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Abstract

Quartz veins in bonanza-type ore zones of low-sulfidation epithermal deposits frequently contain ore mineral dendrites. 

Gold and naumannite dendrites hosted by colloform silica bands from four deposits located in California and Nevada were 

studied to better understand the processes by which these delicate ore mineral aggregates are formed. High-magnification 

optical petrography revealed that the colloform bands hosting the ore mineral dendrites originally consisted of non-crystalline 

silica microspheres. Textural relationships suggest that the microspherical silica provided the structural framework for the 

delicate ore mineral aggregates to grow. The ore mineral dendrites either grew contemporaneously with the deposition of the 

microspherical silica along the vein walls or after their deposition within permeable gel-like layers of microspheres. Etching 

in hydrofluoric acid showed that the ore mineral dendrites exhibit complex surface morphologies. The surface morphology 

of the ore mineral dendrites and their textural relationships with the silica host were modified as a result of post-depositional 

maturation and recrystallization causing the conversion of the non-crystalline silica to quartz. It is proposed here that ore min-

eral dendrites formed in low-sulfidation epithermal veins during periods of two-phase flow associated with short-lived events 

of vigorous boiling or flashing, which caused supersaturation of silica in the liquid and the deposition of the ore minerals.
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Introduction

Low-sulfidation epithermal deposits form in the shallow 

subsurface (< 1.5  km) from near-neutral hydrothermal 

waters having temperatures of up to ~ 250  °C (Heden-

quist et al. 2000; Simmons et al. 2005). The ore-forming 

hydrothermal liquids are rock-buffered and typically have 

a low (< 3–4 wt% NaCl equiv.) salinity (Hedenquist et al. 

2000; Bodnar et al. 2014). Many low-sulfidation epithermal 

deposits have zones of bonanza-type ore grades confined 

to crustiform quartz veins that range from centimeters to 

several meters in width. Within these crustiform veins, the 

ore minerals typically occur within specific colloform bands 

(Takeuchi and Shikazono 1984; Leavitt et al. 2004; Sane-

matsu et al. 2006; Shimizu 2014; Tharalson et al. 2019).

The ore minerals within crustiform quartz veins in low-

sulfidation epithermal deposits commonly have complex 

dendritic shapes. In some deposits, macroscopic ore min-

eral dendrites occur. Large gold dendrites in bonanza-type 

ore zones include those at the Jumbo, Fire Creek, Midas, 
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National, Round Mountain, Seven Troughs, Sleeper, and 

Tenmile deposits in Nevada (Lindgren 1915; Saunders 1990, 

1994, 2012; Saunders and Schoenly 1995a; Saunders et al. 

1996, 2020; Perez 2013; Milliard et al. 2015; Burke et al. 

2017; Saunders and Burke 2017); McLaughlin in California 

(Sherlock and Lehrman 1995); and Khan Krum in Bulgaria 

(Marinova et al. 2014). Acanthite, aguilarite, and nauman-

nite dendrites have been described from the DeLamar Moun-

tain and War Eagle Mountain deposits in Idaho (Mason et al. 

2015) and the Buckskin National, Hollister, Fire Creek, and 

Seven Troughs deposits in Nevada (Vikre 1985, 2007; Saun-

ders et al. 2008, 2011, 2020; Unger 2008; Saunders 2012). 

In some deposits, base metal sulfides also form dendrites in 

crustiform quartz veins. For instance, chalcopyrite encrust-

ing and replacing naumannite has been documented at Buck-

skin National (Saunders 2012). At the Waihi and Karanga-

hake in New Zealand, sphalerite is fine-grained to dendritic 

(Simpson 2017). Dendritic galena has been recorded at the 

Koryu deposit in Japan (Shimizu et al. 1998).

The processes involved in the formation of ore mineral 

dendrites in the crustiform quartz veins of low-sulfidation 

epithermal deposits are currently not fully understood. 

Early workers, including Lindgren (1936), suggested that 

the formation of gold dendrites can be linked to colloidal 

gold transport in the hydrothermal liquids. This model was 

further refined by Saunders (1990), Saunders and Schoenly 

(1995a,b), as well as Sherlock and Lehrman (1995). Saun-

ders (1990) suggested that gold forms colloids in the deeper 

parts of the hydrothermal system as a result of cooling or 

boiling of the hydrothermal liquids. In this model, colloi-

dal gold would then have been mechanically transported by 

the hydraulic action of the ore-forming hydrothermal liquid 

and grown through aggregation. The nanoparticles of gold 

would have deposited along the vein walls through density 

accumulation or scavenging by charged surfaces. Ultimately, 

upward growth of the gold dendrites would have occurred 

at the tips of the dendrite branches simultaneously to the 

deposition of the silica host along the vein walls, succes-

sively building up a silica layer that hosts large dendrites. 

Saunders et al. (2011) suggested that colloidal transport is 

not restricted to gold and that naumannite dendrites may 

have formed by a similar process. Nevertheless, the textural 

relationships between the ore mineral dendrites and the col-

loform bands have not been described in detail, and the ques-

tion as to why adjacent colloform bands in these crustiform 

veins commonly show different ore mineralogy (Taksavasu 

et al. 2018; Tharalson et al. 2019; Zeeck et al. 2021) has not 

been fully addressed yet.

To better constrain the processes by which ore mineral 

dendrites form in crustiform quartz veins in shallow hydro-

thermal systems, vein material from four low-sulfidation epi-

thermal deposits was selected for this study. The distribution 

of ore minerals in the crustiform veins and chemical zoning 

of the ore mineral dendrites was studied by micro X-ray fluo-

rescence (µXRF) mapping. The microtextural characteristics 

of ore mineral dendrites and their textural relationships to 

the silica host were identified by optical microscopy. In addi-

tion to the study of textural relationships in thin sections, the 

morphologies of ore mineral dendrites were determined by 

scanning electron microscopy following etching of samples 

in concentrated HF. Based on the textural observations, it is 

suggested that the colloform bands hosting the ore mineral 

dendrites originally contained non-crystalline microspheri-

cal silica. Ore mineral dendrites either grew during stacking 

of the silica microspheres or grew within the originally per-

meable, gel-like layers of microspheres deposited along the 

vein walls during short periods of vigorous boiling or flash-

ing of the hydrothermal liquids. The new model of dendrite 

growth has significant implications to the current under-

standing of how bonanza-type precious metal enrichment 

can develop in crustiform quartz veins in low-sulfidation 

epithermal systems.

