Sedimentology, Facies Analysis and Geoheritage Sites of the Kudat Formation (Oligocene – Early Miocene) In Kudat Peninsula, Sabah, NW Borneo
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Abstract— This paper reports the detailed facies analysis carried out on the Kudat Formation (Oligocene – Early Miocene), NW Borneo exposed around the Kudat Peninsula, Sabah, comprising of the basement rock (Chert-Spilite Formation), sedimentary and igneous rocks. The Kudat Peninsula, situated at the northern part of Sabah, has undergone several episodes of uplift and deformation, during Late Cretaceous to Early Eocene. For the sedimentary formation, ten simplified lithofacies are identified; parallel laminated sandstone, trough cross laminated sst, parallel laminated sandstone and rippled top, coarse pebbly sandstone, massive sandstone, amalgamated sandstone, thin rippled sandstone interbedded with mudstone, parallel and wavy laminated sandstone, parallel laminated sandstone with carbonaceous laminae and parallel laminated mudstone; with the contact of the bedding is either sharp, gradational, irregular or erosive base. Three facies assemblages are recognized, there are tide-influenced facies successions, wave-influenced facies successions and deep marine-influenced facies successions. Tide-influence facies successions show coarsening upward with a low abundance and low diversity trace fossil assemblages. Wave-influenced facies successions signify a prograding wave-influenced shoreline with coarsening upward trends. Deep marine-influenced facies successions display thick sequence of sandstone, predominantly massive to amalgamated sandstone. The distribution of facies assemblages and analysis suggests a shallowing phase due to the sequences of the deep marine, shallow marine and marginal marine environments during late Early Miocene/early Middle Miocene uplift and deformation. One of the localities, Tanjung Simpang Mengayau, has the main fascinated place to visit in Kudat Peninsula with its coastal landforms like tafoni and caves. These landscapes which show a good geological features will cultivate visitors to appreciate our nature even more thus to preserve our valuable treasures for future generations. 
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1. Introduction

The Kudat Formation underlies most of the Kudat Peninsula and situated 110 km from Kota Kinabalu. Stratigraphically, Kudat Formation rests unconformably overlain the ophiolite basement but unconformably underlain by the South Banggi Formation and coeval with the West Crocker Formation. It is composed of interbedded sandstones and mudstones with small foraminiferal limestones and breccia lenses (Stephen, 1956). 
One of the well-known tourism sites in Sabah located at the north of the Kudat Peninsula which is Tanjung Simpang Mengayau or better known as “The Tip of Borneo”. It enhances the beauty of the formation with the breathtaking view from the edge of the cliff and this site usually will be flooded with lots of tourists especially during festive seasons and school holidays. Its fascinated features from coastal landforms will attract the tourists to appreciate the nature and the geological understanding of this site will nurture them to understand the formation of this site even better.
The sedimentary sections of the Kudat Formation are widely exposed in the northern part of Sabah, near the tip of Borneo, where excellent exposures can be investigated for the detailed facies analysis. To date, no detailed integrated sedimentology, ichnology, biofacies and reservoir studies have been conducted on the Kudat Formation. The ultimate aim of this research is to integrate sedimentological data in order to reconstruct the palaeoenvironmental, palaeogeographic evolution and sequence stratigraphic framework of the Kudat Formation. The specific objectives of this scope are (1) to describe and interpret the sedimentary facies of the Kudat Formation, (2) to identify facies in terms of sedimentary processes and environment and (3) to determine other geoheritage sites in the Kudat Formation and to preserve them. 
2. GEOLOGICAL SETTING
The geological history of Sabah specifically on the onshore northwestern and western Sabah is characterized by the mountainous Crocker Range which consists of highly deformed, imbricated and thrusted deep water sediments of the West Crocker Formation (Leong, 1999). Kudat Peninsula displays elongate strike ridges trending in several directions with the main direction oriented NW-SE (Tongkul, 2008). The diverse orientation of strike ridges is due to the presence of large-scale steeply plunging folds and refolded folds together with major NW-SE trending faults affecting the Kudat Sediments and ophiolitic basement rocks (Tongkul, 2006). The occurrence of steeply plunging fold and refolded folds indicate that the Kudat Peninsula had experienced polyphase deformation (Tongkul, 2008).
[image: image1.jpg]mountain



[image: image2.jpg]N §°45'—

N 6°15'—

N 5°45'—

N5°15'—

N 4°45'—

Kota Kinabalu

KALIMANTAN

EU7 E 118° E 119°
| | |
Balambangan
=LA S N
N
Legend
@ Study area
E E Interational boundary

E State boundary

SABAH GEOLOGY

Al Plo-Pleistocene
mn sedimentary rocks
Mio-Plocene Miocene
volcanic rocks melanges

Miocene
sedimentary rocks

Kinabalu
granite

Cretaceous-Lower Miocene
Rajang, Trusmadi, Crocker turbidites

Ultrabasic
rocks

— -
enye’
(g

/ 7°N+
Sulu Sea

Celebes Sea

Wostern Saban
& Arune

AnsIOCIN

PLOCENE
|

MIOCENE
=

AR

OLIGOCENE

EOCENE

PALEO.
CENE

MESOZOIC
e v

Ophiolitic
basement

D

South China

Sea
Rock Units

|:| Quaternary Alluvium
Structural Elements

57~ Strike and Dip of Bed

3\59\ Overturned Bed
-%- Lineament

// Major Fault b
/ Anticline Axis )

Geographical Features

Melange Unit

Kudat Formation

Upper sandy unit Tg.
Mid muddy unit

Lower sandy unit

Basement Rock

River

Main Road
" G

Major Town .

