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Abstract 

Thin-bedded turbidites dominate the deep-water succession of the Mio-Pliocene to 

Recent offshore Brunei Darussalam. This reflects the physical conditions conducive for 

the deposition of low-density turbidites by low energy sediment gravity flows. The focus 

of this study is to develop an understanding of these thin-bedded turbidites based on an 

integrated analysis utilising subsurface 3D seismic, well data, and surface outcrops 

through the application of both qualitative and quantitative approach. This study was 

conducted on the Miocene-Pliocene Baram Delta Province (BDP), focussing on the 

eastern slope of deep-water Brunei. From seismic data, the emphasis is on the origin of 

the high amplitude events deposited in the minibasins along the slopes. Quantitative 

interpretation from well data indicate (i) stacks of high amplitude events are interpreted 

to be caused by variations in lithology with relatively acoustically hard sand being 

modified by diagenetic process, encased by soft shale, and (ii) the apparent dominant 

thin-bedded turbidites deposited on the Brunei slopes reflects the efficient trapping of 

coarser sediments on the shelf behind the counter-regional growth fault. The 

sedimentology and environment of deposition of these thin-bedded turbidites are studied 

using a nearby Miocene outcrop succession. Detail analyses suggest the outcrop are: (a) 

low-density turbidites deposited by sustained, but overall decelerating flows with 

unidirectional palaeocurrent consistent with the palaeoslope of the Early Miocene, and 

(b) vertical stacking of sandstone beds reflect aggradational stacking of lobe elements in 

a lateral off-axis/fringe position. Quantification of bed thickness trends and vertical 

heterogeneity show: (1) outcrop data indicate statistically significant of thickening-

upward (TkU), (2) limited applicability on the use of Hurst statistics to interpret 

depositional sub-environment, and (3) heterogeneity is governed by sampling protocol 
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where increase in sampling frequency and decrease in sampling resolution, decreases 

heterogeneity.  
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velocity (Vp) against porosity plot showing two clusters of high velocity interval. 

Clusters may indicate variability in clay content. ............................................................. 99 

Fig. 3. 15. Acoustic impedance and porosity plot showing stiffness increases. LVI 

variation in stiffness could be due to variations in cementation. .................................... 100 

Fig. 3. 16. Vp/Vs and Poisson’s ratio (PR) with typical ranges for sands and shales with 

different fluid fill. ........................................................................................................... 102 

Fig. 3. 17. Representative cross-section across the shelf and upper slope. Extensional 

growth faults by differential gravitational loading above ductile shale increases shelf 

accommodation. .............................................................................................................. 105 

Fig. 4. 1. (A) Simplified tectonostratigraphic map illustrating the structural setting, 

structural domain and the provinces. The study area is located in the island of 

Labuan. Structural domain boundary as dashed line. (B) Regional cross-section 

illustrating the structural setting of the study area. Mud-rich in grey and sand-rich in 

yellow. Modified from Tan and Lamy (1990), Wong (1996), Petronas (1999) and 

Cullen (2010). ................................................................................................................. 112 

Fig. 4. 2. (A) Regional chronostratigraphic chart indicating the context of the studied 

interval within the large-scale progradation of the NW Borneo margin during the 

Tertiary. The studied interval is within the Early Miocene of the first major 

progradation phase of the margin. (B) Local lithostratigraphy of Labuan indicating 

the revised stratigraphic context of the Early Miocene (Setap Shale). Based on Levell 

and Kasumajaya (1985), Madon et al. (1999). (C) Simplified geological map with 

location of study area, Shell Oil Terminal (SOT) and cross-section of Labuan Island. 

Revised after Wilson (1964). .......................................................................................... 115 

Fig. 4. 3. (A) Present-day sea-floor of Brunei overlay with dip attribute map. Dark blue 

indicates high gradient profile (steep) and brown low gradient profile (relatively 

flat). (B) Current sea-floor showing active mass wasting on the western domain with 

gullies and slump scars on the slopes. Channels and levees are the main elements on 

the eastern slope with potential terminal lobes (fans) on base-of-slope and basin 

floor. Slope channels are not connected to present day Baram Delta distributaries. 

Series of toe-thrusts dominate eastern domain with some of the ridges show evidence 

of decapitation. ............................................................................................................... 119 

Fig. 4. 4. (A) Location map of Bebuloh quary. (B) Simplified map of the outcrop. Bed 

thickness not to scale. Beds dipping at 70o SE at 70o strike. (B) Schematic bed 

thickness log. Bed thickness not to scale. Total outcrop length c. 240 m. ..................... 121 
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Fig. 4. 5. Representative sedimentary logs and facies associations of exposed section for 

each Unit 1 - 3. See Fig. 4B for location. (A) Unit 1 and 2 - pre-debrite interval 

dominated by medium sandstone, (B) Unit 3 post-debrite interval dominated by 

very-thin to thin sandstone beds of and (C) Unit 3 section comprise of predominantly 

thick-bedded sandstone. .................................................................................................. 123 

Fig. 4. 6. Representative photographs of facies. (A) thin-bedded Tc division of Facies F3, 

(B) Line drawing of photograph (A) highlighting sedimentary structure of Tc 

division. Current ripples with high climbing angle. (C) Medium-bedded Tc division 

of Facies F3, (D) Line drawing of photograph C showing Tc division with variable 

climb angle mostly super-critical (E) Thick bedded of amalgamated Tb and Tc 

division of Facies F4 (E) Line drawing of photograph E showing repetitive Tb and 

Tc division in a single bed. Massive Tb interval with faint lamination. (F) Line 

drawing of photograph displaying multiple intervals of current ripples and climbing 

current ripples (G) thick sandstone bed with faint parallel laminations (H) Line 

drawing of photograph G highlighting faint laminations within the thick sandstone 

interval. ........................................................................................................................... 127 

Fig. 4. 7. Palaeocurrent direction based on ripple foresets and ripple surfaces. (A) Cross-

sectional view oblique to palaeoflow. showing ripple foresets, unidirectional with 

asymmetrical ripple marks. (B) Line drawing of photograph A highlighting lee side 

foresets. (C) The same current ripple viewed from top surface of ripple marks. (D) 

Line drawing of photograph C highlighting the non-straight linguoid-crested, 

unidirectional with asymmetrical ripple foresets. Stoss and Lee side are marked. 

Ripple crest appear short. Estimated palaeocurrent perpendicular to ripple crest (E) 

View of ripple surface with linguoid-crested, unidirectional with asymmetrical ripple 

marks. Crest are short and discontinuous. (F) Line drawing of photograph E 

highlighting short crest. Palaeoflow estimated perpendicular to ripple crest. A 

predominantly W-NW palaeocurrent based ripple surfaces. (G) Palaeocurrent 

directions measured from current ripple foresets towards W-NW direction. ................. 128 

Fig. 4. 8. (A) Finely disseminated carbonaceous material is abundant, draping parallel 

laminations (Tb division), and ripple troughs and ripple foresets (Tc division). (B) 

Line diagram of (A) highlighting carbonaceous laminae. .............................................. 132 

Fig. 4. 9. (A) Photo showing debrite interval of 23 m approx. thickness with relatively 

sharp top boundary immediately overlain by thin-bedded thick package (c. 15 m). 

Weathering of muddy debrite onto turbidite beds obscured onlap identification (B) 
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Highly deformed clast interpreted as deposit of low density turbidites with abundant 

carbonaceous matter similar to F2 and F3 emplaced within dark cohesive muddy 

matrix. Clast have similar facies with the underlying beds. See to Fig. 4B for 

location. .......................................................................................................................... 134 

Fig. 4. 10. Photo showing the base of debrite unit, and the underlying zone of highly 

deformed in-situ sandstone and mudstone beds of FA1, FA2 and FA3. The zone of 

disturbed beds is interpreted to have been the result of high-strength cohesive debris 

flow deforming the underlying turbidite beds. Zone of deformed beds c. 7 m. See 

Fig. 4B for location. ........................................................................................................ 135 

Fig. 4. 11. A section with predominantly large scale TkU packages in Unit 1. TkU 

package comprises of FA1 base gradually passing upwards to FA2 and FA3. FA1 

can be extremely thin or missing. Large scale TkU is generally made up of stacks of 

small scale TkU packages. Refer Fig. 13 for detail. See Fig. 4B for locations. TkU as 

inverted white triangles and TnU as black triangles. ...................................................... 135 

Fig. 4. 12. (A) A section of Unit 3 showing generally thickening upward package with 

thick base FA1 of mudstone dominated interval increases in bed thickness up section 

to FA3 of medium to thick bedded sandstone. (B) Alternating packages of FA2 and 

FA3 with an increase in bed thickness up section. The large scale TkU are made up 

of smaller individual packages of TkU with small number of thinner TnU. Refer Fig. 

13 for detail packages. Both Fig.s are within Unit 3. See Fig. 4B for locations. TkU 

as inverted white triangles and TnU as black triangles. ................................................. 137 

Fig. 4. 13. Complete thickness log for the study area with beds displaying thickening-

upward (TkU) and thinning-upward (TnU) packages. Majority of the identified 

packages are TkU (82%) with small number of TnU packages (18%). Unit 1 

comprise of TkU (47%), TnU (11%) and Unit 3 consist of TkU (35%), TnU (7%). 

Blue - Unit 1 (turbidites), brown - Unit 2 (debrite), and red - Unit 3 (turbidites). TkU 

as inverted white triangles and TnU as black triangles. ................................................. 138 

Fig. 4. 14. (A) Repetitive TkU successions sometimes with gradual or stepped thickness 

change, nested within a large TkU. (B) TkU overlain by TnU cycle with gradual 

thickening then thinning of sandstone beds upwards. .................................................... 139 

Fig. 4. 15. Depositional model of Early Miocene slope deposition. ..................................... 143 

Fig. 4. 16. (A) Schematic tectonostratigraphic setting of Labuan with cross-section 

depicting accommodation generated by a combination of tectonic and gravity-driven 

processes from the Early Miocene of Stage III (i) to present-day (v). Thick 
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sedimentation along the synclinal axis but thinning onto Labuan anticline. Thick 

Neogene successions may have contributed to syndepositional fault reactivation. 

Note the present-day southern part of Labuan Island is predominantly mud-

dominated Stage III slope deposits. (B) Palaeogeographic map with extrapolated 

shelf edge during slope deposition Stage III in Labuan. Shelf edges position at 20 Ma 

and 12.2 Ma based on Cullen (2010). ............................................................................. 145 

Fig. 5. 1. (A) Map of NW Borneo showing the location of Labuan Island. (B) Satellite 

map of the Bebuloh outcrop area labelled according to units; turbidite units are 

identified as Unit 1 and 3; debrite as Unit 2. Black lines indicate Packages 1 to 5 for 

statistical analysis in this study. Package 1 consists of Unit 1 and 3 only, Package 2 

represents Unit 2, Package 3 comprise Unit 3, Package 4 is a sub-division of Unit 3 

focusing on the lower very thin to thinly bedded dominated interval, and Package 5 

represents the remaining upper part of Unit 5 consists of mainly medium to thickly 

bedded sandstone turbidites. ........................................................................................... 159 

Fig. 5. 2. (A) An exposed cut hill of highly inclined thin-bedded turbidites within 

Package 2 (Unit 1) with multiple packages of thickening-upward (TkU). (B) Two 

distinct intervals of Unit 3 interpreted to be deposits of lobe lateral fringe (LF) 

dominated by very-thin to thinly bedded sandstone beds (Package 4) overlain by thin 

to thickly bedded sandstone beds (Package 5). Note the gradual transition between 

Package 4 to Package 5 indicating an increasing in bed thickness. Multiple packages 

of TkU can be observed from the outcrop. (C) Medium to thickly bedded sandstone 

beds from Package 2 (Unit 1). (D) Very-thin to thinly bedded sandstone beds of Unit 

3 LF. Notebook is measured 19 cm. White triangle represents TkU package. .............. 161 

Fig. 5. 3. Representative sedimentary logs for (A) Unit 3 LF (Package 4) dominated by 

very-thin to thinly bedded sandstone beds interbedded with mudstone beds of more 

or less the same thickness. The figure also shows decreasing vertical resolution from 

11 to 101 cm, (B) Unit 3 OA (Package 5) consist of medium to thickly bedded 

sandstone beds interbedded by mainly thin to medium mudstone beds. Smaller, 

multiple TkU packages can be picked from the interval. White triangle represents 

TkU package. Vertical measurements are in metre. ....................................................... 162 

Fig. 5. 4. Definition diagram of variables for Hurst’s K. N is the number of observations 

and R is the maximum range in cumulative departure from the mean. For coarse 

division thickness, clusters dominated by thick-bedded and thin-bedded is identified 

from the plot. Modified after Chen and Hiscott (1999b). ............................................... 168 
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Fig. 5. 5. A simplified Hurst statistic workflow. Test of significance level α, where K is 

the mean K from 300 shuffled data, and K0 is the original K. ....................................... 169 

Fig. 5. 6. (A) Schematic illustration of Lorenz Plot with increasing heterogeneity from 

blue to red, (B) Schematic resampling of data. Data can be resampled at decreasing 

resolution or decreasing frequency. Decrease in resolution decreases the data to be 

analysed (left arrow). Decrease in sampling frequency increases data to be analysed 

(right arrow). For example, data resampled at decreasing frequency at 4-cm sampling 

require 4 additional data to be analysed. ........................................................................ 171 

Fig. 5. 7. An example of Lorenz Coefficient plot. (A) Original event bed scale. (B) Data 

resampled at 1-cm interval. Resampling data from event bed thickness to regular 1-

cm interval result in increase in vertical resolution and measured heterogeneity, Lc. ... 174 

Fig. 5. 8. (A) Gamma ray (GR) and rate of penetration (ROP) log from an offshore deep-

water well with an interval interpreted as turbidite deposits dominated by thin-beds. 

The extremely low vertical resolution is speculated to be caused by high rate of 

penetration at an average of 45 m/hr over intervals dominated by thin-beds. (B) A 

representative synthetic GR Log of Unit 1 comprise of very-thin to medium-bedded 

sandstone beds overlain by mudstone beds generally similar thickness. (C) A 

complete synthetic GR Log of Package 4 (Unit 3) consists of c. 15 m lobe lateral 

fringe (LF) deposits dominated by very-thin to thinly bedded sandstone overlain by 

less thick mudstone beds, deposited at the base of the unit. The LF deposit is 

overlain by lobe off-axis (OA) consists of mainly medium to thick sandstone and 

subordinate thin beds, with more or less similar thickness mudstone beds. Both (B) 

and (C) synthetic GR log is generated based on an offshore well log GR property 

(API min at 106, and max at 125), resampled and smoothed at 91-cm averaging 

window size to well data. ............................................................................................... 176 

Fig. 5. 9. A series of synthetic data comprise sequential numerical values arranged from 

bottom to top: (A) increasing values with fixed number of samples, (B) decreasing 

values with fixed number of samples, (C) multiple stacks of packages of increasing 

values and number of samples, (D) multiple stacks of packages of decreasing values 

and number of samples, (E) multiple stacks of alternating packages of increasing and 

decreasing values with systematically increasing number of samples, (F) multiple 

stacks of alternating packages of decreasing and increasing values with 

systematically decreasing number of samples. TkU is represented by inverted white 
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triangles without asterisks, TnU as black triangles with asterisk. Red dots represent 

boundaries between mixed packages of TkU and TnU. ................................................. 179 

Fig. 5. 10. Plots of cumulative departure from Mean K against bed number for Packages 

2, 4, and 5. (A) Package 2 of Unit 1. (B) Package 4 of Unit 3 LF, and (C) Package 5 

of Unit 3 OA. In (A), thick-bedded cluster (blue dashed-line) and thin-bedded cluster 

(red dashed-line) are observed from the plot indicating the presence of long-term 

clustering within Package 2 with significantly higher R than Packages 4 and 5. In (B) 

and (C), the maximum cumulative departure R are 4.4 and 11.6 respectively, and 

therefore thick and thin-bedded clusters could only be observed over a shorter 

interval and at smaller scale. The serrated feature on plot (C) possibly due to nested 

smaller-scale clusters. Black triangles indicate TnU; inverted white triangles indicate 

TkU. Refer to discussion part for explanation. ............................................................... 183 

Fig. 5. 11. Plot of values of Hurst K showing various Groups representing different 

depositional sub-environments based on coarse-division thickness profile. Data 

points drawn as squares based on Chen and Hiscott (1999b) representing different 

groups of sub-environments. Package 1 (Unit 1&3) is interpreted as channel-levee, 

which is not compatible with outcrop observation and interpretation. Package 2 of 

Unit 1 is aligned with field observation and interpretation of lobe-interlobe. 

Packages 3, 4 and 5 are grouped as basin-floor fan, an interpretation mismatch with 

the regional palaeogeographic study. Package 5 of Unit 3 OA is plotted outside of 

the area with negative value (Table 3). ........................................................................... 184 

Fig. 5. 12. The impact of distribution of values within a sample of data with fixed 

proportion. (A) observed data, (B) impact of increasing sampling window, (C) 

impact of decrease in sandiness of low and high values, and (D) impact of decrease 

in sampling frequency. An increase in sampling window tend to generate smooth 

curve. A decrease in proportions of high to low values resulted in decrease 

heterogeneity values with Lorenz curves collapsing towards line of equality. 

Decrease in sampling frequency tend to decrease the number of samples which may 

or may not increase measured heterogeneity. The reduction in the number of samples 

may not include any high values, in which case, decreases heterogeneity to line of 

equality. The coloured lines represent the different maximum assigned sandiness 

values with a background minimum of 0.04. ................................................................. 187 

Fig. 5. 13. The impact of distribution of values within a sample of data with fixed 

sandiness and varied proportion. (A) observed data (B) impact of sampling window, 
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(C) impact of decrease in proportion low and high values, (D) impact of decrease in 

sampling frequency. An increase in sampling window tend to generate smooth curve. 

A decrease in proportions of high to low values resulted in Lorenz curves collapsing 

towards low line of equality. Decrease in sampling frequency tend to decrease the 

number of samples, which may or may not increase measured heterogeneity. The 

reduction in the number of samples may not include any high values, in which case, 

decreases heterogeneity to line of equality. The coloured lines represent the different 

maximum assigned sandiness values with a background minimum of 0.04. ................. 188 

Fig. 5. 14. (A) Plot of Lc (NTG) against CV (NTG) shows a linear relationship between 

the two heterogeneity measures, Lorenz Coefficient, Lc and Coefficient Variation, 

CV. (B) Plot of Lc (NTG) against Skewness show negative skewness of Package 4, 

whereas both Packages 2 and 5 have positive skewness indicating similarities 

between these packages on their statistics, which may have been reflected in the 

depositional process. ....................................................................................................... 190 

Fig. 5. 15. Synthetic GR log ranges from high resolution data at every 1-cm interval 

(dark red) to low resolution at averaging window of 101-cm (magenta). Increase in 

averaging window size resulted in smoothing of data, which can be observed on the 

above plot. As averaging window increases, data are plotted similar to subsurface 

GR logs (Fig. 8A). .......................................................................................................... 191 

Fig. 5. 16. Plots of synthetic Gamma ray (GR) expressed as resolution ratio where 1 

represents dataset at 1-cm interval (high resolution) with decreasing in resolution 

ratio towards 0. Decrease in resolution is generated by increase in averaging window 

resulted decrease in heterogeneity. (A) Plot of synthetic Gamma ray (GR) dataset 

generated using 106 API (min) and 125 API (max) with decrease in resolution due to 

increase in averaging window. (B) Plot expressed as percentage change in 

heterogeneity of Plot A. (C) Plot of calculated Vsh based on synthetic GR data 

generated using 106 API and 125 API, and Vsh based from 25 API and 150 API. 

Plot indicate significant decrease in heterogeneity as difference between min and 

max values increases. (D) Plot expressed as percentage change in heterogeneity of 

Plot C. (E) Plot of synthetic GR expressed as vertical resolution. Increase in vertical 

resolution (lower values) increases heterogeneity. (F) Plot expressed as percentage 

change in heterogeneity of Plot E. Both sets of Vsh values are plotted the same due 

to normalisation. ............................................................................................................. 192 
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Fig. 5. 17. A series of plots of maximum range cumulative departure from mean (R) 

against Lorenz Coefficient (Lc) or Coefficient of Variation (CV). (A) Plot of R 

against CV (NTG) shows an exponential with an inverse trend. (B) Plot of R against 

Lc (NTG) shows an exponential with an inverse trend. (C) Plot of R against Lc (GR) 

- API range 106-125 shows a exponential positive trend. (D) Plot of R against Lc 

(GR) – API range 25-150 shows a exponential positive trend. Both Plots (A) and (B) 

show similarity in trends from two heterogeneity measures, CV and Lc. The 

differences in values between the measurements is because Lc measures between 0 

to 1 whereas CV has infinite maximum. The plots show packages with smaller R 

values have higher heterogeneity than those with higher R. Plots (C) and (D) show 

similar trends, however increase difference between minimum and maximum values, 

increases measured heterogeneity. ................................................................................. 200 

Fig. 5. 18. Plot of Vsh (derived from synthetic GR) Package 1 shows decreasing in 

heterogeneity from high resolution data at 1-cm to low resolution data with 

averaging window of 101 cm. Heterogeneity decreases as averaging window 

increases. ......................................................................................................................... 202 
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1 Introduction 

 

Thin-bedded, fine-grained turbidites dominate the Mio-Pliocene to Recent deep-water 

slopes and basin floor of the Baram Delta Province, which is located within an active 

deltaic toe-thrust setting (e.g. Hoggmascall et al., 2012; Gartrell, 2012). The deep-water 

succession is dominated by relatively monotonous claystones and siltstones with 

subordinate, interbedded sandy turbidites throughout the 2-5 km succession (e.g. 

Demyttenaere et al., 2000). Along strike, towards the north-east (in adjacent offshore 

Sabah), thicker sandstones are encountered that were deposited in slope and basin floor 

submarine fan systems (e.g. Grecula et al., 2010; Maguire et al., 2012). This area contains 

the most significant hydrocarbon-bearing, deep-water sandstones, such as in the Kikeh, 

Gumusut, Tembungo fields, among others (Petronas, 1999; Lambiase and Cullen, 2013). In 

the deep-water area of offshore Brunei, regionally-extensive, high-quality, 3D seismic 

data, including various volume attributes, show significant vertical and lateral variability 

based on the extracted amplitude maps (e.g. Demyttenaere et al., 2000; Lindsay and Foster, 

2002; Hoggmascall et al., 2012). The origin of much of this variability is presently 

uncertain due to competing interpretation models, covering lithology, sediment texture, 

pore-fill properties and facies characteristics, among others. Superficially, the seismic 

amplitude response in the present dataset resembles that seen in deep-water successions in 

other basins, including those with well-developed, deep-water sand bodies in neighbouring 

Sabah, Malaysia (e.g. Grecula et al., 2010). Limited well data and exploration success are 

unable to support this impression however, they have been interpreted as thin-bedded 

turbidites. An outcrop based study that incorporates statistical analyses, is used to further 

understand and provide the link from seismic-scale to detail outcrop observations that 

represents the high amplitude anomalies commonly observed in this region.  
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There are two particularly common depositional occurrence for thin-bedded sandstones: 

(1) the relatively distal parts, or fringe, of submarine lobes (Walker, 1967; Mutti, 1977; 

Mutti and Normark, 1991; Prélat et al., 2009; Prélat and Hodgson, 2013; Spychala et al., 

2015, 2017a, 2017b), and (2) within the levee parts of submarine channel-levee systems 

(Walker, 1967; Mutti, 1977; Piper & Deptuck, 1997; Hiscott et al., 1997; Mutti, 1992; 

Mutti et al., 2003; Talling et al., 2007; Kane et al., 2007; Kane & Hodgson, 2011).  

 

Submarine lobes are deposited on continental slopes and in basin floor settings (e.g. 

Pirmez et al., 1998; Adeogba et al., 2005; Pirmez et al., 2012; Prather et al., 2012; Ortiz-

Karpf et al., 2016; Spychala et al., 2017a, b). Previous studies highlighted the complex 

nature of facies types, reservoir architecture and stratigraphic stacking patterns in these 

settings, which include the distribution of thin-bedded sandstones (e.g., Prélat et al., 2009; 

Macdonald et al., 2011; Etienne et al., 2012; Grundvåg et al., 2014), and their geophysical 

properties (e.g., Gervais et al., 2006; Deptuck et al., 2008; Migeon et al., 2010; Gamberi 

and Rovere, 2011; Gamberi et al., 2011; Prather et al., 2012).  

 

This also has important implications with regards to deep-water exploration and 

production. Firstly, thin-bedded, oil-bearing sandstones form important reservoirs in many 

deep-water basins, including the Gulf of Mexico, West Africa, Brazil and NW Borneo. In 

some cases, thin-bedded sandstones are the only reservoir, but they can be exceptionally 

productive where their lateral extent and reservoir properties are favourable (e.g. the Auger 

Field produces from the levees of a mud-rich channel-levee system; Kendrick, 2000). 

Secondly, the heterogeneous nature of thin-bedded sandstones may lead to ambiguity in 

the interpretations of seismic data, especially for lithology and fluid prediction. This can 

impact on prospect recognition, trap delimitation and volumetric estimations, especially in 
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mud-rich systems and/or where stratigraphic trapping is developed (Samuels et al., 2003; 

Mayall et al., 2006; Catterall et al., 2010). In many deep-water reservoirs, initial 

productivity is associated with the depletion of sandstone-dominated channel-fill 

reservoirs, whereas later production is increasingly controlled by thin-bedded reservoirs in 

levee and internal channel settings (e.g. Forties Field; Bowman et al., 1999; Leonard et al., 

2000; Ahmadi et al., 2003). Recognising thin-bedded pay also poses petrophysical 

problems, both at the exploration/appraisal stage (e.g. initial volumetric estimations) and 

during late stage reservoir management (e.g. estimations of residual and bypassed oil, infill 

well locations, EOR potential, etc.). Hence, the volume and stratigraphic distribution of 

thin-bedded facies types, including their internal architecture, may control many of the key 

aspects of deep-water reservoirs. This in turn may have a profound impact on the 

exploration of, and production from, deep-water sandstone reservoirs, including the 

significance of thin-bedded reservoirs. 

 

Thesis aims 

The main objective of this thesis is to develop an understanding of thin-bedded turbidites 

that are widely deposited within thick (1,000s m), deep-water Neogene deposits along the 

tectonically-active NW Borneo margin. It is based on an integrated analysis of surface 

outcrops and subsurface 3D seismic and well data, all from within the Baram Delta 

Province (BDP) of NW Borneo (Fig. 1.1) 
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The study is focused on thin-bedded submarine lobes deposited on slope systems that were 

partially confined. The influence of confinement, particularly on subtle accommodation, 

within an active margin setting, can significantly impact lobe geometry, facies distribution, 

and bed stacking patterns. Previous studies on lobes deposited in different geographical 

 

 

 
 

Fig. 1. 1 Integrated analysis based on subsurface and outcrop data 
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locations, such as basin-floor or intraslope locations, have been identified mainly from the 

passive margin settings, such as those in the Karoo Basin, South Africa. The well-studied 

Skoorsteenberg Formation (Tanqua), and the Laingsburg and Fort Brown Formations 

(Laingsburg) are extensive and well-preserved. This has allowed the identification of 

various lobe types, hierarchies, temporal scales, facies distributions and bed stacking 

patterns. These have been used to establish depositional models. However, generating 

depositional models in tectonically active margin setting is more difficult and less 

common, albeit with some notable exceptions (e.g. Mutti and Ricchi Lucci, 1972; Ricchi-

Lucci, 1990; Amy and Talling, 2006; Talling et al., 2007; Tinterri and Magalhaes, 2011).  

It is especially difficult where the deep-water successions have undergone extensive 

deformation, such as within a fold-thrust-belt (e.g. Zakaria et al, 2013). 

 

In this context, the thesis is focussed around four key research questions. These are 

outlined in detail as follows and will be returned to at the end of the thesis (Chapter 6). 

 

Question 1: Can we identify thin-beds from lower resolution data such as 3D seismic? 

Rationale: Prediction of reservoir quality (e.g., porosity and net-to-gross) is critical for 

exploration and development of hydrocarbon accumulations in sedimentary basins 

(Kupecz et al., 1997). Reflection seismology has been extensively used in hydrocarbon 

exploration, and has been particularly successful in reservoir delineation, and 

characterisation (e.g., Berg and Woolverton, 1985; Sheriff and Geldart, 1995). 

Sedimentological parameters, such as sand/shale ratio, texture (sorting, sphericity), clay 

(laminar, dispersed) and diagenetic processes (quartz cementation, pressure solution), have 

a major impact on seismic impedance and velocities, therefore making seismic amplitude 

data non-unique (e.g., Murphy, 1982; Han, 1986; Marion, 1992; Nur et al., 1995; Avseth, 
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2000; Florez, 2005).  

 

Deep-water environments continue to have a large potential of unexplored hydrocarbons 

(e.g., Pettingill, 1998). However, the distribution of sandstone reservoirs in deep water 

systems is very complex, and characterising reservoirs based on conventional well-logs 

and seismic data alone can be uncertain (Weimer et al., 2000; Weimer and Slatt, 2004). 

Hence, there is a need to incorporate rock parameters, such as grain-size, clay content, 

sorting, and cement, as key parameters in controlling porosity, permeability and pore throat 

properties in reservoir characterisation (e.g., Atkins and McBride, 1992; Avseth, 2000).  

 

The present study provides an opportunity to investigate depositional and diagenetic 

processes on turbidite deposited on continental slopes. Rock physics is used to explain 

seismic signatures in relation to depositional (e.g. texture, sand/shale ratio, sorting, etc.) 

and diagenetic (e.g., compaction, cementation) processes. Specific study aims are as 

follows: (1) to investigate the seismic expression of deep-water depositional environments 

in NW Borneo, specifically within the delta-fronted setting of the BDP, (2) to critically 

assess the significance of high amplitude anomalies within the deep-water BDP, including 

the potential influence of lithological variations, and (3) to evaluate seismic amplitude 

response to potentially thin-bedded turbidites deposited in a subtle, confined mini-basin. 

 

Question 2: What is the relationship between subtle topographic confinement on 

slopes and sediment supply on turbidite deposition?  

Rationale: The influence of pre-existing or evolving topography on turbidite distribution 

and dispersal from various basins and tectonic settings have been documented from several 

studies through physical experiments and numerical modeling (e.g. Brunt et al., 2004; 
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Kneller and Branney, 1995; Kneller and Buckee, 2000). The spatial and temporal changes 

in facies types, bed thickness and facies stacking patterns, and their relationship to partial 

or complete confinement, have also been documented in many ancient basins, including 

the following: (1) minibasins of the Gulf of Mexico (e.g. Prather et al., 1998; Baldini et al., 

2000; Booth et al., 2000); (2) Laingsburg Formation of the Karoo Basin, South Africa (e.g. 

Grecula et al., 2003; Spychala et al., 2017a, b): (3) sub-basins of the Annot deep-water 

system, SE France (Sinclair, 2000; Sinclair and Cowie, 2003); and (4) Castagnola 

Formation of Tertiary Piedmont Basin, NW Italy (Felletti, 2004; 2010; Marini et al., 2016). 

Examples of confining topographic features are folds-thrust belt, salt and mud diapirs (e.g. 

Lomas and Joseph, 2004). 

 

Confined turbidite system have been termed as ponded (e.g. Prather et al., 1998), contained 

(Pickering and Hiscott, 1985), and confined (e.g. Lomas and Joseph, 2004). Ponded or 

contained describes sediment gravity flows and their resulting deposits fully trapped within 

an enclosed depression by the surrounding sea floor topography, whereas confinement 

depicts all setting where sediment gravity flows are significantly affected by sea floor 

topography. Topography creates barriers that may cause turbidity flow to be deflected, 

reflected or stripped (e.g. Kneller and McCaffrey, 1999; Kane et al., 2007; Kane and 

Hodgson, 2011; Hansen et al., 2015). This is dependent on flow velocity, height of the 

confinement, flow density and concentration, and density stratification within the flow 

(e.g. Kneller and McCaffrey, 1999; Brunt et al., 2004). 

 

While there are several studies on deep-water depositional systems in structurally active 

settings, the understanding of turbidite deposition on slopes confined by clay ridges and 

fold-thrust belts, such as in NW Borneo, is less common. In this study, a 3D seismic 
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volume provided the opportunity to investigate the relationship between anticlinal growth, 

accommodation space creation and turbidite deposition. 

 

Question 3: What are the sedimentological characteristics of thin-bedded turbidite in 

NW Borneo, and can their stratigraphic intervals be used to differentiate lobe sub-

environments? 

Rationale: Heterolithic successions of thin-bedded turbidites may represent the marginal 

part or fringe of lobe complexes (e.g. Prélat et al., 2009; 2010; Prélat and Hodgson, 2013; 

Spychala et al., 2017a, b). In such settings, the nature, occurrence or absence of hybrid 

event beds may indicate specific geographic locations within the lobe fringe (e.g. 

Haughton et al., 2003; 2009; Hodgson et al., 2009; Talling et al., 2012a; Grundvåg et al., 

2014; Collinson et al., 2015; Spychala et al., 2017a, b). However, there are very few 

published studies that have been conducted to determine the possible effect of temporal 

and spatial variability (e.g. Smith et al., 1987a, b, 2004a, b; Spychala et al., 2017a). As a 

consequence, our understanding of lobe fringe successions remains limited, especially in 

recognising reservoir potential and stratigraphic trap configurations (e.g. Biddle and 

Wielchowsky, 1994; Etienne et al., 2012; Grecula et al., 2015).  

 

Lobe fringe facies changes both downdip (proximal to distal) as well as oblique (axial to 

lateral) with respect to gravity flow directions (Pickering, 1981; 1983). In addition, the 

distribution of facies, and their stacking patterns, could be further influenced by basin 

confinement (e.g. from syn-depositional toe-thrusts), including that created by subtle 

topography generated by the underlying strata (e.g. MTC intervals). Smith (1987a, b; 

2004b) documented the influence of subtle topography on the Silurian sandstone in the 

Welsh Basin. The sand-rich part of the lobe transitioned laterally to mud-rich, thin-bedded 
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lobe fringe deposits as the flows approach active, nearby faults. Similarly, Laingsburg 

Formation lobe fringe settings are categorised into frontal and lateral based on their 

sedimentological processes, bed stacking pattern, and stratigraphic expression (e.g. 

Spychala et al., 2017a, b). In this case, the variations in lobe fringe setting are interpreted 

to reflect subtle basin confinement. 

 

The outcrop data used for this study (Bebuloh on Labuan Island; Fig. 4.1) provides a rare 

opportunity to document in detail a c. 237 m-thick succession of deep-water thin-bedded 

turbidites in the BDP. The specific study aims are: (1) to characterise the sedimentology 

and infer their depositional process, (2) to evaluate the stratigraphic architecture and derive 

its environmental significance within the context of the deep-water depositional setting, 

and (3) to determine the palaeogeographic location of the outcrop and its relationship with 

coeval deltaic depositional systems in the adjacent sub-basins. 

 

Question 4: Are statistical analyses useful in interpreting deep-water depositional 

sub-environments? 

Rationale: Lobes have been traditionally viewed with thickening upward cycles, 

interpreted as the result of submarine fan lobe progradation (e.g. Mutti, 1974; Ricci 

Lucchi, 1975; Walker, 1978).  The relationship between sediment supply and seafloor 

morphology is often used to account for the variations in stacking patterns observed in lobe 

and lobe complex successions (Piper and Normark, 1983; Schlager, 1993; Twitchell et al., 

2005; Prélat et al., 2009; 2010; Prélat and Hodgson, 2013; Picot et al., 2016; Spychala et 

al., 2015; 2017a, b). Variability in stacking patterns have also been documented to reflect 

the style of lobe preservation such as compensational, aggradational and longitudinal (e.g. 

Gervais et al., 2006; Amy et al., 2007; Deptuck et al., 2008; MacDonald et al., 2011; 
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Prather et al., 2012b; Prèlat and Hodgson, 2013; Grundvåg et al., 2014; Picot et al., 2016). 

In addition, these stacking patterns could also be the result of: (1) subtle seafloor 

topography generated by the preceding deposits (Mutti and Sonnino, 1981; Straub et al., 

2009), (2) highly confined “pod-like” basin setting (Burgreen and Graham, 2014), or (3) 

highly confined “linear-like” basin setting (Amy and Talling, 2006; Grundvåg et al., 2014).  

 

Interpretation of the above examples are often qualitative. An additional step is to quantify 

the stacking patterns, based on sandstone bed thickness variations, using various statistical 

techniques to independently verify the presence of vertical trends. Subsurface data are 

generally below the vertical resolution required to successfully quantify bed stacking 

patterns (Rothman and Grotzinger, 1995; Maliverno, 1997; Carlson and Grotzinger, 2001; 

Sinclair and Cowie, 2003; Sylvester, 2007; Felleti and Bersezio, 2010; Pantopoulos et al., 

2013). As a consequence, they pose a challenge to identify and quantify the heterogeneity 

at bed-scale (Lawrence and Mezzatesta, 1989; Lake and Jensen, 1991; Fitch et al., 2013; 

2015). In this study, outcrop data is used to evaluate variability in bed thickness stacking 

patterns that exist at a wide range of vertical scales (1-10s m). The vertical scale in 

sandstone bed thickness has a major control on reservoir heterogeneity, connectivity and 

overall producibility (e.g. Jensen et al., 2000).  

