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ABSTRACT
Eocene–lower Miocene sandstones of the Crocker turbidite fan of north Borneo were

derived from nearby Borneo and southeastern Asian sources, rather than distant Asian
sources eroded after India-Eurasia collision. They are compositionally mature due to trop-
ical weathering, but are mostly first-cycle sandstones derived from granitic rocks and
subordinate metamorphic, sedimentary, and ophiolitic rocks. Detrital zircon ages range
from Archean to Eocene, and the majority are Mesozoic. The most important source areas
were Cretaceous granites of the Schwaner Mountains in southwest Borneo during the
Eocene, and Permian–Triassic granites and Proterozoic basement of the Malay-Thai Tin
Belt during the Oligocene.
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INTRODUCTION
The Crocker Fan of north Borneo (Fig. 1)

is the largest volume of Paleogene sediment
in a single basin in Southeast Asia, and was
deposited during early stages of India-Asia
collision. This has suggested to some (Hall,
1996; Hamilton, 1979; Hutchison, 1996; Mé-
tivier et al., 1999) that sediments were derived
from sources in Asia elevated by the collision
and transported to the Sunda Shelf by major
rivers, whereas others (Hall, 2002; Hall and
Morley, 2004) argue for local sources.

The Crocker Fan formed on the south side
of the Proto–South China Sea at an active sub-
duction margin (Hazebroek and Tan, 1993;
Hutchison, 1996; Tongkul, 1989). It was de-
posited between the Eocene and early Mio-
cene (Fig. 2), but different formations in the
fan are not precisely dated because of the pau-
city of microfossils. It overlies an older se-
quence of deep-marine sediments, the Upper
Cretaceous–Eocene Rajang Group, represent-
ed by the Sapulut Formation in Sabah, Malay-
sia. Hutchison (1996) reported a major uncon-
formity at the base, due to the Eocene
Sarawak orogeny. The fan includes the middle
Eocene Trusmadi Formation, the upper
Eocene–Oligocene Crocker Formation, and
the Oligocene–lower Miocene Temburong
Formation (Fig. 2). Deep-marine sedimenta-
tion stopped in the early Miocene when the
Proto–South China Sea was eliminated by
subduction beneath Borneo (Hamilton, 1979;
Hutchison, 2004; Taylor and Hayes, 1983).
The resulting Sabah orogeny (Hutchison,
1996) deformed and exposed sediments of the
Crocker Fan; today a part is offshore beneath
thick Neogene sediments (Fig. 1).

METHODS
Unweathered sandstones were collected in

Sabah for provenance analysis. Detrital modes
of 97 sandstones were determined, and heavy
mineral contents and zircon varieties were de-
termined for 53 of these samples. Detrital zir-
cons from five samples for which the strati-
graphic age was known, selected from
different levels in the fan, were dated using
sensitive high-resolution ion microprobe.
(Results are provided in the GSA Data
Repository1.)

SANDSTONE COMPOSITION
Quartz in sandstones derived from plutonic,

volcanic, metamorphic, or sedimentary rocks
can be used as a provenance indicator (Petti-
john et al., 1987). The Crocker Fan sandstones
consist mostly of monocrystalline plutonic
quartz. Metamorphic quartz is less common.
Rare volcanic quartz is restricted to the oldest
sandstones. QFL (quartz, feldspar, lithics; Fig.
3) and QmFLt (monocrystalline quartz, feld-
spar, total lithics) plots (Dickinson et al.,
1983) based on the Gazzi-Dickinson point-
counting method show the quartzose nature of
the sandstones and suggest a recycled orogen-
ic source. Feldspar rarely forms more than
10% of the sandstones, and is predominantly
potassium feldspar, indicating an acidic plu-

1GSA Data Repository item 2006111, sandstone
modal, heavy mineral, and chemical compositions;
varietal distributions; and zircon U-Pb ages deter-
mined by SHRIMP analysis, is available online at
www.geosociety.org/pubs/ft2006.htm, or on request
from editing@geosociety.org or Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301,
USA.

tonic source. Radiolarian chert fragments are
always present, forming as much as 5% of the
grains. Other lithic grains include serpentinite,
rare acid volcanic rocks, granite, and schist.