Locality

O->

Indarasan \e %
65

o

Km 5

|

1642'
! ® Pulau Kalampunium

Tg. Simpang Mengayat 6
st

N
Tg. Kelambu \\\ N

—// v 2

Bangau 3

T
116 50

Sulu Sea

06 58' —]

ILas

Tg. Bak-Bak

Kudat Town

06 50'—|

50

Tg. Parapat

11650





The overall depositional environment for the Kudat Formation ranges from marginal marine to deep marine environment. Kudat Peninsula has been classified by Basir et al. (1985) to be found Lower Cretaceous radiolaria from chert (Hutchison, 2005). This micropalaeontological studies signify that the radiolarian data are consistent and according to Hutchison (2005), he simplified that the first ocean or marginal basin sediments were laid down in water deeper that the carbonate compensation depth (CCD). 
The Kudat Formation is divided into three major lithological units, lower, middle and upper units, based on significant changes in the composition of the sediments (Tongkul, 2006). The lower unit contains mostly sandstone and mudstone with the sandy beds predominating. This unit outcrops at the northern tip of the Kudat Peninsula, coinciding with the Tajau Member of Leichti et al. (1960). The middle unit comprises sandstone and mudstone with some occurrence of limestone beds and lenses. Mudstones appear to predominate and occupy the middle part of the Kudat Peninsula. The sequence has been referred to as the Sikuati Member while the upper unit of the formation is made up of sandstone and mudstone of various proportions occupies the southern part of the peninsula and has been referred to as the Gomantong Member (Tongkul, 2008)(Fig. 1).
Based on Sanudin et al. (1981), the characteristics of the sandstone beds for Tajau Sandstone Member are interpreted to have formed within a shoreface of a littoral environment, moderate to high energy conditions. Tectonically, the West Crocker Formation in general is more deformed than the Kudat Formation thus these differences are consistent with the West Crocker Formation being generally older than the Kudat Formation (Leong, 1999). 
In the Kudat Peninsula, there is a chaotic unit displaying linear distribution oriented approximately East-West occurs within the Kudat Formation. It comprises of various lithologies in a mixed grey and red mud matrix and been referred to informally as the Kudat Mélange. This mélange is interpreted to have formed sometime after the deposition of the Kudat Formation (Tongkul, 2008).
3. SEDIMENTARY FACIES CHARACTERISTICS
The sedimentary records were recorded from six localities which are Matunggong, SMK Sikuati, UMS Kudat, Kudat KM8, Pantai Sikuati and Tanjung Simpang Mengayau and were examined based on lithology, texture, grain size and sedimentary structures (Fig. 2). Detailed description and sedimentological analysis were carried out on the sections. The sections of the six outcrops range between 9 m to 153 m in stratigraphic thickness. Precise correlation of the studied sections is not possible, due to the complex deformation, vegetation and lateral facies variations, but their approximate stratigraphic positions were inferred from published geological maps (Leichti et al., 1960).
These six localities show different facies characteristics that are related to different depositional environments. The sedimentary rocks of the Kudat Formation have been designated into ten lithofacies. They are parallel bedded sandstone, trough cross bedded sandstone, parallel laminated sandstone and rippled top, coarse pebbly sandstone, massive sandstone, amalgamated sandstone, thin rippled sandstone interbedded with mudstone, parallel laminated sandstone with carbonaceous laminae and rippled top, parallel laminated sandstone with carbonaceous laminae, and parallel bedded sandstone. 

a. Tide-influenced facies
There are five facies that can be seen, which are parallel laminated sandstone; current rippled sandstone; wave rippled mudstone; parallel and current rippled sandstone; and bioturbated sandstone. The beds are generally dipping towards northwest (Fig. 2). 
Parallel laminated sandstone facies is characterized by fine grained sandstone with light greyish colour and well sorted. The thickness ranges from 30 cm to 4 m thick. It shows thin carbonaceous laminae together with mud intraclast and amber. Predominantly it has irregular base and top contact. It has been interpreted as upper flow regime sand flats by high-frequency erosion and deposition due to turbulence, and migration of low-amplitude bed forms [9].
Current rippled sandstone facies contains fine grained sandstone with light greyish colour and well sorted. The thickness scales from 60 cm up to 1 m thick with irregular top and base contact. This facies is interpreted as tidal meanders. 
Wavy rippled mudstone is distinguished by dark greyish colour and fine grained texture.  The thickness is cm-thick with irregular top and base contact. It is interpreted as the result of suspension fallout in a setting that was only intermittently wave influenced.