 

Quantitative characterisation used in this study involves a range of statistical techniques, 

such as (i) sliding skewness to identify asymmetric trends (Mukhopadhyay et al, 2004), (ii) 

Hurst statistics to detect bed clustering (Hurst, 1951; 1956), and (iii) Lorenz Coefficient to 

quantify heterogeneity (Lorenz, 1905). The aims of this aspect of the study are as follows: 

(1) to provide statistical analysis on vertical bed thickness and compare results with 

sedimentological interpretations, and discuss if and how statistical approach contributes to 
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the interpretation of depositional sub-environments; (2) to investigate mesoscale 

heterogeneity in bed thickness using synthetic and outcrop data to evaluate the impact of 

varying vertical resolution on heterogeneity measures and well log response, and (3) to 

examine possible relationships between the different types of heterogeneity measures 

and/or between heterogeneity measures with other statistical techniques as a tool to provide 

guidance on data acquisition. 

 

Thesis outline 

This thesis comprises seven chapters, including this introduction. The chapters are linked 

to represent the different thin-bed evaluation at different scales by integrating 

sedimentology, statistical analysis and, seismic and rock parameters. 

 

Chapter 2: Literature review 

The chapter comprises a review of literature relevant to this study. This includes: (1) 

summary of the present knowledge on the sedimentology of thin-beds focusing on turbidite 

submarine lobe; and (2) tectono-stratigraphic evolution of NW Borneo from the Early 

Miocene to present-day.  

 

Chapter 3: False positives: origin and importance of high-amplitudes in a sand-poor deep-

water system, offshore Brunei 

This chapter provides seismic scale identification of the potential thin-bedded turbidites 

based on high amplitude extraction, and subsurface acoustic well logs. Rock physics 

technique is applied to the high amplitude events to determine the presence of depositional 

and/or diagenetic trends from acoustic well log and porosity data. Qualitative seismic 

interpretation and quantitative rock physics analysis of the high amplitude events indicate 
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the low velocity intervals are likely to be affected by diagenesis resulting in acoustically 

hard ‘sand’ bounded by the acoustically soft shale. The high amplitude events in this study 

are interpreted to be driven by lithology. Lack of sand-grade sediments on the slopes is 

discussed in the context of sediment supply, accommodation space and intra-slope sand 

traps. 

 

Chapter 4: Delta slope, thin-bedded turbidites: an outcrop example from the Miocene of 

NW Borneo, Malaysia 

This chapter document the present status of knowledge on the sedimentological and 

stratigraphic expression of thin-bedded turbidites from a c. 237 m-thick succession 

exposed on the Island of Labuan, NW Borneo; it is the only known extensive outcrop (i.e. 

10s-100s m-thick), of thin-bedded Neogene turbidites successions in NW Borneo. The 

chapter examines the influence of gentle morphology generated by the underlying debrite 

on the depositional architecture of thin-bedded turbidites. The difference in stacking 

patterns of the turbidite units, below and above the debrite unit indicate the presence and 

impact of subtle topography. 

 

Chapter 5: Quantitative analysis of bed thickness trends, clusters and heterogeneities: a 

case study on thin-bedded turbidites from NW Borneo. 

This chapter focuses on the quantitative evaluation of thin-beds from outcrop bed thickness 

and well-log data. Various statistical techniques are used to identify bed thickness trends 

and to assist in the interpretation of depositional environment. Heterogeneity of the studied 

intervals are quantified using synthetic and outcrop datasets. Previous methodologies are 

tested using a synthetic dataset, and an improved technique is discussed. 
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Chapter 6: Discussion 

This chapter discusses the main findings of the study in the context of the project aim and 

objectives. 

 

Chapter 7: Conclusions and future work. 

This chapter summarises and incorporates the main conclusions of the study with 

recommendations on areas of further research. 
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2 Literature review 

 

2.1 Introduction 

Thin-bedded turbidites comprising cm-dm alternations of sandstone and mudstone 

(sandstone beds ranging from 1-100 cm thick), occur in virtually all clastic depositional 

environments, albeit with variable abundance (e.g. Reading, 1996). However, this type of 

facies is most significant in deep-water depositional settings, where they form thick (100s 

m) and laterally extensive (10s-100s km2) intervals (e.g. Posamentier and Walker, 2006). 

This reflects the dominance in many deep-water settings of physical conditions that are 

favorable to thin-bed deposition; rapid emplacement of sand-rich gravity flows followed 

by lower energy deposition of mud suspended load (from both gravity flows and 

hemipelagic fall-out) provides particularly conducive conditions (e.g. Walker, 1967; Mutti, 

1977). This is typified by the ‘classical turbidite’ facies (Bouma, 1962; Mutti and Ricci-

Lucchi, 1972; Walker, 1978; Walker, 1985), which is widely acknowledged to represent 

low-density turbidites and form part of a continuum of gravity flow deposits (e.g. 

Pickering et al., 1995; Mutti et al., 1999; Talling et al., 2012a). Many, but not all, types of 

gravity flows have thin-bedded components, but they are most commonly associated with 

low-density flows and in several deep-water sub-environments where such flows are 

dominant. This chapter covers two aspects: (1) gravity flow processes and their deposits, 

and (2) geological setting of NW Borneo. 

 

2.2 Subaqueous sediment density flow  

A subaqueous sediment density flow is an overall flow event driven by excess sediment 

density (e.g. Mulder & Alexander, 2001; Talling et al., 2012a). A density flow represents a 

range of flow types, from debris flows to turbidity currents. Deposits associated with 
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density flows may differ significantly in size and thickness. Deep-water sand-rich density 

flows are capable of accumulating thick (100s m), high quality sandstone reservoirs, which 

have been the dominant target for hydrocarbon exploration and production in deep-water 

settings in recent decades, including the Gulf of Mexico, Brazil, Nigeria and NW Borneo, 

among others (e.g. Sandal, 1996; Petronas, 1999; Kendrick; 2000; Pettinghill and Weimer, 

2001).  

 

2.2.1 Types of sediment density flow 

There are two main sediment density flow types: (1) turbidity currents, and (2) debris 

flows.  

 

Turbidity currents are relatively dilute, non-cohesive flows, which promote grain size-

segregating settling, layer-by-layer deposition (e.g. Sumner, 2009, 2012; Talling et al., 

2012a). Turbidity currents form a spectrum of flow types but are commonly subdivided 

into low-density and high-density end-members. The sediment support mechanism for 

low-density turbidity currents is by turbulence and bedload (e.g. Middleton and Hampton, 

1973). This typifies deposition of ‘classical’ Bouma-type turbidites, especially in the Tb-

Te divisions. In contrast, the sediment support mechanism for high-density turbidity 

currents is characterized by a reduction in fluid turbulence, resulting in hindered settling 

(e.g. Talling et al., 2012a). Hindered settling occurs by combination of damped turbulence, 

grain-to-grain interactions and, to a lesser extent, excess pore fluid pressure. Grains are 

reworked in dense sediment concentrations in near-bed traction carpet which typically 

preserved as Ta to Tb part of the Bouma sequence, or as the S1-S3 interval as defined by 

Lowe (1976a, 1976b, 1982). The boundary between low- and high-density turbidity 

currents is not precisely defined, but is commonly taken where flows with hindered settling 
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and damped turbulence transform into non-hindered settling and full turbulence. This is 

commonly accepted to be within the original Tb division of the Bouma sequence (Talling 

et al., 2012a), approximate to a change from relatively faster to slower bed aggradation 

rates. 

 

Debris flows are dominated by laminar, or almost laminar, sediment transport processes. 

Depending on sediment composition, the flows range from cohesive (mud-rich) through to 

non-cohesive (sand-rich) types, but in all cases they are characterised by relatively high 

sediment concentrations. The sediment support mechanisms are provided by the high yield 

strength generated by the sediment-water mixture and by grain-to-grain interactions (e.g. 

Haughton et al., 2009). In cohesive debris flows the matrix strength is variable but is 

generally capable of preventing settling of sand grains. Additional strength to these flows 

is provided by high pore fluid pressure, and buoyancy (clast versus matrix density). These 

flows deposit a range of muddy debrites, which reflect varying flow strengths (low-, 

moderate- and high-strength). Poorly to non-cohesive debris flows generally have lower 

flow strength, which enables some segregation of the sand content, albeit usually very 

slowly. Matrix strength is less significant compared to high pore fluid pressure and grain-

to-grain collision to deposit a range of sandy debrites in which clean to very clean types 

may be distinguished. A common characteristic of all debris flow deposits is en masse 

settling, which results in abrupt freezing of flow (e.g. Lowe, 1982). Consequently, both 

muddy and sandy debrites display abrupt margins, relatively steep slopes (up to c. 10 

degrees) and an absence of ‘distal facies’, characteristics of gradually decelerating 

turbulent flows. 
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Further complications result from spatial and temporal variability in flow type, between 

turbulent and laminar flow processes. These are referred to as hybrid flows, which can 

show multiple transformations of one flow type to another (e.g. Lowe, 1982; Mutti, 1992, 

Mutti et al., 2003). Single flows may evolve from updip dense, laminar flows to downdip 

turbulent flows. In other cases, single event beds may exhibit evidence of both debrite and 

turbidite deposition, indicating the temporal change in flow properties. The latter deposits 

are known as linked debrites, or co-genetic turbidite debrite beds (Haughton et al., 2009; 

Talling et al., 2004). A common observation shows beds comprising sandy turbidites with 

overlying muddy debrites, which are believed to have been deposited by a single hybrid 

flow event (e.g. Sumner, 2009; Talling et al., 2012a; Jackson and Johnson, 2009). In these 

examples, a slight increase in mud content may have changed flow cohesiveness to trigger 

flow transformation from relatively dilute turbulent flow to a relatively denser, laminar 

flow.  

 

The dynamic behaviour of flows and their interaction with the surrounding environment 

can also result in temporal variations in sediment entrainment into the flows, sediment 

suspension within the flow and deposition along the flow. Density flows may also ignite to 

cause erosion of the underlying sediment to generate denser and faster flow (e.g. Sequeiros 

et al., 2009), or dissipate by decelerating to initiate sedimentation. In other cases, 

autosuspension occurs when the suspended sediment concentration causes flow to neither 

ignite nor dissipate (e.g. Parker et al., 1986; Sequeiros et al., 2009).  

 

2.2.2 Facies Classification of turbidites 

Several facies classifications have been proposed from a wide spectrum of grain sizes, and 

the inferred flow types. 
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Bouma (1962) was the first to introduce an idealised turbidite facies scheme based on the 

common observation of an upward decreasing grain-size profile within individual turbidite 

beds. This was formalised into the idealised ‘Bouma sequence’, in which single turbidite 

beds are made of up to five distinctive facies, or divisions (Fig. 2.1): (1) Ta division 

consists of structureless to graded sand; (2) Tb division comprises planar laminated sand; 

(3) Tc is dominated by current ripple cross-laminated sand; (4) Td comprises thinly 

laminated silts and mud; (5) Te consists of structureless mud. The Ta-b sequence was 

interpreted to represent the proximal or relatively higher concentration parts of a turbidity 

current, whereas Tc-d was referred to as distal or relatively lower concentration part of the 

flow. Beds dominated by Bouma sequences have also been known as fine-grained, or 

‘classical’, turbidites (e.g. Stow and Piper, 1984; Reading and Richards, 1994; Bouma, 

2000; Posamentier and Walker, 2006). It has long been recognized that it is rare to 

preserve complete beds; more commonly parts of the idealized sequence are missing. 

 

Piper (1978) advocated a facies model by further subdividing the fine-grained member of 

Bouma’s (1962) Te division into three: (i) Te-1 is made up of laminated mud with silt 

laminae, (ii) Te-2 is graded mud with decreasing silt laminae, and (iii) Te-3 consists of 

ungraded mud overlain by hemipelagic sediment. Both Te-1 and Te-2 show distinct 

positive grading in grain size and composition but these can be difficult to differentiate in 

outcrops. 
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Lowe (1982) proposed a coarse-grained (e.g. cobbles and gravels) turbidite facies scheme 

that was related directly to deposition by a high-density turbidity current, in contrast to 

Bouma’s low-density turbidity current model. The high-density turbidites of Lowe (1982) 

are subdivided into two (Fig. 2.2): (1) gravel in suspension depositing inverse (R2) and 

normal (R3) graded gravel, and (2) sand with bedload tractional structures in S1, horizontal 

structures in S2 and S3 (equivalent to Ta division of Bouma). These beds typically lack 

internal primary sedimentary structures, however they may display extensive evidence of 

soft sediment dewatering (e.g. fluid escape pipes, dish structures, convolute lamination, 

‘swirl’ lamination, etc.). 

 

 

 

 

 

Fig. 2. 1 Ideal sequence of turbidite bed from Bouma, 1962. Modified after 
Pickering and Hiscott, 2015 
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Mutti (1992, 2003) proposed a facies model comprising nine distinctive turbidite facies 

(F1-F9). These facies types range in grain-size from cobbles to mud and are thought to 

represent changes in flow properties from cohesive debris flows through to low-density 

turbidity currents. The scheme of Mutti (1992) shares similarities with both the Lowe 

(1992) and Bouma (1962) schemes (Fig. 2.3). For example, F2-F3 is equivalent to R2 of 

Lowe (1982) and is interpreted to represent the transformation of a hyperconcentrated 

debris flow to high-density turbidity current. The F4-F5 are comparable to S2-S3 (Lowe, 

1982), respectively, and are interpreted as the deposits of high-density turbidity currents. 

Facies types F8-F9 are similar to Bouma’s (1962) fine-grained Ta-e turbidites, which are 

related to low-density turbidity currents. 

 

 

 

 

Fig. 2. 2. Generalised model of Lowe (1982) for lateral change within a single flow. 
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The various models described above are based on idealised sequences, deposited by a 

single density flow. However, deposits of density flows vary depending on the grain size 

and composition, flow types and volumes, sea floor topography, tectonic history and 

degree of confinement. The result is a widespread variation of turbidites with 

characteristics deviating from the idealised facies schemes stated earlier. This variability is 

captured in the facies scheme of Talling et al. (2012a), who introduced a broader, deposit-

based classification (Fig. 2.4). This classification scheme recognizes the variability in flow 

types, sediment support mechanisms (turbulence or cohesive), flow state (turbulent, 

laminar or hybrid) and flow rheology.  

 

2.2.3 Deposit-based classification 

The deposit-based classification (Fig. 2.4) identifies four different flow types by adopting 

the Bouma (1962) and Piper (1978) divisions: (1) mud density flow; (2) low-density 

turbidity current; (3) high-density turbidity current, and (4) debris flow.  

 

 

 

 

Fig. 2. 3. Simplified model of Mutti (1992) and Mutti et al. (2003) of flow evolution and deposit types. 
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2.2.3.1 Mud density flow 

Settling behaviour in mud density flows may exist as incremental layer-by-layer and en 

masse freezing. The incremental layer-by-layer forms by dilute flows whereas mud is 

supported by fluid turbulence for the Te-1 and Te-2 in the Piper (1978) sub-division. En 

masse consolidation in Te-3 is due to a high-concentration of colloidal gel that increases 

mud cohesiveness, flow viscosity, and yield strength (e.g. McCave and Jones, 1988; 

Coussot, 1997). These conditions promote denser, laminar flows with matrix strength 

within the laminar mud layer (e.g. Talling et al., 2012a). 

 

The term ‘densite mud’ represents both en masse and turbulent settling behaviour. The Te-

1 finely laminated silt and mud interval is probably due to cyclic break-up of mud flocs 

settling at lower mud concentration and near-bed dampening of turbulence (e.g. Talling et 

al., 2012a). The Te-2 grading suggests differential settling of mud flocs in lower mud 

 

 

 

Fig. 2. 4. Classification of Talling et al. (2012). Flow types that may form continuum are indicated by 
double headed arrows. Modified after Talling et al. 2012. 
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concentration, or between larger and smaller silt grains. Te-3 is characterised by ungraded 

massive muds, implying near bed slow settling of mud particles overlain by hemipelagic 

deposits. The thickness of the Te-3 interval can vary significantly within ponded 

depositional settings (e.g. Talling et al. 2012a).  

 

2.2.3.2 Low-density turbidity current  

Low-density turbidity current supports sediment transport through turbulence (e.g. Talling 

et al., 2012a). Turbulence is less dampened near the bed, resulting in non-hindered settling 

from dilute flow. Low-density turbidites incorporate Td, Tc and Tb-1 intervals. Both Tc 

and Td are equivalent to the Bouma division, while Tb-1 represents planar lamination as 

sediment fallout of turbulent suspension. Talling et al. (2012a) interpreted these facies as 

proximal deposits with majority of the sediments bypassed down slope. Sediments in low 

density turbidite are built up in an incremental layer-by-layer rather than through en masse 

deposition. 

 

Low-density turbidites form the majority of thin-bedded facies, deposited by dilute, 

turbulent flows (e.g. Talling et al., 2007, 2012a), particularly in submarine channel levee 

and distal fan fringe settings (Kane and Hodgson, 2011). Low-density turbidites generally 

have a gradual tapering geometry due to low sediment concentration with bed thickness 

less than 1 m. Bed length varies from metres to hundreds of metres (internal levees), 

hundreds to thousands of metres (external levees) and thousands to tens of thousands of 

metres (lobe complexes). Mud intervals show gradual thickening distally (e.g. Mutti, 1992; 

Talling et al., 2007), suggesting contrasting processes, such as observed in mud density 

flows.  
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2.2.3.3 High-density turbidity current 

High-density turbidity currents have high sediment concentration at near bed levels (> 10% 

sediment volume concentration) that result in damped turbulence and hindered settling to 

prevent bedform formation (e.g. Lowe, 1988; Kneller & Branney, 1995; Talling et al., 

2012a). Sediment settling displays rapid bed aggradation in a layer-by-layer through a 

combination of sediment support mechanisms: fluid turbulence, grain to grain interactions, 

and reduction in water-grains density contrast. In the deposit-based classification, high-

density turbidites consists of Tb-2, Tb-3 and Ta intervals. The Tb-2 and Tb-3 display fine-

grained planar lamination and coarse-grained planar lamination, respectively (e.g. Talling 

et al., 2012a). 

 

High-density turbidites present the maximum range of bed thickness and are significantly 

more tabular than low-density turbidites due to the hindered settling process (Cordoba, 

2007). Bed thickness (metres to 10’s of meters) tend to show small variations over 10’s to 

100’s of kilometres, indicating that the near-bed flow conditions are generally uniform 

over greater distances (e.g. Talling et al., 2012a). 

 

2.2.3.4 Debris flow 

Talling et al. (2012a) sub-divided cohesive debrite into three types according to their 

cohesive strengths: high, moderate- and low-strength. High-strength cohesive debrite is 

thick (several tens of meters) while moderate and low strength deposits are relatively thin 

(centimetres to metres). High and moderate-strength cohesive debrite are clast-rich. The 

high-strength cohesive flow is characterised by their high colloidal bond and high viscosity 

to allow uplift of large clasts through positive buoyancy, and to freeze instantaneously. The 

high viscosity however restricts long-distance run-out especially in high-strength cohesive 
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debris flows, and therefore they are commonly found down-dip of failure locations and 

may continue to the position of failure origin (e.g. Tripsanas et al., 2008; Piper and 

Normark, 2009). Moderate to low-strength cohesive debris flows have the potential to 

entrain and mix with sea-water to cause hydroplaning, dilution and bulking of flows. The 

change in physical properties may induce flow transformation from laminar to turbulence. 

Turbulent flow generally has a much longer run-out distance to deposit debrites and 

turbidites (Sumner et al., 2009; Talling et al., 2010; 2012a).  

 

The ineffective mixing for high-strength cohesive debris flow means their distribution is 

restricted. Larger clasts entrained by high-strength cohesive debris flow tend to be sub-

angular indicating their limited travel distance, which may have been sourced locally from 

the eroded underlying beds.  

 

2.2.4 Confined and ponded systems  

Basin floor topography, or any obstructions along the path of a sediment density flow, has 

an impact on both sediment dispersal and the resulting deposit geometry. Confining 

topographic features on a basin floor commonly result from existing basement structures, 

folds, fault scarps, mud diapirs, salt tectonics and slumps/slides. All of these features are 

capable of creating sea-floor irregularities, which may result in flow deflection, reflection 

or even flow stripping. This influences facies types and characteristics of the deposits (e.g. 

Kneller and McCaffrey, 1999). 

 

Confined systems describe sediment gravity flows that are trapped within an existing 

topographic low generated by the relative uplift of the surrounding structural highs. 

Contained (e.g. Pickering and Hiscott, 1985) or ponded (e.g. Prather et al., 1998) deposits 
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occur when a density flow is unable to ascend fully the bounding slope or sill, trapping and 

later depositing sediments in topographic depressions within the enclosed area (e.g. Lomas 

and Joseph, 2004).  

 

In a confined system, density flows may experience flow stripping following collision with 

obstructions, which may result in decoupling of flows: the lower part of the flow may 

deviate around the obstacle or deposit sediment, while the upper part of the flow may 

climb over and continue to flow basinwards (e.g. Kneller and McCaffrey, 1999; Smith, 

2004a, b). However, flows encountering partial or complete obstruction may cause rapid 

sedimentation due to an abrupt decrease in flow capacity and competency (e.g. Alexander 

and Morris, 1994). Flow capacity is a measure of the total sediment volume a flow can 

carry, while flow competency refers to the ability of a flow to transport particles. Confined 

turbidites may deposit coarse-grained thick sandstone beds upstream, and thinner and 

finer-grained beds further downstream as a result of sediment bypass. 

 

Local and regional tectonics create accommodation, and influence basin floor and slope 

topography. When sedimentation rate exceeds accommodation space, confinement 

gradually decreases (e.g. Lomas and Joseph, 2004). The stepped profile of minibasins on 

same slopes requires sedimentation to fill the topography to the spill point, before 

bypassing sediment further downslope (e.g. Brunt et al., 2004). Tectonically-inactive 

basins may display ponding on their slopes, resulting in a succession of ponded, slope and 

healed slope filling (e.g. Prather et al., 1998). In contrast, tectonically-active regions 

generate sufficient accommodation space displaying cycles of fill-spill-bypass sequences 

within the mini-basins (e.g. Baldini et al., 2004). 
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Turbidites deposited in confined slope systems may display lateral changes in thickness 

and facies characteristics (e.g. McCaffrey and Kneller, 2001; Haughton, 1994; 2000). 

Turbidity currents flowing parallel to the confining topography may generate current ripple 

cross-lamination due to deflection. Within a confined system, the flow head, body and tail 

may respond individually when obstructed. As flow head attempts to climb a confining 

slope, the body of the flow experiences deflection, depositing Tc turbidites in topographic 

lows and along the slopes. As the head flows back into the confined space, thicker Tb 

sediments will be deposited above the Tc beds. 

 

2.2.5 Depositional elements for thin-bedded turbidites 

Thin-bedded turbidites are found in various deep-water depositional settings, particularly 

in lobe fringes, and levee-related settings, including both inner and outer levees (Fig. 2.5). 

Thin-bedded turbidite facies typically consist of classical turbidite facies successions 

including massive structureless (Ta) beds near source of flows (e.g. relatively proximal to 

channel axis or channel mouth), to predominantly tractional structures such as parallel and 

ripple cross laminations (Tb-c beds) at more distal locations. Climbing current-ripple 

cross-lamination dominates in relatively distal areas where flow velocity and thickness 

decreases to cause flow expansion and increase in fallout of suspended-load. 
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Submarine channel-levees occur across the slope-to-basin floor profile. The levees are 

deposited along the margins of the channel, and display thickness decay away from 

channel axes. Levees are formed when the upper part of the density flows ride above 

channel walls. This results in an abrupt loss of flow confinement, decrease in flow velocity 

and rapid sedimentation. Levees are observed at two settings: (1) internal, and (2) external 

settings (e.g. Kane et al., 2007; 2010). Internal levee deposits are less organised with 

relatively poorly defined bed thickness trends. This reflects the complex overspill 

processes that also cause sudden pinch-out of sandstone beds and limits their lateral extent 

with common erosional structures and bed amalgamation (Kane and Hodgson, 2011; 

Hansen et al., 2015). In contrast, external levee deposits show less variability in bed 

thickness patterns with large-scale thickening or thinning vertical facies successions. 

Sandstone beds may be laterally extensive with tapering geometries, which reflects gradual 

 

 

 

Fig. 2. 5. Conceptual diagram for thin-bedded turbidite deposited in deep-water. Adapted 
after Morris et al. 2015, Spychala et al. 2017a 
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lateral facies changes away from the channel axis (e.g. Posamentier and Walker, 2006; 

Kane et al. 2010). Sedimentary structures indicate waning flow conditions, often with 

abundant climbing current-ripple cross-lamination and with limited erosional structures 

(Kane and Hodgson, 2011; Jobe et al., 2012; Hansen et al., 2015). External levee 

thicknesses decrease away from the channel and can vary considerably from 100’s to 10’s 

m from proximal to distal, whereas their width ranges from 100’s to 10,000’s m. In 

contrast, inner levees are considerably thinner and narrower at less than 100 m thick and 

less than 1000 m wide respectively.  

 

Submarine lobes are commonly identified by their convex-upward shape and their plan 

view radial geometry; associated sand bodies pinch-out away from the apex towards the 

fringe and display lens-shaped in cross-sectional geometries (e.g. Normark, 1970; Mutti, 

1977; Lowe, 1982; Bouma, 2000; Deptuck et al., 2008). Lobes are commonly deposited 

downdip of channel-mouths (e.g. Normark, 1970; Pickering, 1981; Deptuck et al., 2008), 

or beyond the channel-lobe transition zone (CLTZ) (e.g. Bouma et al., 1985; Wynn et al., 

2002; Macdonald et al., 2011). The lateral and vertical changes of a lobe reflects a range of 

variability in: (1) bed stacking patterns (compensational, aggradational, progradational, 

retrogradational); (2) sub-environments (axis, off-axis, lateral fringe, frontal fringe, distal 

fringe); (3) hierarchies (lobe element, lobe, lobe complex, lobe complex set); (4) 

underlying morphology (confined or unconfined); and (5) depositional settings (intraslope, 

base of slope, basin floor) (e.g. Nelson et al., 1992; Bouma and Rozman, 2000; Gervais, et 

al., 2006; Prélat et al., 2009; Prélat and Hodgson, 2013; Grundvåg et al., 2014; Spychala et 

al., 2015; 2017a,b). These variabilities account for the complexity of lobe deposits that 

tend to have diverse external geometries and a range of internal facies associations and 

stacking patterns, both spatially and temporally. Consequently, lobe areal dimensions are 
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highly variable ranging between 4 – 50 km long, 4 – 20 km wide, and 2 – 50 m thick 

(Pickering, 1981; Deptuck et al., 2008; Prélat et al., 2009; Prélat and Hodgson, 2013; 

Grundvåg et al., 2014).  

 

2.3 Synthesis on NW Borneo tectonics 

The geological setting of NW Borneo is controlled by the plate tectonics of Southeast Asia 

(Fig. 2.6), which comprises a wide and intricate variety of micro-plates, marginal seas, 

island arcs and collisional belts (e.g. Hall and Blundell, 1996; Sandal, 1996). The complex 

history of the Island of Borneo involves multiple deformational events of extension, 

compression and inversion, which are intimately linked to the larger-scale geological 

evolution of SE Asia, particularly the South China Sea (e.g. Sandal, 1996; Morley, et al., 

2003; Ingram et al, 2004; Cullen, 2010; Gartrell, et al., 2011). This involves subduction of 

the proto-South China Sea oceanic crust beneath NW Borneo between the Paleocene and 

Middle Eocene and concluded with the arrival of the Dangerous Grounds attenuated 

continental crust in the area of the Baram-Balabac Basin in the Early Miocene (Hall and 

Blundell, 1996; Longley, 1997; Morley 2002). 
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The first main compressional tectonic regime in SE Asia resulted from the collision with 

Australia during the Early Miocene and resulted in the highly deformed terranes in Sabah 

and Palawan. Compressional tectonics resumed during the Middle Miocene as Australia 

and India continued to migrate northwards. This resulted in a compressional deformation 

in an ESE-WNW orientation, bounded by two major NW-trending strike-slip fault zones: 

(1) the West Baram Fault Line to the southwest, and (2) the Balabac Fault to the northeast 

(Fig. 2.7). The Late Miocene to Pliocene marked a change in compressional direction in 

 

 

 

Fig. 2. 6. Tectonic map of SE Asia (Pliocene to Recent) showing intricate variety of 
microplates. Map shows translation of tectonic strain to NW Borneo through large-scale strike 
slip tectonics lineaments related to collision of Australia with SE Asia. Modified after Ingram, 
2004. 
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the inboard part of the NW Borneo margin from ESE-WNW to NE-SW. Subsequent 

collision of Timor with the Sunda Arc during the Pliocene resulted in a significant stress 

change in SE Asia. This is manifested in NW Borneo by a complex compressional 

‘indentor’ bounded by the strike-slip faults (e.g. Gartrell et al., 2011; Sapin et al., 2011).  

2.3.1 The Baram-Balabac Basin 

The study area is located within the larger (c. 500 km-long) Baram-Balabac Basin (BBB), 

which is bounded by two major, long-lived basement faults (Fig. 2.7): (1) the West Baram 

Line (WBL) in the south-west, and (2) the Balabac Fault (BF) in the north-east. This 

Neogene basin is filled with up to 10 km of Middle Miocene to Early Pliocene, coastal-

deltaic to deep-water clastic sediments that were deposited in a foreland basin setting.  

 

 

 

 

Fig. 2. 7. Bathymetry map of Shuttle Radar Topography Mission Digital Elevation Model. 
Map shows the position of West Baram Fault and Balabac Fault. Modified after Cullen, 2010. 
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The BBB is segmented into several sub-basins by syn-depositional basement-linked faults, 

which trend mainly NW-SE, parallel to the two major basin-bounding faults (WBL and 

BF). Individual segments display distinctive tectono-stratigraphic histories, based on the 

interaction between (1) basement and gravity-related tectonics, and (2) deposition of the 

thick, coeval Neogene deltaic to deep-water succession. The Neogene fill of this basin 

unconformably overlies a Paleogene succession of mainly Oligocene deep-water clastic 

sediments. These sediments accumulated within an accretionary prism and were deformed 

into a fold-thrust belt (the Rajang-Crocker Range) during subduction of the proto-South 

China Sea in the late Oligocene (Fig. 2.8). 

 

The study area of this thesis is located within one of the BBB tectono-stratigraphic 

segments: the Baram Delta Province (BDP). The BDP is abruptly defined by the WBL in 

the south-west but merges gradually into the Inboard and Outboard Belts of Sabah to the 

north-east (Fig. 2.9). The subsurface part of the study area is located in the centre of the 

BDP, while the outcrop area is located close to its north-east transition into the Inboard 

Belt.  
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The BDP is characterized by an extensive network of deltaic growth faults, which 

dominate the structural framework of the shelf (‘inboard’ area). Two main types of 

regional growth fault are recognised: (1) basinward-dipping, synthetic growth faults, and 

(2) landward-dipping, antithetic, or ‘counter-regional’, growth faults (CRGF) (e.g. Sandal, 

1996). The synthetic growth faults are formed by gravitational loading of Neogene deltaic 

sediments onto ductile, undercompacted, and often overpressured, muds (‘Setap Shale’). 

The CRGF are linked to underlying Paleogene thrust faults, which were reactivated as 

normal faults during Neogene sediment loading. Beyond the shelf-edge lies the deep water 

(or ‘outboard’) area, which is dominated by an active Late Miocene to Recent fold and 

 

 

 

 

Fig. 2. 9. Champion and Baram deltas, their present-day drainage basins 
and structural provinces. Adapted from Sandal, 1996 and Wong, 1996. 
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thrust belt (FTB) that young basinwards, towards the northwest. This younger FTB 

unconformably overlies the Paleogene FTB, which forms the allochthon. The succession in 

the western outboard is composed of post-rift Middle Miocene to Pliocene sediments that 

lie conformably on top of the South China Sea Unconformity (SCSU). The SCSU is 

underlain by syn-rift deposits (e.g. Cullen, 2010). Beyond the Neogene fold and thrust belt, 

the succession thins progressively north-westwards, gently onlapping onto the SCSU (Fig. 

2.8). 

 

2.3.2 Tectono-stratigraphic framework  

The regional compressional tectonics experienced in the NW Borneo margin has 

influenced the tectono-stratigraphic development, the distribution of Tertiary deltaic 

systems, and the nature of the petroleum systems in the region (e.g. Sandal, 1996; Morley 

et al., 2003; Ingram et al., 2004; Morley, 2007; Franke et al., 2008; Tingay et al., 2009; 

Hesse et al., 2009; Gartrell et al., 2011). The Oligocene-Early Miocene Crocker 

Allochthon forms the ‘basement’ to the Neogene succession, and has played a major role 

in the tectonic evolution of this margin (e.g. Gartrell et al., 2011; Torres et al., 2011). Four 

structural zones have been identified from the onshore to deep water offshore of Brunei 

Darussalam: (1) axial zone, (2) pro-wedge fold and thrust belt, (3) foreland basin, and (4) 

extended continental crust (Fig. 2.8).  

 

2.3.2.1 The axial zone 

The axial zone is located in the mountainous hinterland and comprises the Paleogene fold-

thrust belt. This consists of thick-skinned Crocker-Rajang Ranges, composed of 

metamorphosed and highly deformed ophiolites, volcanic and igneous intrusions (e.g. 
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Hutchinson, 2005). The origin of this zone is linked to oceanic subduction and the 

formation of an accretionary wedge (e.g. Tongkul, 1994). 

 

2.3.2.2 The pro-wedge fold thrust belt  

The pro-wedge fold thrust belt (FTB) is made up of less deformed, non-metamorphosed 

sediments, which were deposited in an accretionary prism. In northern Borneo, and 

adjacent to the study area, this mainly comprise the deep-water, sandstone-dominated 

Oligocene West Crocker Formation (Crevello et al., 2007; Zakaria et al., 2013). The 

sandstones were originally derived from the Sundaland Platform towards the southwest, 

transported by northeasterly-flowing rivers and deposited in a laterally extensive 

submarine fan (Van Hattum et al., 2006; Crevello et al., 2007; Zakaria et al., 2013). 

Regional compression during the Late Oligocene-Early Miocene Sarawak Orogeny 

resulted in the formation of the NE-SW-trending, Rajang-Crocker FTB (or Crocker 

Allochthon). Uplift of this FTB resulted in the formation of the sediment source area that 

supplied for the overlying Neogene succession and which continues to the present-day 

(Collins et al., 2017). 

 

2.3.2.3 The foreland basin 

The foreland basin comprises thick (up to c. 10 km) Middle Miocene to Recent deltaic 

sediments that unconformably overlie the Crocker Allochthon. Nine tectonic phases (TP) 

associated with basin evolution are identified in Brunei (Gartrell et al., 2011). Each TP is 

separated by a sequence boundary, which is overlain by deltaic progradation driven mainly 

by local tectonics and, to a lesser extent, eustacy. Commonly observed within these thick 

deltaic successions are growth faults and toe-thrusts, which are typically related to gravity-

driven delta tectonics. However, these structural features have been modified by regional 
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compressional events leading to inversion of structures (e.g. Morley, 2007; Gartrell et al., 

2011). The interplay between the inversion-related folding and eustacy has had a major 

influence on sediment distribution and stratigraphic architecture throughout the shelf-

slope-basin floor source-to-sink depositional system. 

 

2.3.2.4 Extended continental crust 

Extended continental crust was under-thrusted beyond the foreland basin and continues 

beneath the NW Borneo (e.g. Hutchinson, 2005; Gartrell et al., 2011). Also known as the 

NW Borneo Trough, it is interpreted as undeformed and underfilled part of the foreland 

basin. The hemipelagic sediment of the NW Borneo Trough is stratigraphically onlapped 

onto the attenuated continental crust of the Dangerous Grounds. The Dangerous Grounds is 

made up of continental crust with thickness ranges between 8 to 25 km with normal faults 

forming half-grabens filled with rift-related sediments (e.g. Hutchinson, 2005; Cullen, 

2010). 

 

2.3.3 NW Borneo margin evolution 

The Crocker Allochthon forms the basement for the overlying Neogene deltaic to deep-

water succession. There are two main geological controls exerted by the Crocker 

Allochthon: (1) the structural architecture of the Neogene basins and sub-basins, and (2) 

the accommodation space for the Neogene succession (e.g. Gartrell et al., 2011). The 

mechanical behaviour of the Crocker Allochthon basement shows important lateral 

variability, which partly controls the segmentation of the BBB. For example, it differs in 

the eastern domain where it imparts a N-S orientation on the Neogene structural fabric. In 

contrast, the western domain displays a major NE-SW orientation.  
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The major structural features of the Neogene succession, most notably the toe-thrusts and 

growth faults, are typical of gravity-driven tectonics. However, the structural style also 

displays varying degrees of modification caused by later compressional tectonic phases 

(e.g. Morley, 2007; Gartrell et al., 2011). The latter resulted in several periods of inversion 

and uplift at different times during the Middle Miocene to Pliocene.  

