
CHAPTER 8 

FLU ID  CHEMISTRY 

8. 1 Introduction 

This chapter investigates the character and origins of fluids responsible for 

mineralization and alteration at PBH and Kerikil using available fluid inclusion data (from 

Simmons and Browne, 1 990) and new stable isotope geochemistry. The aim of this study 

was to characterize the environment of deposition and potential source fluids for both 

metals and gangue minerals. Variations in the temperature, salinity and isotopic character 

of the fluids for different infill stages and alteration facies at PBH and Kerikil are 

discussed. 

8.2 Fluid inclusion data review 

Fluid inclusion data were reported by Simmons and Browne (1 990) for samples 

from the Mt Muro deposits. These data include more than 300 heating and freezing 

measurements on 25 samples from Kerikil, and 31 measurements on 5 samples from PBH 

(fable 8.1). As noted by Simmons (1988), fluid inclusions at Mt Muro and Luit (PBH), in 

particular, are difficult to measure due to the fine-grained nature of the quartz and 

evidence for necking in many inclusions. Additional measurements were not carried out in 

this study. Attempts to measure fluid inclusions within the paragenetic stages not included 

in the Simmons and Browne (1990) study were unsuccessful due to the very fine-grained 

nature of quartz within the ore stages and poor preservation of inclusions due to necking. 

However, in this section, the data from Simmons and Browne (1 990) are summarized 

(fable 8.1) and reviewed in the context of the revised paragenetic sequence for Kerikil and 

PBH. 

8.2 . 1  PBH fluid inclusions 

Simmons and Browne (1990) studied only 5 samples from PBH that were taken 

from coarse-grained, late vein stages (equivalent to stages 4 and 5 in this study). Fluid 
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Table 8.1 PBH and Kerikil fluid inclusion microthermometry (Simmons and B rowne, 1 990) 

Fluid homogemzation temperatures for PBH and Kerikil as maximum, mmimum and mean values. Also shown are meltmg 

temperatures and equivalent fluid salinity values. Paleodepth below water table esiJmates are determined from fluid-mclus10n 

boiling evidence (coexisting vapor- and liquid-rich inclusions) and pressure corrections to homogenizarion temperatures. 

Pressure-depth estimates assume a salinity of2 wt %  NaCl equiv .. 

Th Th Th Salinity Pressure estimate Depth 

e q  e q  e q  from boiling below 

properties water 

Tm NaCl Th p 
table 

D eposit Vein n min max mean 
(m) 

stage e q  wt. % e q  (bars) 

equiv. 

Kerikil all 482 207 253 228 - 2.5 to < 4.1 207 - 253 19 - 46 225 -
- 1 .48 400 

PBH all 5 1  238 261 252 1 . 1  to < 3.2 238 33 > 400 
- 1 .48 

inclusion homogenization temperatures for these samples range from 238 to 262° C with 

salinities of less than 3.2 wt %  NaCl equiv. (Table 8.1). Only one sample (sampled at 1 20 

RL) contained evidence for boiJing (i.e., coexisting liquid- and vapor-rich inclusions; 

Simmons and Browne, 1 990). Pressure-depth estimates for this sample equate to 

approximately 33 bars and a corresponding depth below the paleo-water table of 

approximately 400 m. Higher homogenization temperatures from liquid-rich inclusions 

suggest depths below the water table of greater than 500 m. 

8.2 .2 Kerikil fluid inclusions 

Most of the fluid inclusion data reported by Simmons and Browne (1990) for Kerikil 

were from samples from stages 3 and 4 of their paragenesis (equivalent to stages 7 and 8 in 

this study) . Earlier stages were unsuitable for fluid inclusion analysis. Most of the fluid 

inclusions studied were primary, liquid-rich inclusions in sphalerite and quartz that yielded 

homogenization temperatures ranging from 207 to 253°C. Ice melting temperatures for 

these samples range from - 0.2 to 2.5°(, equivalent to fluids containing less than 4.1 wt% 

NaCl equiv. (fable 8.1). Simmons and Browne (1990) state that these salinities could be as 

low as 1 . 5  wt %  NaCl equiv. if there was appreciable dissolved COz in the inclusions. 
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Many Ker.ikil samples contain coexisting liquid- and vapor-rich inclusions (Simmons 

and Browne, 1990), providing good evidence for boiling at the time of mineral 

precipitation (Roedder, 1984). Evidence for boiling allows the estimation of fluid pressure 

and paleo-depth of formation relative to the water table (e.g., Haas, 1971). 

Homogenization temperatures of207 to 253°C in the Kerikil samples correspond to fluid 

pressures between 19 and 46 bars (Haas, 1 971) for a fluid containing 2.0 wt %  NaCl equiv. 

Assuming hydrostatic conditions, the water table was at least 225 to 400 t:n above the 

present day erosion surface (Simmons and Browne, 1 990). 

Further observations by Simmons and Browne (1990) are particularly relevant to the 

model proposed in this study for the sealing and brecciation of the Kerikil deposit 

(Chapter 5). In two samples from stage 7, successive generations of quartz display an 

increase in the proportion of vapor-rich to liquid-rich inclusions with time and the 

youngest generation of quartz contains only vapor-rich inclusions. This was interpreted to 

represent the development of a steam-dominated zone beneath a locally sealed conduit, 

immediately prior to hydrothermal eruption, which could have been initiated by tectonic 

fracturing (Simmons and Browne, 1990). Alternatively, this trend in fluid inclusion types 

may also be related to excess steam production due to magma emplacement (possibly as a 

dike) into the wallrocks adjacent to the active hydrothermal system. 

8.2 .3 Implications of fluid inclusion data 

Data from Simmons and Browne (1990) indicate that the PBH deposit formed at 

greater depth and higher temperatures than Kcrikil. This is at odds with the model of 

Corbett and Leach (1998) who suggest that the carbonate-base metal-gold deposits of the 

Southwest Pacific, which have very similar characteristics to Kerikil, represent a deeper 

and hotter style of epithermal gold mineralization than quartz-adularia-sericite deposits, 

which are similar to PBH. 

In general, fluids that formed the PBH and Kerikil deposits were dilute and their 

compositions are consistent with a shallow meteoric origin, rather than a deep saline 

source. Fluid inclusions also provide textural evidence for boiling at PBH and Kerikll and 

suggest over-pressurization due to self-sealing processes at Ker.ikil (Simmons and Browne, 

1 990). 
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8.3 Stable isotope geochemistry 
Scabk isotope analyses can be used to determine the source and nature of different 

mineral components, the physiochemical conditions of mineral deposition, and/ or can 

provide a measure of fluid-rock inter41ction. St<1ble isotope techniques h<1d not been 

applied to the l\lt i\.furo deposits prior to this study, and the results are used here to 

provide further constraints for the ore genesis model. 

Stable isotope data were generated for sulfides (o'>�S), carbon<1tes (one and {)180), 

quartz separates (0180), and whole rock samples (o1BQ) from bod1 PBH and Kerikil. Pyrite 

was d1e main sulfide analyzed since it is ubiquitous across infill st<1ges <1nd 41lteration f<1cies, 

and is sufficiently coarse�gmined that it could be extracted manually for conventional 

analysis. Carbonate samples include bod1 calcite and rhodochrosite that were selected from 

veins and breccia zones <1cross multiple par<1genetic stages. Whole rock samples were 

selected from each alteration facies and quartz mineral separates were extracted manually 

from each infill stage. 

8.3.1 Analytical methods 
Sulfur ISOtope analyses were carried out on sulfide mineral separates drilled from 

s<1mples of coarse-gr<1ined sulfides using conventional methods (after Robinson and 

Kukasabe, 1975). All sulfur isotope ratios were measured on 41 VG Micromass 602D mass 

spectrometer at the Central Science Laboratory, University ofT<1smania. Internal standards 

were run wtth an S02 reference gas and calibrated against intcrnation411 standards IAEA 

NZ 1 and NBS 123. Results are expressed in standard o>4S per mil (0'00) notation, relative to 

the C<1nyon Diablo Tr01bte (CDT). (\nalytical uncertainty is ± 0.2 per mil. 

Carbon and oxygen tsotope data for calctte and rhodochrosite were measured at the 

Central Sc1ence Laboratory, UruYerstty of Tasmarua, according to the method of McCrea 

(1950). Carbonate was seperated from hand s<1mples ustng a fine diamond drill. All 

samples were reacted with phosphonc acid at 25° C for 24 hours and analyzed using a 

Finigan lsogas 2000 mas spectrometer. Carbon results are expressed in standard one per 

mil (%o) notation relat1ve to the Peedee Formation Belemnite (PDB). Oxygen data are 

expressed m standard 8180 per mil (%o) relattve to standard mean ocean water (S110W). 
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The oxygen isotope composition of quartz mineral seperates and whole rock 

powders were analyzed at the University of Arizona, U.S.A. according to the methods of 

Clayton and Mayeda (1963 ). Quartz was drilled from hand samples using a fine dentist drill 

and hand-picked from crushed samples. Possible contamination of hand-picked samples 

was reduced by microscopic screening. Internal quartz standards, which are calibrated to 

NBDS-28, were run every 1 0  to 20 analyses. Repeated analyses of standards yielded a two 

sigma error of ± 0.15 per mil. Oxygen results are expressed in standard 8180 per mil (%o) 

relative to standard mean ocean water (SMOW). 

8.3.2 Sulfur isotope results 

A total of 14 sulfur isotope analyses were completed on 1 3  pyrite samples and 1 

sphalerite sample from veins and alteration facies at PBH and Kerikil Results are 

summarized in Table 8.2 and Figure 8.1. Full details are provided in Appendix 6.  

