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ABSTRACT 
 
The Tipuma Formation is one of several quartz-rich 
sandstone formations from the Bird’s Head. Its age 
has been estimated as Triassic to Jurassic based on 
its stratigraphic position and it has been interpreted 
as derived from a continental source. The age 
estimate is supported new U-Pb dating of detrital 
zircons but studies of light and heavy minerals, 
quartz cathodoluminescence and zircon age data 
suggest a more complex provenance.  
 
Acid plutonic, metamorphic, and recycled 
sedimentary rocks were derived from the North 
Australian continent but angular quartz and elongate 
euhedral zircons indicate a contribution from 
previously unrecognised contemporaneous acid 
volcanics. The importance of volcanic quartz is 
supported by cathodoluminescence (CL) 
characteristics which depend on variations in 
temperature, pressure, and geochemical 
environment during crystal growth and subsequent 
events. The CL spectra of sandstones from the 
Lower, Middle and Upper Members of the Tipuma 
Formation show they are dominated by quartz of 
low-T metamorphic and volcanic origin with little 
plutonic quartz.  Most Tipuma Formation 
sandstones contain Permo–Triassic (205–275 Ma), 
Neoproterozoic (c. 975 Ma), Early Mesoproterozoic 
(1.4–1.6 Ga), and Paleoproterozoic (1.8–2.0 Ga) 
populations, with a few grains of Archaean age 
(2.8–3.2 Ga).  
 
The Permo–Triassic acid volcanic material is 
interpreted to be derived from an Andean-type arc 
in the northern Bird’s Head. There is some variation 
with stratigraphic position and in the Middle 
Member the abundance of volcanic quartz declines.  
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This is correlated with a decline in Permo–Triassic 
zircons and an increase in Carboniferous and 
Proterozoic zircons. We interpret this to indicate a 
reduced contribution of sediment from the arc and 
an increased contribution of sediment from northern 
Australia. 
 
A small number of sandstone samples assigned to 
the Tipuma Formation from the Bird’s Body have 
also been studied. These are dominated by quartz of 
low-T metamorphic origin with subordinate 
volcanic and plutonic quartz. Geochronological 
results show Triassic zircons are absent but other 
zircon populations are similar to the Bird’s Head.  
 
The differences between sandstones of the Bird’s 
Head and Body could be explained if the Bird’s 
Body sandstones are Permian in age and not 
correlatives of the Tipuma Formation. However, 
these sandstones resemble the Middle Member of 
the Bird’s Head Tipuma Formation and their 
character is consistent with their geographic 
location which would have been much further from 
the northern Andean arc but much closer to the 
northern Australia continent. 
 
INTRODUCTION 
 
At present (Figure 1), the Bird’s Head of West 
Papua is surrounded by active or recently active 
tectonic zones, and the Indian–Australian plate is 
currently moving NNE and the Pacific plate is 
moving WNW relative to the Eurasian plate.  
 
The Mesozoic evolution of the Bird’s Head is not 
well known and both active margin and passive 
margin models have been proposed. Recently, 
Gunawan et al. (2012) have proposed that there was 
widespread Permo–Triassic volcanism caused by 
subduction of the palaeo-Pacific oceanic plate under 
the Australian continent in the Bird’s Head during 
the period of deposition of the Tipuma Formation. 



The Tipuma Formation is one of several quartz-rich 
sandstone formations from the Bird’s Head and is 
an important gas reservoir. It has long been 
considered to have a typical continental source, and 
consists of thickly bedded non-fossiliferous 
siliciclastic rocks (Visser and Hermes, 1962; Pieters 
et al., 1983). It rests unconformably (Figure 2) on 
the Aifam Group in several places, is underlain by 
the Kemum Formation, and is overlain by the 
Cretaceous Jass Formation (Visser and Hermes, 
1962; Pieters et al., 1989; Amri et al., 1990; Pieters 
et al., 1990; Robinson et al., 1990). Its age has been 
estimated to be Triassic to Jurassic based on its 
stratigraphic position (Figure 2). In the Bird’s Head, 
the Tipuma Formation crops out in the central 
Bird’s Head (Kamundan area) to Lina Mountains 
area in the eastern Bird’s Head (Figure 2) and forms 
a narrow continuous belt of hills south of the 
Kemum High. 
 