 

The evolution of the NW Borneo margin from the Miocene to Recent for the Baram Delta 

Province (BDP) and the related fold-and-thrust belt (FTB), have been associated with 

prolonged convergence. The convergence was initially developed in the deep-water, 

accretionary wedge (Rajang-Crocker Group) during the Paleocene and continued through 

the Early Miocene. Although the BDP shows similar characteristics with other large deltas 

controlled by gravity tectonics, such as growth faults, shale diapirs, toe thrusts, high rates 

of sedimentation, the setting of the BDP above, and in front of, an accretionary wedge 

results in significant differences in its structural style. Structurally, the BDP has been 

inverted and/or modified by (1) gravity-driven tectonics such as basinward-dipping 

synthetic growth faults and mud diapirs, and (2) linked gravity- and basement-related 

tectonics such as landward-dipping antithetic growth faults, also known as counter-

regional growth fault (CRGF), connected at depth with reverse and thrust faults that have 

propagated from the underlying FTB. Reconstructions of the Late Pliocene in the Brunei 

margin show negligible regional shortening (<1%) suggesting compression on the Outer 

Thrust Zone is balanced by the extension on the shelf (e.g. Gartrell et al., 2011). 

 

Active convergence in the BDP in Brunei is characterised by the development of the first 

CRGF (Seria Fault) above the FTB (Fig. 2.10A; Sapin et al., 2009), which afterwards 

relocated towards the back of the NW Borneo Wedge (Belait Anticline) (Fig. 2.10B). The 
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second CRGF (Ampa Fault) was initiated as the delta system prograded basinward, 

simultaneously inverting the first CRGF structures (Seria Fault) (Fig. 2.10C). Rapid 

progradation of the delta front prompted the third CRGF (Fairly Fault) and set in motion 

inversion of the second CRGF (Ampa Fault) (Fig. 2.10D). Eventually, the delta front 

reached an area lacks pre-existing fold to initiate CRGF to develop normal faults (Fig. 

2.10E). This defines the end of convergence tectonics in the delta front area by the 

Pliocene-Recent, and the onset of gravity-driven basin development (Sapin et al., 2009). 

Tectonic compression, however, continued and was only confined toward the landward 

part of the Neogene sediment wedge in Seria and Ampa. 
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Fig. 2. 10. Schematic tectono-stratigraphic evolution of the Brunei margin highlighting the interactions between 
gravity and compressive tectonics. Modified after Sapin et al. 2009. 
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2.3.4 Deep-water exploration in Brunei Darussalam 

The present Brunei deep-water region exhibits a stepped slope profile, and is broadly 

divided into three sections: (i) upper slope is steep with minimal accommodation space, 

but with abundant fine-grained sediments (mainly silts and fine-grained sandstones), (ii) 

middle to lower slope profile shows some accommodation space between anticlinal thrust 

fault-bounded ridges to allow slope aprons, intraslope fans, bypass channels and mass 

transport complexes (MTC) to be deposited, and (iii) basin floor, which is dominated by 

MTC and are potentially the most sand prone part of the system although unproven (e.g. 

Hoggmascall et al., 2012). Uplift and termination of growth faults during Middle Miocene 

regional compressional events, in combination with relative sea-level fall, resulted in 

regression and loss of accommodation on the shelf. During periods of high tectonic 

activity, erosion on the shelf edge promoted mass wasting and sediment supply to the 

deep-water (e.g. Torres et al., 2011). 

 

2.3.5 Modern to Recent depositional system of NW Borneo 

The present-day geological setting of NW Borneo was first established in the Early 

Miocene, making the modern a close analogue for the ancient. Key aspects of the present-

day gross depositional setting of this margin are as follows (Collins et al., 2017): (1) humid 

tropical monsoonal climate; (2) narrow (c. < 100 km) and steep (c. 12.5°), densely 

vegetated, coastal plain; (3) deep tropical weathering of a mudstone-dominated hinterland; 

(4) multiple independent, small- to moderate-sized (102 to 105 km2) drainage basins; (5) 

predominance of river-mouth bypassing; (6) supply-dominated shelf; (7) a relatively 

narrow shelf (c. 50 km); (8) a highly irregular continental slope; and (9) maximum water 

depths of the basin floor at around 4 km. The combined climatic, tectonic and depositional 

conditions resulted in a highly efficient source-to-sink sediment supply system, which was 
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superimposed onto a rapidly subsiding basin. The dominance of deltaic sedimentation on 

the shelf demonstrates that sedimentation was frequently able to fill available 

accommodation space. The present-day configuration of the margin shows a state of 

transgressive disequilibrium following the Holocene rise of sea level. The modern shelf 

displays remnants of the last major lowstand event, corresponding to the Late Pleistocene, 

including partially filled incised valleys. Seismic data illustrates the nature of this last 

lowstand period, including shelf-edge deltas (Saller and Blake, 2003). 

 

The deep-water BBB was fed by multiple river systems, with variable sized drainage areas, 

drained from the uplifted and exposed Crocker-Rajang Allochthon. The deep-water area of 

the smaller BDP was sourced by two main delta systems: the Baram delta in the west and 

the Champion delta in the east (Fig. 2.9). The Baram system feeds into an unconfined 

setting, resulting in large mass-wasting events deposited on the lower slope and basin floor 

whereas the Champion system feeds into a more structurally complex and confined 

tectonic slope setting. Sediment bypass downslope occurs along relay ramps and synclines 

to the lower slope. The upper slope is commonly characterised by sediment bypass with 

net sand gradually increasing towards the basin floor. 

 

In general, deep-water sediments in the Brunei part of the BDP can be described as a mud-

rich turbidite system, with <10 % net sand. The low sand percentage in the upper slope is 

interpreted to mainly comprise overbank deposits (e.g. levees and crevasse splays) and 

slope lobes, which have been both dominated by thin-bedded turbidites. As a consequence, 

the vertical and lateral continuity in thin-bedded reservoirs continue to pose a challenge in 

reservoir predictability in this mud-dominated deep-water system. 
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3 False positives: the origin and importance of high-

amplitudes in a sand-poor deep-water system, offshore 

Brunei 

 

3.1 Abstract 

Anomalously high amplitude reflections are commonly attributed to presence of gas. 

However, they cannot be used as a diagnostic as similar amplitude could also be generated 

through acoustic impedance contrast. Relationship between acoustic impedance and 

lithology is complex; variations by post-depositional processes such as cementation by 

diagenesis may alter lithology, resulting in impedance contrast. Increase in exploration 

activities for turbidite sands throughout the world is aimed at tapping the unexplored 

hydrocarbon potential in deep-water environment such on the continental slopes and basin 

floor. However, deep-water turbidites are complex in their sand distributions; stratigraphic 

analysis to interpret depositional environment from conventional seismic and, seismic 

amplitude, and well log data can be uncertain (e.g. Weimer et al., 2000). There is a need to 

interpret seismic and well data quantitatively to further understand and improve the 

reliability in seismic amplitude interpretation for reservoir mapping, especially in mud-

dominated systems where net sand thickness is typically below well log resolution. In this 

chapter, stratigraphic development and the origin of high amplitude events commonly 

observed on the intraslope region of offshore Brunei are investigated using both qualitative 

seismic interpretation and quantitative rock physics approach. Quantitative seismic 

interpretation shows that: (i) the high amplitude anomalies with low velocities are caused 

by the different acoustic impedance between soft shale and hard sand that may have been 

altered through cementation and diagenetic processes, (ii) anticlinal ridges confining the 
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minibasins affect sedimentation processes, (iii) intraslope sediments within the minibasins 

are likely to be dominated by heterolithic successions that lack systematic thickness 

variations commonly observed as serrated log signature, (iv) growth faults and counter-

regional growth faults generate accommodation on the shelf, controlling delta progradation 

toward the shelf edge. The present study is relevant to areas with active margin settings 

where sediment supply to the slopes, and basin floor is affected by shelf tectonics. 

Turbidites deposited on the intraslope regions of offshore Brunei are characterised by fine-

grained, low net-to-gross, high amplitude, largely sand-poor character with low quality 

reservoir development.  

 

3.2 Introduction 

Because acoustic impedance in oil saturated sand is lower than that in water and decreases 

further in gas relative to the bounding media, high-amplitude anomalies that are 

structurally conformable are generally considered a reliable direct hydrocarbon indicator 

(DHI). Interpreting the origin, and potential exploration significance of such anomalies 

requires knowledge of seismic data parameters, for example the frequency, phase, and 

polarity, which can provide information on changes in reservoir thickness and quality. 

Incorporating both regional and local geological knowledge allows high amplitude events 

to be correlated to geological features such as channels, levees, and lobes. Linking high 

amplitude anomalies to a sandstone-related geological body is critical, because amplitude 

responses can be non-unique. For example, cemented, acoustically ‘hard’ sandstone 

encased in relatively ‘soft’ (i.e. acoustically slow) shale may generate high-amplitude 

contrasts irrespective of fluid content. 
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In this study, seismic interpretation with isoproportional slicing of a 3D seismic reflection 

dataset has been applied to three slope mini-basins in the eastern deep-water offshore 

Brunei. Two wells drilled into a series of high amplitude events show consistent results of 

lacking net sand thickness (low net-to-gross intervals). Subsurface data obtained from 

wells that penetrated stacks of high-amplitude anomalies, and from 3D seismic dataset, 

could provide information on geological properties, such as lithology (e.g. sand, silt, clay), 

petrography (e.g. grain size, clay volume, cement volume), fluid (e.g. gas, oil or water), 

and seismic parameters (e.g. acoustic impedance (AI), density, compressional velocity 

(Vp), shear velocity (Vs), Vp/Vs ratio, Poisson’s Ratio (PR)). Variations in these 

geological and geophysical rock properties, in addition to the presence of fluids, make 

interpretation of amplitude anomalies challenging. To identify and assess the cause of high 

amplitude events, simple rock physics techniques are applied in the form of cross-plots to 

various seismic parameters, such as Vp against porosity to evaluate the presence of 

depositional and/or diagenetic trends, AI against porosity to emphasise rock stiffness trend, 

and Vp/Vs against PR to validate the presence of gas in high resistivity interval. Such 

techniques provide an insight to high amplitude events driven by lithology or hydrocarbon 

presence. 

 

The aims of the study are: (i) to investigate the stratigraphic development deep-water 

intraslope basins in mud-dominated systems, and (ii) to evaluate the origin and 

significance of associated high amplitude anomalies. This study focuses on the eastern part 

of the upper slope, offshore Brunei covering an area of c. 1110 km2 (Fig. 3.1A, B). The 

slope is partitioned by several anticlines (Fig. 3.2A, C) that divide the study area into three 

mini-basins (MB) (Fig. 3.2B): (1) MB-A is located nearest to the present shelf-edge (Fig. 

3.1A), which is the southern-most part of the study area, (2) MB-B is located c. 10 km 
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downdip of and forms the down-dip extension of MB-A, and (3) MB-C is located c. 9.5 

km along-strike of MB-B. The stratigraphic interval of interest has an approximate 

thickness of 700 m with variable reflectivity strength at various stratigraphic intervals 

within and between the mini-basins (Fig. 3.2C). 

 

 

Fig. 3. 1. (A) Present-day seafloor map offshore Brunei Darussalam. (B) Cross-section from present-day shelf-
edge to basin floor traversing the study area located on the upper slope. The study interval is between horizon 
A and B penetrated by multiple clay ridges and fold-thrust belts. 
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3.3 Geological Setting 

3.3.1 Regional Context 

The Tertiary to Quaternary Baram Delta province extends along NW Borneo from eastern 

Sarawak through Brunei into offshore Sabah (Sandal, 1996, Petronas, 1999; Hutchinson, 

2005; Rahman et al., 2014). Developed since the Late Eocene, the West Baram Delta depo-

centre is dominated by very fine-grained lithologies, with minor sandstones that persisted 

until the early Middle Miocene (Sandal, 1996). From the Late Miocene onwards, thick 

deltaic sequences deposited on the Brunei shelf were influenced by deltaic gravity 

tectonics (i.e. regional growth faults on the shelf, and toe-thrusts on the slope and base of 

slope) (e.g. Sandal, 1996, Saller and Blake, 2003; Gartrell et al., 2011; Torres et al., 2011). 

Post-Late Miocene sedimentation on the slopes and basinfloor was dominated by 

hemipelagic mudstones and limited turbidite sandstones. 

 

The eastern part of the present slope consists of NE-SW-striking thrusts and related folds 

that extend from the shelf-edge to the basinfloor (Fig. 3.1A, B). These thrust-folds, and the 

basins they bounded are younging basinward (Morley, 2009). The updip intraslope basins 

are almost fully filled, whereas those downdip are underfilled, suggesting sediments 

sourced from the shelf first fill the former before spilling downdip into the latter along the 

various tortuous pathways. The western part of the slope is largely unconfined, with deep-

water sediments efficiently bypassing the upper slope (McGilvery and Cook, 2003; Gee et 

al., 2007). 
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3.3.2 Regional Tectonostratigraphy 

The NW Borneo offshore Brunei is characterised by a Neogene clastic wedge situated 

between the uplifted Crocker accretionary prism in the SE, and the Borneo Platform 

continental fragment to the NW (e.g. Tan and Lamy, 1990; Hutchinson, 2005; Lambiase et 

al., 2008). On the shelf and outer shelf, gravity-driven tectonics generated a series of 

extensional growth faults formed as result of differential loading, and these faults formed 

an effective trap for the deltaic sediments on the shelf, consequently reducing net sand 

availability beyond the growth faults and at the shelf edges (e.g. Morley, 2007; Gartrell et 

al., 2011; Torres et al., 2011). Deposition on the slope is strongly influenced by tectonic 

activities; deep-water fold-and-thrust belt formed by thin- and thick-skinned shortening 

generate a stepped slope profile (Chapter 2). During periods of tectonic quiescence, the 

slopes were relatively smooth (i.e. healed), permitting sediment bypass to deeper waters 

(Gartrell et al., 2011).  

 

Clay diapirs are also common on the slope due to loading, and over-pressure of a deeply 

buried clay mass by the overlying, very thick clastic sequence of the Baram Delta (Fig. 

3.1B) (e.g. Van Rensbergen et al., 1999; Van Rensbergen and Morley, 2000; 2003). The 

slow movement of clay forms subtle slope accommodation that interacts with sediment 

entering the basin. The formation of accommodation is key in depositing turbidites on the 

Brunei slopes. 
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Fig. 3. 2. (A) Variance map of Horizon B slice showing discontinuous, chaotic seismic attribute identified as clay ridges and the 
position of the two offshore deep-water wells. (B) Simplified map with identified clay ridges, mini-basin locations and high 
amplitude areas (yellow polygons) observed within the individual mini-basins at various stratigraphic intervals. (C) Seismic 
cross-sectional view traversing the various mini-basins, MB-A to C, and Wells 1 and 2. 
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3.4 Dataset & Methodology 

3.4.1 Seismic dataset 

This study utilises a subset of a much larger time-migrated, 3D seismic-reflection volume 

acquired for deep-water hydrocarbon exploration offshore Brunei, in water depths ranging 

between 200 and 1100 m. The vertical sampling of the seismic survey is at 4 ms two-way 

time (TWT), with line spacing of 12.5 m in both inline and crossline direction, and a 

vertical resolution of 20 m based on average velocity of 1580 m/s and frequency of 20 Hz. 

Mapped horizons are in time domain and are presented in milliseconds two-way time (ms 

TWT). Accordingly, thickness maps are in isochrons, and not isopachs. Normal SEG 

seismic convention applies, with increase in acoustic impedance defined by a positive, 

black reflection (i.e. hard-kick). 

 

Several volume attributes are generated to assist seismic geomorphological analysis of the 

deep-water depositional systems. The chaos attribute identifies lack of reflection continuity 

within the seismic dataset; although discontinuous reflections may have a geophysical 

origin, reflecting acquisition or processing artefacts, they may also reflect true geological 

features such as gas chimneys, salt domes, or clay intrusions (e.g. Chopra and Marfut, 

2016). Root Mean Square (RMS) amplitude analysis highlight anomalies that may be 

driven by changes in fluid content and/or lithology. As such, RMS mapping is used to 

identify sedimentary bodies, and changes in fluid content. In some cases, co-displayed or 

‘blended’ attribute maps (e.g. structural map overlain by an RMS amplitude and 

chaos/variance map) are used to improve visualisation and aid interpretation. 

 

The age of the imaged succession ranges from Late Miocene to Recent. Detailed seismic 

interpretation in the area of interest is particularly important in highlighting: (1) the 
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location of intraslope accommodation (i.e. minibasins) that changes spatially and 

temporally; (2) sedimentary bodies or erosional conduits (e.g. channels); and (3) the impact 

of local structure on sediment dispersal. Although generally excellent, seismic data quality 

is locally poor, making it difficult to image and map geological features of interest in 

greater detail. 

 

3.4.2 Seismic interpretation methodology 

Two main seismic horizons bound the interval of interest; these have been mapped across 

the dataset (A and B; Fig. 3.1B, 3.2C). The horizons marked an upward seismic facies 

change from continuous, parallel, low-amplitude reflections (below Horizon A) to 

continuous, parallel-to-shingled, high-to-low amplitude reflections (between Horizons A 

and B), to a thick sequence of continuous, parallel, low-amplitude reflections (above 

Horizon B) (Fig. 3.2C). 

 

Within the interval of interest, five seismic facies are identified (Table 3.1). Seismic facies 

analysis classified seismic data into units of relatively constant seismic character with 

identifiable internal and external geometries, style of sediment transport and deposition, 

and likely depositional environments (e.g., Radovich et al., 1991; Wagner et al., 1992; 

Prather et al., 1998; Beaubouef and Friedman, 2000).  

 

Isoproportional slicing, using the regionally mapped Horizons A and B, is used to map 

lateral variations in seismic facies. Isochron maps show temporal and spatial changes in 

sediment thickness related to growth of the intraslope anticlines; these maps also helped us 

identify areas of deposition (i.e. thick isochron) and likely bypass (i.e. thin isochron). 
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3.4.3 Well log data 

Two wells penetrated the mini-basins, Well-1 (MB-A) and Well-2 (MB-B) are analysed in 

this study (Fig. 3.2A-C). A range of conventional well logs are available (i.e. gamma-ray, 

resistivity, density, neutron, and acoustic logs such as compressional and shear sonic) (Fig. 

3.3 and 3.4) to help constrain the lithology and fluid content. No core, side-wall samples or 

fluids were available from either well.  

 

 

 

 

 

Table 3. 1 Summary of seismic facies. 
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Fig. 3. 3. Suite of conventional logs for Well-1. (A) Gamma-ray log. (B) Resistivity log. (C) Neutron log. (D) Density log. (E) 
Compressional (P) and shear (S) sonic with identified low velocity interval, LVI-A to F and high velocity intervals (as grey vertical 
bar). 
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3.4.4 Analysis of log data using rock physics  

Amplitude anomalies in seismic reflection data reflect variations in rock clay content, 

cement volume, sorting, sand-to-shale ratio, all of which relate to reservoir properties, and 

fluid presence (i.e. hydrocarbons) (Avseth et al., 2005; 2010). In some cases, the anomalies 

may have been due to changes in lithology by compaction and diagenesis (Avseth et al., 

2003; 2010, Davis, 2005; Zampetti et al., 2005). It is therefore important to provide a 

quantitative interpretation of the origin of variations in seismic amplitude using, wherever 

 

 

 

 

Fig. 3. 4. Suite of conventional logs for Well-1. (A) Gamma-ray log. (B) Resistivity log. (C) Neutron log. (D) Density log. (E) 
Compressional (P) and shear (S) sonic with identified low velocity interval, LVI-A1 and high velocity intervals (as grey vertical bar). 
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possible, lithology and fluid data provided by wells (e.g. Avseth et al., 2010).  

 

An effective way to express the relationship between the different rock (e.g., porosity, 

lithology, saturation), acoustic (e.g., Compressional velocity (Vp), Shear velocity (Vs), 

density), and seismic properties (e.g., acoustic impedance (AI), Vp/Vs, Poisson’s ratio 

(PR)) is by cross-plotting the different properties. Some of the attribute cross-plots 

commonly used to characterise lithology and fluids are Vp against porosity to verify 

variations in clay content and sorting expressed as depositional and/or diagenetic trends, 

Vs/Vp ratio against PR as gas indicator, and AI against porosity to indicate changes in 

mineralogical content related to rock stiffness. Clusters within these plots indicate intervals 

with common lithology and/or fluid (e.g. Chopra et al., 2003). Attribute clustering 

facilitates interpretation on cross-plots, with irregular scattering indicating the complex 

interplay between rock microstructure and stratigraphy (e.g., variations in bed thickness) 

(Chopra et al., 2003; Chopra and Marfut, 2008, 2016). Such clustering, or a lack thereof, 

may not be apparent on a conventional well log display because traditional well log 

evaluations have been found to be ineffective in low net-to-gross, thin-bedded 

environments (such as that encountered here; see below) due to limited vertical resolutions 

of the logging tools (Chapter 5). 

 

3.5 Seismic facies  

A description and interpretation of key seismic facies (SF) identified in this study are 

summarised in Table 3.1. Based on their seismic expression, and lithology information 

provided by Well-1 and -2, five seismic facies are identified: (i) parallel, low-amplitude 

reflections, interpreted as pelagic and/or hemipelagic slope mudstone (SF1), (ii) shingled-

to-parallel, high-to-low amplitude reflections, interpreted as variably amalgamated deep-
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water slope channels (SF2), (iii) parallel, high-amplitude reflection packages that thin and 

dim laterally, interpreted as deep-water lobes or sheets (SF3), (iv) chaotic, vertically 

stacked, high-amplitude reflections, interpreted as clay diapirs (SF4), and (v) chaotic, high-

to-low amplitude reflections of variable thickness, interpreted as mass transport complexes 

(SF5).  

 

3.5.1 Seismic interpretation 

A series of NE-trending structural highs (Ridge-1, 2A, 2B, 3A, and 3B) define a series of 

intraslope mini-basins (Fig. 3.2B). The structural highs could be related to clay-cored 

anticlines (e.g. Van Rensbergen et al., 1999; Van Rensbergen and Morley, 2000; 2003) or 

folds-thrusts belts related to delta tectonics (e.g. Sandal, 1996; Gartrell et al., 2011). The 

structure and stratigraphic fill of these basins are described and interpreted below. 

 

3.5.1.1 Mini-basin A (MB-A) 

MB-A is a relatively small (c. 4 km by 15 km) mini-basin. The high amplitude events 

within this mini-basin are broadly confined to the surrounding ridges (e.g. Ridge-1 and -

2A; Fig. 3.2B, 3.5Ai-v). To the east, high amplitude is observed to have been abruptly 

shut-off and bordered against low amplitude body resembling a channel. MB-A is 

penetrated by a vertical Well-1, with high amplitude interpreted as channel (SF2) and 

lobes/sheets (SF3) (Fig. 3.5Ai, 3.6A, B, 3.7A-F). Stacked, high amplitude events fit to 

structure seems to suggest accommodation was available during turbidite deposition. 

Confined high amplitude (Fig. 3.5Ai) is observed in the southeast indicating sediment 

entry point. Downdip of this entry point, sediments are likely to be ponded behind Ridge-

2A and-2B. Further downslope to the northwest, an exit point into MB-B is identified 

between Ridge-2A and -2B (Fig. 3.5 Ai) to supply sediment into the subsequent basin. 
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Fig. 3. 5. (Ai) Amplitude extraction map at Event D in MB-A with ridges outline. (Aii) Cross-section traversing Well-1 
penetrated into low velocity intervals (LVI-A to F). (Aiii) Cross-section updip of MB-A at sediment entry point in the 
southeast. (Aiv) Cross-section in the centre of mini-basin. (Av). Cross-section downdip of MB-A. Yellow dashed lines 
represent the top and base of study interval. White dashed line represents clay ridge boundary. 
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MB-A contains six vertically stacked, high-amplitude events (A-F) interpreted as channels 

and lobes/sheets with alternate slope mudstone (SF1) (Fig. 3.5Aii). Event A represents the 

deepest anomaly (Fig. 3.5Aii, 3.6B, 3.7A) with high amplitude, wavy base interpreted as 

channels (SF2) that cuts into parallel lobes/sheets (SF3). Event A is directly overlain by 

Event B, which has similar seismic facies characteristics (Fig. 3.5Aii, 3.7B). Events C to F 

is interpreted as lobes/sheets (SF3) without apparent wavy seismic character (Fig. 3.5Aii, 

3.7C-F). Events C and D show abrupt amplitude shut-off to the east (Fig. 3.7C, D), but 

gradually increases towards Ridge-1. Event E amplitude decreases abruptly towards Ridge-

1 but continues further northwards towards Ridge-2B (Fig. 3.7E) indicating the structural 

high (Ridge-1) may have been active after deposition. Event F represents the shallowest 

high amplitude event in MB-A having similar characteristics to previous deeper events 

displaying abrupt amplitude shut-off to the east and when bounded by clay ridges (Fig, 

3.5Aii, 3.7F). 

 

The patchy amplitude (Fig. 3.7A-F) associated with depositional environments such as 

lobes or sheets reflects the complex stratigraphic architecture and/or variations in fluid 

types and saturations (e.g. Brown, 1999; Abriel, 2008). In some intervals, for example 

Event D, the high amplitude is located on the present-day flank (Fig. 3.7D), which suggests 

uplift of the nearby ridges occurred post-deposition, and the current slope has since been 

tilted to dip south-southeast, perhaps due to loading during shelf progradation outboard. 

Abrupt amplitude shut-off observed in the eastern corner of MB-A (Events C to F) is 

interpreted to have been caused by erosional truncation, possibly channel filled with low 

amplitude contrast with bounding lithology such as mud (Fig. 3.7C-F). Good seismic event 

and amplitude continuity (Events E and F) indicate good lateral rock properties, and 
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connectivity (Fig. 3.7E-F).  

 

 

 

 

 

Fig. 3. 6. (A) Amplitude map slice showing patchy amplitude. (B) Seismic section perpendicular to palaeoslope ideal for 
displaying shingle seismic character penetrated by Well-1 in MB-A. (C) Seismic section perpendicular to palaeoslope showing 
prominent shingle and thinning seismic events penetrated by Well-2 in MB-B. 
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Fig. 3. 7. (A) Amplitude map based on isoproportional slicing at LVI-A in Well-1. Clay 
ridges outline is represented by white dashed. 
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Fig. 3.7. (B) Amplitude map based on isoproportional slicing at LVI-B in Well-1. 
Clay ridges outline is represented by white dashed lines. 
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Fig. 3.7. (C) Amplitude map based on isoproportional slicing at LVI-C in Well-1. 
Clay ridges outline is represented by white dashed lines. 
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Fig. 3.7. (D) Amplitude map based on isoproportional slicing at LVI-D in Well-1. 
Clay ridges outline is represented by white dashed lines. 
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Fig. 3.7. (E) Amplitude map based on isoproportional slicing at LVI-E in Well-1. 
Clay ridges outline is represented by white dashed lines. 
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Fig. 3.7. (F) Amplitude map based on isoproportional slicing at LVI-F in Well-1. 
Clay ridges outline is represented by white dashed lines. 
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Fig. 3. 8. (Bi) Amplitude extraction map at Event A1 in MB-B with ridges outline. (Bii) Cross-section traversing Well-2 
penetrated into low velocity intervals (LVI-A1). (Biii) Cross-section oblique to channel cut southwest of MB-B. (Biv) Cross-
section oblique to channel cut in the centre of mini-basin. (Bv). Cross-section oblique to channel cut northeast of the MB-B. 
Yellow dashed lines represent the top and base of study interval. White dashed line represents clay ridge boundary. 
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3.5.1.2 Mini-basin B (MB-B) 

MB-B has a dimension of c. 10 by 6 km in size and is confined by the surrounding ridges; 

Ridge-2B to the south and southeast, Ridge-3A to the southwest, Ridge-3B to the north and 

northeast, and a syncline to the west and northwest (Fig. 3.8Bi-v). The mini-basin contains 

a package of high amplitude events penetrated by Well-2 (Fig. 3.8Bii).  

 

 

 

Fig. 3. 9. A) Amplitude map at Event A1 in MB-B showing clay-filled channel (low 
amplitude) with deposits of levee (bright amplitude). (B) Pulled-up event displaying 
knuckle-like feature possibly erosional remnant or gas fed from nearby gas chimney. 
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The high amplitude package consists of at least three vertically stacked seismic events 

collectively identified as Event A1 (Fig. 3.8Bii). The base of the package shows wavy 

seismic character interpreted as channels (SF2), cut into parallel event interpreted as 

lobe/sheets (SF3) (Fig. 3.8Bii, 3.9A). The low sinuous channel incision in the central part 

of the mini-basin has a similar trend (i.e. parallel) to the Ridges-3A and 3B (SW-NE), 

which is oblique to the present slope dip direction (Fig. 3.8Bi, 3.9A, B). Amplitude within 

the confined channel is relatively less compared to the surrounding lobe/sheet suggesting 

differences in lithology (e.g. clay-filled). Patchy amplitude of the lobe/sheets indicate 

variability in geological seismic parameters, and heterogeneity. 

 

In the southeast corner of the mini-basin, high amplitude events converged between 

Ridges-2A and 2B (Fig. 3.2B, 3.10A, B), interpreted as the main sediment entry point into 

MB-B; this coincides with the exit point for MB-A. The relationship between sediment 

entry point and the channel (oriented SW-NE) (Fig. 3.9A) in the centre of the mini-basin is 

uncertain due to lack of seismic reflection continuity between the two locations.  
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Fig. 3. 10. (A) Multiple sediment entry points for the three minibasins identified. (B) 3D perspective of structure drape with amplitude 
attribute indicating sediment entry and exit points for the MB-A. The sediment exit point also represents sediment entry point into 
MB-B. (C) 3D perspective of structure drape with amplitude attribute indicating sediment entry point into MB-C. 
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Fig. 3. 11. (Ci) Amplitude extraction map at Event A2 in MB-C with ridges outline. (Cii) Cross-section traversing in the 
centre of the mini-basin (Ciii) Cross-section oblique to channel cut serve as entry point (Civ) Cross-section oblique to 
sedimentation direction at proximal location in the centre of the mini-basin. (Cv). Cross-section oblique to sedimentation 
direction distal location. Yellow dashed lines represent the top and base of study interval. White dashed line represents clay 
ridge boundary. 
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3.5.1.3 Mini-basin C (MB-C) 

MB-C is a NE-trending, doubly plunging syncline c. 9 km in length and 4.5 km wide, 

bounded by Ridge-2B and Ridge-3B to the south, and north respectively (Fig. 3.2B, 

3.11Ci). A confined, high amplitude is observed in the southeast corner (Fig. 3.11Ci-Cv, 

3.10A, C) highlighting the sediment entry point into the mini-basin. Density flows entering 

the mini-basin may have experienced deflection and reflection by Ridge-3B, which act as 

backstop (Fig. 3.10A, C). The focus is the shallowest high amplitude event, identified as 

Event A2 (Fig. 311Cii), however there are no wells penetrating the MB-C. 

 

Event A2 is characterised by a single loop with wavy base interpreted as channel (SF2) 

cuts into a parallel event inferred as lobe (SF3) (Fig. 3.11Ci-v). Amplitude extraction 

clearly shows lobe deposit within the mini-basin bounded between Ridge-2B in the 

southeast and Ridge-3B in the northwest. The growth of Ridge-3B, which acts as a 

backstop has resulted in deflection of density flows as they exit the entry point (from NW 

deflected to NE direction) as observed from the high amplitude extraction (Fig. 3.10A, C). 

This suggests accommodation generated through the growth of Ridge-3B allow sediments 

to be deposited within the mini-basin along its syncline. 

 

Despite no well data available in the MB-C, similarities in their seismic character with 

other high amplitude events in both MB-A and MB-B, for example single-loop event with 

shingle and parallel seismic facies, implies the high amplitude events in MB-A and MB-B 

can be used as analogue for the MB-C high amplitude event. 
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3.6 Low velocity – high amplitude intervals 

The relationship between the acoustic properties (e.g., Vp and Vs), seismic amplitude, and 

density is influenced by the variations in lithology, and has a direct relationship with 

porosity (Houck, 1999; Avseth et al., 2005; 2010). Brine-filled sandstones tend to have low 

gamma ray, low density, and high velocity, and are defined by moderate acoustic 

impedance value, whereas siltstones have medium gamma ray, with relatively higher 

densities and velocities, thus tend to be acoustically higher impedance than clean sand 

(Avseth, 2000; 2005). Mudstones have high gamma ray, and higher density but lower 

velocity than sandstone and siltstone, and therefore have lower acoustic impedance values 

than clean sandstone (Skelt, 2002). 

 

The difference in acoustic impedance contrast between a sand layer and the bounding 

lithology is directly related to the magnitude of the seismic amplitude. When sand is 

bounded by acoustically hard formations (higher density and Vp), the sand is considered 

relatively soft (lower density and Vp). The presence of hydrocarbons may soften the sand 

further with a corresponding increase in amplitude (e.g. Houck, 1999; Harilal and Biswal, 

2010; Simms and Bacon, 2014). However, when sand is bounded by acoustically soft 

formations such as soft shales, the sand interval is considered to be relatively hard, and the 

presence of hydrocarbon may only generate small amplitude contrast (Houck, 1999; 

Harilal and Biswal, 2010; Simms and Bacon, 2014).  

 

In addition to bounding lithology, acoustic properties of rocks are also affected by clay 

distribution and type. For example, an increase in clay content within a sandy matrix (i.e. a 

shaley sand) increases unit density and decreases porosity as clay particles fill the pore 

spaces. In contrast, clay-supported rocks containing only sparse sand (i.e. sandy shale), 
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porosity increases with clay content (Marion, 1992; Mavko et al., 2009). Depending on the 

clay volume content, Vp and porosity behaviour may increase (stiffen) or decrease (soften) 

rock stiffness. 

 

In this study, Vp and Vs data are derived from compressional and shear sonic logs (Fig. 

3.3E, 3.4E). Based on Vp logs, six low velocity intervals (LVIs) with thickness ranges 

between 20 to 80 m are identified; six in Well-1 (LVI-A-F) and one in Well-2 (LVI-A1). 

The low velocity intervals has an average value of 1700 m/s. The LVI consists of at least 

one seismic loop (average of 20 m) to a package of four high-amplitude seismic loops. The 

LVIs are bounded by high velocity intervals (average of 2000 m/s) of varying thicknesses 

(20 – 100 m). Figures 3.13A and B show seismic traverses along Well-1 and -2, with Vp, 

Vs, GR and resistivity logs are also displayed. Although LVIs clearly relate to high-

 

 

 

 

Fig. 3. 12. Porosity and Vp against clay volume. (Modified after Marion, 1990) 
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amplitude seismic events, only LVI-A has correspondingly high Vs (Fig. 3.13B). In this 

interval, the shear velocity (Vs) increases from 415 to 1420 m/s, whereas Vp decreases 

from 1950 to 1500 m/s. The decrease in Vp, and increase in Vs, when expressed as ratio 

(Vp/Vs), may highlight the presence of gas, even at low saturations (e.g. Castagna, 1985). 

 

 

 
Fig. 3. 13. (A) Well-1 and -2 Gamma-ray (GR) and Resistivity logs with six anomalous 
high amplitude events (A-F). (B) Well-1 and -2 Compressional velocity (Vp) and shear 
velocity (Vs) logs with anomalously high amplitude events (A-F) showing low Vp. 
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The Gamma Ray (GR) values from well data within the studied interval ranges between 40 

to 120 API. Apart from LVI-A, the LVIs generally has a limited GR range (90 – 120 API), 

plotted as serrated log signature (Fig. 3.3A, 3.4A, 3.13B). The decrease in GR (90 to 40 

API) for LVI-A over a thickness of 50 m, corresponds to an increase in resistivity (10 to 30 

ohmm) (Fig. 3.3B, 3.13B). There seemed to be noticeably lack of variations in both 

neutron and density logs, within and between the low and high velocity intervals (Fig. 

3.3C, D, 3.4C, D).  

 

High GR values with serrated log motif indicate an interval of low net-to-gross, most likely 

dominated by thin-beds, with an average bed thickness below vertical resolution of 

conventional well logs (Chapter 5). High resistivity (up to 30 ohmm) in LVI-A of Well-1 is 

likely to indicate the presence of hydrocarbon (gas), however this could not be confirmed 

from neutron and density logs due to lack of data coverage. 

 

The relationship between geological parameters and seismic properties affecting amplitude 

response can be further evaluated using rock physics approach (Avseth et al., 2005; 2010; 

Chi and Han, 2009). Here, rock physics is applied by colour-coding each LVI individually 

based on well data such as Vp, Vs, and porosity, whereas the high velocity intervals are 

grouped as one. The relationship between the various seismic attributes, and rock 

properties is described in the following sections. 

 

3.6.1 Amplitude response due to diagenesis 

The slope or trend of best-fit line through a cross-plot of Vp against porosity is controlled 

by two main factors: (i) diagenesis, which reduces porosity by compaction and 

cementation, represented by relatively steep slope known as the ‘diagenetic trend’, or (ii) a 
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decrease in sorting and/or increase in clay content, which decreases the porosity is shown 

as relatively flat slope known as the ‘depositional trend’ (e.g. Han et al., 1986; Raiga-

Clemenceau et al., 1988; Dvorkin and Nur, 1996; Avseth and Bachrach, 2005; Florez, 

2005). At temperatures of c. 70°, the chemical compaction of clay transforms smectite 

(relatively soft) to illite (relatively hard). Crystallographically bound water is released from 

clay at the onset of quartz precipitation with related cementation in adjacent sandstone 

beds (Avseth and Bachrach, 2005; 2010; Simm and Bacon, 2014). An increase in 

cementation in sandstone affects rock stiffness that could resulted in relatively hard sand 

being bound by relatively soft shale, with marked impedance contrast and associated high 

amplitude reflection. The presence of hydrocarbon can, however, inhibit the cementation 

process (e.g. Emery et al., 1993; Smalley et al., 1998; Paxton and Stone, 1999; Haszeldine 

et al., 2000). 

