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Abstract. Stability and dissolution of heavy minerals were studied in the sandstones from the
Western Foothills, Taiwan, where the continuous sequence from Miocene to Late Pleistocene de-
velops. On the basis of modal proportions of heavy minerals in sandstones, it is concluded that
many heavy minerals have been dissolved even in Late Pliocene sandstones. Stable minerals
throughout the sequence are zircon, tourmaline, rutile, monazite, apatite and spinel. [lmenite was
dissolved in the Early Miocene sandstone. Dissolutions of aluminous silicates such as chloritoid,
staurolite and Al,SiO; polymorphs are observed in the Middle Miocene sandstones. Epidote, titan-
ite and grossular-andradite garnet are more unstable minerals. Chemical analyses of detrital alman-
dine garnets revealed that garnet with grossular component more than 10% was selectively dis-
solved in the Early Miocene sandstone. It is important for provenance study at first to recognize the
selective dissolution of heavy minerals in the sandstones.
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Introduction

One of the approaches to provenance studies
of sandstones is based on determination of rela-
tive abundance of the detrital mineral. Although
such a method provides a strong basis for the in-
terpretation of provenance, we must take into se-
rious consideration of any possibility of the post-
depositional dissolution of detrital minerals in
sandstones. Besides, chemical compositions of
heavy minerals in the sandstones have given
more detailed information for their provenance
(Morton, 1991; Yokoyama et al., 1990). Recently,
age analyses of detrital monazite and zircon have
been used to decipher their provenances, since
both minerals are usually treated as stable miner-
als and they will not be dissolved after deposi-
tion. As discussed in many papers (e.g., Pettijohn,
1941; Morton, 1984; McBride, 1985), dissolu-
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tions of detrital minerals in sandstone are more
or less existed and only relic detrital minerals are
preserved in the sandstones. Discrimination of
detrital minerals either stable or having been dis-
solve must be at first considered for provenance
interpretation. Among heavy minerals, zircon
and tourmaline are treated as ultrastable miner-
als. Apatite, rutile, spinel, garnet, monazite, and
xenotime are treated as relatively stable detrital
minerals (Morton, 1984; Pettijohn, 1941). In this
paper, we analyzed modal proportion of all the
minerals and chemical composition of detrital
garnet in the sandstones of Early Miocene to
Pleistocene stratigraphic sequence of the Western
Foothills from the central Taiwan in order to ob-
tain the stability order of detrital minerals.

Geological outline of Taiwan
Taiwan can be broadly divided into three
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Maps of Taiwan. A, Geological provinces of Taiwan (* locality for fresh sand sample); B, sampling lo-

calities (No. 1-15 from the Houlung River and No. 20-28 from the Tatu River) for the Tertiary-Quaternary

sandstones.

major geologic provinces which form long nar-
row belts and are, from west to east, Western
Foothills including Coastal plain, Central Range,
and Coastal Range (Ho, 1988; Fig. 1). Western
Foothills is composed of late Oligocene to late
Pleistocene clastic rocks which are deposited
mainly in shallow marine environment and occa-
sionally intercalated with coal seams, limestones,
and tuff lenses.

The Central Range forming the backbone ridge
system of Taiwan is subdivided on the basis of
lithology, age, and metamorphic grade into, from
west to east, Hsuehshan Range, Backbone Range,
and Eastern Central Range. The Hsuehshan
Range is a weakly metamorphosed belt of mainly
shallow water Eocene to middle Miocene clastic
rocks that have been juxtaposed against the West-
ern Foothills by a major eastward dipping fault.
The Backbone Range is composed mainly of
weakly metamorphosed clastic rocks, and is un-
derlain by the Eastern Central Range pre-Tertiary

metamorphic complex. The Coastal Range of
eastern Taiwan is composed of rocks deposited in
a Neogene volcano-sedimentary basin associated
with a volcanic arc on the western leading edge
of the Philippine Sea plate.

Chou (1980) inferred that the sources of the
Tertiary sediments lay northwest and west of Tai-
wan with sediments being transported southward
and eastward down a gentle paleoslope. In con-
trast, the Late Pleistocene sediments of the Touk-
oushan Formation were derived from the Central
Range in Taiwan (Chou, 1977). The change in
provenance area has been recognized in the
Pliocene sequence of the Chinshui Shale (Chou,
1974). Yokoyama et al. (in preparation) analyzed
monazite age in the sandstones from the Western
Foothills and Hsuehshan Range. They concluded
that the detrital minerals, except for the Pliocene
to Late Pleistocene sandstone derived from the
Central Range of the Taiwan, were derived from
various terranes in the Asian continent ranging
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from the Korean Peninsula to Guangdong
Province in China.