Geological setting

Vein samples containing ore mineral dendrites were obtained 

from four low-sulfidation epithermal deposits located in the 

Western United States (Fig. 1). This included gold dendrites 

from McLaughlin in California and Sleeper in Nevada as 

well as naumannite dendrites from the Buckskin National 

and Fire Creek deposits in Nevada.

The Pleistocene (< 2.2 Ma) McLaughlin deposit is located 

in the Coast Ranges of California, ~ 120 km north of San 

Francisco (Gustafson 1991). McLaughlin is a well-preserved 

low-sulfidation epithermal deposit that underwent little ero-

sion since its formation as the mineralized vein system is 

capped by hydrothermal eruption deposits and a subaerial 

sinter terrace. Mineralization is located in the structural foot-

wall of the Stony Creek fault separating the Middle Jurassic 

Coast Range ophiolite in the southwest from Late Juras-

sic sedimentary rocks of the Great Valley sequence to the 

northeast (Sherlock et al. 1995; Tosdal et al. 1996). High-

grade ores occur in a pipe-like sheeted vein complex that 

developed within a dilatant zone at the margin of a basalt 

block within a tectonic mélange consisting of sedimentary 

rocks and serpentinite. The sheeted vein complex consists of 

centimeter- to meter-wide subparallel siliceous veins (Sher-

lock and Lehrman 1995; Sherlock et al. 1995; Tosdal et al. 

1996). The deposit was mined between 1983 and 1996, with 

a total resource of ~ 3.5 million ounces (Moz) Au contained 

in 24.3 million metric tonnes (Mt) of ore grading 4.49 g/t 

(Tosdal et al. 1996).

The Sleeper deposit is located at the western flank of the 

Slumbering Hills of Humboldt County, Nevada, ~ 45 km 

northwest of Winnemucca (Wood and Hamilton 1991). 
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Sleeper is hosted by early Miocene volcanic rocks which 

were deposited on folded Mesozoic metasedimen-

tary basement rocks. The volcanic succession includes 

a < 40‒200-m-thick basal volcaniclastic unit that is over-

lain by a 150-m-thick unit of basaltic to andesitic flows 

and associated breccias. A pumiceous lapilli tuff unit sepa-

rates the basaltic to andesitic flows from an overlying, over 

300-m-thick porphyritic rhyolite unit that is the main host to 

gold mineralization at Sleeper (Nash et al. 1995). Bonanza-

type veins are crustiform and range from 2 cm to 5 m in 

width, with typical grades of 50‒100 g/t Au. The veins occur 

in a zone that is 300 m wide and 1200 m in strike length. 

Four continuous high-grade veins have been identified that 

each can be traced over a strike length of ~ 200 m each, with 

a down-dip extent of over 300 m. These bonanza-type veins 

are surrounded by narrow (< 5 m) breccia zones, typically 

grading 3‒35 g/t Au, that grade outward into brecciated wall 

rock cut by stockwork veins, with low gold grades extend-

ing up to 200 m in the structural hanging wall of the veins 

(Nash et al. 1989, 1995). 40Ar/39Ar dating of adularia from 

Sleeper suggests that the mineralization formed between 

16.2 ± 0.4 and 14.1 ± 0.6 Ma (Conrad et al. 1993). Mining 

of the deposit between 1986 and 1996 produced ~ 1.7 Moz 

Au and ~ 2.3 Moz Ag (Wilson and Brechtel 2017).

The Buckskin National deposit forms part of the 

National district of Humboldt County, Nevada (Lindgren 

1915; Vikre 1985, 1987, 2007). The deposit was mined 

intermittently from 1906 to 1941, yielding 24,000 oz Au and 

300,000 oz Ag. The Buckskin National deposit is hosted by 

a ~ 700-m-thick succession of early Miocene (16.57 ± 0.03 

to 16.11 ± 0.03 Ma; Vikre 2007) massive rhyolite and asso-

ciated volcaniclastic rocks. The mine was developed on a 

bonanza-type vein referred to as the Bell vein. Mining of 

the Bell vein has occurred over a strike length of 1.3 km. 

The vein strikes N-S and dips 75° to the west. It has an aver-

age thickness of 1.8 m (Vikre 1985). Based on drilling, the 

vein is known to extend to a depth of at least ~ 790 m below 

the paleosurface (Vikre 2007). The Bell vein consists pri-

marily of quartz with adularia being the second most abun-

dant gangue mineral. 40Ar/39Ar dating of adularia yielded 

an age of 16.06 ± 0.03 Ma (Vikre 2007). The top of Buck-

skin Mountain is capped by a 30-m-thick carapace of finely 

laminated silica sinter and silicified epiclastic deposits. The 

reddish to gray-black silica sinter cropping out in an area 

that is 420 × 230 m represents the surface expression of the 

hydrothermal system that formed the Buckskin National 

deposit (Vikre 2007).

The Fire Creek deposit is located in the Argenta min-

ing district in Lander County, Nevada, ~ 100 km west of 

Elko. The basement in the area is composed of lower Paleo-

zoic siliciclastic rocks that are complexly deformed. These 

rocks are unconformably overlain by basal conglomerate, 

and Eocene crystal-rich rhyolite ash-flow tuff that is mod-

erately to densely welded. The rhyolite tuff is overlain by 

Fig. 1  Map showing the locations of the low-sulfidation epithermal deposits studied. Major geological units modified from John and Henry 

(2020)
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a ~ 150-m-thick Oligocene to Miocene succession of tuffs, 

basalt to andesite sills, dikes, rare lava flows, lacustrine 

deposits, and rare epiclastic tuffs. Miocene porphyritic basal-

tic andesite to andesite flows and associated volcaniclastic 

rocks form the main host to mineralization at Fire Creek. 