 

The degree of sorting and cementation that may be present in the studied intervals is 

evaluated using Vp against porosity cross-plot. Two distinct trends (Fig. 3.14A) are 

identified from the LVI data: (i) low-angle slope formed from an overall cluster of LVI 

representing the depositional (sorting) trend, and (ii) sets of high-angle slopes identified 

from the various LVI (A-F), representing diagenetic trend (Fig. 3.14A).  

 

The depositional trend identified from the overall LVI in Figure 3.14A indicates decrease 

in porosity with sorting. The decrease in porosity may have been due to increase in clay 

content as clay filled the pore spaces. At the moment, it is not possible to quantify the 

volume of clay content directly from the plot. Here, the amount of clay content is assumed 

to be below the minimum porosity depicted in Figure 3.12.  
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Fig. 3. 14. (A) Compressional velocity (Vp) against porosity plot showing variability in 
cementation as possible increase in Vp for the low velocity intervals (LVI). Relatively flat 
depositional trend indicates decrease in sorting. (B) Compressional velocity (Vp) against 
porosity plot showing two clusters of high velocity interval. Clusters may indicate variability 
in clay content. 
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The individual diagenetic trends (LVI-A to F) shows limited but consistent decrease in 

porosity (by c. 0.01 pu), with large increase in Vp (from 1500-1850 m/s). The gradual 

increase in Vp could be due to an increase in cementation (Fig. 3.14A). Cementation 

increases acoustic impedance, and rock stiffness for the LVI (Fig. 3.15). The presence of 

sorting, and diagenetic trends from the study dataset indicate that the low velocity intervals 

are likely to be grain-supported (Fig. 3.12). 

The high velocity intervals can be sub-divided into two (Fig. 3.14B); (i) low porosity, high 

Vp, represents intervals deeper than the LVI-A, and (b) high porosity, low Vp, consists of 

shallow intervals bounding the LVIs. Different clusters within the high velocity intervals 

 

 

 

 

Fig. 3. 15. Acoustic impedance and porosity plot showing stiffness increases. LVI variation 
in stiffness could be due to variations in cementation. 
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could be due to different lithology, and/or variations in the degree of compaction. Lack of 

sorting and/or cementation trends in the high velocity intervals suggests the deposits are 

likely to be matrix-supported, sandy-shale (Fig. 3.12). 

 

3.6.2 The impact of fluid on amplitude response 

Several studies have shown Vp and Vs have the potential to resolve ambiguities in fluid 

identification, especially in gas (Gassmann, 1951; Castagna, 1993), and when expressed as 

ratio, Vp/Vs can also be used as lithology indicator (Wang, 2001). Generally, Vp/Vs ratio 

increases with clay content, but decreases in clean, gas-filled sandstone (Castagna et al., 

1985; Han et al., 1986; Hornby and Murphy, 1987; Murphy, 1992). Sandstone has a typical 

Vp/Vs range between 1.6 (low-porosity rocks) to 1.8 (high-porosity rocks) (Picketts, 

1963). In an unconsolidated, brine-filled sandstone, Vp/Vs is found to be greater than 2.0, 

but decreases in gas (Gardner and Harris, 1968). Relatively soft gas-bearing sandstones 

tend to lower Poisson’s Ratio (PR) (Ostrander, 1984) due to low Vp/Vs of quartz (Wang, 

2001). Therefore, the use of PR and Vp/Vs to verify presence of gas in high resistivity 

intervals can then be implemented. 

 

Figure 3.16 shows a plot of Vp/Vs against PR with typical sand and shale ranges for the 

different fluid fill scenarios. The plot highlights majority of the LVI data is within the 

typical water sands; only small proportion are plotted within the gas sand range of 1.6 for 

low-porosity sandstone. The small number of data points within the gas sand in Figure 3.16 

is aligned with the high resistivity interval of Figure 3.3B and 3.13B. 
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The analyses demonstrated above suggests the presence of gas contributes to high 

amplitude, which is supported by the high-resistivity in LVI-A interval. The origin of the 

high-amplitude response identified in the shallower intervals (LVI-B to F in Well-1 and 

LVI-A1 in Well-2) is rather equivocal and could be due to variations in lithology and/or 

hydrocarbon saturation. In a scenario where high-amplitude response is driven by 

variations in lithology, additional data, such as thin sections is required to validate the 

presence of quartz cementation in sandstone (i.e., diagenesis) as key contributor to high-

amplitude response. 

 

 

 

 

 

Fig. 3. 16. Vp/Vs and Poisson’s ratio (PR) with typical ranges for sands and shales 
with different fluid fill. 
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3.7 Discussion 

3.7.1 Turbidite deposition  

Turbidite sandstone can be deposited at any point along a submarine slope, and within 

intraslope accommodation, or they may bypass the area completely for deposition on the 

basin floor (Prather et al. 1998). Slope deposition may occur by hydraulic jump, where 

sediment is deposited through reduction in flow capacity (e.g. Mutti and Normark, 1987; 

Demyttenaere et al., 2000; McGilvery and Cook, 2003; Morley and Leong, 2008). The 

present-day slope offshore Brunei shows a stepped slope profile generated by thin- and 

thick-skinned tectonics, and clay penetrations (Fig. 3.1B). Accommodation is relatively 

subtle and are typically characterised by elongate troughs oriented orthogonal (i.e. NE) to 

the NW-dipping slope.  

 

The effect of clay diapirism on turbidite deposition is more distinctive in MB-C compared 

to other mini-basins in the study area. Basinward-flowing turbidity currents bypassed the 

area until sufficient relief was generated by the growth of Ridge-3B, at which time partial 

ponding and blocking occurred with flows diverted oblique to the slope dip direction. 

Eventually, sufficient accommodation was generated within MB-C, such that lobe or sheet 

can be deposited (Fig. 3.10A, C). Whereas in MB-A and B, turbidite deposition is 

interpreted to occur by: (a) hydraulic jump resulting from the sudden reduction in slope 

gradient downdip of the sediment entry point at Ridge-1, and (b) blocking of incoming 

turbidity flows by the outboard Ridge-2A and 2B (Fig. 3.10A, B) 

 

3.7.2 Sand distribution  

Accommodation on the Brunei upper slope does not appear to be significant to trigger the 

deposition of large volumes of sandy turbidites; instead, this area may serve as bypass 
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zone, dominated by low net-to-gross, fine-grained, thin-bedded turbidites such as lobes 

friges, sheets, and/or distributary channel-levees being the main depositional elements. The 

seismic facies identified in the Tertiary succession offshore Brunei, where the area is 

characterised by clay-cored ridges and fold-thrust belts, are similar to the bypass facies 

assemblages described from the Gulf of Mexico; a setting in which intra-slope relief is 

controlled by salt tectonics (cf. Prather et al., 1998). 

 

The seemingly sand-poor nature of the offshore Brunei slope may indicate dominance of 

slope bypass. Slope bypass reflects the relatively narrow (up to 100 km), steep (3°) nature 

of the slope and/or limited relief associated with subtle, intra-slope accommodation 

(Demyttenaere et al., 2000; McGilvery and Cook, 2003; Ingram et al., 2004; Straub et al., 

2009; 2012). Indeed, the Brunei slope is narrow and steep when compared to other 

continental slopes such as those encountered in the Gulf of Mexico and Nigeria, which are 

>400 km wide with an average gradient of <1° (Prather et al., 1998; Ingram et al., 2004; 

Sylvester et al., 2012; Prather et al., 2016).  

 

Alternatively, the sand-poor nature of the slope reflects insufficient sediment supply, at 

least to the studied part of the slope. In offshore Brunei, the sedimentation accumulation 

rate locally averages 30 cm/1000 years (Ingram et al., 2004). The average sediment 

accumulation rate on the Amazon Fan, which contains abundant, sand-rich deep-water 

depositional systems, is slightly higher at 50 cm/1000 years (Flood and Piper, 1997). The 

sediment accumulation rates between the two locations suggests lack of sediment supply 

may not be the main cause for the Brunei slope to be sand-poor. This also indicates the 

Brunei slope may not have been sediment starved, rather the system is dominated by fine-

grained sediments, at least at the shelf edge. 
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The lack of thick, coarse-grained deposits on at least the part of the slope penetrated by 

Well-1 and -2, and imaged in seismic data suggests such material, if supplied to the 

coastline, is trapped on the shelf. Extensional growth faults, and counter-regional growth 

faults on the outer-shelf, developed by differential gravitational loading of ductile shales, 

increase shelf accommodation (Fig. 3.17) (Sandal, 1996; Gartrell et al., 2011, 2012). This 

result in limited delta progradation, with only the fine-grained fraction reaching the shelf 

edge. Instability of the shelf edge due to seismicity or the presence of steep slopes may 

rework any fine-grained sediment; transporting and depositing fine-grained sediments on 

the slopes and further basinward by low-density turbidity currents. 

 

 

 

 

 

 

Fig. 3. 17. Representative cross-section across the shelf and upper slope. Extensional growth faults by differential gravitational loading 
above ductile shale increases shelf accommodation. Refer Fig. 3.1A for location. 
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3.8 Conclusions 

In this study, high-amplitude, low-velocity intervals (LVI) are analysed from three mini-

basins (MB-A to C); six in MB-A (LVI-A-F), one in MB-B (LVI-A1), and one in MB-C 

(LVI-A2). In general, high-amplitude LVIs may reflects variations in lithology, with 

relatively acoustically hard sand being encased in relatively soft shale.  

 

The sand may be relatively hard due to diagenetic processes, with compaction increases the 

degree of cementation whereas the decrease in sorting reflects the different energy, rate 

and/or duration of deposition between the different LVI. Cementation increases Vp and 

rock stiffness (steep diagenetic trend), whereas a decrease in sorting decreases porosity 

(flat depositional trend). Both diagenetic and depositional trends suggest the LVI are likely 

to be grain-supported (shaly sand) as opposed to matrix-supported (sandy shale) (Fig. 

3.12). 

 

Although log data and rock physics analysis (e.g. LVI-A with high resistivity and low 

Vp/Vs against PR) suggest AVO effects contribute to the high-amplitude response, 

interpretation for the high reflectivity of the LVIs remains equivocal; additional data, such 

as thin-sections, is required to confirm the diagenetic state of the hard sand. 

 

The lack of thick, coarse-grained, intra-slope sandstone, at least suggested by the available 

well and seismic data, may reflect trapping of this material on the inboard shelf behind 

counter-regional growth faults. These faults form due to differential gravitational loading 

of weak, deeply buried, ductile shales that leads to enhanced accommodation development 

on the shelf, limits delta progradation, and encourages delta aggradation (Fig. 3.17). 

Because of these, the shelf-edge and thus any material delivered to the slope was 
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accordingly fine-grained, therefore increases risk of reservoir presence and quality on the 

slope, and basinfloor domains. The lack of intra-slope sand does not seem to reflect 

sediment starvation; the Miocene-to-Pliocene sedimentation rates on the Brunei slopes are 

comparable to other turbidite bypass-dominated margins. 
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4 Delta slope, thin-bedded turbidites: an outcrop example 

from the Miocene of NW Borneo, Malaysia 

 

4.1 Abstract 

Thin-bedded turbidites accumulate in a wide range of deep-water settings, including inner 

and outer channel levees (sensu Kane and Hodgson, 2011), lobe fringes, and on accreting 

slope aprons. This study documents a succession of 237 m-thick mudstone-rich, deep-

water deposits exposed on the Labuan Island, offshore NW Borneo (Malaysia). The 

succession is dominated (c. 90%) by classical, thin-bedded low-density turbidites and 

represents the base-of-slope/toesets of a major W- to NW-prograding, Neogene, delta-fed 

slope system (the Baram Delta Province). It records the initial filling of a tectonically 

active basin (the Labuan-Berakas Syncline) and is a rare (one of two) largest outcrop 

analogue of the adjacent hydrocarbon-bearing, deep-water reservoirs.  

 

Four facies associations are recognised: (1) FA1 – mudstone with subordinate interbedded 

very-thin bedded turbidite siltstone and very fine sandstone (Facies 1) (<10% sandstone); 

(2) FA2 - very-thin to thinly-bedded turbidite sandstone (Facies 2-3; mainly Bouma Tc 

beds) and interbedded turbidite mudstone (c. 20-50% sandstone); (3) FA3 - thickly-bedded 

turbidite sandstone (Facies 3-4) (mainly comprising amalgamated Bouma Tb-Tc beds) 

interbedded with subordinate turbidite mudstone (c. 50-90% sandstone); and (4) FA4 – 

mudstone-dominated debrite, comprising locally-derived clasts of Facies 1-4 (<10% 

sandstone). The sandstone within the turbidite-dominated facies associations (FA1-3) span 

a narrow range of texture, comprising mainly very fine- to fine-grained, with ubiquitous 

finely disseminated carbonaceous debris. Turbidite sandstone beds occupy a narrow 

thickness range (from <0.01 m up to <1 m) and contain waning flow sequences, 
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comprising variable Tb, Tc and Td Bouma intervals; overall, Tc beds dominate, with 

abundant climbing current ripple cross-lamination indicating unidirectional sediment 

transport basinward between NW and SW.  

 

The sandstone beds were interpreted to be deposited by sustained, but overall decelerating, 

low-density turbidity currents. Furthermore, the organisation of these beds into thickening 

(TkU; c. 3-20 m thick) and thinning (TnU; c. 1-5 m thick) upward successions, implies a 

larger-scale environmental control of facies stacking. The precise deep-water sub-

environment is equivocal, but the overall stratigraphic context of the succession is broadly 

equivalent to the distal parts of seismic-scale (100’s m-thick), clinoform-bearing 

successions, as imaged in seismic reflection data from immediately adjacent offshore 

areas. Facies characteristics resemble either an external levee or lobe fringe setting. 

However, the latter is favoured, interpreting the TkU/TnU facies successions as of lobe 

fringe to lobe off-axis elements (sensu Prélat et al., 2009) stacked in an aggradational 

pattern, possibly within a slope apron setting. Sediment supply was inferred from the 

location of updip river mouths, which dissected densely vegetated tropical rain forest and 

mangrove forest of the upper and lower delta plain, respectively. Sediment delivery was 

probably triggered by a combination of monsoonal floods, including hyperpycnal flows, 

and mouth bar collapse of shelf-edge deltas. The latter is supported by the tectonically-

active basin margin setting, as manifested by seismic-scale slump scars throughout the 

basin margin and frequent mass transport complexes. 

 

4.2 Introduction 

Subaqueous sediment density flows cover a wide spectrum of processes and resulting 

deposits (e.g. Talling et al., 2012a). Among the most readily identifiable products of 
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density flows are those resulting from low-density, fully turbulent turbidity currents, which 

often deposit thin-bedded (<40 cm), classical turbidites (typified by some or all of the Ta to 

Te divisions of the Bouma sequence), recording incremental deposition by overall waning 

or decelerating flows (e.g. Bouma, 1962; Harms and Fahnestock, 1965; Walker, 1965, 

1967, 1985; Mulder and Alexander, 2001; Posamentier and Walker, 2006; Jobe et al., 

2012). Simple beds of thin-bedded turbidites may consist of current ripple cross-laminated 

sandstone (Tc), which may or may not be underlain by parallel lamination (Tb). Increased 

complexity is manifested by a more variable occurrence of parallel lamination, climbing 

sets of current ripple cross-lamination and fine-grained intraclasts (the “CCC turbidites” of 

Walker, 1984, 1985). Current ripple morphology provides an initial indication of flow 

conditions; simple (non-climbing) ripples reflect low suspended sediment volumes, while 

climbing current ripples are indicative of faster deposition and higher suspended sediment 

concentrations (Kuenen & Humbert, 1969; Allen, 1991; Baas, 2000; Kane & Hodgson, 

2011; Jobe et al., 2012).  

 

Predicting the larger-scale, palaeo-environmental location of thin-bedded, classical 

turbidite packages is more difficult than inferring the depositional hydraulics of individual 

beds. However, outcrop-based analyses indicate that, in deep-water environments, such 

deposits typically occur in two main depositional environments (Walker, 1978; Shew et al., 

1994): (1) submarine channel levee-overbank settings, (2) distal (outer) fan fringe or lobe 

settings (Walker, 1967; Mutti, 1977; Piper & Deptuck, 1997; Hiscott et al., 1997; Mutti, 

1992; Mutti et al., 2003; Talling et al., 2007; Kane et al., 2007; Kane & Hodgson, 2011). In 

these two environments: (1) turbidite beds are dominated by current ripple cross-laminated 

(Tc) intervals, planar-laminated Td or Te-1 intervals, and overlying Te-2 or Te-3 intervals 

(based on the modified Bouma sequence of Talling et al., 2012a); (2) low-density turbidite 
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beds are typically <40 cm thick (Ricci Lucchi, 1967; Talling, 2001); (3) packages of beds 

(m to 10s m-scale) display gradual, down-current tapering shapes in both levee and lobe 

fringe settings (Talling et al., 2007; Skene et al., 2002; Kane and Hodgson, 2011; Kane et 

al., 2010). In more detail, classical turbidites may accumulate in both internal and external 

levees (Kane et al., 2007; 2010; Kane and Hodgson, 2011; Hansen et al., 2015), low relief 

overbank areas downdip of genetically-related levees (Mutti, 1977; Mutti and Normark, 

1991; Bruhn and Walker, 1997), the distal to off-axis parts of lobes (Mutti, 1977; Damuth 

et al., 1988; Flood et al., 1991; Clemanceau et al., 2000; Prélat et al., 2009; 2010; Prèlat 

and Hodgson, 2013; Kane and Hodgson, 2011; Morris et al., 2014).  

 

Relatively thin-bedded turbidites that lack typical Bouma intervals and which are deposited 

by transitional flows (sensu Haughton et al., 2009) may also occur within a range of deep-

water environments (Talling et al., 2012a). This commonly occurs when turbidity currents 

evolve into debris flows (e.g. Haughton et al., 2009), which results in the deposition of 

linked turbidite-debrite beds (Talling et al., 2004). These may superficially resemble 

classical turbidites, at least in terms of wireline log expression, but the upper, fine-grained 

component is dominated by muddy debrites (Haughton et al., 2003; Amy and Talling, 

2006; Ito, 2008; Jackson et al., 2009; Hodgson, 2009). Linked turbidite-debrite beds appear 

to be most commonly developed in non-channellised distal fan lobe settings, where beds 

display both upstream and downstream thinning and overall wedge-shaped geometries (e.g. 

Haughton et al., 2003; Amy and Talling, 2006; Davies et al., 2009; Talling et al., 2004, 

2007; Georgiopoulou et al., 2009).   
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This chapter focuses on a thick (c. 237 m), high quality and continuously exposed outcrop 

succession of Miocene thin-bedded turbidites from Labuan Island, offshore NW Borneo 

(Malaysia) (Fig. 4.1A). The studied succession represents one of only two outcrops in NW 

Borneo of Neogene deep-water deposits, both located on Labuan (see Jackson and 

Johnson, 2009, for the other example), which are partial analogues to hydrocarbon-bearing 

 

 

 

 

Fig. 4. 1. (A) Simplified tectonostratigraphic map illustrating the structural setting, structural domain and the 
provinces. The study area is located in the island of Labuan. Structural domain boundary as dashed line. (B) 
Regional cross-section illustrating the structural setting of the study area. Mud-rich in grey and sand-rich in 
yellow. Modified from Tan and Lamy (1990), Wong (1996), Petronas (1999) and Cullen (2010). 
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reservoirs in immediately adjacent offshore areas. The three main aims: (1) to characterise 

the sedimentology and infer the processes responsible for deposition of Miocene 

subaqueous sediment density flow deposits, (2) to evaluate the stratigraphic architecture 

and infer its environmental significance, and (3) to place the outcrop succession within its 

broader, seismic-scale context, including its relationship to time- and/or genetically-

equivalent deep-water deposits in adjacent sub-basins. 

 

The outcrop succession accumulated within the deep-water part of the major NW-

prograding Neogene delta-fed slope system forming part of the Baram Delta Province 

(BDP) (Fig. 4.1B). The BDP is a major hydrocarbon-bearing region, with production from 

a wide range of Neogene sandstone reservoirs, mainly within structural traps (Fig. 4.1B). 

The majority of production is from thick (2-5 km) deltaic deposits and more rarely, 

although increasingly, from deep-water sandstones. In contrast to the deltaic deposits of the 

BDP, Neogene deep-water sandstones are only very rarely visible in outcrop in this region 

(e.g. Jackson and Johnson, 2009). Extensive Palaeogene deep-water sandstones outcrop 

nearby on Borneo (the West Crocker Formation), but these were deposited in an 

accretionary foredeep basin setting (Crevello et al., 2007; Jackson et al, 2009). In contrast, 

the Neogene succession of the BDP was deposited in a post-collision basin setting that was 

dominated by Tertiary deltas and associated gravity-driven tectonics (Sandal, 1996). 

Calibration of the outcrops with seismic data from laterally equivalent successions in the 

immediately adjacent areas (c. 10-20 km to the west in the Labuan-Paisley Syncline; Fig. 

4.1A, B) offshore areas (van Vliet and Schwander, 1987; Wong, 1997) enables this study 

to be placed into a larger-scale, basin context. 

 

 



 
 

114 

4.3 Geological setting  

The geological setting of the study area was initiated in the Early to Middle Miocene and 

has continued without substantial change to the present-day, displaying the following 

characteristics: (1) narrow (c. 100-300 km) source-to-sink depositional system, extending 

from an uplifted fold-thrust mountain belt (c. 1-3 km elevation) to a coeval deep-water 

basin (c. 200 m water depth), (2) humid tropical monsoonal climate with a densely 

vegetated, coastal plain and deeply weathered, mudstone-dominated hinterland; (3) 

multiple independent, small- to moderate-sized (102 to 105 km2) drainage basins that fed a 

supply-dominated shelf; (4) a slope to basin floor with irregular topography caused by a 

combination of gravitational toe-thrusts, regional tectonics and extensive shelf-edge 

instability; and (5) exceptionally high rates of sediment supply, accommodation space 

creation and accumulation. 

 

The geological context of Labuan is considered below in terms of (1) Neogene tectono-

stratigraphic setting, (2) the geological framework of Labuan Island and adjacent area, and 

(3) Recent to Modern depositional setting of NW Borneo. 

 

4.3.1 Neogene tectono-stratigraphic setting 

The study area is located within the central part of the c. 900 km-long, tectonically-active 

Baram-Balabac Basin (BBB), which has been divided into several, smaller, geologically-

distinctive sub-basins (Bol and van Hoorn, 1980; Cullen, 2010). Labuan is located between 

Cullen’s (2010) Domains B and C, close to the boundary between the Baram Delta 

Province to the south-west (Fig. 4.1A), which is dominated by regional and counter-

regional growth faults (Domain B of Cullen, 2010), and the Inboard Belt to the north-east, 

which is characterised by numerous NNE-trending anticlines that are separated by broad 
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synclines (Bol and van Hoorn, 1980) (Figs. 4.1A, B). In this area, thick (>5 km) Neogene 

strata unconformably overlie folded and thrusted Palaeogene deep-water deposits.  

 

Neogene sedimentation was triggered by uplift and erosion of a deep-water Palaeogene 

accretionary complex and was extensive throughout the BBB during the past c. 15-20 Ma 

(Tan and Lamy, 1990; Hazebroek and Tan, 1993). Two types of depositional change define 

regional stratigraphic zonation: (1) tectonically-driven periods of uplift and basin margin 

rotation formed unconformity-bounded Stages, mainly in the north-eastern part of the BBB 

(Bol and van Hoorn, 1980; Levell, 1983); and (2) major transgressive periods created 

 

 

 

Fig. 4. 2. (A) Regional chronostratigraphic chart indicating the context of the studied interval within the 
large-scale progradation of the NW Borneo margin during the Tertiary. The studied interval is within the 
Early Miocene of the first major progradation phase of the margin. (B) Local lithostratigraphy of Labuan 
indicating the revised stratigraphic context of the Early Miocene (Setap Shale). Based on Levell and 
Kasumajaya (1985), Madon et al. (1999). (C) Simplified geological map with location of study area, Shell 
Oil Terminal (SOT) and cross-section of Labuan Island. Revised after Wilson (1964). 
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regional flooding surfaces that define depositional Cycles, mainly in the south-western part 

of the BBB (Ho, 1978). In this chapter, the stratigraphy of the study area is defined based 

on Stages, and their equivalent (onshore) lithostratigraphic names (Figs. 4.1B, 4.2A, B: (i) 

Stage III (Temburong/Setap formations) (Early Miocene – early Middle Miocene); and (ii) 

Stage IV (Belait Formation) (Middle Middle Miocene – Pleistocene) (Levell and 

Kasumajaya, 1985; Rice-Oxley, 1991; Balaguru and Lukie, 2012). The stratigraphic 

interval under investigation here belongs to Stage III (Fig. 4.2A).  

 

The Neogene stratigraphy preserves a stacked series of broadly north-westwards 

prograding, clastic-dominated deltaic shorelines (Fig. 4.1B), with three major, intimately 

linked systems identified: (1) the Meligan Delta (Stage III/Early Miocene), (2) the 

Champion Delta (Stage IVA-D/Middle – Late Miocene), and (3) the Baram Delta (Stage 

IVE-G/Late Miocene to Recent) (Sandal, 1996). Each deltaic cycle preserves the following 

physical stratigraphy: (1) mudstone-dominated intervals represent basinal, prodelta and 

slope deposits, with subordinate deep-water sandstone units, which are collectively termed 

the Setap Shale Formation; and (2) sandstone-dominated intervals present coeval delta 

front to lower delta plain/terrestrial deposits, with variable lithostratigraphic nomenclature 

in onshore areas (e.g. Meligan, Belait, Miri, Lambir formations) (Balaguru and Lukie, 

2012). The stratigraphy on Labuan comprises the initial phase of progradation and this 

study focuses on the deep-water part of this succession (i.e. Stage III).  

 

4.3.2 The geological framework of Labuan Island and adjacent area 

The structure and stratigraphy of Labuan Island is representative of its central position 

within the BBB and has been studied at regular intervals in the past (e.g. Liechthi, 1957; 

Brondijk, 1962; Wilson, 1964; Madon, 1994; 1996; Jackson and Johnson, 2009; Wan 
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Hasiah, 2013). From a subsurface perspective, the geology on Labuan is closely related to 

that of the Inboard Belt of southern Sabah (Bol and van Hoorn, 1980; Cullen, 2010). The 

structure of the island is dominated by the Labuan Anticline (Figs. 4.1B, 4.2A, C), which 

resembles Sabah Ridges of offshore Sabah (Bol and van Hoorn, 1980): NNE-SSW 

trending, tight and steeply-dipping anticlines (‘Sabah Ridges’) that are connected at depth 

with basement-linked faults and separated by adjacent synclines, which are broad (c. 10-30 

km), deep (up to c. 4-8 km) and coeval with the adjacent anticlines (e.g. the Labuan-

Paisley Syncline in Fig. 4.1B). The Labuan Anticline is asymmetric, with a steeper north-

western limb (Fig. 4.2C). The axis of the anticline trends NNE-SSW dissecting through the 

centre of the island and plunges gently to the NNE (Figs. 4.1A, 4.2C). Immediately to the 

west is the Labuan Syncline, which is bounded by the Jerudong Anticline on its north-

western flank. Stratal geometries confirm that the Labuan Syncline was initiated, and 

remained an active depocentre, during the Early-Middle Miocene (Van Vliet and 

Schwander, 1987; Wong, 1997). However, its present-day morphology reflects later, 

probably Pliocene compression.  

 

The stratigraphy of Labuan comprises an overall shallowing-upward succession that is 

interpreted as the first cycle of Neogene progradation (Fig. 4.2A, B). The oldest part of the 

succession (southern and central part of the island) (Fig. 4.2A-C), comprises the deep-

water (basinal-prodelta-slope) Setap Shale Formation (Liechti, 1960), with subordinate 

turbidite sandstones (termed the Temburong Formation by some workers). This interval 

passes upwards, firstly, gradationally into shallow-water (delta front) sandstones and, 

secondly, into erosively-bounded fluvial and lower delta plain, coal-bearing deposits 

(northern part of the island) (Fig. 4.2C). Hence, the physical genetic stratigraphic 

framework is relatively simple and can be calibrated with the seismic stratigraphy 
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established in the adjacent, offshore basins (e.g. Van Vliet and Schwander, 1987; Wong, 

1997). The biostratigraphy lacks fine subdivision due to the low abundance of microfauna 

and palynomorphs. However, planktonic foraminifera (e.g. Globigerina binaiensis) and 

palynological data are consistent in indicating an Early Miocene age (Simmons et al., 

1999). In contrast, the lithostratigraphic terminology is variable and equivocal (see the 

review of stratigraphic nomenclature in Wan Hasiah et al., 2013).  

 

The outcrops investigated in this study belong to the deep-water deposits of Stage III 

(Setap Shale Formation, which here includes the Temburong Formation). This is the same 

stratigraphic interval as deep-water turbidite and debrite deposits investigated by Jackson 

and Johnson (2009) in nearby outcrops adjacent to the Shell Oil Terminal (Fig. 4.2C). 

 

4.3.3 Recent to Modern depositional setting of NW Borneo 

The modern NW Borneo hinterland to coastal plain system comprises several small to 

moderate drainage basins (102 – 105 km2) containing relatively short (<300 km), NW-

flowing rivers. The coastline is linear, to locally lobate and/or embayed (e.g. modern 

Baram Delta and Brunei Bay; Fig. 4.1A) and is controlled by a combination of high rates 

of fluvial sediment supply and moderate-energy wave and tide reworking (Sandal, 1996; 

Lambiase et al., 2002). The rivers are rich in suspended sediment, with sand mainly 

transported onto the shelf and into deeper-water during (1) lowstand periods (e.g. Late 

Pleistocene), when rivers reached the shelf break (at 200 m water depth) and fed shelf-edge 

deltas and coeval slope apron-submarine fan systems (Hiscott, 2001; Lambiase et al., 2002; 

Lambiase and Cullen, 2013; Hogmascall et al., 2012), and (2) high discharge monsoon 

events (Milliman and Meade, 1983; Dykes, 2000; Collins et al., 2017). 
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The shelf is narrow (c. 50-100 km wide), gently dipping (c. 1°) and is underlain by a >10 

km thick, post-Eocene sequence of prodelta, delta-front, fluvial, shelf-shoreface and 

estuarine deposits (Sandal, 1996; Hiscott, 2001; Morley, 2007). The outer shelf is 

 

 

 

 

Fig. 4. 3. 3D perspective of (A) Present-day sea-floor of Brunei overlay with dip attribute map. Dark 
blue indicates high gradient profile (steep) and brown low gradient profile (relatively flat). (B) Current 
sea-floor showing active mass wasting on the western domain with gullies and slump scars on the 
slopes. Channels and levees are the main elements on the eastern slope with potential terminal lobes 
(fans) on base-of-slope and basin floor. Slope channels are not connected to present day Baram Delta 
distributaries. Series of toe-thrusts dominate eastern domain with some of the ridges showing evidence 
of decapitation. 
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relatively smooth, apart a few low-relief scarps, associated with underlying growth faults. 

The slope (c. 3° dip) is punctuated by a series of broadly NE-trending, slope-parallel 

anticlines (Fig. 4.3A, B) that overlie thin-skinned thrusts (c. 10 km wide and 60 km long), 

which creates a ‘stepped’ slope profile with anticline-bound minibasins (Demyttenaere et 

al., 2000; McGilvery and Cook, 2003). Instability at the shelf-edge and on the upper slope 

has caused emplacement of large mass transport complexes (MTCs) (volume of 1200 km3, 

area c. 5300 km2) (McGilvery and Cook, 2003; Gee et al., 2007), whereas degradation of 

slope anticlines generated small scale MTCs that are deposited on the slopes (Morley, 

2009; Grecula et al., 2010). Upper- to mid-slope settings comprise levee-confined 

channels, with lobes developing within intervening minibasins (Morley, 2009; Straub et 

al., 2012). Further downslope on the basin floor, MTCs are widespread (McGilvery and 

Cook, 2003; Gee et al., 2007; Morley, 2009).  

 

4.4 Dataset and Methodology 

The outcrop is located on the westerly-dipping limb of the Labuan Anticline, in the south-

western part of the island (Fig. 4.2C). This outcrop exposes a steeply-dipping (ca. 70-80° 

towards the SSE) succession of alternating sandstones and mudstones (Fig. 4.4A, B). The 

total stratigraphic thickness is c. 237 m, extending along strike for c. 200 m (Fig. 4.4C). 

Detail stratigraphic logs were constructed at scale of 1:0.2 for the studied succession (Fig. 

4.5A-C), with individual beds being measured down to a minimum thickness of 1 cm; a 

total of 2,966 individual sandstone and mudstone beds were documented. Other parameters 

recorded are grain-size, bed thickness and sedimentary structures, with particular attention 

to the abundant current ripple cross-lamination (e.g. length, height, foreset dip direction 

and current ripple climb angle).  

 



 
 

121 

 

4.5 Sedimentology 

Based on sedimentological characteristics, recognise five facies types have been 

recognised (Table 4.1), which are grouped into four facies associations. The majority of the 

sandstone beds resemble classical, low-density turbidites, enabling the use of modified 

version of the Bouma sequence terminology (Bouma, 1962; Talling et al., 2012a). 

 

 

 

 

 

 

 

Fig. 4. 4. (A) Location map of Bebuloh quary. (B) Simplified map of the outcrop. Bed thickness not to scale. Beds dipping at 
70o SE at 70o strike. (B) Schematic bed thickness log. Bed thickness not to scale. Total outcrop length c. 237 m. 
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Table 4. 1 Table summary of the main facies recognised in this study 
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Fig. 4. 5. Representative sedimentary logs and facies associations of exposed section for each Unit 1 - 3. See Fig. 4.4B 
for location. (A) Unit 1 and 2 - pre-debrite interval dominated by medium sandstone, (B) Unit 3 post-debrite interval 
dominated by very-thin to thin sandstone beds of and (C) Unit 3 section comprise of predominantly thick-bedded 
sandstone. 
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4.5.1 FA1: Mudstone-dominated turbidite 

Description 

The FA1 comprises 33% of the measured succession and is dominated by mudstone (F1) 

(74%), with subordinate intercalations of tabular, thin-bedded, very fine-grained (F2 and 

F3) (23%) and medium-grained turbidite sandstone (F4) (3%). The majority of the 

mudstone beds (F1) are structureless, although some contain sharp-based silt laminae (<2 

mm) that fine upward into the intervening mud layers. Mudstone bed thickness ranges 

from 1 to 150 cm, with a mean thickness of 7 cm. Sandstone beds in FA1 are 1-20 cm 

thick (mean of 4 cm) and have sharp tops and sharp, non-erosive bases. Beds dominated by 

F2 display planar to slightly wavy lamination, with laminae <1 mm thick. Beds of F3 

display well-developed current-ripples with wavy-like sinusoidal lamination and well-

preserved stoss-sides. Sandstone beds of F4 contain parallel-lamination and current-ripple 

lamination, which is sometimes stacked within individual beds. Laminae in FA1 sandstone 

beds are frequently draped with carbonaceous matter. 

 

Biostratigraphic data from the not age-equivalent mudstone in nearby outcrops 

(Temburong and Setap formations) contain only sparse planktonic foraminifera and 

dinocysts (Simmons et al., 1999). Palynological assemblages are also impoverished, 

containing both mangrove elements and freshwater swamp species, but spores are common 

to abundant. Bioturbation is sparse to absent. 

 

Interpretation  

This mudstone-dominated interval was deposited in a low-energy environment. However, 

based on field analysis alone, it is not possible to determine if the mud settled from 

suspension as hemipelagic fallout, or if it was transported into this environment and 
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directly deposited by mud-rich sediment gravity flows (Bhattacharya, 2006; Bhattacharya 

and MacEachern, 2009; MacEachern et al., 2010). The presence of fining upward silt 

laminae suggests they were deposited by the same waning flow event depositing both the 

silt and mud (Stow and Bowen, 1978; Talling et al., 2012a). Stow and Bowen (1978, 1980) 

suggest silt laminae result from disintegration of flocs with settling of silt followed by 

gradual deposition of mud initially followed by rapid deposition as turbulence dampened. 

Alternatively, the disintegration of flocs and silt deposition may have taken place at the 

base of a laminar plug (McCave and Jones, 1988). 

 

The lack of bioturbation reflects the highly stressed environmental conditions on the sea-

bed caused by salinity fluctuations, high rates of sediment supply, high water turbidity and 

reduced water bottom oxygenation (MacEachern et al., 2010). This would have been aided 

by the abundant supply of fresh water, which would have enhanced the development of 

both hypopycnal and hyperpycnal flows into the basin (Jackson and Johnson, 2009; Collins 

et al., 2017).  

 

Sandstone beds within FA1 (F2 and F3) are interpreted as low-density turbidity currents. 

