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Abstract: Detrital garnet compositions can be used to help determine the provenance of sedimen-
tary rocks. In this study a garnet compositional database consisting of more than 2500 wet chemical
and electron microprobe analyses was compiled from the literature. For the garnets in the database
the six principal garnet end-member compositions (pyrope, almandine, spessartine, uvarovite,
grossular and andradite) were calculated. A multi-stage methodology was devised to match
garnet compositions to source rocks, and a series of garnet provenance fields on ternary plots
were identified. The method was tested using compositional data from detrital garnet studies in
several areas where provenance has already been identified, with good results. The methodology
was then used to assess the provenance of detrital garnets from Neogene sandstones of northern
Sabah, Borneo for which provenance is unknown and in a region where there are few garnet ana-
lyses for comparison. Comparison of garnet compositions from possible sources on Palawan,
Philippines and in Borneo combined with the ternary plots excludes some known garnet-bearing
rocks as potential sources and suggests derivation of metamorphic and igneous garnets from
Palawan during the Early Miocene.

Supplementary material: The compositional database and garnet data plotting spreadsheets are

available at www.geolsoc.org.uk/SUP18649

Naturally occurring garnet is potentially a useful
provenance indicator. It has a wide compositional
variation that may be specific to certain lithologies
and, therefore, source areas, it is mechanically resis-
tant during transport, and it is resistant to chemical
modification during transport, diagenesis and low-
grade metamorphism (e.g. Mange & Morton 2007).
Garnets are particularly common in metamorphic
rocks, but are also found in acid volcanic rocks,
granites and pegmatites, peridotites and kimberlites,
and are widespread as detrital grains in sediments.

Chemical analyses of garnets are often expressed
as percentages of real or hypothetical molecules —
the ‘garnet end-members’ (Deer et al. 1962, 1966,
1997; Rickwood 1968). The end-member mole-
cules provide a qualitative summary of garnet com-
position that is useful in provenance studies as the
data can be displayed on ternary plots so that com-
parisons between sediment and potential sources
can be made. Garnets have been used as a prove-
nance indicator in a number of studies (Morton
1985; Haughton & Farrow 1989; Tebbens et al.
1995; Hutchison & Oliver 1998; Oliver 2001;
Sabeen et al. 2002; Morton et al. 2004; Copjakova
et al. 2005; Win et al. 2007; Hallsworth & Chisholm
2008). Many of these studies have successfully
matched garnets to local sources. However, the
range of garnet compositions is very wide, and it

is not known if all garnets can be matched to
source rocks. Furthermore, in regions where the
sources are unknown, or have been removed by
erosion, or where there are no compositional data
from garnet-bearing rocks, it is not clear if compo-
sitional data from other regions of the world can
be reliably used to infer protoliths and provenance.
This paper discusses a large garnet compositional
database compiled from the literature which was
used to examine how useful such data could be in
identifying the provenance of detrital garnets. We
find that although not all garnets can be matched
uniquely to particular source rocks, many garnets
are useful for provenance interpretation. It is necess-
ary to calculate the common garnet end-members
(almandine, andradite/schorlomite, grossular, pyr-
ope, spessartine and uvarovite), then follow a series
of steps before plotting compositions on ternary
diagrams. The new procedure has been applied
successfully to determine the provenance of detri-
tal garnets from Neogene sandstones of northern
Borneo.

Garnet mineralogy

The garnet group can be considered as a number of
common molecules (Table 1) which represent the

From: Scott, R. A., SMYTH, H. R., MorTON, A. C. & RICHARDSON, N. (eds) 2014. Sediment Provenance Studies in
Hydrocarbon Exploration and Production. Geological Society, London, Special Publications, 386, 373—393.

First published online July 18, 2013, http://dx.doi.org/10.1144 /SP386.8

© The Geological Society of London 2014. Publishing disclaimer: www.geolsoc.org.uk/pub_ethics


http://www.geolsoc.org.uk/SUP18649
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at University of Michigan on October 20, 2014

374 S. M. SUGGATE & R. HALL

Table 1. Garnet end-members of the
isomorphous series

Specific gravity (D)

PyI'OpC 3.58 Mg3AIZSi3012
Almandine 4.32 Fe3Al,Si304,
Spessartine 4.19 Mn;AlLSi50,
Uvarovite 3.90 CasCr,Siz0»
Grossular 3.59 CazAl,Si30,
Andradite 3.86 CasFe,Si501,

end-members of isomorphous series (Deer et al.
1962, 1997). These species form two solid solution
series: the Pyralspite group (pyrope, almandine and
spessartine) and Ugrandite group (uvarovite, gros-
sular, and andradite). It is unusual for any garnet to
be a pure end-member composition, and most gar-
nets are solid solutions of several end-members. The
summary of garnet mineralogy and paragenesis
below is based on Deer et al. (1962, 1966, 1997).

Pyralspite group

There are three end-members for the Pyralspite
garnets: pyrope, almandine and spessartine.

Pyrope. Mg;Al,S130,-rich garnets occur in certain
ultrabasic rocks, including peridotites, kimberlites
and xenocrysts in basalt pipes.

Almandine. Fe;Al,Si301,-rich garnets are typical
of garnetiferous schists resulting from the regio-
nal metamorphism of argillaceous sediments and
basic igneous rocks. Almandine also occurs in some
thermal or contact aureoles, in contaminated gran-
ites, and as xenocrysts in some volcanic rocks. The
garnet in granulite facies rocks is commonly alman-
dine or more rarely almandine—pyrope. In eclogite
facies rocks the garnet is typically almandine—
pyrope, often with almandine percentages greater
than pyrope percentages.

Spessartine. Mn3Al,Si301,-rich garnets are com-
monly found in granites, granitic pegmatites, often
as spessartine—almandine. Spessartine also occurs
in some skarn deposits, in Mn-rich assemblages
of metasomatic origin, within veins in metamor-
phosed greywackes, and is also known from Mn-
rich cherts in blueschist facies rocks.

Ugrandite group

There are three end-members for Ugrandite garnets:
uvarovite, grossular and andradite.

Uvarovite. Ca3Cr,SizO1,-rich garnets are the least
common of the anhydrous garnet species. Garnets

with uvarovite as the dominant molecule are found
mainly in serpentinites and chlorite schists, often
in association with chromite, and in metamorphosed
limestones and skarn ore-bodies.

Grossular. CazAl,;Si30,-rich garnet is character-
istic of thermally and regionally metamorphosed
impure calcareous rocks. Hydrogrossular garnets
are found in metamorphosed marls and are com-
mon in rodingites and altered rocks associated
with serpentinites.

Andradite. CazFe,Si30;,-rich garnet commonly
occurs in contact or thermally metamorphosed
impure calcareous sediments, as well as in meta-
somatic skarn deposits that are often associated
with thermal metamorphism. Deer et al. (1962) con-
sidered melanite and schorlomite as Ti-bearing
varieties of andradite but Rickwood (1968) sug-
gested that schorlomite (Ca;Ti,Fe,TiO;,) should
be considered a separate molecule. The Ti-rich and-
radite garnets are found mainly in alkaline igneous
rocks and skarns.

