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Abstract

The Miocene low-sulfidation epithermal deposits of the Omu camp in northeastern Hokkaido, Japan, are small
past-producers of precious metals and represent significant exploration targets for high-grade Au and Ag ores.
The quartz textures of ore samples and the distribution of ore minerals within quartz veins were studied to iden-
tify the processes that resulted in the bonanza-grade precious metal enrichment in these deposits. In the high-
grade vein samples, which are crustiform or brecciated in hand specimen, ore minerals exclusively occur within
colloform quartz bands. High-magnification microscopy reveals that ore-bearing colloform bands consist of fine-
grained quartz exhibiting relic microsphere textures and quartz having a mosaic texture that formed through
recrystallization of the microspheres. The presence of relic microspheres is evidence that the microcrystalline
quartz hosting the ore minerals formed through recrystallization of a noncrystalline silica precursor phase. The
ore-hosting colloform bands composed of agglomerated microspheres alternate with barren colloform quartz
bands that are composed of fibrous chalcedonic quartz and mosaic quartz formed through recrystallization of
the chalcedony. The findings of this study are consistent with previous models linking bonanza-grade precious
metal enrichment and the formation of bands of noncrystalline silica in low-sulfidation epithermal veins to epi-

sodic vigorous boiling or flashing of the hydrothermal system in the near-surface environment.

Introduction

The Omu camp in the Kitami region of northeast Hokkaido,
Japan, is host to several small past-producers of precious met-
als (Watanabe, 1995) and represents the focus of an ongoing
exploration program for high-grade, low-sulfidation epither-
mal Au and Ag ores. Located in the back-arc region of the
present Kuril volcanic arc front, the Kitami region is one of
Japan’s major epithermal provinces. Historic precious metal
production in the area yielded a total of ~2.9 Moz Au and
~44.7 Moz Ag (Watanabe, 1995), with minor past production
of base metals and mercury (Maeda, 1997).

High-grade ore in the low-sulfidation epithermal deposits
of the Omu camp is confined to crustiform banded and brec-
ciated quartz veins. Similar to other low-sulfidation epither-
mal deposits (Takeuchi and Shikazono, 1984; Matsuhisa and
Aoki, 1994; Shimizu et al., 1998; Faure et al., 2002; Leavitt
et al., 2004; Sanematsu et al., 2006; Camprubi and Albinson,
2007; Shimizu, 2014), the ore minerals occur within specific
colloform quartz bands in the crustiform vein samples. These
mineralized colloform quartz bands alternate with barren
bands, suggesting that precious metal deposition was episod-
ic. The reasons for the episodic nature of the ore-forming pro-
cesses are currently not well understood. Previous research at
the Sleeper deposit in Nevada and McLaughlin in California
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demonstrated that electrum in mineralized bands can occur
as dendrites that are intergrown with fine-grained colloform
quartz formed through recrystallization from a gel-like, non-
crystalline silica precursor phase (Saunders, 1990, 1994, 2012;
Saunders and Schoenly, 1995; Sherlock and Lehrman, 1995;
Saunders et al., 2011). Moncada et al. (2012) and Shimizu
(2014) proposed that rapid deposition of the noncrystalline
precursor may occur as a result of vigorous boiling or flashing
of the thermal waters forming low-sulfidation epithermal de-
posits, implying that colloform bands containing ore minerals
are formed by processes that differ from those resulting in the
formation of barren quartz bands.

The present contribution reports on a detailed petrograph-
ic study carried out on high-grade vein material from the
Omu camp that aimed to establish the textural characteris-
tics of the ore-bearing colloform bands and differences from
barren bands. The distribution of ore minerals on the hand
specimen scale was determined by micro-X-ray fluorescence
(uXRF) analysis. Textures of ore-bearing and barren quartz
bands were then systematically studied by high-magnification
optical microscopy. The study of the ore mineralogy using
reflected-light microscopy, field emission-scanning electron
microscopy, and electron microprobe analysis showed that
the ore minerals occur only in two texturally distinct types
of quartz, with all other quartz types being essentially bar-
ren. Ore minerals are present in colloform quartz consisting
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of relic microspheres originally composed of a noncrystalline
silica precursor phase, and in bands of finely crystalline quartz
having a mosaic texture interpreted to have formed as a result
of recrystallization of a noncrystalline silica precursor phase
occurring as microspheres. The textural characteristics of
mineralized bands differ from other colloform bands that are
primarily composed of chalcedonic quartz. A model is pro-
posed that may explain the link between quartz microtextures
and the mechanisms of precious metal deposition.

Geologic Setting

Subduction of the Pacific plate along the eastern margins of
the Eurasian and Okhotsk plates was initiated in the Eocene,
resulting in the development of the Northeast Japan and Kuril
arcs (Jackson et al., 1975). Back-arc extension during the Oli-
gocene to middle Miocene caused the formation of the Japan,
Yamato, and Kuril basins (Kimura and Tamaki, 1986). Dur-
ing the early to middle Miocene, the Eurasian and Okhotsk
plates collided. This collision is recorded by the deposition of
coarse clastic rocks in the Kitami region of northern Hokkaido
and a hiatus in volcanic activity along the Kuril arc (Watanabe,
1995).

Back-arc extension in the Kitami region of northern Hok-
kaido has occurred since the middle to late Miocene. Volca-
nism, mainly composed of andesite and rhyolite with minor
amounts of basalt and dacite, occurred along north-south
structural trends in the eastern Omu-Kamikawa and western
Monbetsu-Rubeshibe zones (Fig. 1; Watanabe, 1995, 1996).
Volcanism commenced at around 14 Ma in the northern part
of both zones and gradually migrated to the south with back-
arc volcanism occurring until 9 Ma in the Omu-Kamikawa
zone and 6 Ma in the Monbetsu-Rubeshibe zone. In the
Omu-Kamikawa zone, felsic volcanic rocks overlie basaltic
andesites and are in turn overlain by andesite. Rhyolite lavas
predominate in the north, whereas welded deposits of dacitic
composition are abundant in the south. In the Monbetsu-
Rubeshibe zone, felsic lavas and pyroclastic rocks overlie an-
desitic deposits. At 6 Ma, bimodal volcanism in the back arc
ended, with most of the subsequent Pliocene to Quaternary
volcanism only occurring near the present arc front (Wata-
nabe 1995, 1996).

Middle to late Miocene hydrothermal activity in the Kita-
mi region was closely associated with felsic volcanism in the
back arc of the Kuril arc. Hydrothermal activity resulted in
the formation of a large number of low-sulfidation epither-
mal deposits, most of which are vein-type deposits, although
disseminated-type ores are also present. The ore zones are
typically located near or within felsic intrusions and lavas, al-
though some of the mercury deposits also occur in sedimen-
tary basement rocks (Watanabe 1995, 1996). The ages of the
epithermal deposits closely follow the volcanic activity and
shifted over time from north to south. Individual deposits
yielded adularia K-Ar ages ranging from 14.3 + 0.3 to 4.51 =
0.62 Ma (Watanabe, 1995; Maeda, 1997).

Geology of the Omu Camp

The Omu camp was mapped in 1966 by the Geological Sur-
vey of Hokkaido providing the foundation for the present un-
derstanding of the local geologic setting of the low-sulfidation
epithermal deposits (Fig. 2; Suzuki et al., 1966). Mapping

showed that basement rocks locally crop out in the northwest-
ern part of the Omu camp (Suzuki et al., 1966). These rocks
belong to the Mesozoic Hidaka Supergroup, which forms part
of the N-trending Hidaka-Tokoro metamorphic belt transect-
ing much of central and northern Hokkaido (Okada, 1982;
Watanabe and Iwata, 1987). In the study area, the Hidaka Su-
pergroup is primarily composed of slate with thin intercalated
sandstone beds.