8.3.3 Sulfur 5otope composition of sulfide 

834Ssulfide values for the two deposits range from -5.2 to + 3.8%o with a mean of 

0.7%o. Mean 834Ssulfide values for Kerikil (1.8%o) are slightly higher than those for PBH 

(0.2%o). There is more variation in 834S values for the PBH sulfides compared to Kerikil, 

although this may be attributed, at least in part, to the larger dataset for PBH. Data for the 

Table 8.2 PBH and Kerikil o34S values 

Summary of sulfide 6�•Sdata for !)3•S for PBK and Kerik!l as maximum, mirumum and mean values. 

o34S %o o34S %o (}34S %o 634S %o 
(CDT) (CDT) (CDT) (CDT) 

Deposit Sample n Minimum Maximum Mean Standard 
Selection Deviation 

All 14 -5.1 3.8 0.7 ± 2.2 
PBH all 10 -5.1 3.1 0.2 ± 2.6 

inftll stage 2 -0.5 2.0 0.8 ± 1.8 
alteration facies 8 -5.1 3.1 0.0 ± 0.4 

Kerikil all 4 0.3 3.8 1.8 ± 1.5 
in fill stage 3 0.3 3.8 1.8 ± 1.8 
alteration facies 1 1.8 1.8 1.8 
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one K.erikil sphalerite sample is comparable to that of pyrite (Fig. 8.1). A comparison of 

o34S values to RL (elevation) or spatial distribution did not identify any obvious trends. 

In general, o34S values determined for the PBH and K.erikil samples are similar to 

those for other low sulfidation Au-Ag epithermal deposits and modern geothermal 

systems and are consistent with a reduced sulfur source (Fig. 8.1) .  The near-zero o34S 

values in the two deposits indicate the sulfur was derived from a magmatic sulfur source 

(e.g., Ohmoto and Rye, 1979; Field and Fiferak, 1984). 

8.3.4 Carbon and oxygen isotope results 

A total of 1 8  combined carbon and oxygen isotope analyses were completed on 

eleven rhodochrosite and seven calcite samples from PBH and K.erikil. The samples were 

selected across 4 carbonate vein and breccia infill stages. Results are summarized in Table 

8.3 and Figure 8.2. Full details are provided in Appendix 7. 

8.3.5 Carbon and oxygen isotope composition of carbonate 

Samples from PBH were all selected from stage 6 carbonate infill, represented by 

both calcite and rhodochrosite. aBC results for these samples range from - 1 1 .1 to -4.7%o 

with a mean value of -7.3 %o, and ()180 values range from 5.5 to 15 .0%o with a mean of 

10.6 %o (Table 8.3 and Fig. 8.2). K.erikil carbonate samples consist entirely of 

rhodochorosite from infill stages 5,  6 and 7. These samples have o13C values in the range 

of -14.2 to -6.0%o with a mean of -10.9 %o. ()180 values are from 12.6 to 1 9.6%o with a 

mean of 16.1 %o (Table 8.3 and Fig. 8.2). 

In general, o13C data for carbonate from infill stage 6 at PBH and stage 5 at K.erikil 

are comparable to values for magmatic carbon ( -5 to -1  O%o; Barnes et al., 1 978) and 

overlap with carbonate data from modern geothermal systems (Fig 8.2 and 8.3; Barnes et 

al., 1 978) . Later carbonate infill stages at K.erikil have lower o13C values, however, ranging 

down to -14%o. This change is accompanied by an increase in 81BO values, to a maximum 

of nearly 20%o in stage 6 carbonate. ()t80 data from PBH is similarly variable, although 

with lower overall values ranging from approximately 5 to 16%o (Fig. 8.3). 

Trends in isotope data for the carbonates in the two deposits suggest variations in 

depositional processes. The large range of 1)180 values for the PBH carbonates, compared 
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Table 8.3 PBH and Kerikil C-0 isotope data 

Maxunum, m1n1.mum and mean ()t'( and ()lBQ data for calcite and rhodochroSite mlill stages from PBH and KeJikt.l. 

0'3 C %o 1>13 C %a · ol3C %o:� : 1>13C %o 1)180 %o 1)180 %o /}180 %o 1)180 %o 
(PBD) (PBD) (PB.b):·. · (PBD) (SMOW) (SMOW) I (SMOW) (SMOW) i 

Deposit Sample n Minimum Maximum Meaq Standard Minimum Maximum I Mean Standard 
Selection Deviation Deviation 

,\ 

All 18 -14.2 -4.7 -9.0\ ± 3.0 5.5 19.6 I 13.8 ± 4.0 
all calcite in fill stages 7 -10.2 -4.7 -6.9 ± 1.89 5.5 15.0 ! 10.6 ± 3.9 ' 

all rhodochrosite inflll stages 1 1  -14.2 -6.0 -19.,9 ± 2.5 12.6 19.6 
I 

16.1 ± 2.8 I 

PBH all 9 -11.1 -4.7 �7.3 ' ± 2.2 5.5 16.0 ! 11.5 ± 3.9 ; 
I 

stage 6, calcite inflll 7 -10.2 -4.7 -6.9 ± 1 .89 5.5 15.0 10.6 ± 3.9 

Stage 6, rhodochrosite infill 2 -11.1 -5.8 -8:5 ± 3.8 13.2 16.0 i 14.6 ' ± 2.0 

Kerildl all 9 -14.2 -6.0 -10.9 ' ± 2.6 12.6 19.6 j 16.1 ± 2.8 ' 
' 

stage 5, rhodochrosite inftll 4 -10.9 6.0 -8.7 ± 2.0 12.6 14.5 ; 13.4 ± 0.9 
I I �  ' ' 

stage 6, rhodochrosite inftll 2 -14.2 -12.2 -13.2· ± 1.4 18.6 19.6 j 19.2 I ± 0.5 

iTl 
stage 7, rhodochrosite inftll 3 -13.1 -11.9 -12.4 ± 0.7 16.0 18.9 ' 17.7 ± 1.5  I �  • 

-n ,.... � 0 
0 :r: m 
s:: 

t-.) I � ..() ::0 -< 
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Figure 8.2 PBH and Kerikil 1513C data for carbonate infill stages compared with selected ancient and 

modern geothermal systems 
813 C values for calcite and rhodochtosice at PBH and Kerikll (as histograms). Also shown are ranges of 813 C values from 

from selected Au-Aglow sulfidation ep1thermal deposus and modem geothet:rnal systems (summarized from Field and 

Fifetak, 1985; John et al., 2003}. 
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with a relatively narrow range of 813C values (consistent with magmatic carbon source) 

cannot be attributed to any spatial zonation. Instead, this variation may be due to 

differences in depositional temperatures and/or the nature of the source fluid at the time 

of mineral precipitation (Fig. 8.3). In contrast to Kerikil (see below), the PBH carbonate 

data are quite variable. Some samples occur on a general trend with lower 813 C values and 

higher 8180 values that is consistent with equilibrium fractionation between HCOr and 

calcite (Fig. 8.4 A). However, the scatter in the other data points suggests ·either wallrock 

exchange and/or equilibrium with HzC03. There are several mechanisms for carbonate 

precipitation in epithermal systems, including formation from bicarbonate waters 

produced in the cap zone above an epithermal system (which have migrated down through 

faults subsequent to the collapse of the hydrothermal system; Simmons et al., 2000), 

and/or or by the precipitation of carbonate during boiling and the exsolvation of C02 

(generated by magmatic degassing from deep in the hydrothermal system; Simmons and 

Christenson, 1994) . The scatter in the PBH carbonate data cannot exclude either 

possibility, although the lack of significant 13C depletion argues against formation from 

bicarbonate fluids in the steam-heated zone. 

At Kerikil, the trend towards lower 8 13C values and higher 8180 values is better 

defined and highlights a distinct transition in stages 5 to 7 (Fig. 8.3 and 8.4). This transition 

is of particular significance since Stage 5, which has 81 3C values consistent with magmatic 

carbon source (of 4 to 8%o) is one of the Kerikil ore stages, but stages 6 and 7 are not ore

bearing. The trend apparent in the stable isotope data for the carbonate samples can be 

attributed, at least in part, to equilibrium fractionation of calcite and HC03- aqueous 

species from a relatively one depleted bulk fluid composition (Fig. 8.4B). (Note that 

kinetic data is not currently available for rhodochrosite and thus the reactions used to 

generate the fractionation curve in Figure 8.4 are based on data for calcite) . The HCOr is 

the dominant aqueous carbonate species under near-neutral to basic pH conditions (Fig. 

8.5) and forms from aqueous carbonate (as bicarbonate) according to the reaction: 

HzC03 = HC03- + H+ 

During boiling, carbonate minerals can precipitate according to the reaction: 

2HC03- + Ca2+= CaC03 + COz + HzO 

This reaction likely closely approximates the deposition of carbonate (as rhodochrosite) 
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for all stages of Kerikil infill. However, data for stage 6 and 7 carbonates As shown in 

Figure 8.4 B, do not follow the equilibrium fractionation curve and instead are skewed 

towards lower o13C values. This trend cannot be attributed only to a decrease in 

depositional temperatures during the late infill stages, since o1B0 values remain relatively 

constant. Instead, this trend is interpreted to reflect equilibrium with late-stage C02-rich 

fluids (Fig. 8.3). This is consistent with experimental and theorectical fractionation studies 

that have shown progressive o13C depletion from CaC03 to HC03· to C02. (Field and 

Fifarek, 1985). Empirically, a similar trend was noted in late-stage carbonates in the 

Geysers geothermal area (California, USA; Field and Fifarek, 1985) where measured values 

of the C02 gases (Fig. 8.2) are consistent with the o13C decrease recognized in late-stage 

carbonates at Kerikl1. The fluids responsible for this late-stage depletion were likely 

bicarbonate waters produced in the steam-heated zone which have migrated down through 

faults subsequent to system collapse (e.g., Simmons et al., 2000). 

8.3.6 Oxygen isotope results (quartz and whole rock samples) 

Oxygen isotope data collected for 23 samples of quartz from vein and breccia stage 

infill from both PBH and Kerkil are summarized in Table 8.4. Data for 29 samples of 
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Table 8.4 Summary of quartz o160 data at PBH and Kerikil 

Ma:&imum, minimum and mean /)18 0 values for quartz from PBH and Kecikil infill vein and breccia 

stages. 

