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Hydrothermal alteration at Crater Mountain, Papua New Guinea:
Evidence from alteration mineral chemistry and lithogeochemistry

Shadrach K. Noku*, Masahide Akasaka® and Barry P. Roser*

Abstract

The Crater Mountain district of Papua New Guinea has been explored for precious metals since 1970. The latest phase
saw the completion of seven exploration drill holes in 1999. The drill core consists of feldspar andesite, feldspar diorite,
quartz-feldspar porphyry, hornblende-feldspar porphyry, lithic tuff, pyroclastics/breccia, and mud/siltstone. Hydrothermal
alteration of these lithotypes has developed mineral assemblages composed of K-mica, carbonate (dolomite, ankerite,
magnesite, and magnesian siderite), chlorite and pyrite. The abundance of hydrothermal chlorite is greater in the volcanic
lithotypes, whereas K-mica (sericite), carbonate and quartz pseudomorphs are common in the intrusive rocks, particularly
replacing primary ferromagnesian minerals. Accessory apatite and zircon are the only minerals which survive
hydrothermal alteration. Fe and Mg contents of K-mica decrease with increasing alteration (chloritization) representing
changes in Na content to muscovite/sericite (K).

Immobile trace element ratios (Z1/TiO:-Nb/Y) indicate most samples were originally of trachyandesite composition. All
samples are hydrothermally altered to some degree and are enriched in SiO:, KO, and Rb, and are depleted in CaO, Na.O,
MgO, Ba, and Sr. Elevated concentrations of MgO, Fe,O; and KO coupled with low Na,O and CaO values characterize
chloritization. The pattern of low Na,O, CaO and MgO values and high K,O values are indicative of chlorite-sericite +
quartz alteration. Values of the Ishikawa alteration index (AI) and the chlorite-carbonate-pyrite index (CCPI) become
progressively greater passing from relatively less altered samples (Al = 51-61; CCPI = 62-66) to strongly altered samples
(Al = 42-98; CCPI = 18-99). Zn is often elevated at Al values between 50 and 90, whereas Zn and As are enriched in
samples with CCPI values between 55 and 75. Sr/Ba ratios are lowest at Al values above 90. The geochemical halo
patterns and alteration mineral chemistry reflect the composite response of lithofacies to mineralogical and textural

changes accompanying hydrothermal alteration associated with ore emplacement.
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Introduction

The Crater Mountain prospect is located at an elevation
of about 3, 100 m in mountainous terrain in central Papua
New Guinea. It was formed during Early Pliocene collision
between the northeastern margin of the Australasian plate
and an island arc located on the Bismarck Sea plate (Hall,
1994; Fig.1A). Crater Mountain has been the target of
exploration for precious metals since 1970. Several
companies have worked in the area, and extensive reports of
their operations are available. These cover stream sediment
analyses, trenching, rock chip data, aerial imagery and
magnetic data.

The most recent development in the area was completion
of seven drill holes (Fig. 1B) by BHP and Macmin N.L in
1999. Assay data for precious metals are available for all
seven holes, but no detailed petrography and geochemical
data were reported for the wall rocks. Pile and Philip (1995,
1996) and Gilbert (1996) carried out petrological
description of rock chip samples from the Nevera and Nimi
areas within Crater Mountain, and Pertzel (1998) made
petrographic descriptions of five drill core samples from
Nevera.
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Geochemical data for some volcanic and intrusive rocks
from the Papua New Guinea Highlands can be found in
Mason and McDonald (1978) and Johnson (1982). Richards
(1990) reported on the petrology and geochemistry of
alkalic intrusives at the Porgera gold deposit.

Study of the geochemistry and alteration mineral
chemistry of the wall rocks of ore prospects are of critical
importance, because an understanding of their relationship
can lead to improved targeting of mineralized zones within
complex hydrothermal alteration systems. Studies of the
relationship  between and
lithogeochemistry associated with different types of deposit
are usually carried out with this in mind (e.g. Ishikawa, et
al., 1976; Large, et al., 2001; Doyle, 2001). Here we report
the first geochemical data for the wall rocks at Crater
Mountain, based on 32 samples, combined with electron
microprobe analyses of alteration minerals.

alteration  mineralogy

Local Geology

Several volcanic units of andesitic to dacitic composition
were noted in the area during creek mapping and from
petrology by previous workers (e.g. Pile and Philip, 1995;
1996; Gilbert, 1996). The tuffaceous units include crystal
lithic tuff, ash fall tuff, and lapilli/lithic tuff. The porphyritic
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Fig. 1. (A) Locality of the Crater Mountain deposit. (B) Local geology of the Nevera area, Crater Mountain, showing the locations of
seven bore holes. (C) Bore hole cross section from Nev-2 to Nev-1. The dashed line defines the zone of the pyrite-base metal

stockwork. Simplified from Macmin, annual company report (1999).

units comprise trachyandesite, quartz diorite porphyry,
andesite porphyry, diorite porphyry, feldspar porphyry and
quartz biotite porphyry. Hornblende feldspar porphyry
intrudes quartz feldspar porphyry and the overlying
volcanic units (Fig. 1C). Grey mudstones and siltstones are
in contact with the volcanics in the northwest and north of
the area. These are overlain by volcanics and quartz feldspar
porphyry. Hydrothermal and shear breccias cut the
mudstone/siltstone unit and extend into the overlying
volcanics and quartz feldspar porphyry (Fig. 1C). These
breccias contain clasts of mudstone, siltstone, porphyritic
lithotypes, and volcanics.