The oldest Miocene rocks in the Omu camp form part of
the 14.3 + 1.0 Ma (Watanabe, 1995) Kamiému Formation.
This formation crops out extensively in the southern part of
the camp where it is composed of sandstone, shale, breccia,
tuff, and minor conglomerate that have a north-south strike
and dip shallowly (10°-20°) to the east (Suzuki et al., 1966).
The Kamiomu Formation is overlain by plagioclase-phyric ba-
saltic andesite of the Nakahoronai lava, which has been dated
at 12.9 + 0.5 Ma (Watanabe et al., 1991). The slightly younger
Motoineppu lava yielded an age of 12.0 + 0.9 Ma (Koshimizu
and Kim, 1987). This lava is of dacitic to rhyolitic composi-
tion and contains quartz, plagioclase, and biotite phenocrysts
(Takanashi et al., 2012). It represents the main host of low-sul-
fidation epithermal deposits in the Omu camp (Fig. 2; Suzuki
et al., 1966). The augite-hypersthene-phyric Inashibetsu lava
crops out extensively in the southern part of the camp (Suzuki
et al., 1966) and has been dated at 9.8 + 0.5 Ma (Watanabe
and Yamaguchi, 1988). Augite-hypersthene-phyric andesite of
the Miocene (Watanabe, 1995) Maru-yama lava is composed
of coherent and breccia facies that are mostly exposed in the
western and southern parts of the camp.

Sandstone, shale, and tuff of the Pliocene Onishi Formation
occur in the southeast. Augite-hypersthene-phyric andesite of
the Kamidému lava represents the youngest Pliocene deposits
in the area. Pleistocene augite-hypersthene-phyric andesite of
the Numa-dake lava occurs only in the northwestern part of
the Omu camp (Fig. 2). Pleistocene and Holocene cover rocks
include terrace and floodplain deposits (Suzuki et al., 1966).

The Hokuryu deposit (Fig. 2) was the most significant mine
in the Omu camp. Discovered in 1918, the mine produced
~350,000 metric tons (t) of ore at a grade of 8 g/t Au and
33 g/t Ag between 1928 and 1943. High-grade ores were re-
covered from a NE-striking vein zone over a strike length of
240 m and downdip for over 210 m at grades ranging from
7 to 29 g/t Au. In addition, an E-striking vein zone was ex-
ploited that extended 320 m along strike and 160 m downdip
at grades of 10 to 30 g/t Au. Additional drilling was conducted
between 1965 and 1974, but the mine was not reopened (Bar-
rett et al., 2018).

The Omui deposit in the eastern part of the camp was dis-
covered in 1919 following earlier placer gold recovery in the
area. Mining took place from 1920 to 1921 and 1925 to 1928,
with minor production in 1933. In total, 22,300 t of ore were
extracted at Omui for a total of ~11,000 oz Au and ~270,000
oz Ag. The major E-W-striking quartz vein at Omui, the so-
called Honpi vein, was exploited over a strike length of 120
m from four working levels to a depth of 90 m. The 1.0- to
1.5-m-wide vein averaged 21.5 g/t Au and 600 g/t Ag. Adja-
cent narrow (30-60 cm) veins assayed 3 to 7 g/t Au and 7 to
56 g/t Ag. Drilling in 1984 to 1985 intersected narrow banded
veins of variable grade (<1-26.8 g/t Au and 1-1,139 g/t Ag).
The old workings are today collapsed to surface (Barrett et
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al., 2018). Recent drilling encountered significant vein min-
eralization. This included vein intercepts grading 96.5 g/t Au
and 65.7 g/t Ag over 0.30 m, 46.3 g/t Au and 22.1 g/t Ag over
0.80 m, 38.5 g/t Au and 128 g/t Ag over 0.62 m, and 29.6 g/t Au
and 36.5 g/t Ag over 1.10 m (Irving Resources, press releases
January 17, 2020, and February 7, 2020).

143°00’'E

Additional minor production in the Omu camp is reported
to have occurred at the Omu mine (Fig. 2). Initial mining ac-
tivity occurred in the second half of the 1920s. Between 1938
and 1943, two NE-striking veins were exploited grading 4.3
to 6.5 g/t Au and 28 to 33 g/t Ag. One vein had a strike of
40° and dipped at 70° to the southeast, with a strike length of
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Fig. 1. Geologic setting of low-sulfidation epithermal deposits in the Kitami region of northeastern Hokkaido, Japan. Deposits
occur in the Omu-Kamikawa and Monbetsu-Rubeshibe extensional zones (based on the 1:50,000 and 1:200,000 geologic map

series of the Geological Survey of Japan).
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Fig. 2. Geologic map of the Omu camp showing the locations of the Omui, Hokuryu, and Omu low-sulfidation epithermal
deposits. The Otoineppu sinter occurs along an inferred NE-trending fault (modified from Suzuki et al., 1966).

150 m, a downdip extent of 80 m, and an average thickness of
0.88 m. The second vein had a strike of 60°, dipped at 80° to
the northwest, with a strike length of 60 m, a downdip extent
of 80 m, and an average thickness of 0.60 m. Total production
at Omu is estimated to have been 650 oz Au and 5,500 oz Ag

(Barrett et al., 2018).

A large sinter terrace, referred to as the Otoineppu sinter,
is located northwest of the town of Omu (Fig. 2). The sinter
crops out over a strike length of at least 1 km and forms a
small ridge that is up to 10 m in height, paralleling an inferred
NE-trending fault. A sulfide-bearing sample from the base
of the outcrop area assayed 14.6 g/t Au and 50.8 g/t Ag with
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676 ppm As, 1,675 ppm Sb, 93 ppm Se, and >100 ppm Hg
(Irving Resources, press release September 21, 2017). Arti-
sanal mining of the Otoineppu sinter is conducted for use in
landscaping in the Omu area. Recent drilling below the sinter
terrace has revealed the presence of a large zone of brecciated
vein material characterized by continuous Au and Ag grades.
Drilling intercepted high-grade vein material, including
119 g/t Au and 1,410 g/t Ag over 0.32 m, 29.8 g/t Au and
576 g/t Ag over 1.33 m, and 12.9 g/t Au and 44.1 g/t Ag over
2.03 m (Irving Resources, press releases May 6, 2019, June
13, 2019, November 5, 2019, and April 21, 2020). Core recov-
ered from one drill hole suggests that the volcanic rocks host-
ing the breccia zone is underlain by sedimentary rocks of the
Mesozoic Hidaka Supergroup. A loop electromagnetic survey
also suggests the occurrence of basement rocks below the
drilled target (Irving Resources, press release June 13, 2019).

Materials and Methods

The present study used samples of epithermal vein material
from the Omu camp collected in 2016 to 2019. Sampling was
conducted from vein float and outcrop at the historic Omui
and Hokuryu mines. In addition, drill core samples were col-
lected from high-grade breccia and vein intercepts below the
Otoineppu sinter. One-half of each sample was used for whole-
rock geochemical analysis by ALS in Reno, Nevada (Table 1).
Multielement analysis was performed by inductively coupled
plasma-mass spectrometry following four-acid digestion. Sil-
ver was analyzed by this method at concentrations <100 ppm.
At concentrations between 100 and 1,500 ppm, the Ag con-
tent was determined by inductively coupled plasma-atomic
emission spectroscopy following four-acid digestion. At even
higher concentrations, Ag was measured by fire assay with a
gravimetric finish. Gold analyses were performed by fire assay
with a gravimetric finish.

The distribution of precious metals in hand specimen was
determined using a Bruker M4 Tornado uXRF spectrometer
equipped with dual 30-mm? silicon drift detectors, located
at the Colorado School of Mines, Colorado. The instrument

was equipped with an Rh X-ray tube with polycapillary optics
achieving a spot size of ~25 ym. Measurements were made
under vacuum (~20 mbar) at 50 kV and 600 uA. An Al (100
pm)-Ti (50 pm)-Cu (25 pm) multilayer filter was used. Map-
ping was conducted along ~2-cm-wide traverses perpendicu-
lar to the vein walls at a step size of 50 ym and a data ac-
quisition dwell time of 50 ms (equivalent to a stage speed of
~1 mm/s). The maps obtained were used to identify the min-
eralized colloform bands in hand specimen and to target sub-
sampling for the preparation of thick (60 zm) polished sections
for petrographic analysis. The thick sections were studied by
optical microscopy in transmitted and reflected light using an
Olympus BX51 microscope.