<')l80%o 
(SMOW) 

Deposit Sample n Min 
selection 

All 23 7.1 

PBH all PBH infill 10 7.9 
stages 

in fill stage 1 2 11.9 

infill stage 2 2 8.5 

in fill stage 3 3 9.7 

in fill stage 4 1 8.5 

in fill stage 5 2 7.9 

Kerikil all Kerikil 13 7.1 
infill stages 

infill stage 1 1 9.1 
infill stage 2 4 8.9 

infill stage 3 1 10.0 

infill stage 5 1 9.7 

infill stage 6 1 9.9 
infill stage 7 1 9.4 

infill stage 8 2 9.4 

infill stage 9 2 7.1 

<')18Q %o <')18Q %C) 
(SMO\V) )(SMO\V) : 

Max 

12.4 

12.4 

12.4 

9.1 

11.3 

8.5 

8.1 

10.0 

9.1 
9.9 

10.0 

9.7 

9.9 
9.4 

9.5 

8.8 

I 

Mean 

� 

: , .. · 
. 9 ' 5 · . .  

• ..;:· i· • .- r ,_: · 

. ��/ : ·� :.-.. . -;· ·:.:. '. 
' , .9.7: ' · . . . . ·. , ·,�>� �.·. ·�;:�'·�· ·1i.i: . .  :· ... !� . 

.8:8 

10�3 

8'.5 

8.0 

9.2 

9.1 
9.3 

10.0 

9.7 

9.9 
9.4 

9.5 

7.9 

o18Q %o ol8Q %o 
(SMOW) H20 

(SMOW) 

Standard Calculated 
Deviation o18QH2o" 

± 1.2 

± 1.6 0.7 

± 0.3 3.1 

± 0.5 -0.2 

± 0.9 1.3 

0 -0.5 

± 0.1 -1.0 

±0.7 -1.0 

0 -1.1 
± 0.4 -0.9 

0 -0.2 

0 -0.5 

0 -0.3 

0 -0.8 

0 -0.7 

± 1.1 -2.3 

* Calculated /)18QH2o in eqUJ.Iibrium With quartz based on fr�ction�oon equaoon of Claycon (1992) H temper�tures estJm�ted 
from average fluid inclusion measurements (i.e., 2SO"C for PBH and 22S°C for Kerikd). 
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whole rock powders from different alteration facies at the two deposits are summarized in 

Table 8.5. Full analytical details are provided in Appendix 9. 

8.3 .7 Oxygen isotope composition on PBH infill stages 

Quartz sampled from stages 1 through 5 at PBH have 8180 values ranging from 7.9 

to 12.4%o with a mean of 9. 7 o/oo (Table 8.4 and Fig 8.6). There is a trend towards 

progressively lighter 8180 values from the earliest to the latest infill stages, with mean 8180 

values of 1 2.1 o/oo in stage 1 and 8.0%o in stage 5 (Fig. 8.6). This trend is reversed in the 

carbonate infill of stage 6, with 8180 ranging from 5.5 to 1 5.0%o with a mean of 1 0.6%o. 

The occurrence of lighter 8180 values for quartz in the later paragenetic stages 

cannot be attributed to depth variations, since all samples were selected from the same 

level in the deposit. Other possible explanations for the trend include an increase in 

temperature, equilibration with the andesite host rocks (with 8180 values between 7.0 to 

9.0 o/oo), or the involvement of a lighter 8180 source, such as meteoric water (present day 

estimated meteoric water composition at Mt Muro is equivalent to 8180 = -6 o/oo; Bowen 

and Wilkinson, 2002). A temperature increase can be precluded as a likely cause of the 

I 
I 

i 
. I I I 

trend, since the mineralogy and character of associated alteration assemblages suggest that 

there is a decrease in temperature from stages 1 through 5 (details see Chapter 7). A larger 

component of meteoric water in the system as magmatic input wanes is the favored 

alternative for the decrease in 8180 values. 

8.3 .8 Oxygen isotope composition of quartz from Kerikil infil l stages 

8180 data for samples of Kerikil quartz, sampled from infill stages 1 through 9 (but 

excluding stage 4), are summarized in Table 8.4 and Fig 8.6. These values range from 7.1 

to 10.0%o (with a mean of 9.2 o/oo) and are relatively constant from stages 1 to 8. 8180 

values only become significantly lighter in the last vein stage, with values down to 7 .1  o/oo. 

The 8t8Q values determined for carbonate from infill stages 5 to 7 are also shown on 

Figure 8.6 for comparison. 

Consistent 8180 values in quartz from stages 1 through 8 are thought to reflect 

equilibration with the andesite host rocks (characterized by whole rock 8180 values 

between 7.0 to 9.0 o/oo). The occurrence of lower 8180 values for quartz in the latest 
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PBH infill stages 
stage 1 
stage 2 
stage 3 
stage 4 
stage 5 

stage 6 

Kerikil infill stages 
stage 1 
stage 2 
stage 3 
stage 5 

stage 6 

stage 7 
stage 8 
stage 9 

-10 

PBH alteration facies 
CCAfacies 
SAP facies 
QIP facies 
Kaolinite facies 

Kerikil alteration facies 
CCAfacies 
QIP facies 
Silica facies 
Kaolinite facies 
Halloysite facies 

Au-Ag epithermal deposits 

Mule Canyon. U.S.A: 
quartz 

Sunnyside, U.S.A: 
quartz 
carbonates 

Creede, U.S.A: 
quartz 
carbonates 
illite 
chlorite 

Tui, NZ: 
carbonates 
barite 

-5 

Modern Geothermal systems 
Geysers: 

steam 
whole rock 
quartz 
calcite 

Broadlands/ Wairaki: 
volcanic host 
altered volcanic host 
quartz 
sinter 
calcite 
adularia 

{o" o %.) 
Q 5 10 

shll\ towards lighter o >$ 0 %o 
values wtth t1me 

-
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-
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• 
• 
• 
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cool?r bicarbonate waters 

o e CXJt  

•• • • 
.. 

• • 
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-
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a cooer f IU<d 

• 

Legend 
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rhodochrosite e 
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Figure 8.6 5160 data for quartz and altered host rocks from PBH and Kerikil compared with selected 
ancient epithermal and modern geothermal systems 
o'"O data for samples of quartz and whole rock powders (from alteration faclr>} for both ?BH and r...trikil .\l�o �ho\\'!1 os d1e 

range of B•�o data for .-\u-.\gdeposas and modem geothermal >\Stem� (from held and Fiferak J985 . .John <i al .. ::wen). 
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paragcncric sragc cannot be annburcd to depth variations, smce all samples were selected 

twm the �.lmc Jc,·el tn rhe 1.-.:erikil deposit. \lternatively, the lightet values determined for 

smgc 9 m.1y reflect the involvement of a hotter flu1d or lighter 8180 sourct<, such as 

mctconc \\,ltt:r. l lowc\ cr, the presence of marcasite and low temperature alteration 

assemblages associated \\.ith the final 'c1n �tage �uggest that there is a decrease, rather than 

an mcr<.-asc, in temperature a!-sociated \\ith the final vem stage. Based on the carbonate 

isotope rcsuJr.., d.tscu'>scd aboH', 1t IS l.tkely that the variation in quartz 8180 in the final infill 

srages reflects the incurston of meteoric waters (specifically bicarbonate waters produced 

in the �team-heated zone) 1n the final stages of the hydrothermal system. 

8.3.9 PBH alteration facies whole rock oxygen isotopes 

\ .. descnbed tn Chapter 7, alteration at PBH is zoned from distal CC\ and SPA 

factes (at tens to hundreds of meters away from mineralization) to proximal QIP alteration 

onh meters from the vems. :\ late phase of kaolinite alteration locally overprints the 

proxunaJ alteration. Both the alteration zonation and overprinting relationships are 

re flected 1n whole rock 6180 values for alteration assemblages, as summarized in Table 8.5. 

In general, results from the PBH alteration facies indicate that there is a trend 

w 

Legend 
DOH . 
' � o.amond dtlll hole 

( Ve1nl8rec::::,a 

B3$e or O<idat•on 

CCA aneration lecies 

SPA e11ere110n lae<es 

OIP alto>:rli'oo., fecoes 

• Kaolinite e����tion lac>es 

/ 65� /1 
4 9  

7 0  

DOH 
664 

Figure 6.7 PB H cross section 12 OOON showing whole rock 616 0 data for different alteration facies 
\\hole rock o'" 0 data for alte1 aoon taucs at PBH show1ng shifr from lowtr valut.> pro>.rmal to the v-e1n and lu�her value� 
assooated '1 I late stage l.aolinice O\erpnnt Shadtd rtglon marks th< .u�a of> � gt t :\u �ft.ftr ro hg '\ lS B, () 3 and- 16 
B lor details o ! geologt alteration and metal zoning) 

E 
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towards lighter 8I8 0 values with proximity to mineralization. This trend is illustrated in 

Figure 8.7, which shows 8180 values for alteration facies along section 12 000 N .  The QIP 

facies proximal to the vein exhibits lighter 8180 values (5. 1 to 5.5%o) than least altered 

CCA facies in the footwall (8180 values of 7 to 10%o). Late kaolinite alteration in footwall 

fault gouge has heavier 818 0 values (about 9%o). 

Isotope values for the least altered rocks are consistent with average values for 

andesicic host rocks (7.0 to 9.0 %o). The 8180 shift proximal to the vein is attributed to 

interaction of the host rock with either a hotter fluid or depleted 8180 source (such as 

meteoric water) . The late overprint of higher 8180 values in the kaolinite facies is likely the 

result of cooler acid sulfate waters migrating into the system, as indicated by the alteration 

studies described previously (Chapter 7). 

8 .3.  1 0  Kerikil alteration facies whole rock oxygen isotopes 

Alteration at Kerikil is zoned on a broad scale from distal CCA facies (at tens to 

hundreds of meters from mineralization) to proximal QIP facies alteration next to the 

veins and breccia zones. However, a late phase of proximal kaolinite and halloysite 

alteration largely obscures and overprints earlier alteration assemblages. These 

relationships, and the absence of well-developed alteration zonation, is reflected in whole 

rock 8180 values for different alteration types (Table 8.5) 

In general, there are no significant trends in 8180 values from the distal CCA and 

silica alteration zones to the proximal QIP facies, although the late-stage overprinting 

kaolinite and halloysite assemblages do display significantly higher o18Q values 

(approximately 1 1  to 12%o; Fig. 8.8). A spatial distribution in 8180 values is evident along 

section 20 000 E at Kerikil (Fig. 8.8), although the trend reflects progressively lighter 

values with increasing depth in the deposit and appears to be independent of alteration 

type. 