Alteration is widespread, with clay-pyrite alteration in the
north grading into chlorite > clay > carbonate to the
southeast, south and southwest. Base metal (galena/
sphalerite) veining is common throughout the area (Pile and
Philip, 1995; 1996). Three alteration assemblages have been
identified in the area. These are calcite-sericite-chlorite,
chlorite-sericite and quartz-sericite (Noku, 2003).

Structures in the area are not well defined due to the thick

volcanic and vegetation cover present, but preliminary
interpretation of ground magnetic data identified several
structures trending NW—SE and NE-SW (Pile and Philip,
1995; 1996).

Sampling and Analytical Methods

The initial plan for sampling in this study was to make
detailed description of the seven drill cores stored at the
exploration camp site, and to collect representative core
sections for laboratory work. However, the cores were
trashed before that sampling could be carried out.
Consequently, representative samples were collected from
the dumped core based on their lithology, alteration,
mineralogy, texture, and structure. The samples collected
represent all lithotypes intersected by the drill holes (Fig. 1
C), including breccias and stockwork pyrite veins. The
siltstone (mudstone) unit occurs at depth, and was
intersected by holes Nev-2 and Nev-5. The volcanics occur
at the surface, and also overlain by quartz-feldspar
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porphyry, which is the dominant lithology. Hornblende-
feldspar porphyry (possibly a dike) intrudes quartz-feldspar
porphyry and the overlying volcanics.

Petrology and EPMA Analysis

More than 60 polished thin-sections were prepared from
all rock types for petrographic examination. Identification
of ore and gangue minerals were conducted using reflected
light and transmitted light microscopy respectively. Based
on the petrography, selected samples were carbon-coated
under vacuum for subsequent electron microprobe analysis
(EPMA). The instrument used was a JXA-8800 M. Sulfides
were analyzed using operating conditions of 20 kV
accelerating voltage, 20 nA beam current, 20 seconds peak
acquisition times and 2-3 #m probe diameter. For silicate
minerals, the accelerating voltage was set at 15 kV. In
addition to petrography, X-ray powder diffraction method
(XRD) was applied to 17 powdered samples to identify clay
(alteration) minerals present and their relative abundances.

XRF analysis

Thirty two samples of the volcanics, intrusives and
mudstone were crushed in a tungsten carbide ring mill and
oven dried at 110°C. LOI (loss of ignition) was determined
by ignition of oven-dried sample in a muffle furnace at
1000°C for four hours. XRF analyses were carried out using
a RIGAKU RIX-2000 X-ray fluorescence spectrometer, on
both glass discs and pressed powder pellets. The glass beads
were prepared from the ignited samples, using an alkali flux
consisting of 80% lithium tetraborate and 20% lithium
metaborate, with a sample to flux ratio of 1:2, following the
method of Kimura and Yamada (1996). These beads were
used to determine major elements and 13 trace elements (Ba
to Zr; Table 1). Pressed powder pellets were prepared from
unignited powder (hydrous basis) for the analysis of As, Zn,
Cu, U, S, and Sc. The XRF analyses were made to classify
the rock types, and to determine element mobility (degree of
alteration).

Results and Discussion

Alteration mineral chemistry

The compositions of altered and unaltered phases were
determined by EPMA, including chlorite, sericite,
carbonate, diaspore and apatite. Only the results for chlorite,
K-mica (sericite) and carbonate (Tables1 to3) are
discussed here, as they comprise alteration minerals.

Chlorite

Chlorite occurs in the wall rocks as a hydrothermal
alteration replacement of ferro-magnesian minerals. It also
occurs in veins, where it exhibits fibrous platy texture. On a
chlorite classification diagram (Fig.2), the analyzed
chlorites have quite uniform Fe/(Fe + Mg + Mn) ratios,
mainly lying across the fields of the magnesian chlorites
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Fig. 2. Compositions of chlorite from wall rocks and veins on a
chlorite classification diagram after Foster (1962), derived from
EPMA analyses. Exsolved muscovite chlorite alteration of
detrital muscovite grains. Abbreviations: mst-intru = mudstone-
intrusive, and qtz = quartz.

(clinochlore, sheridanite and corundophilite). Chlorites
occurring in veins show great variation in Si content and
one analysis has a high Fe/(Fe + Mg + Mn) ratio, whereas
analyses of chlorites in the matrix and those replacing
detrital muscovite grains within the same samples have
compositions similar to each other. The considerable
variation in silica for hydrothermal chlorites suggests
differing genetic conditions (i.e. temperature of formation,
fluid chemistry; Noku, 2003).

