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Abstract

This study focuses on ore formation at the Porgera gold deposit, Papua New
Guinea. The duration of the ore-forming event was determined using the laser probe
OAr Ar technique on magmatic and hydrothermal minerals, where the date on
igneous biotite (5.99 + 0.11 Ma) was interpreted to be the age of the intrusive event,
and the average date obtained from two hydrothermal roscoelite samples (5.99 + 0.08
Ma) is the age of ore formation. These results show that ore formation occurred within
<0.1 my of intrusion.

Gold-bearing veins from a high-grade zone (North Zone) were characterized
petrographically, and the fluid from which the vein material precipitated was
investigated using fluid inclusion microthermometry, gas and ion chromatography, and
stable isotope analysis (O, H, C) on vein quartz. The aim of these analyses was to study
the evolution of the hydrothermal fluid along the North Zone and the process(es) by
which this zone formed.

The veins consist dominantly of quartz but the main ore mineral, native gold, is
intergrown with roscoelite [K(V,Al)>(AlSi3049)(OH,F),], pyrite, and minor quartz. The
vein centers are filled with anhydrite and carbonate. The homogenization temperature
of primary inclusions hosted by quartz ranges from 127° + 12°C (n=137) to 165°

~ 25°C (n =27), and average salinities fall between 8 and 9 equiv. wt % NaCl where a
minority of samples contains a low salinity group (~4 equiv. wt % NaCl) in addition to
the higher salinity inclusions. Vapor-rich inclusions were observed to coexist with
liquid-rich inclusions in a minority of samples. The microthermometric and

petrographic data were used together with the results of the chromatographic analyses
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as input parameters for numerical simulations of ore deposition using the software
CHILLER. The modeling results indicate that stage II veins are most likely formed by
cooling of a slightly acidic, oxidized fluid that had interacted with the surrounding
sedimentary rocks. The observation of vapor-rich fluid inclusions suggesting that phase
separation occurred during vein formation, and continuous salinity trends in some
samples indicates that fluid mixing occurred locally. In addition, gold was observed in
pyrite in the altered wall-rock. Hence, the results indicate that more than one
precipitation mechanism was involved in vein formation. This result connects and

integrates previous hypotheses of ore formation at Porgera.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgements

A large number of colleagues and friends supported me during the last four and
a half years. Although I am only naming a few of them here, I thank them all for their
patience, tolerance, and willingness to share their ideas with me.

First and foremost, I am grateful to my supervisor Jeremy Richards who
initiated a fantastic project and supported me over the years. He taught and encouraged
me and waited patiently for the results of my work. I thank him for all he has done for
me during the last four years, except that he continuously wanted me to watch Monty
Python (in a country where torture is illegal!!).

I am indebted to the Porgera Joint Venture, not only for sponsoring the project,
but also for generous support during my stays on the Porgera mine site and for
continuous communfcation when I was not there and needed information. In particular,
I thank Mike Johnston, Rod Henham, Shawn Crispin, Paul Adams, John Foley, Sonia
Konopa, Tony Burgess, and John Butterworth. I would also like to express my gratitude
to the PNG nationals who made my work at Porgera a fabulous experience: Phillip
Winjat and Roger Redenut for drafting numerous cross sections and maps, Taki Pakapi
for helping me in the core shed, and most of all Martin Torovi whose insight into the
geology of the Porgera mine is extraordinary.

During the Ph.D. program I was financially supported by the Austrian Academy
of Sciences and the Izaac Walton Killam Memoral Foundation. This support is greatly
appreciated.

I am grateful to Paul Spry for his support from the first to the last minute and
for having the patience to listen to me. I thank Tom Chacko for his support in difficult
times, Karlis Muehlenbachs for the time he spent with me discussing parts of my thesis,
and Sarah Gleeson for her enthusiastic and cordial support. Andy Campbell is thanked
for his willingness to be my external examiner, for coming to Edmonton, and for his
input in my thesis. I also thank Paul Kitto for the discussions on Porgera and for
sharing his vast knowledge. I am indebted to Friedrich Koller who helped me on the

way to Canada.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I am grateful to a number of collaborators who made my research possible.
Mike Villeneuve (Geological Survey of Canada) let us use the Ar/Ar facilities, Colin
Bray and Ed Spooner (University of Toronto) provided access to their lab and the
expertise to use it. Most of all I thank Mark Reed (University of Oregon) for taking a
month to introduce me to the wonders of thermodynamic modeling. Mark’s inspiration
is an incredible gift to me. Steve Taylor (University of Calgary), Chris Holmes
(University of Saskatchewan) and Bob Drimmie (University of Waterloo) analyzed
some of our samples which is greatly appreciated.

Finally I would like to thank all my friends and colleagues at the University of
Alberta, especially Pedro Jugo whose support in every aspect made it possible to

complete this thesis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Contents

Chapter 1

Introduction

References

Chapter 2

Introduction
Geologic Setting
The Porgera gold deposit
Sample descriptions
Methodology
Results
Igneous rocks
Peruk
Rambari
Hydrothermal minerals
Biotite
Roscoelite
Discussion
Age of the Porgera Intrusive Complex
Age of ore deposition
Life-span of magmatism and mineralization at Porgera
Comparison of K- and Ar-based dating techniques
Summary and conclusions
References
Tables

Figures

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

G0 ~3 O ON

11
12
13
13

14
14
14
14
14
16
17
18
18
20
23
28



Chapter 3

Introduction

Samples

Vein textures
Analytical Techniques
Fluid Inclusions
Discussion
Conclusions
References

Tables

Figures

Chapter 4

Introduction

Geology of the Porgera gold deposit
The Porgera Intrusive Complex
Mineralization

Samples

Analytical Methods
Fluid inclusion microthermometry
Gas and ion chromatography
Light stable isotopes

Results
Fluid inclusion microthermometry
Gas and ion chromatography
Light stable isotopes

Oxygen and hydrogen

Carbon

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

38
38
39
39
41
43
44
47
48

55
57
57
57
60
60
60
61
61
63
63
65
66
66
67



Sulfur

Interpretation of analytical data

Fluid inclusion microthermoinetry
Fluid inclusion gas contents
Ion chromatography
Stable isotopes
Oxygen and hydrogen
Carbon
Sulfur

Observational constraints on fluid sources and hydrothermal processes

Bimodal salinity distribution
Observations indicating boiling
Observations”indicating fluid mixing

Observations indication fluid sources

Numerical Modeling

CHILLER geochemical modeling — approach and limitations
Starting solution composition
Composition of the mixing solution
Assumptions and limitations of the method
Experimental models
Boiling
Fluid mixing
Cooling

Water — wall-rock alteration

Modeling Results and Interpretation

Boiling

Fluid mixing

Cooling

Water — wall-rock alteration

Interpretation of modeling results

Discussion

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

67
67
68
70
71
71
71
72
73
74
74
75
76
77
81
81
82

83
84
84
84
85
85
85
85
86
86
87
87
88



Porgera in the context of alkalic rock-related gold deposits
Common depositional mechanisms
Is Porgera unique? Implications for exploration for "Porgera-type"deposits
Conclusions
References
Tables

Figures
Chapter 3

Conclusions

References

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

91
91
92
94
95
103
113

131
132



List of Tables

Chapter 2

2.1

Apparent ages, MSWD values, and intercepts of the regression lines on the

ordinate of the analyzed minerals

2.2 Chemical compositions of magmatic biotite and alteration biotite

2.3 Chemical compositions of roscoelite P41 and P43

2.4  Analytical details of the Y Ar/* Ar analysis

Chapter 3

3.1  Ice melting, salinity, and Th, values for liquid-rich fluid inclusions from
boiling assemblages and from liquid-rich-only groups

Chapter 4

4.1 Ore and gangue mineralogy in stage Il veins

42  Average homogenization temperatures and salinities of fluid inclusions hosted
by stage II quartz

4.3  Results of gas chromatographic analysis

44  Results of ion chromatographic analysis

4.5 Oxygen and hydrogen isotope data

4.6  Carbon isotope data

4.7  Sulfur isotope data

4.8 Salinity data corrected for the presence of CO,, and salinity values calculated
based on the amount of Na* and CI".

4.9  Input parameters for thermodynamic modeling

4.10  Chemical composition of the mixing solution

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

Chapter 2

2.1 Location of the Porgera gold mine

2.2 Schematic map showing surface expressions of individual intrusions from the
Porgera Intrusive Complex

2.3 Total alkali silica diagram showing the positions of hawaiite (i.e. sodic
trachybasalt) and mugearite (i.e. sodic basaltic trachyandesite)

2.4  Photomicrograph of the magmatic minerals dated for this study taken in plane
polarized light

2.5  Photomicrogtaphs of the hydrothermal minerals analyzed taken in plane
polarized light

2.6  Inverse isochron plots and gas-release diagrams of sample 88-20

2.7  Inverse isochron plots and gas-release diagrams of hornblende (hbl) 88-15 from
the Rambari alkali gabbro

2.8  Inverse isochron plots and gas-release diagrams of biotite P98-8 from the
alteration selvage of early magnetite-sulfidetgold veins

2.9  Inverse isochron plots and gas-release diagrams of roscoelite (rosc) P42 (a) and
P43 (b)

Chapter 3

3.1 Simplified map showing the location of the Porgera gold deposit, Papua New
Guinea

3.2  Simplified sketch section at 22260F (mine grid) showing sample locations and
sample numbers

33 Typical banded stage II quartz-roscoelite-gold vein

3.4  Photomicrographs showing coexisting primary liquid-rich and vapor-rich fluid

inclusions in stage I quartz indicating boiling conditions

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.5  Histograms of (a) Thy, (°C) and (b) salinity (equiv. wt. % NaCl) for liquid-rich
primary fluid inclusions in quartz from boiling assemblages and from groups of
liquid-rich only inclusions ‘

3.6 Th-salinity plot of fluid inclusion data from stage II quartz

3.7 Pressure-temperature plot showing two CO, isochores an their intersection with
the 160°C isotherm

Chapter 4

4.1 Map showing the location of the Porgera gold deposit

4.2 Simplified and schematic NS cross section through the deposit with sample
locations

43  Photographs of hand specimens of stage II veins

4.4  Photomicrographs of stage II veins

4.5  Photomicrographs of fluid inclusions

4.6 Graph of homogenization temperature versus salinity of representative samples

4.7  Graph of homogenization temperature versus salinity of all samples

4.8  Histogram of all measure salinity data

4.9  Histogram comparing homogenization temperatures of samples containing
liquid-rich only inclusions and coexisting liquid-rich and vapor-rich inclusions

4.10  Comparison of Br/CI ratios of fluids from various environments

411 Graph of 3D vs 8'%0

4.12 CO,-CHj4 solubility curve

413  Br/Cl x 10° versus I/CI x 10°

4,14  Modeling results for adiabatic boiling

4.15 Modeling results for fluid mixing

4.16 Modeling results for cooling

4.17 Modeling results for water—wall rock interaction

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1
Introduction

The subject of this thesis is the Porgera gold mine in Papua New Guinea. The
deposit is famous for its high gold grades of up to 1000 grams/tonne. For the last
fifteen years, exploration geologists and scientists have tried to explain the formation of
this rich deposit. This work is thus building upon numerous previous studies (e.g.,
Handley and Bradshaw, 1986; Fleming et al., 1986; Richards, 1990a, b; Richards et al.,
1990; Richards and McDougall, 1990; Richards, 1992; Richards and Kerrich, 1993;
Wall et al., 1993), but investigates an area of the mine that has previously not been
studied because drill core from this area has only been exposed during the last few
years. The goal was to add to the understanding of ore-forming processes at Porgera
because a number of apparently contradictory hypotheses were established previously.
Unraveling the ore-forming mechanism leads to identification of parameters critical to
ore formation and finally to models that can be used in the search for similar deposits,
and the importance of such a models is therefore not restricted to the mine-scale but
may have regional and even global implications.

The thesis is presented in paper format where each of the subsequent chapters
consists of one individual paper. The first two papers have been published recently
(Ronacher et al., 2000: chapter 3; Ronacher et al., 2002: chapter 2) and the third paper
will be submitted shortly. In the second chapter, results of laser probe “Ar/* Ar dating
of magmatic and hydrothermal minerals are presented. Although the age of the igneous
rocks that are associated with the deposit was established previously (Richards and
McDougall, 1990), the ore-forming event was not well constrained, and the aim of this
the dating work was to establish the duration of ore-forming event by dating minerals
from the igneous host rocks and by analyzing the hydrothermal minerals from the
carliest and latest vein-forming event. The laser probe technique was chosen because of
its potential resolution that is necessary to achieve this goal. The results showed that
both the intrusive event and ore formation occurred within less than 0.26 my where the

resolution of the technique does not allow for a more accurate constraint. Thus, the

1
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geologic events that we tie to ore formation need not last for millions of years for giant
deposits to form (Stein and Cathles, 1997).

Apart from providing editorial assistance, J.P. Richards, first co-author of this
paper (Ronacher et al., 2002), provided some of the sample material and allowed it to
be re-analyzed using the laser probe technique. M.E. Villeneuve (Geological Survey of
Canada, Ottawa) granted access to the ArP Ar geochronology laboratory at the
Geological Survey of Canada, Ottawa and introduced the first author to the Ar laser
probe technique. In addition, he was responsible for the sample preparation and the
data reduction. M.D. Johnston, former chief geologist, Porgera Joint Venture, granted
access to the Porgera mine and supported the study financially. The first author
analyzed the samples in Ottawa, interpreted the data, and wrote the paper.

The third chapter reports the observation of vapor-rich fluid inclusions in quartz
from gold-rich veins. Such inclusions imply that phase separation occurred during the
formation of quartz and are therefore crucial for establishing a model for ore formation.
Although this process has been postulated before, firm evidence in the fluid inclusion
record was only produced during this study. In most cases vapor-rich inclusions are not
hosted by quartz intergrown with gold but occur in quartz immediately overlying the
roscoelite-gold band and phase separation can thus not be directly linked to ore
deposition (for one exception see Ronacher et al., 2000b). Nevertheless, the presence of
vapor-rich inclusions shows that the conditions for phase separation were favorable
even at inferred depths of ore formation of 2.0 to 2.5 km. The co-authors of this paper
(Ronacher et al., 2000a) are J.P. Richards who granted access to his fluid inclusion
laboratory and trained the first author in fluid inclusion microthermometry analysis in
addition to providing editorial assistance. M.D. Johnston provided access to the Porgera
mine, allowed that sample material be shipped to Canada, and supported this study
financially. The first author collected the samples, analyzed them, interpreted the data,
and wrote the paper.

The work presented in the fourth chapter focused on a high-grade zone of the
Porgera mine that was sampled along >600m with the aim of determining how this ore
shoot formed and interpreting its formation in the light of previous hypotheses of ore

formation. The gold-bearing quartz vein samples were analyzed

2
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microthermometrically, isotopically (O, H, C, S), and by ion/gas chromatography with
the goal of characterizing the chemical composition of the hydrothermal fluid that was
responsible for gold-vein formation. The data collected were then used to numerically
simulate ore deposition with the software CHILLER. The results show that more than

one process was involved in ore formation, and it was possible to combine apparently

contradictory previous hypothesis to one unifying model of ore formation.

The first co-author, J.P. Richards allowed access to his fluid inclusion
laboratory and provided editorial assistance. M.H. Reed introduced the first author to
numerical modeling at the University of Oregon and provided the software. C.J. Bray
introduced the first author to gas and ion chromatography and helped with the data
reduction. E.T.C. Spooner allowed access to the F.G. Smith Fluid Inclusion Laboratory
at the University of Toronto. P.D. Adams, senior geologist, Porgera Joint Venture,
provided assistance t the field. The first author conducted the microthermometric and
chromatographic analyses as well as the numerical simulations, interpreted the data,

and wrote the paper.
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Chapter2

Short life-span of the ore-forming system at the Porgera gold deposit, Papua New

Guinea: Laser “°Ar/*°Ar dates for roscoelite, biotite, and hornblende

A version of this paper was published the Journal Mineralium Deposita, 2002, v. 37, p.
75-86. The co-authors are J.P. Richards, Department of Earth and Atmospheric
Sciences, University of Alberta, Edmonton, Alberta T6G 2E3, Canada, M.E.
Villeneuve, 2Geological Survey of Canada, 601 Booth Street, Ottawa, Ontario K1A
OE8, Canada, and M.D. Johnston, Porgera Joint Venture, P.O. Box 484, Mt.Hagen,

Papua New Guinea.

Introduction

The Porgera gold mine is located in the Pliocene fold and thrust belt of central
Papua New Guinea (Fig. 2-1), and is one of the largest gold producers in the South
Pacific region. Since the start of production in 1990 the mine has recovered 9.1 million
ounces (Moz) of gold, with remaining proven and probable reserves of 9.8 Moz of gold
at June 31, 2000.

The deposit is spatially associated with late Miocene (6.0 £ 0.3 Ma; Richards and
McDougall, 1990) alkalic intrusions of the Porgera Intrusive Complex (PIC), and ore is
hosted both by the intrusive rocks and the late Mesozoic sedimentary rocks into which
the intrusions were emplaced. Relatively late, high-grade veins are hosted by
extensional structures that cut the intrusive complex. The highest gold grades in excess
of 1000 g/t occurred in Zone VII (now mined out), located in the Roamane Fault, a late
normal fault that post-dates all intrusions (Fig. 2-2). Gold occurs in three
mineralogically and microthermometrically distinct vein assemblages: magnetite-
sulfidetgold veins, base-metal sulfide-carbonate veins with minor gold (stage I), and
quartz-roscoelite-pyrite veins and breccias with native gold and Au-Ag-tellurides (stage

D).
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In addition to the spatial relationship between the ore deposit and the PIC, a
temporal relationship between the intrusive and mineralizing events was predicted by
Fleming et al. (1986) and Handley and Bradshaw (1986) and tested by Richards and
McDougall (1990). Richards and McDougall (1990) dated hydrothermal sericite from
alteration associated with stage I mineralization and roscoelite intergrown with gold in
stage II veins using the K-Ar technique, but pure mineral concentrates in the amount
required for K-Ar analysis could not be obtained, and the quartz contamination in
roscoelite separates contained excess “Ar (probably in fluid inclusions). In addition,
sericite and roscoelite are prone to Ar loss because they are extremely fine-grained, and
therefore the broad age range for these minerals of 5.1 to 6.1 Ma obtained by Richards
and McDougall (1990) probably reflects both the effects of excess *0Ar and minor
radiogenic *°Ar loss.

In this paper, we’readdress the question of longevity of the ore-forming
hydrothermal system at Porgera by dating new samples of roscoelite from the youngest
stage of veining, using the **Ar/*®Ar laser probe step-heating method. Samples of
biotite from alteration selvages of the earliest veins were also dated in order to bracket
the duration of the mineralizing event at Porgera. Magmatic hornblende and biotite
from individual intrusions of the PIC were dated to confirm the original ages obtained

using the furnace-based “Ar/° Ar step-heating method.

Geologic setting

The Porgera gold deposit is spatially, temporally, and genetically associated with
shallow level, mafic, sodic-alkalic intrusions, termed the Porgera Intrusive Complex
(PIC; Fleming et al., 1986; Handley and Henry, 1990; Richards, 1990; Richards and
McDougall, 1990; Richards et al., 1991; Fig. 2-2). In the absence of an appropriate
classification scheme for hypabyssal rocks, Richards (1990) used the nomenclature for
volcanic rocks (LeBas et al., 1986) and classified the intrusions as an alkali basalt—
hawaiite—mugearite fractionation suite based on their sodic chemical composition

(Fig. 2-3). The magmas were emplaced into late Cretaceous calcareous shales and

6
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black (carbonaceous) mudstones and siltstones deposited on the margin of the
Australasian continental plate (Chim Formation; Davies, 1983; Gunson et al., 2000).
The depth of emplacement of the eXposed intrusions is estimated to be approximately
2.5 km based on stratigraphic reconstructions (Davies, 1983, 1990; Fleming et al.,
1986; Gunson et al., 1997). The intrusions occur as small balloon-shaped stocks with
narrow contact halos (of a few meters to a few tens of meters) in the sedimentary rocks
around them, and are interpreted to be apophyses derived from a much larger pluton at
depth, as indicated by a circular aecromagnetic anomaly five kilometers in diameter
(Fig. 2-2).

Although the chemical and petrologic compositions of the intrusions suggest a
temporal evolution from mafic alkali basalts through intermediate hawaiites to
relatively felsic mugearites, a clear temporal sequence of intrusions could not be
determined from cro$s-cutting relationships. All intrusions are deuterically altered to
variable degrees, and all intrusive phases appear to pre-date ore deposition because

they host mineralized veins.

The Porgera gold deposit

Ore deposition at Porgera occurred in two main stages, preceeded by a
subeconomic set of magnetite-rich veins. These pre-stage I veins occur in the deep
central parts of the mine approximately 600 m below the bottom of the current open pit,
and are characterized by magnetite-pyrite-chalcopyrite-pyrrhotitetgold in carbonate
gangue with minor quartz. Preliminary microthermometric analyses on fluid inclusions
in rare quartz indicate higher temperatures of formation of these veins (Th =354 £
43°C, n = 16) and higher salinity values {up to halite saturation at room temperature;
Ronacher et al., 1999). The magnetite-sulfide veins are locally cross-cut by stage I
veins and are therefore interpreted to represent an earlier, higher temperature stage of
hydrothermal activity and mineralization. The alteration selvages around these veins

contain fine-grained biotite, which has locally retrogressed to chlorite.
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Stage I is characterized by disseminated auriferous pyrite and by base-metal
sulfide-carbonate veins with pyrite, sphalerite, and galena as the dominant sulfides.
Chalcopyrite is rare, and gold is present only in minor abundance as inclusions of
native gold in pyrite and as refractory gold in arsenical pyrite. Complex Mn-Fe-Ca-Mg
carbonates and minor quartz form the gangue material in these veins. Fluid inclusions
in sphalerite and rare quartz in stage I veins exhibit an average homogenization
temperature (Th) of 299° £ 33°C (n = 274) and a salinity of 9.5 + 1.8 equivalent weight
percent NaCl (equiv. wt. % NaCl). The trapping temperature was estimated to be ~
325°C (Richards and Kerrich, 1993). Dominant alteration minerals in selvages around
stage I base-metal sulfide-carbonate veins are fine-grained muscovite and illite and
dolomitic carbonate.

Stage I, the main ore stage, consists of quartz-roscoelite (V-bearing mica, K[V*,
Al Mg],Al1S130,0[OH],) veins and breccia veins with pyrite, gold, and locally Au-Ag
tellurides. A typical stage II vein is characterized by a rim of very fine-grained quartz,
followed by a layer of fine-grained roscoelite intergrown with quartz, pyrite, and gold;
these layers are overlain by barren, coarse-grained comb quartz, and vuggy centers are
sometimes filled with Ca-Fe-Mg-Mn carbonate. Fluid inclusions in stage II comb
quartz exhibit an average Th of 146° £+ 13°C (n = 519) which is interpreted to be close
to the trapping temperature because of local evidence for phase separation in stage Il
quartz (Richards and Kerrich, 1993; Ronacher et al., 2000) The inclusions define a
bimodal salinity distribution with averages 0f4.2 £+ 03 (n=104)and 7.8 £ 0.7 (n =
346) equiv. wt. % NaCl (Richards and Kerrich, 1993).

Sample descriptions
Six mineral separates of hornblende, biotite, and roscoelite, representing
magmatic and hydrothermal minerals from five different samples, were selected for

Y Ar/? Ar analysis (Table 2-1).