Bioturbated sandstone is characterized by fine grained sandstone, well sorted with light greyish colour. The thicknes is from 30 cm up to 4 m thick. It has been indicated under marginal marine condition (subtidal environment).
b. Deep marine-influenced facies
There are five facies that can be determined, which are parallel laminated sandstone; trough cross laminated sandstone; pebbly sandstone; massive sandstone; and amalgamated sandstone. The beds are mostly dipping towards north.
Parallel laminated sandstone facies is characterized by medium-coarse grained sandstone with light greyish colour and moderately sorted. The thickness ranges from 1 m up to 8 m thick. No bioturbation is found in this facies. Predominantly it has irregular base and top contact, but a few has flat contact. It has been interpreted as upper stage plane bed regime under the influence of turbidity current.
Trough cross laminated sandstone facies is determined by medium-coarse grained sandstone with light greyish colour and moderately sorted. The thickness scales from 1 m to 8 m thick with irregular base and top bedding contact. Bioturbation is absent in this facies. Trough cross laminated sandstone reflects lower flow regime (turbidity current).
Pebbly sandstone facies consists of coarse-granular grained sandstone, moderately sorted with light greyish colour. The thickness ranges from 2 m to 10 m thick. This facies represents irregular base and top bedding contact with no bioturbation found. The pebbles scale from 0.1 cm to 1.0 cm in diameter with occurrences of pebble beds. This facies is interpreted as sandy debris flow on sandy fan delta.
Amalgamated sandstone facies is characterized by medium-coarse grained sandstone and moderately sorted.  It has light greyish colour and the thickness varies from 8 m to 10 m. This facies shows characteristics of irregular base and top bedding contact predominantly. There is no bioturbation found in this facies. Amalgamated sandstone is interpreted as sandy lobe/sandy debris flow on sandy fan delta.
c. Wave-influenced facies

There are four facies that can be determined, which are heterolithic mudstone; massive sandstone; current rippled sandstone and parallel laminated sandstone. The beds are largely dipping towards southeast.

Heterolithic mudstone comprises sequence of dark grey mud/clay and light grey sandstone with occurrence of thin carbonaceous laminae. It shows fine grained sandstone and is well sorted.  The thickness varies from 1 m to 3 m thick. This facies shows characteristics of irregular base and top contact predominantly. Bioturbation is absent in this facies. This facies is interpreted as tidal flats.

Current rippled sandstone is characterized by light grey colour, well sorted and the carbonaceous laminae can be observed clearly. However, bioturbation is absent in this facies. The thickness scales up to 1 m thick. This facies represents characteristics of irregular base and top contact. This facies is interpreted as open marine.
Parallel laminated sandstone facies consists of fine grained sandstone with light greyish colour. It shows characteristics of well sorting. The thickness ranges from 1 m to 2 m thick, with the occurrence of thin carbonaceous laminae. Predominantly, it has irregular base and top contact. This facies has been interpreted as upper shoreface and deposited by longshore currents.
4. Depositional model


Three depositional of environments are present based on the described facies assemblages; deep marine, shallow marine and marginal marine environments. The Kudat Formation is suggestive of a coastal plain environment towards the deep marine processes. The Kudat Formation basically has three members as mentioned from Tongkul [5] and hence this formation shows three different types of environments (Fig. 3).
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Tanjung Simpang Mengayau outcrop shows characteristics of a deep marine environment and it falls into the Tajau Sandstone Member and is the oldest member of the Kudat Formation. The following Matunggong Member represents characteristics of a shallow marine setting and Sikuati Member both are overlying the deep marine deposits. 

The thick stacks of deep marine-influenced facies assemblages are restricted to only a single outcrop (Tanjung SImpang Mengayau), which may signify a relatively deep marine-influenced environment.
5. conclusions
A detailed sedimentological study of the Kudat Formation (Oligocene – Early Miocene) suggests the presence of tide-influenced, wave-influenced and deep marine-influenced deposits. Eleven facies identified are parallel laminated sandstone; current rippled sandstone; wavy rippled mudstone; parallel and current ripple sandstone; bioturbated sandstone; massive sandstone; trough cross laminated sandstone; pebbly sandstone, massive sandstone; amalgamated sandstone and heterolithic mudstone.  Due to the differences of the depositional of environment, Kudat Formation indicates a shallowing phase, whereby there are a sequence of deep marine, shallow marine and marginal marine environments into one formation during late Early Miocene/early Middle Miocene uplift and deformation. Geoheritage sites such as Tanjung Simpang Mengayau which show a good geological features will cultivate tourists to appreciate our nature for future generations.
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Fig. 1. (A) Map of Sabah and surrounding areas. Study area shown by box. (B) Geological map of Sabah. Modified after Hall (2013). (C) Simplified stratigraphic framework of Sabah. Modified after Hall (2013). (D) Geological map of Kudat Peninsula covering by the Kudat Formation. Modified after Tongkul (2008).





Fig. 2. Sedimentary logs showing sedimentology in studied outcrops of the Kudat Formation, Kudat, Sabah 





Fig. 3. Depositional model for the Kudat Formation