Garnet end-members

Chemical analyses of garnets are often expressed
as percentages of real or hypothetical molecules
of extreme composition—the ‘garnet end-member’
molecules (Deer et al. 1962, 1997; Rickwood 1968).
The end-member molecules provide a qualitative
summary of garnet composition, as the data can
be plotted quickly on ternary plots. As outlined
above, Deer et al. (1962) considered six import-
ant end-members. Since then a number of authors
(Rickwood 1968; Knowles 1987; Muhling & Griffin
1991; Locock 2008) have suggested that additional
end-members should be considered. Deer et al.
(1997) included several other end-members in their
compilations of garnet compositions in addition to
the six main species. Rickwood (1968) identified
19 end-members and Locock (2008) calculated 29.
They developed procedures using stand-alone com-
puter programs or spreadsheets to allow users to
calculate the molecular proportions of garnet end-
members from chemical analyses. The procedure
suggested by Locock (2008) uses an Excel spread-
sheet to calculate 29 end-members (15 naturally
occurring and 14 hypothetical end-members) for
each analysis. However, this procedure is not very
useful in provenance studies because 14 of the end-
members calculated are not naturally occurring and
cannot be assigned to a protolith for provenance
interpretations, and of the 15 naturally occurring
garnets, a number are unusually rich in elements
that are exceptionally rare in most geological
environments and, in fact, have mainly not been
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reported from detrital garnets (Mange & Morton
2007). The large number of end-members make the
data difficult to display on diagrams and, because
of these limitations, a new approach has been
devised.

We found that because of the rarity of extreme
compositions it is sufficient to screen the data to
identify those that are unusual, for example, in
having high contents of Zr, Y, V and Ti. If such
garnets were to be found in detrital assemblages
they could be matched to source rocks very easily.
We then identified a series of steps, described
below, for examining the data, and finally the
end-member compositions are plotted on ternary
diagrams.

We used Pascal computer programs to input the
data and to calculate garnet formulae on the basis of
24 oxygens in order to estimate ferric iron, and then
calculated the common garnet end-member compo-
sitions: pyrope, almandine, spessartine, uvarovite,
grossular and andradite. Schorlomite was combined
with andradite for garnets with less than 2 wt%
TiO,. The programs are available from the authors
on request. We compared the results of the calcu-
lations with garnet end-members listed by Deer
et al. (1966) and Locock (2008). Molecular percen-
tages of end-member components for six typical
garnets (Table 2) of various compositions were
recalculated from the oxide weight percentages
listed by Deer et al. (1966) using the Locock
(2008) method and the method of this study, and
were compared with end-members given by Deer
et al. (1966). The results (Table 3) are in good
agreement.

Garnet compositional database

The garnet compositional database (Supplementary
material) consists of more than 2500 wet chemical
and electron microprobe analyses that were com-
piled from more than 150 published data sources.
Data are listed in a single table containing oxide
wt% compositions (SiO,, TiO,;, Al,O3, Cr03,

Table 2. Analyses of garnets from Deer et al. (1966)

375

Fe,O3;, FeO, MnO, MgO, CaO, Na,O and rare
oxides V,03, Y,03, ZrO, if present) and calculated
end-member compositions, together with the pub-
lished garnet source rock/protolith, grade, pressure,
temperature and the literature source. A number of
ternary plots of garnet compositions from the data-
base are presented in an Excel spreadsheet (Sup-
plementary material).

It can be problematic to determine provenance of
detrital garnets using plots in which end-member
compositions are combined (e.g. almandine +
spessartine, grossular + andradite + uvarovite) in
order to produce a single ternary diagram. An
example of this is shown in Figure 1. The ternary
plot shows that when end-member compositions
are combined it may be very difficult to identify
specific protoliths, as many of the data points plot
as clusters in similar or overlapping areas. Differ-
ent authors have chosen different ways in which
to combine garnet end-members, commonly so that
they can use just one triangle to display garnet
compositions. We found a single triangle was too
restrictive and often caused overlap of otherwise
distinctive protoliths. We tried several different
combinations and found that two triangular plots
were most effective in discriminating between
different protolith compositions and metamorphic
grades. The apices of the triangles are almandine,
pyrope, spessartine and grossular + andradite +
schorlomite.

Using the database a multi-stage methodol-
ogy was devised which identifies the protoliths
and/or metamorphic grade of garnets therein.
Stage 1 removed garnets with unusual contents of
Y,03,V,0;3 and ZrO,. Stage 2 excluded garnets
with unusually high contents of TiO,. The garnets
identified in Stages 1 and 2 can be matched to
unusual protoliths (e.g. ores, skarns, mafic pyroclas-
tic rocks and nepheline syenites). After the unusual
garnet compositions were excluded the next stages
matched the remaining garnet compositions to
specific protoliths and/or metamorphic grade.
Stages 3—5 identified garnets with high uvarovite
and pyrope contents which are mostly typical of

SIOZ T102 A1203 Cr203 F6203 FeO MnO MgO CaO
Quartz—biotite gneiss DHZ1 38.03 0.00 2205 0.00 088 29.17 157 649 1.80
Metamorphosed andesite DHZ2 37.03 0.04 892 0.00 1834 225 1.09 0.83 30.26
Anorthite—clinozoisite— DHZ3 38.69 055 1817 0.00 570 378 0.64 0.76 31.76

corundum-—garnet gneiss

Eclogite DHZ 4 4152 001 23.01 022 122 1286 033 1664 471
Calcsilicate hornfels DHZ5 3584 0.03 2083 000 065 1.78 3337 248 5.00
Uvarovite—tremolite— DHZ 6 35.88 0.00 1.13 27.04 246 0.00 0.03 0.04 3331

tawmawite —pyrrhotite rock
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Table 3. Comparison of molecular percent end-members calculated for garnet compositions of Table 2 by Deer et al. (1966), Locock (2008) and this study

This study Deer et al. (1966) Locock (2008)
DHZ 1 DHZ?2 DHZ3 DHZ 4 DHZ5 DHZ6 DHZ 1 DHZ2 DHZ3 DHZ4 DHZ5 DHZ 6 DHZ 1 DHZ2 DHZ3 DHZ4 DHZ5 DHZ6

Almandine 63.7 6.7 8.7 262 - 0.3 65.4 5.2 8.1 26.1 4.0 - 63.8 5.1 8.1 25.9 0.2 -
Andradite + - 58.9 16.2 - 7.6 8.2 2.7 56.9 18.2 3.3 2.2 7.7 - 56.4 16.6 - 2.0 5.6
Schorlomite

Grossular 54 286 709 11.7 6.8 1.9 2.5 320 694 8.9 11.2 2.4 5.0 320 695 11.5 6.6 4.5
Pyrope 27.2 33 29 607 9.9 02 258 34 29 603 7.9 02 253 34 2.9 59.8 9.9 0.2
Spessartine 3.7 2.5 1.4 0.7 75.7 0.1 3.6 2.5 1.4 0.7 74.7 0.1 35 2.5 1.4 0.7 756 0.1
Uvarovite - - - 0.6 - 89.4 - - 0.7 - 89.6 - - - 0.6 - 88.9
Total 100.0 100.0 100.1 99.9 100.0 100.1 100.0 100.0 100.0 100.0 100.0 100.0 97.6 994 984 98.6 942 99.2
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(@)

Mg

eclogites and kimberlites
Calc-silicates, skarns and
rodingites

Sub-ophiolitic rocks

High-Mg Pelites

Ultrabasic rocks - peridotites,

\:’ Amphibolites

Blueschists

Granulites

Granites

Fig. 1. Ternary plots showing all garnet data. (a) All garnets from the database (n = 2400) excluding those with unusual
rare oxide contents (V,03, Y,03, ZrO,) and TiO, >2 wt%, as discussed in the text. (b) All garnet compositions grouped
by protolith. Ca, Mg, Fe and Mn are ionic contents of those elements calculated on the basis of 24 oxygens normalized to
total Ca 4+ Mg + Fe? + Mn. When end-member compositions are combined in a single ternary plot it is difficult to
distinguish many protoliths because of overlaps of compositional areas for different types.

ultrabasic protoliths. Then different groups of gar-
nets were plotted on the ternary diagrams to estab-
lish the compositional areas. The sequence and
rationale is summarized below. Observations made
from each stage are also detailed below. The areas
for garnets from different protoliths and different
metamorphic grades are plotted on a series of
ternary plots in Figures 2 and 3.