The ore mineralogy of the vein samples was studied using
a TESCAN MIRA3 LMH Schottky field emission-scanning
electron microscope equipped with a single-crystal YAG back-
scatter electron detector. Imaging was performed at a working
distance of 10 mm and an accelerating voltage of 15 kV. Semi-
quantitative chemical analyses of minerals were performed by
energy-dispersive X-ray spectroscopy using an attached Bruk-
er XFlash 6|30 silicon drift detector. Fully quantitative com-
positions of ore minerals were determined by electron micro-
probe analysis using a JEOL JXA 8900 electron microprobe
at the U.S. Geological Survey in Denver, Colorado, which is
equipped with five wavelength dispersive X-ray spectrome-
ters. Operating conditions included an accelerating voltage of
20 keV and a beam current of 20 nA, measured on the Fara-
day cup. A focused electron beam was used. The concentra-
tions of Ag, As, Au, Bi, Co, Cu, Fe, Hg, Ni, Pb, S, Sb, Se, Te,

and Zn were measured in the ore minerals.

Results

Vein textures

Vein samples from the Omu camp are massive, crustiform, or
brecciated (Table 1). Most bonanza-grade samples are crusti-
form and consist of successive, narrow bands of quartz with
individual bands having different colors, textures, grain sizes,

Table 1. List of Samples from the Low-Sulfidation Epithermal Deposits of the Omu Camp Investigated in This Study

Macroscopic  Number of
Sample Latitude Longitude Location Description texture sections
160M-002 44°32.135'N 142°54.398'E Omui Vein float M 2
160M-012 44°32.155'N 142°54.454'E, Omui Outcrop of Honpi vein B 5
160M-021 44°32.160'N 142°54.451'E Omui Vein float C 2
160M-024 44°32.170'N 142°54 453'E Omui Vein float C 7
160M-061 44°31.749'N 142°54.946'E Omui Vein float M 1
160M-064 44°32.145'N 142°54.581'E Omui Vein float B 1
160M-087 44°32.740'N 142°48.458'E Hokuryu Vein float C 2
160M-088 44°32.707'N 142°48 431'E Hokuryu Vein float C 4
160M-093 44°32.728'N 142°49.044'E Hokuryu Vein float C 3
160M-107 44°31.772'N 142°54.695'E Omui Vein float M 1
160M-116 44°32.186'N 142°54.683'E Omui Vein float M 1
160M-131 44°31.749'N 142°54.946'E Omui Vein float M 1
160M-132 44°31.749'N 142°54.946'E Omui Vein float M 1
170M-001 44°32.701'N 142°48 427'E Hokuryu Vein float C 5
190M-001 44°37.236'N 142°54.882'E Otoineppu Drill hole 190MS-002 (184.93-185.25 m) C 3
190M-002 44°37.236'N 142°54.882'E Otoineppu Drill hole 190MS-002 (185.25-185.72 m) B 1
190M-003 44°37.164'N 142°54.909'E Otoineppu Drill hole 190MS-004 (311.30-311.70 m) C 1
190M-004 44°37.176'N 142°54.875'E Otoineppu Drill hole 190MS-005 (308.93-310.30 m) B 1

Abbreviations: B = vein breccia, C = crustiform, M = massive
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and thickness (Fig. 3a-c). The bands are typically subparal-
lel and range in thickness from about 1 to 5 mm. Many of
the bands are colloform and consist of fine-grained quartz.
The outer surfaces of these colloform bands exhibit botryoi-
dal shapes. The colloform bands are white to dark gray and
black, with many being yellowish, greenish, slightly pink, or
tan. In addition to colloform bands, the crustiform banded
vein samples also contain bands composed of bladed calcite
that is replaced by quartz (Fig. 3a, ¢) and centerlines com-
posed of comb quartz.

Brecciated vein material can contain high precious metal
grades, especially in one prominent outcrop of breccia at the
Honpi vein of the Omui deposit. At this location, high-grade
breccias are composed of small banded clasts of quartz that
range from several millimeters to centimeters in size (Fig. 3d).
The clasts are tan, dark gray, or black and are subrounded or
subangular. In addition to vein fragments, wall-rock clasts are
locally present. The cement surrounding the clasts is common-
ly lighter in color and often appears milky white and banded,
having a cockade texture in hand specimen. Vugs are common
and are usually filled either with drusy quartz or with clay min-
erals. Bladed calcite that is replaced by quartz is sometimes
present in the vugs and the matrix between the clasts.

Ag and Au rich Replaced,

“ ““bladedicalcite -

v Ag-rich

Cc

160M-087 51.4 g/t Au, 637 g/t Ag

Whole-rock geochemistry

Whole-rock geochemical data shows that massive vein sam-
ples collected in the Omu camp typically contain low precious
metal grades, whereas crustiform vein samples contain up to
118.5 ppm Au and 1,410 ppm Ag (Tables 1, 2). The brecciated
material from the Honpi vein of the Omui deposit is charac-
terized by grades of 480 ppm Au and 9,660 ppm Ag. In gen-
eral, samples enriched in Au also show elevated Ag concentra-
tions (Fig. 4a). The Ag content of the vein material correlates
with the whole-rock Se content (Fig. 4b). In contrast to Se,
the Te content of the samples is typically <1 ppm (Table 2).
The concentrations of other metals are not correlative with
each other and are generally low in the samples investigated.
Elevated concentrations of As (up to 640 ppm), Cu (up to
204 ppm), Pb (up to 78.2 ppm), Sb (up to 782 ppm), and Zn
(up to 98 ppm) are present in some of the samples (Table 2).

Distribution of ore minerals

Chemical mapping using pXRF revealed that ore minerals are
heterogeneously distributed at the hand specimen scale (Fig.
5). Ore minerals occur in specific colloform bands within the
crustiform veins or are irregularly distributed between the

160M-088 37.0 g/t Au, 378 g/t Ag

160M-012 480 g/t Au, 9,660 g/t Ag

Fig. 3. Examples of vein specimens from the low-sulfidation epithermal deposits of the Omu camp. a. Crustiform vein from
Hokuryu containing Au- and/or Ag-rich colloform quartz bands as well as bands of bladed calcite replaced by quartz. b. Sam-
ple of a colloform vein from Hokuryu. Ore minerals are present in colloform bands that are either Au or Ag rich. c. Crustiform
vein from Hokuryu containing distinct bands that are Au or Ag rich. Bladed calcite is replaced by quartz. d. Breccia sample
from the Honpi vein at Omui consisting of black vein clasts that can be Au or Ag rich. The locations of mineralized bands in
the crustiform vein samples were determined by pXRF mapping. Scale bars are 2 cm.
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Table 2. Trace Element Composition of Samples from the Low-Sulfidation Epithermal Deposits of the Omu Camp Investigated in This Study (in ppm)

Sample Au Ag As Bi Cd Cu Pb Sb Se Te Zn
160M-002 2.86 10.2 62.5 0.03 <0.02 6.3 4.6 71.6 1 0.05 <2
160M-012 480 9,660 88.5 0.02 0.09 19.6 33.2 360 415 <0.05 2
160M-021 48.2 1,030 25.2 0.02 0.02 15.5 6.4 81.7 40 0.26 2
160M-024 67.6 1,060 17.9 0.03 0.03 15.9 7.8 98.1 39 0.65 <2
160M-061 <0.05 1.45 5.7 0.03 <0.02 1.2 1.4 394 <1 <0.05 <2
160M-064 10.7 107 5.9 0.04 <0.02 3.4 2.5 23.9 10 0.50 4
160M-087 514 637 67.2 6.54 0.03 12.1 15.8 132 57 0.09 5
160M-088 37.0 378 5.7 2.22 <0.02 2.6 5.6 54.2 42 0.15 3
160M-093 314 201 34.2 1.88 <0.02 3 14.3 59.3 27 0.63 2
160M-107 0.11 1.50 0.5 0.15 <0.02 2.7 4.5 220 1 <0.05 2
160M-116 1.92 35.5 4.97 0.19 <0.02 18.5 11.9 29.8 6 0.06 4
160M-131 <0.05 11.5 60.1 0.36 0.06 6.3 46.2 307 2 <0.05 37
160M-132 <0.05 4.06 11.3 0.23 0.07 11.3 28.6 782 1 <0.05 23
170M-001 56.0 707 16.2 4.08 0.13 15.7 78.2 71.1 78 0.16 61
190M-001 118.5 1,410 425 0.35 0.41 204 11.1 511 297 0.55 71
190M-002 1.61 629 161 0.08 0.11 21.1 6.0 273 93 0.16 86
190M-003 2.34 34.5 640 0.02 0.05 261 4.5 184 41 1.01 98
190M-004 178 59.4 159 0.24 0.11 444 9.5 81.7 9 0.63 54

clasts and matrix of brecciated samples. In many of the crusti-
form vein samples, enrichment in Au and Ag occurs in differ-
ent colloform bands, although both precious metals can also
occur in elevated concentrations in the same bands.