HEAVY MINERALOGY
Zircon and tourmaline typically make up

.70% of the heavy mineral assemblages in
the Crocker Fan sandstones (Fig. 4). Their
abundance indicates erosion from acid pluton-
ic rocks and their unabraded shapes suggest a
nearby source area. Other common heavy
minerals are apatite, chrome spinel, garnet,
and rutile. Apatite would normally be abun-
dant in material derived from acid plutonic
rocks, but it is often absent and those grains
present are often pitted or partially dissolved.
This suggests that the abundance of apatite re-
flects weathering rather than provenance. Ap-
atite is stable during burial but susceptible to
acidic weathering, which is common in humid
tropical settings (Morton, 1986). Common
chrome spinel, showing very little abrasion,
indicates a local ophiolitic source. Garnet
abundance is variable, from 0% to 50%, and
its association with rutile (average 6%) sug-
gests a metamorphic source. Less common
heavy minerals include pyroxene, amphibole,
monazite, staurolite, and cassiterite. Cassiter-
ite is brittle and easily destroyed during trans-
port, and indicates a nearby acid plutonic
source.

Index values of chrome spinel–zircon (CZi)
and garnet-zircon (GZi) are useful for prove-
nance interpretation, because they are inde-
pendent of the effects of hydraulic sorting and
chemical destruction (Morton and Hallsworth,
1994, 1999). In Sabah the CZi value indicates
the amount of ophiolitic relative to acid ig-
neous material, and the GZi value indicates
the relative amounts of metamorphic and acid
igneous material. CZi values of the Crocker
and Trusmadi Formations are typically be-
tween 2 and 7, showing a small but consistent
input of ophiolitic material. The GZi values
range from 0 to 60, indicating variable input
of metamorphic material. Other indices were
less useful for interpretation; for example, the
apatite-tourmaline index value reflects the loss
of apatite during tropical weathering.
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Figure 1. Simplified geological map of Borneo and Southeast Asia. Light-shaded area is
continental shelf of Eurasia drawn at 200 m isobath.

Figure 2. Onshore stratigraphy of west Sa-
bah. Crocker Fan includes muddy low-grade
metamorphic Trusmadi Formation, volumi-
nous nonmetamorphic Crocker Formation,
which contains most sand, and muddy Tem-
burong Formation.

Figure 3. QFL plot (Dickinson et al., 1983) of
framework detrital modes showing average
compositions of Crocker Fan sandstones:
Q—total quartzose, including polycrystal-
line grains; F—feldspar grains; L—unstable
lithic grains of sedimentary, igneous, or
metamorphic origin.

TEXTURES
Textures of the Crocker Fan sandstones are

in marked contrast to their apparent compo-
sitional maturity. Texturally, they are imma-
ture typical first-cycle sandstones; grains are
angular to subangular, and there are few clasts
that suggest recycling. They are poorly sorted,
have a muddy matrix, and a very low porosity.
The sandstones contain abundant euhedral and
subhedral zircon grains (Fig. 4), typical of
first-cycle sandstones. Chemically ultrastable
zircon is susceptible only to mechanical abra-
sion during transport and sedimentation. Un-
abraded zircons are mixed with less abundant
subrounded and rare rounded grains. Tour-
maline also occurs predominantly as unabrad-
ed grains. The shapes and lack of abrasion of
zircons and tourmalines indicate that long-
distance transport is very unlikely.

DETRITAL ZIRCON
GEOCHRONOLOGY

Detrital zircons were dated from an Eocene
sample just beneath, and from four Eocene
and Oligocene samples within the Crocker
Fan (Fig. 2). Between 55 and 72 zircons were
dated for each sample. Ages range from Eo-
cene (49.9 6 1.9 Ma) to Archean (2531.6 6
11.2 Ma), the oldest radiometric age reported
from Borneo. The most prominent age peaks
(Fig. 5) are Cretaceous (ca. 77–130 Ma),
Permian–Triassic (ca. 213–268 Ma), and Pro-
terozoic (ca. 1750–1900 Ma). There are small-
er Jurassic and Ordovician–Silurian age peaks.
Zircons from two Schwaner Mountains gran-

ites of southwest Borneo were also dated be-
cause they are potential source rocks, and
these are Cretaceous.

In the Eocene sandstones Cretaceous zir-
cons dominate (Fig. 5) and are euhedral un-
abraded grains (Fig. 4), suggesting derivation
from a nearby source. MVH02-264 (Eocene
Sapulut Formation) contains many Upper Cre-
taceous zircons with subordinate Carbonifer-
ous, Devonian, and Silurian zircons. Permian–
Triassic zircons are very rare. MVH02-142
(Eocene Trusmadi Formation) contains abun-
dant Upper Cretaceous zircons with Triassic,
Carboniferous–Permian, Ordovician, and Pro-
terozoic zircons. MVH02-271 (upper Eocene
part of the Crocker Formation) is one of the
least mature samples in composition and tex-
ture. It contains abundant colorless unabraded
Lower Cretaceous zircons with relatively
common Permian–Triassic zircons.

