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Abstract

Regional stream sediment surveys are an important exploration tool used in the search for concealed or partially 
concealed porphyry deposits. It is shown here that quartz contained in the coarse fraction of stream sediments 
can be used as an indicator mineral to supplement geochemical analyses conducted on the �ne fraction, such as 
the measurement of the bulk cyanide leach extractable gold content. A method is proposed that allows separation 
of quartz grains from the coarse rejects of stream sediment samples to prepare grain mounts for petrographic 
analysis. Based on optical cathodoluminescence microscopy and �uid inclusion petrography, the number of por-
phyry quartz grains in each grain mount is then identi�ed. Case studies conducted at Vert de Gris in Haiti and 
Hides Creek in Papua New Guinea show that porphyry quartz grains could be con�dently identi�ed in sedi-
ments in the catchment areas of both porphyries. Because the cost of microscopic analysis of quartz is small 
compared to the expense of sampling and geochemical analysis, the developed technique could be routinely 
used in large green�eld exploration programs. It is envisaged here that petrographic analysis of quartz grains 
can contribute valuable information for prioritization of targets de�ned based on their geochemical signatures.

Introduction

Porphyry copper deposits are the world’s most important 
source of copper, with precious metals commonly being re-
covered as by-products (Sillitoe, 2010). The hypogene ores 
in porphyry deposits form large low-grade stockwork and dis-
seminated sul�de zones (Nielsen, 1968; Gustafson and Hunt, 
1975; Gustafson and Quiroga, 1995; Sillitoe, 2010; Monecke et 
al., 2018) that are spatially associated with shallow (≤1–10 km) 
plutonic stocks and dike swarms (Lowell and Guilbert, 1970; 
Gustafson and Hunt, 1975; Titley and Beane, 1981; Seedorff 
et al., 2005; Sillitoe, 2010) formed in suprasubduction and 
postsubduction settings (Richards, 2011).

Exploration for porphyry deposits is challenging, despite 
their large size. This is especially true in areas characterized 
by deep weathering and dense vegetation cover. In these envi-
ronments, regional surface-geochemical surveys have proven 
to be powerful exploration tools, allowing detection of chemi-
cal anomalies associated with porphyry deposits. This includes 
bulk cyanide leach extractable gold (BLEG) analysis of the 
�ne-grained fraction of stream sediment samples (Sillitoe and 
Thompson, 2006). Regional BLEG surveys have been key in 
the discovery of several porphyry deposits, including Batu Hi-
jau in Indonesia (Meldrum et al., 1994), Elang in Indonesia 
(Maryono et al., 2018), Phu Kham in Laos (Tate, 2005), and 
Reko Diq in Pakistan (Perelló et al., 2008).

The present study tests whether quartz contained in the 
coarse reject fraction of regional stream sediment surveys can 
be used to link BLEG geochemical anomalies to the existence 
of a porphyry target. Quartz may be an ideal indicator mineral 
owing to its abundance in porphyry veins and the fact that 
it is highly stable during weathering, allowing transport away 
from the porphyry source. This contribution introduces a new 
method that combines optical cathodoluminescence (CL) 
 microscopy with �uid inclusion petrography to identify por-
phyry quartz grains in stream sediment samples. The method 
was evaluated in two dispersion studies in Haiti and Papua 
New Guinea. These studies show that simple petrographic 
studies of quartz from stream sediments can add signi�cant 
value to regional BLEG exploration programs.

Petrographic Characteristics of Porphyry Quartz

Reliable identi�cation of porphyry quartz in the coarse 
reject fraction of BLEG stream sediment samples that re-
turned anomalous geochemical results is only possible if 
certain mineral properties can be identi�ed that are intrin-
sic to quartz of this origin. Although previous studies have 
shown that the trace element content of quartz (Suttner 
and Leininger, 1972; Heynke et al., 1992; Monecke et al., 
2002; Götze et al., 2004; Müller et al., 2010; Rusk, 2012), 
the composition of �uid inclusion leachates (Bottrell et al., 
1988; Yardley et al., 1993; Götze et al., 2004) or individual 
�uid inclusions (Heinrich et al., 1999; Pudack et al., 2009; 
Stefanova et al., 2014), and the stable isotopic composition 
of quartz (Clayton et al., 1972; Blatt, 1987; Vennemann et 
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al., 1992; Palmer et al., 2004) can be used to �ngerprint the 
origin of this mineral, the analytical costs are prohibitive to 
allow routine use of these techniques in mineral explora-
tion. Discrimination of porphyry quartz from other types 
of quartz in stream sediment samples therefore needs to be 
based on petrographic characteristics for reasons of practi-
cality and cost ef�ciency.