Stage 1: high rare oxide contents

This stage identified all garnets with extreme Y,O3,
V,05; and ZrO, contents and removed them from
the database. There is a very small number of such
garnets. Y-rich garnets (n = 24) range up to 3.4
wt% Y,0;3. They are found in Y-rich gneisses,
granite pegmatites and one hornfels. V-rich gar-
nets (n = 24) range from 0.02 to 22.1 wt% V,0;.
The V-rich garnets are found mainly in metairon-
stones, a few metasediments, unusual mafic pyro-
clastic rocks and ore deposits. Several of the V-rich
garnets also have high Cr contents. There are

only nine Zr-rich garnets (up to 29.9 wt% ZrO,)
which are from a skarn/rodingites, a carbona-
tite and a calc-silicate. It is also notable that such
unusual garnets are commonly enriched in more
than one rare oxide; for example, scandium-rich
garnets from Russia (Galuskina er al. 2005) are
also rich in Hf, Y, V and Zr. It is unusual for any
of these elements to be reported, which probably
implies unusual compositions or environments of
garnet formation when they are determined. We
arbitrarily excluded all garnets that have greater
than 0.1 wt% of these oxides. In detrital studies
this value could probably be set higher, for exam-
ple, at 1 wt%, since garnet compositions are typi-
cally determined for garnet cores, and the lower
values in our dataset are commonly rims to garnet
with cores that have larger enrichments than 1 wt%.

Stage 2: high TiO, contents

This stage identified all garnets with high TiO,
contents, and we chose an arbitrary cut-off value
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Almandine

Metamorphic Grades

@ Blueschist

@ Amphibolite
@ Granulite

O Subophiolites

Grossular+
Andradite+
Schorlomite

Pyrope
§

Al

D>+

Ultrabasic rocks Kimberlites
- peridotites and

eclogites

Sp Sp

Fig. 2. Ternary plots using end-members grossular + andradite + schorlomite, almandine, pyrope and spessartine for
various protolith compositions. Garnets were selected for different protoliths after excluding those with unusual
rare oxide contents (V,03, Y>03, ZrO,) and TiO, >2 wt% as discussed in the text.
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of 2%, which excluded a relatively small number
(n = 44) of garnets with up to 19.6 wt% TiO,.
Garnets excluded at this stage are almost all
skarns and nepheline syenites, with a few unusual
calc-silicates.

Stage 3: high pyrope and high uvarovite
contents

This stage identified garnets with pyrope contents
>55% and uvarovite contents >1%. Based on
trial and error we found that these values identified
only garnets with ultrabasic protoliths, including
various peridotites, kimberlites and some eclogites
(types A and B of Coleman er al. 1965). Because
these garnets all have very low spessartine contents
they plot on the almandine, pyrope, grossular +
andradite + schorlomite triangle in the area with
pyrope >55%.

Stage 4: high uvarovite contents

This stage identified all remaining garnets with
high uvarovite content. There is a very small num-
ber of garnets (n = 29) that have uvarovite >1%
and do not have pyrope contents >55%. These
are mainly from ultrabasic rocks, ores, skarns or
kimberlites.

Stage 5: high pyrope contents

This stage identified all remaining garnets with high
pyrope contents. There is a small number (n = 118)
of garnets that have pyrope contents >55% and do
not have uvarovite >1%. The majority of these
have ultrabasic protoliths, mainly various perido-
tites and kimberlites. The remainder consists mainly
of Mg-rich granulites. Thus after stage 3, garnets
from ultrabasic rocks can be identified with confi-
dence and, if the uvarovite content is ignored, 95%
of the garnets that plot on the almandine, pyrope,
grossular + andradite + schorlomite triangle in the
area with pyrope >55% can be identified as
having an ultrabasic protolith. Most of the remain-
ing garnets that fall in this area are unusual high-
Mg pelites of granulite facies grade.

Stage 6: remaining garnets

After a number of trials testing various criteria for
selecting values we found that simply plotting gar-
net compositions on the two triangles with apices
of almandine, pyrope, spessartine and grossular +
andradite + schorlomite was an effective way to
identify garnet from many rock compositions, or
that correspond to different metamorphic grades.
Figure 4 shows the sub-areas characteristic of

garnets with different protoliths. The sub-areas we
have identified are similar to those identified by
Mange & Morton (2007) which they named as
garnet types A, Bi, Bii, Ci and Cii. Hutchison &
Oliver (1998) and Oliver (2001) used similar end-
members. We were not able to replot on our tri-
angles the garnets they used, as their data are not
available, but we did plot our data on their Xy—
Xca—Xpesmn triangle. This broadly confirmed that
different protoliths can be identified using their
single or our double triangle. However, we consi-
der that a better separation of some garnet types
can be made using the two triangles rather than
the single Xyg—Xca—Xpe+mn triangle they used.
Furthermore, some garnet types are missing or not
shown on the earlier plots. For example, Mange &
Morton (2007) have no blueschist or sub-ophiolite
garnets, while Hutchison & Oliver (1998) and
Oliver (2001) used only part of the triangle, so
excluding many calc-silicate and ultrabasic gar-
nets. In addition, we now have a much larger data-
base of garnet compositions. This means that some
fields are larger than those identified by Hutchi-
son & Oliver (1998) and Oliver (2001); for exam-
ple, their granulite field included a small number
of Lewisian garnets, whereas we now have many
more garnets from granulite rocks world-wide.
Their plots were effective because it was certain
that garnets had a Scottish source but their com-
positional areas may not be so useful when com-
paring garnets from other parts of the world. The
larger database with more protolith types gives
more confidence that garnets can be matched to
sources, noting that it will still be valuable to con-
tinue enlarging the database, which we intend to
do. We summarize below the main features of the
database garnets and the ternary plots.

Protolith compositions

Figure 4 shows the main sub-areas that we have
identified using the methods explained above. Most
garnets from ultrabasic rocks—peridotites, eclogites
and kimberlites—can be identified by their pyrope
contents >55% (Fig. 4a). Skarns and calc-silicates
can also be identified confidently by their high
grossular(+andradite + schorlomite) and very low
pyrope contents. Granites (which include large
intrusive bodies, leucosomes and migmatites) typi-
cally have very high almandine contents and can
usually be distinguished from other almandine-
rich garnets by their high spessartine contents.
Blueschist, amphibolite, granulite facies and sub-
ophiolite garnets overlap (Fig. 4b, c), but can often
be separated, as explained below. Many basic
eclogite garnets plot in the same areas, but can
usually be distinguished by their very low spessar-
tine contents.
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Almandine
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. Blueschists

Metabasic @ Metabasic
Grossular+ Sub-ophio"tic rocks @ Metasedimentary
Andradite+ - Py
Schorlomite .. N o %° ®
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@ Metasedimentary
@ Low pressure
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Fig. 3. Ternary plots using end-members grossular + andradite + schorlomite, almandine, pyrope and spessartine for
protolith compositions and different metamorphic grades, and granites. Granites include large intrusive bodies,
leucosomes and migmatites. Garnets were selected for the different categories after excluding those with unusual rare
oxide contents (V,03, Y>03, ZrO,) and TiO, >2 wt%, as discussed in the text.