K-mica

EPMA analyses of detrital muscovite and sericite (fine-
grained muscovite) in the matrix are presented in Table 2.
The K-mica compositions show a trend of increasing Al"
and decreasing iron and magnesium with increasing silica
(Fig. 3). When related to mode of occurrence, platy K-mica
has greater iron and magnesium contents than does the
fibrous matrix K-mica. The plots also show that the matrix
K-mica is less phengitic than the detrital K-mica.

Carbonate

Carbonate minerals are present in the wall rocks
predominantly as replacements of feldspar and chlorite, but
are also found as patches in the matrix and infilling cavities.
They also occur as carbonate veins associated with sulfides
and in breccias. Most of the carbonate minerals analyzed by
EPMA were restricted to dolomite-ankerite, although a few
analyses reflect calcite, ferroan magnesite, and magnesian
siderite compositions (Table 3, Fig. 4). Following Buckley
and Woolley (1990), the boundary between dolomite and
ankerite is taken at an Fe:Mg ratio of 1:4, and the magnesite
-siderite series is subdivided at Mg:Fe ratios of 0.75, 0.5
and 0.25 into magnesite and ferroan magnesite.

The vein samples show compositional variation from
dolomite to ankerite, whereas carbonate replacements of
feldspar and chlorite range through ankerite-dolomite-



124

Hydrothermal alteration at Crater Mountain, Papua New Guinea:
Evidence from alteration mineral chemistry and lithogeochemistry

Table 1. Selected EPMA analyses of chlorite from altered wall rocks and fractures. Analyses 1-4 are from volcanic tuff, 5—

8 are from fractures between intrusive-mudstone contacts, and 9-11 are from quartz-feldspar porphyry.

An. No. I 2 3 4 5 6 7 8 9 10 11
Sio, 26.67 2550 2943 2783 2441 2415 2677 2663 3024 3055 3049
TiO, 0.00 0.01 0.02 0.00 0.04 0.02 0.07 0.02 0.04 0.04 0.01
AlLO;, 20.88 2294 2080 2079 2352 2524 2354 239 2085 2137 2153
Cr,04 0.00 0.20 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01
V.0, 0.03 0.15 0.01 0.00 0.02 0.06 0.12 0.00 0.07 0.01 0.07
FeO 1524 16.04 1055 1145 21.04 1892 1474 1329 10.69 9.64 8.73
MnO 272 1.25 043 0.85 0.27 0.21 0.19 0.18 1.30 143 1.34
MgO 21.80 21.15 2668 2568 1833 1775 2230 2285 2451 2387 2512
CaO 0.03 0.01 0.05 0.00 0.02 0.01 0.05 0.08 0.11 0.10 0.06
Na,0 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.02 0.06 0.00
K;0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.65 0.30
P,0; 0.00 0.01 0.00 0.00 0.00 0.03 0.00 0.00 0.02 0.05 0.02
Total 87.38 8726 8798 8660 8765 8640 8779 8696 8795 8777 87.68
Number of ions on the basis of 28 oxygens

Si 525 5.00 5.58 5.40 4.82 4.79 5.15 5.15 5.74 5.81 5.77
Al 2.75 3.00 2.43 2.60 3.18 321 2.85 2.85 226 2.19 223
Al" 2.09 2.31 222 2.15 229 2.70 2.49 2.59 241 2.59 2.58
Ti 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00
Cr 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
\Y 0.01 0.02 0.00 0.00 0.00 0.01 0.02 0.00 0.01 0.00 0.01
Fe 226 2.37 1.50 1.67 313 2.83 2.14 1.93 1.53 1.38 1.24
Mn 0.45 0.21 0.07 0.14 0.05 0.04 0.03 0.03 0.21 023 0.22
Mg 6.39 6.19 7.54 743 5.40 5.25 6.40 6.59 6.94 6.77 7.09
Ca 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.02 0.02 0.02 0.01
Na 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.02 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.16 0.07
P 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00
Total 1921 1913 1936 1939 1888 1885 1910 1916 1916 1919 1922

Table 2. Selected EPMA analyses of K-mica from altered wall rocks and fractures.
-9 are from matrix and 10-11 are from a fracture.