Previous studies have established that different quartz vein 
types occur in porphyry deposits that show consistent cross-
cutting relationships (Nielsen, 1968; Gustafson and Hunt, 
1975; Dilles and Einaudi, 1992; Gustafson and Quiroga, 1995; 
Monecke et al., 2018). The same sequence of veining occurs in 
porphyry deposits worldwide because the formation of these 
vein types is related to the overall cooling history of porphyry 
systems over time (Gustafson and Hunt, 1975; Sillitoe, 2010; 
Monecke et al., 2018). The CL characteristics and �uid inclu-
sion inventory of quartz occurring in the different vein types 
have been studied extensively (Bodnar, 1995; Monecke et al., 
2018; Sun et al., 2021; Tsuruoka et al., 2021) and can be di-
rectly linked to the pressure-temperature (P-T) conditions of 
quartz deposition (Fig. 1). These previous studies established 
that quartz formed in high-temperature (≳425°C) porphyry 
veins (referred to as porphyry quartz in this contribution) is 
typi�ed by optical CL colors and �uid inclusion petrographic 
characteristics that are distinct from quartz formed in other 
geologic environments.

Early quartz veins in porphyry deposits, commonly referred 
to as A veins (Gustafson and Hunt, 1975), are volumetrically 
abundant and can make up more than 10% of the rock volume 
in the core of the deposits (Gruen et al., 2010). The veins are 
formed at high temperatures (≳500°C) and lithostatic pres-
sure conditions (Monecke et al., 2018). The quartz in these 
veins exhibits a stable, dark-blue optical CL emission—the 
so-called long-lived CL signal (Götze et al., 2001)—follow-
ing an initial color change during the �rst ~30 s of electron 
bombardment in hot-cathode CL instruments. The quartz 
may preserve oscillatory growth zoning under CL; however, 
in most deposits, zoning is rare because the quartz has recrys-
tallized at high temperatures during repeated vein reopening 
(Monecke et al., 2018; Sun et al., 2021; Tsuruoka et al., 2021). 
Later high-temperature veins, referred to as B veins (Gus-
tafson and Hunt, 1975), are characterized by center lines with 
euhedral quartz crystals terminating in vugs. Quartz in these 
veins is formed at temperatures between 425° and 500°C and 
pressures �uctuating between hydrostatic and lithostatic con-
ditions (Monecke et al., 2018). The quartz shows well-devel-
oped growth zoning and exhibits a long-lived bluish purple 
to dark brown CL emission (Monecke et al., 2018; Sun et al., 
2021; Tsuruoka et al., 2021).

The �uid inclusion characteristics of porphyry quartz de-
pend on pressure (Fig. 1). In porphyry deposits emplaced at 
~1.5 to ~4.2 km below the paleosurface, the magmatic-hy-
drothermal �uids forming the high-temperature vein quartz 
occur in the two-phase �eld of the H2O-NaCl system (Bodnar, 
1995; Monecke et al., 2018). Therefore, the high-temperature 
quartz contains abundant hypersaline liquid and vapor-rich 
inclusions (Reynolds and Beane, 1985; Hedenquist et al., 
1998; Redmond et al., 2004; Klemm et al., 2007; Pudack et 
al., 2009; Landtwing et al., 2010; Stefanova et al., 2014; İmer 
et al., 2016; Gregory, 2017; Tsuruoka et al., 2021). At room 

temperature, hypersaline liquid inclusions contain a large ha-
lite daughter crystal because the salinity of these inclusions 
may range up to ~70 wt % NaCl equiv (Monecke et al., 2018; 
Klyukin et al., 2019). Inclusions formed at such high tempera-
tures were entrapped at lithostatic conditions (Monecke et 
al., 2018) and will have suffered postentrapment modi�cation 
(Fig. 1) during decompression of the magmatic-hydrothermal 
system to hydrostatic conditions (Sun et al., 2021). Howev-
er, despite textural modi�cation, they can still be identi�ed 
petrographically as hypersaline liquid or vapor-rich inclu-
sions (Sun et al., 2021). In addition, the porphyry quartz in 
high-temperature veins will also contain later �uid inclusions 
that were entrapped in the two-phase �eld at hydrostatic 
conditions and crosscut the earlier-formed high-temperature 
quartz. These �uid inclusions do not show textural changes 
caused by postentrapment modi�cation and can be easily 
identi�ed (Fig. 1).