Igneous Rocks
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Rambari Intrusion

Hornblende was separated from a gabbro cumulate from the Rambari intrusion in
the center of the PIC (sample 88-15; Figs. 2-2, 2-4a). Richards (1990) suggested that the
gabbroic intrusions represented the least evolved end member of a comagmatic
fractionation suite based on whole-rock geochemistry. PIC magmas define apparent
fractionation trends on diagrams of major element oxides versus SiO,. Their SiO;
contents are typically ~40-45 wt. % (Fig. 2-3), and rare earth and minor element patterns
are identical to the patterns of the more felsic magmas of the PIC (hawaiites,
mugearites). The gabbros contain clinopyroxene and olivine altered to carbonate and Fe-
oxides. The hornblende is pleochroic from dark brown to yellowish brown, and is of
magnesio-hastingsite composition (Richards, 1990). Poikilitic rims enclose
clinopyroxene, apatite, magnetite, and plagioclase. The gabbro is variably altered, and
hornblendes, where 4ltered, are typically green as opposed to the brown color of the
fresh hornblendes.
Peruk

Mineral separates of hornblende and biotite were analyzed from a porphyritic
hawaiite intrusion from the Peruk area (sample 88-20; Figs. 2-2, 2-4b,c). This intrusion
is of intermediate composition (47-50 wt. % SiO»; Fig. 2-3) and is characterized by
phenocrysts of clinopyroxene, apatite, magnetite, plagioclase, biotite, and hornblende.
The brown hornblende displays oscillatory zoning and is typically overgrown by sub-
ophitic dark brown rims. Locally, hornblende rims are altered to chlorite, but only
unaltered grains were picked for analysis. Biotite is strongly pleochroic from dark brown

to yellow-brown. Its composition is phlogopitic, as shown in Table 2-2.

Hydrothermal minerals
Biotite

Biotite from an alteration selvage from a magnetite-sulfide vein was separated in
order to constrain the age of the oldest mineralizing event at Porgera (sample P98-8; Fig.
2-5a). This biotite is distinct from primary biotite in the intrusions because it is finer-
grained and occurs pervasively dispersed in altered host alkali basalt. It is locally

retrogressed to chlorite but only the freshest, least altered grains were selected by hand
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picking. Alteration biotite is not only texturally but also compositionally distinct from
primary magmatic biotite because it is richer in Cl (0.17 versus 0.05 wt. %; Table 2-2),
whereas magmatic biotite is richer in Na,O (0.79 versus 0.43 wt. %; Table 2-2) and total
iron (FeO = 15.80 versus 13.19 wt. %; Table 2-2). The sample contains abundant
disseminated magnetite and minor chalcopyrite, pyrite, and pyrrhotite.

Roscoelite

Roscoelite is intimately intergrown with gold and pyrite in stage II veins, and
therefore its age represents the age of the gold mineralization. The stoichiometric
formula of roscoelite is K(V**, Al, Mg),AlS130¢(OH);, (Gaines et al., 1997) which is
equivalent to muscovite except that the octahedral aluminum is partially substituted by V
and Mg. However, Heinrich and Levinson (1955) observed on X-ray powder patterns
that muscovite and roscoelite have different inter-layer spacings and therefore they
concluded that roscoelite cannot be thought of as a vanadiferous muscovite but must be
considered as a separate mineral. The optical properties of roscoelite were summarized
by Wright (1914) who described roscoelite as an “olive-brown to green” mineral
typically occurring as rosettes. The chemical composition of roscoelite from its type
locality at the Stockslager gold mine, El Dorado County, California, is shown in Table 2-
3 (Hiliebrand et al., 1899).

Two roscoelite samples from Porgera were selected for age determination.
Sample P41 is from a typical, layered, stage I quartz-roscoelite vein consisting of bands
of very fine-grained quartz intergrown with very-fine grained crystals of light green
roscoelite, followed by layers of green to brown rosettes of roscoelite intergrown with
tetrahedrite, and overgrown by coarse grained comb quartz (Fig. 2-5b). In sample P43
bands of fine-grained roscoelite intergrown with pyrite in fine grained quartz alternate
with bands of coarse-grained comb quartz (Fig. 2-5¢). Both samples are from veins
hosted by the HD3 intrusion (Fig. 2-2). The chemical compositions of the two roscoelite
samples were determined using an electron micro-probe and representative analyses are
shown in Table 2-3. Concentrations of V,03 are up to 30 wt. %, and are higher than
V,0j3 concentrations in roscoelite from the type locality (Table. 2-3). The Porgera
roscoelites contain up to 0.44 wt. % CryOs3. No chromium analyses exist for the type-

locality roscoelite for comparison, but compared to analyses of the vanadium mica from
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the Hemlo gold deposit, Ontario, Canada, the Porgera roscoelite contains higher
concentrations of Cr,0O3 (Hemlo: average Cr,0; = 0.23 wt. %, n = 10; Pan and Fleet,

1992).

Methodology

The CO, laser based *’Ar/*?Ar step-heating technique used in this study shows
significant advantages over the K-Ar, the furnace-based *’Ar/* Ar step-heating, and the
Y A1/* Ar single-step laser fusion methods (McDougall and Harrison, 1999; Villeneuve
and Maclntyre, 1997): (1) potassium concentration does not have to be analyzed as in the
K-Ar method, so no separate sample aliquot is required; (2) very small sample sizes are
sufficient (e.g., 3-5 grains of mica of <1 mm in diameter for Mesozoic to Tertiary
samples; less for older material) so that maximum purity of the separate can be more
easily attained; (3) the relatively large beam diameter of the CO, laser allows even
heating of the whole sample in controlled step-increments (as opposed to spot analyses);
(4) the 10.6 um wave length of the CO; laser couples well with most minerals used in Ar
geochronology; and (5) the relatively small volume of the extraction system yields low
Ar blanks (Hodges, 1998; McIntosh and Heizler, 1994).

Biotite and hornblende mineral separates for laser *’Ar/*’ Ar analysis were
prepared by crushing the samples with a steel pestle and mortar, sieving to a grain size of
0.15 to 0.5 mm, and washing in an ultrasonic bath to remove fine dust adhering to the
mineral grains. Heavy liquid separation was carried out using a mixture of
tetrabromoethane and methylene iodide for samples 88-15 and 88-20, and the separates
were washed in acetone and deionized water multiple times.

Roscoelite was drilled out of the hand specimens using a carbide-tipped drill.
Those roscoelite samples intergrown with quartz were broken off the hand sample and
crushed with an agate pestle and mortar. All samples were hand-picked under a binocular
microscope in order to obtain pure separates. Roscoelite is typically finely intergrown
with quartz, and the samples were hand picked to maximize roscoelite:quartz ratios.
Grain size ranges from 0.1 to 1.0 mm.

11
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At the Geological Survey of Canada laboratories (Ottawa, Ontario), about 20 to
40 grains of the separates were loaded into 3 mm x 3 mm aluminum foil packets along
with a single grain of Fish Canyon Tuff Sanidine (FCT-SAN) to act as flux monitor
(apparent age of 28.03 + 0.18 Ma; Renne et al., 1994). The packets were placed into six
tubes arranged radially in an aluminum can of 40 mm length x 19 mm diameter. Samples
were irradiated for 2 to 12 hours at the research reactor of McMaster University,
Hamilton, Ontario, in an approximate fast neutron flux of 4 x 10'® neutrons cm™s™. The
J-factor was interpolated from up to ten monitors that were interspersed along the entire
40 mm length of the irradiation canister.

Upon return from the reactor, samples were split into two to three multiple-grain
aliquots and loaded into individual holes of 4 mm depth x 1.5 mm diameter in a copper
planchet. Each aliquot was independently step heated in 3 to 11 increments, from 0.1 to
20 % of the nominallaser power of 10 watts, using a Merchantek® MIR-10 10W CO,
continuous laser (wave length = 10.6 pm) equipped with 2 mm x 2 mm flat-field lens,
obviating the need for beam panning and allowing for step-heating of the whole aliquot
by incrementally increasing the laser power (instead of total fusion of a spot). Data
collection protocols follow those detailed in Villeneuve and Maclntyre (1997) and data
reduction procedures for individual aliquots follow Roddick (1988) and Villeneuve and
MaclIntyre (1997) where the decay constant used is from Steigér and Jager (1977).
External error in the J-factor (£ 0.5%, 1o) is applied to the final age, but the uncertainty

on the age of the flux monitor is not.

Results

Analytical results are presented in Table 2-4 and Figures 2-6 to 2-9. All results
are reported with errors at the 2o level of uncertainty unless otherwise stated. Gas-
release plots containing all individual gas release steps are shown as inserts in the inverse
isochron plots for illustration and comparative purposes (Roddick et al., 1980). Two to

three aliquots of each sample were analyzed and the combined gas released is plotted
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cumulatively on one diagram with the individual aliquots indicated in different shadings.
The inverse isochron plots were constructed primarily using those steps that contained
the highest proportion of radiogenic *°Ar, and these steps are marked by arrows above
the heating steps in the gas-release plots. All dates and uncertainties were calculated by
regression through points representing the marked steps (Roddick, 1988; York 1969).
The inverse isochron treatment provides a mechanism for delineation of any excess “*Ar
component and facilitates the interpretation of multi-component mixing data (Roddick et

al., 1980).

Igneous rocks
Peruk

Both hornblende and biotite were analyzed from the sample from the Peruk area
(sample 88-20). Biotite gave a date of 5.99 + 0.11 Ma (MSWD = 3.7, Fig. 2-6a),
excluding the two last steps of aliquot B. Although these two steps are relatively
radiogenic, they appear disturbed relative to the steps in aliquot A. The individual steps
exhibit relatively small errors, and the MSWD value of 3.0 is reasonable for YA Ar
laser step heating analyses.

All heating steps from the hornblende separate from sample 88-20 were used to
calculate a date 0of 6.35 +0.23 Ma (MSWD = 1.0; Fig. 2-6b). The low MSWD value of
1.0 indicates excellent correlation of data points for this hornblende separate. The error
on the calculated age is slightly larger than for the biotite, however, because of smaller
concentrations of K in hornblende and consequently the smaller amounts of radiogenic

“Ar relative to the trapped Ar and blank.

Rambari

The three aliquots of the Rambari hornblende separate gave reproducible results,
although the highest temperature steps of aliquot A (steps at 5.0%-12.0% of the total
laser power) show deviation from the mixing line derived from aliquots B and C (sample
88-15; Fig. 2-7; Table 2-4). The steps at 5.5% and 12.0% laser power appear to be
dominated by atmospheric Ar, whereas the 5.0% step shows a component of excess PAr
(“Ar*®Ar = 341 + 18). Regression through the most radiogenic steps results in a five
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point isochron date of 6.3 + 0.7 Ma (MSWD = 2.6). Due to the relatively large error

associated with this date, it is reported to one decimal place only.
Hydrothermal minerals

Biotite

Two aliguots of biotite from the alteration selvage of early magnetite veins were
analyzed (sample 98-8). For calculation of the regression line, the two lowest and the
two highest temperature steps of aliquot A and the three lowest temperature steps of
aliquot B were omitted because they show the presence of either excess P Ar or are
dominated by atmospheric Ar (Fig. 2-8). A date was determined by regression through
the radiogenic steps and atmospheric Ar, yielding an apparent age of 5.98 £ 0.13 Ma
(MSWD =2.7). .

Roscoelite

A date for stage II roscoelite of 5.92 + 0.09 Ma (MSWD = 2.0; Fig. 2-9a) was
obtained from sample P41, where the lowest temperature (< 2.3% laser power) and
highest temperature (= 6.2% laser power aliquots A and C; = 7.0% laser power aliquot
B) steps of each aliquot were omitted from the regression line for similar reasons to
above. For the second roscoelite sample (P43) only the least radiogenic steps scatter
from the line, again suggesting the presence of small amounts of excess “Ar. However,
the most radiogenic components display a relatively linear trend, and using these steps to

calculate the regression line gives a date of 5.92 + 0.17 Ma (MSWD = 2.0; Fig. 2-9b).

Discussion

Age of the Porgera Intrusive Complex
Richards and McDougall (1990) determined an average age for the PIC of 6.0 £
0.3 Ma using the K-Ar and the furnace-based *’Ar/*°Ar techniques. Their *°Ar/*Ar step-
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heating spectra of hornblende were saddle-shaped indicating the presence of excess “Ar,
which they discussed in detail. Nevertheless, the central parts of the spectra yielded
plateaux, and Richards and McDougall (1990) used these plateaux to calculate ages for
magmatic hornblende that were identical within error to the ~6.0 Ma ages for biotite
obtained using the K-Ar technique.

As a check on these results using new laser sampling technology, three of the
samples of magmatic hornblende and biotite dated by Richards and McDougall (1990)
were re-analyzed in this study. Biotite from Peruk (sample 88-20) yielded a date of 5.99
+0.11 Ma (MSWD = 3.7, Fig. 2-6a), whereas hornblende from the same intrusion
yielded a date of 6.35 + 0.23 Ma (MSWD = 1.0; Fig. 2-6 b). Hornblende from the
Rambeari intrusion (sample 88-15) yielded a date of 6.3 £ 0.7 Ma (MSWD = 2.6; Fig. 2-
7). At first glance, the hornblende samples appear to be older than the biotite. We do not
believe that this appdrent age difference is real, however, and argue that biotite is
providing a more accurate age of magmatic emplacement for two reasons. Firstly, the
low gas yields of the hornblende samples and the resultant relatively large errors, suggest
that these dates should be viewed with caution. Secondly, hornblende in these samples is
known to contain excess “’Ar. Using the furnace-based **Ar/*’Ar step-heating method,
Richards and McDougall (1990) were able to resolve the Ar spectrum from a large
aliquot of hornblende from sample 88-15 into 19 steps, from which a well-defined
inverse isochron age of 5.97 + 0.19 Ma was calculated. This age agrees closely with
those obtained by K-Ar and *°Ar/*° Ar for magmatic biotite. We conclude that the smaller
number of steps obtained from these hornblende samples by laser step-heating was
insufficient to resolve fully the effect of excess *’Ar in this case. Finally, it might be
supposed that the younger dates returned by igneous biotites are due to overprinting by a
hydrothermal event at ~6.0 Ma, which did not affect the hornblendes. However, the
intrusive rock samples chosen for dating were selected specifically for their minimal
degree of alteration, and biotites hand-picked from these samples are very frésh.
Moreover, their compositions are distinct from those of hydrothermal biotites (Table 2-
2). We therefore conclude that the biotite date of 5.99 + 0.11 Ma provides the best

estimate for the age of the intrusive complex.
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Age of ore deposition

Based on K-Ar dating of alteration minerals, and K-Ar and *°Ar/*°Ar dating of
igneous biotite and hornblende, Richards and McDougall (1990) suggested that ore
deposition at Porgera occurred within 1 m.y. of the time of emplacement of the PIC at
6.0 £ 0.3 Ma, but they were unable to constrain the timing of mineralization more
precisely. The hydrothermal minerals analyzed in this study yield analytically well
defined dates for early and late stages of ore deposition, and these dates help constrain
the relationship between ore formation and magmatism.

Biotite P98-8 from the alteration selvage of an early magnetite-sulfidetgold vein
yielded a date of 5.98 + 0.13 Ma (MSWD = 2.7; Fig. 2-8). The inferred temperature of
hydrothermal fluids in these veins (~350°C) is close to the Ar closure temperature in
biotite (~250°-350°C; McDougall and Harrison, 1999), and therefore this date is
interpreted to represent closely the age of alteration (rather than cooling), and by
inference the age of mineralization. These veins are paragenetically the earliest in the
deposit, and this date is therefore interpreted to reflect the age of the onset of
mineralizing hydrothermal activity at Porgera.

The age of the main ore-bearing quartz-roscoelite-gold veins which represent the
last significant pulse of mineralization, was determined by analyzing roscoelite. The best
result was obtained from sample P41, which yielded a date of 5.92 + 0.09 Ma (MSWD =
2.0; Fig. 2-9a); roscoelite P43 yielded an identical but slightly less precise date of 5.92 +
0.17 Ma (MSWD = 2.0; Fig. 2-9b). Both dates are interpreted to reflect the age of
formation of roscoelite from low temperature hydrothermal fluids (140°-160°C, based
on inferred trapping temperatures measured in quartz from quartz-roscoelite veins;
Richards and Kerrich, 1993; Ronacher et al., 2000), and their average age of 5.92 = 0.08
Ma is considered to be the age of stage Il ore deposition (weighted mean of the error
calculated using the program ISOPLOT; Ludwig, 1991). The ages for alteration biotite
and vein-hosted roscoelite overlap within error, which suggests that the different stages

of ore formation were separated by less than 0.26 m.y.
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Life-span of magmatism and mineralization at Porgera

No age difference could be resolved between the individual intrusions of the
PIC in this study or in the previous study by Richards and McDougall (1990),
suggesting that the intrusions cooled quickly (probably within 0.1 m.y. of
emplacement). Such a result is geologically reasonable given the small size of the
intrusions (<500 m in diameter) and their isolated, shallow-level emplacement into wet,
poorly consolidated sediments (peperitic contacts are commonly observed). The short
cooling period of the PIC is also consistent with results on the solidification of plutons
obtained by Jaeger (1968) and with the modeling of Shinohara and Hedenquist (1997),
who showed that a 5 km-thick magma chamber would crystallize within 120,000 years,
whereas a chamber of 1 km thickness would solidify in only 6000 years. Results on the
same order of magnitude were obtained by Marsh et al. (1997), who suggested based
on numerical models-that an intrusion 500 m in diameter would cool within less that
40,000 years, and that hydrothermal circulation would have the effect of shortening that
time span. Cathles et al. (1997) also showed that if hydrothermal circulation occurred,
even large intrusions would cool “in at most a few tens of thousands of years”.

The duration of the mineralizing system at Porgera is constrained by the age of
hydrothermal biotite from alteration associated with early high-temperature magnetite-
sulfide-gold veins, and the age of roscoelite that is intimately intergrown with gold in
late quartz-roscoelite-gold veins and breccias (5.98 £ 0.13 Ma and 5.92 + 0.08 Ma
respectively). Hydrothermal activity continued beyond this stage, but is manifested
only by deposition of barren quartz and carbonate veins, and late sulfate (anhydrite)
veins.

The ages of hydrothermal biotite and roscoelite overlap within error, and also
overlap with the age of magmatism (5.99 + 0.11 Ma), indicating that the combined
duration of the intrusive and mineralizing events at Porgera was <0.26 m.y. This result
is comparable to estimates for the duration of hydrothermal activity at the Far South
East and Lepanto deposits, Philippines (<0.25 m.y.; Arribas et al. 1995). Furthermore,

the result is in agreement with Marsh et al.’s (1997) conclusion that the life-span of
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many hydrothermal systems cannot be resolved with currently available

geochronological techniques.

Comparison of K and Ar-based dating techniques

Three techniques based on the radioactive decay of “°K were used in an attempt to
constrain the age of magmatic and hydrothermal minerals by Richards and McDougall
(1990) and in this study. Each of these techniques showed distinct strengths and
weaknesses. The laser *°Ar/*?Ar step-heating technique proved to be suitable for
analysis of very small samples where the amount of material required for furnace-based
techniques is not available, and it is therefore the method of choice for dating the very
fine-grained hydrothermal minerals of which only small amounts of pure separates can
be obtained. Roscoelite, for example, is intergrown with quartz containing excess “PAr,
and therefore it is essgntial to analyze only the purest mineral separates that are free of
quartz. However, the potential problem of Ar loss due to the fine grain size of these
minerals, and the problem of small amounts of excess *’Ar in roscoelite and biotite
cannot be resolved even with the laser probe.

For the magmatic minerals, the furnace-based VarPAr technique and, for biotite,
the K-Ar method provided equally well or better constrained dates, because the greater
amount of sample material used yielded more radiogenic Ar allowing for higher
resolution of the gas release spectra, which facilitates interpretation of multi-
component mixing trends and probably helps resolving the problem of excess *°Ar in

these samples better than laser step-heating technique.
Summary and conclusions

Laser *°Ar/*Ar age dating of magmatic biotite and hornblende (5.99 + 0.11 Ma),
representing the intrusive event, and of hydrothermal biotite (5.98 £ 0.13 Ma) and
roscoelite (5.92 + 0.08 Ma), representing the mineralizing event, show that the life-span
of the magmatic and mineralizing system at the Porgera gold deposit, Papua New

Guinea, was less than 0.26 m.y. The age differences between the intrusive and
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mineralizing events, and between the individual stages of the of ore deposition, are too

small to be resolved with currently available geochronological techniques.
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Table 2-1: Apparent ages, MSWD values, and “°Ar/*®Ar of
the analyzed minerals.

Sample  Mineral Age MSWD  “°ArPPAr
88-20 Biotite 5.99+0.11 3.7 295.5
88-20 Hornblende 6.35+0.23 1.0 31149
88-15 Hornblende 6.3 +0.7 2.6 341+18
P98-8 Biotite 5.98+0.13 2.7 2955
P41 Roscoelite 5.92+0.09 2.0 295.5
P43 Roscoelite 5.92 +0.17 2.0 32046
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Table 2-2: Chemical compositions of magmatic
biotite (sample 88-20) from the hawaiitic Peruk
intrusion, and hydrothermal biotite from the
alteration selvage of magnetite-sulfide-gold
veins (sample P98-8), determined by electron
microprobe. Atomic proportions (atom. prop.)
calculated based on 22 oxygens.

Biotite
88-20 P98-8
wt % atom. wt % atom.
prop. prop.

SiO; 37.67 5.52 38.39 5.563
TiO, 3.62 0.40 3.98 0.43
AlbO; | 14.16 242 14.65 2.49
Cr,0; | 0.02 0.00 0.03 0.00
FeO 15.80 1.94 13.19 1.59
MnO 0.27 0.03 0.11 0.01
MgO 16.12 3.52 17.30 3.72
Ca0o 0.02 0.00 0.08 0.01
Na,O 0.79 0.22 0.43 0.12
K20 9.26 1.73 9.48 1.74
V203 0.00 0.00 0.00 0.00
F 0.04 0.02 0.05 0.02
Cl 0.05 0.01 0.17 0.04
Totals | 97,82 1582 | 97.86  15.70
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Table 2-3: Chemical compositions of roscoelite P41 and P43 (determined by
electron microprobe) in comparison with Hillebrand’s (1899) analysis of
roscoelite from its type locality in the Stockslager mine, California. Atomic
proportions (atom. prop.) calculated based on 22 oxygens.

P41 P43 Hillebrand,

1899

wt % atom. prop. wt % atom. prop. wt %

SiO, 45.86 6.74 45.60 6.71 45.17
TiO, 0.08 0.01 0.08 0.01 0.78

Al O3 7.69 1.33 8.37 1.45 11.45
Cry03 0.44 0.05 0.40 0.05 n.a.
FeO 0.16 0.02 0.29 0.04 1.60
MnO 0.01 0.00 0.02 0.00 n.a.
MgO 0.91 0.20 1.09 0.24 1.64
CaO 0.02 0.00 0.02 0.00 n.a.
NayO 0.01 0.00 0.05 0.02 0.06

KO 9.53 1.79 9.81 1.84 10.37
V203 30.02 3.54 28.88 3.41 24.01
F 0.00 0.00 0.00 0.00 0.00
Ci 0.00 0.00 0.00 0.00 n.a.