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at University of Michigan on October 20, 2014
GARNETS AND PROVENANCE 381

Granites Granulites

Blueschists

Ultrabasic
rocks <565%
pyrope

Calc-silicates:
skarns and

fodingites Ultrabasic

rocks >55% pyrope

0+ >+ 0

Sub-ophioliti
rocks

Sub-ophiolitic rocks

Amphibolites

Sp

Fig. 4. Ternary plots using end-members grossular + andradite + schorlomite, almandine, pyrope and spessartine
showing sub-areas characteristic of garnets with different protoliths. (a) Ultrabasic rocks (peridotites, eclogites and
kimberlites); granites; and calc-silicates, skarns and rodingites. 95% of all ultrabasic garnets have pyrope >55%.

(b) Granulites, granulite facies high-Mg pelites, and blueschists. (¢) Amphibolites and metabasic sub-ophiolitic rocks.

Metamorphic grade area where many garnets plot. These garnets are

mainly from blueschist, amphibolite and granu-
After ultrabasic rocks, calc-silicates and grani- lite facies rocks and sub-ophiolite metabasites. Fig-
tes (Fig. 4a) have been identified, there is a large ure 4b shows garnets of blueschists and granulite
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facies rocks from two common rock composi-
tions: pelites and metabasites. Many blueschist and
granulite facies garnets can be separated on the
triangles, although there is some overlap. Meta-
basite sub-ophiolite garnets overlap with blues-
chist, amphibolite and granulite facies garnets
(Fig. 4c). Compositions of amphibolite facies gar-
nets from basic rocks are not abundant in the lit-
erature, presumably because metabasite mineral
assemblages are not very useful in determining PT
conditions. In contrast, compositions of pelitic
garnets from amphibolite facies rocks are abund-
ant and they tend to be more almandine-rich than
either blueschist or granulite garnets. The plots
show that, although many of these garnets cannot
be matched to protoliths, a reasonable number can
be. Pyrope-poor grossular-almandine garnets are
likely to be from blueschists (Fig. 4b), and grossu-
lar-poor pyrope-almandine garnets are likely to
be from granulites (Fig. 4b). Extremely alman-
dine-rich pyrope-grossular-poor garnets are either
amphibolite facies garnets from pelites (Fig. 4c) or
from granites (Fig. 4a), but granite garnets can
usually be identified by their higher spessartine
contents.

Application to detrital garnets

The methodology above was developed using the
large database to evaluate how useful garnet com-
positions could be in provenance analysis and to
identify specific garnet compositions that could
be matched to protoliths. Here we test the method
using earlier studies.

The Excel spreadsheet (Supplementary material)
that contains the database allows a rapid selection
of different garnets based on compositional and
metamorphic grade criteria. We first examined the
dataset garnets using plots used by authors includ-
ing Mange & Morton (2007), Win et al. (2007)
and Meéres et al. (2012) who have shown that gar-
nets can be subdivided into different protolith
types and metamorphic grades. Using the triangles
they suggested confirms that garnets from the data-
base do fall into the fields they identified. How-
ever, in all cases we found the triangles chosen
were too restrictive and resulted in overlaps of
some garnet types. As explained above, we found
the most effective separation of different garnet
types was achieved using triangles with apices of
almandine, pyrope, spessartine, and grossular +
andradite + schorlomite. The papers of Mange &
Morton (2007) and Win et al. (2007) do not
include their large datasets of garnet analyses so
we are unable to replot their garnets on our diagrams
for comparison. Because they considered garnets
from potential sources in the same region they
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were able to make quite precise matches to proto-
liths. Although we cannot identify all their sub-
types, we can confirm the main protoliths they
identify. We have replotted the dataset of Méres
et al. (2012), and this is discussed below.

Below we test the method by using a number of
recent studies that published chemical analyses
of detrital garnets and interpreted their proven-
ance, and we compare the conclusions of the ear-
lier works with our interpretations based on the
ternary plots. In each case the earlier works com-
pared garnets to those from protoliths in the
studied region (Fig. 5). We then discuss the appli-
cation of the method to garnets in Borneo sand-
stones where the provenance is unknown and there
are few analyses of garnets from potential source
rocks.

Algeria

Kahoui et al. (2012) analysed detrital garnets from
Pliocene to Quaternary sands and Lower Creta-
ceous sandstones in the El Kseibat area, where
detrital diamonds have also been found. The pri-
mary sources of the diamonds and garnets are not
known, but sediments containing numerous kim-
berlite indicator mineral grains such as pyrope gar-
net, chrome spinel and picroilmenite are known
from an area up to 1000 km wide within which is
the Djebel Aberraz diamond placer deposit. The
compositions of the detrital garnets are plotted in
Figure 5a. They fall unambiguously in the area of
ultrabasic protoliths found in mantle xenoliths and
kimberlites.

Eastern Europe

Aubrecht et al. (2009) analysed heavy minerals
from Cretaceous marly limestones of the Czorsztyn
Unit in the western Carpathians. They interpreted
the majority of detrital garnets to be derived from
high pressure/ultra-high pressure (HP/UHP) par-
ental rocks which recrystallized under granulite
and amphibolite facies conditions, probably orig-
inally derived from magmatic and metamorphic
rocks of the Oravic basement.

Based on the ternary plots (Fig. 5bl) it is poss-
ible to exclude protoliths such as ultrabasic rocks,
kimberlites, eclogites and calc-silicates. On the
ternary triangles the garnets plot in areas that
include basic and pelitic rocks from a wide range
of metamorphic conditions including blueschists,
amphibolites, granulites and sub-ophiolite soles.
Some of the garnets cannot be from blueschists or
sub-ophiolite soles. It is possible to say that most
of the garnets, notably those which are grossular-
poor, could only have come from amphibolite and
granulite facies rocks of basic and pelitic
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Fig. 5. Detrital garnet compositions from provenance studies in Algeria (Kahoui ef al. 2012), Western Carpathians,
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compositions, and all of the garnet could be from
amphibolite facies rocks. A few garnets could
have granitic protoliths which were migmatites.

Méres et al. (2012) described detrital garnets
from Jurassic sandstones which they interpreted
to be derived from HP/UHP metamorphic rocks
including garnet peridotites, eclogites and granuli-
tes. Their conclusions are supported by the presence
of kyanite and omphacite inclusions in pyrope-
rich garnets. The ternary plots (Fig. 5b2) show it
is possible to exclude calc-silicate and blueschist
facies protoliths, and they are unlikely to have
amphibolite facies protoliths of any composition.
A small number of the garnets have granitic proto-
liths. Some definitely have ultrabasic protoliths.
The low spessartine contents of the majority most
closely resemble garnets from granulites and deep
crustal eclogites.

Martinek & Stolfova (2009) reported heavy min-
eral assemblages and garnet compositions from
Permian terrestrial sediments of the Krkonose
Piedmont Basin in the Czech Republic. They inter-
preted detrital garnet compositions to indicate
sources to include Moldanubian granulites, garnet
clinopyroxenites, leucogranites and pegmatites.
The ternary plots (Fig. 5b3) show that some gar-
nets probably have granitic protoliths. One defi-
nitely has an ultrabasic protolith. Calc-silicate and
blueschist facies protoliths can be ruled out. The
majority most closely resembles garnets from gran-
ulite facies rocks, but amphibolite facies rocks
cannot be excluded.