Lava flows in this 120‒220-m-thick unit are marked by dis-

tinctive, multi-directional hackly jointing. The lava is over-

lain by tan to buff colored tuff and lapilli tuff that is locally 

intruded by vitreous aphanitic basalt sills. A ~ 200-m-thick 

succession of andesite flows cap the volcanic succession at 

Fire Creek (Milliard et al. 2015; Odell et al. 2018). Mio-

cene mineralization at the deposit predominately occurs 

as bonanza-type (up to 30,000 g/t Au) veins developed 

along faults or dike contacts. The crustiform veins range 

from < 1 cm to 1.5 m in thickness. In total, over 70 indi-

vidual veins or mineralized structures have been identified 

at Fire Creek, forming a mineralized vein array extending for 

over 1500 m along strike and from near surface to a depth 

of over 300 m (Perez 2013; Milliard et al. 2015; Odell et al. 

2018). In addition to the bonanza-type veins, lower grade 

breccia zones and disseminated sulfide zones are present 

in the hackly-jointed basaltic andesite and andesite flows 

(Milliard et al. 2015). Between 2015 and 2019, Fire Creek 

produced 385,000 oz Au and 599,000 oz Ag. At the end of 

2021, proven and probable reserves of 53,500 metric tonnes 

of ore grading 31.6 g/t Au and 30.9 g/t Ag were identified, 

totaling 54,000 oz Au and 51,000 oz Ag. In addition, meas-

ured and indicated resources of 121,600 metric tonnes of ore 

grading 15.8 g/t Au and 34.3 g/t Ag for a total of 61,000 oz 

Au and 128,000 oz Ag were defined (J. Marma, pers. com-

mun. 2022).

Materials and methods

Initially, chemical mapping of cut hand specimens was per-

formed using a bench-top Bruker M4 Tornado µXRF at the 

Colorado School of Mines. The instrument is equipped with 

dual 30  mm2 silicon drift detectors and a Rh X-ray tube 

with polycapillary optics allowing spot sizes of ~ 25 µm. All 

measurements were performed under a vacuum of 20 mbar 

at 50 kV and 600 nA using a 12.5 µm Al primary excitation 

filter. Data acquisition was conducted at a line spacing of 

35 µm and a dwell time of 35 ms per pixel. The X-ray peaks 

for individual elements were manually checked and used 

to generate element distribution maps showing normalized 

count rates using the Bruker M4 ESPRIT software. All ele-

ment maps were generated using K⍺ X-ray lines, except Au, 

where the L⍺ line was used.

Polished thin (35‒45 µm thick) sections were used to 

study the dendrite mineralogy and the textural relationships 

between the ore minerals and the host. Optical petrography 

was conducted using an Olympus BX51 optical microscope. 

Semi-quantitative chemical analyses of ore mineral dendrites 

were performed by energy-dispersive X-ray spectroscopy on 

a TESCAN MIRA3 LMH Schottky field emission-scanning 

electron microscope (FE-SEM) that is equipped with a 

Bruker XFlash 6|30 silicon drift detector. In addition, elec-

tron probe microanalysis (EPMA) analyses were conducted 

at the University of Colorado, Boulder, using a JEOL 8230 

electron microprobe equipped with five wavelength dis-

persive X-ray spectrometers. For the analysis of gold, the 

instrument was operated at an accelerating voltage of 15 kV 

and beam current of 20 nA with a focused electron beam of 

1 µm. Count times of 20 s were used on the peak for Ag, As, 

Cu, Hg, Pb, S, Sb, Se, and Te and a count time of 30 s was 

employed for Au. The off-peak count time was 20 s for all 

elements. Analyses were performed using Kα X-ray emis-

sion lines for As, Cu, S, and Se; Lα lines for Ag, Sb, and 

Te; and the Mα lines for Au, Hg, and Pb. All analyses were 

performed with large area LIF (As, Cu, and Se) or PET (Ag, 

Au, Hg, Pb, S, Sb, and Te) analyzing crystals. Standards 

used included pure metals for Ag, Au, Cu, Pb, Sb, and Te, 

arsenopyrite for As and S, and cinnabar for Hg. Naumannite 

grains were analyzed using a 15 kV accelerating voltage and 

a reduced beam current of 3 nA. The reduced beam current 

was used along with a defocused beam diameter of 3 µm 

to mitigate beam damage issues that occur in silver sulfos-

elenide phases with exposure to high current densities as 

previously described by Cocker et al. (2013).

Small subsamples (~ 0.5   cm3) of the crustiform vein 

material containing ore mineral dendrites were prepared 

using a micro-saw. These subsamples were etched in 4‒5 ml 

of 48% HF at room temperature without agitation within 

15 ml polypropylene tubes for seven days. Subsequently, the 

samples were decanted and rinsed. The etched ore mineral 

dendrites were then hand-picked under a binocular micro-

scope and mounted on aluminum sample stubs using car-

bon tape. Following Au coating, secondary electron imaging 

of the samples was conducted using a TESCAN MIRA3 

LMH Schottky FE-SEM operated at working distances of 

5‒10 mm and an accelerating voltage of 15.0 kV.

Results

Gold dendrites from McLaughlin

As shown by Sherlock and Lehrman (1995), amber-colored 

opaline veins occurring within the sheeted vein com-

plex contain abundant gold dendrites that are too small 

(< 0.5 mm) to be visually recognizable (Fig. 2). Chemical 

mapping by µXRF shows that elevated Ag and Au count 

rates occur throughout the vein sample and that macroscopic 

criteria such as the color of the opaline material is only a 

poor predictor of where precious metal minerals occur. The 
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maps show that the distribution of Au is not directly cor-

related to the distribution of Ag, Cu, Se, and Zn (Fig. 2).