Totals 94.73 13.69 94.61 13.77 95.08
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Table 4: Analytical details of the “*Ar/°Ar analyses

Power®  Volume *Ar S Ar ¥ Arf°Ar Sarr ar “ar®ar %¥Ar PArAr f®  Apparent Age
x10™" cc Am® (%) Ma®
88-20 Hornblende; J=.00047050
Aligwot: 4
3.9 0.0691 0.6129£0.0582 10.2234137.399 0.023+0.043 197.689+18.641 91.6 16.565:25.042 1.2 14.01£21.09
5.0 0.5235 0.0400£0.0027 5.886+31.471 0.029£0.003 20.311%£0.598 58.2 8.483+0.841 8.9 7.191£0.71
12.0 0.7211 0.0265£0.0016 6.939:17.338 0.028+0.002 15.377%£0.338 510 7.54210.417 12.3 6.3910.35
Aliquot: B
3.9 0.1296 0.4668+0.0227 7.740+63.527 0.041£0.009 152.305+6.341 906 14.371:8.975 22 12.1647.57
S.0 0.7680 0.028310.0018 6.135225.918 0.028+0.003 16.497+0.388 506 8.144£0.569. 131 6.90+0.48
12.0 1.0178 0.0164+0.0018 7.143126.084 0.026£0.002 12.437+0.303 389  7.593:0.491 173 6.4310.42
Aliguot: C
39 0.1053 0.830710.0297 10.7774£30.919 0.02410.014 26281115380 934 17.346+9.956 1.8 14.6618.38
5.0 0.8414 0.04424£0.0016 6.431+20.424 0.02820.002 21.510£0.401 60.7 8.447+0.514 143 7.164£0.44
12.0 1.7108 0.0182t0.0007 7.082+17.012 0.028£0.001  13.208+0.215 407 7.832+0.248 291 6.6440.21
88-20 Biotite; J=.00048180
Aliquot: A
24 0.0440 0.13974£0.0250 1.321+144.695 0.074+£0.024 46.16616.593 894 4.892+7.549 0.4 4.2516.55
34 0.6161 0.0282£0.0014 0.098:51.626 0.011£0.003 15.007+0.416 5586 6.66910.383 5.0 5.7940.33
4.4 1.0130 0.010210.0009 0.037+38.333 0.017+0.000 9.766+0.216  30.9 6.747+0.187 8.2 5.86£0.16
55 1.3828 0.007810.0006 0.033:40.464 0.01520.001 9.05820.160 253 6.767£0.126 11.2 5.87+0.11
12.0 0.5119  0.0095:0.0021 0.103x117.964 0.015£0.002 9.570+0.427 29.2 6.773+0.500 4.1 5.8810.43
Aliquot: B
2.8 0.3011 0.0844:£0.0028 1.042+28.650 0.029:+0.003 32.719+0.742 76.3 7.769+0.657 24 6.7410.57
3.4 1.5723 0.0129+0.0008 0.096%71.311 0.015£0.001 10.957+0.156 34.7 7.159+0.205 12.7 6.21£0.18
4.4 24639 0.0058+0.0003 0.136+40.349 0.01310.000 8.600+0.097 193 6.93820.07¢ 199 6.02+0.07
5.5* 3.0209 0.0029+0.0005 0.073+31.111 0.014£0.000 8.51110.076 9.9 7.666x0.147 244 6.6540.13
12.0¢ 1.4441 0.0045£0.0007 0.028+71.130 0.016+0.001 8.59810.169 153 7.279x0.171 117 6.32+£0.15
Aliguot: C
88-15 Hornblende; J=.00046770
Aliguor: A
2.8* 0.0138  1.8491x0.3116 8.627+241.872 0.016+0.092 577.241+94.371  94.7 30.829+130.313 0.2 25.831108.39
3.9* 0.0545 0.400810.0352 3.241+86.384 0.060+£0.020 134.613+8.051 88.0 16.170112.089 0.9 13.59410.12
4.5 0.1924 0.0905:0.0053 5906%53.314 0.023£0.007 38.0164£1.753 70.5 11.231+1.834 32 9.4541.54
5.0* 0.5316 0.0192£0.0019 5.840+19.019 0.030£0.003 15.18310.533 374 9.504£0.575 8.9 8.00+0.48
55" 0.1199 0.0770£0.0089 5.532+68.364 0.037£0.010 29.463:2.160 77.2 6.713£2.472 2.0 5.66+£2.08
12.07 0.1892 0.0949:+0.0058 6.281+24.345 0.008:£0.011  34.16411.090 82.1 6.12841.467 34 5.16+1.23
Aliquot: B
3.9* 0.2014 0.473410.0194  7.104%48.955 0.027£0.010 153.996+4.994 90.8 14.102t£7.474 3.4 11.86+6.27
5.0 14976 0.0283£0.0008 5.802+12.986 0.025£0.002 17.470+0.410 478 9.097+0.438 25.2 7.66%0.37
12.0 1.1866 0.0228:0.0019  6.142:19.260 0.028+0.002 14.69410.376 459 7.9504£0.624 19.9 6.70£0.53
Aliquot: C
3.9 0.1109 0.5252:0.0375 8.089+88.512 0.01810.018 175.293£10.534 88.5 20.108%15.087 1.8 16.89+12.61
5.0 0.5804 0.050310.0034 6.049+33.347 0.026£0.004 24.161+0.681 616 9.289%1.126 8.9 7.82+0.95
12.0 1.2544 0.0177£0.0008 6.323+21.017 0.028+0.002. 13.452£0.298 389 8.226+£0.302 211 5.9340.25
P98-8 Biotite; J=.00199730
Aliguor: 4
20" 0.0454 0:0553:£0.0149 0.513+£122.113 0.234£0.025 63.06216.924 259 4672615376 0.2 180.97x17.72
23 0.0718 0.1073£0.0137 0.327+108.982 0.235:£0.019 32.700+3.446 97.0 0.988+3.569 0.3 3.56112.84
27 0.1370 0.0653x£0.0052 0.102+204.165 0.213£0.005 20.52611.473 94.0 1.229+0.523 0.5 4.421+1.88
34 1.1158  0.1244+0.0028 0.055:76.134 0.185x0.006 38.828:0.831 947 2.056+1.172 4.4 7.39+4.21
4.0 1.5211  0.0661£0.0017  0.028+72.906 0.19210.003 21.731%0.221 89.9 2.19310.506 6.0 7.88+1.81
4.8 2.9677 0.0537+0.0011 0.015£33.744 0.1870.003 17.514£0.168 90.6 1.65240.365 11.6 5.94:1.31
55 1.6497 0.1310£0.0017 0.008+238.577 0.186+0.004 41.210+0.286 93.9 2.49510.569 6.5 8.97+2.04
7.0 0.4971 0.1885z0.0066 0.024189.861 0.164£0.009 59.07811.093 943 3.377+2.169 20 12.1327.76
12.0 0.1686  1.1571x0.0208 0.114+110.446 0.2401£0.024 344.033+4.482 994 2.111%7.432 0.7 7.59+26.67
Aliquot: B
2.7 0.3976 - 0.0818+0.0025 0.323167.621 0.157+0.005 27.604+0.685 875 3.441£0.701 18 12.3642.51
3.4* 1.5868 0.029710.00068 0.073179.036 0.168+0.003  11.024x0.187 79.6 2.246x0.192 6.2 8.07+0.69
4.0 16326 0.0097:0.0005 0.042+31.022 0.17710.003 459920129 62.2 1.738+£0.110 6.4 6.25£0.40
5.0 7.4077 0.0031£0.0002 0.019+38.451 0.166x0.002 2.49310.029 - 363 1.589+0.056 29.0 5.7210.20
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6.0 3.2880 0.0025:0.0004 0.011x50.380 0.161+0.002 2.382+¢0.065 31.2 1.646£0.081 12.9 5.92:0.33
12.0 3.0188 0.0019+0.0002 0016245170  0.1962£0.003 22210073 246 1.674+0.033 11.8 6.02+0.12
P41 Roscoelite; J=.00199480
Aliquot: A
20" 0.1823 0.2051+0.0059 0.061£124.592 0.034+0.004 69.133+1.246 877 8.52411.480 03 30.42+5.27
2.3 0.8128 0.0347:+0.0018 0.013+186.778 0.012:0.002 14.164+0.308 723  3.920:+0.516 1.5 14.05:1.84
3.0 51632 0.0030+0.0002 0.005198.864 0.00310.000  2.5774£0.042 34.3 1.693+0.047 96 6.0820.17
3.7 3.2904 0.0028+0.0004 0.005+272.824 0.003+0.000 2.531£0.063 328 1.700£0.102 6.1 6.11+0.37
43 2.0689 0.0097+0.0004 0.011£51.268 0.005+0.000 4.549:0.100 83.2 1.672+0.063 3.9 6.0120.23
55" 0.9053 0.3190+£0.0076 0.017£53.221 0.01130.003 96.275:0.986 97.9 2.019+2.444 17 7.25£8.76
6.2" 06254 0.8163+0.0127 0.023x41.145  0.009+0.004 186.750+3.785 975  4.646+5.309 12 16.64118.93
7.0* 0.1397 1.777240.0382 0.104167.404 0.071£0.012 545.101+8.753 96.3 19.925+14.156 0.3 70.32+49.00
7.8" 0.0960 1.1266+£0.0262 0.127£48.578  0.132120.009 371.679+5874 896 3B.757+9.279 0.2 134.35:31.00
12.0* 0.1543 0.3005£0.0070 0.092+83.418 0.159:0.008 153.895:2.008 57.7 6508522237 0.3 220.2247.43
Aliguot; B
2.0° 0.3166 0.268110.0084 0.040+129.740 0.030£0.004 - 79.435+1.559 99.7  0.199t2.284 0.6 0.7248.22
2.3 0.3279 0.0648+0.0034 0.028+385281 0.019+0.007 23.026£0.750 83.2  3.869:0.897 06 13.87+3.20
3.0 3.9676 0.0030+0.0002 0.006+69.412  0.004+0.001  2.521+0.053 24.7 1.646+0.035 7.4 5.91+0.13
37 6.6121 0.0012£0.0002 0.006£75.303  0.00310.001 1.89910.032 17.8 1.643+£0.046 * 12.3 5.9010.17
4.3 5.0379 0.0017+0.0001- 0.006+134.829 0.003+0.000  2.13510.043 23.9 1.62510.026 9.4 5.84+0.09
5.0 0.6122 0.01504£0.0017 0.024+122.890 0.007£0,002 6.111£0.352 723  1.693:0.416 1.1 6.08+1.49
55 0.26682 0.0297140.0028 0.053+56.893  0.024:0.008 10.722¢0.768 81.9 1.94410.379 0.5 6.98+£1.36
6.2 06245 0.0201+£0.0013 . 0.024+94.307 0.010+0.004 7.870:0.346 756 1.919£0.257 1.2 6.89+0.92
7.0 0.2463 0.2492+0.0063 0.041+201.138  0.030:30.002 81.668+1.834 90.2 8.019+£2.339 0.5 28.6318.28
12.0* 0.5324 0.1911£0.00684 0.042:94.664 0.042+0.003 69.266+1.456 81.5 12.790+2.339 1.0 45.4548.21
Aliguot: C
2.3* 2.5635 0.0594+0.0013 0.009+£52.126  0.006+0.001 20.394:+0.157 = 86.1 2.838+0.400 4.8 10.18+1.43
3.0 11.2397 0.0015x0.0002 0.005£24.657  0.002+¢0.000  2.136:0.020 20.6 1.697+0.044 20.9 6.1010.18
37 44441 0.0019£0.0002 0.008£38.895 0.002:0.000 2.198:0.048 252 1.64310.051 8.3 5.80+0.18
4.3 1.7021 0.00961£0.0004 0.017156.655 ~ 0.004+0.001  4.40910.128 8&4.1 1.585£0.077 3.2 5.69+0.28
12.0* 1.8622 0.0763x0.0020 0.0211£54.346  0.015x0.002 29.203:0.308 77.2 6.65110.661 3.5 23.78+2.35
P43 Roscoelite; J=.00196890
Aliguor: A
2.0 0.1402 0.1415x0.0070 0.059£270.4368 0.066+0.009 43.346+1.544 964 1.542£1.616 0.3 5.47+5.72
2.3 0.2371  0.0555:0.0045 0.034+321.108  0.048:0.004 18.050£0.937 90.9 1.644+1.111 0.8 5,83+3.93
2.7 1.1454 0.0113£0.0009 0.0131146.462 0.017£0.001 5.972£0.179 56.1 2.619+0.195 27 9.28+0.69
3.0 3.2314 0.0020+0.0003 0.006+£50.350  0.004:0.000° 2.282:£0.067 26.4 1.680+0.057 77 5.96+0.20
37 3.8045 0.0014£0.0003 0.006+71.780  0.003z0.000 2.082£0.055 19.2 1.682+0.062 9.3 5.97+0.22
4.3 1.2498 0.0043+0.0008 0.011+55.086  0.0090.001 2.999+0.163 428 1.714£0.198 3.0 6.08+0.69
5.0 0.3473 0.016610,0025 0.034155.028 0.01710.002 7.842£0.585 62.5  2.939+0.465 0.8 10.4111.64
6.2% 0.1870 0.045310.0042 0.0614£181.870 0.041+0.004 17.076%1.156 78.4  3.688x0.794 0.4 13.05+2.80
12.0* 0.1819 0.0461+£0.0041 0.042+441.704  0.091+0.004 44.469+1.170 30.7 30.835t0.832 0.5 106.33+2.79
Aliquot: B
2.0¢ 0.5338 0.1702+£0.0047 0.023+147.706  0.024+0.003 51.995+1.196 96.7 1.705+1.766 1.3 6.0418.25
2.3 0.7845 0.0368+0.0014 0.018157.721 0.013£0.002 12.447+0.328 87.3 1.586£0.378 1.9 5.62+1.34
27 27610 0.0045£0.0003 0.008£162.712 0.004£0.000 3.086%0.076 433 1.749+0.056 6.6 6.20+0.20
3.0 2.8886 0.0026+£0.0003 0.008+£53.783  0.003+0.000  2.446:0.071 30.9 1.692+0.073 6.9 6.0040.26
3.7 3.5891 0.0018£0.0003 0.007£51.534  0.003x0.000 2.234+0.058 24.1 1.696+0.059 8.5 6.0120.21
4.3 2.1744 0.003610.0003 0.009:63.196  0.004:+t0.001 2.798x0.097 375 1.74910.055 5.2 6.20+0.20
55" 0.7362 0.03814£0.0016 0.02112108.147  0.011:0.001 13.036£0.297 B86.4 1.769:0.410 18 6.27+1.45
12.0¢ 0.6303 0.2125:0.0054 0.026+139.803  0.028+0.002 69.798+1.080 80.0  7.014%1.885 1.8 24,7446.61
Aliquor: C
27 57040 0.0091:0.0002 0.007£46.295 0.00610.000 4.589+0.039 58.7 1.897£0.034 138 6.73t0.12
3.7 6.7231 0.0019£0.0002 0.007+82.229  0.003+£0.000  2.349+0.031 24.3 1.779£0.035 16.0 6.3120.12
12.0* 49174 0.0269+0.0004 0.008+52.570  0.010:0.001 11.91420.079 668 3.96120137  11.7 14.0210.48

a: As measured by laser in % of full nominal power (10W)
b: Fraction **Ar as percent of total run
c: Errors are analytical only and do not reflect error in irradiation parameter J
d: Atm = atmospheric
*: Step not included in age determination
Al uncertainties quoted at & level
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Figure 2-1:  Location of the Porgera gold mine in the fold and thrust belt of central

Papua New Guinea. This Pliocene belt marks the edge of the Australasian

continental plate. Modified from Richards and Kerrich (1993)
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Figure 2-2:  Schematic map showing surface expression of individual intrusions
from the Porgera Intrusive Complex (PIC), which are interpreted to be
apophyses of a larger pluton at depth indicated by an aeromagnetic anomaly
shown as dashed line. Also shown is the Roamane Fault, a late normal fault that
hosted the highest grade ore zones. Modified from Richards (1990)
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Figure 2-3: Total alkali-silica diagram showing the positions of hawaiite (i.e., sodic
trachybasalt) and mugearite (i.e., sodic basaltic trachyandesite). The dots
represent compositions of samples analyzed by Richards (1990), and the
squares represent compositions of the samples dated in this study. The Porgera
alkali basalts are cumulate phases. The samples plotted on the diagram were

recalculated to 100% on an H,O- and CO,-free basis.
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Figure 2-4: Photomicrograph of the magmatic minerals dated for this study taken in
plane polarized light. (a) Homblende from sample 88-15 from the Rambari
alkali gabbro intrusion; (b) biotite and (c) hornblende from sample 88-20 from

" the hawaiitic Peruk intrusion.
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Figure 2-5: Photomicrographs of the hydrothermal minerals analyzed taken in plane
polarized light. (a) Finely dispersed biotite from alteration selvages associated
with magnetite-sulfide-gold veins; (b) roscoelite (rosc) rosettes from sample
P41; and (c) fine-grained roscoelite (rosc) intergrown with pyrite (py) and

quartz overlain by a band of coarse-grained comb quartz from sample P43
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Figure 2-6:  Inverse isochron plots and gas-release diagrams of sample 88-20. (a)
biotite and (b) hornblende (hbl). The different shadings in the gas-release plots
represent individual aliquots of the sample. All aliquots were combined to
100%. The arrows indicate which steps were plotted on the inverse isochron

diagrams and used to calculate an age
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individual aliquots of the sample. All aliquots were combined to 100%. The
arrows indicate which steps were plotted on the inverse isochron diagram and

used to calculate an age
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Chapter 3

Evidence for fluid phase separation in high-grade ore zones at the Porgera gold deposit,

Papua New Guinea

A version of this paper was published in Mineralium Deposita, 2000, v. 35, p. 683-688.
The co-authors are J.P. Richards, Dept. of Earth and Atmospheric Sciences, University
of Alberta, Edmonton, Alberta T6G 2E3, Canada, and M.D. Johnston, Porgera Joint
Venture, P.O. Box 484, Mt. Hagen, Papua New Guinea

Introduction

The Porgera gold deposit is located in a Pliocene fold- and thrust-belt that forms
the highlands of Papua New Guinea (Fig. 3-1). With 10.8 million mined ounces of gold
and an 11 million ou;lce reserve, Porgera is one of the largest gold producers in the
South Pacific region.

The deposit is spatially, temporally, and genetically associated with a 6.0 £ 0.3
Ma-old mafic, alkalic intrusive complex emplaced at shallow crustal levels in
Cretaceous calcareous mudstones and carbonaceous siltstones (Davies 1983; Richards
1990; Richards and McDougall 1990; Richards and Kerrich 1993). Gold was
introduced in two stages (Fleming et al. 1986; Handley and Bradshaw 1986; Richards
and Kerrich 1993). Stage [ is characterized by zones of sericite-carbonate alteration
with disseminated auriferous pyrite, and sulfide-carbonatetquartz veins with pyrite,
iron-rich sphalerite, galena, and minor native gold (Au®). Previous studies of fluid
inclusions in sphalerite and rare early quartz from these veins yielded average
homogenization temperatures (Th) of 299° + 33°C (n =274) and salinities of 9.5 £ 1.8
(n = 142) weight percent NaCl equivalent (wt % NaCl equiv) with minor amounts of
CO; (up to 3.1 mole %,; Richards et al. 1997). Stage II mineralization consists of
quartz-roscoelite veins and hydrothermal breccias with locally abundant Au® or Au-Ag-
tellurides. The highest-grade ore zones (21000 g/t Au®) are structurally controlled by
the Roamane fault zone (Fig. 3-2), a late normal fault that post-dates all known

intrusions. Liquid-rich aqueous fluid inclusions in stage II quartz veins are
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characterized by an average Th of 146° + 13°C (n = 519), but salinities define a
bimodal population with average values 0f 4.2 £ 0.3 (n=104) and 7.8 £ 0.7 (n = 346)
wt % NaCl equiv. Fluid inclusions found in quartz directly associated with early
precipitation of roscoelite and gold near the vein margins belong dominantly to the
higher salinity group, whereas both types of inclusions are abundant in late vuggy
quartz (Richards and Kerrich 1993).

Handley and Bradshaw (1986) speculated, on the basis of comparison with
other epithermal systems, that the highest-grade stage II ore zone (Zone VII, Fig. 3-2)
was generated by fluid boiling. Richards (1992) and Richards and Kerrich (1993) also
suggested phase separation as a possible precipitation mechanism for gold based on
textural observations (e.g., matrix-supported hydrothermal breccias with clasts rimmed
by fine-grained silica), and Richards et al. (1997) presented a CO,-exsolution model
based on fluid inclusion gas-chromatographic data. However, unequivocal visual
evidence of phase separation was not found in the fluid inclusion record in these earlier
studies. Here we report new observations of coexisting primary liquid-rich and vapor-
rich (CO5-bearing) fluid inclusions in stage II quartz from high-grade zones of the
Porgera gold deposit, which provide direct evidence for phase separation during vein

formation.

Samples

Five samples of stage II quartz-roscoelite-Au® veins and breccias were selected
for study from high-grade ore zones, one of which was from the highest grade area of
the mine (Zone VII; sample P98-2204). Sample locations are plotted on Figure 3-2
where it can be seen that the samples were taken from various depths over a range of
more than 250m. Four vein samples were taken from drill core, and one breccia sample

(P98-2204) was collected from an abandoned stope in the underground workings.

Vein textures
Stage II quartz-roscoelite-Au® veins range from a few millimeters to several

centimeters in width. Typically, the vein edge is rimmed by a band of very fine-grained

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



quartz where workable fluid inclusions are not present; qualitative electron microprobe
analyses show that minor amounts of Ca-Fe-Mg carbonate, barite, anhydrite, and pyrite
are intergrown with this quartz. These layers are succeeded by bands of fine-grained
roscoelite-quartz-pyritexAu®/Au-Ag-telluride, followed in turn by coarse-grained,
barren comb quartz (Fig. 3-3). Repetition of this sequence is common, giving the veins
a banded appearance. Vein centers are vuggy, sometimes with a late filling of Ca-Fe-
Mg carbonate or gypsum. Quartz-roscoelite-Au® veins locally grade into hydrothermal
breccias in which the highest grades of gold are found. The breccias are matrix-

supported, with the matrix showing a similar paragenesis to the veins described above.

Analytical Techniques

Fluid inclusion microthermometry was conducted on a Linkam THMSG 600
heating-freezing stage, calibrated with synthetic fluid inclusions produced by Syn
Flinc®. Measurements below 31.1°C (the critical point of CO,) are accurate to within
+0.1°C, and measurements above this temperature to within +1°C.

Calculation of salinity from ice melting points assumes the applicability of the
NaCl-H;,0 system as modeled by Bodnar (1993). The presence of clathrate in many
inclusions indicated by sudden bubble movement upon heating to 10°C suggests that
such calculations may overestimate true salinity (Hedenquist and Henley 1985; Collins
1979). However, no liquid-rich aqueous fluid inclusions contained liquid CO,, so
clathrate melting points could not be used to calculate fluid salinities. Richards and
Kerrich (1993) calculated a maximum error of +3 wt % NaCl equiv for fluid inclusions

in which clathration was significant.

Fluid inclusions

Primary fluid inclusions were studied from bands of clear quartz immediately
adjacent to or between roscoelite-Au®-rich bands (intergrown on a scale of tens to
hundreds of micrometers) because of the lack of preservation of fluid inclusions in the

very fine-grained auriferous vein margins. Thus, although these inclusions are not
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strictly coeval with periods of gold deposition, their entrapment immediately followed,
or was bracketed by, these events.