Japan

Takeuchi (1994) and Takeuchi et al. (2008) reported
analyses of detrital garnets from Permian—Jurassic
sandstones of two different terranes in SW Japan.
Although many garnets were analysed in each
study only 10 analyses are reported in each paper
so the two subsets have been combined here. The
garnet compositions are quite different from those
from Algeria and East Europe. They were interpre-
ted to be derived from intrusive rocks, low-grade
or contact rocks such as skarns or hornfels, and
high grade metamorphic rocks including granu-
lites. The ternary plots (Fig. 5c) show that blueschist
facies and ultrabasic protoliths can be excluded.
The majority of garnets in the two areas have calc-
silicate protoliths. Several have granite protoliths.
The remaining garnets most closely resemble gar-
nets from granulite facies rocks.

Central and southern Alps, Italy—Switzerland

Ando et al. (2013) compiled a very large number of
detrital garnet analyses as part of a heavy mineral
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study of river sands derived from source rocks of
high-grade metamorphic rocks in a section across
the Central and Southern Alps, including the Ceno-
zoic amphibolite facies core of the Lepontine Dome
and Palaeozoic granulite facies rocks of the Ivrea—
Verbano Zone. They were able to match the detri-
tal garnet compositions to local source rocks and
showed that they included amphibolite facies
low-Mg garnets, high-Mn garnets from granite
pegmatites, almandine—pyrope-rich garnets from
granulite facies metasediments and almandine—
pyrope—grossular garnets from metagabbros. They
suggested an ultrabasic protolith for a few Lepon-
tine garnets.

The ternary plots (Fig. 5d1-4) show garnets
from the four sub-areas. The plots support the con-
clusions of Ando er al. (2013) and show that even
in the absence of information about source rocks
and garnet compositions, the garnets can provide
valuable information about protoliths. Blueschist
facies rocks can be ruled out for the Strona area
(Fig. 5d2) and the Ivrea mafic rocks (Fig. 5d4),
and probably for the Ivrea—Verbano area (Fig.
5d3). Blueschist facies rocks cannot be ruled out
for some of the Lepontine garnets (Fig. 5d1), but
most cannot be from blueschist facies protoliths
and are typical of amphibolite facies rocks and
granites (probably migmatites). There may be rare
calc-silicate garnets in the Lepontine and Ivrea—
Verbano areas, but not in the Strona or Ivrea
Mafic areas. The majority of Strona garnets have a
granitic protolith. The majority of Ivrea—Verbano
garnets are likely to be from granulite facies rocks
but the most almandine-rich garnets do not resem-
ble granulites and can be matched in our database
either by amphibolite facies or granitic garnets.
The Ivrea Mafic area garnets are from granulite
facies rocks. We differ only from Ando et al
(2013) in the suggestion of ultrabasic garnets. None
of the alpine garnets resembles those with ultra-
basic protoliths in our database, and they are all
much less Mg-rich than those reported from poten-
tial Alpine peridotite sources (e.g. Evans &
Trommsdorff 1978; Nimis & Trommsdorff 2001).

Northern Sabah, Borneo

Neogene sandstones from northern Borneo contain
varying amounts of garnet. There are a number of
possible source areas for these garnets in Borneo
itself, but there are no analyses of garnets from
any of these areas. Heavy mineral studies (van
Hattum 2005; Suggate 2011; van Hattum et al.
2013) suggested that the sandstones could have a
Philippines source, and there are a small number
of analyses of garnets from potential source rocks
in Palawan.
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Sabah geology and stratigraphy

The sedimentary rocks of Sabah, northern Borneo
(Fig. 6) were deposited in two distinctly different
phases. The first phase predates the Top Crocker
Unconformity (TCU) of Early Miocene age (van
Hattum er al. 2006), and is characterized by deep-
marine sedimentation. These sedimentary rocks
include the Upper Cretaceous to Eocene Sapulut
Formation (Rajang Group) and Eocene to Lower
Miocene Trusmadi and Crocker formations (Crocker
Group). The second phase of sedimentation post-
dates the TCU and occurred after arc—continent
collision in the Early Miocene uplifted and defor-
med the strata of the Rajang Group and Crocker
Group. Subsidence resumed and sedimentation
continued in a fluvio-deltaic to shallow-marine
setting, depositing the thick sequences of Neogene
clastic sediments in northern and central—eastern
Sabah. In northern Sabah (Fig. 6), the Neogene
rocks comprise the Lower to Middle Miocene Kudat
Group which consists of the Lower to Middle
Miocene Kudat Formation and the Upper Miocene
Bongaya Formation.

The Kudat Formation (Fig. 6) is divided into
the clastic Tajau Sandstone Member and Sikuati
Member, which are overlain by a series of mud-
stone and limestone members (Stephens 1956).
The Kudat Formation is composed of interbedded
shallow-marine sandstones and mudstones. The
Tajau Sandstone Member consists predominantly
of gently folded thick coarse sandy proximal
debris flows. The Sikuati Member sits stratigraphi-
cally above the Tajau Sandstone Member and con-
sists of well-laminated tilted sandstones, siltstones
and mudstones, with few sedimentary structures.
Biostratigraphical re-evaluation of the foraminiferal
assemblages in the Tajau Sandstone Member by
BouDagher-Fadel (pers. comm. 2011) confirms
initial suggestions by Clement (1958) and van
Hattum (2005) that the Eocene foraminifera orig-
inally used by Stephens (1956) as age determin-
ing are reworked. BouDagher-Fadel (pers. comm.
2011) confirms assemblages present are of Late
Oligocene—Early Miocene age, and the presence of
Miogypsinella ubaghsi indicates a lowermost Early
Miocene age of c.21-23 Ma (Early Aquitanian—
Early Te5 Letter Stage; BouDagher-Fadel, 2008)
for the Tajau Sandstone Member.

Provenance of northern Sabah Lower
Miocene sandstones

A provenance study of the Lower Miocene Tajau
Sandstone Member of northern Sabah (Suggate
2011) shows that based on light minerals the sand-
stones are compositionally and texturally imma-
ture. The sandstones are predominantly arkoses,

feldspathic litharenites and litharenites. Monocrys-
talline quartz (<60%) and potassium feldspar (c. 20—
30%) are dominant. Chert is present, although
always in small amounts, and is probably derived
from the local basement. The heavy mineral assem-
blage of the Tajau Sandstone Member is dominated
by zircon (max. 45% and mean 29%) and garnet
(max. 50% and mean 24%). Apatite is present in
significant amounts (c. 10—15%). The zircons are
typically a mixture of euhedral (21%), subhedral
(42%) and subrounded (15%) grains. Medium- to
high-grade metamorphic minerals present include
kyanite, sillimanite, andalusite, epidote and stauro-
lite. This is in marked contrast to the overlying
Sikuati Member, in which heavy mineral assem-
blages are dominated by zircon, lack kyanite, silli-
manite, andalusite, epidote and staurolite, and
which are interpreted to have been derived from
the Crocker and Rajang Groups of northern
Borneo (Suggate 2011).