Based on field and facies relationships the Tipuma 
Formation has been divided into Lower, Middle and 
Upper Members which were all deposited in a 
fluvial setting (Gunawan et al., 2012) where 
observed. A Triassic age is supported by new U-Pb 
dating of detrital zircons but studies of light and 
heavy minerals, quartz cathodoluminescence and 
zircon age data suggest a more complex provenance 
than previously proposed (Gunawan et al., 2012). 
The quartz-rich character has been interpreted to 
indicate a continental provenance. However, an 
important volcanic component has been identified 
represented by volcanic quartz, volcanic rock 
fragments, and hypabyssal igneous grains (Figure 
3). 
 
Quartz is one of the abundant and widespread 
detrital grains found in sedimentary rocks and the 
Tipuma sandstones are no exception. Quartz is 
relatively resistant to weathering and sedimentary 
processes and can be derived from all kinds of 
quartz-bearing sources (igneous, metamorphic, and 
sedimentary rocks). The classic provenance 
methods (Dickinson and Suczek, 1979; Dickinson 
et al., 1983; Dickinson, 1988) applied to siliciclastic 
sandstones have been used to interpret provenance 
and plate-tectonic setting. However, these methods 
do not consider quartz type and provenance 
interpretation using these methods alone may be 
misleading.  
 
Herein, we discuss new constraints on character and 
provenance of the Tipuma Formation, based on 
results from zircon geochronological and quartz 
cathodoluminescence studies from Bird’s Head 
samples. We also include a small number of 

samples from the Tipuma Formation in the Bird’s 
Body (sample location shown in Figure 2) and their 
relationship to the Tipuma Formation in the Bird’s 
Head is discussed. These new data are significant 
for reservoir characterisation in the area and provide 
important information on the geological evolution 
of the surrounding region. 
 
METHODOLOGY 
 
Quartz Cathodoluminescence 
 
Since the 1970s, a number of studies have used 
quartz as a provenance indicator (Zinkernagel, 
1978; Matter and Ramseyer, 1985; Götze and 
Zimmerle, 2000; Boggs et al., 2002; Kwon and 
Boggs, 2002; Augustsson and Bahlburg, 2003; 
Bernet and Bassett, 2005; Augustsson et al., 2011; 
Augustsson and Reker, 2012). The physical and 
chemical crystal characteristics of quartz, such as 
internal texture and trace element composition, can 
be used as provenance indicators (Götze and 
Zimmerle, 2000).  
 
The analysis of cathodoluminescence (CL) 
characteristics of single grains may reveal 
provenance-relevant information from quartz. 
Zinkernagel (1978) performed the first study 
investigating the relationship between 
cathodoluminescence (CL) characteristics of quartz 
and their origin. His study suggested that 
wavelength spectra and corresponding CL colours 
are distinctly different for quartz of plutonic, 
volcanic, and regional metamorphic origin. 
Cathodoluminescence characteristics of quartz 
depend on variations in temperature, pressure, and 
geochemical environment during crystal growth and 
subsequent events (Zinkernagel, 1978; Matter and 
Ramseyer, 1985).  

 
Recent studies (Augustsson and Bahlburg, 2003; 
Augustsson et al., 2011; Augustsson and Reker, 
2012) have shown that the CL colour of quartz can 
be correlated with the formation conditions of 
quartz which means it can be used as a provenance 
indicator along with other techniques. However, this 
requires an objective method for assessing quartz 
colour during CL analysis. 
 