The observed fluid inclusions are small (5-10um) and commonly irregularly
shaped. Typically, they are two phase liquid-rich inclusions with a small vapor bubble.
However, rare vapor-rich primary fluid inclusions are also observed coexisting with
liquid-rich inclusions in these samples (Fig. 3-4). Groups of coexisting vapor- and
liquid-rich inclusions are termed boiling assemblages throughout the rest of this paper,
although as is discussed below, this process actually involved separation of a CO,-rich
vapor rather than steam. It was not possible to measure Thy, for the vapor-rich
inclusions because typically they are completely dark and no changes were visible upon
heating. The Th, and salinity values for liquid-rich inclusions from boiling
assemblages and from groups of liquid-rich-only inclusions are presented in Figures
3-5 and 3-6, and summarized in Table 3-1. The Thy, values are statistically
indistinguishable for inclusions from boiling assemblages (Th) = 154 + 16°C, n = 80,
excluding one group of seven inclusions with Th > 220°C) and for groups of liquid-
rich-only inclusions (Th = 146 + 14°C, n = 184). However, occasional Th values as
high as 280°C were measured for some inclusions from boiling assemblages (average
Thq,= 262 £ 18°C, n = 7, Figure 3-5a). Ice melting points of inclusions in liquid-rich-
only groups are bimodally distributed with average values of —2.8° + 0.3°C (equivalent
to 4.7 £ 0.5 wt % NaCl, n = 47) and -5.0° + 0.5°C (7.8 £ 0.7 wt % NaCl equiv,n =
137), similar to the distribution observed by Richards and Kerrich (1993). In contrast,
liquid-rich inclusions from boiling assemblages fall dominantly in the high-salinity
group and exhibit an average salinity of 7.8 £ 0.8 wt % NaCl equiv (n = 86).

Microthermometric measurements of the vapor-rich fluid inclusions were
generally impossible to make because of their dark appearance. Rarely, however, small
granules of solid were visible in these inclusions after freezing, which melted near
-56.6°C indicating the presence of CO;. A few groups of higher-density three-phase
inclusions were found in which liquid CO, was present at room temperature. Most of
these inclusions also contain significant amounts of water, and are interpreted to have

been heterogeneously trapped during phase separation. The carbonic phase in these
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inclusions melted between —56.6° and —57.1°C indicating the dominance of CO,,
although small amounts of CHs may be present as suggested by gas-chromatographic
analyses (Richards et al. 1997). Isochores for two CO,-rich vapor inclusions where
Thcoz could be measured (near-critical homogenization at 31.0°C) were estimated
using the program MacFlinCor (Brown and Hagemann 1994). Liquid-rich inclusions
coexisting with these vapor-rich inclusions homogenized between 157° and 161°C (n=
10), and 160°C is therefore interpreted to represent the trapping temperature (Tt).
Intersections of the CO; isochores with the 160°C isotherm indicate pressures of
between 250 and 340 bars at the time of trapping (Fig. 3-7). This range of pressure
reflects uncertainty in the calculation of isochores for critical compositions rather than
real pressure variations, although such variations are likely. Moreover, givén that many
vapor-rich inclusions contained no visible liquid CO; and were therefore of lower

density, these pressures likely indicate maximum values.

Discussion

Fluid inclusion assemblages indicating phase separation have been observed at
various levels of the Porgera mine over a depth range of more than 250m. Boiling
assemblages are preserved in bands of clear quartz adjacent to or between roscoelite-
quartz-pyrite-Au® bands. Few workable fluid inclusions are hosted by the roscoelitic
bands due to their very fine-grained nature, but the close spatial relationship between
quartz containing boiling assemblages and gold-rich roscoelitic layers suggests that
boiling may have been an important mechanism in gold deposition by destabilizing Au-
bisulfide complexes through loss of H,S to the vapor phase. Furthermore, the fine-
grained, fluid inclusion-poor nature of silica in the roscoelitic bands is an expected
cdnsequence of rapid precipitation from oversaturated fluids during phase separation
(Fournier 1985), as argued by Richards and Kerrich (1993).

Additional indirect evidence for the occurrence of phase separation is provided
by the occurrence of sulfate and carbonate minerals in the fine-grained siliceous vein
margins, and the negative 8°*S values of stage II sulfides (Richards and Kerrich 1993).

These observations are consistent with fluid oxidation and pH increase, both of which

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



can be attributed to phase separation (Drummond and Ohmoto 1985; Spycher and Reed
1989).

Phase separation was most likely initiated by sudden depressurization (flashing)
of the ore-forming fluids along active normal faults. The sudden and intermittent nature
of flashing and the fine grain size of the resulting precipitates, may be the reason why
boiling assemblages are rarely preserved in the fluid inclusion record.

Liquid-phase fluid inclusions from stage II veins have broadly uniform
homogenization temperatures, but define a bimodal population in terms of salinity. On
the scale of an individual sample, fluid inclusions with different salinities are spatially
separated, and we see no evidence in the fluid inclusion record for fluid mixing during
vein deposition. The bimodal salinity distribution of the fluid(s) at similar Th remains
unexplained at this point, although it appears that two different fluids of contrasting
salinity had alternating access to the vein system (Richards and Kerrich 1993). Our new
data show that liquid-phase fluid inclusions from boiling assemblages belong almost
exclusively to the high salinity population. In tandem with this observation, Richards
and Kerrich (1993) reported that rare fluid inclusions from quartz intergrown with
roscoelite-Au® bands also typically belong to the high salinity population. We therefore
deduce a causative relationship between the high salinity fluids, phase separation, and
gold deposition, and suggest that the high salinity fluid was trapped preferentially,
whereas the CO,-rich fluid was trapped only locally (cf. Hedenquist and Henley 1985,
pp- 1394).

Homogenization temperatures of liquid-rich fluid inclusions from within and
outside boiling assemblages, and from both salinity groups, are statistically
indistinguishable. Although these Th values approximate the trapping temperature
because of evidence for phase separation, trapping pressures cannot readily be
calculated because of the presence of variable amounts of CO; and CHy in the fluid
inclusions. Nevertheless, preliminary pressure estimates suggest values between 250
and 340 bars. Stratigraphic reconstructions suggest that the depth of emplacement of
the intrusive complex and associated ore deposit was probably between 1.5 and 2 km
below paleosurface (Davies 1983; Fleming et al. 1986) implying hydrostatic pressures

of 150 to 200 bars, or lithostatic pressures of 400 to 500 bars. Thus, the pressures
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indicated by the fluid inclusions are intermediate between hydrostatic and lithostatic
values. Overpressuring of the vein fluids above hydrostatic conditions is consistent
with sudden and rapid fluid flow in the veins, and the formation of hydrothermal
breccias by explosive hydraulic fracturing.

The carbon dioxide concentration in typical epithermal systems is <1 mole %
(Heald et al. 1987; Bodnar et al. 1985) but is relatively higher in hydrothermal gold
deposits associated with alkalic rocks, as suggested by the abundance of clathrate in
fluid inclusions (Mutschler and Mooney 1993; Richards 1995). For example, Richards
et al. (1997) estimated a CO, concentration of ~1.5 mole % for pre-boiling fluids in
stage II veins at Porgera. Only in rare cases, however, does CO; reach 4 mole % (~2.2
molal) in such deposits, the concentration required to form liquid CO, at room
temperature (Hedenquist and Henley 1985). In this study, significant amounts of CO;
were observed in vapor-rich fluid inclusions, suggesting that this gas was partitioned
into the vapor phase during phase separation. The presence of dissolved gases, such as
CO,, in a hydrothermal fluid increases the pressure at which phase separation will
occur at a given temperature (Takenouchi and Kennedy 1965; Bodnar et al. 1985), and
this may explain the large vertical range (>700m) and unusual depth (1.5-2 km) of ore
formation at Porgera. Similar fluid properties and depth of mineralization are observed
at the Cripple Creek gold deposit, Colorado (Thompson et al. 1985), and the relative
abundance of CO, in the hydrothermal fluids may, therefore, constitute a key difference

between alkalic-type and calc-alkaline-associated epithermal deposits.

Conclusions

Direct evidence for phase separation has been found in quartz associated
with high-grade ore at the Porgera gold deposit in the form of coexisting primary
liquid-rich and vapor-rich (CO,-bearing) fluid inclusions, We suggest that precipitation
of gold was a direct consequence of this process, which resulted in the loss of H,S to
the vapor phase and destabilization of gold-bisulfide complexes in solution. Evidence
for fluid oxidation and pH increase, both expected consequences of volatile exsolution,
is found in the presence of carbonates and sulfates in fine-grained vein margins.

Furthermore, the textural forms of hydrothermal breccias and fine-grained vein and
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breccia margins are consistent with an origin by explosive phase separation, or
flashing.

We suggest that the relatively gassy nature of fluids associated with alkalic-
type gold deposits such as Porgera marks them apart from calc-alkaline-associated
epithermal deposits, and may explain the characteristic large depth-range of ore

deposition.
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Table 3-1; Ice melting, salinity, and Thy, values for liquid-rich fluid inclusions from boiling
assemblages and from liquid-rich-only groups. Number of samples analyzed shown in
parentheses. Thy, | refers to the lower Th, group within the boiling assemblages and
Thy, i is the caiculated average for the higher Thy, population (see Figure 3-5).
Average salinity vatues for both Th populations in boiling assemblages fall in the high
salinity group.

boiling liquid-rich only
assemblage low-salinity population high-salinity population
Ice melting point (°C) -5.0 £ 0.6 (86) -2.8+0.3 (47) -50+0.5(137)
Salinity (wt % equiv NaCl) 7.8+ 0.8 (86) 4.7 +0.5(47) 7.8+ 0.7 (137)
Th oyl (°C) 154 +16 (80) 139 + 6 (47) 149 + 15 (137)
Thy, 11 (°C) 262118 (7)
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Figure 3-2: Simplified sketch section at 22260E (mine grid) showing sample locations
and sample numbers. RL is relative mine level and corresponds to absolute
elevation in meters above sea level. Drill holes U1905 and U1876 are indicated
by thin straight lines with collars marked by open circles. Sample P98-2204 is
from Zone VII, the highest grade area of the Porgera gold mine.
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Figure 3-3: Typical banded stage II quartz-roscoelite-gold vein. The vein margin is
characterized by a layer of very fine-grained silica + sulfates and carbonates,
followed by fine-grained quartz with bands of roscoelite-quartz-pyrite-gold.
Barren comb quartz fills the vein center. Qtz = quartz, rosc = roscoelite, py =

pyrite, Au°® = gold.
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Figure 3-5: Histograms of (a) Thq, (°C) and (b) salinity (wt % NaCl equiv) for liquid-
rich primary fluid inclusions in quartz from boiling assemblages (black bars)
and from groups of liquid-rich only inclusions (white bars). Note the
statistically identical Th distribution. Salinity values of inclusions from non-
boiling assemblages are bimodally distributed, whereas inclusions from boiling

assemblages fall dominantly in the high salinity group.
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Figure 3-6: Th-salinity plot of fluid inclusion data from stage II quartz. Filled circles
represent data from liquid-rich inclusions from boiling assemblages, open
circles from liquid-rich-only groups. Note that inclusions from liquid-rich-only
groups fall in both the low and high salinity groups, whereas the majority of

inclusions from boiling assemblages fall in the high salinity group.

53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



600

500 4

400 1

Tt = 157° - 160°C

0 F H T
100 150 200 250 300

T(°C)

Figure 3-7: Pressure-temperature plot showing two CO; isochores and their intersection
with the 160°C isotherm, representing the trapping conditions of a group of
fluid inclusions undergoing phase separation (Tt = trapping temperature).
Isochores were calculated from near critical CO, homogenization temperature
using the program MacFlinCor (Brown and Hagemann, 1994), where p = 0.52
gem”™ represents the calculated density for homogenization to the liquid phase,
and p = 0.42 gem™ for homogenization to the vapor phase (it is not possible to
calculate density for the critical composition using MacFlinCor). The trapping

pressure is estimated by this method to be between 250 and 340 bars.
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Chapter 4

Characteristics and evolution of the hydrothermal fluid in the North Zone high-grade

area, Porgera gold deposit, Papua New Guinea

A version of this paper will be submitted to Economic Geology. The co-authors are J.P.
Richards, Dept. of Earth and Atmospheric Sciences, University of Alberta, Edmonton,
Alberta; M. H. Reed, Dept. of Geological Sciences, University of Oregon, Eugene,
Oregon; J. Bray and E.T.C. Spooner, Department of Geology, University of Toronto;

and P.D. Adams, Porgera Joint Venture, Porgera, Papua New Guinea.

Introduction

The Porgera gold deposit is located in the Pliocene fold and thrust belt that
forms the highlands of Papua New Guinea (Fig. 4-1). With 10.3 million ounces of gold
recovered between start of production in 1990 and June 2001, the mine is a significant
gold producer in the Southwest Pacific region. Reserves and resources in June 2001
amount to 113 million tonnes of ore at a grade of 3.5 grams per tonne. The total
contained gold at Porgera is thus ~20 Moz.

The deposit is hosted by 6 Ma-old alkalic intrusions and the sedimentary rocks
into which the magmas were emplaced. Three types of gold-bearing vein assemblages
occur: (1) Magnetite-sulfide-carbonate veins with minor gold (pre-stage I), (2) base-
metal-sulfidetgold-carbonate veins (stage I), and (3) quartz-roscoelite-pyrite-gold
veins (stage II).

Stage I hosts the highest gold grades and is economically most significant. The
discovery of bonanza grades of gold in stage II veins hosted by a late normal fault and
its splays, the Roamane Fault Zone, proved the economic potential of the deposit in
1983 (e.g., high-grade area called Zone VII where up to 1000 g/t Au occurred in

quartz-roscoelite breccias; this area is now mined out). Much research has therefore
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been focused on the quartz-roscoelite-pyrite-gold veins, and various different
mechanisms for stage II ore formation have been proposed. Handley and Bradshaw
(1986) and Handley and Henley (1990) suggested that boiling or fluid mixing could
have occurred, but that the bonanza type zones were most likely a result of boiling
(based on-analogy with similar deposit types). Richards and Kerrich (1993) agreed with
this interpretation and argued on the basis of mineralogical and textural grounds that
vapor phase separation was responsible for stage II ore formation, a model further
supported by fluid inclusion gas analyses (Richards et al., 1997). However, Wall et al.
(1995) and Cameron (1998) concluded from studies of vanadium chemistry and
mineralogical observations that mixing of an oxidized magmatic fluid and a reduced
fluid expelled by carbonaceous sediments was responsible for the formation of high-
grade zones. Most recently, Ronacher et al. (2000) suggested, on the basis of
observations of coexisting vapor-rich and liquid-rich fluid inclusions in stage II quartz,
that boiling* was, at least locally, responsible for ore formation.

This study focuses on a high-grade area, the North Zone, hosted by a diorite
body and its surrounding sedimentary rocks in the footwall of the Roamane Fault (Fig.
4-2). Quartz-roscoelite-pyrite-gold veins were examined by petrography, fluid
inclusion microthermometry and bulk crush-leach gas and ion chromatography, and
stable isotope geochemistry (O, H, C, S) to characterize the hydrothermal fluid from
which they formed. These data were used to simulate numerically mineral precipitation
based on thermodynamic modeling using the software CHILLER (Reed, 1982, 1998) in
order to determine the mechanism(s) of vein formation. Suggested mechanisms
involved in high-grade ore formation are discussed in the light of previous hypotheses

of ore deposition at Porgera.

*In this study, we use the term "boiling" to imply vapor phase separation of a saline,

gas-rich fluid (c.f. Truesdell, 1985, p.7).
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Geology of the Porgera gold deposit

Porgera Intrusive Complex

The Porgera gold deposit is hosted by a suite of mafic, sodic-alkalic intrusions,
the Porgera intrusive complex (PIC), that was emplaced at an estimated paleodepth of
~2.0 to 2.5 km (Davies, 1983; Fleming et al., 1986). In absence of a classification
scheme for subvolcanic alkalic rocks, Richards (1990) used LeBas et al.’s (1986)
classification of volcanic rocks and determined that the hypabyssal intrusions were
characterized by alkali basaltic, hawaiitic, to mugearitic compositions. Texturally, the
plutons are gabbros, porphyritic diorites, and feldspar-porphyries, intruded as stocks
(£500 m diameter) and dikes.

The PIC was emplaced into Cretaceous sedimentary rocks (Chim Formation;
Davies, 1983) in the”latest Miocene (~6 Ma; Richards and McDougall, 1990; Ronacher
et al., 2002). The sedimentary rocks are dominantly carbonaceous mudstones and
calcareous siltstones deposited on the shelf of the Australasian plate margin (Davies,
1983; Gunson et al., 2000). Emplacement of the magmas occurred slightly prior to or
during the uplift of the Papuan fold and thrust belt that occurred as a result of the
collision of the Indo-Australian plate with the Bismarck Sea and Caroline oceanic
plates (Hill et al., 1989, 2000).

The mineralizing event occurred immediately after the emplacement of the PIC
(Ronacher et al., 2002), and was accompanied locally by intense phyllic alteration that
affected the shallow level intrusions. A late steeply-dipping normal fault, the Roamane

Fault, crosscuts all intrusions and hosts the richest gold-bearing veins and breccias.

Mineralization

Three mineralogically distinct gold-bearing vein parageneses are recognized at
Porgera. Magnetite-sulfide-carbonate veins occur in the central and deep parts of the
mine. Magnetite is the dominant mineral and contains lenses of pyrite, pyrrhotite,
chalcopyrite, and rare inclusions of gold in pyrite. The main non-metallic mineral is
calcite, and quartz is present in minor concentrations. This vein type is economically

insignificant. Thin alteration selvages around the veins contain fine-grained biotite and
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actinolite, and the age of the alteration biotite has been determined to be 5.98 £ 0.13
Ma (Ronacher et al., 2002). The magnetite-sulfide-carbonate veins are the oldest veins
because they are cross-cut by all other vein types (Ronacher et al., 1999).

Higher gold grades than in the magnetite-sulfide-carbonate veins occur in base-
metal-sulfidetgold-carbonate veins. Here, the dominant sulfide minerals are pyrite,
sphalerite, and galena, with rare chalcopyrite, arsenopyrite, marcasite, freibergite, and
proustite/pyrargyrite (Richards et al., 1991). Gold occurs as invisible gold in pyrite or
as microscopic inclusions in pyrite. The gangue consists of complex Mn-Ca-Mg
carbonates and subordinate quartz. Richards and Kerrich (1993) grouped these veins,
together with disseminated, auriferous pyrite, as stage I mineralization. Both, the veins
and the disseminated ore are accompanied by intense phyllic alteration consisting of
fine-grained muscovite/illite and carbonate. Richards and Kerrich (1993) determined an
average homogenizafion temperature (Th) of fluid inclusions in stage I quartz of 299° +
33°C(n=274),and a salihity of 9.5 * 1.8 equivalent weight percent NaCl (equiv. wt.
% NaCl). After correcting for estimated pressure, a trapping temperature (Tt) of ~
325°C was calculated.

The economically most significant vein assemblage, stage 11, is characterized by
quartz-roscoelite[K(V,Al)(SizAlOo)(OH),]-pyrite-gold veins and breccia veins (Fig.
4-3). A list of all ore minerals described from stage II is shown in Table 4-1 (Fleming
et al., 1986; Handley and Henry, 1990; Richards et al., 1991; Richards and Kerrich,
1993). Some pyrite was reported to be occasionally arsenian, and locally, arsenopyrite
occurs in addition to pyrite; chalcopyrite is rare. Gold occurs dominantly as native gold
and electrum. The Ag-Au tellurides petzite, krennerite, calaverite, and hessite were
described from the deposit as well as coloradoite (HgTe) and altaite (PbTe; Handley
and Bradshaw, 1986; Handley and Henry, 1990; Richards et al., 1991), but only minor
hessite was observed in the samples analyzed for this study. Tellurides appear to have
been most abundant in Zone VII, the richest zone of the mine hosted by the Roamane
Fault Zone. In this area, proustite was also observed in rare cases as a late mineral
intergrown with coarse grained quartz, and minor barite was reported to occur locally

with roscoelite and quartz (Richards and Kerrich, 1993). In some veins from the North
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Zone, tetrahedrite is intergrown with quartz, and qualitative electron microprobe
analyses showed that this mineral is rich in Ag and contains traces of Fe and Zn. Vugs
in the centers of stage II veins are Iécally filled with carbonate or anhydrite, and in
some samples, earlier Ca-Fe-Mg carbonate is intergrown with the coarse grained
quartz. Massive anhydrite fills late meter-wide veins within the Roamane Fault Zone;
however, these veins contain no roscoelite and little gold. All other minerals listed in
Table 4-1 occur only locally and in trace amounts.

Stage II veins in the high-grade areas within the Roamane Fault Zone (e.g.,
Zone VII) are texturally distinct from the North Zone stage II veins. The former are
typically banded: the outermost band consists of fine-grained quartz with minor pyrite,
barite, and carbonate, followed inward by a band of brown-green roscoelite intimately
intergrown with pyrite, gold, minor quartz, and locally barite. This band is overlain by
a layer of coarse-gratned comb quartz. This sequence repeats in some places, and the .
vuggy vein centers are typically either empty or filled with Ca- Fe-Mg carbonate or
anhydrite (Richards and Kerrich, 1993; Ronacher et al., 2000a). In contrast, stage II
veins in the North Zone exhibit three different textural styles: (1) Banded veins with a
layer of roscoelite, pyrite, gold, and minor quartz rimming the wall rock where
roscoelite occurs abundantly as rosettes in the veins; this band is followed by a layer of
quartz, and locally the vuggy center is filled with anhydrite or carbonate; these veins
are typically not wider than one centimeter and locally, the quartz-rich center is missing
and the veinlet consists of roscoelite, pyrite, gold, and minor quartz only; wall rock
alteration around these veins consists of thin alteration haloes of fine-grained
muscovite/illite, carbonate, and pyrite, and rare adularia. These altered haloes are
typically only 5 mm wide (e.g., Figs. 3a,b; 4a,b,c); (2) breccias and breccia veins with
angular clasts of wall rock rimmed by bands of roscoelite, pyrite, gold, and minor
quartz; the clasts are supported by a matrix of quartz; the wall rock alteration in these
brecciated zones may widen to several tens of centimeters (e.g., Fig. 4-3b); (3) thin (£1
cm) veinlets with roscoelite, pyrite, gold in the wall rock alteration and quartz in the
vein (e.g., Fig. 4-4d,e,h,f).

Fluid inclusions in the coarse-grained quartz of stage II veins from the Roamane

Fault Zone are characterized by average Th values of 146° = 13°C (n = 519; Richards
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and Kerrich, 1993) and inclusions from the North Zone exhibit average Th values of
149° + 15°C (n=137, Ronacher et al., 2001). Richards and Kerrich (1993) determined a
bimodal salinity distribution of 4.2 + 0.3 (n = 104) and 7.8 + 0.7 equiv. wt. % NaCl (n
= 346) in their samples; similar results were obtained in the present study except that

the majority of inclusions fall in the high salinity group (see below).

Samples

Samples of quartz-roscoelite-pyrite-gold veins were collected from a high-grade
ore zone, identified as the “North Zone”, hosted by a diorite body and its surrounding
sedimentary rocks in the footwall of the Roamane Fault (Figure 4-2). Because the ore
shoot forms a steeply dipping tabular body parallel to the Roamane Fault but at depth
its dip flattens towards the fault, it is interpreted to be a splay of the Roamane Fault. Its
known depth extension down dip is approximately 600 m, and it consists dominantly of
quartz-roscoelite-pyrite-gold veins, veinlets, and breccia veins with abundant gold,
locally up to several hundred grams per tonne. Drill core samples were taken along a
large part of the ore shoot with the aim of determining variations in ore and gangue
mineral assemblages, and microthermometric properties and geochemical and isotopic

compositions of fluid inclusions in quartz.