The consistent 8180 values of approximately 9.0%o for the CCA, QIP and silica 

alteration assemblages at Kerikil are interpreted to reflect isotopic equilibration with 

andesitic host rocks. The shift towards higher 8180 values in the overprinting kaolinite and 

halloysite facies may be due to the migration of cooler waters back into the hydrothermal 

system after the main mineralizing and alteration events, as suggested by the alteration and 

mineralization studies described previously (Chapters 5 and 7). 
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Table 8.5 Summary of whole rock !5180 data for PBH and Kerikil  alteration facies 
i\la:.,:Jrnwn, rrurumwn and mean 8lSQ values forwhole rock powdets from PBH and Kenk1l alteration facies. 

Deposit Sample 
Selection 

All 

all CCA facies 

all SPA facies 

all QIP facies 

a 11 silica facies 

all kaolinite 
facies 

all halloysite 
facies 

PBH all alteration 
facies 

CCA facies 

SPA facies 

QIP facies 

kaolinite 
facies 

Ketikil all alteration 
facies 

CCA facies 

QIP facies 

silica facies 

kaolinite 
facies 

haUoysite 
facies 

n 

29 

10 

4 

7 

1 

4 

3 

15 

7 

4 

2 

2 

14 

3 

5 

1 

2 

2 

()18 0 %o 
(SMOW) 

Minimum 

4.4 

4.9 

4.4 

5.1 

6.1 

8.6 

9.6 

4.4 

4.9 

4.4 

5.1 

8.6 

5.1 

5.1 

5.9 

6.1 

9.4 

10.7 

()18 0 %o 
(SMO\V) 

Maximum 

16.2 

10.1 

11.0 

7.7 

6.1 

12.3 

16.2 

12.3 

10.1 

6.8 

5.5 

12.3 

16.2 

8.9 

11.0 

6.1 

12.0 

16.2 

. 
:· 

: �.: � 
., 

' . 

. :· ' 1· 

()18 0 %o 
(SMOW) 

Mean ·· 

. , 

6.8' 

6.i 

6.1 

10.6 

12.2 

7.2 

7.6 

5.7 

5.3 

10.5 

8.7 

6.6 

7.6 

6.1 

10.7 

13.5 

()18 0 %o 
(SMO\V) 

Standard 
Deviation 

± 2.7 

± 1.7 

± 2.3 

± 1.0 

0 

± 1.8 

± 3.5 

± 2.1 

± 1.6 

± 1.2 

± 0.4 

± 2.6 

± 3.1 

± 2.0 

± 2.0 

0 

± 1.8 

± 3.9 
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8.4 Summary 

Fluid inclusions data for the Mt Muro deposits indicate that mineralizing fluids at 

PBH were hotter than those at Kerikil, and that the PBH veins formed at deeper levels 

(Simmons and Browne, 1990). There is evidence for boiling at both deposits and some 

inclusions at Kerikil suggest sealing, over-pressurization and hydraulic rupture (Simmons 

and Browne, 1 990). 

Sulfur isotope data from sulfides in the Mt Muro deposits occur over a narrow range 

of -1 to +4%o. These values are similar to those in modern geothermal systems and are 

consistent with a magmatic sulfur source. 

Carbonate 813C and 81B 0 data for the two deposits suggests varying depositional 

conditions. At Kerikil, there is a trend towards heavier values 813C values with 

progressively later infill stages. This trend can be attributed, at least in part, to precipitation 

from a HC03- dominant fluid at near-neutral to basic pH conditions, likely caused by 

boiJing of hydrothermal fluids. Further 13C depletion is consistent with the incursion of a 

COz-rich fluid in the late-stages of the hydrothermal system; most likely bicarbonate 

waters generated in a steam-heated zone, which is inferred to have overlain the deposit. 

Isotope data for PBH carbonates are more scattered than the Kerikil dataset, suggesting a 

variety of depositional processes including precipitation from C02 generated by magmatic 

degassing from deep in the hydrothermal system and precipitation from HCOr dominant 

fluids (derived from boiling). Rhodochrosite from both deposits is enriched in 8180 

relative to calcite, suggesting that it may form from a highly fractionated fluid developed as 

a result of boiling. This is consistent with the spa rial distribution of rhodochrosite at PBH 

and Kerikil which is found in the shallower parts of the deposits and therefore most likely 

to have interacted with high level bicarbonate waters. 

Oxygen isotope data for quartz across all infill stages at PBH and Kerikil are similar 

to average 8tB0 values for volcanic host rocks (approximately 7 to 9%o). This suggests that 

fluids in both deposits had reached isotopic equilibrium with the host rocks. At PBH, 

oxygen isotope data show a trend towards lighter values with progressively younger infiJl 

stages. This trend likely reflects a progressive increase in meteoric water contribution to 

the hydrothermal system and/or fractionation due to varying source fluids. At Kerikill, 
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however, a similar trend is not apparent and 8180 values are relatively consistent across 

infiJl stages 1 though 8 with values similar to the mean composition of volcanic host rocks. 

This relationship suggests that the fluids responsible for alteration and. mineralization 

maintained isotopic equilibrium with the host rocks. These conditions likely reflect a 

system in which extensive water-rock interaction occurs via sealing of the system and 

subsequent brecciation allows maximum contact with host rocks. Significantly lighter 8180 

values in the final para genetic infill stage is attributed to the influx of cool nieteoric waters. 

Oxygen isotope data from whole rock analyses of different alteration facies at both 

PBH and Kerikil reflect the zonation patterns described previously in Chapter 7. At PBH, 

there is a trend towards lower 8180 values with proximity to the mineralized structures that 

likely reflects interaction with a hotter upwelling fluid. A similar zonation is not apparent at 

Kerikil, although both deposits have a late-stage overprint with high 8180 values that is 

associated with kaolinite and/or halloysite alteration. This overprint is interpreted to 

reflect input of a cooler fluid and/or a high-8180 source fluid, possibly related to residual 

fluids at the top of the hydrothermal system. 
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9. 1 Introduction 

CHAPTER 9 

THE GENESIS OF THE 

PBH AND KERIK IL DEPOSITS 

Conclusions and findings of the previous eight chapters are combined in this 

chapter to understand the geological history of the Mt Muro Au-Aglow sulfidation 

epithermal deposits and construct an ore deposit modeL This model is based on studies of 

regional Kalimantan tectonics, volcanic architecture and geochemistry, structural setting 

and style, mineralization paragenesis, textures and geochemical characteristics, metal 

distribution and zoning, alteration paragenesis and geochemistry, and ore fluid chemistry. 

The genesis of the PBH and Kerikil deposits is described in four phases; Phase 1 :  

Volcanic emplacement and structural setting; Phase 2: Hydrothermal system evolution and 

ore deposition; Phase 3: Late stage magmatism; and Phase 4: Uplift, weathering and 

erosiOn. 

9.2 Phase 1 :  Volcanic emplacement and structural setting 

The Central Kalimantan Arc is a northeast trending volcanic arc of andesitic and 

basaltic composition that developed above a southward dipping Benioff zone in the Early 

to Late Cenozoic (Fig. 9.1  A). The predominately andesitic and basaltic volcanic rocks 

(correlated with the Sintang and Metalung suites) hosting Mt Muro were emplaced as part 

of the arc in the Late Oligocene to Early Miocene (Fig. 9.2 A). 

At least one (and perhaps several) andesite stratovolcanos formed along a northeast 

trend in the Mt Muro region in the Late Oligocene to Early Miocene. Interlayered 

coherent andesite lavas, non-stratified monomict andesite breccia (autobreccias) and tuffs 

recognized at PBH formed in the volcanic slope environment, and the thick coherent 

andesite lavas and poorly sorted clast supported polymict breccia facies (talus breccias) at 
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CHAPTER 9 PBH AND KERIKIL GENESIS 

Kerikil formed in the central vent environment (Fig. 9.2 A). Northwest trending grabens 

formed in response to northeast extension and dilation of northwest striking faults. The 

valley fill facies at PBH were deposited into the northwest striking grabens and poorly 

sorted clast supported polymict breccia facies (talus breccias) at Kerikil was shed of 

northwest striking fault scarps (Fig. 9.2 B). Realignment of the stress field (Fig. 9.1 B) 

(associated with a 1 5° island scale rotation of Borneo initiated in the Early to Mid 

Miocene) and north-south compression is expressed as dextral movement on northwest 

striking faults. Regionally, the Adang Fault Zone exhibits the same dextral sense of 

movement in response to tectonic reorganization (Fig. 9.1 B). On a district-scale, this 

dextral movement opened up north-south orientated pull apart basins (Fig. 9.2 C). Mature 

sediments were eroded from uplifted areas and deposited into these basins (represented by 

the distal basin facies at PBH). At least part of the pull-apart basin units were deposited 

under sub-aqueous conditions as indicated by the occurrence of non-stratified sediment 

matrix supported breccia facies (andesite hyaloc!astite) and stratified volcaniclastic 

mudstone (with fossil worm burrows and tree fragments). 

The onset of hydrothermal activity in the Mt Muro area is recognized by the 

emplacement of north-south trending, hydrothermal, poorly sorted, rounded, polymict, 

miJled breccia facies (maar breccia) dikes at PBH along dilated, pre-existing, north-south 

striking basin structures (Fig 9.2 D). Poorly sorted rounded exotic polymict milled breccia 

facies (pebble breccias) at Kerikil formed along north-south and east-west striking fissures. 

Continued dextral movement on northwest striking structures resulted in the 

dilation of north-south structures at PBH and Kerikil. This dilation provided a focus for 

fluids circulating in large (> 5 km diameter) hydrothermal cells (Fig. 9.2 E), which are 

represented by large areas of magnetite destruction. This dilation is also associated with the 

emplacement of basaltic andesite intrusions at Ker1kil in a north-south orientation, and 

emplacement of northwest trending basaltic andesite dikes at PBH (Fig. 9.2 E). 