Materials and Methods

Sampling localities

More than 20 sandstones were collected from
the Western Foothills in the central part of Tai-
wan (Fig. 1B). They were collected along the two
routes studied by Chen et al. (1992). The deposi-
tional ages of these sandstones range from Early
Miocene to Late Pleistocene (Table 1). No meta-
morphic texture has observed in each sample.
Fresh sand sample was collected from the west-
ern coastal beach of Taiwan (Fig. 1A). As the
sample contains various detrital minerals without
any dissolution, the mineral species was com-
pared with those in the sandstones collected from
the Early Miocene to Late Pleistocene sequence.

Analytical procedures

Procedures for the separation of heavy miner-
als and their subsequent identification are the
same as those described by Yokoyama et al.
(1990). Carbonate, micaceous minerals, and au-
thigenic pyrite were not subjected to examina-
tion, and magnetic fractions were removed prior
to the separation of the heavy minerals. All the
minerals were identified through the X-ray pro-
file of the Energy Dispersive Spectometer.
Hence, minerals with the same chemical compo-
sitions were described as polymorphs, i.e. TiO,
polymorphs for rutile, anataze, and brookite, and
Al,S104 polymorphs for sillimanite, kyanite, and
andalusite. Modal proportions of representative
heavy and light minerals are listed in Table 2.
Light minerals were also suffered from dissolu-
tion, but they are not discussed here because of
less source-diagnostic in the provenance study.

Results

Heavy mineral species

About twenty heavy mineral species were ob-
served in the Western Foothills sandstones. In
most of the samples, more than 200 grains were

Table 1. Neogene-Pleistocene stratigraphic sequence
in central Taiwan (after Ho, 1988).
Sampling .
(Ma) route|] Tatu River route | Houlung River
Stratigraph: route
[ ]
Pleistocene Toukoshan F. i
%(1 .6)1 Cholan F. ‘ Cholan F. °
Chinshui Shale
Pliocene
(5.2)4 Kueichulin F. ¢
g °
3 Shangfuchi S.S.
[ Tungkeng F.
é Miocene Kuanyinshan F.
= .
Talu F.

Peiliao F. ¢
= []
& Chuhuangkeng F. i

(23)

identified and the abundance of each mineral is
listed in Table 2. In some samples where pyrite is
abundant, only restricted grains are observed in
the heavy fraction. One sample, Tai-13, is rich in
fossil and includes abundant apatite. The apatite
was probably condensed as a part of the fossils.
While it is described that the minerals listed here
are mostly detrital, TiO, polymorphs and flo-
rencite are difficult to recognize whether they are
detrital or secondary phases after deposition.
They are listed tentatively in the separated col-
umn.

There is a variety of heavy minerals species in
the younger rocks or sediments, whereas a re-
stricted number of species were observed from
the older rocks due to the common dissolution of
some detrital minerals (e.g., Pettijohn, 1941;
Morton, 1984, 1991). In both the Tatu River and
Houlung River routes, the heavy mineral species
decrease apparently with the increasing of depo-
sitional age (Fig. 2). It is expected that the Pre-
sent sand sample from the western coastal beach
should contain all the mineral species found in
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a) Tatu River route
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Fig. 2. Heavy mineral persistent charts in the Neogene-Pleistocene sandstones in the Tatu and Houlung rivers

routes. Dotted line indicates that the mineral was not confirmed in the restricted mineral identification, but
was assumed to be present in the samples. Mineral abbreviations are the same as those in Table 2.

the sandstones of older ages, but some minerals
are too rare to be found under a restricted num-
ber of mineral identification. In more detailed
analyses, some minerals that were absent in the
Table 2 may be confirmed as rare minerals in
both the Present sand and Neogene-Pleistocene
sandstones.

Pyroxenes, present in the beach sand sample,
are not observed in any sandstone of older ages.
Hornblende is found only in the upper sample
part of the Houlung River, but it is not observed

in the Tatu River samples. Epidote, titanite,
grossular, andradite, and allanite are observed
only in the young sequence of both the rivers.
Aluminous minerals such as chloritoid, stauro-
lite, and AL,O5 polymorphs are found from mid-
dle to top of the sequence including Talu F. up to
Cholan F. of the Houlung River route. I[lmenite is
one of the major minerals in the heavy fractions.
It is rare or absent in the Early Miocene sand-
stones.