Quartz CL spectra (Figure 4) are dominated by two 
emission bands in the blue and red wavelength 
intervals with a trough between the emission bands 
positioned at different wavelengths (Augustsson 
and Bahlburg, 2003). The ratio of these two peaks 
relative to the trough (blue peak intensity/trough 
intensity – Bn, and red peak intensity/trough 



intensity – Rn) for each detrital quartz grain is 
measured (Figure 4). In order to interpret the quartz 
provenance, Bn and Rn are plotted against one 
another as the x- and y-axes (Figure 5). According 
to Augustsson and Reker (2012), there are three 
main groups of spectra: (1) Volcanic quartz mostly 
gives red and violet luminescence colours, (2) felsic 
plutonic, high-temperature metamorphic, and 
pegmatitic quartz have medium to bright blue 
colours, and (3) mafic plutonic and low-temperature 
metamorphic quartz usually have brown- to dark 
blue- colours. This study used the CL colour 
classification scheme of Zinkernagel (1978) and 
Augustsson and Bahlburg (2003) shown in Figure 5 
and interpretation of quartz provenance is based on 
the discrimination scheme proposed by Augustsson 
and Reker (2012) which subdivides quartz types 
using the relative intensity of the two main peaks of 
the quartz CL spectra (Figure 5).  
 
Quartz CL analysis uses a hot-cathode 
luminescence microscope (HC-1LM) coupled with 
a water-cooled ANDOR OE-CCD detector. The 
diameter of the spot for analysis is 30 µm. 
Investigations were carried out using the operating 
settings described in Augustsson et al. (2011) with 
the new evaluation technique presented in 
Augustsson and Reker (2012) which allows for an 
objective interpretation of quartz CL data.  
 
The system was operated at 10 kV with sample 
current of 4–5 µA. The spectra were measured at a 
temperature of -63°C with measurement times of 50 
seconds. Wavelength calibrations were made with 
Hg and Ar lamps and all spectra were background 
corrected. The grains were bombarded by the CL 
beam for 15 seconds before measurement so colour 
changes that may occur within the first seconds 
were not monitored. This setting was used to avoid 
significant spectral changes during analysis. 
 
Fourteen Tipuma samples from the Bird’s Head and 
two samples from Bird’s Body were polished and 
carbon coated for CL analyses. The lead author 
analysed 1056 quartz grains, with a random crystal 
selection in these samples (approximately 60–73 
grains per sample) from all samples of the Tipuma 
Formation for their CL colour wavelength spectra at 
Friedrich-Schiller-Universität Jena, Germany. Most 
analysed grains were more than 130 µm across; 
only 5% were smaller (down to 70 µm). 
 
Zircon Geochronology 
 
Detrital zircon ages of the Tipuma Formation from 
the Bird’s Head were presented and discussed in  

Gunawan et al. (2012). Two Bird’s Body samples 
have been dated using SHRIMP-RG (sensitive high 
resolution ion microprobe-reverse geometry) at the 
Research School of Earth Sciences, Australian 
National University. The experimental method is 
presented in detail in Gunawan et al. (2012). Here 
we summarise zircon detrital ages and morphology 
and additional detrital zircon ages from the two 
Bird’s Body samples.  
 
QUARTZ CATHODOLUMINESCENE 
 
The Tipuma Formation sandstones are generally 
characterised by quartz with violet, dark to medium 
blue, and brown with minor red and bright blue 
colours. Representative photomicrographs showing 
CL colours of quartz are shown in Figure 6. 
 
Lower Member samples are dominated by quartz 
CL spectra with violet and medium blue to brown 
colours, and minor red and bright blue grains. 
Quartz CL spectra in the Middle Member samples 
are similar to the Lower Member with violet and 
red grains decreasing in abundance towards the 
upper part of the section. Upper Member samples 
are dominated by quartz of violet, medium blue to 
dark blue, and red with minor brown and bright blue 
grains. Bird’s Body samples are dominated by 
quartz of dark blue to brown, violet, and bright blue 
with minor red grains. 
 