Petrographic investigations of the amber-colored veins 

show that the opaline material forming these veins consists 

of tightly packed 1–5 µm relict microspheres (Fig. 3a–d). 

The relict microspheres can be easily recognized at high 

magnification (Fig.  3c, d). Cavities between the relict 

microspheres have sickle-like shapes. The opaline material 

is colloform banded, with adjacent bands showing subtle 

differences in color and the packing density of the relict 

microspheres. The surfaces of individual bands are wavy or 

botryoidal in shape.

Various degrees of recrystallization of the microspherical 

silica can be observed. In some of the opaline bands, the rel-

ict microspheres are densely packed and appear to be fused 

together. Groups of concentrically banded silica spheres hav-

ing a heterogeneous turbid appearance occur (Fig. 3b, e). In 

plane polarized light, these silica spheres differ in color from 

the surrounding originally microspherical matrix. Individual 

spheres are up to 50 µm in size. In many cases, the silica 

spheres are interconnected, with the outermost concentric 

bands surrounding entire amalgamated aggregates (Fig. 3b). 

The microspherical matrix is locally recrystallized to quartz, 

which can form complex aggregates (Fig. 3b) or doubly ter-

minated quartz crystals (Fig. 3e) that are suspended in the 

originally microspherical matrix. Where the quartz aggre-

gates or crystals occur in close proximity, the concentric 

zoning around the crystals resembles colloform banding 

(Fig. 3e). Dense occurrences of the quartz crystals grown in 

the originally microspherical matrix locally resulted in the 

Fig. 2  Sample photograph 

and corresponding Ag, Au, 

Cu, Se, and Zn maps of gold 

dendrites hosted in an amber-

colored opaline vein sample 

from the McLaughlin deposit 

in California. The dendrites are 

small (< 0.5 mm) and cannot be 

recognized macroscopically in 

the opaline host. The element 

maps were obtained by μXRF
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formation of zones of massive clear quartz crystals (Fig. 3e). 

In cross-polarized light, these zones exhibit a mosaic texture 

in which quartz grains have irregular and interpenetrating 

grain boundaries and differ in their crystallographic orienta-

tions (Fig. 3f).

Ore minerals occur throughout the variably recrystal-

lized microspherical matrix (Figs. 3 and 4). Most notable 

are curviplanar, spinifex-like dendrites, which mostly consist 

of gold and sphalerite, with minor pyrargyrite, tetrahedrite, 

and argentite/acanthite (Fig. 4a). These up to 500-µm-long 

aggregates are oriented approximately perpendicular to the 

colloform banding. Ore minerals also occur as small den-

drites within the originally microspherical matrix radiating 

in different directions (Fig. 4b) or show tree-like branch-

ing (Fig. 4c). The gold in these dendrites has a millesi-

mal fineness of 593 to 790, averaging 734 (n = 70; Fig. 5). 

Fig. 3  Photomicrographs of silica textures in opaline vein material 

from the McLaughlin deposit in California. a Ore minerals within a 

matrix of relict silica microspheres, some of which are highlighted 

by the arrows. One location with relict microspheres is given as an 

inset. Plane polarized light. b Silica recrystallization textures within a 

matrix of relict microspheres. Circular and concentric bands surround 

quartz nucleation sites and quartz crystals with encapsulated ore min-

erals. Ore minerals are locally encapsulated within crystals of quartz 

grown in the originally microspherical matrix. Plane polarized light. 

c Originally microspherical silica matrix surrounding gold dendrites 

and a sphalerite aggregate. The relict silica microspheres are densely 

packed. Plane polarized light. d High-magnification image of the rel-

ict silica microspheres (arrows) shown in the previous image. Plane 

polarized light. e Doubly terminated quartz crystals that have grown 

within the originally microspherical matrix. Some isolated crystals 

are surrounded by concentric bands. Dense packing of quartz crystals 

resulted in the formation of zones of massive clear quartz (arrow). 

Plane polarized light. f Cross-polarized light image of the same field 

of view. The image shows that the silica matrix is still isotropic. The 

densely packed quartz crystals exhibit a mosaic texture (arrow). Au 

gold, Pyrg pyrargyrite, Qz quartz, Sp sphalerite
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Microanalysis data are provided in Electronic Supplemen-

tary Material (ESM) Table 1. Euhedral to subhedral crystals 

of pyrargyrite, which are up to ~ 200 µm in size, are present 

throughout the originally microspherical matrix surround-

ing the gold dendrites (Figs. 3a and 4a–d). The originally 

microspherical matrix surrounding some of the larger stubby 

pyrargyrite crystals appears deformed (Fig. 4d). In addition 

to pyrargyrite, minor pyrite crystals ranging up to ~ 100 µm 

are present, some of which contain galena inclusions. In 

many cases, clear quartz aggregates and crystals formed 

Fig. 4  Photomicrographs of ore mineral textures in opaline vein 

material from the McLaughlin deposit in California. a Curvipla-

nar, spinifex-like dendrite within an originally microspherical silica 

matrix. The aggregates consist mostly of gold and sphalerite, with 

minor pyrargyrite and tetrahedrite. These aggregates have grown 

approximately perpendicular to the vein wall. Circular and concentric 

banding can be seen within the originally microspherical matrix. b 

High magnification image of gold and sphalerite dendrites suspended 

in an originally microspherical silica matrix. The larger crystal is pyr-

argyrite. c Delicate gold dendrite grown in an originally microspheri-

cal matrix. The dendrite is intergrown with some larger euhedral 

pyrargyrite grains. A dendritic aggregate in the upper left part of the 

image is surrounded by clear quartz that is interpreted to have formed 

through recrystallization of the non-crystalline silica in the matrix. d 

High-magnification image of a large pyrargyrite crystal. The origi-

nally microspherical matrix surrounding the crystal is deformed 

(arrows), which is interpreted to have occurred as a result of crystal 

growth in the gel-like material. e Pyrargyrite encapsulated by euhe-

dral quartz grown through recrystallization of the non-crystalline 

silica in the matrix. The pyrargyrite forms small complexly shaped 

grains and dendrites (arrows). The originally microspherical matrix 

surrounding the euhedral quartz crystals shows concentric band-

ing, interpreted to have formed as a result of maturation of the non-

crystalline microspherical silica. f Pyrargyrite grains surrounded by 

quartz grains that formed through recrystallization of the non-crystal-

line silica in the matrix. The pyrargyrite occurs in the center of the 

euhedral quartz and along grain boundaries between adjacent quartz 

crystals. Complexly shaped gold dendrites are present in the origi-

nally microspherical matrix. All images were taken in plane polarized 

light. Au gold, Pyrg pyrargyrite, Sp sphalerite
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through recrystallization of the originally microspherical 

matrix encapsulate ore mineral dendrites (Fig. 4c) or small 

complexly shaped aggregates of ore minerals (Figs. 3b and 

4e, f).