Porphyry quartz formed in deep (≳4.2 km below paleosur-
face) deposits does not contain high-salinity and vapor-rich 
inclusions (Redmond et al., 2004; Klemm et al., 2007; Rusk 
et al., 2008; Landtwing et al., 2010; Stefanova et al., 2014; 
Gregory, 2017). In such deep porphyry deposits, inclusions 
were entrapped in the single-phase �eld of the H2O-NaCl 
system (Fig. 1). The vapor to liquid ratio of these inclusions 
varies with the P-T conditions of entrapment. If the inclusions 
have near-critical densities, they are referred to as intermedi-
ate-density inclusions, but they are dif�cult to identify pet-
rographically. Vapor-like intermediate-density inclusions and 
vapor-rich inclusions entrapped in the two-phase �eld of the 
H2O-NaCl system are not petrographically distinguishable 
(Klyukin et al., 2019). Similarly, the distinction between liq-
uid-like intermediate-density and liquid-rich inclusions may 
be tenuous (Tsuruoka et al., 2021).

When considered together, the CL characteristics and �uid 
inclusion inventory of porphyry quartz in high-temperature 
veins are distinct and can be used to �ngerprint the origin of 
quartz grains in stream sediments. Based on these parameters, 
different certainty levels can be assigned for a given quartz 
grain to have been derived from a porphyry source (Fig. 2). 
Quartz grains in stream sediments that show a blue to purple 
CL emission and contain hypersaline-liquid inclusions as well 
as vapor-rich inclusions must have undoubtedly derived from 
a porphyry source (Fig. 2). However, a porphyry source may 
not be entirely ascertained if only hypersaline liquid or only 
vapor-rich inclusions are identi�ed in quartz grains that have a 
blue to purple CL color (Fig. 2). A similarly lower con�dence 
level is assigned to quartz grains that show a long-lived blue to 
purple CL emission and that only contain what might be in-
terpreted to be intermediate-density �uid inclusions (Fig. 2).

For reasons of practicability, porphyry quartz as de�ned in 
this study includes quartz phenocrysts that have been over-
printed by high-temperature magmatic-hydrothermal �uids. 
Quartz phenocrysts also show long-lived blue CL colors (Gö-
tze et al., 2001; Augustsson and Reker, 2012; Gao et al., 2022) 
and may lack growth zoning (Watt et al., 1997; Götze et al., 
2001; Augustsson and Reker, 2012). Without textural context, 
sand grains derived from phenocrysts may not be distinguish-
able from high-temperature vein quartz. Quartz phenocrysts 
hosted in mineralized porphyries can contain the same sec-
ondary �uid inclusion assemblages as high-temperature vein 
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quartz (Hezarkhani and Williams-Jones, 1998; Ulrich et al., 
2002; Pudack et al., 2009; Chang et al., 2018; Gao et al., 2022).

Veins in porphyry deposits formed at low (≲425°C) tem-
peratures contain variable amounts of quartz. Ore-bearing 
veins commonly lack quartz (Fournier, 1967; Nielsen, 1968; 
Reynolds and Beane, 1985; Dilles and Einaudi, 1992; Gus-
tafson and Quiroga, 1995; Stefanova et al., 2014; Monecke et 
al., 2018; Sun et al., 2021; Tsuruoka et al., 2021) and, there-
fore, do not contribute to the quartz inventory of stream sedi-
ments. Later quartz-bearing veins contain euhedral quartz 
that is characterized by long-lived red to brown CL colors 
(Monecke et al., 2018; Sun et al., 2021; Tsuruoka et al., 2021), 
although quartz showing a pronounced yellow CL emission 
during electron bombardment can also be present (Monecke 
et al., 2018). The low-temperature quartz-bearing veins are 
formed within the single-phase �eld of the H2O-NaCl system 
and �uid inclusions entrapped under these conditions are 
liquid rich (Fig. 1). In some porphyry deposits, the pressure 
conditions are low enough to allow coexistence of liquid and 
vapor (Hedenquist et al., 1998; Pudack et al., 2009) result-
ing in entrapment of vapor-rich inclusions and liquid-rich 
inclusions without NaCl crystals. Fluid inclusions in the low-
temperature veins have not typically been affected by posten-

trapment modi�cation (Fig. 1), because the vein quartz was 
formed at hydrostatic conditions. Because the quartz CL is 
not unique and the �uid inclusion characteristics of the quartz 
in the low-temperature veins are similar to quartz from other 
environments (Bodnar et al., 2014), quartz grains with these 
properties in stream sediments may not indicate the presence 
of an eroding porphyry deposit (Fig. 2).