Analyses 1-5 represent detrital grains, 6

An. No. 1 2 3 4 5 6 7 8 9 10 11
SiO, 4569 4956 4834 4742 4594 4619 4948 4996  46.82 4862 4896
Tio, 0.19 0.14 1.37 0.16 0.22 0.08 0.05 0.24 0.22 0.08 0.10
ALO, 3486 3623 3580 37.50 3491 3395 3498 3494 3576 3652 38.01
Cr,0,4 0.00 0.00 0.04 0.03 0.02 0.02 0.02 0.02 0.01 0.00 0.00
V5,0, 0.00 0.02 0.13 0.07 0.10 0.06 0.03 0.04 0.04 0.02 0.14
FeO 0.97 0.73 0.21 0.30 0.25 1.32 0.73 0.52 0.67 0.63 0.80
MnO 0.25 0.07 0.05 0.00 0.00 0.10 0.00 0.11 0.00 0.02 0.06
MgO 2.64 1.59 1.52 1.12 1.63 7.59 0.66 247 1.62 0.63 041
CaO 0.03 0.16 0.00 0.02 0.03 0.01 0.19 0.06 0.06 0.09 0.29
Na,O 0.22 0.33 0.31 0.64 0.29 0.19 0.57 0.52 1.02 0.15 0.69
K0 922 9.67 9.98 9.09 1036 541 6.92 9.72 9.24 7.30 7.85
Total 94.07 9850 97.75 9635 9375 9492 9363 9860 9546 9406 97.31
Number of ions on the basis of 22 oxygens

Si 6.10 6.29 6.20 6.14 6.17 6.01 6.48 6.34 6.15 6.35 6.22
Al"Y 1.90 1.71 1.80 1.86 1.83 1.99 1.52 1.66 1.85 1.65 1.78
Al" 3.59 37 3.61 3.86 3.70 321 3.88 3.57 3.69 3.97 392
Ti 0.02 0.01 0.13 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.01
Al 5.49 5.42 541 572 5.53 5.20 5.40 5.23 5.54 5.62 5.69
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
\ 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.02
Fe 0.10 0.07 0.02 0.03 0.03 0.13 0.07 0.05 0.07 0.06 0.08
Mn 0.03 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01
Mg 0.53 0.30 0.29 0.22 0.33 1.47 0.13 0.47 0.32 0.12 0.08
Ca 0.01 0.02 0.00 0.00 0.00 0.00 0.03 0.01 0.01 0.01 0.04
Na 0.06 0.08 0.08 0.16 0.08 0.05 0.15 0.13 0.26 0.04 0.17
K 1.57 1.57 1.63 1.50 1.78 0.90 1.16 1.58 1.55 1.22 1.27
Total 1940 1919 19.19 1952 1948 1899 1883 19.07 1946 1905 1929
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Table 3. Representative EPMA analyses of carbonate minerals from altered wall rock and sulfide veins. Analyses 1-5 are
from carbonate in sulfide veins, 67 are euhedral grains in cavities, and 8—11 are from replacements.

An. No. 1 2 3 4 5 6 7 8 9 10 11
FeO 0.31 0.60 0.94 9.21 6.71 3490 2297 023 0.00 0.00 135
MgO 17.94 1803 21.78 18.56  21.55 1529 2496 0.29 0.36 0.38  23.50
CaO 2990 2794 2883 2477 2770 4.56 278 5723 7336 7233 3124
MnO 6.41 13.96 10.26 2.60 2.68 4.09 3.07 4.46 0.46 0.79 0.16
Total 5456  60.53  61.81 55.14 58.64 5884 5378 6221 74.18 73.50  56.25
Number of ions on the basis of 6 oxygens
Fe 0.02 0.04 0.06 0.62 0.42 222 1.50 0.02 0.00 0.00 0.09
Mg 248 231 2.66 247 2.67 1.93 324 0.04 0.04 0.04 3.00
Ca 297 2.58 253 237 247 041 0.26 5.56 591 5.89 2.86
Mn 0.50 1.02 0.71 0.20 0.19 0.29 0.23 0.34 0.03 0.05 0.01
Total 5.97 5.95 5.96 5.66 5.75 4.85 5.23 5.96 5.98 5.98 5.96
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Fig. 3. Compositions of K-mica in wall rocks and fractures for (A)
Si vs. A" and (B) Si vs. Fe + Mg, derived from EPMA analyses.

calcite. Carbonate in cavities span a wide range of
composition from ferroan magnesite to magnesian siderite
(Fig. 4). The paragenesis for carbonate associated with gold
-bearing veins shows a sequence from Mn-rich to Fe-poor
carbonate through the series dolomite-ankerite-calcite.

Lithogeochemistry

Major and trace element analyses of the drill core
samples are listed in Table 4. The composition of these
samples varies widely, indicating that most major elements
and some trace elements were mobile during alteration.

Loss on ignition (LOI) shows significant variation, with the
more altered rocks having higher LOI values relative to the
least altered samples. The higher LOI values mainly reflect
the increase in volatile components (H.O, CO, and S)
resulting from the formation of hydrothermal muscovite/
sericite, carbonate and pyrite in the altered rocks. SiO,
contents range from 52.12 to 72.88 wt%, and abundances of
the mobile elements MgO, CaO, Na,O and KO range from
near zero to maximums of 7.73, 3.95, 2.76, and 4.68 wt%,
respectively (Table 4). With the exception of a few isolated
values, TiO,, ALO; and Fe.O; show considerably less
variation. Trace element abundances also show extreme
variability, with minimum values of all elements except Ba,
Ce, Nb, V, and Zr lying near the lower limits of detection.
Maximum values of economically significant elements are
elevated well beyond levels expected for unmineralized



Table 4. Major and trace element analyses of drill core samples from Crater Mountain, reported on a hydrous basis.