Gold dendrites also occur within crustiform quartz veins 

as shown by Sherlock and Lehrman (1995). The dendrites 

range from several hundred micrometers to several centim-

eters in size and are hosted by colloform quartz layers that 

are dark gray in color. The gold dendrites have complex 

branching morphologies that taper toward the center of the 

vein, and commonly terminate in dome shapes. Chemical 

mapping by µXRF shows that the centimeter-sized dendrites 

in the samples are chemically and mineralogically zoned, 

with elevated concentrations of Ag, Cu, Se, and Zn occur-

ring in the top part of the dendrites (Fig. 6). In the samples 

investigated, the gold dendrites represent the principal host 

to gold and little fine-grained gold is present in the colloform 

quartz bands. The gold has a millesimal fineness of 647 to 

748, averaging 693 (n = 45; Fig. 5; ESM Table 1).

Optical microscopy shows that the centimeter-scale gold 

dendrites within the crustiform veins have variable mor-

phologies. The dendrites have complex branching shapes. 

Spiculose deposits or dome-shaped aggregates are com-

mon (Fig. 7a, b). Subhedral pyrargyrite crystals occur in 

the upper portions of the gold dendrites (Fig. 7a), which 

may account for some of the chemical zoning observed in 

the µXRF maps. Small euhedral quartz crystals commonly 

impinge on the gold (Fig. 7c). Under cross-polarized light, 

the quartz matrix surrounding the gold dendrites exhibits a 

mosaic texture (Fig. 7d). The equant shape and grain size of 

the microcrystalline mosaic quartz mimics that of the relict 

microspheres.

Etching of one of the centimeter-sized gold dendrites 

hosted by a crustiform vein confirmed that the gold aggre-

gate is of dendritic morphology (Fig. 8a, b). The gold is 

intergrown with minor pyrargyrite and pyrite (Fig. 8a). 

Within the more continuous and massive inner portions of 

the dendrite, the gold shows casts of small quartz crystals 

that were dissolved during the HF treatment (Fig. 8c). Some 

of the gold shows hopper surfaces (Fig. 8d).

Gold dendrites from Sleeper

Crustiform vein samples from Sleeper contain abundant vis-

ible gold. The gold occurs in discrete bands and is hosted by 

silica that ranges from dark gray to white in color (Fig. 9). 

Element mapping by µXRF shows that the distribution of Ag 

is similar to that of Au at the hand specimen scale, although 

high Ag contents do not always overlap with the highest 

Au contents. The distributions of Ag and Se are not highly 

correlative, suggesting that much of the Ag in the samples 

occurs in gold and not as Ag sulfoselenides (Fig. 9). The 

samples do not contain detectable amounts of other metals 

such as Cu and Zn.

The gold distribution varies between individual collo-

form bands with some containing coarse dome-shaped gold 

dendrites that are spaced out along the bands (Fig. 10a). 

Other bands consist of nearly continuous ribbons of gold 

(Fig. 10b). Relict microspheres ranging from 1 to 5 µm 

in size are preserved in some colloform bands and are 

isotropic in cross-polarized light. Individual relict micro-

spheres are outlined by cavities that have sickle-like shapes. 

However, many bands are composed of microcrystalline 

quartz (Fig. 10c) that is anisotropic in cross-polarized light 

(Fig. 10d). The microcrystalline quartz has irregular and 

interpenetrating grain boundaries and exhibits a mosaic tex-

ture (Fig. 10d, f). The size of the quartz grains in the mosaic 

quartz varies between different colloform bands, ranging 

from 1 to 75 µm. Zones of mosaic quartz having different 

grain sizes locally define folds. In some of the bands, doubly 

terminated quartz crystals appear to have grown within the 

recrystallized, previously microspherical matrix, forming 

textures identical to those observed at McLaughlin.

Fig. 5  Millesimal fineness of 

gold contained in the low-sulfi-

dation epithermal vein samples 

determined by electron micro-

probe analysis and energy-dis-

persive X-ray spectroscopy on a 

scanning electron microscope. 

Microanalysis data are given in 

ESM Table 1
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The colloform bands consisting of variably preserved 

and recrystallized microspheres alternate with bands that 

have other textural characteristics. This includes abundant 

bands composed of microcrystalline adularia and quartz. 

Adularia in these bands forms euhedral, rhomb-shaped, 

5‒20 µm large grains that are randomly distributed show-

ing no preferred orientation. The adularia is usually hosted 

by mosaic quartz. The top surfaces of some of the adu-

laria-bearing bands are wavy and may represent sections 

through mammillary or ripple-mark-like band surfaces as 

described by Saunders (1990). Rare bands of comb quartz 

and colloform bands comprised of chalcedony also occur 

in the samples. The chalcedony is composed of crystal 

fibers oriented perpendicular to the colloform bands. 

The chalcedonic colloform bands consist of alternating 

bands of chalcedonic fibers, each having a thickness of up 

to ~ 20 µm. Chalcedonic colloform bands can be recrystal-

lized, forming a mosaic texture in cross-polarized light.