Analytical Methods

Fluid inclusion microthermometry

Fluid inclusion microthermometry was conducted on a Linkam THMSG 600
heating and freezing stage calibrated using synthetic fluid inclusions manufactured by
Syn Flinc. Measurements below 31.1°C, the critical point of CO,, are accurate to
+0.1°C, and measurements above this temperature are accurate to +1°C. Salinities were

modeled using the equation of Bodnar (1993) for the H,0-NaCl system.
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Gas and ion chromatography

Bulk crush-leach combined gas and ion chromatography was conducted on 19
samples of quartz from quartz-roscoelite-pyrite-gold veins. Large quartz grains (~1
mm®) were hand-picked under a binocular microscope, then soaked in aqua regia
followed by brief rinse with hydrofluoric acid to remove surface impurities. The
samples were then washed with pure water, and three to five grams of this quartz were
cleaned using electrolytic cleaning cells according to the technique outlined by
Roedder (1958). The chromatographic analyses were conducted at the F.G. Smith Fluid
Inclusion Laboratory at the University of Toronto. For gas chromatography, a 1 to 2
gram aliquot was placed into a stainless steel cylinder and flushed with He overnight.
Subsequently, the sample was crushed in one step, and the gas released was analyzed
using a Hewlett Paclzard HP 5890A gas chromatograph fitted with a thermo-
conductivity detector and a photo-ionization detector. Standard gas mixtures were
injected for calibration. Details of the protocol are outlined in Bray et al. (1991).

The crushed residue was leached with ultra-pure water, diluted to 10 ml
leachate, and analyzed using a Dionex 20001/SP ion chromatograph with an Ion Pac
AG9-SC 4mm guard column and an Ion Pac AS9-SC 4mm analytical column. The
technique is described in detail by Channer and Spooner (1992), and Channer and
Spooner (1994) discuss accuracy, precision, and detection limits. The analytical
precision for the gas species was determined using standard gas mixtures and is better
than 10%; precision is better than 15% for ionic species based on 35 standard runs
(Channer and Spooner, 1994). Brazilian quartz cleaned in the same manner as the
samples was used as a blank. Analyses were rejected if the blank value exceeded 25%
of the measured value.

The concentrations of the ionic species are calculated by combining the gas and
ion chromatographic data and relating the amount of ionic species to the amount of

H,O analyzed (c.f. Channer and Spooner 1999).

Light stable isotopes
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All stable isotope data are reported in the conventional delta notation; oxygen
and hydrogen isotope ratios are reported relative to VSMOW, carbon isotopic ratios
relative to VPDB, and sulfur isotopés relative to VCDT.

Oxygen isotopic analyses on quartz were conducted on 10 to 20 mg of cleaned,
hand-picked quartz using the bromine pentafluoride method of Clayton and Mayeda
(1963), and analyzed on a Finnigan MAT 252 multiple collector mass spectrometer.
The analytical precision is £0.2%o, and accuracy is +0.2%o. Isotopic fractionation
between quartz and water was calculated using the equation of Clayton et al. (1972) at
temperatures defined by fluid inclusion homogenization. Oxygen isotopic analyses on
Ca-Fe-Mg carbonates were conducted using 100% H;PO,4 at 50°C and using an acid
fractionation factor for ankerite of 1.01060 (Kontak and Kerrich, 1997). The analytical
precision is £0.2%o, and accuracy is £0.5%o.

The hydrogent isotopic composition of fluid inclusion water was determined by
thermal decrepitation (heating to ~1200°C) of fluid inclusions in hand-picked, cleaned
quartz. CO, and H,O were trapped in a U-tube cooled by liquid nitrogen, and all other
gases (e.g., CHa, N») were pumped away prior to cooling the U-tube with ethanol
which releases CO, that is pumped away leaving H,O behind. The water was reduced
to H, by passing it over depleted uranium before transferring it to the mass
spectrometer. The accuracy is within +3%e.

Carbon isotopes were analyzed on Ca-Fe-Mg carbonate from stage II veins.
CO, was extracted from ~20 grams of these carbonates using 100% H;PQ4 at 50°C.
The accuracy is 0.2 %o.

Organic carbon was analyzed by crushing the rock, removing carbonates by
rinsing in dilute acid (10% HCI), and then running the dried residue through a
combustion furnace at 1020°C in the presence of pure oxygen. The furnace is linked to
a SIRA Il mass spectrometer. Accuracy is 0.5 %eo.

The carbon isotopic composition of CO; in fluid inclusions was analyzed on
one sample by crushing the quartz in a ball mill with special gas ports, from which the

gas was extracted with a syringe and transferred into a HP 6890 gas chromatograph.
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The gas is carried by the He carrier gas to the mass spectrometer (Micromass IsoChrom
mass spectrometer). The accuracy is within £0.5 %o.

Sulfur isotopes were analyzed using a continuous-flow isotope-ratio mass
spectrometer (Carlo Erba N4 1500 elemental analyzer interfaced to a magnetic-sector
mass analyzer). The sulfide sample was oxidized with Oy and transported to the mass

spectrometer in a He carrier gas. The accuracy is within £0.7 %o.

Results

Fluid inclusion microthermometry

Fluid inclusion microthermometry was conducted on 27 samples of stage II
quartz-roscoelite-pyfite-gold veins from the North Zone high-grade area, and one
sample from the Zone VII high-grade area in the Roamane Fault Zone. The dominant
host of the fluid inclusions is the coarse-grained comb quartz that overlies the gold- and
pyrite-bearing roscoelite bands. Inclusions in minor quartz intergrown with roscoelite
are rare, small, and most are unworkable. Only primary and pseudosecondary
inclusions were selected for analysis according to the criteria of Roedder (1984), and
secondary inclusions are mostly small, unworkable, and volumetrically insignificant.
Examples of representative groups of fluid inclusions are shown in Figure 4-5.

The fluid inclusions are typically 2-phase, liquid-rich, and irregular in shape,
characteristic of low temperature trapping conditions (Bodnar et al., 1985). In seven of
the 27 analyzed samples from the North Zone, vapor-rich inclusions were also
observed coexisting with the dominant liquid-rich inclusions (Fig. 4-5¢). These
assemblages include heterogeneously trapped 3-phase inclusions consisting of liquid
CO,, CO,-vapor, and minor amounts of liquid H,O. No eutectic melting was observed
in any of the samples.

Table 4-2 lists average homogenization temperatures (Th) and salinity values of
two-phase aqueous inclusions of 27 samples from the North Zone and one sample from
the Roamane Fault Zone (P98-2204), and Figure 4-6 shows Th-salinity graphs for
representative individual samples, whereas Figure 4-7 shows a Th-salinity graph of a/l
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samples from the North Zone. CO; concentrations known from gas chromatography
may be used to correct salinity estimates from ice melting points but, because CO,
concentrations are not known for all samples and because the CO, concentrations are
variable, a general correction for all samples would be inappropriate (although
corrections were calculated for those samples where CO, measurements are available;
see below); apparent salinity values used to construct Figure 4-6 and 4-7 are therefore
uncorrected.

The absence of liquid CO; in the liquid-rich aqueous inclusions constrains the
CO; content to <2.2 molal CO; (Hedenquist and Henley, 1985). CO; concentrations
<2.2 molal CO; can depress the ice melting point by up to 4°C in pure water, and thus
increase apparent salinity by up to 6.5 equiv. wt % NaCl (Hedenquist and Henley,
1985: equation 4). The maximum concentration of CO; in the samples analyzed in this
study is 1 molal COy, which equates to a freezing point depression of ~1.9°C and a
maximum increase in apparent salinity of ~3.2 equiv. wt % NaCl.

All samples exhibit a dominant grouping of apparent salinity of ~7-10 equiv.
wt. % NaCl, and 5 of the 27 samples from the North Zone show an additional cluster of
salinity values from 4 to 5 equiv. wt. % NaCl. The number of individual inclusions
containing the lower salinity fluid is significantly smaller than the number of inclusions
of higher salinity (Fig. 4-8), and the low salinity inclusions are mostly located in the
vein centers, whereas the high salinities occur towards the vein margin. Both groups
exhibit similar average Th values. Three samples exhibit a more complete range of
salinity values from ~4 to ~10 equiv. wt. % NaCl (P98-1164, P99-145, P98-611).

Average values of Th for different samples range from 127° + 12°C (n=37) to
167° £ 25°C (n = 27; Table 4-2; see below for a discussion of trapping temperature).

Vapor-rich inclusions were typically completely filled with vapor so that
microthermometric phase changes were not visible. In the three-phase heterogeneously-
trapped inclusions from samples from the North Zone (P98-1576, P98-701, P98-066C,
P99-197, P98-1835, P98-611), Tm, could be measured (average Tm o, = —56.6° £

0.1°C, n=27; Theo, = 26.9 £ 1.9, n = 26), and clathrate melting (Tmg,y) ranged from
7.0° to 8.8°C (average 7.4° + 0.5°C, n = 26; estimated by observing instantaneous
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bubble movement). Salinity values calculated from these Tmgja data using the
software Flincor (Brown and Hagemann, 1994) range from 2.4 to 5.7 equiv. wt % NaCl
(average 4.6 + 0.9 equiv. wt % NaCl) and give an estimate of the salinity of the
heterogeneously trapped aqueous phase in these inclusions. Heterogeneous entrapment
is further indicated by the anomalously high total homogenization temperatures of
approximately 300°C, and the fact that some inclusions homogenize to the liquid and
others to the vapor phase; still others decrepitated before total homogenization.

In rare cases (P98-2204 and P 124 from the Roamane Fault Zone), a phase other
than CO, was observed in some fluid inclusions. This phase formed a second bubble in
addition to the H,O vapor bubble, suggesting that this phase may be an immiscible
organic compound that was trapped heterogeneously. In sample P124, the hydrocarbon
occurred in an assemblage of low-salinity inclusions, and the H,O vapor bubble
homogenized at 135°C and the organic-rich bubble at 180°C, whereas in sample P98-
2204 the hydrocarbon occurred in an assemblage of high-salinity inclusions, and the

H,O vapor bubble homogenized after the hydrocarbon bubble.
Gas and ion chromatography

Gaseous species detected include H,O, CO,, CHy, N3, CoHy, CoHg (including
C,H,), and COS (Table 4-3), and ionic species detected include C1" and Br’, Li*, Na",
K*, NH,", Mg**, and Ca®* (Table 4-4). SO,* was also measured, but the SO4> value
reflects the original concentration of SO4* in the fluid plus some reduced S, which is
partially or fully oxidized during analysis in the chromatograph columns. Thus, H,S, if
present, would not have been detected, and the measured SO4> value gives a minimum
estimate for the total amount of sulfur in the fluid. Those samples in which vapor-rich
inclusions were observed are distinguished with an asterisk after the sample number in
Table 4-3, and were excluded from calculations of the gas content of the original
hydrothermal fluid because boiling results in a concentration of gases in the vapor
phase.

Q"/Q" (Table 4-4) is the ratio of total cationic to anionic charge (Channer and
Spooner, 1992). Deviation from the ideal value of 1 is due to the presence of ions that

65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cannot be measured with this technique (e.g., COs%, HCO5', HS', Fe**, Mn**) as well as
analytical error and sulfide oxidation. Q*/Q"is >1 for all samples indicating a
deficiency of anions. A correction for carbonate species was conducted using the
measured amount of CO,, because CO; is presumed to have been dissolved in the
original liquid as carbonate/bicarbonate species (except in the case where fluid
inclusion evidence for a vapor phase is present). The charge balance was recalculated
assuming that all CO, was dissolved as either HCO;™ or as CO5%. The bicarbonate
assumption resulted in reasonable values for Q*/Q” whereas carbonate ion resulted in
exceedingly low values for Q*/Q"; and the values for charge balance shown in Table 4-
4 are therefore recalculated for the presence of HCOj5™. The corrected charge balance
values are generally closer to one than the uncorrected values (even in those samples
where minor liquid CO, was observed in vapor-rich inclusions) suggesting that
bicarbonate was an #mportant ionic constituent of the ore fluid. However, nearly all of
the corrected Q*/Q” values are less than one, suggesting that the HCO; -only correction
may have overcorrected. Such overcorrection is likely given that the pKa (H,CO3) is in
the near-neutral pH range (e.g., pKa = 6.7 at 150°C). The wall rock alteration indicates
that the fluid was moderately acidic, thus it is likely that a substantial amount of

dissolved carbonate was H,COs.
Light stable isotopes

Oxygen and hydrogen
8'%0 values for quartz from stage II veins range from 13.9%o to 18.3 %o. Values

for water (SISOHzo) in equilibrium with quartz were calculated using average Th values

measured in each sample (assuming Th » trapping temperature, Tt) because of local
evidence for boiling; see Interpretation of Analytical Data), and the fractionation

equation of Clayton et al. (1972). Calculated 6180H20 values range from —1.4 to 4.1%eo

using average Th values. To assess the sensitivity of the method to temperature

uncertainties, calculations were also conducted for Th + 25°, in which case the 8180H20

values range from 0.6 to 5.9%. (a difference of approximately 2%o).
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Oxygen isotope values of stage II carbonates intergrown with coarse-grained
quartz (as opposed to the more abundant vug-filling carbonate) range from 15.2%e to
16.6%o (average = 15.9 + 0.5%0, n = 5), and '%0 of the fluid was calculated using the
equation of Zheng (1999) for ankerite and a temperature of 160°C, and the values range
from 2.2 to 3.6%o (average = 2.9 = 0.5%o, n = 5).

Hydrogen isotopic values of water in fluid inclusions in stage II quartz range

from —~81%e to —52%.o.

Carbon

Carbon isotopes were analyzed in stage II vein carbonate intergrown with
coarse-grained, organic carbon and carbonate from the sedimentary country rocks, and
one sample of CO; from bulk inclusion fluid; the results are shown in Table 4-6. Stage
11 carbonates display a narrow range of 8"°C of =3.3%o to —2.4%o with an average value
of =2.7%o (+ 0.3, n=6). 5"°C values for carbonate in unaltered mudstones and
siltstones are between —1.5%o and 0.0%o (average —0.9 £ 0.6%o, n = 4), whereas
carbonate in altered rocks exhibits values of -5.4%o to —4.0%. (average —4.6 £ 0.5%o, n
= 4; Richards and Kerrich, 1993; this study). Organic carbon in the sedimentary rocks
has a §'°C of ~23.6%o to —16.8%o (average -20.7 + 2.2%, n = 6). 8"*Cco, of CO; in

fluid inclusions from sample P98-2204 is —9.5%e.

Sulfur

8*'S values for pyrite range from ~9.4 to 6.1%o, and values for late, vug-filling
anhydrite range from 12.4 to 17.5%o (Table 4-7). Sulfur isotope composition of the
sedimentary host rocks was determined on a carbonaceous mudstone (5°*S = 2.1%o), on
a calc-arenite (8°*S = 5.9%o), and on an altered carbonaceous mudstone (8'S =
—12.7%o). The latter values are for bulk rock sulfur, but petrographic observations show

that essentially all S is in pyrite.

Interpretation of analytical data
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Fluid inclusion microthermometry

Apparent salinity values, shown in Table 4-4 and displayed against average Th
in Figures 4-6 and 4-7, exhibit three patterns: (1) Most salinity values cluster between 7
and 9 equiv. wt. % NaCl (e.g., P98-846, P98-1448, P98-1170); (2) a bimodal
distribution of ~4 to ~5 and ~7 to ~9 equiv. wt % NaCl was observed in several
samples (e.g., P98-120, P99-231, P98-1537); and (3) some samples display a full range
of salinities from ~4 to ~10 equiv. wt. % NaCl (P99-145, P98-611, P98-1164). The
majority of samples from the North Zone (19 of 27) fall in category one, whereas six
samples are bimodally distributed, and three exhibit a full range of salinity values. The
salinity in the sample from The Roamane Fault Zone (P98-2204) is bimodally
distributed, consistent with data previously reported by Richards and Kerrich (1993) in
which most samples displayed bimodal populations (4.3 + 0.4 equiv. wt. % NaCl, n =
119, and 7.8 £ 0.7 equiv. wt. % NaCl, n = 439).

The apparent salinity values plotted in Figure 4-6 are not corrected for the
presence of up to 2 mole % CO; (as analyzed by gas chromatography) for reasons
outlined in the Results section. Recalculation of salinity taking CO, into account (for
those samples where the CO; concentration is known) was conducted according to the

procedure described by Hedenquist and Henley (1985):

Tm=—(KNa+mea++K xm.-—+K .= xm

cr- ~ Ya cop X Meo,)

where Ty, is the melting point of ice, KNa+ and Kcr are 1.72 Kelvin/mole, Kc02 =1.86

Kelvin/mole, and m. is the molality of CO;. The recalculation results in a decrease

02
of the apparent salinity values by between 0.9 and 2.5 equiv. wt. % NaCl (Table 4-8).

Using Hedenquist and Henley's (1985) equation, salinity calculations based
simply on the Cl™ values obtained from ion chromatography and assuming that Cl™ is
present as NaCl resulted in bulk salinities between 1.8 and 3.7 equiv. wt. % NaCl
(average 2.8 + 0.5, n = 19), whereas values based on the slightly higher Na

concentrations resulted in bulk salinities between 3.7 and 7.5 equiv. wt. % NaCl
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(average 5.9 £ 1.9, n = 19). Richards et al. (1997) explained the higher Na*
concentration relative to Cl; by assuming the presence of an additional anion such as
bicarbonate. The bulk salinities calculated using C1™ concentrations are generally lower
than the salinities measured microthermometrically, and also lower than the salinities
corrected for the presence of CO,, but the salinities calculated using the Na*
concentration are close to the microthermometrically measured and CO,-corrected
salinities. The presence of minor salts other than NaCl may account for some of the
remaining difference but the microthermometric analyses do not indicate significant
amounts of salts such as KCl or CaCl, (although small amounts of K™ do occur in some
samples; Table 4-4). Also note that there is a 15% uncertainty for the ion data which
may account for some of the discrepancy. We interpret the CO; corrected
microthermometry data as most representative of the true salinity because a salinity
calculation base on 4 single ion only (e.g., Na" or CI7) ignores the effect of all other
ions in the solution.

In samples that contain fluid inclusions exhibiting bimodal salinity groups, the
high salinity inclusions occur close to the vein edge whereas the low salinity inclusions
occur towards the vein center, suggesting that these fluids were not present coevally in
the veins. Average Th values of inclusion groups with different salinities overlap
within error, but in Figures 4-6¢ to 4-6f it appears that some samples exhibit lower Th
values for the lower salinity group (e.g., P98-1164) whereas others show similar Th
values (e.g., P99-145).

The different salinity patterns do not correlate to a particular vein type; for
example, two of the three samples that show a continuous salinity trend are quartz
veins with a roscoelite-pyrite-quartz band at the vein edges (P98-611, P98-1164),
whereas the third sample (P99-145) is a breccia vein with angular clasts of altered
mudstone in a matrix of quartz and minor carbonate; vuggy cavities contain euhedral
quartz and carbonate. Visible gold was only found in sample P98-1164. Likewise, the
samples exhibiting a bimodal salinity distribution show various textures: P98-1537 is a
breccia vein with quartz matrix and a thin (1 mm) band of roscoelite-pyrite-quartz

rimming the wall rock; P99-197 is also a breccia vein with quartz and carbonate matrix
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and roscoelite rimming the wall rock; visible gold was found in this sample; P98-120 is
a ~2cm thick quartz vein with thin (~2mm) roscoelite bands; P99-178 is a 8cm thick
quartz vein with thin (~1mm) roscoelite bands in quartz; this sample also contained
visible gold; and P99-231 consists of a network of quartz veinlets and veins (Imm to
lem thick) where the thicker veins contain small clasts of black shale rimmed by
roscoelite and abundant visible gold. Sample P98-2204 from the Roamane Fault Zone
is a breccia with clasts of altered diorite rimmed by roscoelite-pyrite -gold-quartz and
cemented by quartz. The high salinity group only pattern occurs in all vein texture
types.

‘Whereas the continuous salinity trends are interpreted to be the result of fluid
mixing, vapor-rich fluid inclusions coexisting with liquid-rich inclusions in some
samples (Figure 4-5¢) indicate that boiling took place during the formation of at least
some stage Il quartzwveins. Gold was observed to be directly intergrown with quartz
hosting coexisting liquid-rich and vapor-rich fluid inclusions in only one sample from a
high-grade area close to the Roamane Fault Zone (Ronacher et al., 2000b), but not the
samples from the North Zone. In the former case, a direct link between boiling and
gold precipitation was suggested (Ronacher et al., 2000b), but this argument cannot be
made so clearly for the North Zone.

No pressure correction was applied to the Th values because of local evidence
for boiling; this approach is suggested by similar average Th values for fluid inclusion
groups with and without coexisting vapor-rich inclusions (Figure 4-9). The highest
average Th in stage II quartz is 167° + 25°C (Th of individual inclusions reach values
of 200°C), and this sample (P98-1835) contains vapor-rich, heterogeneously trapped

inclusions indicating that boiling took place and that Th = Tt.

Fluid inclusion gas contents

As described in the Results section, samples containing liquid-rich inclusions
only and samples with coexisting liquid-rich and vapor-rich inclusions were analyzed.

Their average gas contents are the same within error (e.g., average CO; content of
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samples containing liquid-rich inclusions only is 1.31 £ 0.40 mole%, n = 16; and the
average CO; content of samples containing rare vapor-rich inclusions in addition to
liquid-rich inclusions is 1.13 + 0.30 mole%, n = 4). This similarity suggests that the
contribution of gas from gas-rich inclusions was insufficient to change the bulk gas
content, which is consistent with the small number of gas-rich relative to liquid-rich
inclusions observed. However, C;Hyg appears to occur preferentially in samples
exhibiting a bimodal salinity distribution as opposed to those samples in which high
salinity inclusions only occur. For example, three of the five samples that show
bimodal salinity also contain ethane (C,Hg = 0.0005 mole% to 0.00209 mole%)
whereas only one of 11 samples exhibiting high salinity only contain C,Hs (0.0009
mole%). No clear correlation between gas content and salinity patterns or vein textures

and could be observed for the other gases.

F 4

lon chromatography

Concentrations of individual ions and ion ratios have been used to infer the
sources of ore-forming fluids. Béhlke and Irwin (1992) determined characteristic
Br/CI” and I'/CI” ratios for the magmatic and geothermal environments and seawater,
and the Br'/CI™ ratios are shown on Figure 4-10 together with the data from Porgera.
Porgera fluids range from 0.8 x 107 to 1.9 x 10 with one outlier of 2.6 x 107 (average
value of 1.2 £ 0.2 x 107, n = 22), and overlap the composition of seawater (1.5 x 10'3).
Bohlke and Irwin’s (1992) value for magmatic water (~0.9 x 10) lies just outside the
Br /Cl range measured at Porgera, but data from Creede, Colorado (interpreted by
Bohlke and Irwin (1992) to be typical of epithermal fluids) fall within the range of

Porgera fluids.

Stable isotopes
Oxygen and Hydrogen
Oxygen isotope compositions of water in equilibrium with quartz fall between

the values typical of meteoric water and Porgera magmatic water (Richards and
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Kerrich, 1993; Fig. 4-11), and hydrogen isotopic compositions of stage II water range
from slightly lower than Porgera magmatic water to similar to Porgera magmatic water.
For comparison, Richards and Kerrich’s (1993) data from the Roamane Fault Zone are
also plotted in Figure 4-11. Note that for Richards and Kerrich’s samples a 25°C

temperature correction was applied to Th to calculate 6180H20 from 3'*0qe, because no

clear evidence for boiling was observed in the fluid inclusion record from these
samples. A pressure correction was not applied to the Th values collected in this study
for the reasons outlined above.