Sandstone beds with wavy and planar-lamination (F2) may have been deposited by the 

repeated collapse of near-bed shear layers (traction carpet) (Kuenen, 1966; Sumner et al., 

2008; Talling et al., 2012a). Sinusoidal or wavy lamination (F3) forms during periods of 

high suspension fallout rates, which retards bedform migration and drives bedform 

aggradation (Jobe et al., 2012). The interpreted F2 and F3 were deposited by overall 

waning flows based on individual turbidite beds with planar laminations and current-

ripples respectively whereas F4, which contains repetitive planar and current-ripples within 

a single bed suggests deposition from recurrent and sustained flows with a waxing-waning 
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hydrodynamic behaviour (e.g. Baas et al., 1994; Mulder and Alexander, 2001). 

 

Thicker FA1 intervals may have been deposited through the amalgamation of F1 by 

gravity flows lacking in coarse-grained sediments. These occurrences, and sparsely 

deposited very-thin, very-fine grained sandstone beds (F2 and F3) within the FA1, may 

reflect periods of reduced coarse-grained sediment supply to the system or to a prolonged 

distal depositional setting. This could be a lateral shift in sediment supply caused by 

avulsion of updip channels where sands were redirected away from the location. The lack 

of supply could also be due to trapping of sediment further upslope or sediment bypass 

downslope.  

 

By analogy with modern fluvial systems in NW Borneo, the sparse and impoverished 

microfauna contained in the mudstone component of FA1 likely reflects major oscillations 

in salinity related to the input of large volumes of freshwater from up-dip rivers (Simmons 

et al., 1999). This interpretation is supported by the abundance of finely disseminated 

terrestrial organic carbon, and the abundance of mangrove-derived spores, which together 

suggests mud was of terrigenous origin. The frequent occurrence of thin, intercalated 

siltstone and very fine-grained turbidite sandstone suggests intervening mudstone was 

likely deposited by muddy turbidity currents.  
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Fig. 4. 6. Representative photographs of facies. (A) thin-bedded Tc division of Facies F3. (B) Line drawing of 
photograph (A) highlighting sedimentary structure of Tc division. Current ripples with high climbing angle. (C) 
Medium-bedded Tc division of Facies F3. (D) Line drawing of photograph C showing Tc division with variable 
climb angle mostly super-critical. (E) Thick beds of amalgamated Tb and Tc division of Facies F4. (E) Line 
drawing of photograph E showing repetitive Tb and Tc division in a single bed. Massive Tb interval with faint 
lamination. (F) Line drawing of photograph displaying multiple intervals of current ripples and climbing current 
ripples. (G) thick sandstone bed with faint parallel laminations. (H) Line drawing of photograph G highlighting 
faint laminations within the thick sandstone interval. 
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Fig. 4. 7. Palaeocurrent direction based on ripple foresets and ripple surfaces. (A) Cross-sectional view oblique 
to palaeoflow. showing ripple foresets, unidirectional with asymmetrical ripple marks. (B) Line drawing of 
photograph A highlighting lee side foresets. (C) The same current ripple viewed from top surface of ripple 
marks. (D) Line drawing of photograph C highlighting the linguoid-crested, unidirectional with asymmetrical 
ripple foresets. Stoss and Lee side are marked. Ripple crest appear short. Estimated palaeocurrent perpendicular 
to ripple crest (E) View of ripple surface with linguoid-crested, unidirectional with asymmetrical ripple marks. 
Crest are short and discontinuous. (F) Line drawing of photograph E highlighting short crest. Palaeoflow 
estimated perpendicular to ripple crest. A predominantly W-NW palaeocurrent based ripple surfaces. (G) 
Palaeocurrent directions measured from current ripple foresets towards W-NW direction. 
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4.5.2 FA2: Very-thin to thin-bedded sandstone turbidites 

Description 

The FA2 comprises 23% of the measured succession and comprises very-thin to thinly-

bedded sandstone (F2; 9%; F3; 25%; F4; 22%), which are interbedded with mudstone (F1; 

44%). Sandstone beds are sharp-based and non-erosive, 1-15 cm thick (average 5 cm), and 

are rarely amalgamated. The sandstone is mainly fine-grained, moderately to poorly sorted, 

and contains frequent and abundant carbonaceous laminae. Grading is rare, with sandstone 

passing abruptly upward into mudstone (F1). Individual beds are tabular at the scale of the 

exposure. Small lateral variations in sandstone bed thickness (e.g. F4; Fig. 4.6A) mainly 

reflect topography related to current ripples developed on the bed tops. Beds are dominated 

by current ripple cross-lamination (F3 and F4) and generally subordinate parallel 

lamination (F2 and F4) (Table 1). Climbing current ripple cross-lamination is common, 

with the climb angle varying from sinusoidal (>45°) to sub-critical (<15°), with occasional 

stoss-side preservation. The rippled tops are invariably draped and preserved by overlying 

mudstone. When beds tops are well-exposed (e.g. in F3), they display sinuous- to linguoid-

crested plan-form morphologies (Fig. 4.7A-F). Current ripple foresets and troughs are 

frequently draped with carbonaceous laminae. Ripple foresets indicate sediment transport 

towards the W-NW (Fig. 4.7G). Convolute lamination and sole marks are very rare. 

Bioturbation is virtually absent in all sandstone beds. Mudstone beds (F1), which contain 

mm-thick silty laminae, are typically slightly thinner than underlying sandstone beds.  

 

Interpretation 

FA2 is interpreted as the deposits of low-density turbidity currents (Bouma, 1962; Walker, 

1968; Talling et al., 2012a). Parallel laminated sandstone (F2) is interpreted as the product 

of dilute flows depositing during upper-stage plane bed conditions (Allen, 1982, Southard, 
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1990, Talling et al., 2012a), whereas current rippled sandstone (F3) represents tractional 

processes under lower flow regime conditions. Climbing current ripple cross-lamination 

reflects rapid sedimentation under lower flow regime, but with a relatively high suspended 

sediment load. The relatively high rates of deposition cause climbing-current ripples to 

evolve from subcritical to sinusoidal forms (Allen, 1963; Hunter, 1977, Jobe et al., 2012). 

The aggradational bedforms are interpreted as deposits of long-lived, non-uniform, 

depletive flows (Kneller, 1995) generated when flows experience sudden decrease in 

thickness, resulting in flow expansion, decrease in flow capacity, and increase in rate of 

deposition (Hiscott, 1994). The abrupt decrease in flow thickness could be due to: (i) flow 

stripping at levee crests (Kane et al., 2007; Kane et al., 2010; Hansen et al., 2015), (ii) flow 

unconfinement at the channel-lobe transition (Mutti and Normark, 1987; Normark and 

Piper, 1991; Prélat et al., 2009; Prélat and Hodgson, 2013; Morris et al., 2014), or (iii) 

sudden change in local gradient, for example the base-of-slope environments (Jobe et al., 

2012). 

 

The linguoid-crested morphologies suggest relatively high flow velocities. The flat base, 

rippled top and tabular geometry of all the sandstone beds suggests their parent flows were 

relatively dilute and incapable of eroding the seabed. The high abundance of disseminated 

carbonaceous matter within both parallel and current ripple cross-laminated sandstones 

supports a terrestrial sediment source area, more specifically a mangrove-vegetated lower 

delta plain. Palaeocurrent analysis of three-dimensional current ripples (Fig. 4.7A-F) 

indicates an overwhelming dominance of unidirectional flows between SW-NW (Fig. 

4.7G), which is consistent with the dip of the regional palaeoslope of the laterally 

equivalent stratigraphic intervals of the early Neogene (van Vliet and Schwander, 1987; 

Rice-Oxley, 1991). 
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4.5.3 FA3: Medium to thick-bedded sandstone turbidites 

Description 

FA3 represent 34% of the entire stratigraphic interval. FA3 consists of heterolithic 

medium- to thick-bedded amalgamated sandstones (F2-F4) and thinner intercalated 

mudstones (F1), comprising the following facies proportions: F1 (19%), F2 (5%), F3 

(17%), F4 (59%) (Fig. 4.6A-H; see also Table 4.1). Bed thickness ranges from 10-70 cm 

(average of 20 cm). All of the sandstone beds have sharp, planar bases, flat to rippled tops, 

and are tabular. The sandstone beds are ungraded, containing faint planar-parallel 

lamination, fine planar-parallel to current ripple cross-lamination, and/or climbing current 

ripple cross-lamination (with up to 4 cm vertical relief). Thicker beds of current ripple 

cross-lamination tend to show a gradual upward decrease in climb-angle, ranging from 

sinusoidal (>45°) to subcritical (<15°) (Jobe et al., 2012). All of the thicker beds (>25 cm 

thick) are amalgamated, displaying recurring intervals of plane-parallel lamination and 

current ripple and/or climbing current ripple (Fig. 4.6E, F), while some thicker beds (>50 

cm) show faint parallel laminations (Fig. 4.6G, H) that are highly carbonaceous (Fig. 4.8). 

Bioturbation is absent. Palaeocurrents, based on three-dimensional current ripples, are 

unidirectional towards the WNW-SW (Fig. 4.7G). 

 

Interpretation 

Sandstone within FA3 is interpreted to be the product of sustained, low-density turbidity 

currents, with turbidite mud (F1) deposited between successive sand-rich flows. Relatively 

high rates of suspension fallout resulted in the evolution of climbing-current ripples from 

subcritical to sinusoidal, and sometimes back to sub-critical (Jobe et al., 2012). High 

frequency of bed amalgamation, notably the alternation of facies F2 and F3 (Fig. 4.6E, F) 

within single sandstone bed suggests deposition by recurrent and sustained flows with a 
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waxing-waning hydrodynamic behaviour (e.g. Baas et al., 1994; Mulder and Alexander, 

2001).  

 

Sustained currents produced by hyperpycnal flows are interpreted to deposit sandstone 

beds of facies F4 (alternating Tb-Tc divisions). Other studies have documented similar 

hyperpycnal flow deposited in sand- and mud-rich turbidites (Piper et al., 1999; Mellere et 

al., 2002; Plink-Björklund and Steel, 2004; Zavala et al., 2006; Soyinka and Slatt, 2008; 

Jackson and Johnson, 2009). These turbidites are relatively fine-grained associated with 

increase in run-off during flooding events (e.g. Mulder and Syvitski, 1995; Kineke et al., 

2000; Mulder and Chapron, 2011; Best et al., 2005), and are abundant in carbonaceous 

matter (Mellere et al., 2002; Plink-Björklund and Steel, 2004; Zavala et al., 2006; 2011). 

The flows are interpreted to be have been weakly confined, based on the tabular geometry 

of the beds, which expanded in a sustained manner to deposit broad sheets of turbidites 

(Kneller and Buckee, 2000; Talling et al., 2007). Furthermore, the unidirectional 

palaeocurrents support a W- to NW-dipping palaeoslope (Fig. 4.7G), which is consistent 

 

 

 

 

Fig. 4. 8. (A) Finely disseminated carbonaceous material is abundant, draping parallel laminations (Tb division), 
and ripple troughs and ripple foresets (Tc division). (B) Line diagram of (A) highlighting carbonaceous laminae. 
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with the dip of seismic-scale clinoforms in laterally equivalent stratigraphic intervals in the 

subsurface (e.g. van Vliet and Schwander, 1987).  

 

4.5.4 FA4: Cohesive debrite  

Description 

FA4 occurs as a single, c. 23 m-thick interval (Unit 2 in Fig. 4.4), which constitutes 10% of 

the whole stratigraphic interval (Fig. 4.9A, B). It consists of very dark grey structureless to 

chaotically-bedded mudstone with large (m-scale), disorganised, irregularly-shaped blocks 

of sandstone and mudstone (Fig. 4.9A). The clasts are of variable size (0.10 to 5 m) and 

consist mainly of semi-angular blocks of lithified to semi-lithified heterolithic sandstone 

and mudstone. The blocks are typically folded and fractured. The largest clasts are 

suspended within the upper part of the unit (Fig. 4.9B). The lower boundary of FA4 (Fig. 

4.10) is irregular and coincides with a zone (c. 2 m thick) of strongly deformed, thinly 

bedded turbidites while the upper surface of FA4 is sharp and undulose (Fig. 4.9A), with 

vertical relief of less than 1 metre at outcrop, but potentially much larger. Bioturbation and 

macro fossils are absent. 

 

Interpretation 

It is interpreted that FA4 was deposited by a mud-rich debris flow (Talling et al., 2012a) 

The ungraded muddy matrix implies high cohesive strength capable of transporting large 

clasts. The chaotic internal distribution of clasts implies abrupt, en-masse freezing of the 

flow. The mud-rich matrix exceeds >20 % by volume, suggestive of colloidal behaviour 

(Talling et al., 2004), which increases flow viscosity and yield strength that result in 

damping of turbulence (Baas et al., 2011). The irregular and deformed basal interval, 

which extends downwards into in situ, pre-debrite thin-bedded turbidites, indicates seabed 
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erosion and deformation during debrite emplacement. The large clasts within the debris 

flow may have aided seabed erosion (Weimer, 1990). The large clasts resemble thin-

bedded turbidites of F2, suggesting local derivation below the highly erosive debris flow 

caused by the high shear stress (Butler et al., 2015). 

4.6 Vertical stratigraphic architecture and depositional significance 

Description 

The studied stratigraphic interval comprises three units (Fig. 4.4B, C): (i) Unit 1 (127 m 

thick) comprises thin-bedded, heterolithic, low-density turbidites (FA1 – FA3) (Fig. 4.4B, 

C, 4.5A, 4.11 and 4.13) (F1–3); (ii) Unit 2 (23 m thick) is a single debrite interval (FA4) 

(Figs. 4.9A, B, 4.10 and 4.13); and (iii) Unit 3 (87 m thick) comprises thin-bedded, 

heterolithic, low-density turbidites (FA1 – FA3) (Figs. 4.12A, B and 4.13). This discussion 

focuses mainly on the vertical distribution of facies and facies associations within the two 

turbidite units (1 and 3), which is summarised in Table 4.2.  

 

 

 

 

Fig. 4. 9. (A) Photo showing debrite interval of 23 m approx. thickness with relatively sharp top boundary immediately 
overlain by thin-bedded thick package (c. 15 m). Weathering of muddy debrite onto turbidite beds obscured onlap 
identification (B) Highly deformed clast interpreted as deposit of low density turbidites with abundant carbonaceous 
matter similar to F2 and F3 emplaced within dark cohesive muddy matrix. Clast have similar facies with the underlying 
beds. See to Fig. 4B for location. 
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Fig. 4. 10. Photo showing the base of debrite unit, and the underlying zone of highly deformed in-situ sandstone 
and mudstone beds of FA1, FA2 and FA3. The zone of disturbed beds is interpreted to have been the result of 
high-strength cohesive debris flow deforming the underlying turbidite beds. Zone of deformed beds c. 7 m thick. 
See Fig. 4B for location. 

Fig. 4. 11. A section with predominantly large scale TkU packages in Unit 1. TkU package comprises of FA1 base 
gradually passing upwards to FA2 and FA3. FA1 can be extremely thin or missing. Large scale TkU is generally made up 
of stacks of small scale TkU packages. Refer Fig. 4.13 for detail. See Fig. 4.4B for locations. TkU as inverted white 
triangles and TnU as black triangles. 
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The vertical distribution of turbidite sandstone beds within the two intervals (Units 1 and 

3) is similar and organised (Fig. 4.13). Vertical changes in bed thickness and sand 

percentage, always with gradational facies boundaries, define a series of repetitive cycles 

on a scale of c. 0.5-5 m (Figs. 4.13). These are dominated by thickening- (TkU; 82%) and 

thinning-upward (TnU; 18%) trends. A typical TkU cycle starts with muddy FA1 or thinly 

bedded FA2 and passes gradually upward into thickly bedded FA3 (thickness range 0.5-5 

m). The TnU packages display an inverse trend but are both less frequent and thinner 

(thickness range 0.7-4.5 m). Some TkU cycles display multiple, smaller-scale trends of 

upward thickening sandstone beds or form single cycle. The TkU and TnU bed thickness 

trends occur with the following vertical distributions (Figs. 4.13 and 4.14): (1) repetitive, 

stacked TkU successions (e.g. 5-32 cm, 135-120 cm and 150-178 cm in Fig. 4.13 and 

4.14A), (2) single TkU cycles with an overlying TnU cycle (e.g. 200-235 cm in Figs. 4.13 

and 4.14B), and (3) alternating packages comprising similar proportions of gradationally-

bounded TkU and TnU cycles (e.g. 50-70 cm in Fig. 4.13).  

 

The two turbidite units display similar vertical trends, but with varying relative 

proportions: Unit 1 is dominated by TkU cycles (47%) with subordinate TnU (11%) 

cycles, while Unit 3 also consists of mainly TkU (35%) and less common TnU (7%) 

trends.  

 

Table 4. 2.Summary table per unit of sandstone bed thickness, facies, facies associations, the number of upward packages 
trend and NTG. 
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Interpretation 

The stacked occurrence of thin-bedded, ‘classical’ turbidites demonstrates deposition 

within a single depositional environment that was dominated by repetitive low-density 

gravity flows. The facies characteristics of these thin-bedded turbidites and their 

organisation into repetitive TkU and TnU cycles could reflect deposition in one of two 

contrasting deep-water settings: (1) levee, or (2) lateral lobe fringe (Walker, 1984, 1985; 

Normark et al., 1997; Beaubouef, 2004; Cronin et al., 2000; Kane et al., 2007; Kane and 

Hodgson, 2011; Prélat et al., 2009; Prélat and Hodgson, 2013; Spychala et al., 2015, 

2017a, b).  

 

 

 

Fig. 4. 12. (A) A section of Unit 3 showing generally thickening upward package with thick base FA1 of mudstone 
dominated interval increases in bed thickness up section to FA3 of medium to thick bedded sandstone. (B) 
Alternating packages of FA2 and FA3 with an increase in bed thickness up section. The large scale TkU are made up 
of smaller individual packages of TkU with small number of thinner TnU. Refer Fig. 4.13 for detail packages. Both 
figures are within Unit 3. See Fig. 4.4B for locations. TkU as inverted white triangles and TnU as black triangles. 



 
 

138 

 

 

Fig. 4. 13. Complete thickness log for the study area with beds displaying thickening-upward (TkU) and thinning-upward (TnU) 
packages. Majority of the identified packages are TkU (82%) with small number of TnU packages (18%). Unit 1 comprise of TkU 
(47%), TnU (11%) and Unit 3 consist of TkU (35%), TnU (7%). Blue - Unit 1 (turbidites), brown - Unit 2 (debrite), and red - Unit 3 
(turbidites). TkU as inverted white triangles and TnU as black triangles. 
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TkU and TnU trends are common in levee successions, where they are interpreted to 

indicate gradual variations in the magnitude of turbidity currents associated with either 

changes in levee height or lateral channel migration (Cronin et al., 2011; Khan and Arnott, 

2011; Hansen et al., 2015). In proximal external levee locations, close to active channels, 

TnU trends tend to be thinner, while thicker TkU trends are deposited just beyond the levee 

crest (Kane et al., 2007). In a highly sinuous channel, external levees tend to be relatively 

thicker on its outer-bend (e.g. Khan and Arnott; 2011) due to preferential sediment supply 

by partial (flow stripping) or complete inertial overspill. Lack of sediment received on the 

inner-bend results in significantly thinner beds. 

TkU and TnU trends are also common in lobe settings, where they have been interpreted as 

the result of either downcurrent or lateral migration of channel-lobe systems within a larger 

submarine fan setting (Mutti and Sonnino, 1981; Pickering, 1981; Macdonald et al., 2011; 

Kane and Pontén, 2012; Prélat and Hodgson, 2013). Bed thickness stacking patterns in 

lobes are governed by the small-scale lobe elements, which in turn are controlled by 

 

 

 

Fig. 4. 14. (A) Repetitive TkU successions sometimes with 
gradual or stepped thickness change, nested within a large TkU. 
(B) TkU overlain by TnU cycle with gradual thickening then 
thinning of sandstone beds upwards. 
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topographic variations expressed as accommodation and confinement (Prélat et al., 2009; 

Prélat and Hodgson, 2013). Prélat and Hodgson (2013) suggest that compensational 

stacking of lobe elements may generate a series of variable upward trends in bed thickness. 

These comprise TkU, TnU, TkU-TnU and blocky trends, which reflect deposition in 

different locations within a lobe complex. On slopes, lobe fringes are strongly influenced 

by topography; weakly to highly confined settings may lead to aggradational stacking 

(Smith, 2004a, b; Sixsmith et al., 2004; Spychala et al., 2015; 2017a). Generally, trends 

related to lobe sub-environments tend to be more complex, with variations between lateral 

and axial settings in response to varying degrees of confinement. Confinement may impose 

variations in lobe fringes sub-environment into lateral fringe (unconfined setting) to 

aggradational lateral fringe (confined setting). 

 

Overall, the TkU/TnU successions in Units 1 and 3 are considered to likely represent 

deposition in a lobe rather than levee setting. Furthermore, a lateral off-axis/ lobe fringe 

setting is favoured, rather than axial/frontal setting. While this interpretation remains 

equivocal, it is supported by (1) abundant aggradational bedforms in the thick turbidite 

units, (2) absence of hybrid beds, which are more common in frontal lobe fringe settings 

(Spychala et al., 2017a, b), (3) narrow spread of unidirectional palaeocurrent directions, 

suggesting some degree of confinement, and (4) a slope-apron setting inferred from the 

regional seismic stratigraphic considerations (discussed later), which implies deposition in 

the distal parts of seismic-scale, clinoform-bearing successions (van Vliet and Schwander, 

1987; Wong, 1997). The abundant aggradational bedforms, the limited range of palaeoflow 

and the presence of debrite interval indicate the outcrop succession is likely to represent 

aggradational lateral fringe as opposed to lateral fringe (sensu Spychala et al., 2017a) 
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The stacking of c. 214 m of aggradational lateral lobe fringe deposits, and the absence of 

other lobe sub-environments such as sandy lobe axis, and muddy distal lobe deposits, 

indicates a dominance of facies aggradation stacking patterns rather than compensational 

stacking. Intraslope lobes with aggradational stacking patterns have been documented in 

detail from the Fort Brown Formation in the Karoo Basin (Spychala et al., 2015; 2017a). 

Here, the aggradational stacking pattern is attributed, in part, to varying degrees of 

confinement. This contrasts with fan lobes deposited in basin floor settings in the same 

basin where compensational (or offset) stacking patterns are preferentially developed in the 

much less confined setting (Prélat et al., 2009; Prélat et al., 2010; Prélat and Hodgson, 

2013, Spychala et al., 2017a, 2017b).  

 

4.7 Depositional environment and regional considerations 

The regional context of the Bebuloh turbidite succession provides additional insight into its 

gross depositional environment as discussed below and illustrated in Fig. 4.15. 

  

The Bebuloh succession, together with that at the nearby Shell Oil Terminal (Jackson and 

Johnson, 2009) (Fig. 4.2 C), belongs to the deep-water component of the initial phase of 

northwestward-directed progradation of the shelf and slope system during the Early 

Miocene (also called the Melingan Delta system; Sandal, 1996). The Labuan outcrops and 

their Stage III offshore equivalents form a widespread deep-water depositional system that 

extended throughout western Sabah show the following characteristics: (1) facies belts 

aligned to SW-NE; (2) shelfal to shelf-edge deltas prograded to the NW; (3) lower and 

upper delta plain was covered in mangrove swamps and tropical rainforest, respectively 

and dissected by northwesterly-flowing rivers; (4) hinterland comprised a recently uplifted 

fold-thrust belt (the Crocker Range) that was subject to deep tropical weathering, heavy 
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rainfall and a monsoonal climate; and (5) rates of sediment supply, subsidence and 

accumulation were exceptionally high  (Levell, 1987; Tan and Lamy, 1990; Rice-Oxley, 

1991; Hazebroek and Tan, 1993; Sandal, 1996; Balaguru and Lukie, 2012; Hoggmascall et 

al., 2012; Collins et al., 2017).  

 

Palaeocurrent measurements from the Bebuloh outcrop indicate dominantly westerly-

directed sediment transport directions (Fig. 4.7G). The Stage III turbidite succession at the 

nearby Shell Oil Terminal displays similar palaeocurrent directions (Jackson and Johnson, 

2009). These palaeocurrent data are consistent with the northwesterly dip of the Stage III 

slope system (Rice-Oxley, 1991), which is further supported by the dips measured from 

seismically-defined clinoforms from the adjacent Labuan Syncline (van Vliet and 

Schwander, 1987; Wong, 1996). Palaeocurent data from the deltaic part of this succession 

on Labuan also shows a similar, mainly westwards sediment transport direction, 

approximately orthogonal to the trend of the Labuan Syncline. This supports the concept 

that the turbidite deposits in SW Labuan and the deltaic succession in the north are 

genetically-linked within the same northwestward-prograding, basin-fill succession. 

 

The seismic-scale clinoforms, characterised by their oblique to shingled clinothem 

patterns, document the overall progradation of the NW Borneo margin, which has 

continued from the Early Miocene to present-day (Levell, 1983; Rice-Oxley, 1991; Madon, 

1994, 1996). The clinothems contain a variety of depositional features, including mounded 

gull-wing structures, slope fans and channel-levee complexes, which are collectively 

interpreted as shingled turbidites (Wong, 1997). Despite the poor quality seismic images at 

deeper intervals of Stage III, the Stage IVC and younger intervals can be used as a proxy 

for early shelf margin progradation towards the northwest during the Early Miocene.  
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The Bebuloh outcrop is believed to form a subordinate, c. 300 m thick, turbidite/debrite 

interval within a mud-dominated, slope apron setting (slope to toe-of-slope environment) 

(Fig. 4.15). A similar setting characterises the slightly younger, c. 50 m-thick, interval at 

the nearby Shell Oil Terminal (Jackson and Johnson, 2009). Classical turbidite 

sedimentation dominated the Bebuloh succession, which was only interrupted by the 

emplacement of a single debrite interval (Unit 2). This was probably sourced from the 

collapse of updip slump scars, which were widespread along the tectonically-active basin 

margin of NW Borneo (Levell and Kasumajaya, 1985).  

 

 

 

 

 

Fig. 4. 15. Depositional model of Early Miocene slope deposition. 



 
 

144 

The frequent occurrence of large (1 to 5 km wide and 400 – 600 m deep), seismic-scale 

slump scars is attributed to a combination of the following: (1) rapid deltaic progradation, 

(2) gravity tectonics (growth faulting and mud diapirism), and (3) tectonically-induced 

slope oversteepening, probably related to reactivated basement-linked faulting (Levell, 

1987; Johnson et al., 1989). These processes resulted in the repeated destabilisation of the 

shelf-edge, manifested from larger-scale slump scars to delta front/mouth bar collapse. The 

latter may have been a primary trigger for the smaller, but more frequent, low-density 

turbidite events that dominate the Bebuloh succession.  

 

The occurrence of larger, but less frequent, debrite units may have provided a mechanism 

for flow confinement of later turbidity currents by contributing to a topographically 

irregular slope. This relationship is clearly documented at the Shell Oil Terminal outcrop 

(Jackson and Johnson, 2009), which is inferred in the present study. Similar processes can 

be observed along the present-day slope of NW Borneo (Fig. 4.3A, B). In other parts of the 

slope, the slump scars may have also created accommodation that subsequently promoted 

slope-apron lobe deposition. Similar studies linking slump scar-generated slope 

accommodation and lobe deposition, include sandstones in the Giza Field, Nile Delta 

(Morris et al., 2014) and the Fort Brown Formation in the Karoo Basin (Spychala et al., 

2015; 2017a, b). 

 

Overall, therefore, the Bebuloh succession is part of a prograding, turbidite-fronted deltaic 

slope system that filled the Labuan Syncline sub-basin during its initial phase of 

development in the Early Miocene (Figs. 4.15 and 4.16Ai-iv). The deltaic system 

prograded towards the NW, across a tectonically-active basin margin. This included 

basement-linked faults such as those bounding the Labuan Syncline, which forms the core 
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of the Labuan and Jerudong Anticlines. The younger stratigraphic intervals of the Labuan 

Syncline (e.g. Stage IVA/Middle Miocene and younger) are thickest above the synclinal 

axis, with stratigraphic thinning onto both the Labuan and Jerudong anticlines (van Vliet 

and Schwander, 1987) (Fig. 4.16Av). The km-thick, Neogene deltaic successions may have 

contributed to syndepositional fault reactivation, largely by gravity-related tectonics as 

seen in the nearby counter-regional growth faults in Brunei (e.g. Sandal, 1996; Rensbergen 

et al., 1999). Since deltaic sedimentation was initiated during Stage III, it is likely that 

shelf margin deformation during this initial phase of Neogene sedimentation and 

stratigraphic evolution also reflects a combination of tectonic and gravity-driven processes 

(Sapin, et al., 2009). 

 

 

Fig. 4. 16. (A) Schematic tectonostratigraphic setting of Labuan with cross-section depicting accommodation generated by a 
combination of tectonic and gravity-driven processes from the Early Miocene of Stage III (i) to present-day (v). Thick 
sedimentation along the synclinal axis but thinning onto Labuan anticline. Thick Neogene successions may have contributed 
to syndepositional fault reactivation. Note the present-day southern part of Labuan Island is predominantly mud-dominated 
Stage III slope deposits. (B) Palaeogeographic map with extrapolated shelf edge during slope deposition Stage III in Labuan. 
Shelf edges position at 20 Ma and 12.2 Ma based on Cullen (2010). 
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4.8 Discussion 

Slope topography strongly influences sediment gravity flows, sediment routing, facies 

distributions and sediment dispersal patterns (e.g. Demyttenaere et al., 2000; Grecula et al., 

2003; Hodgson and Haughton, 2004; Kneller and McCaffrey, 1999; Prather et al., 1998; 

2016; Prather, 2003; Smith, 2004a; Stevenson et al., 2013). Slope morphology may be 

related to a variety of features, including salt or mud diapirism (Chapter 3), inherited or 

reactivated tectonic structures and erosional and depositional relief created by large-scale 

gravity flow processes (Pettinghill and Weimer, 2001).  

 

Slope, and associated mini-basin, morphology was especially variable and dynamic 

throughout the Neogene to present-day NW Borneo margin (e.g. Fig. 4.3A). At the large-

scale this reflects the influence of tectonics: (1) initially basement-linked and, later, far-

field compression, and (2) gravity-driven processes associated with major deltaic 

deposition (updip extensional growth faults and downdip toe-thrusts). Seismic imaging 

within the equivalent Stage III stratigraphy in the subsurface is of insufficient resolution to 

define the precise role of these different processes. However, it is widely believed that both 

basement-linked tectonics and gravity-related deformation had already been established at 

this time (e.g. Sapin et al., 2009). 

 

There is abundant evidence, at both outcrop and seismic scales, of widespread shelf-edge 

instability. This is most easily explained as a consequence of the following: (1) rapid 

deltaic deposition during northwestwards progradation, (2) accommodation space created 

by delta driven tectonics on the shelf, (3) a tectonically segmented and dynamic basin 

substrate caused by a combination of ongoing tectonics in the basement and km-thick 
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sediment loading in overlying Neogene succession, and (4) repeated, regionally-extensive 

tectonic uplift of the hinterland and basin margin, which resulted in a series of basinwide 

unconformities (Levell, 1987). This resulted in frequent oversteepening of the slope and 

large-scale collapse of the shelf edge and upper slope. Large volumes of slumps and 

debrites were remobilised downdip along the slope and basin floor, with cohesive, mud-

rich debrites generating topographic relief.  

 

The study area is located in a prime location to investigate the consequence of these 

processes at outcrop, as originally noted by Jackson and Johnson (2009), due to the 

following: (1) Stage III deltas were prograding to the northwest across two deep, 

basement-linked fault, which are now manifested as the NE-SW trending axes of the 

Labuan and Jerudong Anticlines, (2) stratal geometries and thickness patterns indicate 

maximum rates of sedimentation and preservation within the intervening sub-basin (i.e. the 

Labuan-Paisley Syncline and its outhwestwards continuation into Brunei, known as the 

Berakas Syncline; Sandal, 1996). Debrite-related topography can now be demonstrated in 

the deep-water parts of these progradational units at both outcrop in SW Labuan (Jackson 

and Johnson, 2009, and this study) and in the subsurface from seismic stratigraphic studies 

(Wong, 1997). Hence, debrite-related topography, potentially with 10’s metre-scale 

topographical relief along their upper surfaces, was probably an important control of 

turbidite deposits and their stratal architecture throughout this and other tectonically-active, 

delta-fed slopes (Pickering and Corregidor, 2005; Amerman et al., 2007; Jackson and 

Johnson, 2009).  

 

A wide range of onlap configurations are generated when turbidity currents interact with 

topographic relief (e.g. Smith, 2004a, b, Smith and Joseph, 2004; Bersezio et al., 2009; 
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Marini et al., 2015). Smith and Joseph (2004) identified two kinds of onlap: (1) abrupt 

onlap occurs when none, or limited, sediment is deposited along the bounding high 

topography area, and (2) aggradational onlap occurs when coeval sediments are deposited 

along the low gradient topographic relief. Aggradational onlap generate gradual facies 

change over tens of km’s towards the bounding topography and preserve considerable 

thickness of similar facies laterally and vertically.  

 

The present study demonstrates the repeated development of thick stacks of distal, off-axis 

lobe fringe deposits with aggradational stacking patterns (sensu Smith, 2004a, b; Spychala 

et al., 2017a). The aggradational stacking and onlapping patterns are most likely to be the 

result of gentle, low-gradient topography created by the intercalated debrite units. 

Observations from the nearby outcrop (Shell Oil Terminal) studied by Jackson and 

Johnson (2009) demonstrate similar architectural relationships and with the following 

facies characteristics: (1) coarse to very coarse-grained sandstone, (2) cobble-lined 

surfaces, (3) occasional cross-bedding, (3) composite turbidite beds with evidence of 

repeated waxing and waning flow properties, and (4) rapid lateral thinning and onlap onto 

underlying debrite units. These observations suggest that the Shell Oil Terminal outcrop 

comprises a combination of the following: (1) a more proximal location (consistent with 

northwestwards progradation), (2) a more axial location, and (3) greater flow 

confinement/higher topographic relief. In contrast, the Bebuloh outcrop preserves a thicker 

succession that is dominated by low-density turbidites, mainly preserved as single event 

beds. It is inferred that deposition was in a more downdip, distal/off axis lobe fringe 

setting, probably with lower relief and less flow confinement. In both cases, it is proposed 

that sediment supply resulted from river-mouth bypassing, including the collapse of coeval 

delta front mouth bars and slump scars. 
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Similar aggradational stacking patterns of low-density turbidites have been documented 

from other outcrop studies where subtle topographic relief or low-angle bounding slopes 

have resulted in lateral confinement of sediment gravity flows. This includes the study by 

Smith (1987a; 2004b) on the Aberystwyth, Pysgotwr and Cwmystwyth formations in the 

Welsh Basin in Wales, and more recently by Spychala et al. (2017a) from the Laingsburg 

Formation on the Karoo Basin in South Africa. In both studies, the sand-prone lobe 

complex, comprising both lobe axis and off-axis deposits can be demonstrated to display 

compensational stacking owing to large lateral extent of outcrops. The sand-rich turbidite 

facies grade laterally into mud-rich lobe fringe turbidites and display aggradational 

stacking patterns towards the confining slope over distances of tens of km’s. These 

relationships demonstrate the impact of subtle lateral confinement, which influenced flow 

behaviour, depositional architecture and lobe stacking patterns.  

 

These vertical facies relationships are comparable to those documented in this study. At 

Bebuloh, the upper debrite surface probably generated a localised, weak confining slope 

that promote aggradational stacking. The decrease in confinement, and the possible onset 

of compensational-like stacking may be reflected in the gradual vertical transition from 

very-thin to thin-bedded lobe fringe aggradational-dominated package to medium to 

thickly bedded mixed lobe off-axis and fringe successions (upper part of Unit 3; Fig. 

4.12A). The absence of amalgamated meter-scale turbidites, that is typical of lobe-axis 

deposits, supports the interpretation that confinement was still present within a much larger 

bounding topography.  

 

The Bebuloh outcrop is an example of a preserved mud-dominated slope in which turbidite 
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lobes form part of a clinoform-defined, prograding basin margin. The heterolithic-

dominated turbidites represent a lobe fringe to off-axis setting, possibly deposited in a 

slope apron. Here, the slope apron is inferred to have been attached to the shelf-edge delta 

with distributary channels and mouth-bars supplying sediments to the deep water via 

connected channels or gullies, including topographic lows between elongate debrite ridges 

(Fig. 4.15). The heterolithic turbidites in this study share similar characteristics with other 

slope apron systems, including the Eocene shelf margin, Central Basin Spitsbergen 

(Mellere et al., 2002), the Kookfontein Formation, Tanqua-Karoo Basin, South Africa 

(Dixon et al., 2012), and the Hogsnyta Clinoform complex of the early Eocene, Central 

basin, Spitsbergen (Pink-Bjorklund, 2002). 

 

4.9 Conclusions 

The Bebuloh outcrop is dominated by low-density, ‘classical’ turbidite sandstone beds 

with the following features: very-fine to fine-grained, very-thin to thickly-bedded with 

mean thickness of 7 cm, abundant carbonaceous laminae, tractional and reworking 

lamination, and aggradation bedforms with preserved stoss-side, interbedded with very-

thin to medium bedded mudstone. These turbidites were deposited by sustained, but 

overall decelerating, flows that were probably initiated updip by the collapse of deltaic 

mouth bars and slump scars and sustained by river-mouth bypassing, including 

hyperpycnal flows, from a monsoon climate-dominated hinterland.   