U-Pb dating studies of detrital zircons from
the Tajau Sandstone Member indicate that the
dominant age population is Jurassic and Early Cre-
taceous. Late Cretaceous, Permian—Triassic, Pala-
eozoic and Proterozoic zircons are present but do
not form significant populations. Cenozoic (Pale-
ocene to Eocene, 56 Ma to 41 Ma) zircons are
present. The presence of unabraded Jurassic and
Cretaceous zircons, apatite, detrital garnet, and the
presence of rare metamorphic minerals such as
kyanite and andalusite suggest that the Tajau Sand-
stone Member has an unusual metamorphic prove-
nance. The main zircon age populations observed
in the Sikuati Member are different to those of
the Tajau Sandstone Member. The significant age
groups observed are abraded Cretaceous, Permian—
Triassic and Proterozoic (Neoproterozoic and Pala-
eoproterozoic) zircons and are broadly the same
as those seen in the other Neogene sandstones in
northern Borneo (Suggate 2011).

One potential source is the Palacogene Crocker
Group sandstones of northern Borneo which is
characterized by typical continent-derived quartz-
rich sediments with heavy minerals such as zircon,
tourmaline and apatite. The Crocker Group sand-
stones were derived from the Schwaner Mountain
granites and nearby Sunda Shelf and Malay—Thai
Tin Belt granites (van Hattum 2005; van Hattum
et al. 2013). The dominant zircon age populations
are Cretaceous, Permian—Triassic and Palaeozoic.
However, the Crocker Group Sandstones cannot
be the only source for the Tajau Sandstone Mem-
ber. Kyanite is unknown, and Jurassic zircons are
largely absent in the Crocker Group sandstones.
Palawan was suggested by van Hattum (2005) to
be a possible source since kyanite is reported from
high pressure metamorphic rocks interpreted to
be related to subduction (Encarnacion et al. 1995).


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at University of Michigan on October 20, 2014

386 S. M. SUGGATE & R. HALL
11;'5 11-&‘5 11;‘E 121!!‘5
(@)
Palawan Geology
- Middle Miocene Capoas Granite 7]
|:| Oligocene to Pliocene sediments
. i |:| Upper Cretaceous to Eocene meta-sediments {p
b - ) - Lower Cretaceous to Eocene(?) Ophiolite
\ \ W [ Jurassic melange
= io°N W Palawan, —
Philippines
South
China
Sea
Sabah Geology
. :| Quaternary sediments T i
I Early Miocene Mount Kinabalu granite "9 Kudat Peninsula (b)
[:] Miocene-Pleistocene igneous -
. h " ‘ajau Sandstone
rocks and volcaniclastic sediments | = Member |
[ ] Neogene clastic sediments -
- Oligocene Kinabatangan South
Group or melanges China -
. Sea Sikuati
> - Eocene-Lower Miocene Member
- Crocker Group 1
EEE Upper Cretaceous-Lower
Eocene Rajang Group
- Mesozoic ophiolitic basement
and associated sediments _
Sulu Sea
Crocker
7N Formation
Recent
Sediments
16"45'E
—6"N -
f=5°N -
{ @ :";
W
WEL Celebes Sea
"\;_____:\ e Sé?npnrna Peninsula
gl g kilometres.
0 325 (50 100 150 200

Sarawak

Kalimantan [ = ee— ]
1 1 1 1 1
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Detrital garnets

Detrital garnets are a significant component (c. 45%)
of the heavy mineral assemblage from the Tajau
Sandstone Member. Detrital garnets in this abun-
dance are not known in other sandstones from
Sabah. To help establish their provenance the gar-
net compositional database was used. The detrital
garnets were analysed for major elements and
their end-member compositions calculated. These
compositions were plotted on ternary plots to
identify possible protoliths using the methods des-
cribed above, and compared with garnets from
Palawan.

Sample locations and analytical techniques

A total of 43 detrital garnet grains hand picked
from two samples (Fig. 6) from the Tajau Sand-
stone Member (MvHO02-085 and MvH02-086) were
embedded in epoxy resin and polished. Garnets
from the Tajau Sandstone and a Kinabalu garnet
peridotite were analysed for major elements (SiO,,
T102, A1203, Cr203, F8203, FeO, MIIO, MgO,
CaO and NayO) on a Jeol8100 Superprobe with
an Oxford Instrument INCA micro-analytical sys-
tem (EDS) at the Department of Earth and Plane-
tary Sciences, Birkbeck College, University of
London.

Detrital garnet compositions of the
Neogene sandstones

Electron microprobe results and garnet end-
member compositions for the detrital garnet grains
analysed from samples MvH02-085 and MvHO02-
086 of the Tajau Sandstone Member are in
Tables 4 and 5. Stages 1 and 2 were skipped as
there were no garnets with rare oxides and high
TiO,. The garnets from the Tajau Sandstone Mem-
ber are plotted on a ternary plot with provenance
fields and fall into three sub-areas (Fig. 7).

Possible source areas of detrital garnets

One possible source for the Neogene sandstone
detrital garnets are kyanite—garnet amphibolites
exposed near the base of the pre-middle Eocene
ophiolite described by Encarnacion et al. (1995) on
central Palawan, Philippines, north of the Kudat
Peninsula. A second possible source is the garnet
peridotites near Mount Kinabalu that form part of
the Mesozoic crystalline basement of Sabah (Imai
& Ozawa 1991).

Garnet end-member compositions for both
possible sources were recalculated from major ele-
ment analyses of eight garnets recorded by Encar-
nacién et al. (1995), four garnets recorded by

Imai & Ozawa (1991), and 14 new microprobe anal-
yses from a garnet peridotite from Kinabalu made
during this study. The garnet compositions are
plotted on ternary plots with the provenance fields
(Fig. 7a—d).

The garnet compositions in the kyanite—garnet
amphibolites of central Palawan (Encarnacién
et al. 1995) are dominated by almandine—pyrope
garnets (Alm49-59% and Prp12—36%). The majo-
rity of garnets plot within the field of amphiboli-
tes, granulites or sub-ophiolite soles, apart from
one grain which plots within the blueschist field
(Fig. 7a).

The average garnet compositions of the base-
ment garnet peridotites of the Mount Kinabalu
are dominated by a group of pyrope-rich (Prp60—
76%) garnets with a small compositional range
(Fig. 7b). This population is represented by Prp60—
76%Alm13-26%Gro3—15%Sps0-1%. These gar-
nets plot within the ultrabasic field (Fig. 7b).

Comparison between detrital garnets
and possible sources

The garnets from the kyanite—garnet amphibolites
on Palawan plot in an area that is typical of sub-
ophiolite metabasites (Fig. 7c). If these were detri-
tal garnets it would be possible to identify them
as derived from amphibolites, granulites or sub-
ophiolite soles; blueschists can be ruled out since
several of the garnets are too enriched in pyrope.

The garnets from the basement peridotites of
Mount Kinabalu area plot clearly within the perido-
tite field (Fig. 7b), demonstrating that the method
correctly identifies them. There are no compar-
able detrital garnets from the Tajau Sandstone
Member, indicating that they do not have a peri-
dotite source. None of the detrital garnets from
the Kudat Tajau Sandstone Member have a calc-
silicate source.

On the ternary triangles the Kudat garnets fall
into three groups (Fig. 7a). One group (Group A)
is clearly derived from a granitic source (Fig. 7b).
A second group (Group B) is almandine-rich.
These garnets could be derived from amphibo-
lites, granulites or sub-ophiolite soles (Fig. 7c),
but not blueschists or granites. They plot close to
the Palawan garnets. The third group (Group C) is
almandine-rich and pyrope-poor. They could be
derived from blueschists or amphibolites (Fig. 7d),
but not granulites, sub-ophiolite soles, or granites.