Both the oxygen and hydrogen isotope compositions of the samples from the
North Zone are lighter than those from the Roamane Fault Zone (Richards and Kerrich,

1993). This difference is not an artifact of the Th values used to calculate SISOHzo from

§'%04;, and is still present if a 25°C correction is applied to Th for samples from the
North Zone. Hence, {he slightly distinct 8130 are mterpreted to reflect true differences
in the isotopic composition of the fluid from which stage II veins formed in the
Roamane Fault Zone and in the North Zone (see below for discussion).

There is no correlation between oxygen and hydrogen isotope data and fluid
inclusion salinity patterns. For example, samples P98-611 and P98-1164 both show a

continuous salinity trend but their 8180H20 values are at the opposite ends of the range,
i.e. —0.5%0 and 3.1%o respectively. Likewise, there is no relationship between 6180H20
and 8Dy, and vein textures. 8180H20 values of breccias range from —1.2%o to 3.3%e,

and B'SOHzo values of quartz-roscoelite-pyrite-gold veins range from ~0.1%o to 3.5%o.

Carbon

The average carbonate carbon isotope composition of altered sedimentary rocks
is —4.6%o which is similar to the composition of stage I carbonates (from -7.1 to ~
4.5%o; Richards and Kerrich, 1993). These values were interpreted to reflect a
magmatic origin for the fluid that altered the sedimentary rocks and that formed stage I
carbonate veins (Richards and Kerrich, 1993). In contrast, unaltered sedimentary rocks

exhibit an average carbonate carbon isotope composition of —0.9 £ 0.6%o (n = 4). The
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average values of stage II carbonate is ~2.7 £ 0.3%o (n = 6) and is thus intermediate
between the magmatic and the sedimentary values, suggesting that mixing between
magmatic and sedimentary carbon fnay have occurred.

8'°C of CO; in fluid inclusions from one sample of stage II quartz was —9.5%o.

Lyon and Hulston (1984) reported §"°C co, Values from Broadlands-Ohaaki, New

Zealand, of —6.9%o to —9.1%o. and they interpreted these values to represent magmatic

carbon. Only one sample was analyzed for §°C co,> but the carbonate isotopic

composition of stage II carbonates is consistent with the fractionation between CO, and
carbonate (~6%o for siderite at 150°C; Hoefs, 1997; Porgera stage II carbonates are Ca-
Fe-Mg carbonates). The predicted 8°C of Fe-rich carbonate precipitating from a fluid

with 8%C 0o, 0f —9.5%0 is =3.5%o, which is similar to the analyzed average value of

—2.7%0. F 4

Sulfur

The variable 8**S values for pyrite from the North Zone suggest that isotopic
equilibrium between H;S in the hydrothermal fluid and pyrite was not reached, which
is consistent with a short-lived, dynamic hydrothermal system (Ohmoto and Rye, 1979;
Ronacher et al., 2001). The negative §**S values for pyrite may be due to a change in
the redox condition of the hydrothermal fluid (Ohmoto and Rye, 1979). For example,
oxidation accompanying boiling may result in formation of sulfides with negative 8°*S
values from heavier sulfur. The sedimentary host rocks exhibit positive 8**S values
(2.1%0 and 5.9 %o) except for the altered mudstone (—12.7%o) indicating a significant
change in either the S source or the oxidation state of S in altered relative to unaltered
mudstones.

8°*S values of late anhydrite (12.4%o to 17.5%o) are similar to the sulfur isotopic
values of sulfate in seawater suggesting that evolved seawater descending in faults
during the waning stages of the hydrothermal system could have caused the formation

of the late anhydrite.
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Observational constraints on fluid sources and hydrothermal processes

The fluid inclusions in stage~ I1 quartz provide evidence for two fluids exhibiting
different apparent salinities and possible explanations for this bimodality are provided
below. Furthermore, the analytical data described above are used to constrain the
sources of these two fluids. These data and possible hydrothermal processes that the

fluids underwent to form the stage Il veins are examined below.

Bimodal salinity distribution

Various possibilities may explain the bimodal salinity distribution observed in
some samples: (1) The high apparent salinity fluid may have evolved to a lower
apparent salinity fluid with time, for example by boiling thereby degassing CO, that
could be responsibl€for the relatively high initial apparent salinity. However, the CO,
corrected high salinity values are still higher than the low salinity values, and thus, this
option does not appear to explain the difference in salinities.

(2) Two fluids of different salinities but similar Th had access to the veins at
different times during the evolution of the hydrothermal system. The higher salinity
fluid could have been a deep fluid that had cooled upon ascent, whereas the lower
salinity fluid may have been a formation water at the ambient temperature at 2.0-2.5
km depth; at a normal geothermal gradient of 30°C/km, the temperature at 2.5 km
would have been only 75°C. However the formation water appears to have been ~150°
at this depth, suggesting a geothermal gradient of ~50°C/km. Such a gradient may be
realistic for the aureole of a shallow-level intrusive complex. Alternatively, Richards
and Kerrich (1993) suggested that both fluids sources were deep.

(3) The high salinity fluid could have been variably diluted by a lower salinity
fluid of a similar temperature. The diluting solution may have been hosted by the
surrounding sedimentary rocks as noted above. Option (3) would require the presence
of a range of apparent salinities as observed in a minority of samples. The fact that a
continuous salinity trend is present in at least some of the samples suggests that this

process may have occurred locally.
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Hence, option (2) appears to be the simplest explanation for the bimodal salinity
pattern. This explanation is further emphasized by the observation that the low salinity
inclusions occur towards the vein center whereas the high salinity inclusions cluster
near the vein edge which indicates that, in these samples, the two fluids had access to

the vein at different times.

Observations indicating boiling

The three-phase inclusions containing liquid CO,, CO, vapor, and liquid H,O
are interpreted to have been trapped heterogeneously during boiling because final total
homogenization (Thy) occurred to the vapor in some and to the liquid phase in others;
Thyot of some of the inclusions could not be measured because of decrepitation, and
where it could be measured, Thy,; exceeded Th of the liquid-rich inclusions by more
than 120°C. Such thr€e-phase, CO,-rich inclusions appear to be rare in epithermal
deposits, although they were described from the geothermal fields of Tuscany by
Belkin et al. (1985). Thompson et al. (1985) reported high CO; contents in fluid
inclusions from the Cripple Creek District, Nevada, as did Saunders (1986) from the
Bessie G deposit, Colorado. However, these authors did not quantify the CO,
concentration in the fluid nor did they report the presence of CH4 or N;. Sawkins et al.
(1979) analyzed fluid inclusion gases from the epithermal gold deposits in the Baguio
district, Philippines, and determined CO; concentration between 0.06 and 0.73 mole %,
and higher CO; contents in epithermal fluids were reported only rarely (e.g.,
Casadevall and Ohmoto, 1977). Spry et al. (1996) reported 3-phase inclusions from the
Golden Sunlight gold-silver telluride and molybdenum porphyry deposit, Montana, but
in this case the CO,-rich inclusions occur in the porphyry-type Mo mineralization
rather than in the telluride mineralization. The distribution of CO,-rich fluid inclusions
suggest that hydrothermal systems in alkalic rocks are richer in CO; than are systems in
calc-alkaline rocks (Mutschler and Mooney, 1993; Richards, 1995; Jensen and Barton,
2000).

The importance of CO; in increasing the pressure at which boiling occurs was
stressed by Barton and Chou (1993) who found that even small, undetected

concentrations of CO; can significantly increase the depth of boiling, and can thus have
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an impact on the depth of epithermal-type ore deposition. Wilkinson (2001) calculated
boiling point curves for H,O-NaCl-CO; fluids of various CO, concentrations and
plotted them against depth. These diégrams suggest that the amount of CO, measured
in fluid inclusions from Porgera may not have been sufficient in itself for boiling to
have occurred at the estimated depth of 2.0 to 2.5 km and temperature of ore deposition
(~160°C) at Porgera. However, other highly volatile gases such as CH4 and N occur in
the inclusion fluid, and these components have an even greater effect than CO; in
deepening the depth of boiling because of their greater volatility (Price, 1981; Duan et
al., 1992). Duan et al. (1992) plotted a CO,-CHj, solubility in a 5 wt % NaCl fluid at
149°C and 345 bar from the data of Price (1981), and showed that CH4 decreases the
solubility of CO, significantly. Richards et al. (1997) superimposed the Porgera CHy
and CO; data (from the Roamane Fault Zone) on Duan et al.’s (1992) curve (the P-T-
salinity conditions of Duan et al.’s (1992) model resemble the conditions at Porgera),
and showed that most of the data points fall close to the curve, suggesting that the
Porgera fluids may have been saturated with gas (Fig. 4-12). We added the new gas
data from the North Zone to Richards et al.’s (1997) plot, and most of the gas data from
the North Zone (circles) fall slightly above Duan et al.’s (1992) CO,-CHj solubility
curve, which suggests that the conditions at which the saturation curve was modeled
may not be correct for the North Zone, whereas they may be suitable for the Roamane
Fault Zone. Higher pressures may have prevailed in the North Zone where boiling was
rare.

Richards and Kerrich (1993) suggested that the breccias observed dominantly in
the Roamane Fault Zone indicated that boiling occurred in this area. In addition, they
interpreted the fine-grained silica margins that they observed in stage II veins from the

Roamane Fault Zone as having formed during rapid precipitation due to boiling.

Observations indicating fluid mixing
Three samples from the North Zone (P98-611, P98-1164, P98-145) exhibit a
continuous salinity trend from ~4.5%o to ~10.0%0 suggesting in situ fluid mixing
between a high and a low salinity fluid in these samples. In the five other samples
where two fluids were observed (P98-120, P98-1537, P98-178, P98-197, P98-231), the
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salinity trend was not continuous but bimodal. Hence, in sifu mixing cannot be inferred

in these samples.

Observations indicating fluid source(s)

Figure 4-13 shows a Br /CI” versus I'/Cl™ diagram with data for Porgera from
Richards et al. (1997; I” was not determined in the present study) and for seawater,
Broadlands and Wairakei, New Zealand, and Yellowstone from Boéhlke and Irwin
(1992). Br /CI" of most samples from Porgera are similar to Br /Cl™ for geothermal
waters from Broadlands and Wairakei as well as to seawater, but they exhibit much
higher I'/CI™ ratios than seawater, and higher I'/Cl™ ratios than the New Zealand
geothermal waters. Béhlke and Irwin (1992) attributed the high I'/Cl”™ values (up to
~200 x 10°) in some waters to reaction with organic-rich material, and Kendrick et al.
(2001) attributed the’I”/Cl" values of 121 x 107 to mixing of magmatic water with a
sedimentary formation water. Such an explanation may also apply for Porgera.

Br/CI” of seawater (1.5 x 107) falls within the range of Br /Cl™ of Porgera fluid
(average 1.3 + 0.3 x 10”) which may indicate a contribution from a connate seawater
because the sedimentary rocks that surround the PIC are Cretaceous to Tertiary marine
shelf sediments (Davies, 1983). Alternatively, the Br /CI” could be a result of
interaction of a fluid with shales; Br'/CI™ of shales analyzed by Walter et al. (1989) and
Kharaka et al. (1977) range from 0.9 to 2.6, and the Porgera values fall within this
range.

CHj4 and N; concentrations in the Porgera fluid (0.0225 to 0.1226 mole %;
0.0094 to 0.1375 mole % respectively) appear to be high relative to, for example, the
Acupan deposit, Philippines (which range from 0.0002 to 0.0100 mole% CHy, and from
0.0096 and 0.0724 mole % Nj. Sawkins et al., 1979), and relative to the Ladolam
deposit, Lihir Island, Papua New Guinea (which contain average values of 0.013
mole% CH, and 0.029 mole% N,. Miiller et al., 2002). A potential source of CH4 and
N; is a fluid that equilibrated with the organic-rich sedimentary rocks into which the

Porgera Intrusive Complex was emplaced. Richards et al. (1997) showed that CH4 was
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critical for boiling to occur under the pressure and temperature conditions during stage
I vein formation.

8'*C of CO, in fluid inclusions from one sample of stage II quartz is —9.5%o,
and this value is broadly similar to Lyon and Hulston’s (1984) values of magmatic CO,
from Broadlands-Ohaaki, New Zealand, of —-6.9%o to —9.1%.. Alternatively, the slightly
lower value for the Porgera sample may be due to a contribution from CO, derived
from pyrolysis or hydrolysis of organic matter or graphite (according to the reaction 2C
+2 H,0 — CO; + CHy; Ohmoto and Rye, 1979). Given that the average 8" Cyy of the
Porgera shales is ~20.7 + 2.2%o (n = 6) and that the expected fractionation between
graphite and CO, at temperatures below 300°C is between 12%o and 14%o, the analyzed

§1°C co, Value of — 9.5%o could reflect an organic origin if equilibrium were

established.

NH," concen’trations in the Porgera inclusion fluids are high (up to 61
mmoles/kg) relative to waters from geothermal systems: e.g., Fushime, Japan, 0.1 to
1.0 mmoles/kg (Akaku et al., 1991); Wairakei, New Zealand, 0.05 mmoles/kg (White
et al., 1963). The Porgera ammonium concentrations are also high relative to brines,
such as Searles Brine Lake, California (Immole; White et al., 1963). Slightly higher
values were recorded from sedimentary formation waters (2-4 mmoles/kg; Merino,
1975), and even higher values were detected in hydrothermal solutions from the
Guayamas Basin, Gulf of California, where Von Damm et al. (1985b) found NH,"
concentrations of up to 15.6 mmoles/kg. In comparison, solutions from oceanic
spreading centers such as the East Pacific Rise contain <0.01 mmoles/kg (Von Damm
et al., 1985 a, b; Viets et al., 1996; Cruse and Seewald, 2001). Von Damm et al.
(1985b) attributed the higher NH," concentrations to interaction of the hydrothermal
solution with organic sediments in the Guayamas basin. A similar source is likely for
the Porgera fluids.

A further indication of interaction of the hydrothermal fluid with the
sedimentary country rocks is the presence of higher hydrocarbon species, such as CHa,

C,H (including CoHy; see Table 4-3) in the fluid inclusions. Although these species are
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present in minor amounts, they are likely of organic origin and are thus useful for
tracing fluid sources (Norman et al., 1966; Brathwaite and Faure, 2002).

Organic-rich fluids were observed in fluid inclusions in some samples from the
North Zone. DeRonde and Blattner (1988) observed 3-phase inclusions from the
Golden Cross epithermal Au-Ag deposit, Waihi, New Zealand, and one of the two
immiscible liquids was reported to have been light brown and darkened upon heating,
and was interpreted to be organic, originating from organic-rich sediments. DeRonde
and Blattner (1988) state that this fluid separated into several parts before coalescing
upon heating. Three-phase organic-rich fluid inclusions were also observed in the Lazio
geothermal field, Italy, by Belkin et al. (1994), but they did not speculate on the origin
of the organic fluid. In the case of Porgera, the organic fluid may have been derived
from the organic-rich sedimentary rocks into which the Porgera Intrusive Complex was
emplaced and which”partly host mineralized veins. The ascending fluid could have
interacted with the sedimentary rocks (as suggested by the observation that the organic
liquid occurs in some high salinity fluid inclusions), and because the organic fluid also
occurs in some low salinity inclusions, the lower salinity fluid must also have been in
contact with organic-rich material, and this fluid was likely a formation water.

The variable sulfur isotopic composition of pyrite in the North Zone (—9.4%o to
+6.1%o) indicates that the system was not in sulfur isotopic equilibrium. Richards and
Kerrich (1993) explained the negative 8**Spyie (1.6 to —14.0 %o) values in the
Roamane Fault Zone by oxidation of magmatic sulfur due to boiling. The difference in
the range of 5 4Spyrite value between the North Zone and the Roamane Fault Zone
suggests that the precipitation process operating in the North Zone was either different
or only partly the same as in the Roamane Fault Zone, with additional processes
operating in the North Zone. The sulfur source for stage II pyrite remains ambiguous,
and both magmatic sulfur and sedimentary sulfur may have contributed to the system.
Sulfur could have been oxidized (e.g., by boiling) resulting in the negative values
observed in the Roamane Fault Zone (Richards and Kerrich, 1993) and partly in the
North Zone.
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The 6180H20 and 8Dy, graph (Fig. 4-11) shows the North Zone samples
(BlSOHzo = 1.2 %o to 4.1%0) fall between meteoric and magmatic water compositions

suggesting that the Porgera hydrothermal fluid contains a magmatic and a meteoric

water component. Similarly, the 8'%0 values of H,0 calculated from 8"%0 rbonare and an

estimated Th of 160° using the fractionation equation between ankerite and H,O of
Zheng (1999) range from 2.2%o to 3.6%o. Figure 4-11 also shows two calculated

isotopic exchange paths between igneous rocks from the PIC (calculated SISOHzo ~
8.5%.o, 5DH20 = —55%o; Richards and Kerrich 1993) and two meteoric water
compositions (8'° Oy, ~ ~7%o, 3Dy, = ~50%o; 8'* Oy, ~10%o, 8Dy, = ~70%o).

Samples from the North Zone differ somewhat from samples from the Roamane Fault

Zone in terms of their 6180H20 and 8Dy, composition: the Roamane Fault Zone
samples tend to have higher values for 8180H20 and 8Dy, o, which may indicate

different ratios of magmatic versus meteoric water in the two areas.

Richards et al. (1991) analyzed the lead isotopic compositions of igneous rocks
(PIC), sedimentary host rocks of the Chim and Om Formations, and of gold and
sulfides of stage I and II mineralization. They found that the lead isotopic composition
of gold and sulfides falls between the lead isotopic compositions of the igneous and
sedimentary rocks and concluded tentatively that the hydrothermal minerals formed
from a mixture of Chim Formation, Om Formation, and igneous lead.

In summary, the analyzed fluid chemistry and the observed salinity distributions
suggest that two distinct fluids were involved in the hydrothermal system. One end
member (salinity of ~6 equiv. wt % NaCl, Th ~ 160°C) may have been a magmatically
derived fluid ascending from depth, whereas the second fluid (salinity of ~3 equiv. wt
% NaCl, Th = 150°C) could have been groundwater hosted by the country rock
surrounding the Porgera Intrusive Complex. These two fluids appear locally to have
mixed at the level of vein formation as suggested by Th-salinity plots of samples P98-
1164 and P99-145, but in other samples (e.g., P98-1537 and P99-231) the fluid
inclusion record shows no evidence for in situ mixing. In another group of samples

(e.g., P98-1576 and P99-066C), the high salinity fluid was undergoing boiling, as
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indicated by heterogeneously trapped fluid inclusions. Hence, it appears that both
processes, boiling and fluid mixing, were involved in vein formation at Porgera. In
addition, petrographic observations of gold in pyrite in the wall rock of some veins
(Figure 4-4 h; Richards, 1998) indicate that fluid—wall rock reaction may also locally

have played a role in gold precipitation.

Numerical Modeling

Numerical modeling was conducted to test the effectiveness of boiling, fluid
mixing, fluid-rock reaction, and simple cooling for ore deposition in the North Zone of
the Porgera deposit. The goal was to determine the process(es) that could precipitate
the assemblage quarlz-roscoelite-pyrite-gold, because these are the dominant minerals

in ore-bearing veins.
CHILLER geochemical modeling — approach and limitations

The computer program CHILLER (Reed, 1982, 1998) was used to model the
formation of stage II veins. CHILLER allows modeling of processes such as boiling,
mixing, cooling, and wall rock reaction. The software uses a set of component species
(Reed, 1982) to define the chemical composition of the system under investigation. All
aqueous species, minerals, and gases in the system are assembled from the component
species which are themselves also chemical species in the system. For example, the

carbonate ion, CO32', can be assembled from the component species HCO3;™ and H":
CO;* =HCO; -H"

Therefore, the value of the mass of the component species H" can be negative, for
example in a high-pH solution. The same reasoning applies to species involved in
redox reactions such as SO, and HS’, with negative values of masses of SO42'

describing relatively reduced systems and negative values of masses of HS™ describing
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relatively oxidized systems, respectively. No computational difficulties arise when
dealing with negative values of masses of component species (Reed, 1998).
CHILLER sets up mass balance and mass action equations involving all
chemical species, and these equations are solved simultaneously by iteration using the
thermodynamic database Soltherm (Reed and Palandri, 1998). Thus, the mineral-gas-
aqueous assemblage and concentrations of all species are determined, constrained by
their thermodynamic properties. Processes such as boiling, cooling, and wall rock
reaction are modeled by making stepwise changes in P, T, and composition, with an

equilibrium calculation for each step.

Starting solution composition

A set of component species defining a starting solution has to be established.
The composition of the inferred high-salinity fluid at Porgera was estimated using gas
and ion chromatographic data of fluid inclusions and the mineral paragenesis observed
in stage II veins (Table 4-9). Ion data were collected for CI”, Na’, K", and NH,", and
average representative values of these species were used. The analyses for K' range
from 0 to 398 mmoles/kg for samples from the North Zone. A value of 30 mmoles/kg
was used for the calculation which is approximately what Richards et al. (1997)
measured. The latter data do not exhibit as large a range as the data collected in this
study. The component species NH," incorporates all N species, and therefore the gas
analysis of N; was added to the ion analysis of NH4". The component species HCO3~
was calculated using the concentration of CO, from the gas chromatography. The
analyzed CH,4 concentration was included by re-expressing its composition in terms of
redox components in the system including a HCO;™ adjustments to represent the carbon
in CH4 (Reed, 1998). Concentrations of Fe**, Ca**, and Mg®* were estimated from near
saturation with siderite, calcite, and magnesite, respectively, because Ca-Fe-Mg
carbonate was observed in stage II veins. A" was determined by saturating the
solution with muscovite at 170°C. The pH was adjusted to put the solution in the
muscovite stability field and slightly undersaturated with K-feldspar field. Saturation

with quartz was used to fix SiO,, and saturation with pyrite was used to fix the total
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sulfur concentration. The fluid was also saturated with gold. Concentrations of other
elements (e.g., Zn, Cu, or Pb) were low and poorly constrained, and so were not added
to the starting solution.

The temperature of the solution was set at 170°C, corresponding to the highest

average fluid inclusion homogenization temperature measured in stage II quartz.

Composition of the mixing solution

To simulate fluid mixing, a separate mixing solution was generated.
Sedimentary formation water was chosen as the mixing solution because fluid inclusion
and ion chromatographic analysis indicate the involvement of such a fluid (see above).
We produce a “formation water” that had equilibrated with the sedimentary rocks that
host the Porgera Intrusive complex, i.e. siltstones and mudstones, and minor sandstones
that were interpreted’to be shelf sediments (Davies, 1983; Gunson et al., 2000). The
known composition of a mudstone (Richards, 1990b) was equilibrated with seawater
(simplified from Berner and Berner, 1996), and the resulting solution (Table 4-10)

mixed with the starting solution.

Assumptions and limitations of the method

The starting fluid composition was partly estimated from gas and ion
chromatographic analyses performed on fluid inclusions from stage II vein quartz, and
partly from the vein paragenesis (e.g., Cooke and McPhail, 2001; Saunders and
Schoenly, 1995). The bulk fluid inclusion samples were taken from quartz overlying
the roscoelite-pyrite-gold-quartz band, and therefore, the fluid inclusions may not
represent the exact composition of the initial solution from which the ore precipitated
because it was trapped after the main ore deposition. Nevertheless, it is the closest
approximation available because few workable fluid inclusions occur in the roscoelite
band. By including the ore-band mineralogy in the estimation of the composition of the
starting solution, we made this solution as realistic as possible.