Colloform bands that contain elevated Au contents are
typically light gray to white in color (Fig. 5). The bands are
macroscopically similar to other bands in the crustiform veins
that are barren. In contrast, high Ag contents occur in dark-
gray to black colloform bands that contain opaque minerals
visible with a hand lens. Elevated Ag concentrations corre-
late with an enrichment in Se. Some dark-gray to black collo-
form bands contain elevated Au contents, whereas others
do not.
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Quartz textures

Based on optical microscopy, a number of distinctive quartz
textures were identified in the vein samples from the Omu
camp using the textural classification schemes developed by
Adams (1920), Bobis (1994), Dong et al. (1995), Etoh et al.
(2002), Moncada et al. (2012), and Shimizu (2014). Textures
identified included primary textures such as comb and zon-
al quartz; textures formed through recrystallization such as
feathery, flamboyant, and ghost-sphere quartz; and textures
formed through replacement of other gangue minerals such
as calcite and adularia, which includes lattice-bladed, ghost-
bladed, parallel-bladed, radiating-bladed, and saccharoidal

quartz. Emphasis was placed on the microscopic investigation
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Fig. 4. Trace element geochemistry of quartz vein samples from the Omu camp. a. The precious metal grades of the samples
broadly correlate, although Au and Ag do not necessarily occur in the same colloform bands. b. The Ag and Se contents of
the samples correlate, which is consistent with the microscopic observation that Ag sulfoselenides are abundant in some

colloform bands.
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High

of the colloform bands, as yXRF mapping showed that ore
minerals almost exclusively occur within these bands. High-
magnification optical microscopy revealed that three textur-
ally distinct types of colloform quartz can be distinguished.
Samples with high precious metal grades contain microspher-
ical colloform quartz (Fig. 6), which is interpreted to represent
a primary quartz texture (cf. Sherlock and Lehrman, 1995; Tak-
savasu et al., 2018). At high magnifications, microspheres hav-
ing sizes s5 um can be recognized in plane-polarized light (Fig.
6a, b). The microspheres locally form globular aggregates that
can reach up to 20 to 50 pm in size. In some areas, relic micro-
spheres can be recognized, whereas in others they are fused to
form microcrystalline quartz with a mosaic texture (Fig. 6c¢).

Fig. 5. Sample image and corresponding trace element
maps of a representative crustiform quartz vein sample
from the Omu camp. The element maps show that only
some of the colloform bands that are characterized by Au
enrichment also show elevated Ag contents. In contrast,
the distributions of Ag and Se are similar. The maps were
obtained by pXRF mapping of a portion of specimen
160M-088 shown in Figure 3b.

Cavities between the microspheres can show sickle-like shapes
outlining the relic microspheres. The proportion of voids in
the microspherical colloform quartz is typically high, giving
the quartz a dark-gray to brown color in transmitted light. In
crossed-polarized light, the microspherical colloform bands
consist of microcrystalline quartz with a mosaic texture (Fig.
6d). The microspherical colloform quartz bands lack fluid in-
clusions, precluding use of any inclusions for determining the
original formation conditions of the colloform bands.

In addition to the microspherical colloform quartz, ore
samples contain bands of chalcedonic colloform quartz that is
composed of chalcedonic fibers oriented perpendicular to the
colloform bands (Fig. 7). Where tested, the chalcedonic fibers
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Fig. 6. Photomicrographs of microspherical colloform quartz textures present in vein samples from the Omu camp. a. Plane-
polarized light image of quartz showing a remnant texture of spherical aggregates. Small spherical aggregates can be rec-
ognized. Sample 160M-002. b. High-magnification plane-polarized light image showing textures interpreted to be relic
microspheres. Location of the image is shown in Figure 6a. A higher magnification image of one location with abundant
relic microspheres is given as an inset. Note that the relic microspheres are only 1 to 3 um in size. The outlines of selected
microspheres are highlighted. c. Crossed-polarized light image of the same field of view as Figure 6a showing textures inter-
preted to be an example of microspherical quartz recrystallized to mosaic quartz. The arrow points to the area with relic
microspheres shown as an inset in Figure 6b, which is now characterized by the presence of small anhedral quartz grains
formed through recrystallization. d. Low-magnification crossed-polarized light image showing a band of fine-grained mosaic
quartz confined by botryoidal surfaces (arrows). The band below the mosaic quartz contains ghost blades. Sample 170M-001.

are length-fast. Alternating bands of chalcedonic fibers have
variable thicknesses ranging up to 100 pm (Fig. 7a-c). Un-
der crossed-polarized light, the chalcedonic colloform quartz
shows radial or flamboyant extinction patterns. This type of
colloform texture also lacks fluid inclusions. The chalcedonic
colloform quartz does not contain ore minerals.

Many of the colloform quartz bands in the samples from
the Omu district are composed of microcrystalline quartz
exhibiting a mosaic texture in crossed-polarized light (Figs.
6c, d, 7d). Different degrees of development of mosaic tex-
ture have been identified, demonstrating that this texture can
form through recrystallization from the microspherical collo-
form quartz (Fig. 6¢, d) and the chalcedonic colloform quartz
(Fig. 7d). Where intensely recrystallized, the quartz grains
have polygonal shapes. In cases of less intense recrystalliza-
tion, the boundaries of adjacent mosaic quartz grains are not
well defined, leading to a mottled appearance. In some cases
where the mosaic quartz has formed through recrystallization
of microspherical colloform quartz, the locations of the inter-
penetrating grain boundaries in the mosaic quartz appear to
be controlled by the presence of former globular aggregates.

Where the mosaic quartz formed from chalcedonic quartz,
the bands of coarse-grained mosaic quartz sometimes host
moss and ghost-sphere textures consisting of remnant chal-
cedonic fibers.

Textural setting of ore minerals

In the bonanza-grade vein samples from the Omu camp, ore
minerals primarily occur in specific colloform bands (Figs. 3,
5). To quantify the relationship between the ore minerals and
quartz textures, thick sections from 15 samples were investi-
gated. Transects were drawn across each slide, approximately
perpendicular to the vein walls, to include as many different
quartz textures as possible. Subsequently, the different quartz
types occurring along the traverses were documented. The oc-
currence of ore minerals along the transects was determined
by optical microscopy using reflected light. Point counting
of ore mineral grains was conducted within an envelope of
~4 mm along the transects. Complexly intergrown grains were
treated as a single occurrence during point counting. In ad-
dition to the point counting, uXRF mapping was conducted
along the traverse to quantify the relative proportions of Au,
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Fig. 7. Photomicrographs of chalcedonic colloform texture present in vein samples from the Omu camp. a. Plane-polarized
light image showing chalcedonic fibers (arrows). b. High-magnification image of the chalcedonic fibers. Location of the
image is shown in Figure 7a. c. Low-magnification plane-polarized light image of chalcedonic colloform bands (arrows). d.
Corresponding crossed-polarized light image showing the partial recrystallization of chalcedonic colloform bands to mosaic
quartz (arrows). Sample 160M-012.