Based on the ternary plots and the comparison
to garnet compositions from Palawan and Kinabalu
it is possible to rule out a Kinabalu source for any
of the garnets, and imply a Palawan source for
some of the garnets. The granitic garnets could
come from Borneo or the Tin Belt, since granitic
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Table 4. Electron microprobe analyses of detrital garnets for sample MvH02-085, Tajau Sandstone Member, Kudat Formation

Wt% oxide 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Si0, 37.57 37.41 3847 3833 37.13 36.87 37.67 3739 3746 3798 3722 3724 3630 36.65 37.13 3735 37.08 36.87 36.87 3552 3578
AlLO5 19.65 20.51 2090 20.86 20.65 20.96 2152 21.18 2096 2091 20.60 20.73 1946 20.55 20.60 2136 20.83 2098 19.86 18.76 19.08
TiO, 0.12 014 0.06 0.09 0.02 0.00 0.02 002 005 004 002 0.03 000 007 009 007 011 001 001 0.17 0.16
Cr,03 0.00 0.01 0.00 000 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 002 0.00 0.01 0.05  0.01 0.02 0.00 0.00 0.00
Fe,05 027 046 0.00 0.01 0.13 033 0.00 003 070 0.17 020 0.00 047 057 065 025 063 0.79 1.02 1.47 1.25
FeO 2355 2387 27.17 27.02 3476 3445 3034 3036 2837 2885 3492 3493 3235 3294 2928 29.82 27.77 2474 2427 1931 19.66
MnO 6.21 626 268 272 294 285 6.47 638 244 249 1.66 1.66 439 448 217 2.08 1.64 592  6.04 20.82 20.81
MgO 129 128 519 532 285 284 3.71 3.61 468 457 316 326 299 3.04 39 379 0.69 1.37 1.34 076 075
CaO 10.03 958 5.10 5.16 1.21 1.28 1.03 1.04 438 463 1.68 1.64 1.00 074 472 464 10.68 8.4l 873 057 059
Na,O 001 002 0.02 0.01 0.01 0.01 0.03 003 001 000 003 0.00 000 001 000 002 002 003 003 003 0.02
Total 98.70 99.54 99.59 99.52 99.71 99.59 100.80 100.04 99.06 99.65 99.50 99.49 96.98 99.05 98.56 99.44 99.46 99.14 98.16 9742 98.11
Formulae calculated on the basis of 24 oxygens. Fes calculated for 16 cations
Si 6.092 6.014 6.066 6.049 6.018 5978 5989 5998 5980 6.028 6.024 6.022 6.056 5981 5990 5965 5973 5957 6.027 6.016 6.014
Al 37756 3.887 3.885 3.881 3.946 4.007 4.034 4.005 3945 3913 3931 3952 3.827 3.954 30918 4.022 3956 3996 3.827 3.746 3.781
Ti 0.015 0.017 0.007 0.011 0.002 0.000 0.002 0.002 0.006 0.005 0.002 0.004 0.000 0.009 0.011 0.008 0.013 0.001 0.001 0.022 0.020
Cr 0.000 0.001 0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.000 0.003 0.000 0.001 0.006 0.001 0.003 0.000 0.000 0.000
Fes 0.033 0.055 0.000 0.001 0.016 0.040 0.000 0.003 0.085 0.020 0.025 0.000 0.059 0.070 0.079 0.030 0.077 0.095 0.125 0.188 0.158
Fe, 3.193 3209 3583 3566 4.712 4.672 4.034 4.072 3787 3.830 4.726 4724 4513 4495 3951 3984 3.741 3343 3317 2736 2.764
Mn 0.853 0.852 0.358 0.364 0404 0391 0871 0867 0330 0335 0.228 0.227 0.620 0.619 0.297 0.281 0224 0.810 0.836 2.987 2.963
Mg 0.312 0.307 1.220 1.251 0.688 0.686 0.879 0.863 1.113 1.081 0.762 0.786 0.743 0.739 0938 0.902 0.166 0.330 0.326 0.192 0.188
Ca 1.743 1.650 0.862 0.873 0.210 0.222 0.175 0.179 0.749 0.787 0.291 0.284 0.179 0.129 0.816 0.794 1.843 1456 1.529 0.103 0.106
Na 0.003 0.006 0.006 0.003 0.003 0.003 0.009 0.009 0.003 0.000 0.009 0.000 0.000 0.003 0.000 0.006 0.006 0.009 0.010 0.010 0.007
End-members
Almandine 523 533 595 589 783 782 67.7 68.1 633 635 787 785 745 751 658 66.8 62.6 563 552 439 447
Andradite 4 12 1.8 0.2 0.3 0.5 1.0 0.1 0.1 23 0.6 0.7 0.1 1.5 2.0 23 1.0 2.3 24 32 5.0 4.3
Schorlomite
Grossulur 274 256 14.1 14.1 3.0 2.7 29 2.8 10.2 12.4 4.1 4.6 1.4 02 113 122 286 220 223 0.0 0.0
Pyrope 5.1 5.1 20.3  20.7 114 115 14.7 144  18.6 17.9 12.7 13.0 12.3 124 15.6 15.1 2.8 5.6 54 3.1 3.0
Spessartine 14.0 14.2 59 6.0 6.7 6.6 14.6 14.5 55 5.5 3.8 3.8 10.2 10.4 49 4.7 3.7 13.6 139 480 479
Uvarovite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.0 0.1 0.0 0.0 0.0
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Table 5. Electron microprobe analyses of detrital garnets for sample MvHO02-086, Tajau Sandstone Member, Kudat Formation