SaNr NRI NR2 NR3 NR4 NR5 NR6 NR7 NR8 NR9 NRIO NRII NRIZ NRI3 NRI4 NRIS NRI6 NRI7 NRI8 NRI19 NR20 NR2l NR22 NR23 NR24 NR25 NR26 NR27 NR28 NR29 NR30 NR31 NR32
Lithology  And And And And And And And And And And And And Dior Dior Dior Dior Prph Prph Prph  Prph  Prph Prph Tuff  Tuff  Tuff Tuff Tuff Tuff Pyrc Pyrc Pyrc Mst
Major elements (w1%)

Sio, 7077 6598 62.05 6248 72.88 6257 5955 6440 6387 6689 6993 6806 6751 6643 6465 6533 6584 61.62 63.69 6294 63.65 63.62 6180 5417 6333 5212 6751 6456 7121 7033 6220 62.16
TiO, 0.57 0.54 0.67 058 054 0.53 0.55 0.49 0.71 0.44 0.54 0.51 0.46 0.54 0.47 048 0.65 0.47 0.49 0.53 0.53 0.44 0.60 1.64 0.58 1.60 0.50 0.57 0.56 0.64 0.51 0.95
ALLO, 1486 1631 1455 1659 1449 1626 1601 1510 1720 1595 13.50 1668 1643 1695 1504 16.13 1728 1490 1606 1631 1629 1562 1646 1645 1688 1589 1627 1521 1762 1523 1587 1854
Fe,0, 6.52 4.84 6.61 6.34 5.76 7.02 6.53 7.38 570 4.81 4.48 4.06 5.31 6.29 8384 5.10 5.14 4.28 4.80 6.32 591 559 812 717 6.76  8.90 7.67 6.00 5.51 0.69 1020 6.55
MnO 001 030 029 030 001 013 023 018 002 003 002 023 001 001 001 012 004 038 019 045 011 018 009 036 017 034 001 014 000 001 001 002
MgO 0.49 254 240 426 044 1.98 1.96 223 247 279 0.51 1.97 0.58 0.31 0.49 1.67 2.32 2.29 2.77 2.70 2.50 239 1.84 6.11 2.60 7.73 042 206 0.04 0.11 0.35 1.49
CaO 005 044 275 017 005 077 311 023 057 028 005 136 021 005 005 070 042 300 216 071 100 08 039 229 036 395 021 031 013 006 022 042
Na,0 008 005 123 009 009 016 042 008 08 022 002 009 030 007 010 001 056 011 241 070 276 232 023 010 156 017 032 021 000 007 018 026
K0 391 352 243 324 378 358 361 357 191 315 382 407 468 392 413 444 259 422 200 309 18 239 366 291 279 254 418 354 005 330 445 461
P05 0.12  0.19 0.21 0.19 0.05 0.16 0.18 0.16 0.35 0.17 0.02 0.18 0.1 0.15 0.01 0.17 0.25 0.16 0.18 0.19 0.19 0.17 0.22 038 0.20 037 0.16 0.17 0.25 0.18 0.12 0.17
LOI 3.16 518 564 593 2.50 6.87 6.36  6.31 6.70  5.57 7.50 2.67 4.74 5.84 6.73 5.89 5.30 7.59 464 6.12 500 6.66 696  7.66 496 534 320 594 564 937 591 4.92
Total 100.54 9990 98.84 100.16 100.59 100.03 9851 100.12 100.36 100.30 100.37 99.88 100.35 100.56 100.51 100.04 100.38 99.03 99.39 100.07 99.81 10022 10036 99.25 100.19 9896 100.45 9871 101.03 100.00 100.02 100.09
FeO* wt% 587 436 5.95 570 518 631 588 6.64 512 4.33 4.03 3.65 478 5.66 796 4.59 4.62 3.85 4.32 5.69 532 503 7.31 6.45 6.08 8.01 6.90 5.40 496 0.62 9.18 589
S wt% 0.05 0.70 1.68 0389 0.05 1.59 1.86 227 1.50 1.01 0.04 0.59 1.46 1.50 193 133 1.01 0.96 0.56 068 1.01 1.40 1.50 0.82 0.76 1.00 2.09 1.83 - 0.36 3.19 1.74
Trace elements (ppm)