Roscoelite precipitation cannot be modeled at the present time because
thermodynamic data for aqueous V species and V minerals are not included in the

Soltherm database. However, we assumed that precipitation of muscovite occurs under
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similar conditions as roscoelite because of the chemical similarity of the two micas
[KAL(Si3A10,0)(OH); versus K(V,AD),(Si3AlO19)(OH),]; therefore, muscovite was
used as a proxy for roscoelite. In addition, Cameron (1998) modeled the stability of
roscoelite and concluded that at 200°C roscoelite was stable between pH values of 4

and 12 and log fg, values of ~35 and 60, thus overlapping the muscovite field.

The starting solution consists of a limited number of species and is thus an
approximation of reality. However, all dominant minerals occurring in stage II veins
can be modeled with the species included (if muscovite is accepted as an analogue for
roscoelite). These species were estimated from analytical and petrographic data, and
are therefore based on reliable information.

The program CHILLER computes thermodynamic equilibrium conditions and
does not take kinetics into account. Although kinetics are important for some mineral
precipitation reactio;l (e.g., graphite, Cooke and McPhail, 2001) and may be important
for gold precipitation (Brown, 1989), the program has proved reliable in predicting
mineral assemblages, not only in the geothermal and epithermal environments (Reed
and Spycher, 1985; Spycher and Reed, 1989; Saunders and Schoenly, 1995; Simmons
and Browne, 2000; Cooke and McPhail, 2001), but also for Carlin-type (Hofstra et al.,
1991), MVT (Plumlee et al., 1994), greisen (Halter et al., 1998), VHMS (Reed, 1983)

and laterite deposits (Getahun et al., 1992).
Experimental Models
Boiling
Adiabatic boiling was modeled starting at 170°C because the highest average

Th observed was 167°£25°C. One kilogram of starting solution was adiabatically

boiled from 170°C to 100°C.

Fluid mixing
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The temperature of the mixing solution was set at 150°C comparable to the Th
values of the low salinity fluid inclusions. In this numerical experiment, 3 kilograms of

mixing solution were progressively mixed into 1 kilogram of starting solution at 170°.

Cooling

Simple cooling of the starting solution was modeled from 170°C to 100°.

Fluid—wall-rock reaction

Fluid-rock reaction runs were conducted to test whether this process could play a
role as an ore precipitation mechanism, and to see whether the mineral assemblage
produced during this process reflected the alteration assemblage observed around the
quartz-roscoelite-pyrite-gold veins. This numerical experiment also serves as a test for
the accuracy of the s{arting solution composition.

Fluid—wall-rock reaction was modeled by titrating 10 grams of a dioritic host rock
of known composition (Roamane diorite; Richards, 1990a) into 1 kilogram of starting

solution.
Modeling Results and Interpretation
Boiling
The mineral assemblage that precipitates upon adiabatic boiling is shown in Figure
4-14a. The assemblage consists of quartz, pyrite, and gold, which all precipitate during
the earliest stages of boiling. Microcline forms when a temperature of 140° is reached.

The pH increases from 5.0 at 170°C to 7.5 at 100°C (Figure 4-14 b) due to loss of

volatiles such as CO; to the vapor phase, according to the reaction:
HCO5"ag) + H'(ag) = H20(aq) + COxg)

where aq stands for aqueous and g for gaseous (cf. Reed, 1998).
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Figure 4-14c shows the ratio of the sums of all oxidized and reduced sulfur species
in the system (ZS%*/£8%), and is illustrative of the redox state of the fluid (Cooke and
McPhail, 2001). The fluid becomeshoxidized during boiling as reduced species such as
H,S and CH, enter the gas phase.

The experiment yields a paragenesis similar to that observed in stage II veins

inasmuch as gold, pyrite, and quartz precipitate; however, it lacks muscovite.

Mixing

Figure 4-15 shows the effects of progressively mixing up to 3 kg of formation water
at 150°C with 1 kg of starting solution at 170°C. The graph is to be read from left to
right. After mixing 1 kg of formation water with the starting solution, the temperature
is ~160°C, and after mixing with 3 kilograms of formation water the temperature is
155°C. Mixing results in the early precipitation of muscovite and pyrite, followed later
by gold after mixing of 1.4 kg of formation water. The pH changes slightly from 5.0 to
5.2, and the oxidation state of the fluid increases upon mixing with the near-neutral
formation water.

The minerals calculated to precipitate upon mixing are observed in the vein

assemblage. Quartz, a dominant mineral in most veins, does not form during mixing.

Also, gold precipitation is delayed relative to muscovite and pyrite.

Cooling

Simple cooling from 170° to 100°C results in precipitation of quartz, pyrite,
muscovite, and gold during the first 5°C of cooling (Fig. 4-16a). Muscovite reacts out
and is replaced by kaolinite at a temperature of 120°C which reflects the drop in pH
from 5.0 at 170°C to 4.6 at 100°C (Fig. 4-16b). The oxidation state of the fluid
increases upon cooling (Fig. 4-16¢).

All minerals predicted to precipitate during cooling occur in stage II except
kaolinite. Temperatures in the veins do not fall to 120°C, so kaolinite is not expected to

precipitate.
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Water-rock reaction

The minerals calculated to precipitate early upon reaction of 1 kg of the starting
solution with dioritic wall rock include quartz, muscovite, pyrite, siderite, gold, and
apatite followed by dolomite. After 5 grams of rock was titrated into the starting
solution, ankerite also precipitated, followed by hematite at 7 grams (Fig. 4-17).

The observed alteration assemblage consists of carbonate-sericite-pyrite with minor
quartz and gold hosted in pyrite which is similar to the model paragenesis. Hematite,
clay minerals, and chlorite are also observed in small amounts in the altered wall rock,

and apatite is present as a stable residual phase in the diorite.

Interpretation of modeling results

Modeling of fluid-rock reaction best reproduces the mineral paragenesis observed
in the wall-rock alteration and in some of the mineralized veins at Porgera. However,
because only a limited amount of wall-rock can interact with the hydrothermal fluid
due to shielding of fresh rock by a layer of altered rock, this process, although observed
locally, probably played a minor role in ore formation at Porgera.

Boiling precipitates quartz, pyrite, and gold, but muscovite (i.e. roscoelite) does not
precipitate. This observation suggests that boiling alone is unlikely to have been
responsible for stage II vein formation based on the thermodynamic modeling.

Fluid mixing results in pyrite-muscovite-gold formation, but no quartz is expected
to precipitate upon mixing. Hence, this mechanism may account only for roscoelite-
pyrite-gold formation. Boiling and mixing were accompanied by cooling which
contributed to stage II vein formation. Cooling is very efficient in deposition of quartz,
whereas only small amounts of muscovite, pyrite, and gold form upon cooling. Hence,
it is likely that the coarse-grained quartz that forms the bulk of some veins was
deposited by cooling.

In summary, the modeling results indicate that the individual bands of stage II veins
may have formed by different processes, e.g. the roscoelite band formed by mixing or
fluid-rock reaction (which form the largest amount of roscoelite of all processes)

whereas some of the early quartz formed by boiling and the bulk of the coarse-grained
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quartz in the vein centers may have formed by cooling. It is also likely that a
combination of these processes, for example boiling and cooling or fluid mixing and

cooling, occurred.

Discussion

Both processes, boiling and fluid mixing, have been suggested as ore forming
mechanisms at Porgera. Arguments for boiling were based on textural observations of
breccias and breccia veins abundant in the Roamane Fault Zone, and on mineralogical
observations such as vein margins consisting of fine-grained quartz interpreted to be
recrystallized chalcedony (Richards and Kerrich, 1993). Furthermore, vapor-rich fluid
inclusions coexisting with liquid-rich inclusions were observed in stage II quartz
intergrown with gold in one sample from near the Roamane Fault Zone (Ronacher et
al., 2000Db). In contrast, Wall et al. (1995) and Cameron et al. (1995) suggested — based
on considerations of mobility of V** versus V** in a hydrothermal fluid — that
precipitation of roscoelite was a result of reduction (rather than oxidation caused by
boiling) and that mixing with a reduced fluid was a likely ore formation mechanism
(see also Cameron, 1998).

The data on quartz-roscoelite-pyrite-gold veins collected for this study have
been used to readdress the question of ore deposition at Porgera. The crucial results
from the North Zone are summarized here, and are integrated in a model of ore
formation for this zone. The presence of two fluids is indicated by a higher and a lower
salinity inclusion group. Vapor-rich fluid inclusions observed in some samples indicate
that boiling occurred, at least locally, and in the Roamane Fault Zone a direct link was
made between boiling and gold deposition (Ronacher et al., 2000b). In the North Zone
samples, vapor-rich fluid inclusions were not observed in quartz intergrown with gold,
but their presence in quartz immediately overlying the gold-rich layer nevertheless
demonstrates that conditions were favorable for boiling. Organic compounds in the
fluid (e.g., CoH,, C;Hy, CyHg) and organic-rich liquid in rare fluid inclusions indicate
reaction of the fluid with organic-rich sedimentary rocks. Also, the gas and ion
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compositions of stage Il fluids suggest the involvement of a formation water (e.g., CHy,
N,; I'/CI7; NHy, Br'/CI, presence of higher hydrocarbons and, in rare cases, organic

liquid, 8" Cco,)- The carbon isotopic signatures of stage II carbonates (~~2.5%o) are

different from the magmatic value of stage I carbonates (~—5%o; Richards and Kerrich,
1993) and suggest carbon contribution from a source other than magmatic water,
perhaps the sedimentary rocks. 5'30 and 8D data suggest a significant contribution of
meteoric water to the hydrothermal fluid (Richards and Kerrich, 1993 and this study).
Numerical simulations indicate that the most efficient mechanisms to precipitate quartz
are boiling and cooling, whereas muscovite (used as a proxy for roscoelite) is formed
most efficiently by fluid-rock reaction and fluid mixing, and gold is more likely formed
by boiling and fluid-rock reaction. Finally, petrographic observations showed that gold
also occurs in the wall rock adjacent to veins, further suggesting that fluid-rock
reaction/wall rock su’lﬁdation played a role in vein formation.

These data indicate disparate processes — vapor-rich fluid inclusions in some
samples suggesting boiling, continuous salinity trends on Th-salinity plots of some
samples suggesting fluid mixing, gold in the wall rock suggesting fluid-rock reaction as
precipitation mechanism — which can be combined and integrated into a model for ore
formation at Porgera, because these processes are not mutually exclusive and they can
be related to particular samples. For example, boiling can clearly be linked to seven
samples (P98-1576, P98-701, P98-1320, P98-611, P99-066C, P99-197, P98-1835) and
in these samples quartz is interpreted to have formed by boiling. However, these
samples do not cluster in one location in the North Zone, but are spread over the entire
depth extension of the high-grade area which indicates that boiling occurred
intermittently along the entire North Zone. Likewise, samples that contain roscoelite in
the wall-rock also occur over the entire depth of the ore zone and are not restricted to
one particular area. Similarly, the three samples that exhibit continuous salinity trends
and in which quartz was interpreted to have formed by fluid mixing, do not occur in
one location only, although their occurrence has been observed over a depth interval of
100m only (Table 4-2). These observations indicate that boiling, mixing, and fluid-rock

reaction, all accompanied by cooling, occurred intermittently along the North Zone.
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Furthermore, more than one process was observed to have operated in one samples; for
example, vapor-rich fluid inclusions (boiling) and roscoelite in the wall-rock (fluid-
rock reaction) were observed in three samples (P98-1576, P98-701, P99-197). Also,
sample P98-611 exhibits a continuous salinity trend (suggesting mixing) and vapor-rich
fluid inclusions (boiling). These observations further emphasize that more than one
process can operate during vein formation and that a combination of processes may
have been involved in vein deposition, operating in the same location but at different
times forming the individual bands of the quartz-roscoelite-pyrite-gold veins.

Hence, we suggest a model in which fluid, exsolved from the inferred parent
pluton at depth, may have interacted with the country rocks, mudstones and siltstones
of the Om and Chim Formations (Davies, 1983), and mixed with the fluid hosted by
these rocks. As this homogenized/mixed fluid rose to shallower levels, it reacted with
the dioritic and gabbroic wall-rocks and started to precipitate a paragenesis similar to
the one predicted to form in the fluid-rock experiment. Fractured rock resulting from
normal movement along the Roamane Fault may have allowed more formation water to
interact with the ascending fluid, and locally, mineral precipitation may have cemented
the available open space in the faults which resulted in overpressuring of the fluid,
followed by hydrofracturing, decompression, brecciation and boiling (as evidenced by
vapor-rich inclusions). Boiling may have been prevalent in the highest grade areas,
such as Zone VII, located directly in the Roamane Fault Zone where quartz intergrown
with gold contains both liquid and vapor inclusions (Ronacher et al. 2000b). In the
North Zone of the footwall diorite, in contrast, where gold occurs partly in thin veinlets
intergrown with abundant roscoelite and partly in the wall rock adjacent to thin quartz-
roscoelite-pyrite-gold veinlets in addition to breccia veins, fluid-wall rock reaction may
have been an additional ore precipitation mechanisms. Locally, fluid mixing may have
been the dominant ore deposition mechanism as indicated by the fluid inclusion salinity
trends observed in some samples from the North Zone. Given the size of the Porgera
deposit, it is not surprising that more than one mechanism was responsible for ore
formation. In this study, we presented a multi-process model that explains field

observations, analytical data, and modeling results.
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Porgera in the context of alkalic rock-related gold deposits

Gold deposits associated with alkalic rocks have been the topic of a number of
reviews (e.g., Mutschler and Mooney, 1993; Richards, 1995; Jensen and Barton, 2000;
Miiller and Groves, 2002), in which the similarity between these deposits was stressed.
In contrast, Sillitoe (2002) underlined the uniqueness of deposits like Porgera, Papua
New Guinea, Emperor, Fiji, or Cripple Creek, Nevada. The following section is not
intended to reiterate what the above authors have already stated, but to (1) compare
depositional mechanisms inferred to have played a role at Porgera with the ore forming
processes in other alkalic systems; and (2) comment on the potential uniqueness of
Porgera and the implications for exploration.

Common depositional mechanisms

A variety of depositional processes was suggested for alkalic-rock related, low-
temperature vein deposits (Jensen and Barton, 2000), including fluid phase separation,
fluid mixing, cooling, and fluid—wall-rock reaction. For example, Ahmad et al. (1987)
suggested based on the fluid inclusion record that ore deposition at the Emperor mine,
Fiji, was dominantly due to phase separation, whereas Kwak (1990) argued that cooling
due to fluid mixing and wall-rock reaction were responsible for ore formation in the
same deposit. Kwak (1990) also based his argument on microthermometric
observations of samples from the area of the Emperor mine that he studied. Poliquin
and Simmons (1998), in another study on the Emperor mine, obtained similar results as
Ahmad et al. (1987) and concluded that phase separation was involved in ore formation
but that phase separation over a large vertical interval was “a puzzling feature of the
ore-forming hydrothermal conditions of this deposit”.

Other examples are the Cripple Creek deposit, Nevada, for which Thompson et
al. (1985) suggested that cooling may have been the dominant ore deposition
mechanism. In addition, Jensen and Barton (2000) stress that, locally, there is evidence
for fluid—wall-rock reaction at Cripple Creek. Zhang and Spry (1994) and Spry and
Thieben (1998) suggested for the Gies gold-silver telluride deposit, Montana, that
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mixing was involved in ore deposition based on isotopic and microthermometric
observations (except for the bonanza ore zones that may have formed by phase
separation; P. Spry, pers. commun.,'2002). Cooke and McPhail (2001) concluded for
the Acupan deposit, Baguio district, Philippines, that phase separation, fluid mixing,
cooling, and fluid——wall-rock reaction all contributed to vein formation at Acupan and
that these processes may have occurred simultaneously. Cooke and McPhail (2001)
based their conclusions on detailed petrographic, microthermometric, and isotopic
studies of the deposit, as well as thermodynamic reaction path modeling (Cooke and
Bloom, 1990; Cooke et al., 1996).

Hence it appears that original models of ore deposition in the epithermal
environment that stressed the predominance of phase separation over alternative
precipitation mechanisms (e.g., Drummond and Ohmoto, 1985) can be expanded and
added to. Bogie and Lawless (1997, 1998) pointed out that there may even be two
distinct types of epithermal deposit distinguished by the ore deposition mechanism,
with phase separation being dominant in deposits characterized by chalcedony,
adularia, pyrite, and a continuous high-grade zone, whereas mixing may have been
prevalent in deposits of smaller vertical extent containing quartz, barite, pyrargyrite,
and electrum.

In summary, the available evidence for low-temperature deposits associated
with alkalic rocks suggests that a variety of ore deposition mechanisms can be invoked
to explain ore formation in these deposits. Ore formation at Porgera is no exception: a
comparison of the findings of our study with the above evidence from the literature
further underlines that epithermal-type systems are rapidly evolving and dynamic
(Cooke and McPhail, 2001), and a variety of depositional mechanisms are only a

logical consequence of the fast-changing nature of these systems.

Is Porgera unique? Implications for exploration for “Porgera-type” deposits

Although frequently compared to other gold deposits associated with alkalic
rocks (Richards, 1995; Ronacher et al., 1999), Sillitoe (2002) stressed the uniqueness of
Porgera. Some characteristics of the deposit appear to be unique, for example the

inferred depth of ore formation of ~2 to ~2.5 km. In addition, the host rocks of the PIC
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consist of sedimentary rocks dominantly of the Chim Formation (siltstones and
mudstones; Davies, 1983), and, perhaps more importantly, the PIC is underlain by
carbonaceous mudstones and siltstones of the Om Formation (Davies, 1983), which is
source of oil and gas (Davies, 1983). Hence, fluids exsolved from the inferred parent
pluton at ~6 km depth (Richards, 1990a) passed through ~4 km of hydrocarbon-rich
sedimentary rocks. The interaction with these rocks is argued to have enriched the
fluids in CHy and N, which is the reason why these fluids were able to phase separate
at depths of ~2.0 to 2.5 km (Figure 4-11). It remains unclear, however, whether the
interaction with organic-rich sedimentary rocks had consequences other than enhancing
phase separation. For example, it is possible that organo-metallic complexes played a
role in transport of not only precious metals but also Al or Na (Shock, 2000; Gize,
2000).

The inferred#paleodepth of ore formation at Porgera indicates that exploration
for similar deposits could extend to depths greater than what was traditionally assumed
to be the epithermal environment, especially in the vicinity of carbonaceous
sedimentary rocks and CO;-rich alkalic rocks. Likewise, areas where some degree of
erosion was documented may still be explorable for epithermal-type deposits.

Porgera may be a giant deposit because of the interplay of various parameters:
(1) Tectonic setting prone to yield alkalic magmatism (i.e., back-arc environment, post
subduction or extensional setting; Richards, 1995; Sillitoe, 2002); (2) structural setting
favorable for magma ascent (e.g., intersection of deep crustal structures; Corbett et al.,
1995); (3) structural setting favorable for focused ore precipitation (e.g., Roamane
Fault and its splays); (4) conditions favorable for phase separation, possibly due to
interaction with the host sedimentary rocks; (5) conditions favorable for fluid mixing
due to availability of mixing solutions and dilational zones were mixing could take
place in addition to cooling. Lack of only one or more of these parameters may still
result in formation of an ore deposit, but it is unlikely that a giant deposit would form.
Hence, all of the above criteria have to be met in order for a giant “Porgera-type
deposit” to form (see also Richards, 1997; Sillitoe, 1997).
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Conclusions

Petrographic observations, fluid inclusion microthermometry, gas and ion
chromatography, and stable isotopic analysis on high-grade quartz-roscoelite-pyrite-
gold veins from the Porgera gold deposit, Papua New Guinea, indicate that more than
one precipitation mechanism was responsible for ore formation at Porgera. Boiling may
have been dominant in the highest-grade major fault hosted areas, whereas mixing of a
magmatic fluid with a sedimentary formation water and fluid—wall rock reaction may
have been more important in smaller splays of the main fault. All these processes were
accompanied by cooling. These conclusions are corroborated by results of numerical
simulations of mineral deposition using the programs CHILLER. The simulations
suggest that gold is most efficiently precipitated by boiling and fluid-rock reaction,
muscovite (used as an approximation for roscoelite) is most efficiently formed by fluid

mixing, whereas quartz is more readily formed by boiling or cooling.
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Table 4-1: Ore and gangue minerals in stage II veins (in approximate order of

decreasing abundance)

early late
quartz Si0,
roscoelite K(V,A);Si3A10,4(OH), emm——
pyrite FeS;
anhydrite CaS0Oy
Ca-Fe-Mg carbonate (Ca,Fe,Mg)CO3 —_—
gold, locally tellurides Au (~20% Ag) _
hessite AgTe, e
petzite AgsAuTe, e
krennerite (AuAg)Te;  —meeeeeen
calaverite AuTe;, e
coloradoite HglTe e
altaite PbTe s
tetrahedrite (Cu,Ag,)10(Fe,Zn),SbsS3
arsenopyrite FeAsS —_—
barite BaSO; e
adularia KAISis05 0 e
pyrargyrite/prousite AgiSbS3/AgiAsS; 00 e
chalcopyrite CuFeS, e
sphalerite ZnS _—
marcasite FeS, e
hematite ) 2316 7 S —
galena &0 ——
acanthite AgS e

Mineral names in italics were not observed in this study (cf. Fleming et al., 1986;

Richards et al., 1991)

--- : rare

— : moderately abundant
== : abundant
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Table 4-2: Average microthermometric data of liquid-rich fluid inclusions hosted by
stage II quartz from samples from the footwall diorite. Samples are listed in order of
increasing depth.

Sample Elevation (m Th(°C) Salinity (equiv. =n Au
a.s.l) wt. % NaCl) (ppm)’

Roamane Fault Zone:
P98-2204* 2390 15315 4.740.2,8.6+0.4 10,27 na’
North Zone:
P99-120 2335 14016  6.2+0.2,8.2+03 7,7 0
P98-1576* 2330 14449 7.9+0.8 18 4
P98-992 2315 157+18 9.6+0.2 9 15
P98-1466 2190 145+12 8.410.5 18 2
P98-1459 2190 154+13 8.1£0.6 36 1
P98-1600 2150 139422 9.0£0.4 13 5
P98-1448 2120 149+12 8.5+0.3 18 7
P98-1413 2120 127412 8.3£0.5 37 60
P98-701* . 2080 137+£13 8.3£1.1 40 11
P98-1379 2030 150+10 8.210.7 5210
P98-1320* 2030 157+14 7.940.5 47 8
P98-1631 2020 145+11 7.5£1.0 34 3
P98-846 2000 148420 8.6+0.4 25 9
P98-1111 1980 132+11 7.8+0.3 6 3
P99-145 1980 160+10 451092 48 5
P99-178 1945 14614  5.0+0.0,7.840.4 3,69 5l
P98-611* 1930 156411 50t087 101 9
P98-612B 1930 142419 8.3+£0.7 38 11
P98-1162 1915 161£11 8.2+0.7 12 9
P98-1537 1910 151410  4.8+0.1,6.8+0.6 10,49 28
P98-1164 1900 163+19 451010.2 96 9
P99-066C* 1880 155+16 8.7+0.6 68 2
P99-095C 1875 16113 8.4+0.4 47 15
P99-197* 1855 148+12  4.84+0.0,8.1£0.4 4,36 0
P98-1170 1850 153%13 8.5+0.4 71 0
P98-1835* 1845 16725 8.3+0.4 27 0
P99-231 1820 152411  4.4+03,88+04 13,5 70

Asterisk (*) denotes samples where vapor-rich inclusions were observed.