Near the end of hydrothermal activity, basalt dikes were emplaced along pre-existing 

north-south and northeast striking structures. Late Plio-Pleistocene basaltic volcanism was 

correlated with the Metalung Suite, and is responsible for the youngest cinder cones and 

plateau basalts (Fig. 9.1 C and 9.2 F). 
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9.2 Phase 2: Hydrothermal system evolution and ore deposition 

As noted above, hydrothermal activity at PBH and Kerikil was initiated by dextral 

movement on northwest striking basement structures that caused dilation of north-south 

and north-northwest striking structures (Fig. 9.2 E). Magmatic fluids (as indicated by 

sulfur and carbon isotopes values) associated with arc magmatism ascended and combined 

with circulating meteoric fluids (as indicated by oxygen isotopes values and dilute liquids in 

fluid inclusions). The large, northwest striking basement structures provided an effective 

conduit for magmatic fluids to enter the meteoric-dominated hydrothermal system, 

whereas dilational north northwest and north-south striking structures focused local 

meteoric fluid How. 

At PBH, the first in fill stage (stage 1 jasper) formed in response to rising hot (200°-

2S0°q hydrothermal fluids interacting with oxidizing ground water that were present in 

the permeable pull-apart basin sequences (Fig 9.2 E and 9.3 A). In contrast, jasper did not 

form at Kerikil due to less permeable host sequences (e.g., the central vent region facies) 

that prevented significant interaction with oxidized meteoric fluids. 

Continued dilation of the PBH and Kerikil structures provided a focus for fluid 

flow. High flow rates and rapid cooling of silica gels in the narrow initial fissures induced 

precipitation of microcrystalline quartz early in the paragenesis at PBH and Kerikil. Rapid 

crystallization was conducive to sealing of the fissures, which were subsequently reopened 

after dilation and brecciation of the seal. Illite alteration associated with these early infill 

stages indicate high fluid to rock ratios and interaction with a 200-250° C, near neutral 

fluid (Simmons and Browne, 2000). The presence of fine-grained adularia indicates boiling 

also occurred (Fig. 9.3 B). 

Fluid flow was focused at the intersection of northwest striking and north-northwest 

striking structures and dilation sites along the north-northwest striking structures. At 

dilational sites within the conduit, the combined effects of boiling and gas loss (specifically 

H2S, C02 and steam) resulted in physiochemical changes in the ore fluid (pH, temperature, 

sulfur activity and salinity), leading to metal precipitation. The deposition of gold and 

silver, which can be transported as bisulfide complexes, is induced by boiling (Gammons 

and Williams-Jones, 1995; Spycher and Reed, 1989). In contrast, the precipitation of base 

metals such as copper, lead and zinc (transported as chloride complexes) can be attributed 

3 1 0  



0 Boiling epithermal system 

Figure 9.3 Phase 2: Hydrothermal system evolution 

and ore deposition 

A (1) Su):.t' I .J.�..�rx• ,.'",."� c.l�:�t:-tll·J '" rht; t'SH foclf,qll (l) 

��a�" 2 1'1\tCru<-rpc.tllll)\.' 'tU·'''" .tnJ �;!,!...'\ 1 ,�.,�lti,k .. .>"I(O">:'Ih 

"'(:\W._ Jq14)-.•tc.oJ 111 PHi l �nJ �u�· I n'\icroc.f\•-..r)IL•tc '4V.1rct �u,J 

:;r.t�' 2 .,,,Jf-.Jc.· '1" :;ult<,r.<;�ll .,..·'1--"-' J .. -p«•..:•u J At f....t-rtl..tl """" Joi\"lt:'m 

.. lo,.'-<.-ICIJ'UJ .lltm� Ut•ttlt.�)uth ,.UtJ({un....; It' .tl\th.-1;ltC \Ok .>l liiC> (\) 

(�l l' .dt\'l".l�son ,-�,cuo .. d�o \'c.·lof\'·-.1 dcJ:Cc. IIJ 1h�,; ,,..,n ,ln�,l .ll.,n).; tllol"c;. 

�rm��lh'..: l.1•o._r., (-I) .\n..l {S) ( (' \ IJ..Cit..., o'lltcr.HIHfl r< lk\c:lnp...<f .11 

rht m.l�n.� lf'llht· Qll' .lh,·r<tltt.»l fAC1<i- liHthn.!'{ '''th '" th1, 

li»ur, h,kl�...:"' CC )J .1nJ l I!>'\ h'l;o..,"-·:o (;,,:-.,;t>. t«\.'tl�l .mJ v"WIJ�,b" 
tnlu fhl "�'"" t:)bfl .anJ�u. tm 1"-.lh:d ....,,1\c.· BK,tr�"l.11\- tlUJJ:O: {C•) 
.m.· tk•\\:l<lf1't'J ,u tlk' rc:n,,t'l .. n�.• ... to tht.: J�o.�ll .. ,,d �(uJ ,..ull:\h 

, .. ,,�n'{:ll\ J�•\'d(lpn.l JbO\'t� tiK lYJ•Iin�/IM\1,.' {7) Nl�)lu"ft• (;!til.'' 
;JhLUU(�t f'IIUJUCl:J Ill H•Ji..,..,l\� fll (Hhl .lt"ll.tlol tl111,1.,., f�) �•ht.:\1 

,l�,.'"f\'NitV J"" en (Ctolm� :u ch�o. H•P ol tlx ��''"·m 

9 /tJ) S\�wm 1"-C(Mnd t'U'Il:�HtC'Ct.:J b\ up.J J..T'tNUut\ ,;( Iiili. 

,.,,...4,�"\J: '' ut �11'1�'" !'\t.1&\ 4, C¥lf:t\- c�·,.ull.n..: 'Cu.ln, Jlki >u1fiJ., 

-.lt.."fW')Itt .. J u PI·U l (I  H) H,<;ut�n .. ue llu,d$ Jtl. f•lf!Th.J 1t riM.. 
fi'N(th,·t•"' 1U tht fo.k-ptt>ll ,tnJ C.:.l'ku�o. \\'lll}o J,.J"'.,.Itlo.:J (I I) 

\H\i.;lh\'fo( ,II\' \t.'ll\1. Jq'>H<liH)llhH (t"''JII\•U ut b.1i1111� 

C (I!; S�':'h:m " 111"" ,u.J btc;atbtiiMt�;; ll�.uJ-. ,�,.. • .,nc"r th\:hfl 

tl'"'' /Hilt. l•lhn.w; C!l\ Uh,:o- \\ rlh c�cbun:Hl. 

0 (I\) I hJu,rll4.lm.ll .ltmtt\ cco&:O:""" ,.t;,J .tlu.l :<uiiJh' \\'Jt,n. 

n'\J�r.uc Jm, o fit�.: fo��\',111 i.uth '-t•IU1,tC Jt Pl\11 k·� .. l.nJ.: cu thl. 

'-'<:HJnpm�o.nt HI LA•tl,nll.., t.\t"'• .llt�o.�;tlt�)n 

E !l4) \c ''"'""'l hK;.ll ht111lt.(' fluJJ,. "''"' l'm�ut .. '\t u the 

pt._urf'"'''-� ''' ch" J�o.-'f't"''r rhc s�mc .1"' ,,, t'RI I (15) f lc.\h-' "''· .u 
"'"'J..JI tl"' UJ'I 11,,.., I'm�- '" b1nct.tJ � fl\1( fflo("f\..;t.lllm� 'fi.I.Uft 
Juc: I�• tmfXrOX<tbl\.· h1•:-� ui('_L,,.. �11\4..1 r\.lrrl)\\ fi-:-"\1''-..,. (I<•> 
t1.c-.uhon,tt'" tlu�,. uto. .,n,J\\1,.'1.1 tu n\lf.,'f.lre' 4u� miH rh�,.· .:-�,.c-h,lft 

.\bel\'' th.., ,,,,1 

F (11) l�,rv,J :!: rho!.klchni'S.itt• .. �Iii.'' ll'l:..lq:l<l':-lii.:J .&t t\.�LI 

wht"n th\. :'o..'l.tl t� hr,ct•.ltLJ mJ th�o cunJwr r�o."Uf�"n�.-'\.1 {lk) 

\l.1n.*1 n�"""' b..,.tn.n� lll,·,\�''\:tt\ l1u1J:t ;uc .•llu\\,:J "' m,._. W11h 

,ll.(l;I...I!U� h�·Jr(J(IH..o"·'l nv1d� pt,.Jutm,K J....�nt.•l, Ul'' H�J..,..-.· r; 
I h ... , .. .  ut.: �" ... n1 �o.r•:-vJt"' .,, ����,,� .l""-• f\'·bnc:cila,uu of 1h�o. 

CVI\I.hJII 

G (l!J\ St.'§.:.'- H C(\.t, .. � (1'\,.t 11l1nl. �tuafr" .1nJ ,.ulfic.Jt .Jc.'f'i�lf(\.) 11 

f...:eol.,l 

H (:!liJ I H\' rvnt\. \\.'1"-l> i'tl." th .. · lin.ll \1,.-IH utiilt .ru�� ·'' l':\'tlktl 

,mJ .Jtt: o�;.<t<"i:;th.-J \\llh t..�ut.n,,, ..• lrt'r.rt•u•' (21) n·,�r,'""\nt•n,.: th\' 

llltp1hf)JJ n(C;4'1()1 .ft.IJ :�>UIJAI\. \\,lf\.1'1 b.K"lr. •llfU 1h-.· h\'Jtutht'lnUI 

PBH 

.· 

___ .. __ 

PBH 

DSP�•PMeU>:"' ,..,.. 
""'" -- tf -If .-.. 

Kerikil 

""""" ........ ; .... , ... ,.. 



CHAPTER 9 PBH AND KERIKIL GENESIS 

to dilution and/ or cooling (Barnes, 1979; Spycher and Reed, 1989). These factors are 

responsible for the metal zonation recognized at PBH, with precious metals occurring 

above the boiling zone and base metals below. The occurrence of adularia and low 

fineness electrum in the PBH ore stages is further evidence that boiling occurred during 

metal precipitation. 

The formation of a steam heated cap above the Mt Muro deposits resulted from the 

condensation of gasses (such as H2S and C02), derived from the boiling of underlying 

hydrothermal fluids (Fig. 9.2 A). H� condensates at the top of the system produced cool 

acid sulfate waters that were responsible for kaolinite facies alteration. Silica was deposited 

at the water table via cooling of the ascending silica-rich hydrothermal fluids. At the edges 

of the hydrothermal systems, the condensation of C02 into meteoric waters resulted in 

moderate to high temperature (200-250°C), near neutral to slightly basic, bicarbonate 

(HC03-) waters . These waters are responsible for the development of CCA facies 

alteration and depletion of elements such as sodium and manganese from the volcanic 

host rocks. 