Ba 383 532 349 505 484 725 641 686 282 550 475 409 515 321 443 634 358 488 349 442 332 470 659 868 477 250 789 775 345 295 711 625
Ce 62 49 44 47 50 43 79 40 79 35 68 60 36 52 37 54 43 61 44 47 61 44 41 43 50 46 36 48 57 63 22 58
Cr 33 29 43 77 23 27 38 50 28 36 13 25 28 26 25 26 34 23 29 36 29 29 106 248 30 240 28 38 39 18 42 69
Ga 38 18 16 22 20 18 19 20 24 21 15 19 21 40 37 18 23 17 18 19 17 17 21 22 21 21 23 20 4 3 17 24
Nb 12 11 10 12 11 9 11 10 11 11 12 11 11 12 10 11 11 11 12 12 12 10 10 12 10 11 11 10 10 12 10 10
Ni 2 12 21 29 1 11 17 23 19 17 1 12 10 16 18 12 16 11 15 17 16 12 31 63 14 76 17 20 12 1 22 22
Pb 187 37 47 36 259 52 1115 67 18 10 18 77 3 26 31 146 28 343 9 4 33 44 31 105 32 18 12 577 28 120 3 10
Rb 139 128 96 119 134 134 137 135 60 123 133 142 143 109 136 146 109 144 79 116 72 102 127 108 116 82 120 137 4 17 125 151
Sr 21 19 73 12 16 28 58 25 196 40 19 47 16 13 10 27 112 51 237 54 245 173 49 53 62 71 24 28 1552 183 18 48
Th 16 12 8 10 14 10 6 11 11 13 14 11 11 11 10 10 10 9 12 12 13 13 8 4 10 4 9 6 9 6 5 9
v 117 124 138 137 86 114 141 116 172 85 82 108 108 154 111 104 148 101 109 124 130 103 150 325 210 337 122 143 122 51 145 217
Y 5 13 12 13 <2 11 11 16 11 11 10 9 26 11 8 15 0 15 14 11 11 15 19 15 21 14 6 20 22
Zr 150 127 112 131 138 113 130 117 134 142 135 130 126 131 126 124 131 122 130 130 130 124 138 129 128 123 135 122 127 134 125 175
As 48 24 12 12 56 27 120 40 8 4 162 46 22 29 27 42 6 62 9 8 32 10 22 22 28 18 10 76 - 45 29 16
Zn 188 317 823 262 22 378 862 163 35 43 33 415 6 25 8 474 70 752 522 303 448 317 160 494 473 488 11 526 - 124 68 85
Cu 169 73 8 11 10 4 136 155 6 1 120 62 6 4 3 74 4 90 439 119 129 66 5 2 72 9 1 68 - 47 5 12
U 4 3 2 3 3 3 4 3 2 3 4 4 4 3 4 4 3 4 2 3 2 2 3 3 3 2 3 4 - 3 3 4
Sc 10 8 12 11 8 11 10 10 11 7 8 9 9 14 8 9 10 10 10 10 10 7 14 31 10 32 8 10 - 2 12 20
Al 97 93 55 97 97 86 61 95 75 92 98 81 91 97 97 90 83 68 51 80 54 60 90 79 74 71 90 91 42 97 92 920
CCPI 61 66 69 75 59 69 66 71 73 68 54 57 52 60 67 58 69 59 62 69 63 61 70 81 67 85 62 67 99 18 67 60
Sr/Ba 0.06 0.04 0.21 0.02 0.03 0.04 0.09 0.04 0.69 0.07 0.04 0.12 0.03 0.04 0.02 0.04 0.31 0.10 0.68 0.12 0.74 0.37 0.07 0.06 0.13 0.29 0.03 0.04 4.50 062 0.02 0.08

Lithology codes: And = andesite; Dior = diorite; Prph = porphyry; Pyrs = pyroclastic; Mst = mudstone.
LOI = Loss on Ignition, FeO* = total iron as FeO. Dash (-) = not determined.

Al =100 x (MgO + K,;0)/(MgO + K,0 + CaO + Na,0); Ishikawa et al. (1976).

CCPI = 100 x (FeO* + MgO)/(FeO* + MgO + K,O + Na,0); Large et al. (2001).
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Fig. 5. Plots of immobile element abundances in the drill core
samples, A—C: Nb, Zr, and Y vs.TiO», respectively. Linear
trends are due to mass gains and losses of mobile elements
(MacLean and Kranidiotis, 1987).

examples of the lithotypes analyzed. Maximum abundances
of Pb, As, Zn, and Cu are 1115, 162, 862, and 439 ppm
respectively; total sulfur reaches 3.19 wt.%. The variability
within the suite as a whole and within the individual
lithotypes reflects substantial modification from original
compositions due to the combined effects of silicification
and hydrothermal alteration.

In contrast, Ti, Nb and Zr show little variation with
respect to each other, suggesting they were relatively
immobile (Fig. 5A, B). This is also the case for yttrium,
although spread to lower values with respect to TiO;,
suggests limited mobility for this element in a few of the
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N
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0001 bttt
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Fig. 6. Zr/TiO>—Nb/Y diagram for the Crater Mountain igneous
rocks. The Zr/TiO. ratio acts as a differentiation index,
whereas the Nb/Y ratio serves as an alkalinity index. Diagram
of Winchester and Floyd (1977).

most altered samples (Fig. 5C).