Analytical Protocol

Following establishment of petrographic criteria that allow 
identi�cation of porphyry quartz grains in stream sediment 
samples, an analytical protocol was developed to separate 
quartz from other minerals contained in the coarse reject 
fractions of BLEG stream sediments that yielded geochemi-
cally anomalous results. The analytical protocol was devel-
oped to allow processing of a large number of samples to al-
low the developed method to be used as an add-on to regional  
BLEG surveys.

Initially, the coarse rejects (>177 μm) of geochemically 
anomalous BLEG samples (~500 g) were sieved to obtain the 
250- to 500-μm-size fractions for further analysis. This size 
fraction was then split into subsamples of ~100-g weight using 
a rif�e splitter. One subsample was carefully washed to ensure 

Fig. 1. Phase diagram showing the room temperature appearance of �uid inclusions in porphyry quartz veins formed at differ-
ent pressure-temperature conditions. The shaded area highlights the conditions at which liquid and vapor (L + V) coexist and 
hypersaline liquid and vapor-rich inclusions are entrapped in porphyry quartz. The diagram shows the locations of the single-
phase �eld (F) and the vapor plus halite (V + H) coexistence �eld. The shapes of �uid inclusions that have been entrapped 
at temperatures exceeding the brittle-ductile transition have been affected by postentrapment modi�cation, schematically 
indicated as having irregular surfaces. The phase diagram is constructed for the H2O-NaCl system at a salinity of 5 wt % NaCl 
equiv. The critical point (CP) for a magmatic-hydrothermal �uid of this composition is located at 422°C and 337 bar. The 
critical isochore at which a magmatic-hydrothermal �uid with a salinity of 5 wt % NaCl has a density of 0.48 g/cm3 divides the 
single-phase �eld into regions of lower (vapor-like) and higher (liquid-like) densities. The diagram also schematically shows 
the temperature ranges over which different long-lived cathodoluminescence (CL) emissions occur in porphyry quartz. The 
granodiorite solidus is given for reference. Diagram modi�ed from Bodnar (1995) and Monecke et al. (2018).
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that all dust was removed. After drying, the sample was split 
again using a rif�e splitter. Two 15-g splits were transferred 
to 250-ml separatory funnels for density separation. Using 
lithium metatungstate—a variable density, heavy-liquid solu-
tion—rock and mineral grains having a density below 2.62 g ∙ 
cm–3 and above 2.73 g ∙ cm–3 were removed (quartz has a den-
sity of 2.68 g ∙ cm–3). After density separation, the two sample 
splits were recombined and thoroughly washed to recover the 
lithium metatungstate.

The obtained density separates were then used to prepare 
grain mounts. Initially, a double-sided sticky tape was mount-
ed on a glass slide. A 35-mm plastic mold was then placed 
on the tape. A thin layer of the grains was poured into the 
mold, avoiding clustering and overlapping of the grains. The 
mold was then back�lled with epoxy and cured for ~4 hours 
in a vacuum vessel to remove bubbles from the epoxy. Subse-
quently, a single, polished, 60-μm-thick section was prepared 
from each grain mount. The sample preparation methods de-
tailed above, particularly selection of the 250- to 500-µm-size 
fractions, ensured that each thick section contained a mini-
mum of ~1,000 sand grains, with some of the sections contain-
ing up to ~5,000 grains.

The thick sections were then carbon coated and inspected 
using a HC5-LM hot cathode CL microscope by Lumic Spe-
cial Microscopes, Germany. The microscope was operated at 
14 kV and with a current density of ~10 μA mm–2 (Neuser, 
1995). Quartz grains showing blue to purple CL emissions 
were identi�ed by screening of the grain mounts and were 
marked on a scan of the thick section obtained at high resolu-
tion using a standard document scanner. Subsequently, �uid 
inclusion petrography was conducted on the quartz grains 
showing a blue to purple CL emission using an Olympus 
BX51 optical microscope. Based on the criteria established 
above (Fig. 2), quartz grains that were certainly derived from 
a porphyry, and those that possibly originated from a porphyry 
were identi�ed and counted in each mount.

To determine the total number of sand grains in each sam-
ple, the high-resolution image of the thick section was con-

verted into a 1-bit black-and-white image and processed using 
thresholding and watershed segmentation techniques for au-
tomated counting (Sime and Ferguson, 2003) in the software 
program ImageJ. This preprocessing step of the images cor-
rects for the effects of clustering and overlapping of the grains 
in the mounts and allows the program to reliably determine 
the total number of grains in each thick section. As a �nal 
step, the concentration of porphyry quartz grains observed 
was calculated relative to the total number of sand grains in 
the mount, such that concentrations between samples could 
be compared.