ZIRCON GEOCHRONOLOGY 
 
Tipuma Formation of the Bird’s Head 
  
In order to understand both the differences and 
similarities in age populations from the formation, 
detrital age data from each member of the Tipuma 
Formation are plotted on Figure 7 showing relative 
age histograms (left) and probability diagrams 
(right) from the oldest (bottom) to youngest 
(above). These show that there are similar age 
groups in the Phanerozoic and Precambrian. The 
Phanerozoic zircons in all members of the Tipuma 
Formation are dominated by Permian–Triassic 
grains which contribute the majority of the 
concordant ages. Zircons of Precambrian age are 
much less abundant. However, zircons of 
Neoproterozoic, Mesoproterozoic, and 
Palaeoproterozoic age all are represented in all 
members of the Tipuma Formation.  
 
The diagrams (Figure 7) also highlight age group 
differences between members. Carboniferous and a 
few Archaean grains are typical of the upper part of 
the Middle Member, but Archaean grains are absent 



and Carboniferous grains are rare in the Lower and 
Upper Members. Ordovician to Devonian grains are 
absent in the Lower Member and rare in the Middle 
and Upper Members.  

 
All concordant ages of detrital zircons from the 
Bird’s Head samples are summarised on histograms 
and probability diagrams to highlight age groups 
and zircon morphology (Figure 8). Of the 
Phanerozoic zircons, the most important group is 
colourless unabraded euhedral and subhedral 
Permian–Triassic ranging from ca. 205 to 275 Ma 
(Figure 8). In the Precambrian, there are three 
important groups (Figure 8).  A small population of 
Neoproterozoic zircons peaks at around 975 Ma. 
Abundant Mesoproterozoic zircons range from 1.4 
to 1.6 Ga and there is a third group of  
Palaeoproterozoic zircons with ages between 1.8 
and 2.0 Ga. Precambrian zircons are commonly 
well rounded and pink to brown coloured       
(Figure 8). 
 
Tipuma Formation of the Bird’s Body  
 
Detrital zircon ages in the Bird’s Body samples 
(Figure 7) differ from the Bird’s Head samples in 
the absence of late Permian and Triassic ages. In 
contrast, they include many Permian–Devonian 
grains (292–412 Ma) and a few Silurian and 
Ordovician grains which are ages largely absent 
from the Bird’s Head samples. The Proterozoic 
grains are similar in the Bird’s Head and Bird’s 
Body samples with a spread of ages from 1.4–1.9 
Ga, but there are more Paleoproterozoic–Archean 
grains from ~2.3–2.7 Ga. 
 
DISCUSSION 
 
Quartz Provenance 
 

The Lower Member of the Tipuma Formation 
(Figure 9) is dominated by low-temperature and 
mafic plutonic quartz (40–65%) and volcanic quartz 
(33–54%) with few grains of felsic plutonic origin 
(less than 6%). The percentage of volcanic quartz 
origin based on CL study is higher compared to that 
estimated from petrographic study. 
 
The Middle Member sandstones (Figure 9) contain 
low-temperature and mafic plutonic quartz (38–
82%), volcanic quartz (4–57%), and felsic plutonic 
quartz (up to 14%). There is a gradual decline in 
volcanic quartz with a corresponding increase in 
low-T metamorphic and felsic plutonic quartz up 
section in the Middle Member with a sharp drop at 

the top (Figure 9 – PR31). This supports the 
suggestion, based on detrital modes, of a decrease in 
volcanic activity during the deposition of the 
Middle Member. 
 
The Upper Member (Figure 9) contains volcanic 
quartz (42–72%), low-temperature metamorphic 
and mafic plutonic quartz (26–54%), and felsic 
plutonic quartz (2–10%). There is slight increase in 
felsic plutonic quartz in the Upper Member samples 
compared to the other members (Figure 9). 
 
The Tipuma Formation of the Bird’s Body (Figure 
9) is dominated by low-temperature and mafic 
plutonic quartz (70–78%). There is some volcanic 
quartz (~18%), but much less than in almost all the 
Bird’s Head samples, and there are a few grains of 
felsic plutonic origin (up to 12%). 
 