Immobile elements can reflect precursor volcanic rock
type and magmatic affinity, and their abundances can also
be used to estimate mass and volume changes during
alteration (Winchester and Floyd, 1977; Bates and Stumpfl,
1981; Stolz, 1995). The Zt/TiO, vs. Nb/Y discrimination
diagram of Winchester and Floyd (1977; Fig. 6) shows that
the samples (volcanics and intrusives) are dominantly
trachyandesites, with a few rhyodacites/dacites and sub-
alkaline basalts.

The samples analyzed were of six different lithotypes:
feldspar andesite, diorite, quartz-hornblende-feldspar
porphyry, lithic tuff, pyroclastics, and mudstone. The total
destruction of all primary felsic and mafic silicate phases
and their replacement by lower-density phyllosilicates,
quartz, and carbonates is taken as evidence for potential
mobility of the major rock-forming elements. Plots of
elemental abundances against immobile species can be used
to demonstrate residual enrichment or depletion of both
major and trace elements, based on the model of Ague
(1994). Data here were plotted against TiO; as the immobile
species, but the results are far from conclusive. The majority
of the samples are poor in TiO. and the range is quite
restricted (0.46-0.76 wt.%) except for two lithic tuff
samples with >1.6 wt.% and a mudstone sample with 0.95
wt.%.

In addition to Nb, Zr, and Y (Fig. 5), six other elements
(ALO;, Fe.0s, P.Os, Sc, V, and Ga; Fig. 7) show little
systematic variation with TiO, content, with only a few
samples displaced from their data clusters. These features
suggest these elements were relatively immobile. This is
also the case for Ce and Th, although both these elements
rather more scatter than would normally be expected for
truly immobile species. There is little sign of any trend
towards the origin among these elements. This suggests that
dilution (e.g. by SiO,) is not a major factor in this suite, or
that dilution effects have been obscured by mass losses or
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Fig. 7. Plots of (A) ALOs; (B) Fe20s; (C) P2Os; (D) Sc; (E) V; and (F) Ga abundances against TiOz. Symbols as in Fig. 5.

gains for individual elements due to varying alteration style
(e.g. for Fe, destruction of ferromagnesian minerals versus
pyritization). A weak trend towards the origin for Sc and V
(Fig. 7) more likely reflects the close geochemical affinity
of these elements with Ti, and thus may represent original
petrogenetic variation.

Elements such as CaO, Na,O, K,O, MgO, Ba, Sr and Rb
can be expected to be mobile due to their association with
easily altered phases such as feldspar and ferromagnesian
minerals, and considering their abundances in alteration
products. Abundances of all the above elements show
considerable variation in the group of samples with
restricted range in TiO. (Fig. 8), suggestive of mobility.

However, the distributions of data show little systematic
variation with LOI (assuming LOI to be a proxy for the
degree of alteration). This factor, the small range in TiO:
contents, and the lack of data for unaltered protoliths makes
estimation of the direction of transfer of elements difficult.
However, in general terms, it seems likely that Na,O, CaO,
Ba and Sr have been lost, whereas KO and Rb may be
enriched. These changes reflect the complete breakdown of
primary silicates and their replacement by mixtures of
quartz, sericite, chlorite, K-feldspar, carbonates and sulfides
during alteration under high water/rock ratio conditions. All
the lithotypes show variable degree of alteration.

Sulfur contents vary significantly (0.04-3.19 wt.%), due
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to the presence of abundant sulfide phases, mainly replacing
primary ferromagnesian minerals and Fe-bearing silicates
such as chlorite and Fe-Ti oxides. Metal concentrations (i.e.
Cu, Zn, As, Ni and Pb) in these samples are poorly
correlated with S (Fig. 9A and B). Of this group, Zn appears
to be the best pathfinder to mineralization, as the samples
most enriched in zinc contain significant disseminated
sulfide phases such as sphalerite and sulfosalts. The lack of
correlation for the other elements presumably reflects the
relative abundances of sulfide species in individual samples,
including pyrite, the major sulfide species. Fe shows some
correlation with S (Fig. 9C).

Alteration geochemistry

The principal geochemical dispersion patterns that
characterize the main alteration types are summarized in
Figs. 10 and 11. The major element variations are reflected
in the values of the Ishikawa alteration index (Al = 100 x
MgO + K:0)/(MgO + K;O + CaO + Na,O); Ishikawa et al.,
1976). The index is generally high (AI = 71-98) but a few
samples have values as low as 41 (Fig. 10). A general
increase in the index across the alteration envelope reflects
the extent to which feldspar has been replaced by sericite,
chlorite and/or carbonate (Fig. 10.)

The chlorite-carbonate-pyrite index (CCPI = 100 x (FeOt
+ MgO)/(FeOt + MgO + K,O + Na,0); Large et al., 2001) is
elevated, with values between 54 and 99, except for one
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and (C) Fe plotted against total sulfur content (wt.%).

sample with an unusually low value of 19 (Fig. 10). The Al
—CCPI plot shows relatively unaltered samples fall in the
least altered box, trending toward chlorite-sericite-pyrite
alteration. The least altered samples within and outside the
alteration envelope have values of Al =41 to 61 and CCPI
=63 to 99 (Fig. 10).