In the samples investigated, gold occurs exclusively 

within the originally microspherical colloform bands and 

bands of microcrystalline mosaic quartz. Gold dendrites 

are up to 1.0 mm in size and are dome-shaped or resemble 

small porous mounds (Fig. 10c, d). These dendrites com-

monly protrude into adjacent colloform bands. Along the 

margins, the branches of the gold dendrite are delicate in 

nature (Fig. 10c–f). Gold in the central portions of the 

dendrites is more massive in thin section and this coarse 

gold can be up 75 µm across. The gold dendrites have a 

millesimal fineness of 548 to 963, averaging 711 (n = 60; 

Fig. 5; ESM Table 1).

Fig. 6  Sample photograph and 

corresponding Ag, Au, Cu, Se, 

and Zn maps of a gold dendrite 

in a crustiform vein sample 

from the McLaughlin deposit 

in California. The element 

maps show that the dendrite is 

chemically zoned from bottom 

to top. The element maps were 

obtained by μXRF
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Similar to McLaughlin, textural relationships between 

gold and the matrix appear to have been modified as a result 

of recrystallization of the non-crystalline silica microspheres 

to quartz. Small (10–50 µm) euhedral quartz crystals are 

commonly present along the contacts within the gold 

(Fig. 10c). The small euhedral quartz crystals show irregu-

lar extinction patterns resembling those of mosaic quartz. 

The small quartz crystals lack primary growth zoning and 

do not contain primary fluid inclusions. The textural rela-

tionships suggest that quartz growth occurred as a result of 

the recrystallization of the originally microspherical matrix. 

During recrystallization, the original dendritic gold has been 

deformed and is now in some places encapsulated within the 

newly formed quartz crystals.

A dome-shaped gold dendrite hosted in microspherical 

silica was selected for etching with HF. The multi-branch-

ing dendrite displays abundant dimples and casts of micro-

spheres or fused microspheres that were dissolved during the 

HF treatment (Fig. 11a). Casts of quartz crystals dissolved 

by acid treatment are present (Fig. 11a). The gold surfaces 

are typically smooth (Fig. 11a–c). At high magnification, a 

distinct microtopography consisting of steps and terraces can 

be observed (Fig. 11c, d).

Naumannite dendrites from Buckskin National

Crustiform vein samples from Buckskin National contain 

spectacular centimeter-sized naumannite dendrites. The 

dendrites appear to have grown approximately perpendicu-

lar to colloform bands and persist through multiple bands 

(Fig. 12). They vary in morphology from having narrow 

bases and wide tops to being more uniform with the tops 

and bottoms having similar widths. The larger dendrites are 

spaced laterally along the colloform host bands (Fig. 12). 

Elemental mapping by µXRF reveals that naumannite is 

also present in the mineralized bands that occur between 

the colloform bands hosting the dendrites (Fig. 12). The den-

drites exhibit chemical zoning, with Au and Zn occurring 

in higher concentrations at the base of the dendrites than at 

the top. In addition to the large naumannite dendrites, some 

small freibergite dendrites occur that are characterized by an 

enrichment in Cu in the µXRF maps (Fig. 12).

Fig. 7  Photomicrographs of ore mineral textures in crustiform veins 

from the McLaughlin deposit in California. a Large gold dendrite 

hosted in mosaic quartz. The silica forms a spiculose deposit (arrows) 

that hosts individual branches of the dendrite. Some pyrargyrite crys-

tals are present along the tips of the gold dendrite. Plane polarized 

light. b Dome-shaped ore mineral dendrites hosted by mosaic quartz. 

Pyrargyrite is the most abundant ore mineral. Unmineralized, banded 

silica layers (arrows) that have a smooth appearance occur on top 

of the mineralized silica layer. Plane polarized light. c High-magni-

fication image of gold forming part of a large dendrite. The gold is 

surrounded by quartz crystals that formed through recrystallization 

of the formerly microspherical matrix. Some small quartz crystals 

impinge on gold along euhedral crystal faces (arrow). Plane polarized 

light. d Cross-polarized light image of the same field of view show-

ing that the quartz hosting the gold dendrite exhibits a mosaic texture. 

Au gold, Pyrg pyrargyrite
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Fig. 8  Secondary electron 

images showing the morphol-

ogy of a gold dendrite from 

the McLaughlin deposit in 

California. a Outer portion of a 

multi-branching gold dendrite. 

Individual branches are delicate 

and have dendritic shapes. The 

gold is intergrown with pyrite. 

b Delicate branches of a gold 

dendrite. c Massive portion of 

a gold dendrite showing casts 

of quartz crystals (arrows) 

that were dissolved during HF 

treatment. d Surface of massive 

gold showing hoppers (arrows). 

Py pyrite

Fig. 9  Sample photograph and 

corresponding Ag, Au, and Se 

maps of gold-rich bands in a 

crustiform vein sample from the 

Sleeper deposit in Nevada. The 

element maps show that much 

of the silver in the vein occurs 

within the same bands. The 

element maps were obtained by 

μXRF
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Optical petrography shows that the large naumannite 

dendrites are of complex shapes and multi-branching. The 

wiry naumannite interfingers with the fine-grained quartz 

matrix, with quartz forming ~ 50% of the area occupied by 

the dendrite (Fig. 13a). The colloform bands hosting the 

dendrite are entirely recrystallized and show a mosaic tex-

ture in cross-polarized light (Fig. 13b). The grain size of 

the anhedral quartz grains forming the mosaic texture is 

commonly smaller within the naumannite dendrites than in 

the surrounding matrix. The size and equant shape of the 

mosaic quartz resemble the characteristics of the precursor 

silica microspheres (Fig. 13b). Similar to McLaughlin and 

Sleeper, recrystallization of the originally microspherical 

matrix appears to have modified the shape of the nauman-

nite. Dendrite branches consist of naumannite aggregates 

with small interstitial quartz crystals (Figs. 13c, d). Other 

Fig. 10  Photomicrographs of ore mineral textures in crustiform veins 

from the Sleeper deposit in Nevada. a Colloform bands containing 

dome-shaped gold dendrites (arrows) that occur in approximately 

equal spacing along the bands. Reflected light. b Colloform band 

containing nearly continuous ribbons of gold. The top of the band 

is wavy (arrows). Reflected light. c Gold dendrites located in a col-

loform band of quartz. The margins of the dendrites are delicate in 

shape and intergrown with the matrix. Small euhedral quartz crystals 

occur within massive gold (arrow). Plane polarized light. d Cross-

polarized light photomicrograph of the same field of view showing 

that the fine-grained quartz matrix of the gold dendrite is character-

ized by a mosaic texture. e High-magnification image showing the 

contact relationship between gold and the surrounding quartz matrix. 