 

Vertical sandstone bed thickness comprises 1-5 m-thick packages that are organized into 

thickening-upward (TkU) and thinning-upward (TnU) successions. These are interpreted to 

reflect the aggradational stacking of small-scale lobe elements, which were influenced by 

the coeval debrite-related topography. The TkU/TnU of the turbidite units are likely to 
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represent deposition in a lobe lateral off-axis/fringe setting. Gradual increase in bed 

thickness is consistent with a lack of confinement and the possible onset of compensational 

stacking.  

 

Palaeocurrent analysis of three-dimensional current ripples indicates a dominance of 

unidirectional flows towards the SW-NW, which is consistent with the regional dip of the 

palaeoslope and the NNE-SSW-oriented palaeoshelf-edge during the Early Miocene. The 

same regional palaeogeographic trends continue into the overlying Late Miocene, where 

seismically-defined clinoforms also dip to the NW, towards the axis of the evolving 

Labuan-Paisley Syncline. 

 

The preserved outcrop stratigraphy is part of a delta-fed, clinoform-bearing succession that 

defined the long-lived (c. 15-20 Myr), NW-prograding basin margin of NW Borneo. The 

Bebuloh low-density turbidites and thick debrite units form part of the slope apron of this 

tectonically-active and unstable progradational shelf margin. Similar slope apron turbidites 

form hydrocarbon-bearing reservoirs in the adjacent subsurface 
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5 Quantitative analysis on bed thickness trends, clusters and 

heterogeneities: a case study on thin-bedded turbidites 

from NW Borneo 

 

5.1 Abstract 

Quantification of thinly bedded turbidites in deep-water depositional systems such as in 

internal and external levees, frontal splays, and fringes of lobes, is important for reliable 

estimation of hydrocarbon in place. On log motif, intervals of thin-bedded turbidites are 

characterised by their lack of variability as conventional logs generally average the 

measured parameter over tool vertical resolution. This results in systematically low values 

and risks inaccurate analysis, leading to less attention given as potential targets. 

Hydrocarbon-bearing turbidites are notoriously complex, and their description needs to be 

taken into account by quantifying heterogeneities at bed scale. Here, the focus is on an 

outcrop dominated by thin-bedded turbidites in the island of Labuan, Malaysia, analogous 

to the nearby subsurface deep-water offshore Brunei where thin-bedded sands from a 

considerable portion of the stratigraphic column, in an attempt to understand bed thickness 

variability. The Bebuloh outcrop provides an opportunity to sample variability at various 

vertical resolutions, in addition to affording detail observation associated with bed 

thickness trends and depositional sub-environment interpretation. The study aims to (1) 

provide statistical analysis and compare sedimentological interpretation and discuss their 

contribution in the interpretation of depositional sub-environments, (2) evaluate the impact 

of varying vertical resolution on measured heterogeneity, and (3) examine relationships 

between different statistical methods. The study utilised different statistical techniques 

such as (A) sliding skewness to investigate presence of asymmetric cyclicity/trends, (B) 
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Hurst statistics to identify bed clusters, and (C) Lorenz Coefficient, Lc and Coefficient of 

variation to measure heterogeneity. Results showed that (i) asymmetric bed thickness cycle 

is broadly consistent with field observations of thickening-upward trend (TkU), although 

thinning-upward trend is also measured albeit difficult to verify on outcrop due to smaller 

nested packages, (ii) environment of deposition based on Hurst statistic generally resulted 

in mismatch with field and palaeogeographic studies, (iii) synthetic and outcrop dataset to 

establish: (a) direct relationship between different heterogeneity measures Lc and Cv, (b) 

inverse exponential relationship between heterogeneity measures and Hurst R parameter 

for net-to-gross (NTG), (c) exponential relationship between heterogeneity measures and 

Hurst R parameter for gamma-ray (GR), (d) inverse relationship between vertical 

resolution and averaging window size, and (e) direct relationship between vertical 

resolution and heterogeneity. The relationships (a) to (c) indicate different depositional 

sub-environments occupy different portions of the plot, which is controlled by the 

predominant bed thickness and data variability. The relationship (d) and (e) can be used to 

estimate the desired vertical resolution from an acceptable percentage change (error) in 

heterogeneity. The present result highlights the importance of package-driven 

interpretation constrained by sedimentological analysis and palaeogeography of the study 

area, prior to any statistical investigation, and as such, the result presented in this study 

may not be applicable to other similar outcrops as the packages have been tailored 

specifically to the present study. With limited outcrop data, caution must be applied as the 

results presented here might not be transferrable to other outcrops. 

 

5.2 Introduction 

Hydrocarbon reservoirs are known to accumulate in deep-water turbidite sandstones of 

various thicknesses and depositional environments. For successful hydrocarbon 
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exploration and production, it is important to differentiate the different sub-environments 

that could potentially form the sand-prone reservoir with distinct architecture and internal 

character. Outcrop analogues are frequently used to gain, and enhance our understanding 

of subsurface deep-water reservoirs, their rock properties and depositional environments 

(e.g. Slatt et al., 2000; Drinkwater and Pickering, 2001; Browne and Slatt, 2002; 

Beauboeuf, 2004; Field, 2005; Dykstra and Kneller, 2009). In an active margin setting, 

suitable outcrops can be limited due to deformation, and restricted physical exposure, 

resulting in an incomplete understanding of the sedimentary succession (Sadler, 1981, 

1999; Sommerfield, 2006).  

 

In addition to the standard qualitative description and interpretation techniques, there is a 

need to investigate alternative approach to characterise and classify geological 

observations. Quantitative characterisation of bed thickness compliments traditional 

methods of describing and interpreting outcrop qualitatively (Chen and Hiscott, 1999b; 

Mukhopadhyay et al., 2004; Bersezio et al., 2005, 2009; Felletti and Bersezio, 2010; 

Pantopoulos et al., 2013), especially in an outcrop of limited areal coverage or of poor 

quality exposure. Differences in statistical values corresponding to different statistical 

populations have been shown to reflect distinct sub-environments (e.g., channels, levees, 

lobes, basin floor sheet sands). Statistical approaches applied to outcrop and other analogue 

field data can assist in closing the data gap, thus reducing the uncertainty commonly 

associated with interpreting turbidite successions. Statistical studies on bed thickness are 

generally aimed towards interpreting the depositional sub-environments from asymmetrical 

cycles and bed thickness clustering (Chen and Hiscott, 1999b; Mukhopadhyay et al., 2004; 

Pantopoulos et al., 2013). Turbidite bed thickness may show thickening- or thinning-

upwards trends (Mutti and Ricci-Lucchi, 1972; Stow et al., 1996). However, the 
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identification of trends or cycles has been debated partly due to bias in visual inspection, 

improper selection of beds representing the base of a cycle, or the impact of bed 

amalgamation (e.g. Murray et al., 1996; Chen and Hiscott, 1999a). Several studies 

highlighted that asymmetrical cycles formed from randomly stacked sequence (Hiscott, 

1981; Walker, 1984; Pickering et al., 1989; Anderton, 1995). Nevertheless, non-parametric 

statistical tests provide a quantitative measurement of bed cyclicity (Waldron, 1987), such 

as sliding skewness that takes into account the presence of both thickening- and thinning-

upward packages (Mukhopadhyay et al. 2004). 

 

The Hurst statistic is a tool used in the interpretation of depositional sub-environments, 

where irregular, non-periodic, long-term clustering patterns of low and high values are 

identified (Chen and Hiscott, 1999b). The interpretation was originally applied to three 

field measurements: coarse division thickness, coarse division thickness percentage and 

grain size. Chen and Hiscott (1999b) identified three groups: (1) Group 1 shows strong 

clustering and high Hurst K interpreted as channel-levee deposits, (2) Group 2 has a 

moderate clustering and medium Hurst K interpreted as lobe-interlobe deposits and (3) 

Group 3 displays low clustering and low Hurst K interpreted as basin floor sheet sand 

system. Other studies supported the use of Hurst statistic to quantify clusters of thick and 

thin beds, where variations in clustering have been related to changes in sedimentary facies 

(Felletti, 2004; Bersezio et al., 2005; Felletti and Bersezio, 2010).  

 

Outcrop-based analogues are used to constrain subsurface uncertainty in reservoir 

geometry, net thickness, bedding patterns, lithology, and facies, and in turn, provide 

information on reservoir heterogeneity that could significantly impact on fluid flow and 

production. Variability in facies, bed thickness, stacking patterns, and net-to-gross ratio, is 
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expected at all scales and controls heterogeneity in a reservoir (Jensen et al., 2000; Fitch et 

al., 2013, 2015). Such variabilities are understood to be caused by factors such as density 

flow magnitude and frequency, sea-level, sediment supply or the influence of the 

underlying depositional morphology (e.g. Malinverno, 1997; Mutti et al., 1999; Talling, 

2001).  

 

Quantification of heterogeneity has generally focused on variation in petrophysical 

properties, such as porosity, permeability and saturation, as these properties have 

significant implication to hydrocarbon reservoirs (e.g. Lake and Jensen, 1991; Jensen et al., 

2000; Sahni et al., 2005; Fitch et al., 2013, 2015). The quantification of geological 

variation, or “heterogeneity”, in thin-bedded turbidites is rarely documented from 

subsurface data. This is largely due to the difficulty in identifying and characterising thin 

beds from conventional well log resolution (Rothman and Grotzinger, 1995; Maliverno, 

1997; Carlson and Grotzinger, 2001; Sinclair and Cowie, 2003; Sylvester, 2007; Felletti 

and Bersezio, 2010; Pantopoulos et al., 2013). In a standard well log resolution, thin-beds 

are normally under the detection limit, below which a bed cannot be discriminated from 

adjacent beds. The vertical range of investigation is dependent on the tool being used, and 

in a thin-bedded environment, the vertical range is typically significantly larger than the 

thickness of an individual bed. Table 5.1 shows a selection of tools and vertical resolution 

for typical sub-surface wireline data acquisition.  

 

Linking statistical analysis of depositional patterns with the quantification of observed 

heterogeneity has the potential to enhance our ability to integrate petrophysical 

interpretation in complex reservoirs and provide guidance on more appropriate 

petrophysical sampling and measurement in the subsurface. Quantitative analyses are 
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applied to detail Bebuloh outcrop measurements to understand the impact of variability 

within a thin bed environment, and how the assigned packages influence the output from 

these techniques, before finally investigating how these findings can be used to inform well 

logging protocols. 

As a result of the initial statistical investigation, it is possible to comment on depositional 

environment and temporal changes which re-enforce the sedimentological work presented 

in the preceding chapter. This study exploits the use of quantitative techniques to limited, 

high-quality outcrop from the Early Miocene succession on the island of Labuan, 

Malaysia. The high-quality outcrop permits bed-scale quantitative analysis to be applied to 

the turbidite succession. The heterolithic-dominated succession serves as an analogue for 

the nearby deep-water clastic reservoirs that have been drilled with varying degree of 

success. The aims of the study are: (1) to provide statistical analysis on vertical bed 

thickness and compare results with sedimentological interpretations, and discuss if and 

how a statistical approach contributes to the interpretation of depositional sub-

 

 

 

 

Table 5. 1 Various logging tools, the vertical resolutions, maximum logging speeds and applications of devices (Source: open 
hole tools – AAPG Wiki). 
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environments; (2) to investigate mesoscale heterogeneity in thin beds using synthetic and 

outcrop data to evaluate the impact of varying vertical resolution on heterogeneity 

measures and well log response, and (3) to examine possible relationships between the 

different types of heterogeneity measures and/or between heterogeneity measures with 

other statistical techniques as a tool to provide guidance on subsequent data acquisition. 

 

5.3 Geological setting and depositional environment of the outcrop analogue 

The study area is located in the south of the island of Labuan, 15 km off the south-western 

coast of Sabah, NW Borneo (Fig. 5.1A). The outcrop is on the south-eastern limb of the 

tight and steeply-dipping asymmetric NNE-SSW trending Labuan Anticline, connected at 

depth with basement-linked faults. To the west of the island is the deep (c. 4-8 km) and 

broad (c. 10-30 km) Labuan-Paisley Syncline. Subsurface studies show the Labuan-Paisley 

Syncline was an active depocenter since the Early-Middle Miocene (Van Vliet and 

Schwander, 1987; Wong, 1997). The stratigraphy of Labuan Island is comprised of an 

older mud-dominated deep-water slope-basinal succession of Stage III early Miocene, 

occupying the southern and middle part of the island. The stratigraphy transitioned upward 

into a much younger sand-dominated shallow-water sandstones of Stage IV late Middle 

Miocene towards the north of the island. Overall, the stratigraphy is considered as a 

shallowing and coarsening-upward succession, interpreted as the first cycle of Neogene 

progradation towards the north-west direction (Chapter 4). 
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Fig. 5. 1. (A) Map of NW Borneo showing the location of Labuan Island. (B) Satellite map of the 
Bebuloh outcrop area labelled according to units; turbidite units are identified as Unit 1 and 3; debrite 
as Unit 2. Black lines indicate Packages 1 to 5 for statistical analysis in this study. Package 1 consists 
of Unit 1 and 3 only, Package 2 represents Unit 2, Package 3 comprise Unit 3, Package 4 is a sub-
division of Unit 3 focusing on the lower very thin to thinly bedded dominated interval, and Package 5 
represents the remaining upper part of Unit 5 consists of mainly medium to thickly bedded sandstone 
turbidites. 
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The small recently exposed, highly tilted (c. 70°) Bebuloh outcrop is 220 m wide by 237 m 

thick (Fig. 5.1B), represents mud-dominated, heterolithic deep-water deposits. The outcrop 

consists of three units; Unit 1 (127 m) forms the base of the sequence, and is dominated by 

thin to medium-bedded, heterolithic, low-density turbidites (Fig. 5.2A, C), Unit 2 (23 m) 

comprises a debrite interval (Chapter 4), and Unit 3 (87 m) consists of heterolithic, low-

density turbidites of very-thin beds at the base of the unit, gradually thickening up section 

(Fig. 5.2B, D).  

 

The sandstone beds are characterised as very-fine- to fine-grained, abundant in 

carbonaceous laminae, poor to moderately sorted with rare grading, passing abruptly 

upward into mudstone beds. The sandstone beds are very-thin (1 cm) to thickly-bedded (67 

cm) with a mean thickness of 7 cm (Fig. 5.3A, B). The geometry of the turbidite beds are 

tabular without any evidence of thickening or thinning observed along the limited outcrop 

exposure. Sedimentary structures are dominated by parallel lamination (Tb Bouma 

division), and current ripples and climbing current ripples (Tc Bouma division) on majority 

of the beds, with thicker beds consist of multiple Tb-Tc Bouma divisions. The mudstone 

beds are structureless with mean thickness of 5 cm. The intervening debrite Unit 2 is 

characterised by muddy-matrix with blocks of lithified heterolithic sandstone and 

mudstone of various sizes. The focus of this study is on turbidite beds identified as Units 1 

and 3. 
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Fig. 5. 2. (A) An exposed cut hill of highly inclined thin-bedded turbidites within Package 2 (Unit 1) with multiple packages 
of thickening-upward (TkU). (B) Two distinct intervals of Unit 3 interpreted to be deposits of lobe lateral fringe (LF) 
dominated by very-thin to thinly bedded sandstone beds (Package 4) overlain by thin to thickly bedded sandstone beds 
(Package 5). Note the gradual transition between Package 4 to Package 5 indicating an increasing in bed thickness. Multiple 
packages of TkU can be observed from the outcrop. (C) Medium to thickly bedded sandstone beds from Package 2 (Unit 1). 
(D) Very-thin to thinly bedded sandstone beds of Unit 3 LF. Notebook is measured 19 cm. White triangle represents TkU 
package. 
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Fig. 5. 3. Representative sedimentary logs for (A) Unit 3 LF (Package 4) dominated by very-thin to thinly bedded sandstone 
beds interbedded with mudstone beds of more or less the same thickness. The figure also shows decreasing vertical 
resolution from 11 to 101 cm, (B) Unit 3 OA (Package 5) consist of medium to thickly bedded sandstone beds interbedded 
by mainly thin to medium mudstone beds. Smaller, multiple TkU packages can be picked from the interval. White triangle 
represents TkU package. Vertical measurements are in metres. 
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Vertical stacking patterns have been observed from turbidite Units 1 and 3 (Fig. 5.2A, B 

and 5.3A, B) as a series of thickening-upward (TkU) and thinning-upward (TnU) packages 

(Chapter 4). The packages of TkU/TnU are interpreted to represent the fringes of 

depositional lobes. The subtle but irregular surface of the debrite unit formed topography 

that promoted aggradational stacking of very-thin to thin-bedded sandstone and mudstone, 

interpreted as lobe lateral fringe (LF) of at least 13 metres thick at the base of Unit 3 (Fig. 

5.2B). Within Unit 3, the sandstone beds noticeably thickened gradually up section, 

indicating the possible onset change in sub-environment and/or sediment supply. The 

thicker sandstone beds have been interpreted as deposits of lobe off-axis (OA). The entire 

turbidite sequence (Units 1 and 3) is interpreted to have an aggradational stacking pattern 

(Chapter 4). 

 

5.4 Field measurement  

Sandstone beds (coarse division) and mudstone beds were measured individually at a 

centimetre scale for statistical analysis. The coarse division thickness also includes thick 

amalgamated sandstone beds with multiple Bouma divisions. Boundaries in the sandstone 

amalgamated beds show lack of grain size change and are therefore identified as an 

individual bed. Sandstone beds with current ripples require several measurements for 

average bed thickness. No attempt has been made to differentiate turbidite mud (Td or Te 

Bouma divisions) from the hemipelagic or pelagic mud deposits. Here, it is assumed the 

hemipelagic or pelagic mud deposits are rare as no significant thickness of fine-grained 

intervals are observed.  

 

5.5 Bed thickness data and packaging  

Bed thickness measurements were recorded along a continuous stratigraphic section, oldest 
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to the youngest, with 1483 individual event beds (couplets of sandstone overlain by 

mudstone beds) measured a total of 237 m (Fig. 4.13). The succession is subdivided into 

five “packages”: Package 1 comprise both Units 1 and 3, Package 2 consists of Unit 1, 

Package 3 compose Unit 3, Package 4 comprise Unit 3 lateral facies (LF), and Package 5 

consists of Unit 3 off-axis (OA) (Fig. 5.1B, 2A, B). The subdivisions are based on the 

assumption that each package differs in their descriptive statistics (Table 5.2). The 

packages are used to characterise: (i) the overall outcrop section (Package 1), (ii) variation 

in turbidite stacking patterns (Package 2 and 3), and (iii) temporal changes in sub-

environment (Package 4 and 5). The main focus for statistical analysis are Packages 2, 4, 

and 5. The original field measured bed thickness data were resampled at regular interval of 

1 cm for statistical analysis to increase vertical resolution of the dataset. 

 

 

 

 

 

Table 5. 2. Descriptive statistic for sandstone and mudstone bed thickness for the Bebuloh outcrop. Thickness are in cm. 
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5.6 Statistical methods 

5.6.1 Asymmetric cycles 

Non-parametric statistics based on a sign-of-difference test (Moore and Wallis, 1943) 

developed by Waldron (1987) were used to quantify asymmetric cyclicity in a turbidite 

succession by inspecting the “signs of difference” between adjacent beds. The method 

involves assigning a positive value when the bed of interest is thicker than the adjacent 

bed, and negative when the adjacent bed is thicker. A random sequence is likely to have an 

equal number of positive and negative transitions within the interval of interests. The result 

is presented by a two-tailed test where the null hypothesis indicates randomly arranged 

beds; and alternative hypothesis is the asymmetric sequence. A “Z statistic” is computed as 

the number of standard deviations from the mean. To reject the null hypothesis of 

randomness, the Z statistic at 5% confidence must be greater than 1.96 or lower than -1.96. 

The signs of Z indicate the tendency for a succession to be dominated either by thickening-

upward (negative Z) or thinning-upward (positive Z). The method fails to detect 

differences from randomness if both thickening- and thinning-upward cycles are present in 

equal abundance within a succession, or when data show lognormal distribution (Murray et 

al., 1996). Modifications to the Waldron test based on sliding skewness to characterise 

cyclicity in bed thickness is consistent with palaeoenvironment interpretations and field 

observations (Mukhopadhyay et al. 2004). The sliding skewness is applied in this study to 

identify the significance of thickening- and thinning-upward bed thickness cycles for the 

Bebuloh outcrop dataset. 

 

Sliding skewness is derived for an interval of measured bed thickness data, arranged in 

chronological order (i.e. from oldest to youngest). In this study, sliding skewness for 

coarse-division thickness sandstone beds is used as input with interval sampling frequency 
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“i=5”. This resulted in a series of values of positive skewness (p), negative skewness (n) as 

well as zero skewness (t). A measure of Skewness (Sk) is performed using Equation 1, 

where t is the bed thickness, tm represents mean thickness, σt as standard deviation, n as 

the number of bed thickness and j=1, … n (Mukhopadhyay et al. 2004). 

 

 

Sk = (∑(tj−tm)3)
(nσt3)      [Equation 1] 

 

 

The number of measured values is represented by N=m+p, where m is the number of 

minuses (negative) values and p represents the number of positive values. The mean of the 

skewness values is represented by, μm = (N-1)/2, and the standard deviation of skewness 

values by, σm = √((N+1)/12). The method involves a Laplace correction of continuity 

(Moore and Wallis 1943; Waldron, 1987; Mukhopadhyay et al., 2004) when N>12, 

requires the integer function m to be modelled as continuous distribution function; if 

m>mc, corrected mc=m–0.5, and if m<mc, corrected mc=m+0.5. The measures of standard 

deviation from the mean, Z, can then be calculated using μm=(mc–μm)/σm, where the 

critical Z can be read from the Z statistic table for a significance level “α”, and confidence 

level (1- α). A random distribution is defined when Z value lies between -3 and +3 at 99% 

confidence, where bed thickness is the product of the random process. To reject the null 

hypothesis of randomness, the Z values must be greater than 3 or less than -3. This 

supports the alternate hypothesis of an ordered sequence or asymmetric cyclicity. The 

thickening-upward trend is characterised by Z values greater than 3 (more negative 

skewness values), while thinning-upward trend has Z values less than -3 (more positive 

skewness values) (Mukhopadhyay et al., 2004). 
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5.6.2 Hurst statistic  

The Hurst statistic, also known as the “rescaled range analysis”, quantifies the degree of 

clustering of values, first introduced by Hurst (1951) in a hydrological study of long-term 

storage in reservoirs along the river Nile. Hurst (1951, 1956) proposed the relationship R/S 

~ Nh where R is the maximum range of cumulative departure from the mean (Fig. 5.4), N 

is the number of observations, and S as the standard deviation. Hurst (1956) approximated 

the coefficient “h” with K in Equation 2.  

 

 

K = log (R/S)
log (N/2)

      [Equation 2] 

 

 

As many geological datasets are log-normally distributed (e.g. Drummond and Wilkinson, 

1996), measurement scale is omitted, and values are transformed into logarithm to base 10 

(log10) with mean and standard deviation calculated (Chen and Hiscott, 1999b). A 

succession of long runs is attained through a series of beds that are thicker or thinner than 

the mean bed thickness, resulting in large R value. Trends can be identified on the 

cumulative departure from mean K plot either as thick or thin-bedded clusters (Fig. 5.4).  

 



 
 

168 

A simplified Hurst statistic workflow is shown in Figure 5.5 for reference. For a natural 

sequence of data with large N values (N>100), random processes that display neither 

thickening nor thinning-upward trends would have K equal to 0.5. In this study, all 

packages have N greater than 100. Based on Chen and Hiscott (1999b), a Monte Carlo 

simulation technique to generate 300 randomly shuffled sequences of the original data has 

been applied to determine the expected value of Hurst H, which is then compared with the 

actual Hurst K value of the original data. From the 300 randomly shuffled sequences, the 

mean and standard deviation values of Hurst H can be computed and used as input for 

deviation from the mean K calculation. Evaluation involves a one-tailed statistical test with 

a null hypothesis to assess whether the original data belongs to the same 300 randomly 

shuffled population. If K0 represents the original data Hurst K, and if the proportion of 

sequences with a K ≥ K0 in the 300 randomly shuffled data is less than a selected 

 

 

 

Fig. 5. 4. Definition diagram of variables for Hurst’s K. N is the number of observations and R is 
the maximum range in cumulative departure from the mean. For coarse division thickness, clusters 
dominated by thick-bedded and thin-bedded is identified from the plot. Modified after Chen and 
Hiscott (1999b). 
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significance level α, then the null hypothesis is rejected (Chen and Hiscott, 1999b).  

5.6.3 Quantifying heterogeneity (the Lorenz Coefficient) 

Observed heterogeneity in geological settings varies according to the scale of investigation, 

and is commonly described at four scales: (i) microscale (e.g. grain size, sorting, porosity 

and permeability), (ii) mesoscale (e.g. lithology, facies, bedding style and sedimentary 

structures), (iii) macroscale (e.g. lateral bed continuity, interval geometries and 

thicknesses, temporal and spatial facies distribution), and (iv) megascale (e.g. overall gross 

depositional system and on regional facies trend dimension) (Krause et al., 1987; Slatt et 

 

 

 

 

Fig. 5. 5. A simplified Hurst statistic workflow. Test of significance level α, where K is the mean K from 300 shuffled 
data, and K0 is the original K. 
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al., 1993). In this study, heterogeneity measures to macroscale event bed thickness in the 

form of net-to-gross, synthetic gamma ray log derived from the Bebuloh outcrop, and 

associated synthetic shale volume (Vsh) is applied. 

 

The Lorenz Coefficient (Lorenz, 1905) is a heterogeneity measure, traditionally applied to 

porosity and permeability data (e.g. Dyksta and Parsons, 1950; Lake and Jensen, 1991; 

Reese, 1996; Jensen et al., 2000; Elkateb et al., 2003; Maschio and Schiozer, 2003; Sadras 

and Bongiovanni, 2004; Sahni et al., 2005; Fitch et al., 2013; 2015). The technique 

provides a simple graphical-based approach in visualising heterogeneity, and quantifying 

them as a single value, allowing the direct comparison between various data types 

irrespective of scale of the original measurement (Fitch et al. 2015). The Lorenz 

Coefficient quantifies heterogeneity between zero to one, where zero heterogeneity equates 

to homogeneity. The Lorenz Coefficient is used as a quantitative descriptor for comparison 

between datasets, by looking at percentage change relative to the original data. 
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Fig. 5. 6. (A) Schematic illustration of Lorenz Plot with increasing heterogeneity 
from blue to red, (B) Schematic resampling of data. Data can be resampled at 
decreasing resolution or decreasing frequency. Decrease in resolution decreases the 
data to be analysed (left arrow). Decrease in sampling frequency increases data to be 
analysed (right arrow). For example, data resampled at decreasing frequency at 4-cm 
sampling require 4 additional data to be analysed. 
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The Lorenz Coefficient (Lc) is determined by sorting the parameter values from large to 

small. The cumulative values are plotted on the y-axis against the cumulative event 

thickness (depth increment) as x-axis (Fig. 5.6A). Lorenz Coefficient is computed as twice 

the area between the Lorenz curve and the line of perfect equality. The line of perfect 

equality is a diagonal line generated when two properties increase by a constant increment, 

a condition corresponding to a homogenous system. As the Lorenz curve shifts away from 

the line of perfect equality, the measured heterogeneity of the studied parameter increases 

with an Lc value greater than 0.  

 

5.6.3.1 Synthetic data 

The Lorenz Coefficient was first applied to a suite of synthetic datasets to allow for an 

improved understanding of how changes in net-to-gross range, and the relative thickness of 

individual unit controls the heterogeneity measured from this technique (building on 

similar work by Fitch et al. 2013; 2015). Net-to-gross values were used as a dataset 

generated from individual event beds with a minimum of 0.04, a maximum of 0.98, and 

range of equally distributed values of 0.25, 0.46, and 0.67 to derive a suite of synthetic 

models. These values have been sampled from the Bebuloh outcrop for consistency. Here, 

the terms “Sa” is introduced as the “sandiness” that refers to the maximum net-to-gross 

value given to a specific event bed. The vertical proportion of the sand-dominated event 

bed in each synthetic dataset is altered to investigate its impact on heterogeneity 

quantification, as a proxy for bed thickness.   

 

The impact of varying the sampling frequency and sampling average window (representing 

a simple tool resolution effect) were also investigated on these synthetic data to aid 

understanding of how heterogeneity in thin bed thickness, and net-to-gross influences well 
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log measurements, and vice versa. Sampling frequency is varied for every 1, 2, 6, 10 and 

20 points. The decrease in sampling frequency generates an additional subset of data, 

reflecting the starting point of the initial sample point (e.g. Fig. 5.6B). Various sampling 

windows have also been applied to explore data variability on heterogeneity measurement, 

in terms of well log vertical resolution (Fig. 5.6B). The sampling window is similar to a 

moving average. 

 

5.6.3.2 Outcrop data 

The Lorenz Coefficient is applied to the original outcrop dataset net-to-gross at two scales; 

firstly, at event bed thickness scale (Fig. 5.7A), and secondly at regular intervals as 

resampled data (Fig. 5.7B). Measured event bed thickness varies throughout the studied 

section and could impact the calculated Lorenz and the plot generated (Lake and Jensen, 

1991; Fitch et al. 2013). To avoid thickness bias inherited by event beds, the property is 

resampled at a regular 1 cm intervals. Resampling point data at regular intervals supports 

our investigation of vertical resolution on measured heterogeneity and allows data to be 

treated in a similar manner to subsurface data where acquisition is typically implemented 

at regular measurement (or sampling) intervals, depending on acquisition logging speed 

(e.g. Table 5.1). Variability in averaging window size is used as an additional proxy for 

logging speed and is applied to the resampled data. In this study, resampling and averaging 

of window size forms part of the Lorenz calculation workflow, to compare and constrain 

impacts on measured outcrop heterogeneity against the simple synthetic cases detailed 

above. 
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5.6.4 Outcrop-derived synthetic gamma ray log 

A synthetic gamma ray well log was generated for the outcrop data based on interpretation 

parameters derived from an actual offshore well (Well 1, within the seismic dataset used in 

Chapter 3). The well targeted intervals of bright seismic amplitude dominated by 

sediments where bed thickness is below log resolution. The well data are used as an 

analogue for the outcrop-derived synthetic gamma ray log. The minimum (sandstone; 

“GRclean”) and maximum (mudstone; “GRshale”) values from the offshore well is 106 

and 125 API respectively (Fig. 5.8A). The traditional equation used to calculate shale 

volume (Vsh) from gamma ray measurements (Ellis and Singer, 2007) has been rearranged 

to calculate the synthetic gamma ray log measurement from the Bubuloh outcrop Equation 

3. For the purpose of this study, the entire stratigraphic thickness of the outcrop succession, 

without debrite unit (Package 1), is used to create a suite of continuous gamma ray logs 

 

 

 

 

Fig. 5. 7. An example of Lorenz Coefficient plot. (A) Original event bed scale. (B) Data resampled at 1-cm interval. 
Resampling data from event bed thickness to regular 1-cm interval results in an increase in vertical resolution and 
measured heterogeneity, Lc. 
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(Fig. 5.8B, C). 

 

 

GR = (Vsh x (GRshale – GRclean)) + GRclean  [Equation 3] 

 

 

The impact of gamma ray log resolution on measured, and derived heterogeneity is 

investigated by applying the same averaging window technique described for the raw 

outcrop data in Section 5.3; applying averaging window sizes to every 3 to 101 points, 

representing 3 to 101 cm intervals. The multiple resolution gamma ray curves are then 

interpreted for shale volume using the standard gamma ray Equation 4.  

 

 

Vsh = (GR log − GR clean)
(GR shale − GR clean)

    [Equation 4] 

 

 

GRclean and GRshale parameters are chosen as (a) 106 and 125 API, reflecting the initial 

subsurface log interpretation of Well-1 (dominated by thin-beds), and (b) 25 and 150 API, 

reflecting a more traditional sand-shale reservoir succession (dominated by thick-beds). 

Heterogeneity analysis using the Lorenz coefficient is then applied to the resultant data to 

investigate the impact of tool resolution and gamma ray log interpretation parameters on 

measured heterogeneity, with reference to the original detailed outcrop description. 
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Fig. 5. 8. (A) Gamma ray (GR) and rate of penetration (ROP) log from an offshore deep-water well with an 
interval interpreted as turbidite deposits dominated by thin-beds. The extremely low vertical resolution is 
speculated to be caused by high rate of penetration at an average of 45 m/hr over intervals dominated by thin-
beds. (B) A representative synthetic GR Log of Unit 1 comprise of very-thin to medium-bedded sandstone beds 
overlain by mudstone beds generally similar thickness. (C) A complete synthetic GR Log of Package 4 (Unit 3) 
consists of c. 15 m lobe lateral fringe (LF) deposits dominated by very-thin to thinly bedded sandstone overlain 
by less thick mudstone beds, deposited at the base of the unit. The LF deposit is overlain by lobe off-axis (OA) 
consists of mainly medium to thick sandstone and subordinate thin beds, with more or less similar thickness 
mudstone beds. Both (B) and (C) synthetic GR log is generated based on an offshore well log GR property (API 
min at 106, and max at 125), resampled and smoothed at 91-cm averaging window size to well data. 



 
 

177 

5.7 Results and interpretation 

5.7.1 Asymmetric bed thickness cycle  

Results from the modified Waldron (1987) test for detection of asymmetric bed thickness 

cycles based on sliding skewness (Mukhopadhyay et al., 2004) for the coarse-division 

thickness are shown in Table 5.3. All packages exhibit positive Z values, more than +3, 

with a range from 3.35 to 11.28; suggesting the presence of statistically significant 

thickening-upward thickness trends. The results from the sliding skewness for the 

individual packages are broadly in agreement with field observations. For example, 

Figures 5.2A and B illustrate the overall thickening upward of outcrop observations which 

has been quantified in this study. Note that the results of the statistical analysis are largely 

dependent on the number of pre-defined subdivisions or packages, and therefore 

identification of smaller trends or cycles, presumably nested within the existing set of 

packages, is not possible using the current approach. 

 

 

 

 

 

 

Table 5. 3. Sliding skewness method of Mukhopadhyay et al. 2004 for the analysis of presence of 
asymmetric bed thickness cycles. 
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5.7.2 Hurst statistic  

5.7.2.1 Interpreting trends from the Hurst K plot 

The Hurst K plot is typically used to identify clusters of thick and thin beds (Fig. 5.4). To 

allow more detailed understanding of how the application of Hurst K can be used to 

validate the presence of trend packages, a simple experiment has been conducted using 

multiple synthetic datasets to constrain how numerical variability controls resultant plots 

and values. The synthetic dataset comprises a suite of sequential values representing bed 

thickness arranged in specific thickness trend scenarios; (1) a package of increasing values 

(TkU) with fixed number of samples (Fig. 5.9A) , (2) a package of decreasing values 

(TnU) with fixed number of samples (Fig. 5.9B), (3) multiple stacks of alternating 

packages of increasing values and increasing number of samples with an overall TkU (Fig. 

5.9C), (4) multiple stacks of alternating packages of decreasing values and decreasing 

number of samples with an overall TnU (Fig. 5.9D), (5) multiple stacks of alternating 

packages of increasing and decreasing values with systematic increasing number of 

samples with an overall TkU (Fig. 5.9E), and (6) multiple stacks of alternating packages of 

decreasing and increasing values with systematic decreasing number of samples with an 

overall TnU (Fig. 5.9F).  
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Fig. 5. 9. A series of synthetic data comprise sequential numerical values arranged from bottom to top: (A) increasing 
values with fixed number of samples, (B) decreasing values with fixed number of samples, (C) multiple stacks of 
packages of increasing values and number of samples, (D) multiple stacks of packages of decreasing values and number 
of samples, (E) multiple stacks of alternating packages of increasing and decreasing values with systematically increasing 
number of samples, (F) multiple stacks of alternating packages of decreasing and increasing values with systematically 
decreasing number of samples. TkU is represented by inverted white triangles without asterisks, TnU as black triangles 
with asterisk. Red dots represent boundaries between mixed packages of TkU and TnU. 
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On the Hurst K plot, TkU and TnU packages are displayed as negative curves (Fig. 5.9A), 

and TnU as positive curves (Fig. 5.9B) respectively. Irrespective of number of packages 

and arrangements, an overall TkU trend appears as a negative curve (e.g. Fig. 5.9C, E), and 

TnU as positive curves (Fig. 5.9D, F). An overall negative curve (Fig. 5.9E) is generated 

by a mixture of packages of TkU-TnU when the total number of samples for the TkU 

greater than TnU. In contrast, overall positive curve (Fig. 5.9F) is produced by stacks of 

TkU-TnU packages with total number of samples of TnU greater than TkU. The 

alternating TkU-TnU sequences (Fig. 5.9E, F) provides insight into bed stacking patterns 

from the resulting Hurst plot, similar to that generated from outcrop dataset. Based on the 

synthetic data, the inflection points, highlighted as red dots in Figures 5.9E and F, signify 

the change in bed thickness trends that can be used to identify sub-units when the number 

of samples within a package are sufficiently large (greater than 100). A small number of 

samples (<100) is considered to be unreliable for Hurst analysis (Chen and Hiscott, 

1999b), and should not be used for discriminating packages from the Hurst plot. 