Ag, and Se present in the different bands and to ensure that all
bands containing ore minerals were correctly identified by op-
tical microscopy. Relative element concentrations, given as to-
tal X-ray counts, were produced from the uXRF element maps
by integrating at each pixel step the count data from 35 pixels
perpendicular to and on either side of the traverse line. An
example of one of the traverses conducted is given in Figure 8.

In total, the textural locations of ~1,000 ore mineral grains
were determined in the 15 samples. Of those, 70% were locat-
ed within colloform quartz bands showing clearly identifiable
relic microspheres, and 30% were located in mosaic quartz
containing no visible microspheres. In transmitted light, the
ore minerals are finely distributed throughout these quartz
bands (Fig. 9). Only a few ore minerals were recognized in
bands having other quartz textures. Most notably some elec-
trum grains are present in bands of lattice-bladed quartz that
formed by replacement of calcite.

Mineralogy of ore and opaque minerals

Most of the electrum occurs as small complexly shaped grains
or wiry aggregates in the colloform bands, many of which
show relic microspheres. The electrum infills pore space be-
tween microspheres, with the electrum typically being in di-
rect contact with the relict microspheres (Fig. 9b). Electrum

grains are golden to whitish in reflected light and range from
15 to 40 pm in size. The electrum has a millesimal fineness of
421 to 616 (Fig. 10). Electron microprobe analysis of a repre-
sentative subset of grains revealed that the Hg concentrations
of the electrum are low (<0.5 wt %, n = 12). The other ele-
ments analyzed were typically below detection limit.

Sulfoselenides represent the principal host to Ag in the
samples investigated. In reflected light, the Ag sulfoselenides
are light gray, very weakly anisotropic, and sometimes have
a greenish cast. They have a low reflectance with a metallic
or adamantine luster. The Ag sulfoselenides form irregularly
shaped grains that range in size from <10 to 120 pm. They are
in direct contact with the microspheres or, more commonly,
with small, euhedral quartz crystals that may have formed
through recrystallization of the microspheres (Fig. 9¢c, d). The
recrystallized quartz showing a mosaic texture in crossed-
polarized light frequently contains encapsulated Ag sulfosele-
nides (Fig. 9d). The Ag sulfoselenides can be intergrown with
minor electrum and uytenbogaardtite (AgsAuSs). Microanaly-
sis showed that Ag sulfoselenides in the Omu camp belong
to the solid solution between acanthite and naumannite (Fig.
11). Electron microprobe analyses revealed that Se-bearing
acanthite typically contains elevated Sb concentrations (up to
9.36 wt %, n = 38).
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Fig. 8. Representative traverse across a crustiform quartz vein sample from the Omu camp recording the occurrence of differ-
ent quartz microtextures and the distribution of ore minerals. The diagram shows that electrum and Ag sulfoselenides occur
preferentially in certain colloform bands. These bands show a mosaic texture, and some of the mineralized bands contain relic

microspherical textures. Sample 160M-87.
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Fig. 9. Photomicrographs showing ore minerals within microspherical colloform banding in bonanza-grade samples from
the Omu camp. a. Low-magnification plane-polarized light image showing a microspherical colloform quartz band. Sample
170M-001. b. High-magnification image of a wiry aggregate of electrum occurring in a microspherical colloform band. The
electrum is in direct contact with relic microspheres. Sample 160M-087. c. High-magnification image of Ag sulfoselenide
grains in a colloform band showing mosaic texture. The originally microspherical matrix is recrystallized, and small euhedral
quartz crystals occur in contact with the opaque phases. Sample 170M-001. d. High-magnification image of Ag sulfoselenide
present in a colloform band showing mosaic texture. The ore minerals are in contact with small euhedral quartz crystals. Some
of the quartz contains encapsulated Ag sulfoselenides. Sample 170M-001.

Pyrite is rare and is only abundant in some of the samples
from Otoineppu. Rare pyrargyrite was recognized by reflect-
ed light and scanning electron microscopy. The pyrargyrite is
deep red in transmitted light and bluish gray in reflected light.
Although pyrargyrite is a strongly anisotropic mineral, the
carmine red internal reflections mask this property. Scanning
electron microcopy further revealed the presence of trace
amounts of barite, chalcopyrite, and tetrahedrite. Iodargyrite
was recognized in rare cases and occurred in intergrowth with
Fe-oxide/hydroxide, suggesting that this phase may be a prod-
uct of surface weathering of the samples analyzed.

Discussion

Origin of quartz textures

Vein textures in low-sulfidation epithermal deposits can be
primary or may have formed as a result of recrystallization
and replacement processes (Bobis, 1994; Dong et al., 1995;
Etoh et al., 2002; Moncada et al., 2012). Primary textures are
formed through growth of quartz crystals into open space or
direct precipitation of silica from hydrothermal solutions.

Recrystallization textures form through the transition from
a metastable silica precursor to thermodynamically stable
quartz. Replacement textures are partial or complete pseudo-
morphs of earlier formed gangue minerals, such as calcite and
adularia, by quartz.

Previous workers have emphasized that colloform textures
(Rogers, 1917) in low-sulfidation epithermal deposits are typi-
cally of primary origin (Bobis, 1994; Dong et al., 1995; Sher-
lock and Lehrman, 1995; Moncada et al., 2012; Taksavasu et
al., 2018). The petrographic investigations of this study show
that different types of colloform textures that form by con-
trasting mechanisms can be distinguished. The microspheri-
cal and chalcedonic colloform textures are undoubtedly of
primary origin. However, the colloform bands composed of
mosaic quartz could have formed through recrystallization of
both types of primary textures.

The microspherical colloform texture is typified by the
presence of relic microspheres or globular aggregates of fused
microspheres. This type of colloform banding has been pre-
viously recognized by Sherlock and Lehrman (1995) at the
McLaughlin deposit in California and by Taksavasu et al.

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/doi/10.5382/econge0.4795/5205761/4795_zeeck_et_al.pdf
bv Frik R Tharaleson



EPITHERMAL BONANZA-GRADE COLLOFORM BANDS, HOKKAIDO, JAPAN 13

n=43

o
|

EN
|

w
|
|
I

Number of analyses

N
|

400 450 500 550 600 650

Millesimal fineness

Fig. 10. Millesimal fineness of electrum contained in low-sulfidation epith-
ermal vein samples from the Omu camp. Compositional analyses were con-
ducted on the electron microprobe and by scanning electron microscopy.

(2018) at Buckskin National in Nevada. The microspheres in
the colloform bands are interpreted to have been originally
composed of noncrystalline silica that was directly deposited
from hydrothermal solutions. In crossed-polarized light, the
microspherical colloform bands in the samples from the Omu
camp consist of microcrystalline quartz exhibiting a mosaic
texture, suggesting that the noncrystalline silica precursor
phase has entirely recrystallized to quartz subsequent to de-
position. Textural maturation appears to have resulted in the
formation of increasingly larger quartz grains having inter-
penetrating grain boundaries.

In contrast, the chalcedonic colloform texture consists of
microcrystalline fibrous quartz. Chalcedony is common in
crustiform veins and has been reported from many low-sul-
fidation epithermal deposits (Sander and Black, 1988; Bobis,
1994; Dong et al., 1995). The texture consists of rhythmic
bands composed of radiating chalcedonic fibers that are ori-
ented perpendicular to the substrate on which the bands
have developed, which includes euhedral quartz crystals. The
outermost bands form botryoidal surfaces in open space, sug-
gesting that the colloform bands are a primary texture formed
from a hydrothermal solution. The microcrystalline fibers in
the chalcedonic colloform bands consist of quartz crystals
that are predominately length-fast with their crystallographic
c-axes being oriented perpendicular to the long axes of the fi-
bers (cf. Miehe et al., 1984). The fibrous nature of the quartz
can be readily identified and is texturally distinct from the
microspherical colloform texture. Flamboyant extinction pat-
terns are common in this type of colloform banding, as de-
scribed by Sander and Black (1988) and Dong et al. (1995).
The chalcedonic colloform banding can also recrystallize to
mosaic quartz. The flamboyant extinction pattern seen in
crossed-polarized light sometimes contains mosaic texture,
while in other areas, mosaic quartz composed of coarse grains
contains relic fibers, which may still be recognized in plane-

polarized light.