The quartz forming the matrix around the gold is microcrystalline 

and appears to have formed through recrystallization of non-crys-

talline silica that originally occurred as microspheres. Some gold 

grains are roughly the same size as the microcrystalline quartz and 

are distributed in dendritic patterns within the finer-grained matrix. 

Plane polarized light. f Cross-polarized light photomicrograph of the 

same field of view showing the microcrystalline nature of the quartz 

matrix. Plane polarized light. Au gold
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ore minerals present include small dendrites of sphalerite 

(Fig. 13c) and isolated or composite grains of chalcopyrite, 

fischesserite  (Ag3AuSe2), galena, pyrite, and gold.

Electron microprobe analysis showed that the naumannite 

from Buckskin National contains 72.80 to 75.89 wt% Ag, 

21.21 to 24.60 wt% Se, and 1.74 to 2.29 wt% S (n = 14; ESM 

Fig. 1; ESM Table 2). Concentrations of up to 0.15 wt% Cu, 

0.22% Hg, and 0.41 wt% Pb were recorded (ESM Table 2). 

The gold at Buckskin National has a millesimal fineness of 

523 to 822, averaging 571 (n = 30; Fig. 5; ESM Table 1).

One naumannite dendrite treated with HF shows the com-

plex, multi-branching morphology (Fig. 14a, b) that is con-

sistent with the observations in thin sections. At high mag-

nification, the etched naumannite dendrite shows variable 

surface characteristics ranging from smooth and rounded to 

crystalline (Fig. 14 c, d).

Naumannite dendrites from Fire Creek

Crustiform veins at Fire Creek also contain silver-grey 

naumannite dendrites. The dendrites occur scattered along 

certain colloform quartz bands or form thick, ribbon-like 

bands that are almost exclusively composed of naumannite 

(Fig. 15). Dendrites have grown nearly perpendicular to the 

colloform bands and are 1–3 mm in size. The colloform 

quartz bands hosting the dendrites are distinctly white. 

Chemical mapping by µXRF shows that Au enrichment 

occurs in a narrow zone immediately below the base of the 

ribbon-like naumannite as well as in discrete grains toward 

the top of the naumannite dendrites. The distribution of Se 

mimics the one of Ag. The top of the naumannite zone is 

characterized by an enrichment in Cu and Zn (Fig. 15).

The naumannite dendrites in thin section are compara-

bly massive and not as delicate as those from the Buck-

skin National deposit (Fig. 16a). Individual branches can 

be recognized but are only up to 250 µm wide. More deli-

cate textures can be observed at the base of the nauman-

nite dendrites and the top of individual branches where the 

naumannite interfingers with the surrounding quartz matrix 

(Fig. 16a). The quartz matrix is rich in cavities and shows a 

mosaic texture under cross-polarized light. Similar to Buck-

skin National, the grain size and shape of the mosaic quartz 

mimics the characteristics of the precursor silica micro-

spheres at high magnification (Fig. 16b). However, clear 

euhedral quartz crystals also occur abundantly throughout 

the recrystallized quartz matrix, with quartz of both mor-

phologies being in contact with the naumannite. Individual 

euhedral quartz crystals are typically 20–30 µm in size and 

lack growth zoning defined by fluid inclusions (Fig. 16b). 

Pyrite, sphalerite, and gold are common and occur as dis-

crete inclusions or larger composite grains with the nauman-

nite. Parts of the naumannite dendrites as well as individual 

naumannite grains are encapsulated in calcite (Fig. 16c, d).

Electron microprobe analysis showed that the nau-

mannite from Fire Creek contain on average 72.71 

to 74.44 wt% Ag, 24.23 to 26.11 wt% Se, and 0.71 to 

0.88 wt% S (n = 20; ESM Fig. 1; ESM Table 2). The Te 

concentration of the naumannite ranges up to 0.30 wt% 

Fig. 11  Secondary electron 

images showing the morphol-

ogy of a gold dendrite from 

the Sleeper deposit in Nevada. 

a Surface of the gold dendrite 

displaying abundant dimples 

and small casts of microspheres 

or fused microspheres (arrows) 

dissolved during HF treat-

ment. In addition, some casts 

of quartz crystals are present. 

b High-magnification image 

of the surface of the gold 

showing a dendritic growth 

structure. c Dendrite branches 

with a distinct microtopography 

consisting of steps and terraces 

(arrow). d High-magnification 

image of the gold dendrite 

exhibiting a microtopography of 

steps and terraces (arrows)
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(ESM Table 2). Compositional analysis showed that gold 

at Fire Creek has a millesimal fineness of 428 to 779, 

averaging 624 (n = 65; Fig. 5; ESM Table 1).

A naumannite dendrite etched by HF shows textural 

characteristics consistent with those observed in thin 

section. The dendritic grain appears more massive with 

fewer delicate branches. Many of the smaller branches of 

the dendrite are crystalline and are composed of small 

intergrown naumannite grains (Fig. 17a, b). Casts of large 

euhedral quartz crystals dissolved during HF treatment 

are present in more massive naumannite (Fig. 17a–d).

