical and the
value of 4.5 for the unloading exponent was chosen to fit the pressure
data in well W-B-1; so although we have not identified a gas effect on
sonic velocity, we cannot categorically rule it out.

Conclusions

We have used wireline logs to estimate disequilibrium compaction
and unloading contributions to the hard overpressure encountered in
the Bekapai Field, Lower Kutai Basin. Pressure profiles in this field
are typical of those encountered in the shelfal area of the basin. In
spite of poor data quality, fair results were obtained showing a
steady increase in disequilibrium compaction overpressure below
the top of the sharp pressure ramp. Immediately below the pressure
ramp, the unloading contribution to overpressure dominates, with
gas generation being the most likely mechanism. Our interpretation
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explains the pressure and wireline log data in this deltaic setting
satisfactorily, resolving a debate on overpressure generation
mechanisms in the shelfal area of the basin that has been ongoing
for 25 years.

Finally, we emphasize that the two-step analysis is useful for
estimating the respective contributions to overpressure due to
loading and unloading mechanisms but, because of its high
sensitivity to variations in the density log response caused by
lithological and environmental factors, it should be used with great
care as a method of pore-pressure estimation. Log data quality is of
crucial importance.
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