The fine-grained ore and inf111 stages at PBH and Kerikil are followed by coarser 

mineral precipitation (Fig. 9.2 B). This transition indicate slower rates of deposition, likely 

related to slower flow rates or a cessation of flow rate and sealing of the hydrothermal 

system. Stage 4; coarse-crystalline quartz + sulfide at PBH has gold -silver telluride 

inclusions in pyrite that may indicate throttling and condensation of magmatic gasses. 

Coarse-grained amethyst in stage 5 at PBH and in stage 3 at Kerikil marks the end of the 

silica infill stages. This amethyst is associated with near neutral to slightly alkaline waters 

(Fig 9.2 B). The deposition of coarsely crystalline calcite of stage 6 at PBH and stage 4 at 

Kerikil marks the migration of bicarbonate waters back into the hydrothermal system and 

along late north east striking structures. This calcite is also recognized at the margins to the 

deposit, where it formed due to increasing temperature and reverse solubility as peripheral 

bicarbonate fluid entered into the hot up flow zone of the hydrothermal system (Fig. 9.2 

C). This stage indicates encroachment of alkaline waters back into the system. 

Carbonate infill marks the end of vein stage paragenesis at PBH, but the paragenetic 

evolution at Kerikil is more complex and additional rhodochrosite-bearing infill stages are 

recognized. The divergence in hydrothermal evolution between the two deposits is a result 
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of contrasting lithologies (and thus rheologies) of the host sequences, structural setting, 

and relative depth of formation. At PBH, the ore-hosting structure is favorably aligned for 

dilation, thus allowing the preservation of an open fluid pathway. As well, porous 

lithologic units (such as tuffs and lapilli tuffs) permit the lateral fluid flow when the main 

fluid conduit has been sealed. In contrast, impermeable host rocks at Kerikil were readily 

sealed due to precipitation of fine-grained infill stages. Sealing allowed bicarbonate waters 

back into the system above the seal, which were previously excluded due to buoyancy and 

out flow effects (Fig. 9.2 E). Brittle rupture of the seal occurred due to over-pressurization 

and/or further dextral movement on northwest striking structures (9.3 F). This rupture 

allowed the mixing of upwelling hydrothermal fluids with bicarbonate fluid above the seal, 

and subsequent mineral precipitation (e.g., stage 5; rhodochrosite + sulfosalts around 

jigsaw fit breccias) . Selenium substitution within the sulfides, native silver precipitation, 

and gold-rich electrum as inclusions in pyrite, provide further evidence that oxidizing 

conditions and fluid mixing were important controls on mineral precipitation. High 

fineness electrum, as seen at Kerikil, is also produced from mixing of gold bisulfide with 

an oxidized fluid (e.g., Gammons and Williams-Jones, 1995; Spycher and Reed, 1989). 

Precious metals and base metals were deposited at the same height where conditions 

favorable to bisulfide and chloride complexed metal precipitation occurred (e.g., Barnes, 

1979). Several episodes of sealing by microcrystalline quartz and subsequent brecciation 

are recognized during stage 6 at Kerikil, possibly due to rapid up flow rates and/or cooling 

of a silica rich fluid (on contact with cooler bicarbonate waters) . The final stage is marked 

by coarse-crystalline amethyst and minor rhodochrosite, indicating slow cooling and rates 

of crystallization. Manganese required for rhodochrosite deposition in Period 2 may have 

been derived from altered volcanics in the steam-heated zone (e.g., Henley et al., 1 986). 

Gradual cooling of the Ketikil hydrothermal system is marked by the deposition of coarse 

crystalline quartz and sulfide veins (stage 8; Fig. 9.3 G). 

The final stages of both the PBH and Ketikil hydrothermal systems are marked by 

the migration of acid sulfate waters (formed in the steam heated cap) down along 

northwest striking structures at Kerikil, and in the footwall fault gauge to the north

northwest striking structure at PBH. Stage 9 pyrite veins at Kerikil are equivalent to late 

kaolinite and pyrite in the footwall fault gauge at PBH (9.3 D and H). At Kerikil, the 
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youngest northwest striking coarse grained pyrite and marcasite veins are associated with 

high Tl and As contents, consistent with fluids observed in the mud pool areas of modern 

geothermal systems (Reed and Plumlee, 1992). 

9.3 Phase 3: Late stage magmatism 

Late stage magmatism is limited to northeast striking basaltic dikes at PBH, the 

Kembang cinder cone volcano (near the Mt Muro golf course) and regional plateau basalts. 

Tlus magmatism is related to recent subduction in the Palawan trough and is correlated 

with the youngest Phocene Metalung Volcanics (Fig 9 . 1  C and 9.2 F) .  

9.2 Phase 4: Uplift, weathering and erosion 

After cessation of magmatic and hydrothermal activity, there was a period of uplift 

and eros10n at Mt Muro followed by a period of subsidence (associated with the Barito 

Basin; Fig 9.4). The height of the palco-water table (and therefore a minimum height for 

the paleo-surface) was determined from fluid inclusion data, using depth pressure 

estimates based on samples exhibiting boiling. These measurements indicate that there was 

a water column of > 400m at PBH and between 225 and 400 m at Kerikil. The large range 

of pressure-depth b01ling measurements o btainctl from the same RL level at Kerikil could 

be due to over pressurization of the system. Anomalous pressure values (equivalent to 400 

m) therefore could be an over estimation. Estimates of 225 m are considered more realistic 

and favored in light of the position of the silica cap at 390 RL, which is also an indicator of 

the paleo-water table height. If paleo-water table hetght ts known, minimum estimates for 

paleo-surface can be determmed. Paleo-surface estimates can then be compared with 

present day surface level and the amount of eros10n since mineral precipitation calculated. 

,\t PBH, depth pressure measurements tmply a paleo-surface at a nunimum of 520 RL. 

Tbe sihca cap at Mt Muro is at 400 RL, which compares well with the estimate for paleo

water table height. Current valleys at PBH are at 140 RL, implying there has been at least 

1 20 to 380 m (average 200 m) of eros10n at PBH. 

1\t Kenk1l, depth-pressure measurements imply a paleo-surface at a minimum of 400 

RL. The sthca cap at Ganung Baruh is at 390 RL, wh1eh correlates well with the estimate 

for paleo-water table hetght. Current valleys at Kerilal are at 200 RL, implying there has 
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Figure 9.4 Phase 4: Uplift, 

weathering and erosion. 
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been at least 200 m of erosion at Kerilcil. This amount of uplift and erosion at Kerilcil (200 

m) is comparable with the amount of erosion and uplift at PBH (average 200 m). The 

Kerikil hydrothermal system represents a shallower portion of the epithermal system while 

PBH represents a deeper portion. 

Modification of the ore deposits includes erosion of valleys through the QIP and 

CCA facies alteration zones adjacent to the Mt Muro deposits. However, the silicified 

steam-heated zones above the deposits have formed resistant silicified ridges and knobs 

There has also been local weathering along the vein and breccia structures. In the upper 

most sections of the deposits, acidic fluids created through the breakdown of pyrite in the 

oxide zone have leached out carbonate and volcanic clasts creating secondary permeability. 

This permeability has allowed the introduction of oxidized ground waters and subsequent 

weathering of the ore deposits to form localized manganese wad (after rhodochrosite) and 

secondary copper oxides (after sulfides). A thick (up to 1 0 m) halloysite blanket has 

formed over the deposits and represents a weathering proftle formed in response to the 

wet tropical environment. Around the Mt Muro CoW, elluvial and alluvial gold deposits 

were formed, through the break down of exposed portions of vein and breccia body as 

well as gravity and traction transportation of precious metal down slopes and into streams. 
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CHAPTER l 0 

CONCLUSIONS 

1 0. 1 Conclusions 

The main conclusions derived from this study of the Mt Muro epithermal deposits are 

listed below: 

• The Mt Muro Au-Ag deposits are exemplary of the low sulfidation epithermal class 

of ore deposit. Mineralization is hosted in veins, breccias and faults that cross-cut a 

predominately andesitic to basaltic sequence of volcanic and volcaniclastic host 

rocks of late Oligocene to Miocene age. PBH formed at deeper levels in the 

epithermal environment than Kerikil, which formed at relatively shallow depth. 

• Twelve volcanic and sedimentary lithofacies are recognized at PBH and Kerikil. 

These include primary facies (coherent andesite, non-stratified monomict andesite 

breccia, non-stratified sediment matrix breccia, coherent basaltic andesite and 

coherent basalt), syn-eruptive facies (tuff and lapilli tuff), intrusive breccia facies 

(poorly sorted rounded exotic polymict breccia and poorly sorted rounded polymict 

milled breccia), and volcano-sedimentary facies (poorly sorted clast supported 

polymict breccia, poorly sorted muddy matrix supported polymict breccia, and 

stratified volcaniclastic mudstone). These lithofacies are grouped into four facies 

associations (based on common depositional environments) that include; a proximal 

slope environment, medial valley fill environment and distal basin environment, 

which are recognized at PBH; and a central vent facies, which occurs only at Ket1kil. 

• The dominant district-scale structural orientations at Mt Muro include northeast (arc 

parallel) and northwest (arc orthogonal) striking structures. These two orientations 

can be related to major island-scale tectonic features; the Kalimantan Gold Belt 

(Central Kalimantan Arc) and the Adang Fault zone, respectively. Rotation of 

Borneo and a consequent shift in the Mt Muro stress field lead to the re-alignment 

and distribution of stresses in these pre-existing structures and the formation of 

north-south to north-northwest striking dilational structures. 
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• The Mt Muro ore deposits are hosted by north-northwest and west-northwest 

striking dilational veins and breccias. PBH is characterized by north-south basin 

faults that were favorably aligned for dilation. At Kerikil, however, there was no pre

existing basin architecture and dilation occurred through brittle fracture of the host 

rocks (coherent andesites and basaltic andesites) along north-south faults. Structural 

bifurcations and intersections, as well as volcanic and sedimentary layering, are the 

main controls on the distribution of mineralization. Structures observed at Mt Muro 

are consistent with features expected during Reidel structural development. 