 

 

 

 

Table 5. 4. Maximum deviation R, Hurst K, deviation from the mean K for 300 randomly, shuffled data, and the significance levels 
for coarse division thickness for the Bebuloh succession. 
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5.7.2.2 Evaluating R parameter from Hurst statistic 

As described in the methods section, the Hurst K value is controlled by the parameter R 

(Chen and Hiscott, 1999b). The parameter R is the maximum range of cumulative 

departure from the mean and can be measured directly from the Hurst plot (Fig. 5.4). An 

increase in R occurs when cumulative departure from the mean increases over a long run 

of values; i.e. when a series of adjacent beds are thicker than the mean bed thickness. In 

contrast, the decrease in R happens when cumulative departure from the mean declines 

over a long run of values; i.e. a series of adjacent beds that are thinner than mean bed 

thickness (Chen and Hiscott, 1999b).  

 

The present study focuses on sandstone bed thickness in Packages 2, 4 and 5, which 

represent the different depositional sub-environments. The decrease in R is explained by 

bed thickness; mean thickness in ascending order are: 5.3 cm (Package 4), 7.2 cm (Package 

5), and 8.1 cm (Package 2). In Package 4, only 40% of the total number of beds exceed 

mean bed thickness resulted in small R of 4.4. However, R is significantly larger in 

Package 2 at 32.9 than Package 5 at 11.6. The increase in R from Package 5 to Package 2 

could be due to: (i) an increase of 33% on the number of event beds in Package 2 (total of 

822 event beds) compared to Package 5 (total of 550 event beds), and (ii) an increase of 

43% on the number of event beds that exceeded mean bed thickness in Package 2 (total of 

282 event beds) compared to Package 5 (total of 165 event beds). 

 

5.7.2.3 Hurst analysis on outcrop 

Hurst statistic applied to the outcrop data show positive results on the coarse-division 

thickness at significance level α < 0.05 for the two-tailed test (Table 5.4). At the selected 
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significance level α 0.05%, K ≥ K0; where K represents the 300 randomly shuffled 

sequence, and K0 is the equivalent Hurst value based on the original outcrop data. 

Therefore, rejection of the null hypothesis suggests the presence of (1) Hurst phenomenon, 

and (2) the presence of long-term clustering throughout the studied section. The clustering 

has been attributed to differences in depositional processes (Chapter 4). 

 

The results from the Hurst statistic for the coarse-division thickness outcrop data is 

summarised in Table 5.4. The Hurst K and R values that require further analysis are 

Package 2 (K=0.76 and R=32.9), Package 4 (K=0.70 and R=4.4), and Package 5 (K=0.56 

and R=11.6). Overall, the Bebuloh outcrop has a moderate Hurst K, with thick- and thin-

bedded clusters identified on the Hurst plots (Fig. 5.10A-C). In addition to cluster 

identification, Hurst plots are used to support the visual identification of general bed 

thickness trends described in previous section. The Hurst plot from the outcrop dataset 

shows positive trend for Package 2 (Fig. 5.10A), and negative for both Package 4 and 5 

(Fig. 5.10B and C, respectively). The positive and negative curves suggest an overall 

thinning-upward (TnU) and thickening-upward (TkU), respectively. The overall TkU for 

Packages 4 and 5 are found to be consistent with field observation (Fig. 5.2B). However, 

TnU calculated for Package 2 could not be reconciled from field observations (Fig. 5.2A). 

This may have been due to the presence of smaller trends nested within the thick Package 

2. Nevertheless, the overall TnU for Package 2 is more likely due to the number of beds (or 

packages) characterised as TnU exceeded those of TkU. This highlights the issue in 

recognising cycles visually from a complex succession of thin-bedded turbdites, and any 

cycle identified has the potential for analyst’s bias in interpretation. 
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5.8 Interpreting depositional sub-environments 

The Hurst K returns a value of 0.76 and deviation from mean K of 4.68 for Package 2, and 

interpreted as lobe-interlobe (Group 2), Package 4 has Hurst K value of 0.70, and deviation 

from mean K of 0.5, and is interpreted as basin-floor sheet sands (Group 3), whereas 

Package 5 returns Hurst K value of 0.56 and deviation from mean K of -0.25, plotted at 

 

 

 

 

Fig. 5. 10. Plots of cumulative departure from Mean K against bed number for Packages 2, 4, and 5. (A) Package 2 of Unit 1. (B) 
Package 4 of Unit 3 LF, and (C) Package 5 of Unit 3 OA. In (A), thick-bedded cluster (blue dashed-line) and thin-bedded cluster 
(red dashed-line) are observed from the plot indicating the presence of long-term clustering within Package 2 with significantly 
higher R than Packages 4 and 5. In (B) and (C), the maximum cumulative departure R are 4.4 and 11.6 respectively, and therefore 
thick and thin-bedded clusters could only be observed over a shorter interval and at smaller scale. The serrated feature on plot (C) 
possibly due to nested smaller-scale clusters. Black triangles indicate TnU; inverted white triangles indicate TkU. Refer to 
discussion part for explanation. 
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least as basin-floor sheet sand (Group 3 ) (Fig. 5.11).  

Sedimentological analysis and the palaeogeography of the study area interpreted the 

Bebuloh heterolithic thin-bedded turbidites as aggradational lobe fringe deposited on a 

slope setting during the early Miocene (Chapter 4). 

 

Package 4 and 5 is plotted as basin floor sheet sand (Group 3) (Fig. 5.11). The extremely 

low values of the deviation from mean K for Packages 4 and 5 could be due to low R 

(Table 5.4). The abnormally low R value is related to a relatively large amount of 1-cm 

 

 

 

 

Fig. 5. 11. Plot of values of Hurst K showing various Groups representing different depositional sub-environments 
based on coarse-division thickness profile. Data points drawn as squares based on Chen and Hiscott (1999b) 
representing different groups of sub-environments. Package 1 (Unit 1&3) is interpreted as channel-levee, which is 
not compatible with outcrop observation and interpretation. Package 2 of Unit 1 is aligned with field observation and 
interpretation of lobe-interlobe. Packages 3, 4 and 5 are grouped as basin-floor fan, an interpretation mismatch with 
the regional palaeogeographic study. Package 5 of Unit 3 OA is plotted outside of the area with negative value 
(Table 3). 
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sandstone beds (12%) in Package 4, resulted in a persistent decrease in cumulative Log10 

values (i.e. Log10 of 1 is zero). Additionally, the small range between maximum (16 cm) 

and minimum (1 cm) thickness within Package 4 may have attributed to the small R 

 

The mismatch in palaeogeographic interpretation between Hurst analysis and field 

observations was also highlighted by Mukhopadhyay et al. (2003), who attributed it to sea-

level changes during fan growth. In the current study, the discrepancy between field 

observation (slope lobe-interlobe) and Hurst K (basin floor sheet sands of Packages 4 and 

5) is unlikely to be attributed to sea-level rise as there is no evidence of condensed section 

(thick mudstone) observed throughout the succession. The result highlights inconsistency 

in the application of Hurst statistic to the interpretation of depositional sub-environment, 

which will be further discussed. 

 

5.9 Controls on the Lorenz Coefficient  

Controls on Lorenz Coefficient are demonstrated by substituting the sandiness, Sa (0.25, 

0.46, 0.67, 0.82, 0.98 with minimum 0.04) and the proportion (5%, 17%, 33%, 67%, 95%) 

of the synthetic dataset. Figures 5.12A-D show plots in which the thickness (proportion) of 

the sandy unit is kept constant (95%), with sandiness, Sa, varied. As Sa increases, 

heterogeneity (Lc) increases up to maximum 0.66 (Sa=0.82). Further increase in sandiness 

to S=0.98 decreases Lc to 0.43). On the plot, Lc curves change position and shape from 

high ratio, top-right corner to low ratio, bottom-left corner (Fig. 5.12A). Increasing the 

averaging window has a smoothing effect on the overall shape of all the Lc curves due to 

data averaging, with minor decrease in Lc (Fig. 5.12B). Decreasing thickness (proportion) 

of the sandy unit generally reduces Lc and changes the shape of Lc curves towards line of 

equality (Fig. 5.12C). Decreasing the sampling frequency has a minor impact on Lc for 
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sandiness between 0.25 and 0.82, although has a significant impact for S=0.98, where Lc 

collapses to zero (Fig. 5.12D). 

 

Figures. 5.13A-D represents a plot where sandiness (Sa) is kept constant (0.67), and the 

thickness (proportion) of the sandy unit varies (5%, 17%, 33%, 67%, 95%). As thickness 

(proportion) of the sandy unit increases, heterogeneity (Lc) increases with minor vertical 

shifts on the Lc plot (Fig. 5.13A). The impact of increasing averaging window increases 

the smoothness of the plot through averaging processes (Fig. 5.13B) and has minor impact 

on measured heterogeneity (Lc). A decrease in thickness (proportion) of the sandy unit 

increases heterogeneity by a factor of 1.5, with position of the curves changing from high 

ratio, top-right corner towards low ratio, bottom-left corner. Additionally, the curves 

spread vertically as heterogeneity increases (Fig. 5.13C). Decreasing sampling frequency 

increases heterogeneity (Lc), with curves moving laterally to the left of the plot, away from 

the line of equality. 

 

 

 

 

 

 

 

 

 

 

 



 
 

187 

 

  

 

 

 

 

Fig. 5. 12. The impact of distribution of values within a sample of data with fixed proportion. (A) observed data, 
(B) impact of increasing sampling window, (C) impact of decrease in sandiness of low and high values, and (D) 
impact of decrease in sampling frequency. An increase in sampling window tend to generate smooth curve. A 
decrease in proportions of high to low values resulted in decrease heterogeneity values with Lorenz curves 
collapsing towards line of equality. Decrease in sampling frequency tend to decrease the number of samples which 
may or may not increase measured heterogeneity. The reduction in the number of samples may not include any 
high values, in which case, decreases heterogeneity to line of equality. The coloured lines represent the different 
maximum assigned sandiness values with a background minimum of 0.04. 
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Fig. 5. 13. The impact of distribution of values within a sample of data with fixed sandiness and varied 
proportion. (A) observed data (B) impact of sampling window, (C) impact of decrease in proportion low and 
high values, (D) impact of decrease in sampling frequency. An increase in sampling window tend to generate 
smooth curve. A decrease in proportions of high to low values resulted in Lorenz curves collapsing towards 
low line of equality. Decrease in sampling frequency tend to decrease the number of samples, which may or 
may not increase measured heterogeneity. The reduction in the number of samples may not include any high 
values, in which case, decreases heterogeneity to line of equality. The coloured lines represent the different 
maximum assigned sandiness values with a background minimum of 0.04. 
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5.10 Quantifying heterogeneity in outcrop data 

The measured heterogeneity for the outcrop NTG used in this study is summarised in Table 

5.5. The Lorenz Coefficient (Lc), standard deviation (SD), Coefficient of Variation (CV), 

and other descriptive statistics are used to describe the dissimilarity between packages 1 to 

5. There is a direct relationship between Lorenz Coefficient and the Coefficient of 

Variation (Fig. 5.14A). Based on statistical evaluation, Package 4 has a mean value 0.44 

and higher mode of 0.67 (Table 5.5), resulting in a negative skew of -0.99 (Fig. 5.14B).  

This suggests that Package 4 sandstone beds are thicker than the overlying mudstone beds, 

resulting in higher net-to-gross compared to Packages 2 and 5. This also implies different 

depositional processes may have been involved in depositing Package 4, whereas similar 

processes are repeated by Packages 2 and 5.  

 

 

 

 

 

 

 

 

 

Table 5. 5. Results of Lorenz Coefficient, Lc, Skewness, Sk and other descriptive statistics from resampled net-to-gross. 



 
 

190 

5.11 The impact of log resolution on measured heterogeneity levels. 

Figure 5.15 presents the synthetic gamma ray (GR) logs, where the original high-resolution 

data (1 cm interval) is shown as a blocky curve varying between discrete end members of 

106 and 125 API (dark red curve). As the averaging window size increases (representing 

larger averaging windows of multiple, original data points) the synthetic GR curves 

become smoother, centered around an average of 116 API; having similar visual 

characteristics to a traditional subsurface GR log (e.g. compare to Fig. 5.8A). As observed 

for the original outcrop data above, as window size increases heterogeneity value decreases 

as a function of decrease in measurement resolution, i.e. a larger averaging window (Fig. 

5.16A). The relative percentage change in heterogeneity, compared to the original high-

resolution curve, is relatively small for window size between 1 and 7 cm, but increases 

significantly beyond 7 cm (a resolution ratio of less than 0.15 in Fig. 5.16B). The 

 

 

 

 

Fig. 5. 14. (A) Plot of Lc (NTG) against CV (NTG) shows a linear relationship between the two heterogeneity 
measures, Lorenz Coefficient, Lc and Coefficient Variation, CV. (B) Plot of Lc (NTG) against Skewness show 
negative skewness of Package 4, whereas both Packages 2 and 5 have positive skewness indicating similarities 
between these packages based on their statistics, which may have been reflected in the depositional process. 
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relationship between percentage change in heterogeneity and log resolution follows an 

exponential curve.  The sharp decrease in heterogeneity may be related to the number of 

average thickness sandstone and mudstone beds at c. 7 cm; at high measurement 

resolution, the sandstone and mudstone beds are sampled individually but as measurement 

resolution decreases, the averaging methods reduces observed heterogeneity (Fig. 5.16E, 

F). 

  

 

 

Fig. 5. 15. Synthetic GR log ranges from high resolution data at 
every 1-cm interval (dark red) to low resolution at averaging 
window of 101-cm (magenta). Increase in averaging window size 
resulted in smoothing of data, which can be observed on the above 
plot. As averaging window increases, data are plotted similar to 
subsurface GR logs (Fig. 8A). 
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Fig. 5. 16. Plots of synthetic Gamma ray (GR) expressed as resolution ratio where 1 represents dataset at 1-cm interval 
(high resolution) with decreasing in resolution ratio towards 0. Decrease in resolution is generated by increase in 
averaging window resulted decrease in heterogeneity. (A) Plot of synthetic Gamma ray (GR) dataset generated using 
106 API (min) and 125 API (max) with decrease in resolution due to increase in averaging window. (B) Plot expressed 
as percentage change in heterogeneity of Plot A. (C) Plot of calculated Vsh based on synthetic GR data generated 
using 106 API and 125 API, and Vsh based from 25 API and 150 API. Plot indicate significant decrease in 
heterogeneity as difference between min and max values increases. (D) Plot expressed as percentage change in 
heterogeneity of Plot C. (E) Plot of synthetic GR expressed as vertical resolution. Increase in vertical resolution (lower 
values) increases heterogeneity. (F) Plot expressed as percentage change in heterogeneity of Plot E. Both sets of Vsh 
values are plotted the same due to normalisation. 
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5.12 Discussion 

5.12.1 Asymmetric bedding cycles 

The presence of asymmetric cycles in turbidite systems displaying thickening or thinning-

upward trends has been commonly associated with submarine fan sub-environments such 

as lobes and channel-levees respectively (Walker and Mutti, 1973; Shanmugam and 

Moiola, 1988). The identification and interpretation of such cycles is subjective and prone 

to bias, especially when defining the base of a cycle (Hiscott, 1981). Asymmetric cycles 

are equally identifiable from sequences of randomly stacked beds (Hiscott, 1981; Chen and 

Hiscott, 1999a; Anderton, 1995). Chen and Hiscott (1999b) contested against the use of 

asymmetric cycles to identify sub-environments in turbidite systems by stating such cycles 

have no statistical significance in turbidite successions as similar cycles can be generated 

from random processes.  

 

Field observations from our studied succession suggest the presence of TkU and TnU 

trends, although there are more TkU than TnU from field observations (Chapter 4). The 

current study applied the modified methodology of Mukhopadhyay et al. (2004) to 

investigate the presence of asymmetric cycles as thickening- and/or thinning-upward trends 

as statistically significant. Application of a modified Waldron (1987) test based on sliding 

skewness (Mukhopadhyay et al., 2004) revealed the presence of statistically significant 

TkU bed thickness trends for all studied packages, including the predominantly thin-

bedded deposits of Package 4 (Fig. 5.2B, 5.8C) despite being visually undetectable. 

Although the method of sliding skewness broadly agrees with field interpretation, the 

likely presence of TnU packages should not be ignored. Recent studies indicate packages 

of TkU and TnU co-exist in turbidite thin-bedded environments such as in levees and lobe 

fringes (e.g. Kane et al., 2007; Prélat and Hodgson, 2013). The present study (e.g. Package 



 
 

194 

3) demonstrates convincingly, at least on a large scale, sliding skewness can be used to 

verify TkU trend, aligned with field observations (Fig. 5.2B; Table 5.3). 

 

The origin of the TkU trend is debatable and has been assumed to be the product of 

tectonic activity, eustatic sea level fluctuations or lateral shifting of depositional 

environments (e.g. Normark, 1978; Ghibaudo, 1980; Hiscott, 1981; Pickering, 1982; Mutti, 

1985). Processes related to auto cyclicity, such as lobe switching (Chen and Hiscott, 

1999a) and lobe progradation (Chen and Hiscott, 1999a; Felletti, 2004; Felletti and 

Bersezio, 2010) have been used to explain possible controlling mechanisms for TkU 

trends. Alternatively, tectonically induced sediment failure at shelf edge, leading to 

sediment gravity flow development could have generated similar trend in active margin 

setting (e.g. Mutti, 1985, 1992; Ricci Lucchi, 1986; Levell and Kasumajaya, 1985; 

Pickering and Hilton, 1998; Covault and Graham, 2008). 

 

5.12.2 Inconsistency in Hurst statistics 

Based on Hurst statistics, Package 1 is interpreted as a levee-channel succession. However, 

further subdivision of Package 1 into two, Packages 2 and 3, resulted in the interpretation 

of lobe-interlobe (Package 2), and basin-floor sheet fan deposits (Package 3). 

Stratigraphically, the older Package 2 is overlain by the younger Package 3, implying the 

interpreted lobe-interlobe (Package 2) is overlain by basin-floor fan (Package 3). Such 

scenario may require major basin subsidence for the older lobe-interlobe (Package 2) to be 

overlain by the younger basin-floor fan (Package 3), indicating mismatch in interpreting 

depositional setting. 

 

Package 3 can be further subdivided into two: Package 4 and 5, both interpreted as basin-
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floor sheet sands, and are plotted as negative curves (Fig. 5.10B, C) with general 

thickening-upward trend. The thickening-upward trends are consistent with field 

observations, however the succession is interpreted as aggradational lobe fringe deposited 

on a weakly confined slope setting (Chapter 4). The discrepancy in interpretation between 

qualitative sedimentological and facies analysis and quantitative Hurst statistics highlights 

issues on reliability of using statistical analysis to interpret depositional sub-environments. 

 

Inconsistency in interpreting depositional sub-environment based on Hurst statistical 

method emphasise: (1) the effect of merging data for statistical analysis that may result in 

dissimilar interpretations, and (2) the importance of integrating traditional facies-based 

sedimentological and stratigraphic analysis prior to statistical analysis. Hurst statistics have 

been proven to be a useful tool in supporting the interpretation of sub-depositional 

environments (Chen and Hiscott, 1999b; Felletti, 2004; Bersezio et al., 2005; Felletti and 

Bersezio, 2010; Pantopoulos et al., 2013). However, the results of this study highlight: (1) 

the possibility of misinterpretation using statistical methods to interpret depositional sub-

environments, and (2) the interpretation of depositional sub-environments could be 

facilitated through package-driven analysis supported by sedimentological and 

palaeogeographical studies. 

 

5.12.3 Averaging window, vertical resolution and heterogeneity measures 

Smoothing of data as a result of resampling decreases measured heterogeneity (Fig. 5.7A, 

B). Larger averaging window size effectively decreases vertical resolution and 

heterogeneity. Window size is used as proxy to logging speed; increase in logging speed 

decreases vertical resolution and measured heterogeneity. In thin-bedded environment, 

conventional open hole logging often fails to capture the appropriate resolution as bed 
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thickness and bed boundaries are generally below tool resolution. As demonstrated by the 

Bebuloh outcrop (Chapter 4), bed thickness patterns can be complex, and often show 

various trend packages with different thicknesses and arrangements, all of which require 

more controlled drilling or acquisition speed for acquiring good quality data. In an 

environment dominated by thin beds, logging speed has significant impact on data 

resolution as bed thickness changes frequently within short intervals.  

 

A systematic approach applied to the current study provides a much simpler workflow in 

the analysis of thin beds and can be easily replicated on subsurface data. In the absence of 

cores, subsurface work on thin beds involve complex workflow which require high-

resolution logs such as a dipmeter or borehole image log. These logs are effective and 

commonly used in analysing and resolving individual beds down to a scale of 5 cm 

(Trouiller et al. 1989; Anderson et al., 1995; Barton et al., 2010; Slatt and Davis, 2010). 

Earth models with clearly defined bed boundaries could then be generated from these high-

resolution logs, whereas logging tool forward model based on complex algorithms, can be 

used in conjunction with earth models to perform inversion to provide better assessment on 

the individual thin bed (Passey et al., 2006). However, the complexity in forward 

modelling and inversion generates non-unique output with related uncertainty (Yin, 2000; 

Passey et al., 2006). Such a modelling approach may not be realistically feasible for 

successions dominated by very-thin beds (e.g. Package 4). A simpler predictor tool is 

needed to guide data acquisition in an environment dominated by thin-beds, and estimate 

the heterogeneity within that environment, which is discussed in the following section.  

 

5.12.4 Coefficient of variation (Cv) as heterogeneity measure 

An alternative method to Lorenz Coefficient is the Coefficient Variation (Cv), which is 
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used to describe the amount of variation in a dataset. A large difference in Cv values 

between packages is likely to indicate datasets of different populations. Low Cv within a 

package denotes a lack of dispersion around the mean. The lack of dispersion suggests less 

variability in the observed dataset that may result in decreases heterogeneity. In Package 2, 

the mean and mode for the NTG are 0.52 and 0.50 respectively. This suggests most of the 

values are closer to the mean with lack of dispersion, and therefore a low Cv is returned 

(0.44) (Table 5.5). The low Cv is correlated with low measured heterogeneity (Lc 0.25).  

 

In contrast, Package 4 has a mean of 0.44 and mode of 0.67, implying large dispersion of 

values around the mean, resulting in large Cv (0.52) and measured heterogeneity, Lc (0.3). 

The relatively large mode of 0.67 in Package 4 suggests most of the very-thin to thinly 

bedded sandstone beds are thicker than the overlying mudstone beds. In general, Cv 

increases with Lc, thus establishing a linear relationship between the two heterogeneity 

measures (Fig. 5.14A). Fitch et al. (2015) observed a similar correlation between Lorenz 

Coefficient and Coefficient Variation. The large mode in Package 4 results in negative 

skew (-0.99) while package 2 and 5 have a positive skew of 0.10 and 0.14 respectively 

(Fig. 5.14B). The small difference in skewness between Packages 2 and 5 indicate that 

they are broadly similar in their bed thickness (medium to thick beds) and may have been 

deposited in similar environments. The positive correlation between Cv and Lc on NTG 

dataset suggests that Cv is a parameter that can be used as comparison with other variables. 

Variations within a dataset can be easily be explained from Cv values to highlight different 

populations. Subtle differences or gradational changes within a dataset are more sensitive 

to Cv as data are not subjected to normalisation, whereas Lorenz Coefficient values are 

non-unique and constrained between 0 and 1.  
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5.12.5 Relationship between R parameter and heterogeneity measures 

The NTG ratio is used as a proxy to sandstone bed thickness within a single event bed; 

high NTG correlates to thick sandstone beds relative to the overlying mudstone thickness. 

The correlation between statistics Hurst parameter, R and the heterogeneity values (Cv and 

Lc) for a given dataset is attempted for the first time, with an aim to establish a relationship 

between the interpreted depositional sub-environment and its heterogeneity. Heterogeneity 

measures (Lc or Cv) and R are shown to have an inverse relationship (Fig. 5.17A); as Cv 

increases, R decreases. As R increases, the total number of beds, and the total number of 

beds thicker than the mean bed thickness increases. An increase in the total number of beds 

that are thicker than the mean bed thickness may result in a decrease in thickness 

variability. Decrease variability within a dataset, decreases both Cv and Lc values. As 

shown previously, Cv (NTG) and Lc (NTG) have a positive relationship (Fig. 5.17A). It 

can then be deduced Lc (NTG) has a similar inverse relationship with R (Fig. 5.17B); 

increasing Lc (NTG) decreases R values.  

 

Similarly, the relationship between R and the heterogeneity in gamma ray measurements 

(using Lc) is shown in (Fig. 5.17C); both R and gamma ray heterogeneity (Lc) increases 

exponentially. As the number of beds thicker than the mean bed thickness increases, R is 

also expected to increase. When GR parameters, GRclean and GRshale are tailored for the 

observed data spread (i.e. 106 and 125 API), then an increase in the number and the 

thickness of sand beds (increasing in R) increases data variability as sand represents the 

dominant low values for this particular dataset. This is also observed by the increase in the 

coefficient of variation (Cv) and heterogeneity (Lc) (e.g. Package 2 compared to 4, Fig. 

5.17C, D). When sand becomes thinner, and the number of beds thicker than the mean bed 

thickness decreases (decreasing in R), variability in GR decreases, and so does Cv and Lc 
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(e.g. Package 4). Changing the default GR minimum (to 25 API) and maximum (to 150 

API) increases Lc significantly. However, the relationship between R and gamma ray 

heterogeneity (Lc) is broadly similar to the default GR (Fig. 5.17D). The relationship 

between NTG and gamma ray heterogeneity shows increase in gamma ray heterogeneity 

decreases NTG heterogeneity (Fig. 5.17D). 

 

Based on the relationship described above, there is a consistent increase in R and decrease 

in heterogeneity in NTG (Lc) as the interpreted depositional environment changes from 

fringe (Package 4) to off-axis (Package 5). The changes in R and Lc reflects the change in 

bed thickness from thin-bed dominated Package 4 to medium-thick bed dominated 

Package 5. A further increase in R and decrease in Lc (NTG) from Package 5 to Package 2 

could be due to an increase in bed counts and bed thickness. As bed thickness and bed 

counts increase, gamma ray heterogeneity decreases (cf. Package 4 to Package 2). This 

suggests that despite gamma ray heterogeneity values in thin bed environment showing 

only minor variations, due to lack of clean sand or data suffering from low-resolution, the 

heterogeneity can be inferred indirectly from the Hurst R parameter as demonstrated in this 

study. This can be used as a tool to predict differences in heterogeneity in a succession 

otherwise displaying lack of variations from a typical gamma ray log.  

 

Package identification supported by sedimentological analysis assists in isolating intervals 

of low heterogeneity, which could be of interest in hydrocarbon exploration. 

Understanding the different levels of heterogeneity in thin-bedded succession is important 

as it may impact sweep efficiency during waterflood and may provide better predictions of 

recovery factors (Weber, 1986; Jones et al., 1995; Mayall and O’Byrne, 2002; Chappel, 

2006). 
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Fig. 5. 17. A series of plots of maximum range cumulative departure from mean (R) against Lorenz Coefficient (Lc) 
or Coefficient of Variation (CV). (A) Plot of R against CV (NTG) shows an exponential with an inverse trend. (B) 
Plot of R against Lc (NTG) shows an exponential with an inverse trend. (C) Plot of R against Lc (GR) - API range 
106-125 shows a exponential positive trend. (D) Plot of R against Lc (GR) – API range 25-150 shows a exponential 
positive trend. Both Plots (A) and (B) show similarity in trends from two heterogeneity measures, CV and Lc. The 
differences in values between the measurements is because Lc measures between 0 to 1 whereas CV has infinite 
maximum. The plots show packages with smaller R values have higher heterogeneity than those with higher R. Plots 
(C) and (D) show similar trends, however increase difference between minimum and maximum values, increases 
measured heterogeneity. 
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5.12.6 Controlling resolution with heterogeneity  

The synthetic GR logs at different measurement resolutions have been re-interpreted to 

estimate shale volume (Vsh), as described in Section 5.6.4. The Vsh curves show similar 

visual characteristics to their individual GR input curves; Lorenz coefficients shows a 

similar trend of decreasing heterogeneity with increasing averaging window size (Fig. 

5.18). When the Vsh is calculated using GR parameters tailored to specific thin-bed 

interval (106 and 125 API), the magnitude of the heterogeneity in the datasets increased by 

a factor of 10 (compare Fig. 5.16A to the squares in Fig. 5.16C). When a traditional 

parameter ranges for sandstone-shale reservoir is used (25 and 150 API), then the 

measured heterogeneity is on a comparable magnitude between the GR and interpreted Vsh 

logs (Fig. 5.16C).  

 

The percentage change in heterogeneity with measurement resolution is directly 

comparable between the GR logs and both interpreted Vsh curves (Fig. 5.16B, D). These 

plots can be used to specify for a given percentage change (error) of heterogeneity what the 

minimum logging resolution is required. For GR example, heterogeneity at 20% require 

resolution ratio of 0.12 (Fig. 5.16B) with estimated heterogeneity of 0.034 (Fig. 5.16A), 

which can be translated to sampling resolution of 8 cm (Fig. 5.16E). In these plots, the 

impact of data range has been removed by displaying percentage change; suggesting that 

while interpretation parameters are key in determining shale content, and net-to-gross 

ratios in a thin-bed succession, it is the measurement resolution which has a more 

dominant control on whether the underlying heterogeneity is captured in traditional well 

logs.  
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5.12.7 Effect of penetration rate (logging speed) on resolution and heterogeneity 

The current study demonstrates that resampling of data into regular intervals resulted in a 

smoother plot, and an increase in vertical resolution and measured heterogeneity (Fig. 

5.7A, B). Averaging within a given window tends to smooth the dataset; large window size 

effectively decreases vertical resolution and measured heterogeneity. Bed resolution within 

a sedimentary sequence depends on the thickness of individual beds, the property contrast 

between a bed and its neighbour, measurement tool resolution, and speed during data 

acquisition (Serra, 1984). In the thin bed environment, beds are commonly thinner than 

 

 

 

 

Fig. 5. 18. Plot of Vsh (derived from synthetic GR) Package 1 shows decreasing in heterogeneity from 
high resolution data at 1-cm to low resolution data with averaging window of 101 cm. Heterogeneity 
decreases as averaging window increases. 
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logging tool spacing so that bed properties are averaged within the volume of investigation 

that result in apparent homogeneous log characteristics (Serra, 1984); commonly observed 

in conventional well log responses through thin bed successions (e.g. Fig. 5.8A-C).  

For radio-active logging tool, such as gamma-ray, data are accumulated within a specified 

time interval with mean value calculated within that interval. In this case, vertical 

resolution is partly dependent on logging speed. As radio-active emission is random, the 

gamma-ray tool must remain present long enough to acquire good quality data for 

averaging to take place within a defined “time constant”, commonly at 1 foot per second 

(0.30 m per second; Bateman, 2014). At significantly higher time constants (higher logging 

speed or large averaging window) the vertical resolution degrades rapidly with indistinct 

bed boundaries. In contrast, at longer time constants (i.e. lower logging speed or small 

averaging window) vertical resolution increases, which results in serrated or “noisy” log 

character as a response to thin-bedded intervals. As heterogeneity increases with 

resolution, the high-resolution can be related to slow logging speed, and small averaging 

window, whereas decrease in heterogeneity with resolution is directly related to high 

logging speed, and large averaging window.  

 

An offshore well drilled into an interval dominated by turbidites displayed the serrated 

Gamma-ray log motif with values range between 106 and 120 API, and an average rate of 

penetration (ROP) of 45 m/hr (Fig. 5.8A). The small range of Gamma-ray values could be 

due to lack of variations in bed thickness, difference in lithological properties or low-

resolution data. In the absence of borehole image logs or cores, bed thickness cannot be 

verified directly, however cuttings return indicates the interval is predominantly very-fine 

grained. To simulate a similar visual log response for the outcrop dataset, the Bebuloh 

synthetic GR is subjected to a large averaging window of at least 91 cm (Fig. 5.8B, C), 
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with decrease in vertical resolution and measured heterogeneity by 44% from Lc 0.041 (1-

cm interval) to 0.018 (Fig. 5.7B).  

 

For environments with similar bed thickness patterns to the studied outcrop, heterogeneity 

(Lc) has an exponential relationship with vertical resolution (Fig. 5.16E). Increasing ROP 

decreases vertical resolution; to increase the vertical resolution (sampling rate), the ROP 

should be varied by a factor inversely proportional to the vertical resolution to maintain 

comparable statistical accuracy for radioactive measurement (Lawrence and Mezzatesta, 

1989). The work presented here suggests that for the Bebuloh dataset, an increase in well 

log vertical resolution by a factor of 2 (from 91 to 45 cm) requires a decrease in ROP to 

one-half (from 45 to 22.5 m/hr) with measured heterogeneity increases from 0.018 to 

0.031. A series of ROP (decreasing in speed), and vertical resolution (increasing in 

resolution) can be extracted to provide an estimation of heterogeneity from thin-bed 

dominated intervals. The mean bed thickness in the studied outcrop is 7 cm; an estimated 

maximum ROP of 3.4 m/hr is therefore required to capture bed thickness variability with 

measured heterogeneity of 0.035, within a percentage change, or “error”, of 15% (Fig. 

5.16F).  

 

These initial results suggest a link between ROP for logging while drilling and measured 

heterogeneity. The combination of findings above indicates the relationship between: (a) 

ROP and vertical resolution (inverse relationship), (b) heterogeneity and vertical resolution 

(inverse relationship), (c) ROP and heterogeneity (direct relationship), and (d) ROP and 

vertical resolution (direct relationship). These relationships provide some support for the 

conceptual premise that apart from tool limitation, the speed of penetration is key to 

acquire data to sufficiently capture vertical resolution. 
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5.13 Conclusion 

This study is set to: (1) investigate the contribution of statistical analysis from bed 

thickness using sliding skewness for asymmetric cyclicity, and Hurst statistics for 

thickness clustering, and interpret their depositional environment, (2) evaluate the impact 

of vertical resolution on heterogeneity measures, and (3) investigate the relationship 

between the different statistical techniques and provide guidance to future data acquisition. 

 

The study highlights the importance of sedimentological and palaeogeographical 

knowledge of the area to identify and validate packages prior to statistical analysis in a 

thick succession of thin beds. Various packages and sub-packages representing different 

depositional environment are used to test the validity of the statistical techniques. The 

studied outcrop shows a general thickening-upward trend from the sliding skewness 

method, which is consistent with outcrop observation. The method also detected thinning-

upward trend although this cannot be verified easily from outcrop observation.  

 

This study offers the first reported example examining how thick- and thin-dominated 

intervals are identified on Hurst plots, in addition to the traditional clustering identification. 

Based on synthetic data, two types of trends have been identified: (1) thickening-upward 

trend (TkU) plotted as negative curve and (2) thinning-upward trend (TnU) plotted as 

positive curve. Bed arrangements in “real” outcrops and subsurface examples are more 

complicated, with multiple stacks of TkU and TnU, and smaller packages nested within a 

much larger package throughout the succession. The tendency for a package to be plotted 

negative (TkU) or positive (TnU) on the Hurst plot is dependent on: (i) number of beds 

within the package, (ii) sequential arrangement up-section, and (iii) the predominant bed 

thickness. The approach from this study proves useful in providing insights into bed 
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thickness results presented on Hurst plots.  

 

In this study, depositional sub-environment interpretation using Hurst statistics are 

generally inconsistent with sedimentological analysis and the palaeogeography of the area. 

Based on identified packages and subdivision, various depositional sub-environments have 

been interpreted: Group 1 channel-levee (Package 1 – Unit 1 and 3), Group 2 lobe-

interlobe (Package 2 – Unit 1), Group 3 basin floor sheet sand (Package 3 – Unit 3), Group 

3 basin floor sheet sand (Package 4 and 5). In Chapter 4, qualitative sedimentological study 

interpreted the Bebuloh outcrop as slope lobe aggradational fringe deposit. Due to outcrop 

areal limitation, reconciling the differences in interpretation may require additional 

information such as petrological analysis, cores, and acoustic logs. This may also assist in 

the understanding of lateral and vertical variability, which may indicate the various 

depositional sub-environments. 

 

Averaging window size is used as proxy to logging speed and tool resolution. Increase in 

logging speed has a similar effect to increase in averaging window size, which decreases 

the vertical resolution of the measurement and its measured heterogeneity. Control on rate 

of penetration (ROP) or logging acquisition speed over intervals suspected with thin beds 

can assist in acquiring high resolution data. This study provides a set of guide charts for 

constraining tool resolutions, relative to an accepted difference from actual heterogeneity 

levels (as a percentage change or “error”). 

 

The current study established the following relationships between: (a) two heterogeneity 

measures used in this study, Lc and Cv (direct relationship), (b) increase in net-to-gross 

heterogeneity decreases the parameter R in Hurst statistics, (inverse exponential 
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relationship), (c) increase in Gamma-ray heterogeneity, increases the parameter R in Hurst 

statistics (exponential relationship), (d) increase averaging window size (rate of 

penetration, or logging speed) decreases vertical resolution (inverse relationship), and (e) 

vertical resolution increases with heterogeneity (direct relationship). The relationships and 

plots generated for (a) to (c) indicate that different depositional environments occupy 

different areas within the plot, suggesting within the identified packages, factors are 

controlled by the TkU or TnU tendency. For (d) and (e), it is these plots which can be used 

to extract vertical resolution estimation within an acceptable percentage change, or error in 

heterogeneity.  