Dispersion Studies

Two dispersion studies were conducted to evaluate the ap-
plicability of the method developed using the coarse rejects 
of geochemically anomalous BLEG samples collected as part 
of a regional exploration program conducted by Newmont 
Corp. This included the study of eight stream sediment sam-
ples from Vert de Gris in Haiti that were collected within the 
catchment area of a known porphyry prospect. In addition, 
eight stream sediment samples were collected at Hides Creek 
in Papua New Guinea.

Vert de Gris, Haiti

The Vert de Gris porphyry Cu-Mo prospect is located on 
the northern peninsula of Haiti (Fig. 3; Arribas et al., 2017). 
The prospect is situated near the city Jean-Rabel, which is 
~100 km west of Cap-Haitien. Within the Vert de Gris area, a 
6-km2-large erosional window through Eocene limestone ex-
poses a mineralized Late Cretaceous intrusive complex that 
has been dated at 67.3 ± 4 Ma (Cheilletz et al., 1978). The in-
trusive rocks include, from oldest to youngest, locally porphy-
ritic hornblende-biotite tonalite, rhyodacite porphyry intru-
sions and intrusive breccias, and dikes of hornblende andesite 
porphyry. The mineralized zone consisting of bornite, chalco-
pyrite, and minor molybdenite is centered on the intrusions 
and is hosted in part within a rhyodacite breccia. Elevated 
base metal grades are associated with potassic alteration con-

Fig. 2. Diagram establishing con�dence in identi�cation of porphyry quartz based on cathodoluminescence (CL) and �uid 
inclusion characteristics.



 SCIENTIFIC COMMUNICATIONS 717

Fig. 3. Map of the Vert de Gris area in Haiti showing the location of collected stream sediment samples. The abundances of 
porphyry quartz grains are given in percentages (see Table 1). The map also displays the distribution of outcropping porphy-
ritic rocks and the location of a soil geochemical anomaly. The contour intervals are given in meters above sea level. 
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sisting of K-feldspar and secondary biotite. Later-stage phyllic 
alteration and a large propylitic alteration halo have been rec-
ognized (Cheilletz et al., 1978; Nelson et al., 2011).

The coarse rejects of eight geochemically anomalous BLEG 
stream sediment samples were available from early-phase ex-
ploration that were collected at different distances to the min-
eralized zone de�ned during later exploration work (Fig. 3). 
The samples contain abundant quartz grains that show a long-
lived blue CL emission (Fig. 4a, b). The quartz grains typi-
cally are homogeneous in CL although some grains exhibiting 
growth zoning are present. In all samples, at least half of the 
quartz with a blue emission is overprinted along fractures by 
quartz with red-brown luminescence. For samples VG01585 
and VG01591, the number of quartz grains having a blue CL 
with overprinting red-brown CL is almost twice that of grains 
with a blue CL color alone. Quartz grains with a blue lumines-
cence can be intergrown with K-feldspar that shows a bright 
pink or light blue luminescence (Fig. 4b). These grains may 

represent hydrothermally altered quartz phenocrysts or are 
derived from thin veins surrounded by wall rocks.

The quartz grains showing a blue CL emission typically con-
tain randomly oriented and closely spaced healed microfrac-
tures of hypersaline liquid inclusions containing halite crystals 
(Fig. 4c). The hypersaline liquid inclusions range in shape from 
irregular to negative crystal shaped. The volumetric propor-
tions of the vapor bubbles and halite crystals are variable. In 
some cases, the hypersaline liquid inclusions contain daughter 
crystals including opaque phases. Some of the quartz grains 
containing hypersaline liquid inclusions also host vapor-rich 
inclusions (Fig. 4c), although some quartz grains host vapor-
rich inclusions only. Some quartz grains contain possible inter-
mediate-density inclusions (Fig. 4d), which may contain small 
opaque daughter minerals. In some cases, the porphyry quartz 
grains are crosscut by trails of liquid-rich inclusions. These are 
particularly common in grains that have been overprinted by 
zones of red-brown luminescence. Some high-salinity inclu-