In the Oligocene Crocker Formation Cre-
taceous zircons are less abundant, Permian–
Triassic zircons are common (Fig. 5), and
well-rounded colored Proterozoic zircons be-
come relatively more abundant. MVH02-115
is dominated by Permian–Triassic zircons.
Cretaceous zircons are very rare. Precambrian
zircons, especially Proterozoic, show a higher
degree of rounding than other zircons.
MVH02-116 (upper Oligocene) is one of the
few samples in which cassiterite was found. It
contains mainly Upper Permian zircons, some
Cretaceous, Carboniferous, and Ordovician
zircons, and a few Proterozoic zircons.

SOURCE ROCKS AND REGIONS
Both light and heavy mineral fractions in-

dicate the importance of granitic source rocks.
The light minerals are dominated by poorly
sorted angular plutonic quartz, and the heavy
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Figure 4. Detrital zircons from Crocker For-
mation. Sandstones are dominated by eu-
hedral and subhedral grains, with less abun-
dant subrounded and rare rounded grains.

Figure 5. Detrital zircon age probability plots for Sabah sandstones in stratigraphic order.
Pie diagrams show inferred provenance, based on heavy mineral characteristics and prin-
cipal component analysis of zircon ages. Schwaner—Borneo Cretaceous granites, Tin
Belt—Malay-Thai Permian–Triassic granites, YB—young basement, OB—old basement,
Ophiolites—ophiolitic basement.

minerals are dominated by unabraded zircon
and tourmaline, suggesting limited transport
and a nearby source. Potassium feldspar and
rare cassiterite also indicate acid plutonic
source rocks. The consistent presence of chert
and unabraded chrome spinel indicates input
from the ophiolitic basement of north Borneo.
Garnet accompanied by rutile indicates vari-
able input from metamorphic rocks. Volcanic
quartz and zircons having ages similar to
those of the depositional age of the sandstones
are rare.

Unabraded Cretaceous zircons dominate the
Eocene sandstone heavy minerals. They are
igneous zircons with a simple crystallization
history; most lack zoning, older cores, and
younger overgrowths. Ages of detrital zircons
can be compared to those of potential granite
source rocks in the Schwaner Mountains of
southwest Borneo, the Malaysian Tin Belt,
and southern Indochina.

Lower Cretaceous granites with hornblende
and biotite K-Ar ages of 130–100 Ma (Wil-
liams et al., 1988) are abundant in the nearby
Schwaner Mountains. Upper Cretaceous gran-
ites are less common, but zircons from the Su-
kadana Granite dated in this study have ages
between 80 and 87 Ma. Detrital zircons of
similar age are abundant in the Eocene sand-
stones, and there are common but fewer Early
Cretaceous zircons (Fig. 5). The Schwaner
granites intrude the pre-Carboniferous Pinoh
metamorphic rocks, which would account for
the presence of garnet, staurolite, and
sillimanite.

Cretaceous granites are known from the
currently submerged Sunda Shelf close to the
Schwaner Mountains (Pupilli, 1973), where
they are overlain by thin Quaternary sedi-
ments (Ben-Avraham and Emery, 1973).

There are Cretaceous granites in the Malay
Peninsula, but they are much less abundant
than Permian–Triassic granites. The Eocene
sandstones are dominated by Cretaceous zir-
cons, and in the oldest sample Permian–
Triassic zircons are very rare. This suggests
that the Malay Peninsula was not a source for
oldest Eocene sediments, but did contribute
later in the Eocene, because the abundance of
Permian–Triassic zircons increases in younger
Eocene samples. Cretaceous granites in Indo-
china (Fig. 1) intrude Paleozoic granites, but
there are relatively few Paleozoic zircons in
the Crocker Fan and no correlation of Creta-
ceous and Paleozoic zircon abundances, as
would be expected if material came from
Indochina.

DISCUSSION
We suggest that during the Eocene, Creta-

ceous granites in the Schwaner Mountains and
nearby Sunda Shelf contributed the most sed-
iment to the Crocker Fan. Apatite fission track
studies of Schwaner granites indicate rapid ex-
humation in the Late Cretaceous (Sumartadi-
pura, 1976). A volcanic contribution is sug-
gested by zircons with ages very close to
stratigraphic ages in the two oldest Eocene
samples. The youngest zircons indicate a max-

imum depositional age of late Paleocene (56
Ma) for the Sapulut Formation, and early Eo-
cene (50 Ma) for the Trusmadi Formation,
both previously uncertainly dated as Eocene
from biostratigraphy (Collenette, 1965).