Provenance of the Tipuma Formation 
 
The Tipuma Formation in the Bird’s Head was 
probably not deposited in a simple continental 
setting (Visser and Hermes, 1962; Pieters et al., 
1983). It was sourced primarily from low grade 
metamorphic and volcanic rocks interpreted to have 
been derived from an Andean-type arc to the north 
of the present-day outcrops and Precambrian 
zircons probably derived mainly from the North 
Australian Craton (Gunawan et al., 2012). The 
importance of volcanic quartz is supported by 
cathodoluminescence (CL) characteristics. There is 
some variation with stratigraphic position and in the 
Middle Member the abundance of volcanic quartz 
decreases up section to a low at the top. This is 
correlated with a decline in Permo–Triassic zircons 
and an increase in Carboniferous and Proterozoic 
zircons. We interpret this to indicate a reduced 
contribution of sediment from the arc and an 
increased contribution of sediment from northern 
Australia. 
 
There is complete absence of Late Permian and 
Triassic zircons in the Bird’s Body samples 
although Proterozoic zircon populations are similar 
to the Bird’s Head. These may mean that the 
sandstones of the Bird’s Body could be Early 
Permian in age and are not correlatives of the 
Tipuma Formation in the Bird’s Head. However, 
the Bird’s Body sandstones do resemble the 
uppermost sample of the Middle Member of the 
Bird’s Head (PR31) which contain Devonian–
Permian zircons and similar Proterozoic zircons 
(Figure 7). Thus an alternative explanation is that 
the Bird’s Body sandstones are similar in age to the 
Tipuma Formation of the Bird’s Head but were 



situated much further from the northern Andean-
type arc and much closer to the northern Australia 
continent (Figure 10A–B). More work is required 
on Bird’s Body samples to distinguish these two 
hypotheses. 
 
CONCLUSIONS 
 
The Tipuma Formation, both in the Bird’s Head and 
Bird’s Body, is dominated by quartz of low-
temperature metamorphic and volcanic origins with 
little plutonic quartz. The quartz CL study supports 
the assessment based on petrographic study of 
important volcanic activity. The formation had two 
main sources: an Andean-type arc to the north close 
to the active margin and the northern Australia 
continent to the south. Volcanic activity appears to 
have waned or ceased during deposition of the 
Middle Member. Zircon ages suggest that the 
volcanic arc was active between the Carboniferous 
and Triassic. 
 
The sandstones of the Bird’s Body, previously 
assigned to the Tipuma Formation have a very 
different population of Phanerozoic zircons, with 
abundant Early Permian and older grains, and no 
Late Permian and Triassic grains. However, 
Precambrian zircon populations are similar. We 
interpret this to indicate that a northern Australian 
source supplied sediment to both areas. The 
differences in Phanerozoic zircons may mean that 
the sandstones of the Bird’s Body are Early Permian 
in age and are not correlatives of the Tipuma 
Formation in the Bird’s Head. Alternatively, they 
may be the same age but were deposited much 
further from the northern Andean-type arc and 
much closer to the northern Australia continent. 
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Figure 1 - The present-day location and tectonic setting of Bird's Head with respect to SE Asia and the 

Australian Continent. Arrows show plate movement vectors for the Indian-Australian Plate 
(IND-EUR) and the Pacific Plate relative (PAC-EUR) to Eurasian Plate. The light shaded areas 
are the continental shelves of Eurasia and Australia drawn at the 200 m isobath (modified from 
Hall, 2002, 2012). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

 
 
Figure 2 - Simplified stratigraphic cross section based on wells and outcrop data from the Bird’s Head area 

that highlights the Tipuma Formation in the study area (after Visser and Hermes, 1962; Pieters 
et al., 1983). Red and blue lines are N–S and E–W cross sections, respectively. White circles 
represent location of drilled wells. Stars are location of samples of Tipuma Formation 
sandstones. 