! Gold assayed over a 2 meter interval

2 no gold assay data are available for this sample, but it was collected from a high-
grade stope within the Roamane Fault Zone

n = number of fluid inclusions analyzed (two values represent the number of inclusions
in each of the two salinity groups).

m a.s.l. = meters above sea level
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Table 4-3: Results of gas chromatographic analysis. For all other samples, the
values represent the gas dissolved in the aqueous liquid phase (see text).
Sample # N’ CHy CO, Hy0 CHs GCH¢ COS
mole% mole% mole% mole% mole% mole% mole%

Roamane Fault

Zone

P98-2204* 0.04553 0.07431 1.820 98.06 0 0 0
P98-2204A%  0.11011 0.02255 1.108 98.76 0 0 0
North Zone

P99-120 0.01314 0.03965 1.815 98.12 0 0.00209 0.00793
P98-992A 0.03115 0.10982 1.187 98.67 0 0 0
P98-1466 0.02624 0.03537 2.004 97.93 0 0 0
P98-1459 0.01426 0.03249 1415 98.54 0 0 0
P98-1600 0.00938 0.02073 1.393 98.58 0 0 0
P98-1448 0.01479 0.03818 1.627 98.32 0 0 0
P98-1320A%* 0.04923 0.08114 0.621 99.25 0 0 0
P99-145 004043 0.09273 1.384 98.48 0 0 0.00214
P99-178 0.06471 0.12656 0.718 99.09 0.00012 0.00112 0
P99-178X° 0.05208 0.10255 0.575 99.27 0 0.00063 0
P98-611* 0.03041 0.04844 1.547 98.37 0 0 0
P98-612B 0.03737 0.03717 1.444 98.48 0 0 0
P98-1162 0.01551 0.03573 1.407 98.54 0 0 0.00069
P98-1537 0.03908 0.09279 0.850 99.02 0 0 0
P99-066C* 0.02413 0.04093 1.106 98.83 0.00003 0.00090 0
P99-095B 0.06388 0.03546 1.846 98.05 0 0 0
P99-197* 0.04013 0.05695 1.227 98.67 0 0.00050 0.00243
P99-197X>* 0.04017 0.05789 1.167 98.73 0.00005 0.00061 0.00175
P98-1170 0.02100 0.04539 1.198 98.73 0 0 0.00275
P99-231C 0.02351 0.09177 0.948 98.93 0 0 0.00166

" The N, peak is a composite peak of No+Ar+CO+0,

2 C,Hg values are combined values of CoHg and C,H,

3 two samples from the same quartz vein were analyzed; differences in
concentrations may be due to crusher efficiency and abundance of fluid
inclusions in the sample, or to the proportion of liquid- versus vapor-rich
inclusions.

* Samples contain liquid-rich and vapor-rich fluid inclusions
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Table 4-4: Results of the ion chromatographic analyses in milli moles per liter.

Sample# CI' Br “£S$” Li' Na' NH,” K Mg™ Ca* Q/Q Q+/(2)'

COrT

Roamane

Fault Zone

P98-2204 633 1.62 na 0 2008 0828 na na 447 028
P98- 298 0.40 75.1 241 448 27153 00 00 195 0.85
2204A°

North

Zone

P99-120 529 042 99.8 1.72 584 S6 81 28 1849 220 0.6l
P98-992A 429 063 26 44 620 0 0 00 00 130 0.09
P99-066C 609 0.68 89.6 5.77 876 55 47 00 283 194 1.12
P98-1537 347 050 744 551 479 37 0 00 00 171  0.90
P98-1320A 575 0.69 423 3.08 776 16100 25 157 1.63  1.09
P98-1448 485 0.71 89.8 5.16 834 23 0 00 00 168 0.73
P98-1466 538 0.75 969 458 996 18 30 00 00 165 0.67
P98-1170 539 ©.52 n.a 1.58 829 0372 na na 223 1.03
P99-145 353 036 0.0 6.04 462 12121 00 00 200  0.65
P99-178 474 0.65 18.5 647 654 43 28 70 00 220 1.27
P99-178X° 279 053 na 485 545 na. 0 na na 197 094
P98-611 335 031 42.1 880 473 20371 00 00 250 0.85
P98-1600 420 0.56 69.9 544 780 14 24 00 00 170 0.73
P98-1162 446 065 71.1 340 780 12 0 00 00 154 068
P98-1459 356 0.36 44.6 389 557 30 0 00 00 194 072
P98-612B 495 0.54 76.6 3.32 904 14281 0.0 0.0 205 094
P99-095B 510 0.63 2264 297 1126 10 28 0.0 0.0 131 065
P99-197 399 0.50 902 432 731 23 0 00 00 166 0.78
P99-197X* 310 028 na 260 613 nana na na 198 066
P99-231C 421 051 326125 659 0 0 00 00 136 067

"Values for “TS” were analyzed as SO4~ because sulfur species are partially
oxidized to SO, during analysis; however, because the oxidation may not be
complete, “XS” is presented in quotation marks.

2 Q/Q is the cation/anion ratio and Q*/Q ¢ is the cation/anion ratio corrected for
the presence of CO; dissolved as HCO;™ (after Channer et al., 1992; see text for
details).

? Two samples from the same quartz vein were analyzed; differences in
concentrations may be due to crusher efficiency and relative abundance of low
versus high salinity fluid inclusions in the sample.

n.a. = not analyzed.
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Table 4-5: Oxygen and hydrogen isotopic data in permil relative to VSMOW.
Hydrogen isotopic compositions were obtained from bulk fluid inclusion (FI)
analyses in quartz.

sample # 8'°0qiz (%0) Average 8Oy (%0) & Oy, (%0)° 8Dy, (%o)

Th (°C)
Roamane Fault
Zone
P98-2204 18.3 156 3.3 5.2 -64
North Zone
P98-1576 16.4 144 0.6 2.7 -63
P98-981 16.5 no workable FI
P98-992 15.2 157 0.6 2.5 -67
P98-1466 14.9 145 -0.8 1.3 -55
P98-1600 15.1 139 -1.1 1.1 -57
P98-1448 13.9 149 -1.4 0.6 =77
P98-1413 16.5 127 -0.9 1.5
P98-701 15.8 137 -0.6 1.2
P98-1631 * 17.0 145 1.3 3.4 -64
P98-1379 14.8 150 -0.5 1.6 -58
P98-846 15.9 148 0.5 2.6 -53
P98-1111 16.4 132 -0.5 1.8
P98-611 14.6 156 -0.1 1.9 -57
P98-1162 14.5 161 0.2 2.1 -52
P98-1537 13.9 151 -1.2 0.8 -81
P98-1164 17.6 163 3.5 54 -64
P98-1170 16.9 153 1.2 3.2 -66
P98-1833 16.7 no workable FI -76
P98-1835 17.9 167 4.1 5.9

! calculated assuming average Th ~ Tt; fractionation equation of Clayton et al. (1972)
2: calculated using average Th+25°C; fractionation equation of Clayton et al. (1972)
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Table 4-6: Carbon isotopic values for carbonate and organic carbon from various
rocks from Porgera, stage II vein carbonate, and from CO; in fluid inclusion fluid.
8'3C values are reported in %o relative to V-PDB. §"°Ceqy data of the sedimentary
rocks are similar to the data of Richards and Kerrich (1993). 8180ﬂuid calculated using
the equation of Zheng (1999) for ankerite and a temperature of 160°C.

sample # Comments 8 Cearr & 13Corg.sha;e ) 13CCO2 8" 0¢arb 8 *Ofuid
%0 %0 %0 %o %0
P98-1538 stage II carbonate -2.4 16.6 3.6
P98-1532 stage II carbonate -2.6 15.5 2.5
P98-1325 stage Il carbonate -2.5 16.2 32
P98-1537 stage II carbonate -2.7 16.0 3.0
P98-1344 stage Il carbonate -3.3 15.2 2.2
P144 carbonaceous mudstone -1.5 -20.0
(Om Fm)

RIJR-69 cm, altered (qtz, carbonate, -4.6 -22.9
pyrite; Chim Fm)

RIJR-75 cm, altered (qtz, carbonate, -5.4 -20.3
pyrite; Chim Fm)

P139 mudstone (Chim Fm) -0.8 -20.5

P141 siltstone 0.0 -16.8

RIR-68 cm, altered (qtz, carbonate, -4.0 -23.6
pyrite; Chim Fm)

RJR-74  calc-arenite (disseminated  -4.3
py; altered?; Chim Fm)

RJR-73 calc-arenite (Chim Fm) -1.4
P143! limestone (Nipa Gr) 1.2
P98-2204 inclusion fluid -9.5

carb: carbonate

cm: carbonaceous mudstone

org: organic

qtz: quartz

py: pyrite

Fm: formation

Gr: group

! Nipa Gr limestone overlies the Porgera deposit; analysis from Richards and Kerrich
(1993)
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Table 4-7: §>*S data for pyrite and late, vug-filling anhydrite/gypsum from the
North Zone and the Roamane Fault Zone in permil relative to VCDT.

Sample Mineral Area 8'S (%o0)
P98-2204  stage Il pyrite Roamane Fault Zone 6.0
P98-1466  stage Il pyrite North Zone -8.2
P98-1459  stage II pyrite North Zone 2.5
P98-1600  stage Il pyrite North Zone -6.7
P98-145 stage II pyrite North Zone 1.7
P98-1162  stage Il pyrite North Zone 6.1
P98-1170  stage Il pyrite North Zone -94
P99-197 stage Il pyrite North Zone 1.0
P97-2 anhydrite, vug-filling North Zone 12.4
P97-6 anhydrite, vug-filling North Zone 17.5
P97-16 gypsum, vug-filling North Zone 14.7
P97-93 anhydrite, vug-filling Roamane Fault Zone 16.0
P97-94 anhydrite, vug-filling Roamane Fault Zone 16.0
P97-95 anhydrite, vug-filling Roamane Fault Zone 17.0
P97-96 anhydrfte, vug-filling Roamane Fault Zone 17.2
P98-2206  anhydrite, vug-filling Roamane Fault Zone 17.2
P144 mudstone (Om Fm) host rocks' 2.1
RJR-145 calc-arenite host rocks’ 59
RJR-68 mudstone (Chim Fm) altered host rocks' -12.7

Fm: formation
Vsulfur in pyrite
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Table 4-8: Average inclusion fluid salinity corrected for the presence of CO; in the
fluid inclusions, and salinity estimated from CI” and Na* concentrations analyzed by ion
chromatography (see Table 4-4). Note that only the high salinity values was corrected
for CO, because clathrate was not observed in the low salinity inclusions.

Sample Salinity' CO, Salinity Salinity based  Salinity based on

(uncorrect mole% corrected onCl Na' concentration

ed; equiv. for CO, concentration  (equiv. wt. % NaCh?

wt. % (equiv. wt. (equiv. wt. %

NaCl) % NaCl)>  NaCl)®
P99-120 6.2,8.2 1.815 5.6 32 5.4
P98-992 9.6 1.187 8.0 2.6 6.0
P98-2204A 4.7,8.6 1.108 5.9 1.8 3.7
P98-1466 8.4 2.004 5.5 3.2 6.7
P98-1459 8.1 1.415 6.1 2.2 5.1
P98-1600 9.0 1.393 7.0 2.5 5.6
P98-1448 8.5 1.627 6.1 2.9 1.5
P98-1320 7.9 0.621 7.0 3.5 4.6
P99-145 7.1 1.384 5.0 2.1 6.0
P99-178 50,78 , 0.718 6.7 2.9 5.1
P98-612B 8.3 1.444 6.2 3.0 5.8
P98-611 7.4 1.547 5.1 2.1 6.1
P98-1162 8.2 1.407 6.1 2.7 53
P98-1537 4.8,6.8 0.850 5.5 2.1 4.1
P99-066C 8.7 1.106 7.1 3.7 6.9
P99-095C 8.4 1.846 5.7 3.1 59
P99-197 4.8,8.1 1.227 6.3 2.4 4.6
P98-1170 8.5 1.198 6.8 3.2 4.9
P99-231 4.4,8.8 1.182 7.0 2.7 4.9

! Salinity calculated from ice melting point. The two values for salinity represent the low
and the high salinity group.

> Salinity calculated according to the method outlined by Hedenquist and Henley (1985).
3 Salinity calculated assuming all Cl” analyzed by ion chromatography is present in the
fluid as NaCl.

4 Salinity calculated assuming all Na* analyzed by ion chromatography is present in the
fluid as NaCl.
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Table 4-9: Composition of the starting
solution used for numerical modeling
expressed as component species. See
text for details.

T (°C) 170
pH 5.00
logfo, —42.59
Component Species  Concentration
(total molality)
CI 7.3 x 107!
S04~ 1.2 x 107
HCOy 6.5 x 107
HS™! 1.1 x 107
Si0; 2.4 %107
Al 73 x 108
Ca™ ,28x%07
Mg™ 5.5x% 107
Fe™ 2.9x10°
K" 3.0 x 107
Na* 7.1 x 10"
NH," 2.9 x 102
Au’ 5.6 %107

! The negative value of HS is a
reflection of the relatively higher
abundance of SO4* than HS" in this
water (see text for details).
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Table 4-10: Chemical composition of
the formation water use for the

CHILLER fluid mixing run. :
T (°C) 150
pH 6.1
log fo, -44.16
Component Species  Concentration
(total molality)
Cr 52 %107
so* 3.6x 107
HCO; 2.3x 107
HS 3.3x10°
Si0, 1.7x 107
AT 2.9 %107
Ca™ 32x10°
Mg"™ 1.4x10*
Fe™ . 1.1x10°
K* 2.8x 107
Na* 59x 107!
Au’ 23x 107
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Figure 4-1: Simplified map of Papua New Guinea showing the location of the Porgera
gold mine in the Pliocene fold and thrust belt. Modified after Richards et al.
(1990) and Smith (1990).
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Figure 4-2: Sketch NS cross section through the Porgera mine showing a dioritic
intrusion in the center, and smaller gabbroic and feldspar porphyry bodies. The
intrusions are hosted by altered black shales that grade into unaltered black
shales. Samples were taken along a high-grade ore zone, the “North Zone”, that
strikes parallel to the Roamane Fault, a steeply dipping normal fault. The black
dots represent sample locations projected onto this section and they mimic the
North Zone. a.s.l. is the elevation above sea level, and the northing refers to the
Porgera mine grid. Contour lines refer to average gold grades modeled by
Porgera Joint Venture staff (grades averaged over 10 x 10 x 15 meter blocks
from assays of 2m of drillcore, individual assays are up to several hundred
grams per tonne).
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Figure 4-3: Drill core photographs of typical stage II quartz-roscoelite-pyrite-gold veins.
(a) 4mm-wide quartz veinlets with roscoelite-pyrite-gold rimming the vein edges
(P99-061B); (b) breccia vein with roscoelite-pyrite-gold rimming parts of the
breccia clasts (P99-016); (c) stage II vein with roscoelite-pyrite-gold band
forming the vein edge, followed by a layer of quartz, and anhydrite filling the
vein center (P99-093). Scale in centimeters. Au = gold, anh = anhydrite, py =
pyrite, gtz = quartz, rosc = roscoelite.
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Figure 4-4: Photomicrographs of stage II veins. (a) and (b) Wall-rock rimmed by a layer
of roscoelite-pyrite-gold with minor quartz and followed by coarse-grained
comb quartz (P98-1157; P98-618); (c) band of roscoelite-pyrite-gold and minor
quartz forming the vein margin (P98-932); (d) roscoelite and pyritetgold in wall
rock; the first layer in the vein consists of quartz which is followed by a band of
fine-grained quartz, pyrite, and carbonate, and coarse-grained quartz in the vein
center (P98-1466); (e) same as (d) photographed under crossed polarizing light;
the bright colors of quartz under polarized light are due to the thickness of the
section (~80 to 100um; fluid inclusion section); (f) roscoelite and pyritetgold in
the wall-rock (P98-618); (g) intergrown quartz-pyrite-roscoelite forming the
vein edge (P98-1234A); and (h) gold in pyrite in wall-rock (P97-16; photo from
Richards, 1998). Au = gold, py = pyrite, qtz = quartz, rosc = roscoelite.
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Figure 4-5: Photomicrographs of fluid inclusion assemblages from quartz in quartz-
roscoelite-pyrite-gold veins. (a) Group of primary inclusion (P99-197). (b)
primary fluid inclusion in growth zone (P98-701); (c) liquid-rich and vapor-rich
inclusions in growth zone (P99-1320).
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Figure 4-6: Apparent salinity (in equivalent weight percent NaCl) versus homogenization
temperature (Th) of representative samples of quartz-roscoelite-pyrite-gold
veins. Three distinct patterns can be recognized: the examples in (a) and (b)
show a single group of salinity between ~8 and 9 equiv. wt. %; examples in (¢)
and (d) exhibit a range of salinities from ~4 to ~10 equiv. wt. % NaCl;
regression lines indicated slightly lower temperatures for the low salinity
inclusions; and examples () and (f) show a bimodal salinity distribution with
one cluster at ~4-5 and a second cluster at ~7 and ~9 equiv. wt. % NaCl
respectively.
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Figure 4-7: Apparent salinity (in equivalent weight percent NaCl) versus homogenization
temperature (Th) of all samples from the North Zone.
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Figure 4-8: Histogram of all measured salinities. The salinity ranges from ~4 to ~10
equiv. wt. % NaCl, but the high salinity population is clearly more dominant.
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Figure 4-9: Histogram showing the distribution of Th of samples that contained liquid-
rich inclusions only (white bars) and samples that contained vapor-rich
inclusions in addition to liquid-rich inclusions (black bars). n = number of
samples. Note that the distributions are broadly similar except for a possible
bimodal distribution for the samples from assemblages where vapor-rich
inclusions were observed.
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Figure 4-10: Comparison of Br'/CI™ ratios from various environments. The average
Br/CI” of the Porgera fluid falls between Br™/CI™ of seawater and magmatic
water; data from Bohlke and Irwin (1992).
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Figure 4-11: Oxygen and hydrogen isotope data of water in equilibrium with stage II
quartz. 6180H20 was calculated from 8'®0y, using the fractionation equation of

Clayton et al. (1972) and measured homogenization temperatures (assumed to be
the trapping temperatures; see text for details). The isotopic composition of
present day Porgera mine water was plotted for reference (data from Richards
and Kerrich, 1993). The filled circles represent data from the North Zone (this
study) whereas the open circles represent data from the Roamane Fault Zone
from Richards and Kerrich (1993; see text for details). The isotopic exchange
paths were calculated using the method of Field and Fifarek (1985), and the
numbers along the exchange paths are water/rock ratios. Data Porgera magmatic
water from Richards and Kerrich (1993). MWL = meteoric water line.
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Figure 4-12: Solubility curve of CO; and CH,4 in a 5 wt % NaCl solution at 150°C and
345 bar from Price (1981) and Duan et al. (1992). Data from Porgera are
overlain on the curve. Black circles represent samples that contain liquid-rich
inclusions only, and open circles represent samples that contain vapor-rich
inclusions in addition to liquid-rich inclusions. Triangles represent data from
Richards and Kerrich (1993).
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Figure 4-13: Br/CI” versus I'/CT’; data from Richards et al. (1997) and Béhlke and Irwin
(1992). Br /CI” of seawater falls within the range of Br/Cl” of the Porgera fluid,
but the two fluids are distinctly different in their ['/CI™ ratios. Values from
Broadlands and Wairakei (New Zealand) and Yellowstone (USA) for reference
(from Bohlke and Irwin,1992).
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Figure 4-14: (a) Minerals precipitating upon adiabatic boiling from 170°C to 100°C. The
plot is to be read from left to right as phase separation proceeds from higher to
lower temperature. The curves symbolize minerals precipitating from the
solution. (b) Change of pH during phase separation. (¢) S¢*/S* is an indication of
the redox state of the fluid (Cooke and McPhail, 2001). Abbreviations: Au =
gold, micro = microcline, py = pyrite, qtz = quartz.
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Fluid mixing
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Figure 4-15: Modeling results for mixing of 1 kg of starting solution (170°C) with up to 3
kg of formation water (150°C). The amount of mixing solution (in kilograms)
increases from left to right. (a) Minerals precipitating from the solution. The
temperature change is indicated on the top axis of the plot. (b) Development of
pH during mixing. (¢) Evolution of the redox state of the fluid. Abbreviations:
Au = gold, musc = muscovite, py = pyrite.
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Cooling 2
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Figure 4-16: Modeling results of simple cooling. (a) Mineral assemblage formed upon
cooling from 170°C to 100°C. (b) Evolution of pH during cooling. (¢) Evolution
of the redox state of the fluid. Au = gold, musc = muscovite, py = pyrite, gtz =
quartz.
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Fluid-rock reaction
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Figure 4-17: (a) Minerals precipitated upon interaction of the starting solution with
dioritic wall rock. Diorite (composition from Richards, 1990b) is titrated into 1
kilogram of solution. The amount of titrated diorite increases from 0 to 10 gram
of diorite titrated. (b) pH evolution during water-rock interaction. (¢) Redox state
of the fluid. Abbreviations: ank = ankerite, apa = apatite, Au = gold, dolo =
dolomite, hem = hematite, musc = muscovite, ntr = nontronite, py = pyrite, qtz =
quartz, sid = siderite.
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Chapter 5§
Conclusions

This dissertation contributed to a more comprehensive understanding of ore
deposition at the Porgera gold deposit by determining the duration of ore formation,
characterizing the hydrothermal fluid believed to have been responsible for vein
formation, and by integrating the available data to a consistent ore deposition model.

It was possible for the first time to constrain well the age of the main ore stage
at Porgera (roscoelite: 5.99 + 0.08 Ma). Relate this roscoelite age to the age of the
earliest stage of vein formation (biotite: 5.98 £ 0.13 Ma) allowed to constrain the
duration of the mineralizing event, which could then be tied to the age of the intrusions
(biotite: 5.99 £ 0.11)"that are associated with the deposit. Thus, it was shown that ore
formation immediately succeeded the intrusive event, further underlining the link
between the alkalic intrusions and the gold deposit (Richards et al., 1991). These results
further indicate that even short-lived hydrothermal systems are capable of producing
world-class ore deposits, and that the duration of the mineralizing process may
therefore not be directly related to the magnitude of the metal enrichment (cf. Stein and
Cathles, 1997).

The fluid that was responsible for the formation of gold-bearing veins was
characterized using fluid inclusion microthermometry and solute chemistry. Vapor-rich
fluid inclusions were observed locally and analyzed for the first time, which was a
crucial piece of evidence confirming that the conditions for phase separations were
locally favorable during stage II quartz formation. In one sample from near the
Roamane Fault it was even possible to directly tie gold precipitation to this process
(Ronacher et al., 2000b).

The relatively high salinities of inclusions hosted by stage Il quartz (~6 equiv.
wt % NaCl; corrected for CO,) suggest the contribution of magmatic water to the
hydrothermal fluid, but a second, lower salinity fluid was also present during stage II
vein formation. In some cases, a continuous salinity trend in the fluid inclusion record

suggests that fluid mixing took placed locally. In addition, gold was observed in the
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wall rock adjacent to stage II veins which indicates that water—wall rock interaction
played a role in ore formation. The results of numerical modeling indicate that cooling
may have been a dominant vein formation mechanism. Thus, we showed that four
distinct processes — cooling, phase separation, fluid mixing, and water/rock interaction,
and possibly combinations of these processes — were involved in ore formation, and it
was possible to show that apparently contradictory evidence can be resolved to form a
multi-process model that explains field observations, analytical data, and modeling

results.
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