In the Oligocene sandstones Lower Creta-
ceous zircons are more abundant than Upper
Cretaceous zircons, similar to the present-day
proportions of granites in the Schwaner
Mountains. Permian–Triassic zircons become
abundant, and their ages are similar to those
of granites in the Malay-Thai Tin Belt (Cob-
bing et al., 1992). Malay Peninsula granites
have a Paleoproterozoic basement (Liew and
Page, 1985). Principal component analysis
shows that proportions of Permian–Triassic
and Paleoproterozoic zircons are strongly cor-
related (Fig. 5), and the old zircons are strong-
ly colored and highly rounded. We interpret
these observations to indicate that during the
Oligocene, Tin Belt granites became increas-
ingly important sources for the Crocker Fan.
Proterozoic zircons were derived from meta-
sedimentary basement, or younger sediments
into which they had been recycled. Apatite fis-
sion track data show rapid Oligocene (33–24
Ma) exhumation of Malay Peninsula Tin Belt
granites (Krähenbuhl, 1991). There is a strong
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negative correlation between the proportions
of Cretaceous and Permian–Triassic zircons,
indicating that Schwaner and Tin Belt granites
supplied sediment independently and at dif-
ferent times. Volcanism associated with sub-
duction of the proto–South China Sea below
Borneo did not supply much sediment to the
Crocker Fan. Reconnaissance studies of other
Paleogene sandstones in Sabah suggest that
volcanic debris was trapped in forearc basins
closer to the arc.

There is no reason to suggest a distant
source for the Borneo sediments other than
their apparent compositional maturity, which
is in contrast to their textural immaturity. We
suggest that this apparent conflict is the result
of tropical weathering. Light mineral modes
can be strongly and rapidly altered by humid
tropical weathering during erosion, transport,
and alluvial storage of sand by preferential de-
struction of feldspar and unstable lithic grains.
The modal composition can be so altered that
the plate tectonic setting may be misinterpret-
ed (Johnsson et al., 1988; Suttner et al., 1981).
Caution is needed when using standard modal
plots (Dickinson et al., 1983) to interpret tec-
tonic setting of tropical sandstones. Borneo
was in a low-latitude region with a humid
tropical climate throughout the Cenozoic
(Hall, 2002; Morley, 1998), with intense
chemical weathering during erosion and trans-
port. The textures of the Sabah Paleogene
sandstones indicate that they are first-cycle
sandstones, derived from relatively close
sources. Transport from distant Indochina
sources would have required long-distance
fluvial transport, causing greater textural ma-
turity and much more zircon rounding than
observed. Zircon ages and heavy mineral data
are easily explained by sources in the Schwa-
ner Mountains and the Tin Belt.

CONCLUSIONS
An Asian origin for southeastern Asian sed-

iments is often implied or assumed (e.g., Mé-
tivier et al., 1999), including perhaps transport
to the Crocker Fan by a proto–Mekong River
(Hutchison, 1989, 1996; Hall, 1996). This
study does not support this idea. There is in-
creasing evidence that much of the sediment
from Asia and Indochina was not transported
to the Sunda Shelf until the late Miocene. Be-
fore then, the Mekong and Salween were less
important rivers than today, and much sedi-
ment from eastern Tibet was carried east to
the Gulf of Tonkin by the paleo–Red River.
Rapid incision and erosion in eastern Tibet
started ca. 13–9 Ma (Clark et al., 2005). River
capture and drainage reversal in the late Mio-
cene resulted in the present-day drainage con-
figuration (Clark et al., 2004). During the ear-
ly Cenozoic most sediment coming from Asia
and Indochina to Southeast Asia was trapped
in basins in Thailand (Nichols and Uttamo,
2005) and the Sunda Shelf (Hall and Morley,
2004).

Although the early stages of the India-Asia
collision would have elevated rocks in the
Himalayas and Indochina, these areas did not
supply significant sediment to the Crocker
Fan. Borneo and nearby Southeast Asia sup-
plied most clastic material. Hall and Nichols
(2002) suggested that circum-Borneo sedi-
ments were mostly derived from Borneo
throughout the Neogene; this study suggests
that Borneo supplied large amounts of sedi-
ment since at least the Eocene.
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