• Multiple paragenetic stages were defined at PBH and Kerikil, based on mineralogical 

assemblages and textures. Six infill stages are recognized at PBH (stage 1 :  jasper, 

stage 2: microcrystalline quartz, stage 3: microcrystalline quartz + sulfide + sulfosalt, 

stage 4: quartz + sulfide, stage 5: amethyst; and stage 6 carbonate infrll). Nine infill 

stages are recognized at Kerikil (stage 1 :  microcrystalline quartz; stage 2 :  

microcrystalline quartz + sulfide + sulfosalt; stage 3:  amethyst; and stage 4: 

carbonate; stage 5: rhodochrosite + sulfide + sulfosalt; stage 6: microcrystalline 

quartz + rhodochrosite; stage 7: amethyst + rhodochrosite; stage 8: quartz + sulfide; 

and stage 9: pyrite infill). At Kerikil, these infrll stages were grouped into three 

periods (based on common mineralogical or textural characteristics) and include; 

period 1 (veins and breccias dominated by silica polymorphs), period 2 

(rhodochrosite-bearing breccia infrll) and period 3 (veins containing coarse-grained 

sulfides and pyrite). Significant differences between the two deposits include a lack 

of jasper at Kerikil, and the absence of rhodochrosite in direct association with ore 

minerals and a late pyrite stage at PBH. 

• Ore mineralogy at PBH and Kerikil consists of pyrite, sphalerite, galena, 

chalcopyrite, silver sulfosalts, jalpaite, acanthite, covellite, native silver and electrum. 

Pyrite is the most common sulfide at both deposits. PBH contains relatively more 

sphalerite and galena compared to Kerikil, which has more abundant chalcopyrite. 

Electrum was noted in association with silver sulfides and sulfosalts at PBH and as 

inclusions in pyrite at Kerikil. Significant differences between the two deposits 

include the presence of Ag-tellurides at PBH, but not at Kerikil, which instead 

contains higher selenium concentrations (as selenium substitution in jalpaite) . Ore 

3 1 8  



CHAPTER 1 0 CONCLUSIONS 

minerals are confined to specific paragenetic infill stages in both deposits (stages 3 

and 4 at PBH; stages 2, 5 and 8 at Kerikil). 

• Gangue mineralogy at PBH is dominated by silica polymorphs with carbonate 

occurring only in the latest infill stage. At Kerikil, silica polymorphs dominate early 

in the paragenesis and rhodochrosite becomes more prominent in later infill stages. 

A common feature of the two deposits is a transition from fine-grained, silica

dominated gangue minerals in early infill stages to significantly coarser-grained infill 

(with carbonate) in the later paragenetic stages. This suggests a transition from silica

saturated fluids and a rapid rate of precipitation Qikel y in response to boiling 

conditions), to a slower rate of mineral deposition Qikely in response to cooling). 

The switch to coarser-grained crystals generally marks the end of ore deposition and, 

by association, the cessation of boiling. 

• On a regional-scale, base metal anomalism in surface samples and soils is centered 

on two hydrothermal systems at Mt Muro and Ganung Baruh. On a deposit-scale, 

assay data indicate that precious metal mineralization is confined to north-northwest 

and north-south striking dilation structures. Metal distribution is systematically 

zoned at PBH, from base metals at depth to precious metals at shallow levels. In 

contrast, base and precious metals occur at approximately the same level at Kerikil. 

In both deposits, metals are confined to high permeability, fluid flow pathways such 

as pre-existing basin faults, bifurcations in the deposit structure, structural 

intersections and volcanic layer boundaries. Metal ratios indicate that ore-bearing 

fluids generally flowed upwards along the north-northwest striking dilation 

structures and outwards from the intersection of northwest striking structures at 

both PBH and Kerikil. 

• Alteration on a regional-scale is recognized as two large areas of magnetite 

destruction and clay alteration centered on Mt Muro and Ganung Baruh. On a 

deposit-scale, alteration mineralogy at PBH and Kerikil is dominated by quartz, 

chlorite, illite, sericite, phengite, carbonate, pyrite, adularia, albite, kaolinite, 

halloysite and epidote. In general, silica is the most abundant alteration mineral and 

pyrite, although not abundant, is the most widespread. Alteration mineral 

assemblages indicate that the mineralizing fluids at PBH and Kerikil were of 
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moderate to high temperature (180° to 250°C) and ranged from acidic to near 

neutral pH. A late-stage kaolinite overprint at Kerikil is related to considerably 

cooler (>1 50 to <200°C) acid sulfate waters. 

Alteration facies at PBH and Kerikil are defined on the basis of mineral 

assemblages. These facies include the CCA alteration facies (chlorite + carbonate + 

epidote + pyrite), the SPA alteration facies (quartz + sericite + phengite + adularia 

+ pyrite), the QIP alteration facies (quartz + illite + pyrite), the kaolinite alteration 

facies (kaolinite dominant), the silica alteration facies (silica dominant), and halloysite 

alteration facies (halloysite dominant). All six alteration facies were recognized at 

PBH, but the SPA facies is not recognized at Kerikil (due to lack of basin sediments 

that host the alteration). 

• Alteration at PBH is zoned both laterally and vertically. QIP alteration facies occurs 

proximal to the deposit and is well developed in the hanging wall. The QIP facies is 

flanked by CCA alteration. The SPA alteration facies is lithogically controlled and 

occurs in tuffs and lapilli tuffs. Silica alteration facies forms resistant ridges and 

peaks above the deposit. Kaolinite alteration is confined to footwall fault gouge. 

Halloysite alteration occurs at or near the surface and is most likely related to a 

weathering profile. At Kerikil, alteration is also zoned but is complicated by an 

extensive, late-stage kaolinite overprint. QIP alteration occurs proximal to the veins 

and is flanked by the CCA facies. Kaolinite alteration overprints both these facies at 

higher elevations in the deposit. Silica facies alteration is responsible for the resistant 

peak of Ganung Baruh and halloysite alteration is again most likely a weathering 

feature. 

• Whole rock data indicate geochemical variations between different alteration facies 

and with increasing alteration intensity (measured by the Alteration Index; Ishikawa 

et al., 1 976). All alteration types at PBH and Kerikil are depleted in NazO and CaO 

relative to unaltered host rocks, and enriched in KzO, Fez03 and S. MnO and MgO 

depletion at Kerikil is related to destruction of mafic minerals in the volcanic host 

rocks. At both PBH and Kerikil, Nb, Y, and V remain constant across alteration 

facies and are inferred to be relatively immobile under the hydrothermal conditions 

at Mt Muro. Ore-related elements all increase with increasing Alteration Index, 
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reflecting greater interaction of the host rocks with the mineralizing fluid closer to 

the mineralized zones. Hg and As values are highest in the upper alteration zones of 

both deposits. 

• Fluid inclusion measurements for the Mt Muro deposits were reported previously in 

Simmons and Browne (1990). Data suggest that the ore fluid at PBH was relatively 

high temperature (238° to 262°C), moderately saline (less than 3.2 eq. wt %  NaCl) 

and precipitated at depths of 400 m below the water table. At Kerikil, mineralizing 

fluids were of slightly lower temperature (207° to 253°C), slightly higher salinity (less 

than 4.1 eq. wt %  NaCl), and precipitated at depths of 225 and 400 m below the 

water table. Fluid inclusion studies report characteristics consistent with sealing of 

the hydrothermal system at Kerikil (Simmons and Browne, 1 990). 

• Sulfur and carbon isotope data suggest a magmatic source of sulfur and carbon. 

However, there is a trend towards higher values o13C values with progressively later 

infill stages at Kerikil, suggesting the influence of a higher 813C source. 813C values 

from PBH and Kerikil have similar values to COz and HC03- taken from modern 

geysers and are unlike carbon derived from carbonate host rocks. Data are 

consistent with 813C and 8180 derivation from HC03- ,  rather than H2C03, and 

were likely produced from boiling processes. 

• Oxygen isotope data for quartz and carbonate infill stages at PBH show a trend 

towards higher values with progressively younger infill stages. At Kerikil, 8180 

values are consistent across infill stages, except for the last stage, where there is a 

trend towards higher values. This trend likely reflects a temperature change or 

different 8180 source (i.e., the incursion of surficial meteoric waters during the 

waning stages of the hydrothermal system). Calculated ol80 values for fluid in 

equilibrium with quartz from both deposits are close to Oo/oo and are consistent with 

a meteoric water source. Oxygen isotope data for whole rock samples of alteration 

facies at PBH show a correlation between lower 8180 values with proximity to 

mineralization. In contrast, 8180 values are relatively consistent across different 

alteration facies at Kerikil. Both deposits have a late-stage, high 8180 overprint 

associated with kaolinite and/ or halloysite alteration. Average 8180 values for all 

alteration facies in both deposits are similar those for unaltered volcanic host rocks 

3 2 1  



CHAPTER 1 0 CONCLUSIONS 

(7 to 9%o ), suggesting that the initial alteration fluids were equilibrated with the host 

rock (indicating high water to rock ratios). 

• The major controls on ore deposition for the Mt Muro deposits on a regional scale 

include; 

• A heat source from a volcanic pile or magma at depth to drive hydrothermal 

convection; 

• Dilational structures as a focus for hydrothermal fluids circulating within the 

regional convection cell. 

• At Mt Muro, the heat source is provided by magmatism coincident with the Central 

Kalimantan Arc, and focusing structures are provided by dilational structures that 

formed in response to regional strike slip faulting (resulting from structural re

organization due to the island scale rotation of Borneo). 

• On a deposit-scale, critical features for ore deposition at PBH and Kerikil include; 

• Structures that allow high flow rates for the mineralizing fluid; 

• Subsequent dilation of structures to allow depressurization, boiling and/ or 

mixing of the mineralizing fluid, thus inducing mineral precipitation. 

• Differences in the host lithologies (and thus rheologies) and relative depth of 

formation of the two deposits led to significantly different structural regimes into 

which ore and alteration fluids were emplaced. The textural, geochemical, and 

mineralogical signatures of the two deposits reflect this variability, and are 

represented by the two 'end-member' deposit styles of PBH and Kerikil. The 

relative importance of boiling and/or mixing as efficient mechanisms for metal 

precipitation in the two deposits reflect fundamental geological and structural 

controls on alteration and epithermal mineralization. 