TiO, polymorphs are abundant. Among them,
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Fig. 3.
composed into anatase(an)-bearing aggregate (sample Ta-8); B, titanite (ti) replaced by anatase (sample Ta-
25); C, grossular (gr) with many wormholes (sample Ta-14); D, andradite (cg) with irregular rim (sample Ta-
14), possibly dissolved into goethite-bearing aggregate (agg).

anatase is common, occurring as an aggregate
with quartz occationally replacing ilmenite. Ru-
tile is optically identified in the heavy fractions
from most of the sandstones. It occurs as a well-
crystallized and rounded grain under electron mi-
croscope. Rutile is treated as an ulrastable miner-
al in many papers (e.g. Pettijohn, 1941; Morton,
1984). Florencite in the uppermost part of the se-
quence is clearly detrital, but, in its lower part, it
is probably secondary mineral formed by the de-
composition of allanite.

Dissolution or decomposition texture is ob-
served in many samples from the lower sequence.
Ilmenite is decomposed into TiO, polymorphs,
goethite, and quartz (Fig. 3A). Titanite is also re-
placed by anatase (Fig. 3B). Rounded grossular
grain has numerous wormholes (Fig. 3C). Andra-

Back-scattered images showing dissolution and decomposition of detrital minerals. A, Ilmenite (il) is de-

dite has irregular rim due to the replacement by
goethite-bearing aggregate (Fig.3 D). Al,O5-rich
minerals occur as skeletal grain surrounded by
clay minerals. Amphibole in the sandstones has a
saw-edged rim. These textures show that the min-
erals, absent in the lower sequence, were dis-
solved or decomposed after deposition.

Garnet composition

Garnet is mostly treated as a stable detrital
mineral (e.g., Pettijohn, 1941) and its chemical
compositions were used for provenance study
(Morton, 1991; Yokoyama et al., 1990). On the
other hand, Smale and Morton (1987) inferred
dissolution of Ca-rich garnet in the drilled core
from the Taranaki site and Yokoyama (1998) in-
sisted the selective dissolution of garnet with
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Fig. 4. Compositional variations of detrital garnets from the Late Pleistocene Toukoshan Formation to Early
Miocene Chuhuangkeng Formation. Vertical axis is a number of analyses.

grossular component more than 10% in the pre-
Jurassic sandstones. Chemical composition of
garnet except for grossular and andradite was an-
alyzed by an electron microprobe analyzer
(EPMA, JEOL JX-1). The term of Ca-rich or Ca-

poor garnet is tentatively used here for garnets
with grossular component more or less than
10%, respectively. As shown in Fig. 4, detrital
garnets show a wide compositional variation. Py-
rope component exceeds 40% in all the forma-
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tions. As far as the range of pyrope component is
concerned, no significant change is observed
throughout the sequence. Grossular component is
also variable, up to 40% in the sandstones from
the Toukoushan to Tungken formations. It is,
however, mostly less than 5% in the sandstones
from the Kuanyinshan to Chuhuangkeng forma-
tions.

Discussion

Although the modal proportions and chemical
compositions of heavy minerals in the sandstones
have produced significant information on the
provenance for sandstone, it is important to
check the stability and dissolution of the heavy
minerals. The post-depositional change of miner-
al association modifies the original detrital min-
eralogy, so that discussions based on the present
constituent minerals are sometimes questionable.
After Pettijohn (1941) studied stabilities of heavy
minerals, only a few workers were discussing
about their stability (Morton, 1984; McBride,
1985; Smale & Morton, 1987). Stability order of
minerals depends on many factors: pore-fluid
temperature, pore-fluid movement, pH, burial
history, and length of time for dissolution. In
many cases, zircon, tourmaline, monazite, and
spinel were treated as stable minerals which have
not been suffered any dissolution after the depo-
sition.

In the Early Miocene to Late Pleistocene se-
quence from the Western Foothills, the stable
minerals mentioned above are persistent through-
out the sequence (Fig. 2). Other persistent miner-
als are xenotime, apatite, garnet, and rutile (one
of TiO, polymorphs). Absence of some of them
in the sequence is not the result of the total disso-
lution, but is due to the restricted number of min-
eral identification. Other minerals are absent in
the lowest part of the sequence. Ilmenite is one of
the major minerals in the Tatu River route. It is
common in the upper sequence of the Houlung
River and is rare or absent in its lower sequence.
The decomposition of ilmenite into anatase-bear-
ing assemblage shows that it is relatively unstable

than the persistent minerals mentioned above.
Aluminous minerals such as chloritoid, stauro-
lite, and Al,SiO; polymorphs are present in the
upper part of the Houlung River sequence and
absent in the lower sequence. It indicates that the
minerals are more easily dissolved than ilmenite.

Epidote, titanite, allanite, grossular, and andra-
dite are common minerals in the low-grade meta-
morphic rocks. They are observed in the upper
part of the Tatu River sequence and in the upper
sequence of the Houlung River. Although it is
hard to point out the order of stability among
them, it is concluded that they are less stable than
the aluminous silicates mentioned above. The
order of persistence is generally consistent with
those obtained by Pettijohn (1941) and Morton
(1984).