Fig. 4. Cathodoluminescence and �uid inclusion characteristics of quartz grains contained in stream sediment samples from 
the Vert de Gris area in Haiti. (a) Plane-polarized light image of a quartz grain hosting porphyry-type �uid inclusions. Sample 
VG01593. (b) Corresponding optical cathodoluminescence image showing that the quartz grain exhibits a long-lived blue 
emission. The quartz is intergrown with feldspar showing a pink to light blue cathodoluminescence emission. (c) Secondary, 
healed microfracture showing hypersaline liquid and vapor-rich �uid inclusions. Sample VG01587. (d) Possible intermedi-
ate-density �uid inclusions. Sample VG01595. (e) Hypersaline liquid inclusion surrounded by neonate inclusions, which is 
evidence for postentrapment modi�cation. Sample VG01585. Abbreviations: Fsp = feldspar, H = hypersaline liquid �uid 
inclusion, ID ? = possible intermediate-density �uid inclusion, Qz = quartz, V = vapor-rich �uid inclusion.
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sions (Fig. 4e) and intermediate-density inclusions show tex-
tures suggestive of postentrapment modi�cation.

The dispersion study at Vert de Gris shows that the num-
ber of porphyry quartz grains— identi�ed using the criteria 
summarized in Figure 2—in the eight stream sediment sam-
ples can be used for targeting (Table 1). Sample VG01587, 
collected at the southern margin of the target area (Fig. 3), 
contained the lowest number of porphyry quartz grains, with 
porphyry quartz making up 0.28% of the grains in the mount. 
Only two grains in the sample were con�dently identi�ed 
as being derived from a porphyry source (Table 1). Samples 
VG01585, VG01589, and VG01597, located along the mar-
gins of the target area, show similarly low concentrations of 
porphyry grains, ranging from 0.52 to 0.77%. However, these 
samples contained a higher proportion of con�dently identi-
�ed porphyry grains (Table 1). The concentration of porphyry 
quartz grains is higher downstream of an area of anomalous 
soil geochemistry (Fig. 3). Sample VG01591 taken at this loca-
tion contained 1.95% porphyry quartz grains. A high concen-
tration of 7.01% porphyry quartz grains was encountered in 
sample VG01595, collected near the center of the target area. 
This sample contained the highest count—27 certain porphy-
ry quartz grains (Table 1). Sample VG01593, collected adja-
cent to and at approximately the same elevation, contained a 
comparatively lower concentration of 0.62% porphyry quartz 
grains. Sample VG01599 had a 1.68% concentration of por-
phyry quartz grains, despite being located ~3.5 km down-
stream of the target area (Fig. 3).

Hides Creek, Papua New Guinea

The Hides Creek porphyry prospect is in the southeastern 
Morobe district of Papua New Guinea (Fig. 5; Arribas et al., 
2017). The Morobe district is host to several major precious 
metal deposits that have been associated with porphyry in-
trusions, including the Wau Au deposit (Sillitoe et al., 1984; 
Carswell, 1990), the Hidden Valley Au-Ag deposit (Nelson et 
al., 1990), and the Golpu porphyry Cu-Au and associated Wa� 
high- and intermediate-sul�dation epithermal Au deposits 
(Rinne et al., 2018).

Basement rocks within the Morobe district include metased-
imentary deposits of the Early Cretaceous Owen Stanley For-
mation (Sillitoe et al., 1984; Rinne et al., 2018). These were 
overthrust by an ophiolite suite at ~60 Ma (Lus et al., 2004). 
Subsequent metamorphism resulted in a greenschist facies 
overprint of the basement rocks (Davies and Williamson, 
2001). In the central part of the Morobe district, the base-

ment is intruded by the 14.5 to 12 Ma Morobe granodiorite, 
which represents a composite intrusion consisting of grano-
diorite, diorite, and monzonite (Tingey and Grainger, 1976). 
The intrusive center at Wa�-Golpu has been dated at 8.76 ± 
0.02 and 8.73 ± 0.01 Ma (Rinne et al., 2018). The youngest 
igneous rocks in the area include the Pliocene Bulolo volcanic 
rocks, consisting of several hundred meters of poorly bedded 
felsic ignimbrite, and comagmatic intrusions (Rinne et al., 
2018). Broadly contemporaneous to the Bulolo volcanic rocks 
is the Pliocene Otibanda Formation, which forms a several-
hundred-meters-thick lacustrine to �uvial succession of inter-
bedded sandstone, conglomerate, tuff, and limestone (Page 
and McDougall, 1972; Sillitoe et al., 1984). 