1 0.2 Implications for exploration 

The final aim of this research project was to determine specific characteristics of the 

Kerikil and PBH deposits that would aid in the search and discovery of new mineralized 

zones in the Mt Muro district. Exploration criteria are thus outlined in the following 

section by examining the footprint of the mineralizing system on a regional scale (Fig. 

10.1) and volcanological, structural, mineralogical, metal zoning and alteration features of 
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CHAPTER l 0 CONCLUSIONS 

PBH and Kerikil on a deposit-scale (Figs. 1 0.2 and 1 0.3). Although epithermal 

mineralization was the main focus of this study, there is considerable scope for other 

mineralization styles to be targeted at Mt Muro, as outlined in Figure 1 0.2. 

Volcanological features: The stratigraphic framework outlined in this study provides a 

solid background and reference point for further mineral exploration. On a regional-scale, 

it is important to identify the position of the paleo-arc as the source of heat for large, 

potentially fertile, hydrothermal convection cells. These hydrothermal cells can be 

recognized as areas of magnetite destruction (Fig. 1 0.1  B). Similarly, paleo-volcanic centres 

can be identified by geological mapping and as circular regions on SAR imagery (Fig. 1 0. 1  

A and B). Within this broad geological framework, extensional regimes with favorably 

aligned (for dilation), pre-existing graben structures represent potential hosts for PBH vein 

style deposits. The recognition of these pre-existing structures and basinal environments 

can be achieved by detailed lithological mapping. For example, basin bounding faults at 

PBH are defined by the extents and controls on the medial valley and distal basin fill 

environment facies associations. 

Stmctural features: On a regional-scale, intersections of northwest striking structures 

with the northeast trending Kalimantan Gold Belt are important controls on 

mineralization and represent favorable exploration targets (Fig. 10.1  C). These features can 

be recognized on the CoW -scale by the presence of northeast striking dikes (coincident 

with the Kalimantan Gold Belt) and northwest striking dikes (coincident with the 

northwest basement structures). The presence of hydrothermal cells associated with the 

intersection of northwest structures and northeast trending volcanic arc can be delineated 

(using geophysical imagery) as magnetic lows and K-Th highs (Fig. 10 .1  D and E). In 

addition to large hydrothermal circulation cells, however, dilational structures are required 

to focus the mineralizing fluids. Favorable dilational structural settings can occur along 

northwest striking structures as flexures and jogs or compressional brecciated jogs. 

Intersections of northwest striking structures with geological boundaries of high 

competency contrast may also provide favorable dilational sites. 

Geophysical surveys are useful for identifying potential ore-related structures. 

Northwest striking structures associated with mineralization can be defined by magnetic 

susceptibility highs and lows, depending on the presence of basaltic andesite dikes or 
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magnetite destruction. �.Jagnetic susceptibility highs are typically related to post mineral 

basaltic dikes. Northwest striking structures may also be distinguished using SAR or aerial 

photos to define topographic highs and lows. This will depend on whether there is 

silicification or destructive alteration associated with the structure. Favorable target areas 

also include zones where northwest striking structures have been covered (by later 

volcanic, volcanoclastic and sedimentary rocks) and subsequently reactivated to produce 

tensional fractures, as per the Riedel clay box model (e.g., Figure 3.8). This produces 

north-south high angle structures that are typically siJicified and resistant with high 

topographic relief. These structures rarely have a strong magnetic signature but are 

discernable on SAR and topographic maps. Mineralization can thus be targeted using the 

intersection of magnetic imagery highs (northwest structures) with areas of high 

topographic relief from SAR or aerial photos (north-south and north-northwest striking 

structures). In the northwestern part of the COW, northwest striking structures extend 

into the limestone basement and may be excellent sites for carbonate replacement style ore 

bodies (Figure 10.2). 

The en echelon style of structural repetition associated with Riedel fracture sets 

indicates that there may be further north-south striking, parallel vein style deposits to the 

west and east of PBH and Bantian-Batu Tembak (BBT) . An ideal site to test this would be 

to the west ofBBT where north-south striking structures are developed above major 

northwest trending basement structures. 

There is further scope for "blind" or hidden ore bodies at Mt Muro beneath the 

impermeable cap rocks. Contrasting lithologies in the stratovolcano setting can exert 

significant influence on the hydrology of the hydrothermal system, and mineralizing fluids 

could easily be trapped beneath impermeable cap rocks. "Blind" deposits may be targeted 

using the structural criteria (intersections of northwest and north-south striking structures) 

outlined above, in addition to metal zonation and ratio studies to track northwest striking 

structures and boiJing levels. 

Mineralogical features: The PBH and Kerikil style deposits are characterized by high 

rates of focused fluid flow that are recognized by the presence of large amounts of fine

grained banded silica and, in particular, microcrystalline quartz. Bonanza grades are 

commonly associated with boiling zones (Fig. 10.3) .  These zones can be identified by 
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gangue mineralogy and textural characteristics such as microcrystalline quartz, adularia 

and/or mineral pseudomorphs after bladed calcite (Fig. 10.3). Other mineralogical features 

may be used as a guide to relative position in the hydrothermal system. For example, 

rhodochrosite occurs in the upper portions of the deposits and may or may not be 

associated with ore. The dominant ore minerals will vary between the PBH and Kerikil 

style deposits. Sphalerite and galena are generally common in the deeper parts ofPBH 

style deposits. Sc substitution in sulfide is common in Kerikil style deposits. Electrum is 

typically silver-rich in PBH style deposits and silver resides in a range of silver sulfosalts 

and sulfides. At Kerikil, electrum is gold-rich and commonly occurs as inclusions in pyrite. 

1Vfetal zonation features: In general, base and precious metals in the Mt Muro deposits 

are vertically zoned, with precious metals above the boiling zone and base metals 

increasing with depth (Fig. 1 0.3). This is important when considering the vertical extent of 

the hydrothermal system and the potential for mineralized zones at depth. Results from 

this study suggest that extensions to the PBH and Kerikil ore deposits below 0 RL are 

unlikely. Metal ratio studies indicate that major northwest striking structures are important 

fluid conduits, and the intersection of north-northwest striking structures and northwest 

striking structures are important sites of ore deposition. 

Alteration vectors: The PBH and Kerikil deposits are associated with narrow alteration 

halos. Alteration is zoned with QIP, silica and kaolinite alteration facies occurring within 

tens of meters of the deposit; and SPA and CCA alteration facies extending up to tens to 

100's of meters away from the deposit (Fig. 1 0.3). On a district-scale, silica alteration can 

be recognized as ridges and knobs, and the flanking QIP and SPA alteration facies are 

often weathered to form valleys. CCA alteration, which represents the recharge area of the 

hydrothermal system, can be determined on magnetic imagery (as a magnetite destruction 

halo) or radiometries (as a regional K-Th anomaly) and may extend for kilometers from 

the vein system (Fig. 10 .1  D). Deposits of Kerikil-style would be overprinted by the late 

collapse and brecciation of the hydrothermal system, giving rise to extensive kaoJjnite 

alteration (Fig. 10.3 B). 

Geochemical vectors to ore are summarized on Figure 10.3. In general, K20, Fe20, 

S, Au, Ag, Pb, Zn, Cd, Sb, As, Tl, Se, Te, Hg, Mo, Bi, Rb and Ba increase with proximity 

to the deposits. Ele\·ated Au, Ag, Se and Te also occur proximal (within 10 m of ore) to 
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the vein system, whereas elevated Cu, Zn, Pb, Tl, K Ba and S occur outwards of the 

precious metal anomalies (e.g., within 40 m of ore at PBH and within 20 m at Kerikil). 

NaOz, CaO, MgO and MnO are progressively depleted with proximity to the deposits. 

High level kaolinite alteration is associated with elevated As, Tl, Hg, Ba and Se nlues. 

1 0.3 Future research directions 

The geological framework determined in this project from comprehensive studies of 

the volcanic architecture, structure, mineralization, and alteration caharacteristics of the J\ft 

Muro deposits provides a strong base for further research. Future research directions 

could include; 

• Age dating of Mt Muro volcanics. This would not only help to place Mt Muro 

in the regional geological and structural framework, but also constrain the age 

of volcanism relevant to mineralization. Furthermore, dating of the 

mineralization could be carried out on adularia, while sericite could be used 

for dating the alteration facies. This would help to constrain the timing of 

mineralization relative to magmatism. 

• Evaluation of regional metallogenesis. Comparison of the Mt Muro deposits 

to other epithermal systems in the Kalimantan Gold Belt (e.g., Marsupa Ria 

and Kelian) could identify common features and aid in the exploration for 

similar deposits within the belt. 

• A detailed examination of selenium substitution in sulfides at Kerikil. This 

data could be used as comparison to other Se-rich epithermal deposits to 

determine common genetic links. Selenium substitution can be attributed to 

mixing with oxidized ground waters and thus may distinguish epithermal 

deposits in which mixing of oxidized ground waters has been a factor in ore 

deposition. 

• A detailed study of the relative trace metal abundances in pyrite (using laser 

ablation techniques). Of particular interest is the residency and distribution of 

Tl within pyrite as an indicator of low temperature regions abm·e a predously 

boiJing hydrothermal system. 

• Detailed mineralogical and geochemical studies of silver minerals in the Mt 
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Muro deposits. Based on initial results from this study, there is scope for 

several new silver minerals to be discovered. 

• Further research into the significance and genesis of rhodochrosite in low 

sulfidation epithermal deposits (such as Kerikil). Rhodochrosite occurs in 

selected epithermal systems, and may indicate the presence of steam

produced bicarbonate waters. The occurrence of rhodochrosite may 

distinguish epithermal deposits where mixing of bicarbonate waters has been 

a factor in ore deposition. 

• Detailed studies of chlorite mineral chemistry. In particular, variation of Fe 

and Mg ratios in chlorite, either laterally or vertically within the deposits, rna y 

be used as a vector to mineralization. 

• Additional fluid inclusion analyses. The data currently available is based only 

on limited paragenetic stages within the Mt Muro deposits. Further studies 

may be able to ascertain the pressure and temperature conditions in the fine

grained pre- and syn-mineralization stages at PBH and Kerikil, in order to 

better constrain the physico-chemical conditions of ore deposition. 
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