Reduction in Na,O (Fig.11 A) and CaO with increasing
alteration index suggest that both elements decrease in the
predominant quartz-sericite + pyrite zones. NaO is
relatively abundant (>2 wt.%) in the hornblende-feldspar
porphyry, but CaO is variable in all samples, reflecting

variable carbonate concentrations. Very low Na,O values
indicate strong alteration (Barrett et al., 1993) because
unaltered volcanics typically contain 2 to 5 wt.% Na,O
(Large, 1992).

K.O abundances generally increase with increasing
alteration index (Fig. 11B). The hornblende-feldspar
porphyry, mudstone and pyroclastics have the greatest
concentrations (4.7-5wt.%). Hydrothermal alteration causes
consistent enrichment in SiO;, K,O and Rb and depletion in
Ca0, Na,O, P,Os, Sr, Ba and MnO. Concentrations of MgO,
AlLO:;, and Fe;0; are dependent on the local proportions of
relevant alteration minerals, whereas TiO. depends on the
unaltered minerals. Fe,O; concentrations are similar in all
samples except for a single pyroclastic sample with a value
as low as 0.77 wt.% (Fig. 11C). The Str/Ba ratio is also an
effective vector to ore, and measures the depletion in Sr
during destruction of albite, coupled with the substitution of
Ba for K in muscovite (Doyle, 2001). Ratios are lowest at
Al values greater than 90, the exception being an intensely
chloritized rock (Fig. 11D).

The geochemical patterns at Crater Mountain reflect
contemporaneous mineralogical and textural changes
accompanying volcanic-associated hydrothermal alteration
and ore-associated hydrothermal alteration. This is well
illustrated by the AI-CCPI plot (Fig. 10), where alteration
assemblages migrate along trend lines representative of
carbonatization, chloritization, sericitization and pyritic
alteration (Large et al., 2001). In many cases contribution
by these different alteration styles to the final chemistry
become more complex approaching ore, primarily due to
overprinting.

The enrichment and depletion of the elements discussed
above suggests that the permeability of the rocks and
movement of hydrothermal fluids is the main mechanism
responsible for the movement of the elements, either locally
or regionally within different lithologies. Hydrothermal
alteration is more intense in the volcanic lithotypes than the
intrusives. Alteration is also more intense along factures and
veins in all lithotypes because these structures were
conduits for the migration of hydrothermal fluids.

The entire igneous complex has experienced variable
degrees of propylitic alteration associated with ore
mineralization. Intense phyllic to argillic alteration occurs
locally. Propylitic alteration in the weakly altered rocks is
characterized by the appearance of sericite, calcite and
minor chlorite in the matrix, and selective replacement of
plagioclase. Phyllic (sericite—carbonate) alteration has
generally resulted in almost total destruction of primary
igneous mineralogy, but relict textures such as the outlines
of phenocrysts are often preserved. Apatite and zircon are
generally the only primary minerals which survived this
alteration. The sericite typically occurs as very fine, flaky,
fibrous grains, and forms intergrowths with fine-grained
quartz and carbonate. Arsenical, auriferous pyrite
accompanies this alteration.
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Conclusions

Immobile trace element ratios (Zr/TiO,—Nb/Y) indicate most
samples were originally of trachyandesite composition, and
the remainder were sub-alkaline basalt or rhyodacite/dacite.
All of these rock types were hydrothermally altered.
Increasing intensity of hydrothermal alteration at Crater
Mountain is indicated by:

* Ti, Nb, Y and Zr were relatively immobile, although
they are mildly variable in all lithotypes.
Consistent enrichment in SiO,, K,O and Rb and
depletion in CaO, Na,O, P.Os, Sr, Ba and MnO.
Concentrations of MgO, ALOs;, and Fe,O; are
dependent on the local proportions of relevant
alteration minerals.
Development of carbonate veining (ferroan magnesite-
magnesian siderite) and carbonate flooding (dolomite-
ankerite).
Abundance of disseminated pyrite (some As-rich
pyrite) and sphalerite.
Increased abundance of carbonate, quartz and sulfide
veinlets.
Development of a K-mica (K-metasomatism) +
carbonate + chlorite assemblage. Fe and Mg contents
in K-mica decrease in the samples with increasing
alteration. This may represent a change in Na content
to muscovite/sericite (K).
Feldspar (albite) is replaced by K-mica, carbonate +
chlorite.
Leaching resulted in enrichment and depletion of
mobile elements in all the lithotypes.
The AI-CCPI plot indicates that all lithotypes were
hydrothermally altered, and the various alterations
were related to ore mineralization.

Hydrothermal chlorite—pyrite, chlorite—carbonate and
quartz—sericite are the dominant alteration assemblages
related to mineralization. Recognition of these alteration
assemblages within unprospected areas in Crater Mountain
may lead to identification of mineralized zones.
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