Wt% oxide 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Si0, 38.81 3846 3854 96.72 37.68 37.79 3776 37775 38.08 3821 3401 3430 3796 3749 3296 3429 3865 3899 3731 3676 3793 38.34
AlLO; 21.65 21.11 2128 002 21.13 2128 21.19 2092 2138 21.51 0.01 0.00 20.81 2081 0.02 000 21.84 21.74 20.18 20.28 21.05 2148
TiO, 0.05 0.01 0.06  0.02 0.02 0.00 0.02 0.04 0.00 0.01 0.03 0.05 0.00 001 0.00 0.00 0.03 0.03 0.09 0.08 0.10 0.10
Cr,0; 0.01 0.00 0.00  0.00 0.01 0.02 0.00 0.01 0.00 0.03 0.00 0.00 0.02 0.01 0.00  0.00 0.01 0.02  0.00 0.01 0.00 0.02
FeO 29.17 28.89  29.02 0.65 33.13 33.06 32.79 32.71 34.18 34.97 0.00 0.00 34.11 34.11 0.02 0.00 0.00 0.00 0.00 0.11 0.00 0.00
MnO 3.11 3.10 3.14  0.07 4.56 4.67 5.18 531 2.70 2.45 0.01 000 232 231 0.00 000 2856 2848 20.18 20.02 26.00 26.68
MgO 4.96 5.06 4.85  0.00 2.24 222 242 2.39 2.99 3.00 0.00 000 3.15 316 0.01 0.01 2.74 2.63 18.80 18.74 4.83 3.15
CaO 3.09 3.65 353 0.30 1.35 1.24 0.95 1.03 1.18 1.07 0.00 003 143 143 0.09 0.02 4.50 456 125 1.26 0.77 0.80
Na,O 0.00 0.01 0.00 0.02 0.02 0.04 0.04 0.04 0.03 0.02 0.02 002 0.02 001 0.06 001 4.60 472 175 193 9.54 1031
K,O 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.04 001 0.01 0.03 0.06  0.06 0.01 0.02
Total 100.86 100.29 100.42 97.81 100.14 100.32 100.35 100.20 100.55 101.27 101.27 101.27 99.82 99.34 33.20 33.20 100.94 101.20 99.63 99.26 100.24 100.90
Formulae calculated on the basis of 24 oxygens. Fe; calculated for 16 cations
Si . 6.052  6.056 11.937 6.063 6.066 6.062 6.075 6.069 6.054 6.054 6.054 6.095 6.057 11.955 11.955 6.030 6.060 6.090 6.032 6.050 6.051
Al 3985 3916 3.942 0.003 4.009 4.027 4011 3969 4017 4.018 4018 4.018 3939 3964 0.009 0.009 4.017 3983 3.883 3923 3959 3.996
Ti 0.006  0.001 0.007 0.002 0.002 0.000 0.002 0.005 0.000 0.001 0.001 0.001 0.000 0.001 0.000 0.000 0.004 0.004 0.011 0.010 0.012 0.012
Cr 0.001  0.000 0.000 0.000 0.001 0.003 0.000 0.001 0.000 0.004 0.004 0.004 0.003 0.001 0.000 0.000 0.001 0.002 0.000 0.001 0.000 0.002
Fe, 3.809 3.802 3.814 0.067 4459 4438 4402 4403 4556 4.634 4.634 4.634 4580 4.609 0.006 0.006 0.000 0.000 0.000 0.014 0.000 0.000
Mn 0411 0413 0418 0.007 0.622 0.635 0704 0.724 0364 0329 0329 0329 0316 0316 0.000 0.000 3.727 3702 2.755 2.747 3469 3.521
Mg 1.154  1.187 1.136  0.000 0.537 0.531 0579 0573 0710 0.708 0.708 0.708 0.754 0.761 0.005 0.005 0.362 0346 2.599 2.605 0.653 0421
Ca 0517 0.615 0.594 0.040 0.233 0213 0.163 0.178 0201 0.182 0.182 0.182 0.246 0.248 0.035 0.035 1.046 1.056 0.304 0.308 0.183 0.188
Na 0.000 0.003 0.000 0.005 0.006 0.012 0.012 0.012 0.009 0.006 0.006 0.006 0.006 0.003 0.042 0.042 0.769 0.786 0.306 0.339 1.631 1.743
K 0.002  0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.019 0.019 0.003 0.009 0.019 0.019 0.003 0.006
End-members
Almandine 64.7 63.2 64.0 58.8 76.2 76.3 75.3 74.9 78.1 79.2 79.2 792 777 77.7 13.1 13.1 63.1 62.8 46.2 458 58.4 59.9
Andradite + 0.1 0.0 0.2 2.4 0.1 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.3 0.6 0.3 0.3
Schorlomite
Grossulur 8.6 10.2 9.8 323 39 3.6 2.7 29 35 3.0 3.0 3.0 4.1 41 753 753 12.9 13.2 49 5.0 27.2 29.3
Pyrope 19.6 19.7 19.1 0.0 9.2 9.1 9.9 9.8 12.2 12.1 12.1 121 128 128 116 116 17.7 17.9 5.1 5.1 3.1 32
Spessartine 7.0 6.9 7.0 6.4 10.6 10.9 12.0 12.3 6.2 5.6 5.6 5.6 54 53 0.0 0.0 6.1 59 436 434 11.0 7.2
Uvarovite 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1
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Fig. 7. Ternary plots using end-members grossular + andradite 4 schorlomite, almandine, pyrope and spessartine.
(a) Individual grain compositions and provenance groups for detrital garnets from the Tajau Sandstone Member, Kudat
Formation, Sabah compared to garnets from kyanite-garnet amphibolites on Palawan (Encarnacién et al. 1995), and
garnets from peridotites of the Sabah basement (Imai & Ozawa 1991; this study). (b—d) Ternary plots showing
sub-areas characteristic of garnets with different protoliths, from Figure 4, with inferred protoliths of Kudat

detrital garnets.
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rocks are known to be the source of Crocker Group
sediments which have been recycled into other Neo-
gene sandstones. However, garnets are not abundant
in the Crocker Group heavy mineral assemblages
(van Hattum 2005; van Hattum et al. 2013). We
suggest it is likely that the granitic garnets are
derived from either Cretaceous and Jurassic granites
that rifted away from the South China margin during
the opening of the South China Sea in the Early Oli-
gocene (Taylor & Hayes 1983; Hall 2002; Franke
et al. 2011) and are now part of the North Palawan
Continental Terrane (e.g. Encarnacion ef al. 1995;
Encarnacién & Mukasa 1997; Knittel et al. 2010),
or they were derived from Middle Eocene South
China Sea rift-related granites that are exposed in
Central Palawan.

In addition to the unusual abundance of gar-
nets, the presence of other metamorphic minerals
such as kyanite supports a Palawan source. Kya-
nite is not known from Palacogene Crocker Group
sediments on Borneo, but is known from kyanite—
garnet amphibolites in central Palawan (Encarna-
cion et al. 1995). Thus a Palawan source for the
Kudat detrital garnets seems more likely. The
source of the third group of garnets is not known.
Their compositions indicate a blueschist facies or
amphibolite facies origin. Rare blueschists have
been reported from Sabah (Leong 1978), but little
is known of them. Subduction-related rocks are
described from Palawan (Encarnacion et al. 1995),
so blueschists could be expected there. Amphibo-
lite facies rocks are known from the Schwaner
region of Kalimantan. Nothing is currently known
of garnet compositions from any of these areas.

Early Miocene palaeogeography of Northern
Borneo

During the Early Miocene two river systems
deposited sediment in offshore northern Borneo in
a shallow-marine setting (Tajau Sandstone Mem-
ber). Rivers flowed northwards draining the Croc-
ker Mountains contributing recycled quartz-rich
material from the Crocker Group sandstones, orig-
inally derived from granitic rocks in the Schwaner
Mountain of SE Kalimantan, nearby Sunda Shelf
and Malay—Thai Tin Belt (van Hattum et al. 2006,
2013). At the same time, southward-flowing rivers
drained the granitic and metamorphic rocks on
Palawan, depositing sediments containing garnets
derived from granites, amphibolites, granulites and
sub-ophiolite soles.

Conclusions

There have been many studies that have related
garnet compositions to sources. This study confirms

that detrital garnet compositions are very useful
in provenance studies, and can be used to deter-
mine protoliths. However, many common garnet
compositions are not completely diagnostic of pro-
toliths, although if the garnets have local sources,
quite accurate matches can be made. This study
shows that compositional data from a large global
database can be reliably used to infer protoliths
and provenance, which is particularly useful for
regions where the sources are unknown, have been
removed by erosion, or there are no compositional
data from local garnet-bearing rocks. By using a
specific sequence of steps and ternary plots,
garnets can be matched to sources.

Testing the method with sandstones from north-
ern Borneo shows that the garnet-rich heavy min-
eral assemblages of the Kudat Formation Tajau
Sandstone Member probably came from granitic,
blueschist and amphibolite sources. Such rocks are
known from Palawan, and some garnet compo-
sitions match well. The discovery of the unusual
heavy mineral assemblages of the Tajau Sandstone
Member was unexpected and confirms the value
of garnet as a provenance indicator in certain
circumstances.

The project was funded by the SE Asia Research Group
at Royal Holloway University of London, supported by
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