Lovering (1972) proposed that mosaic quartz forms through
recrystallization. Textural evidence from this study shows that
coarse-grained mosaic quartz can form through the recrystal-
lization of both the microspherical and the chalcedonic collo-
form textures. In some cases, transitions from the preexisting
colloform banding can be observed, including relic micro-
spheres or fibrous quartz. However, in bands where complete
recrystallization to mosaic quartz occurred, the precursor tex-
tures cannot be identified with optical microscopy.

Gangue mineral textures and distribution of ore minerals

The detailed microtextural studies along traverses show con-
clusively that ore minerals are present primarily in the mi-
crospherical colloform quartz and in mosaic quartz formed
through recrystallization of the microspheres (Fig. 8). Only
minor electrum was detected in other quartz textures such
as lattice-bladed quartz. Most notably, the chalcedonic collo-
form bands and mosaic quartz that formed through recrystal-
lization of this primary texture are barren.

This finding is consistent with previous studies establish-
ing that ore minerals in low-sulfidation epithermal veins are
mostly hosted by colloform quartz bands, although the dif-
ferent types of primary colloform banding distinguished here
were not previously recognized. Moncada et al. (2012) stud-
ied gangue mineral textures in 855 samples from the Veta
Madre in the Guanajuato region of Mexico. They identified
a range of textures, including colloform quartz, plumose,
feathery or flamboyant quartz, and bladed calcite replaced
by quartz. They showed that colloform quartz is the most
important indicator of mineralization. An average grade of
1.1 g/t Auand 178.8 g/t Ag was recorded in samples containing
colloform quartz, whereas samples without colloform quartz
only averaged 0.2 g/t Au and 17.2 g/t Ag (Moncada et al.,
2012). Shimizu (2014) studied bonanza-grade samples from

n=~61

Naumannite g<™/ T T
Ag,Se \

\ 7
\, / \ / /
N/ N/ 4 N/
A4 \ /S N/ "4
20 \/ \, \/

7\ AN /
// AN LS \\ / \ / \\

' ! / \

------ Agullante N
Ag4SeS o/ N/ \/ N/

10 A—X ANTANA
/ \ \ VAVATAYAVAVAY
0L \/ VAVAY \L.a LN

100 80 Acanthite 60 50 40
Ag Ag,S

Fig. 11. Ternary diagram (in at. %) illustrating compositional variations of the
Ag sulfoselenides in low-sulfidation epithermal vein samples from the Omu
camp. Compositional analyses were conducted on the electron microprobe
and by scanning electron microscopy.

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/doi/10.5382/econge0.4795/5205761/4795_zeeck_et_al.pdf
bv Frik R Tharaleson



14 ZEECKET AL.

the Koryu deposit in Japan and showed that both colloform
and mosaic quartz are hosts to ore minerals. Petrographic in-
vestigations by Saunders (1990, 1994) on the Sleeper deposit
in Nevada also showed that ore minerals occur in colloform
quartz bands. However, he noted that the colloform quartz
in the bonanza-grade veins at Sleeper is composed of alter-
nating gold-rich and barren bands, confirming the finding
of this study that not all types of colloform banding are host
to ore minerals. At McLaughlin in California, Sherlock and
Lehrman (1995) showed that electrum occurs as dendrites in
colloform bands consisting of compacted silica microspheres
that are texturally identical to the microspherical colloform
bands described here. A petrographic study on vein mate-
rial from Khan Krum in Bulgaria revealed that electrum den-
drites in this deposit also primarily occur in colloform quartz
bands (Marinova et al., 2014).

The observations on the ore samples from the Omu camp
suggest that ore-mineral-bearing colloform bands with mi-
crospherical microtexture are formed by processes that dif-
fer from those forming chalcedonic colloform bands that are
barren. This implies that the quartz microtextures are key to
understanding the processes of ore deposition.

Noncrystalline silica precursor to microspherical
colloform bands

The ore-mineral-bearing colloform bands in the vein samples
from the Omu camp were originally composed of 1- to 5-um
microspheres and globular aggregates consisting of fused mi-
crospheres. The textures observed are similar to those docu-
mented in scales in high-enthalpy geothermal power opera-
tions (Rothbaum et al., 1979; Brown, 2011; Meier et al., 2014;
Zarrouk et al., 2014; van den Heuvel et al., 2018) that almost
exclusively consist of noncrystalline silica because quartz
deposition is kinetically inhibited (Gudmundsson and Bott,
1979; Yokoyama et al., 1993; Gallup, 1997; Brown, 2011). The
scaling forms as silica colloids form in the liquid agglomer-
ate and attach to the walls of well and pipes (Brown, 2011).
Silica scaling occurs in well heads, separators, pipes, turbines,
and heat exchangers (Skinner et al., 1967; Karabelas et al.,
1989; Akaku, 1990; Christenson and Hayba, 1995; Reyes et
al., 2002; Raymond et al., 2005; Zarrouk et al., 2014; Jamero
et al., 2018). Dissolution-reprecipitation processes occurring
over time result in the maturation of the microspherical opal-
A to paracrystalline opal-CT and quartz (Reyes et al., 2002;
Raymond et al., 2005).

Silica sinters formed in modern geothermal systems also
primarily consist of microspherical opal-A (Jones et al., 1997;
Herdianita et al., 2000; Campbell et al., 2002; Guidry and
Chafetz, 2003; Lynne and Campbell, 2004; Rodgers et al.,
2004; Fernandez-Turiel et al., 2005; Taksavasu et al., 2018).
Studies of silica sinters of different geologic ages have shown
that the opal-A is thermodynamically unstable and matures
over time. The maturation process of opal-A involves the
transformation into thermodynamically more stable para-
crystalline opal-CT, which in turn recrystallizes into opal-C
and then into microcrystalline quartz (Herdianita et al., 2000;
Campbell et al., 2001; Lynne and Campbell, 2004; Rodgers et
al., 2004; Lynne et al., 2005, 2007).

Maturation of opal-A may explain why microspherical collo-
form bands in the samples from the Omu camp are today en-

tirely composed of anisotropic quartz. In contrast, Saunders
(1990) reported that silica in colloform bands in bonanza-
grade samples from the Sleeper deposit in Nevada are still vir-
tually isotropic, and X-ray diffraction investigations confirmed
the presence of opal-CT. The degree of maturation of opal-A
originally present in colloform bands in vein samples likely
relates to the thermal evolution of the hydrothermal system
following silica deposition. Laboratory studies demonstrate
that the transformation from opal-A to quartz is temperature
dependent and may occur within days to months under el-
evated temperature conditions (Ernst and Calvert, 1969; Bet-
termann and Liebau, 1975; Oehler, 1976).

Physical nature of microspherical colloform bands at the time
of deposition

Saunders (1990, 1994) suggested that the ore-mineral-bear-
ing colloform bands in low-sulfidation epithermal veins were
gel-like at the time of deposition. He documented textures
reminiscent of sedimentary ripple marks at the Sleeper de-
posit in Nevada, indicating hydraulic shaping of the mate-
rial during vein formation or gravity-induced sagging of the
soft silica. In addition, he observed silica clasts showing evi-
dence for deformation in a soft state that were transported
along the veins and deposited in pockets (Saunders, 1990,
1994). Saunders (1994) also described a texture, subsequently
referred to as the sluice-box texture (Saunders et al., 2008,
2011), in which ore minerals intermixed with silica were de-
posited around protrusions of the vein walls forming a thin
layer over the tops of the protrusion and a thick deposit on the
leeward side. Sluice-box textures have also been recognized
at Fire Creek in Nevada (Milliard et al., 2015), Hollister in
Nevada (Saunders et al., 2008, 2011; Unger, 2008), Koryu in
Japan (Shimizu, 2014), Republic in Washington (Saunders et
al., 2011), and Silver City in Idaho (Aseto, 2012). At Omu,
no conclusive textural evidence for hydraulic shaping of the
ore-bearing colloform bands has been identified, which can
be related to the widespread recrystallization of the originally
microspherical bands to mosaic quartz.