 
 
 
 



 
 
 

 
 
 
Figure 3 - Thin section photomicrographs of Tipuma Formation sandstones showing A. Characteristic 

volcanic quartz grains and B. Various volcanic grains. PPL = plane-polarised light and XPL = 
cross-polarized light. 

 
 
 
 
 
 



 
 
Figure 4 - Typical CL spectra for different quartz types (after Augustsson and Bahlburg, 2003) with an 

example of ratio measurements from 17VPR23. All spectra are from sample IG10–PR23 and 
were measured with the settings outlined by Augustsson et al. (2012) at Friedrich-Schiller-
Universität Jena, Germany. Bn = blue peak intensity/trough intensity and Rn = red peak 
intensity/trough intensity. 

 
 
 

 
 
Figure 5 -  Quartz provenance discrimination scheme (after Augustsson and Reker, 2012) with a plotted 

example of 17VPR23. Volcanic quartz shows red and violet luminescence. Felsic plutonic, high-
temperature metamorphic, and pegmatitic quartz have medium to bright blue colours. Mafic 
plutonic and low-temperature metamorphic quartz are usually brown to dark blue. Colour 
scheme is from Zinkernagel (1978) and Augustsson and Bahlburg (2003). Bn = blue peak 
intensity/trough intensity and Rn = red peak intensity/trough intensity. 

 
 



 
 
 
 

 
 
Figure 6 –  Representative photomicrographs of detrital quartz in plane-polarised light (above) showing 

cathodoluminescence colours (below) for the Tipuma Formation sandstones. Red quartz (A) and 
violet quartz (B) were formed at high temperatures and indicate fast cooling, usually associated 
with volcanic rocks. Blue quartz (C) and dark blue (D) or brown are usually associated with 
plutonic rocks and low-T metamorphic rocks (after Zinkernagel, 1978). NL = normal light and 
CL = cathodoluminescence. 

 
 
 

 
 
Figure 7 –  Histograms and probability plots for concordant detrital zircon ages determined from the 

Tipuma Formation in this paper. Bin width on 0–500 Ma plot is 10 Ma and on 500–4000 bin 
width is 50 Ma. 

 
 
 
 



 
 
 

 
 
Figure 8 –  Detrital zircon age groups based on all concordant zircon ages from the Phanerozoic (left) and Precambrian (right) from the Bird’s Head Tipuma 

Formation sandstones. Bin width on 0–500 Ma plot is 10 Ma and on 500–4000 bin width is 50 Ma. 
 
 



 

 
 
Figure 9 –  Quartz cathodoluminescence spectra classification for Bird’s Head and Bird’s Body Tipuma sandstones based on the Augustsson and Reker (2012) 

discrimination scheme for quartz of different origin. Lower Member samples (A–C) are dominated by volcanic and low-temperature metamorphic 
quartz with little felsic plutonic quartz, Middle Member samples (D–H) resemble the Lower Member samples with only one exception (IG10–PR31) 
which has little volcanic quartz and more felsic plutonic input, the Upper Member (I–N) is dominated by volcanic quartz and low–temperature 
metamorphic quartz. Summary of each member for Bird’s Head samples is displayed at the top right. Bird’s Body samples (O–P) are dominated by 
low-temperature metamorphic quartz with some volcanic quartz and a few grains of felsic plutonic origin. 



 
 
Figure 10 – (A) Map  showing suggested reconstruction of the Bird’s Head area during the Triassic based 

on data of this study combined with interpretations by Veevers (2000) and Crowhurst et al. 
(2004). (B) Simplified cross-section of the Triassic reconstruction and corresponding 
provenance signature. Black line shows interpreted subduction zone. BE = Banda Embayment; 
BH = Bird’s Head; COB = Present Continent-Ocean Boundary; EJ-WS = East Java – West 
Sulawesi; EP = Exmouth Plateau; NWS = NW Shelf Australia; ScP = Scott Plateau; SP = Sula 
Spur; SWB = Southwest Borneo. Stars are sample locations of Tipuma Formation samples. 