The coarse rejects of eight geochemically anomalous 
BLEG samples from Hides Creek were obtained for this 
study (Fig. 5). The stream sediment samples contain only a 
few quartz grains with a blue CL color (Fig. 6a). Most quartz 
grains exhibit a homogeneous CL, although grains show-
ing oscillatory growth zoning have been observed (Fig. 6b). 
Overprint of the quartz with a blue emission by zones of red-
brown luminescence was observed in samples HC66311 (Fig. 
6a), HC66312, HC66315, and HC66317. Many of the quartz 
grains showing a blue CL emission contain arrays of healed 
microfractures of hypersaline liquid and vapor-rich �uid in-
clusions (Fig. 6c). The volumetric proportions of the vapor 
bubbles and halite crystal are variable, and other daughter 
phases are present. Many of the quartz grains exhibiting a 
blue CL color also contain possible intermediate-density �u-
id inclusions (Fig. 6d). Hypersaline and intermediate density 
inclusions commonly show textures indicative of postentrap-
ment modi�cation (Fig 6e).

The stream sediments collected at Hides Creek show low 
percentages of porphyry quartz grains (Table 2) based on 
the established CL and �uid inclusion criteria (Fig. 2). The 
highest concentrations of porphyry quartz were encountered 
in two samples located within ~1.5 km from the target area. 
Samples HC66315 and HC66317 contained 0.66 and 0.31% 
porphyry quartz, respectively (Table 2). Concentrations of 
porphyry quartz grains decrease further down the drainage 
pattern to 0.05 to 0.07% in samples HC66312 and HC66311 
(Table 2). Samples HC66313 and HC66318, located along a 
different drainage fork from the target area, lacked porphyry 
quartz grains. No porphyry quartz grains were identi�ed in 
samples HC66314 and HC66316 (Table 2) despite their prox-
imity to the target area and high BLEG values of 40.6 and 

Table 1. Summary of Stream Sediment Characteristics from the Vert de Gris Area, Haiti

Sample
Total number of  

grains in mount
Number of certain  

porphyry quartz grains
Number of possible  
porphyry quartz grains

Abundance of porphyry  
quartz grains (%)

VG01585 4,388 5 29 0.77
VG01587 2,891 2 6 0.28
VG01589 2,827 3 14 0.60
VG01591 1,694 9 24 1.95
VG01593 3,227 2 18 0.62
VG01595 1,112 27 51 7.01
VG01597 4,815 2 23 0.52
VG01599 1,843 7 24 1.68

Note: Criteria used to identify porphyry quartz grains and to distinguish between grains of certain and possible porphyry 
origin are summarized in Figure 2
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71 ppb Au, respectively. Follow-up �eld work showed that the 
sample HC66316 was taken close to an outcrop of a quartz 
vein interpreted to be a low-sul�dation epithermal vein. This 
suggests that the method developed may be effective in iden-
tifying complexities of stream sediment geochemical anoma-
lies caused by different styles of mineralization.

Potential Applications in Mineral Exploration

The case studies conducted at Vert de Gris and Hides Creek 
demonstrate that porphyry quartz grains can be successfully 
identi�ed in stream sediment samples at low concentrations 
using the microscopic methods described and that quanti�ca-
tion of the abundance of these grains is possible. Because por-
phyry quartz grains were dispersed up to several kilometers 
away from the inferred source, quartz can be used as an indi-

cator mineral to locate eroding porphyries within the sampled 
catchment areas. The two case studies provide proof of con-
cept that the developed method is viable.

It is envisaged that the method described here can be most 
effectively implemented in green�eld exploration programs 
that aim to identify porphyry targets through BLEG stream 
sediment surveys at district or even country scales. In regional 
geochemical surveys, several hundred to thousand BLEG 
stream sediment samples are collected across large swaths of 
land at an average density of one sample per several square 
kilometers (Carlile et al., 1998; Leduc and Itard, 2003; Yilmaz 
et al., 2017). Following geochemical analysis of these samples, 
in�ll samples are collected to increase sample coverage in 
areas regarded to be favorable. Based on the results of the 
geochemical analyses of these in�ll samples, targets are de-

Fig. 5. Map of the Hides Creek area in Papua New Guinea showing the location of stream sediment samples collected. 
The abundances of porphyry quartz grains are given in percentages (see Table 2). The map also displays the distribution of 
rock chip samples returning elevated Au concentrations. The contour intervals are given in meters above sea level. Note: 
“-” = not detected.



 SCIENTIFIC COMMUNICATIONS 721

lineated that will be followed up on by mapping, geophysical 
surveys, or drilling.