Textural relationships between microspherical silica and ore
minerals

Saunders (1990) proposed that electrum dendrites contained
in colloform bands formed within open space and were pre-
cipitated together with the silica matrix surrounding the ore
minerals. Saunders (1994) and Saunders and Schoenly (1995)
provided textural evidence from the National and Sleeper de-
posits in Nevada that electrum dendrites formed topographic
highs within the host colloform bands. These highs appear
to have influenced subsequent silica deposition. In contrast,
Sherlock and Lehrman (1995) proposed that electrum den-
drites grew within the microspherical colloform bands after
deposition of the host at the McLaughlin deposit in Califor-
nia. They suggested that the delicate intergrowth between the
electrum dendrites and the silica host suggests that the mi-
crospherical silica formed a framework in which the electrum
dendrite grew.

The textural evidence of this study suggests that electrum
hosted by the microspherical colloform bands may have
formed during or immediately after the deposition of the sil-
ica microspheres. Based on their delicate nature and the fact
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that the electrum is located within the microspherical host,
the electrum aggregates likely grew within the microspheri-
cal matrix. Growth of the electrum may have occurred from
the hydrothermal liquid circulating through the pore space
between the microspheres. Processes involved in the forma-
tion of the Ag sulfoselenides may have been similar to those
involved in the growth of the electrum aggregates. However,
most Ag sulfoselenides are in contact with small euhedral
quartz crystals that appear to have formed as a result of re-
crystallization of the microspherical silica, obscuring primary
textural relationships between the Ag sulfoselenides and the
immediate host.

Compositional variations in microspherical colloform bands

Chemical mapping of banded vein samples from the Omu
camp establishes that individual microspherical colloform
bands can have variable compositions. In the samples inves-
tigated, elevated Ag contents occur in macroscopically recog-
nizable dark-gray to black colloform bands. The occurrence
of this type of band is well documented in low-sulfidation
epithermal deposits. Historically, these bands are referred
to as “ginguro” layers, which is the Japanese word for silver
black. One of the earliest descriptions of ginguro ore bands
is given by Mukaiyama (1950) for the epithermal ore of the
Sado Kinzan deposit in Japan. Other deposits characterized
by the occurrence of ginguro bands include Buckskin Na-
tional in Nevada (Saunders et al., 2008), Ivanhoe in Nevada
(Saunders et al., 2008), Koryu in Japan (Shimizu et al., 1998;
Shimizu, 2014), Kushikino in Japan (Takeuchi and Shikazono,
1984), and Midas in Nevada (Leavitt et al., 2004). Some of
the best examples of ginguro bands have been documented
at the high-grade Hishikari deposit of Kyushu in Japan (Iza-
wa et al., 1990; Matsuhisa and Aoki, 1994; Faure et al., 2002;
Shimada et al., 2005; Sanematsu et al., 2006). At all of these
deposits, ginguro bands have been regarded to be the primary
host to precious metals. However, in many of the crustiform
vein samples investigated, the ginguro bands are not the main
host to gold. The Ag sulfoselenides in the ginguro bands
are intergrown with only minor amounts of electrum and
uytenbogaardtite.

In the samples from the Omu camp, high Au contents also
occur in microspherical colloform bands that are light gray to
white in color and contain only a low abundance of Ag sulfos-
elenides. In reference to their Au-rich nature, Tharalson et al.
(2019) coined the term “gankin” bands for this type of collo-
form layer. Due to their visually inconspicuous nature, the oc-
currence of gankin bands is probably commonly overlooked in
studies of low-sulfidation epithermal deposits, except for cases
where the Au content is high enough to allow easy recognition
of visible gold in hand specimen or thin sections. Possible oc-
currences of gankin bands include McLaughlin in California
where electrum-bearing, microspherical colloform bands are
characterized by an unusual amber color due to presence of
hydrocarbons (Sherlock and Lehrman, 1995). At Sleeper in
Nevada, gold-rich bands contain up to 50% electrum, with
the silica host ranging in color from milky white, tan, brown-
ish red, blue gray, to black (Nash et al., 1989; Saunders, 1990,
1994).

The observations of this study that precious metals prefer-
entially occur in different microspherical colloform bands in

crustiform veins have far-reaching consequences for the un-
derstanding of the processes of high-grade metal deposition
in low-sulfidation epithermal deposits. Models for the forma-
tion of high-grade mineralization have to explain why com-
positional variations occur in nearly adjacent microspherical
bands, unless rapid changes in metal supply to hydrothermal
systems forming low-sulfidation epithermal deposits are in-
voked (Saunders et al., 2008; Simmons et al., 2016).

Model for the formation of microspherical colloform bands

Fournier (1985) showed that quartz deposition in the epith-
ermal environment occurs in well-established hydrothermal
systems characterized by slow cooling of the ascending hydro-
thermal solutions if the initial temperatures of the solutions
were between ~200° and 340°C. In contrast, rapid cooling al-
lows supersaturated silica solutions to form, particularly when
cooling is predominately a result of decompressional boiling.
Based on this, it is hypothesized here that the deposition of the
noncrystalline silica that originally formed the microspherical
colloform banding in the deposits of the Omu camp can be
related to processes of fluid immiscibility. The occurrence of
fluid immiscibility has long been recognized as an important
process controlling precious metal deposition in many low-
sulfidation epithermal deposits (Kamilli and Ohmoto, 1977;
Drummond and Ohmoto, 1985; Hedenquist et al., 2000; Sim-
mons and Browne, 2000; Simmons et al., 2005; Moncada et
al., 2012, 2017). However, the results of this study indicate
that while boiling is an important process, it is the intensity of
vapor production that is a key control.

Moncada et al. (2012) suggested that two end-member
types of fluid immiscibility can be distinguished in epithermal
systems that differ in the intensity of vapor production. Dur-
ing decompressional boiling, a small amount of hydrothermal
liquid is converted to vapor as the ascending hydrothermal
liquid intersects the liquid plus vapor coexistence boundary.
The small amount of vapor produced this way is buoyant and
rises through the fracture network. The remaining liquid con-
tinues to ascend, producing small amounts of vapor. During
more violent boiling, referred to as flashing, vapor is gener-
ated due to vaporization of a large amount of hydrothermal
liquid (Scott and Watanabe, 1998; Moncada et al., 2012).
Flashing, which may be triggered by a seismic event or dike-
induced faulting (Rowland and Simmons, 2012), is associated
with a change in pressure along the structure that controls the
upflow of the hydrothermal fluids. As more and more vapor
is produced in the upper part of the structure, pressure in
the structure drops from hydrostatic to vaporstatic, and the
lower pressure regime migrates downward as liquid flashes to
vapor at depth and within the surrounding wall rock (Henley
and Hughes, 2000). Rapid vaporization during flashing could
cause widespread hydrothermal brecciation, potentially ex-
plaining the observation that the highest-grade samples from
the Omu camp are brecciated.

Flashing of the hydrothermal liquids will result in depo-
sition of noncrystalline silica, as silica solubility in the vapor
phase is significantly lower than in the liquid (Monecke et al.,
2018). Amagai et al. (2019) conducted a series of autoclave
experiments to study the mechanisms of silica deposition as-
sociated with the flashing of silica-saturated fluids under hy-
drothermal conditions. During the experiments, noncrystal-
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line silica microspheres were indeed formed at the outlet of
the autoclave where the pressure drop occurred. Quartz was
not formed in any of the experimental runs.