Hornblende is found only in the upper se-
quence of the Houlung River. As mentioned by
many workers, hornblende is dissolved more eas-
ily than epidote and allanite as well as pyroxenes.
Pyroxenes are observed only in the Present sand.
Both hornblende and pyroxenes are major con-
stituents in the igneous rocks and are common
minerals in the high-grade metamorphic rocks as
well as garnet. As Mg-rich garnets are common
in all sandstones (Fig. 4), it is expected that am-
phibole and pyroxenes were present in many
sandstones at the depositional stage. Their ab-
sence in almost all the samples indicates that
they are totally dissolved before the dissolution
of other heavy minerals.

The stability order of heavy minerals in the
sandstones does not depend simply on geological
time. In the Tatu River route, epidote, titanite, al-
lanite, and Ca-garnet were not observed in the
Pliocene Cholan Formation, but in Houlung
River route they are present even in the Yuteng-
ping and Kuantaoshan formations underlying the
Cholan Formation. Thick conglomerate layer,
upper part of the Toukoshan Formation, develops
in the Tatu River route. The conglomerate was
formed as a fluvial fan deposit at the mouth of a
river that had run from the central part of Taiwan.
In addition to the geological time, one probable
factor for different dissolution system in the nar-
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row area may be local overburden pressure. As
an alternative explanation, the restricted mineral
assemblage in the lower sequence of the Tatu
River route is due to a consequence of re-work-
ing of older sediments. The explanation is partly
reasonable because of the evidence that the sedi-
ments in the Cholan Formation were derived
from the older sediments in the central part of
Taiwan (Chou, 1974: Chen ef al., 1992). Howev-
er, the mineral assemblage in the Cholan Forma-
tion in the Houlung River route is not so simple
as those in the Tatu River route, but is complex
as well as those in the Toukoshan Formation. In
any case, it is important to be aware that heavy
minerals are easily dissolved and can not be used
simply for the provenance study of sandstones,
even in the Pliocene or younger sediment. Fur-
thermore, the results are not strictly applicable to
particular formations or depositional basins.

As a result of the dissolution of heavy miner-
als, a restricted mineral assemblage is observed
in the heavy fractions of the Early Miocene
sandstones. More restricted mineral assemblage
such as zircon-tourmaline-monazite-apatite-gar-
net was reported in most of the Mesozoic sand-
stones in the Japanese Islands (e.g., Yokoyama &
Saito, 2001). In such old sandstones, garnet is
variable in pyrope component, but is usually low
in grossular component as found in the Early Ter-
tiary sandstones from the Western Foothills of
Taiwan (Fig. 4). Presence of Mg-rich garnet sug-
gests that it was derived from the high-grade
metamorphic terrane where both Ca-rich and Ca-
poor garnets occur in mafic and felsic metamor-
phic rocks, respectively. It is hard to conclude
that only Ca-poor garnet was derived from the
terrane at the depositional stage. In drilled cores,
Smale and Morton (1987) reported that the Ca-
rich garnets decrease with the depth and are
scarcely observed in the deeper part of the core.
They also suggested that the trend is probably
due to an intrastratal solution effect, i.e. selective
dissolution. Hence, it is reasonable to conclude
that Ca-rich garnet in the Early Miocene sand-
stones from the Western Foothills of Taiwan had
been dissolved after deposition. Although chemi-

cal composition of garnet has been used for
provenance study, phenomena of such a selective
dissolution of garnet will cause misleading for
drainage basin if simply applied the chemical
composition to the provenance study.

Summary

Almost continuous sequence from Late
Miocene to Early Pleistocene develops in the
Western Foothills, central part of Taiwan. Stabili-
ty and dissolution of heavy minerals were studied
in the sandstones from two routes: Tatu River and
Houlung River. Various species of heavy miner-
als are observed in the sandstones from the upper
sequence, whereas mineral species are restricted
in the lower sequence, due to the dissolution of
some minerals after the deposition. Persistent
minerals throughout the sequence are zircon,
monazite, xenotime, spinel, apatite, tourmaline,
and Ca-poor garnet. [lmenite, chloritoid, epidote,
and pyroxenes are absent in the lowest part.
Among the dissolved minerals observed, the
order of dissolution is (1) pyroxenes, (2) epidote,
allanite, titanite, and Ca-garnet, (3) aluminous
silicates (chloritoid, staurolite, and Al,SiO; poly-
morphs), and (4) ilmenite. The dissolution rate is
different between two routes from the Tatu and
Houlung rivers, indicating the rate is not simply
related with geological time. It is important for
provenance study at first to recognize the selec-
tive dissolution of heavy minerals in the sand-
stones.
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