In large, regional exploration programs, it is critical to ob-
jectively prioritize targets for more expensive follow-up work. 
It is suggested here that the porphyry quartz content of the 

stream sediments can be used as a ranking criterion to dif-
ferentiate porphyry-related BLEG anomalies from  nonpor-
phyry-related targets following geochemical analysis. Analo-
gous to the present study, the optical CL and �uid inclusion 
investigation could be conducted on the coarse rejects of 

Fig. 6. Cathodoluminescence and �uid inclusion characteristics of quartz grains contained in stream sediment samples 
from the Hides Creek area in Papua New Guinea. (a) Quartz grain showing homogeneous, long-lived blue cathodolumi-
nescence emission. An early blue quartz grain overprinted by dull red quartz is visible in the same �eld of view (arrow). 
Sample HC66311. (b) Bright blue luminescent quartz grain with well-developed oscillatory growth zoning (arrow). The 
grain is intergrown with feldspar. Sample HC66317. (c) Hypersaline liquid inclusions and vapor-rich �uid inclusions. Sample 
HC66315. (d) Possible intermediate-density �uid inclusions. The inclusion on the lower left side contains a probable chal-
copyrite daughter crystal. Sample HC66315. (e) Possible intermediate-density �uid inclusions surrounded by a halo of 
satellite neonate inclusions, which provide evidence for postentrapment modi�cation. Sample HC66311. Abbreviations: 
Fsp = feldspar, H = hypersaline liquid �uid inclusion, ID ? = possible intermediate-density �uid inclusion, Qz = quartz, V = 
vapor-rich �uid inclusion.

Table 2. Summary of Stream Sediment Characteristics from the Hides Creek Area, Papua New Guinea

Sample
Total number of  
grains in mount

Number of certain  
porphyry quartz grains

Number of possible  
porphyry quartz grains

Abundance of porphyry  
quartz grains (%)

HC66311 4,457 0 3 0.07
HC66312 3,918 2 0 0.05
HC66313 2,664 0 0 -
HC66314 3,828 0 0 -
HC66315 1,959 3 10 0.66
HC66316 1,974 0 0 -
HC66317 1,951 1 5 0.31
HC66318 3,918 0 0 -

Notes: Criteria used to identify porphyry quartz grains and to distinguish between grains of certain and possible porphyry 
origin are summarized in Figure 2; “-” indicates not detected
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BLEG samples already analyzed geochemically. Because only 
samples returning anomalous geochemical results would be 
of interest, only a subset of the total number of stream sedi-
ment samples collected in the regional or country-wide survey 
would need to be analyzed using the methods described in 
this contribution. Selecting a reduced subset of samples for 
examination will make the use of the petrographic methods 
described here economically feasible enough to allow imple-
mentation into exploration work�ows. The information gained 
may be valuable enough to justify the additional analytical ex-
pense, especially given the fact that original sample collection 
in the �eld represents a signi�cant cost factor.

Measuring the abundance of porphyry quartz grains in 
stream sediments will provide an important ranking criterion 
for prospects with anomalous BLEG geochemical charac-
teristics. The case studies at Vert de Gris and Hides Creek, 
where known porphyry occurrences are in the catchment ar-
eas, showed that porphyry quartz grains can be con�dently 
identi�ed using the established criteria (Fig. 2).

Limitations and Areas for Future Improvement

It is important to note that the method presented in this con-
tribution was developed to target porphyry deposits formed at 
intermediate crustal depths where high-temperature quartz 
contains hypersaline liquid and vapor-rich inclusions (Mo-
necke et al., 2018). High-temperature quartz sourced from an 
eroding porphyry deposit associated with a deep (≳4.2 km) in-
trusion may be more challenging to identify because interme-
diate-density �uid inclusions would be prevalent, which are 
dif�cult to distinguish in grain mounts from quartz from other 
geologic environments even if inspected by an experienced 
�uid inclusionist. Therefore, deep porphyry deposits such as 
Butte in Montana (Rusk et al., 2008) may not be readily iden-
ti�ed using the method proposed here. Knowledge of the ero-
sional level in the exploration area may be critical to ensure 
that such deep systems are not overlooked by overinterpret-
ing the information that can be obtained from quartz analysis.

Integration of the techniques proposed in this contribution 
into large green�eld exploration programs may require further 
streamlining of the analytical procedure to reduce personnel 
time and cost for consumables. Under routine conditions, it 
appears feasible that the second step of heavy-mineral separa-
tion—removing minerals having a density exceeding 2.72 g ∙ 
cm–3—could be replaced or supplemented by magnetic sepa-
ration using a Frantz magnetic separator to further enhance 
the amount of quartz that is recovered. Further systematic 
tests may be required to optimize the sample preparation pro-
cedure for stream sediments of different mineralogical com-
position, which could be the case if different rock types are 
exposed in the sampled catchment areas.
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