Deposition of noncrystalline silica during flashing may be
accompanied by the formation of the ore minerals containing
precious metals. During vaporization, H»S strongly partitions
into the vapor phase and the amount of HsS in solution in
the coexisting liquid will be significantly reduced. The result-
ing destabilization of gold bisulfide complexes results in gold
precipitation (Brown, 1986; Sanchez-Alfaro et al., 2016). This
process of metal deposition is observed in modern geothermal
systems where a sharp decrease in pressure causing flashing
occurs at the orifice plate within the head of production wells
(Skinner et al., 1967; Brown, 1986; Karabelas et al., 1989;
Akaku, 1990; Clark and Williams-Jones, 1990; Christanis and
Seymour, 1995; Christenson and Hayba, 1995; Reyes et al.,
2002; Hardardéttir et al., 2010). Sulfide formation may be
accompanied by the deposition of noncrystalline silica, with
some sulfides and noncrystalline silica being deposited in the
steam lines as a result of deposition from liquid droplets that
are carried over due to incomplete separation of vapor and
liquid (Reyes et al., 2002).

Flashing is a highly dynamic process, and the degree of va-
por production will vary with depth along the host structure
and over time because of the changes in the pressure regime
(Henley and Hughes, 2000). In a simplistic model of flash-
ing, vapor flow will predominate in the shallow subsurface,
although the vapor may carry droplets of the liquid. With in-
creasing depth, vapor-dominated flow will transition to a re-
gion of two-phase flow. At greater depth, flow is dominated by
the liquid. Deposition of silica and metals likely occurs within
the region of two-phase flow where the chemistry of the as-
cending fluid changes rapidly.

Modeling of the process of vapor loss during flashing by
Christenson and Hayba (1995) showed that different ore
minerals are deposited within the region of two-phase flow
as a function of the degrees of vapor formation. For instance,
modeling of the isothermal vapor loss at 230°C by Christen-
son and Hayba (1995) demonstrated that sphalerite and pyrite
precipitation starts with the onset of vapor loss in hydrother-
mal liquids. Sphalerite is stable throughout the process of va-
porization, whereas pyrite is replaced by chalcopyrite at ~3
wt % vapor loss. Chalcopyrite is replaced by bornite and then
chalcocite at 47 and 70 wt % vapor loss, respectively. Galena
saturates at 3 wt % vapor loss and continues to precipitate
throughout the process of vaporization. In the model of Chris-
tenson and Hayba (1995), Au precipitation starts at ~6 wt %
vapor loss and continues to 90 wt % vapor loss. Accordingly,
the highest Au grade is formed during the early stage of va-
por loss (~10 wt %), but extensive (20-40 wt %) vapor loss is
required to precipitate large amounts of Au. Although Chris-
tenson and Hayba (1995) did not model the formation of Ag
sulfoselenides, their study suggests that differences in met-
al content and metal association in adjacent microspherical
colloform bands might be related to differences in the amount
of vapor formation. Other factors that perhaps influence ore
mineral deposition during flashing events include changes
in the flow pattern within the host structure (cf. Taitel et al.,
1980) or the flow rate of the liquid through the microspherical
substrate of the colloform bands.

Implications for exploration

The detailed microscopic work of this study showed that ore
minerals in samples from the Omu camp are hosted in mi-
crospherical colloform bands and colloform bands of mosaic
quartz that are the recrystallized equivalent. Textural evi-
dence suggests that the development of bonanza-type grades
in some low-sulfidation epithermal veins can be linked to
flashing of the hydrothermal fluids. In the samples investi-
gated, ore minerals were not typically associated with quartz
textures that are a result of gentle boiling (cf. Moncada et al.,
2012). This is important in mineral exploration, as some tex-
tures related to boiling, in particular the occurrence of bladed
calcite replaced by quartz, can be readily recognized in hand
specimen. In contrast, identification of the microspherical na-
ture of colloform bands requires high-magnification optical
microscopy.

Chemical mapping of hand specimens from the Omu camp
demonstrates that the grade distribution varies significantly
at the hand specimen scale. Microspherical colloform bands
contain variable ore mineral assemblages. Macroscopically
recognizable dark-gray to black ginguro bands are character-
ized by the abundance of Ag sulfoselenides and may or may
not contain electrum. In these samples, electrum is primarily
hosted within light-gray to white gankin bands of microspher-
ical quartz or mosaic quartz formed through recrystallization.
Without #XRF mapping, the gankin bands are not easily rec-
ognizable in hand specimen and cannot be macroscopically
distinguished from barren chalcedonic colloform bands and
mosaic quartz formed through recrystallization of the chal-
cedony. The observation that ginguro bands are not the only
type of band containing ore minerals has important implica-
tions for grade estimation during exploration and potentially
for grade control during the mining of low-sulfidation epith-
ermal deposits.

The findings of this study also suggest that the depth of ore
zones below the water table may be more difficult to predict
than suggested by existing models of boiling-related metal
deposition in low-sulfidation epithermal deposits. Previous
thermodynamic considerations suggest that >90% of gold in
boiling liquids deposits over a temperature range of 260° to
180°C (Simmons and Browne, 2000), which corresponds to a
depth of ~470 to 100 m below paleosurface at cold hydrostatic
conditions in the pure HsO system. However, orebodies
formed by flashing may theoretically occur over a wider depth
range, as the pressure conditions change along the host struc-
ture during the flashing event.

Deep flashing of a hydrothermal system could result in the
formation of bonanza-type grades from precious metals-laden
hydrothermal liquids that have not previously experienced
significant precious metal deposition as a result of cooling or
boiling. Deep flashing may be possible where large faults con-
trol fluid flow, allowing propagation of vaporstatic pressures
to depth during flashing events. In contrast, shallow flashing
would tap into a reservoir of relatively low temperature hy-
drothermal fluids that could have lost much of the gold and
silver they were originally carrying at depth as a result of
cooling, gentle boiling, or both. As a result, shallow flashing
does not likely result in the formation of bonanza-type grades.
However, elevated precious metal grades may still develop
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at shallow depth. Following the model of Saunders (1990),
gold colloids may be produced as a result of flashing at depth
and mechanically transported upward. Deposition of colloidal
gold along the vein walls may result in grade development in
the shallow subsurface all the way to paleosurface where the
temperatures of the hydrothermal liquids are normally too
low for significant gold transport in solution.

Conclusions

Low-sulfidation epithermal quartz veins of the Omu camp
of Hokkaido exhibit a wide range of macroscopic and mi-
croscopic quartz textures. Crustiform and brecciated veins
carry bonanza-grade precious metal grades with ore miner-
als occurring in distinct bands composed of colloform quartz.
Petrographic investigations revealed the presence of relic
microspheres within the colloform quartz bands that were
originally composed of a noncrystalline, presumably gel-like
silica precursor. Recrystallization of the microspherical collo-
form bands can result in the formation of colloform bands
composed of mosaic quartz. The microspherical colloform
bands are the principal host to ore minerals. Delicate inter-
growth relationships suggest that electrum and the Ag sul-
foselenides grew within the microspherical silica forming the
colloform bands immediately after the silica deposition. The
noncrystalline silica precursor and the ore minerals are in-
terpreted to have formed during or shortly after short-lived
episodes of flashing of the hydrothermal liquids. In contrast
to the colloform quartz bands exhibiting relic microsphere
textures and mosaic quartz formed through recrystallization,
colloform bands composed of fibrous chalcedony and mosaic
quartz that formed through recrystallization of the chalced-
ony are barren, recording periods during which flashing did
not occur.

The finding of this study that fluid flashing can be respon-
sible for the formation of bonanza-grade low-sulfidation epi-
thermal veins has significant implications. Previous deposit
models for low-sulfidation epithermal deposits emphasize the
role of boiling as a mechanism of gold precipitation, implying
that the location of ore zones can be predicted based on the
depth of the onset of boiling, which can be recognized from
fluid inclusion evidence or gangue mineral textures. However,
if flashing is instead the principal process responsible for the
formation of bonanza-grade precious metal enrichment, ore
zones could theoretically occur over variable and potentially
greater depths. The depth to which flashing occurs will de-
pend primarily on the nature of the brittle structures control-
ling fluid flow and the hydraulic framework.
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