 

Notwithstanding the limited dataset, the workflow offers valuable insights into the 

quantification of package-driven analysis as a research method. The results presented in 

this study, however, may not be applicable to wider situations as they are driven by 

specific packages, identified according to their sedimentological characteristics, and 

palaeogeographical understanding. As the study only involve a single outcrop, caution 

must be applied as results may not be transferrable. Further studies are needed to better 

understand the influence of package-driven analysis on heterogeneity and parameter R in 

Hurst statistics, and the relationship between them from other depositional environments 

dominated by thin-bedded turbidites, for example, lateral lobe fringe versus aggradational 

lateral lobe fringe versus frontal lobe fringe, proximal external levee versus distal external 

levee, internal levee versus external levee, and between levee and lobe fringe in general. 
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6 Discussion 

This chapter addresses the research questions presented in Chapter 1. They are discussed in 

reference to the results presented in Chapter 3 to 5.  

 

 

6.1 Can we identify potential thin-beds from a lower resolution data such as 3D 

seismic? 

 

Variations in geological properties, most notably lithology/sediment texture (e.g. sand, silt 

and clay), diagenesis (e.g. authigenic clays and hard mineral cement volumes) and 

seismic/acoustic parameters (density, Vp, Vs, AI, PR, Vp/Vs), are the main cause of the 

non-unique interpretations of seismic attributes. This is particularly the case in deep-water 

settings, where the variability of gravity flow processes and the distribution of their 

resulting deposits are known to be complex. Techniques such as blending of multiple 

attributes (e.g. Chaos with RMS over structure) have been proven to be effective in 

evaluating geologically-consistent seismic facies analysis as it displays both stratigraphic 

and geophysical attributes simultaneously (e.g. Chopra and Marfut, 2008). Blending may 

create apparent topography which often suggests true subsurface geological structure such 

as channel incisions, and lobate geometry of a lobe. Generally, it is difficult to blend more 

than two attributes effectively, and the interpretability of blending is dependent on data 

quality, noise or processing errors (Chopra et al., 2010; Marfut and Alves, 2015). 

 

The use of amplitude anomalies either as bright spot, dim spot, flat spot, or polarity 

reversal, as hydrocarbon indicator is not straight forward because the relationship between 

hydrocarbon indicators and hydrocarbon accumulations is not simple and universal. For 
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example, bright and dim spots could be generated by highly cemented sands, low-porosity 

heterolithics sands, overpressured sands, and coal beds, whereas flat spots can be caused 

by ocean bottom multiples, flat stratigraphy, and digenetic boundary. Well data is used to 

investigate rock physics properties in the presence of amplitude anomalies. 

 

An amplitude versus offset (AVO) technique provide an amplitude variation with offset in 

pre-stack data in the presence of gas reservoir capped by shale (Ostrander, 1984). The 

technique provides information about pore fluids and lithologies and can be used as 

potential DHI. However, the technique suffered from ambiguities caused by lithology (e.g. 

Avseth et al., 2005), tuning (Lin and Phair, 1993; Bakke and Ursin, 1998; Dong, 1998), 

overburden effects (Spratt, 1987; Chiburis, 1993), and acquisition (Martinez, 1993). AVO 

will only work if the rock physics and fluid characteristics of the target objectives are 

expected to give a clear AVO response (Avseth et al., 2005); unachievable in the present 

study. 

 

Variations in porosity, fluid types and saturation impact acoustic properties (Vp, Vs), 

seismic properties (AI, Vp/Vs, PR), seismic amplitude, and density (Houck, 1999; Avseth 

et al., 2010). Well data analyses also indicate the low velocity intervals (LVIA-F) shows 

relationships between: (i) Vp versus porosity shows an apparent decrease in sorting as a 

function of increase in clay content and increase in Vp with depth suggesting modification 

by compaction and diagenetic processes, (ii) AI versus porosity shows stiffness of the LVI 

increases by compaction, and (iii) Vp/Vs versus PR shows majority of the LVI data falls 

within the water sands with only minor points plotted within the gas sands, which suggests 

high amplitude anomalies may have been caused by lithology, rather than gas. 
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The high amplitude response observed on seismic may reflect the acoustic impedance 

contrast driven by lithology between the interval of interest, and the bounding strata (e.g. 

hard sand bounded by soft shale) that may have been further modified through diagenesis 

and/or compaction. However, this interpretation remains ambiguous, which require further 

thin-section analysis to support. Thin section analysis helps to confirm (a) the presence of 

quartz cementation to support diagenesis as the main contributor to porosity reduction, or 

(b) evidence of variable grain size population that result in grains that are closely packed 

(poorly sorted) to indicate that sorting is responsible to decrease in porosity. Alternatively, 

increased presence of clay may also decreases porosity, which tend to be common in 

muddy systems. 

 

The majority (5 out of 6) of the corresponding low velocity intervals are characterised by 

their high amplitude driven by depositional lithology either as diagenesis and/or 

cementation, rather than hydrocarbon with high resistivity values. The low velocity 

intervals typically show serrated gamma-ray log motif indicating that bed thickness is 

below log and seismic resolution (Chapter 3 and 5). The lack of variations on gamma-ray 

log data tend to underestimate net-to-gross with values similar to mud-dominated intervals. 

Synthetic logs generated from outcrop (Chapter 5) may show comparable log motif to 

gamma-ray logs but are known to record higher net-to-gross c. 50% in thin-bedded 

succession. It can therefore be assumed that the low velocity intervals are related to thin-

bedded turbidites because of similarity in log motifs between gamma-ray and the outcrop-

based synthetic logs (Chapter 5). This assumption is somewhat limited by the lack of cores 

and/or image logs to validate the presence of thin-bedded turbidites. 
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6.2 What is the relationship between subtle topographic confinement on slopes, and 

sediment supply on turbidite deposition in Brunei? 

 

6.2.1 Effect of local structural growth on minibasin development 

Thrust fault-related folding and mobile mud-cored ridges are the dominant causes of the 

irregular topography that pervades the slope in offshore Brunei (Chapter 2 and 3). The 

earliest generation of folds (Middle Miocene) was driven by tectonics as NW Borneo 

underwent convergence with the Sundaland, which was later driven by gravity. The axes 

of the anticlines and adjacent synclines have a downslope spacing of approximately 20 to 

30 km and are orientated almost parallel to the shelf edge and slope strike (Chapter 3). The 

adjacent synclines act as minibasins to receive sediments brought by gravity flow 

processes. Available accommodation within the syncline is controlled by local tectonics. 

The growth of these anticlines steepened the inclination of the local seafloor, generated 

accommodation and exerted a strong influence on sediment dispersal and distribution. The 

growth of the anticlines can be slow and continuous during which local erosion may occur 

from the uplifted anticline. During this period, thin debrite or mass transport deposits 

(MTD) fill the accommodation, which subsequently overlain by thin succession of 

turbidite deposits. Alternatively, periodic anticlinal growth may also generate similar 

interlaying of MTD-turbidite successions in the syncline. The interlaying of MTD-turbidite 

successions are prominent on slopes of NW Borneo (e.g. Grecula et al., 2010).  

 

As the rate of anticlinal growth decreased, flows exploited weak and low points on top of 

the structural crests through erosion, which initiated new drainage or exit points. The 

eroded areas served as entry points into the subsequent downdip minibasin. Amplitude 

extractions from the various intervals indicate that the entry points for the three studied 
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minibasins are located repeatedly in the same area, with the direction of sediment transport 

from SE to NW. Sedimentation rate may exceed accommodation generation, leading to 

erosion of the bounding crest for sediment to exit into the downdip subsequent minibasin.  

 

Increase in anticlinal growth impacted the local slope profile and geometry in MB-C. The 

high growth rate of Ridges-1 and -3B resulted in tightly folded anticlines, increased slope 

dip and accommodation within the syncline. The increase in slope dip resulted in strong 

and persistent erosion of Ridge-1 (Fig. 3.11i and iii). Sediment gravity flows exited the 

eroded Ridge-1 were deflected by the bounding Ridge-3B resulting in a fully confined 

minibasin (Fig. 3.10C, 3.11Ci, Cii). 

 

The study shows the interaction between the vertical growth of an anticline and 

sedimentation rate controlled minibasin development: (1) anticlines form a barrier to flow 

when the rate of anticlinal growth is greater than the rate of sedimentation, which resulted 

in a confined minibasin (e.g. Ridge-3B in MB-C), and (2) breaching of an anticline as 

sediment exit and entry points occur when sedimentation rate outpaced growth of anticline 

(e.g. between Ridge-2A and 2B). 

 

6.2.2 Sediment supply to the deep-water in Champion system  

Progradation of the two main delta systems, Champion Delta (middle Miocene to 

Pliocene) and Baram Delta (Pliocene to Recent), to the shelf edge during sea-level 

lowstands have been used to explain sediment supply to the slope and basin floor (Sandal, 

1996). However, it is the fluvial system and the sedimentary and tectono-stratigraphic 

processes on the shelf that exert the primary control on the supply of sand-rich sediment to 

the deep-water. 
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The present study focuses on the northeastern offshore Brunei fed by the Champion delta 

system. Recent studies indicate that Champion delta is a complex system of a variety of 

depositional settings (e.g. Lambiase and Cullen, 2013). The temporal shifting of multiple, 

small fluvial systems has an important implication to the amount and distribution of sands 

to the shelf edge, and eventually to slope and basin floor. Additionally, the presence of 

large counter-regional growth fault with rotation in the direction of regional depositional 

slope, has influenced seafloor topography with respect to trapping sediments along the 

entire width of the shelf. Sediment supply routes were hindered, and the actively subsiding 

Champion depocentre formed sinks for large volumes of sediments of up to 5 km in the 

hanging wall area of the counter regional growth fault (Sandal, 1996; Back et al., 2001).  

 

The combined effect of smaller and variable fluvial systems, and the efficient sand 

trapping mechanism on the shelf by large counter regional growth faults, considerably 

reduced the amount of sand that could reach the shelf edge during sea level lowstands. 

This also suggests that there was no direct relationship between sea level falls, and the 

deep-water sedimentation development in the Champion area as sediment was impeded 

from reaching the shelf edge during lowstands. 
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6.3 What are the sedimentological characteristics of thin-bedded turbidite in NW 

Borneo, and can their stratigraphic intervals be used to differentiate lobe sub-

environments? 

 

Thin-bedded, or ‘classical’ turbidites (sensu Posamentier and Walker, 2006) is a term that 

is generally used to describe distal turbidite deposits that were deposited by low-density 

turbidity currents (Bouma, 1962). They comprise a spectrum of sediment that can be 

deposited in a variety of deep-water depositional environments. Recent studies have 

established that thin-bedded turbidites are not just limited to geographical distance furthest 

from the source, such as the distal basin-floor, rather they occur in a variety of deep-water 

settings wherever low-density gravity flows develop. This most commonly comprises the 

following depositional settings: external levee, internal levee, interchannel areas of low 

sinuosity channels and distal and/or lateral fringes of a lobe. It has been concluded that the 

most common occurrence of thin-bedded turbidites in the studied successions of NW 

Borneo represent distal and/or lateral lobe deposits (Chapter 4). 

 

Like other lobe sub-environments, lobe fringe deposits can be stacked together to form 

lobe fringe complexes. Although lobe fringe deposits consist of many different facies 

(Chapter 4), they are the least studied compared to other lobe sub-environments. As with 

other lobe sub-environments, lobe fringes are also impacted by confinement. In Chapter 4, 

the impact of confinement at a range of scales (outcrop- to sub-regional-scales) has been 

investigated.  

 

Previous studies have shown that lobe facies changes along the flow direction (down-dip) 

and perpendicular (along-strike) which can lead to distinct facies associations (e.g. 
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Pickering, 1981; 1983; Spychala et al., 2017a). These studies also indicate that lobe fringes 

can be sub-divided into three main areas: (i) frontal fringe, (ii) lateral fringe, and (iii) 

aggradational lateral fringe. Frontal fringe is generally associated with hybrid event beds 

that were deposited by high-density turbidity currents that flowed parallel to the dominant 

palaeoflow direction. The frontal fringe deposits are characterised by their finger-like 

elongation profile down-flow where the hybrid muddy part thickened distally (Jackson and 

Johnson, 2009; Spychala et al., 2017a). Lateral fringe deposits are dominated by 

heterolithic facies consisting of planar laminated (Tb Bouma) and climbing current ripple 

cross-lamination (Tc Bouma). They show tabular geometries deposited by low-density 

turbidity currents in a non-confined basin-floor setting, where flow thickness and 

concentration decreases laterally (Smith and Joseph, 2004; Spychala et al., 2017a). 

Aggradational lateral fringe is also dominated by heterolithic facies comprising planar 

laminated (Tb) and climbing current ripple cross-lamination (CRCL) (Tc Bouma), which 

indicate rapid deposition from stratified flows (Kneller and Buckee, 2000; Peakall et al., 

2000). The high amount of CRCL with stoss-side preserved suggests high aggradational 

sedimentation rates (Allen, 1982; Southard, 1991; Jobe et al., 2012).  

 

Spychala et al. (2017a) suggest that depositional processes for aggradational lateral fringe 

differs from ‘normal’ lateral fringe where the latter involved deposition in an unconfined 

setting. Depositional processes for aggradational lateral fringe occurred when stratified 

flows interacted with seafloor topography to split into thin-sandy and thick-muddy flows. 

The thin-sandy flows deposited sand within the unconfined space whereas the thick-muddy 

part of the flow continues to be lofted above the slope to deposit thinner beds. Multiple 

stacks of aggradational lateral fringe “complexes” tend to show a narrow palaeocurrent 

range that may be parallel or oblique (by deflection or reflection) to the confining slope. 
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In the present study, the Bebuloh outcrop is characterised by interbedded sandstone and 

mudstone beds deposited by sustained low-density turbidity currents, which carried a very 

limited grain-size range (very fine to fine-grained) but deposited a highly variable range of 

bed thickness (very-thin to thick) stacked persistently with a broadly thickening-upward 

stacking pattern. The sandstone beds display abundant tractional sedimentary structures, 

especially planar-parallel lamination (Tb Bouma), and abundant evidence of aggradational 

bedforms with preserved stoss-side (Tc Bouma). Hence, it is concluded that the outcrop is 

indicative of an aggradational lateral fringe complex deposited in a weakly confined slope 

setting. 

 

Bed stacking patterns in lobe and lobe complexes are thought to be the product of, and 

interaction between, seafloor morphology and sediment supply (Piper and Normark, 1983; 

Twitchell et al. 2005; Picot et al., 2016). Previous studies have documented various 

stacking patterns in lobe successions such as compensational, aggradational, 

progradational and retrogradational (e.g. Amy et al., 2007; Deptuck et al., 2008; Prather et 

al., 2012; Prèlat and Hodgson, 2013; Burgreen and Graham, 2014; Grundvåg et al., 2014; 

Picot et al., 2016; Spychala et al., 2015; 2017a, b). Lobe stacking, and sediment dispersal 

patterns are related to confinement (Smith and Joseph, 2004; Southern et al., 2015; Marini 

et al., 2015). Spatial changes in lobe or lobe complex stacking pattern is expected as 

morphology, degree of confinement and sediment supply varies. Areas lacking in 

confinement (e.g. basin floor axis) may preferentially deposit lobes with compensational 

stacking and may transform to aggradational stacking adjacent to active confining 

structures.  
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The interaction between available accommodation and degree of confinement also strongly 

influences the style of stacking pattern. In a setting where accommodation is readily 

available, compensational stacking predominates. Compensational stacking requires feeder 

channels to avulse towards topographical lows, as such their stacking patterns may not be 

easily distinguishable with variations in lateral thickness. Variations in confinement and 

their configuration may lead to progradational or retrogradational stacking. Progradational 

stacking patterns have been inferred to comprise multiple thickening-upward facies 

successions (Mutti, 1974; 1977; Ricci-Lucci, 1975), although this has been challenged (e.g. 

Hiscott, 1981; Anderton, 1995; Chen and Hiscott, 1999; MacDonald et al., 2011). Similar 

stacking patterns have been associated with high sediment supply and/or basin 

configuration that does not allow lateral migration of lobes (Grundvåg et al., 2014; Picott 

et al., 2016). Conversely, retrogradation can be characterised by landward stacking 

(thinning-upward) as sediment supply decreases towards the end of a depositional cycle or 

where sediments have been efficiently trapped on the shelf (Di Celma et al., 2011). 

Alternatively, lateral shifts in depositional axis through time may sometimes wrongly be 

assumed to have retrogradational stacking patterns (Amy et al., 2007; Prather et al., 2012). 

The interplay between accommodation and confinement on sediment dispersal and 

distribution by topographical highs, such as intrabasinal slopes or localized undulating 

topography imposed by mass-transport complexes, may have induced the aggradational 

stacking pattern. Aggradational stacking of lobe fringe is characterised by vertical stacking 

of similar facies from the same sub-environments to form a lobe fringe complex.  

 

 

 

  



 
 

218 

6.4 Are statistical analyses useful in interpreting depositional sub-environments in 

deep-water systems? 

 

In Chapter 5, a quantitative analysis was completed to complement the preceding 

qualitative sedimentological analysis on an outcrop dominated by thin-bedded turbidites 

(Chapter 4). Various statistical approaches were investigated in an attempt to quantify and 

interpret the environment of deposition from the detailed bed thickness, cyclicity, and 

clustering trends from measurements obtained. Additionally, heterogeneity at bed-scale 

was studied to explore the relationship between vertical resolution of conventional well log 

tools and heterogeneity. In this study, statistical analyses are applied to stack packages 

interpreted by facies-based sedimentological and stratigraphic analysis. The package-

driven approach is found to be beneficial in validating results from the various techniques 

implemented in the study. 

 

6.4.1 Interpreting depositional environment from existing statistical methods 

Interpreting the environment of deposition from limited outcrop exposure can be 

challenging, because such conditions provide an incomplete understanding of the 

sedimentary successions. Identifying and constraining the environment of deposition is 

important in the petroleum industry as certain sub-environments are commonly linked to 

their potential to form hydrocarbon-bearing reservoirs with sufficient net sand with high 

reservoir quality (e.g. the Auger, Tahoe and Ram/Powell fields in the Gulf of Mexico). 

 

The analyses in Chapter 5 focused on two statistical approaches: (A) Sliding skewness to 

identify asymmetric cyclicity of significance in bed thickness trend within a succession, 

and (B) Hurst statistics to detect long-term bed clustering and interpreting depositional 
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sub-environment. Statistical analysis shows that sliding skewness approach 

(Mukhopadhyay et al., 2004) was able to identify significant thickening-upward trends 

(TkU) from all identified packages although minor thinning-upward trends (TnU) may be 

present. The TkU trends identified from sliding skewness are generally aligned with 

outcrop observations, thus supporting the interpretation of trends from the preceding 

qualitative analysis in Chapter 4.  

 

Previous studies have used the cumulative departure from Mean K against bed number plot 

(e.g. Fig. 5.4) to identify clusters of thick and thin-bedded units. Typically, this type of plot 

is generated with data from a single-dataset, and the parameter R (the maximum range of 

cumulative departure from the mean) is measured directly from the plot. Chapter 5 

demonstrated that the plot is characterised and controlled by the dominant packages of 

TkU or TnU trends using a suite of synthetic datasets, irrespective of their main bed 

clusters. This new understanding constrains the meaning of the R parameter and helps to 

avoid the over-estimation of Hurst K; which in turn is used to constrain the depositional 

environment interpretation from this technique (e.g. Chen and Hiscott, 1999b). An over-

estimation of Hurst K identified from the different packages in this study led to 

inconsistencies in the interpretation of depositional environment. This mismatch has been 

attributed to poorly estimated R, and inadequately defined packages (this is expanded upon 

below). The study cautions against the use of Hurst statistics, and advocates the integration 

of facies-based sedimentological and stratigraphic analyses prior to any statistical studies 

to avoid erroneous interpretation. 

 

6.4.2 The influence of sediment “packaging” on statistical analysis 

The sliding skewness method was able to successfully identify the general bed thickness 
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trends in the studied outcrop. However, the presence of small-scale trends of TkU and TnU 

patterns that are likely to be nested within the larger trends are not easily detected from 

statistical methods. The success or failure in applying the sliding skewness statistical 

approach to outcrop-derived data is highly dependent on the subdivision, or “packaging” 

for statistical analysis. In this study, the number of packages were intentionally kept to a 

minimum based on the previous sedimentological analysis to avoid subjectivity and bias. 

In Unit 3, two distinct intervals of different sedimentological and bed thickness 

characteristics were used to identify two separate genetic packages: Package 4 and 5. The 

latter were found to provide visual comparison to the detailed sedimentological 

interpretations that showed a marked correlation with regard to their bed stacking patterns, 

dominant facies and bed thickness, although the boundaries between the packages are 

gradational (Fig. 5.2B). This study indicates that caution must be adhered when generating 

packages to reflect different statistical populations (and sub-populations of a larger 

dataset). For example, the presence of a few medium-sized beds in a package dominated by 

very thin- to thin-bedded sandstones may result in an over-estimated skewness of data due 

to change in mean thickness value. Hence, such statistical analyses are most valuable 

where they complement, and are integrated with, traditional facies-based sequence analysis 

in the evaluation of bed thickness trends in deep-water successions. 

 

6.4.3 Heterogeneity and statistical relationships  

Previous studies have shown that vertical resolution of a dataset is directly related to the 

tool resolution; vertical resolution increases with tool resolution (Serra, 1984; Passey et al., 

2006). The high-resolution bed thickness data measured from the outcrop was used to 

investigate the impact of varying vertical resolution and heterogeneity on sampling 

protocol and traditional well log responses in thin-bedded environments. The study used 
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two heterogeneity measurements to compare and contrast different data sampling and 

averaging approaches; Lorenz Coefficient (Lc) and Coefficient Variation (Cv). The Lc plot 

provides useful graphical representation to visualise quantitative heterogeneity, whereas 

Cv values offer better descriptors for comparison of variability within these data. 

 

The study used various averaging window sizes as a proxy to logging speed or rate of 

penetration (ROP), i.e. for a Logging While Drilling tool, to investigate the relationships 

between the statistical techniques and data acquisition in terms of the vertical resolution of 

an individual well log measurement. Statistical analyses were applied to synthetic and 

outcrop dataset, expressed as net to gross (NTG) and gamma ray (GR), to explore how the 

techniques worked and the meaning of “heterogeneity” values in such thin-bed 

successions. Five relationships have been identified: (1) a direct relationship between Cv 

and Lc, (2) an exponential inverse relationship between R parameter and heterogeneity 

measures (Lc or Cv) based on NTG, (3) an exponential relationship between R and 

heterogeneity measures (Lc or Cv) based on GR, (4) an inverse relationship between 

heterogeneity measures (Lc or Cv) and ROP or “logging speed”, and (5) an exponential 

relationship between vertical resolution and heterogeneity measures (Lc or Cv). The 

relationships (1) to (3) are a result of the tendency for a succession (or packages) to be 

dominated by either TkU or TnU trends. The dominance of a particular trend over the other 

is controlled by the total number of beds, the predominant bed thickness and the sequential 

arrangements of beds within the package. The relationships identified in (4) and (5) 

provides a simple chart for optimum subsurface gamma-ray data acquisition that is within 

an acceptable “error” for a known heterogeneity level (as a percentage change from the 

original data, or detailed analysis) and the vertical resolution of the measurement device, or 

tool (in this case the Gamma Ray tool). Similar charts could be generated for other tools of 
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different resolutions. Application to the hydrocarbon industry include being able to 

constrain, or justify, a higher measurement resolution, and therefore likely slower logging 

speed for conventional tools, so that a more appropriate and robust estimate of net sand and 

related petrophysical properties can be obtained in similar deep-water environments.  
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7 Conclusions and Recommendations 

 

The integration of several types of data and methodologies has been applied to the analysis 

of ancient thin-bedded turbidite deposits from the Neogene of NW Borneo. In Chapter 3, 

the study has utilised lower resolution dataset such as 3D seismic, and well logs to 

understand the origin and distribution of thin-bedded, low net-to-gross turbidite 

successions, which are widespread in continental slope and basin floor settings in offshore 

NW Borneo. In this subsurface element of this study, emphasis has been directed towards 

offshore Brunei, which forms part of this large and, in places, hydrocarbon-bearing, deep-

water continental margin. In Chapter 4, a rare example of Neogene thin-bedded turbidite 

deposits has been studied from a sedimentological perspective, focusing on (1) facies and 

facies associations, (2) lateral and, especially, vertical stratigraphic relationships, and (3) 

palaeocurrent data. The latter have been used to provide the framework for interpreting the 

environment of deposition from a high-resolution, c. 237 m-thick outcrop. The application 

of the quantitative analyses in Chapter 5 was aimed at investigating the use of bed 

thickness data to characterise and classify the various deep-water sub-environments that 

were identified from the same outcrop studied in Chapter 4. The conclusions from the 

studies are listed below: 

 

(1) The study shows the use of 3D seismic reflectivity and attribute dataset to identify 

high amplitude anomalies. These anomalies are characterised on log data by their 

low compressional velocity (Vp), high gamma-ray with serrated log motif, and low 

resistivity. In addition, seismic facies analysis shows that the studied succession 

ranges from shingle (interpreted as channel) to parallel (interpreted as lobe/sheet 

sands) reflections with moderate to high amplitude. In general, the high amplitude 
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anomalies reflect variations in lithology; sand is acoustically hard and is bounded 

by acoustically soft shale. The relatively hard sand may be due to diagenetic 

processes as the degree of cementation and rock stiffness increases, which is to be 

expected at sub-seabed burial depths of greater than 2000 m. This is also identified 

by the steep diagenetic trend in the generalised Vp against porosity plot. The 

decrease in sorting probably reflects an increase in clay content, is identified by the 

relatively flat sorting trend. The presence of diagenetic and depositional trends in 

the generalized Vp against porosity plot also indicates the low velocity, high 

amplitude events are likely to be related to primary depositional texture: grain-

supported, shaley-sand with variable amount of clay content and low net-to-gross 

displayed by the serrated gamma-ray.  

 

(2) The irregular, stepped slope of offshore Brunei is dominated by thrust fault-related 

anticlines and adjacent synclines with the latter acting as slope minibasins in which 

the deposits of a wide range of gravity flows accumulate. The amount of turbidites 

deposited within the minibasins is controlled by the rate of growth of the anticlines 

and the accommodation generated. Continuous high structural growth rates 

steepened the local seafloor, generated accommodation and significantly impacted 

sediment dispersal and accumulation in each minibasin, in part by blocking 

subsequent flows. Sediment entry points indicate the persistent cuts in the crest of 

the anticlines when sedimentation rate in the updip and/or adjacent accommodation 

area is higher than the growth of the bounding anticline. Alternating intervals of 

high and low amplitudes, suggests the periodic growth of anticlines but without 

causing a backstop to subsequent density flows in the minibasin. The periodic uplift 

of anticlines resulted in persistent breaching and segmentation of the anticlines and 
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adjacent minibasins.  

(3) Sediment supply to the minibasins was primarily controlled by the fluvial systems 

and sedimentary processes operating on the shelf. The lack of significant turbidite 

development in the eastern offshore deep-water areas could be due to two possible 

reasons: (1) the system may have been fed by multiple, small fluvial systems that 

shifted through time resulting in highly variable sand supply to the shelf edge, and 

(2) counter regional growth faults may have efficiently generated depocentre on the 

shelf, trapping and limiting sediments from reaching the shelf edge, even during 

lowstands. This indicates that there is no simple relationship between sea level fall 

and deep-water sedimentation development in the tectonically-active, high 

accommodation/sediment supply setting of the study area. In addition, there was 

probably no shortage of sediment supply from the uplifted and sand-rich hinterland. 

Instead, the lack of reservoir presence in deep-water settings is more likely related 

to tectonically driven sediment trapping processes on the coeval shelf. 

 

(4) The Bebuloh outcrop has provided an exceptional opportunity to study in detail 

thin-bedded turbidites in terms of their sedimentary characteristics and inferred 

depositional processes from one of the earliest (Early Miocene) deep-water systems 

in NW Borneo (Chapter 4). Facies analysis shows that Bebuloh outcrop is 

dominated by low density, ‘classical’ turbidite sandstone beds, very-thin to thickly-

bedded, interbedded with mudstone of similar bed thickness. The turbidites were 

deposited by sustained, overall decelerating flows. They were probably initiated by 

updip collapse of coeval deltaic mouthbars and larger slump scars, and some may 

have been sustained by river-mouth bypassing, including hyperpycnal flows. 

Palaeocurrent analysis indicates unidirectional flows towards the down-slope (SW-
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NW), which is consistent with the regional palaeoslope during the Neogene, based 

on the dips of broadly equivalent, seismically-defined, clinoforms towards the axis 

of the Labuan-Paisley Syncline. Packages (1-5 m thick) of thickening-upward 

(TkU) and thinning-upward (TnU) successions with the aggradational stacking 

patterns are interpreted as small-scale lobe fringe elements. The aggradational 

stacking patterns probably reflect the subtle underlying sea-bed topography. Based 

on the stratigraphic and facies analysis, the outcrop is interpreted as part of delta-

fed clinoform-bearing succession, which formed part of a basin margin that 

prograded towards the NW, approximately orthogonal to the contemporaneous 

Labuan-Paisley Syncline.  

 

(5) Stacks of lobe fringe elements form lobe fringe successions, which in turn are 

stacked into lobe fringe complexes. The studied succession is interpreted to 

preserve mainly aggradational stacking patterns. The interplay between 

confinement and accommodation on sediment dispersal and distribution by 

topographical highs, such as anticlines, may have promoted aggradational stacking 

patterns. Evidence of high sedimentation rates such as climbing ripples, and the 

persistent vertical stacking of similar facies, with similar palaeoflow directions, 

documented within these deposits indicate minor flow deflections, therefore 

supports deposition in an aggradational lateral fringe setting. Aggradational 

stacking of fringe deposits is governed by the relative thickness of the dilute flow 

with the height of confinement; highly confined beds result in abrupt pinch-outs, 

while weakly confined beds form “drapes” onto the bounding slope  

 

(6) The aggradational stacking pattern is analysed using the Hurst statistical technique 
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to detect the presence of thick and thin-bedded clusters, and to interpret their 

depositional environment. Synthetic dataset provides a new insight into Hurst plot 

by identifying upward-trends (TkU or TnU) from a succession of thin-bedded 

turbidites. A complete package of TkU trend is represented by a negative curve 

whereas a package of TnU trend as positive curve. This highlights that proper 

stratal packaging of data is necessary prior to statistical analysis. Adequately 

defined packages should be supported by facies-based sedimentology and 

stratigraphic analysis. Appropriate packaging assist in isolating sub-populations 

from a large dataset, and to avoid statistical skewness that may lead to 

misinterpretation. The Bebuloh dataset generally shows over-estimation of Hurst K 

due to poorly constrained R, which may result in misinterpretation of depositional 

sub-environment. For example, levee-channel is interpreted when Package 1 is 

combined with Package 3, and basin floor sheet sand is interpreted by consolidating 

Packages 3, 4 and 5. Hurst K applied to this study shows limited applicability for 

interpreting depositional sub-environments. 

 

(7) The presence of TkU and/or TnU trends and its significance within a succession is 

quantified using sliding skewness. The Bebuloh dataset show statistically 

significant TkU trend for all identified Packages 1 to 5. The results from the sliding 

skewness are broadly in agreement with field observations. However, minor TnU 

trend may also exist as nested, smaller packages within an overall TkU trend, 

although their identification is challenging both from visual inspection, and with 

statistical methods. Traditionally, TkU trends have been interpreted as prograding 

submarine lobe. In the case of the Bebuloh outcrop, statistically significant 

asymmetric cycles comprise TkU facies successions, supports the depositional 
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model of a distal/fringe lobe setting based on the sedimentary facies analysis. 

 

(8) The impact of varying vertical resolution and heterogeneity (Lorenz Coefficient, Lc 

and Coefficient Variation, Cv) on sampling protocol and well log responses in thin-

bedded environments is investigated using the high vertical resolution outcrop bed 

thickness data. The study reveals the averaging window sizes can be applied as 

proxy for logging speed or rate of penetration (ROP). In addition, this can be used 

to link the various statistical techniques deployed, including Hurst statistics, from 

both the outcrop and synthetic dataset. Five main relationships are identified: (1) a 

direct relationship between Cv and Lc, (2) an exponential inverse relationship 

between R parameter and heterogeneity measures (Lc or Cv) for NTG, (3) an 

exponential relationship between R and heterogeneity measures (Lc or Cv) for GR, 

(4) an inverse relationship between heterogeneity measures (Lc or Cv) and ROP or 

“logging speed”, and (5) an exponential relationship between vertical resolution 

and heterogeneity measures (Lc or Cv). The relationships (1) to (3) are a result of 

the tendency for a succession (or packages) to be dominated by either TkU or TnU 

trends and is controlled by: (a) total number of beds, (b) predominant bed thickness 

and (c) sequential arrangements of beds within the package. The relationships (4) 

and (5) provides a simple chart for optimum subsurface gamma-ray data acquisition 

that is within an acceptable “error” for a known heterogeneity level (as a 

percentage change from the original data, or detailed analysis) and the vertical 

resolution of the measurement device, or tool (in this case the Gamma Ray tool). 

 

(9) This study provides the only known outcrop of Neogene, thin-bedded turbidites 

from the deep-water part of the NW Borneo continental margin. The results 
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outlined here can serve as an analogue for interpreting subsurface occurrences of 

similar deposits in this region and beyond, which are known to provide both 

heterogeneous but also highly productive sandstone reservoirs. 

 
 

7.1 Recommendations for future research 

(1) It is recommended to undertake a higher resolution seismic facies analysis, 

specifically to investigate narrower (thinner) windows within selected parts of the 

3D seismic volume. The aim would be to see if this could enhance the predictive 

relationships between seismic response and rock properties, which after this study 

continue to be uncertain. Results from the present study highlight the difficulty of 

uniquely unraveling the wide range of complex variables: e.g. lateral and vertical 

variations in rock properties, sequence stacking and facies distribution, which is 

exacerbated by the sub-optimal seismic data quality for this type of detailed 

analysis. Consequently, there are no simple relationships between seismic response 

and mean rock property values in thin-bedded, low net-to-gross intervals. 

Specifically, predicting the presence and volume of sand from seismic amplitudes 

remains uncertain, with similar seismic response in both shale-sand and shale-shale 

interfaces.  

 

(2) The fine inter-bedding of acoustically ‘hard’ and ‘soft’ shale results in amplitude 

contrasts that may be misinterpreted. Hence, a higher resolution seismic facies 

analysis (item 1, above) could be applied to the qualitative and quantitative 

prediction of rock properties for shale in mud-dominated systems. This could 

include detailed examination of mudrock lithologies, acoustic properties and their 

influences on seismic response. The relationships between such bimodal shale 
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lithologies could provide more flexibility to model more complex subsurface 

scenarios due to juxtaposition of different shale types. This could include an 

investigation of shale stacking patterns in order to identify upward-slowing 

sequences and assess their depositional significance. 

 
 

(3) The generalised Vp against porosity plot highlighted the presence of steep 

diagenetic trends (Chapter 3), which are interpreted to be the effect of cementation. 

Quartz cementation in sandstones can be sourced from pressure solution at deeper 

intervals (Sheldon et al., 2003) or by illite-mica induced dissolution (Walderhaug et 

all., 2004; 2006). In quartz-rich sandstones, pressure solution and quartz-related 

cementation (chemical compaction) is key in reducing porosity during deep burial 

(Surdam et al., 1989). Clay (e.g. grain-coating chlorite), rapid burial, early 

hydrocarbon migration and/or early overpressure, can inhibit quartz cementation 

(Avseth et al., 2005; Dutton and Diggs, 1990). Detailed diagenetic analysis has not 

been carried out to ascertain if different phases of dissolution, or pressure solution 

and precipitation of silica cement, occurred during the deposition and burial of the 

low velocity intervals (LVI). Limited decrease in porosity by 0.01 pu, and rapid 

increase in Vp, may indicate early stages of cementation, either by mechanical 

compaction or pressure solution. Therefore, an investigation into the various 

petrographic parameters obtained from cores and/or rock samples, such as grain 

framework, pore types (intergranular and secondary), cements and matrix is 

recommended to understand the significance of diagenetic trends, either by 

mechanical or chemical compaction. Such a study could be integrated with clastic 

rock properties for seismic amplitude calibration, which could aid reservoir quality 

and hydrocarbon saturation predictions.  
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(4) The present study utilizes both qualitative (facies, facies associations, stratigraphic) 

and quantitative (asymmetric cyclicity, clustering and heterogeneity) approaches to 

interpret depositional environments from a succession of thin-bedded turbidites of 

limited extent. Vertical facies and bed thickness patterns have been used to infer 

the aggradational lateral fringe interpretation. However, further work is 

recommended to apply similar quantitative analysis methods on bed thickness from 

other local deep-water outcrops in order to: (1) explore and improve the use of 

statistical relationships to interpret environment of deposition, and (2) understand 

heterogeneity in other thin-bedded (e.g. levees, splays), and lobe sub-environments 

(e.g. lobe frontal fringe, and lateral fringe). Outcrop examples from the West 

Crocker Formation could be considered for such a study, which contains a 

relatively wide range of thin-bedded deep-water facies types. 
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