Discussion

Colloform bands hosting ore mineral dendrites

In the low-sulfidation epithermal vein samples investi-

gated, ore mineral dendrites are located within specific 

colloform bands that have unique microtextural charac-

teristics. At McLaughlin and Sleeper, electrum dendrites 

are located in discrete bands that primarily contain gold, 

referred to as gankin bands by Tharalson et al. (2019). At 

Fig. 12  Sample photograph 

and corresponding Ag, Au, Cu, 

Se, and Zn maps of nauman-

nite dendrites in a crustiform 

vein sample from the Buckskin 

National deposit in Nevada. 

The elemental maps show that 

the naumannite dendrites are 

chemically zoned from bottom 

to top. The element maps were 

obtained by μXRF
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Fig. 13  Photomicrographs of ore mineral textures in crustiform veins 

from the Buckskin National deposit in Nevada. a Top of a large nau-

mannite dendrite located in quartz that shows a ghost-bladed texture. 

The backbones of three dendrite branches (arrows) are clearly visible. 

Plane polarized light. b Corresponding cross-polarized light image 

showing that the ghost-bladed quartz exhibits a mosaic texture. The 

grain size of the quartz is variable and generally smaller within and 

around the naumannite dendrite than in the surrounding matrix. c 

High-magnification image showing the contact relationship between 

the naumannite and the surrounding quartz matrix. The microcrystal-

line quartz in the colloform band presumably formed through recrys-

tallization of non-crystalline silica originally occurring as micro-

spheres. d Corresponding cross-polarized light image showing the 

mosaic texture of the quartz. Nau naumannite, Sp sphalerite

Fig. 14  Secondary electron 

images showing the morphol-

ogy of a naumannite dendrite 

from the Buckskin National 

deposit in Nevada. a Low-mag-

nification image showing the 

dendritic nature of the nauman-

nite. b Dendritic naumannite 

consisting of delicate branches. 

c Dendrite branch contain-

ing small naumannite crystals 

(arrows). d High-magnification 

image showing that some 

branches consist mostly of small 

naumannite crystals (arrows)
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Buckskin National and Fire Creek, naumannite dendrites 

are located in distinct light gray metallic bands, referred 

to as ginguro bands by previous workers (Takeuchi and 

Shikazono 1984; Shimizu et al. 1998; Leavitt et al. 2004; 

Saunders et al. 2008; Shimizu 2014). The mineralized 

bands are composed of relict microspherical silica or 

mosaic quartz that formed from a non-crystalline precur-

sor through a process of maturation and recrystallization.

Preserved 1–5 µm relict silica microspheres are common 

in the mineralized colloform bands in the samples from 

McLaughlin and Sleeper. In rare areas, they are still non-

crystalline as they are isotropic in cross-polarized light. 

Non-crystalline silica microspheres form sinters around hot 

springs (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) 

and scalings in geothermal power plants (Rothbaum et al. 

1979; Brown 2011; Meier et al. 2014; Zarrouk et al. 2014; 

Taksavasu et al. 2018; van den Heuvel et al. 2018). This 

microspherical form of non-crystalline silica is classified as 

opal-AG (Smith 1998).

Studies on silica sinters (Campbell et al. 2001, 2002; 

Lynne and Campbell 2004; Rodgers et al. 2004; Lynne 

et al. 2005, 2007; Jones 2021) and geothermal scales (Reyes 

et al. 2002; Raymond et al. 2005) have shown that opal-AG 

is thermodynamically unstable and matures and recrystal-

lizes over time. The maturation and recrystallization process 

involves the transformation of non-crystalline opal-AG into 

opal-CT, which in turn recrystallizes into opal-C and then 

into quartz. Relict microspheres can be petrographically 

Fig. 15  Sample photograph 

and corresponding Ag, Au, Cu, 

Se, and Zn maps of mineral-

ized bands in a crustiform vein 

sample from the Fire Creek 

deposit in Nevada. The element 

maps show that the band of den-

dritic naumannite is chemically 

zoned. The element maps were 

obtained by μXRF



Mineralium Deposita 

1 3

Fig. 16  Photomicrographs of ore mineral textures in crustiform 

veins from the Fire Creek deposit in Nevada. a Naumannite den-

drites located within a colloform quartz band. Plane polarized light. 

b High-magnification photomicrograph illustrating the contact rela-

tionships between the naumannite and the surrounding quartz matrix. 

Small euhedral quartz crystals occur. The microcrystalline quartz in 

the colloform band presumably formed through recrystallization of 

non-crystalline silica originally occurring as microspheres. Slightly 

cross-polarized light. c Colloform quartz band containing dendritic 

naumannite aggregates. Some of the naumannite grains are encapsu-

lated by calcite (arrow). Plane polarized light. d Corresponding cross-

polarized light photomicrograph showing that the colloform quartz 

band exhibits a fine mosaic texture. Calcite forms a halo around some 

of the naumannite grains (arrow). Nau naumannite

Fig. 17  Secondary electron 

images showing the morphol-

ogy of a naumannite dendrite 

from the Fire Creek deposit in 

Nevada. a Naumannite dendrite 

intergrown with sphalerite. 

More massive naumannite 

shows casts of quartz crystals 

(arrows) dissolved during HF 

treatment. b Delicate branch 

of the naumannite dendrite 

that consists of intergrown 

crystals, some of which show 

well-developed crystal faces. c 

Massive naumannite aggregate 

that shows casts of quartz crys-

tals (arrows) dissolved during 

HF treatment. d Casts of quartz 

crystals (arrows) dissolved dur-

ing the HF treatment within a 

massive naumannite aggregate. 

The naumannite is intergrown 

with minor pyrite. Py pyrite, Sp 

sphalerite
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identified in many of the mineralized bands at McLaugh-

lin and Sleeper. However, their original presence can only 

be inferred in the crustiform vein samples from Buckskin 

National and Fire Creek based on the grain size and equant 

shape of the mosaic quartz. The silica microspheres likely 

originally present have recrystallized to mosaic quartz hav-

ing interpenetrating grain boundaries as described by Lover-

ing (1972) and Dong et al. (1995).

It is proposed here that the colloform mineralized bands 

in the low-sulfidation epithermal vein samples formed by 

accumulation of microspheres of opal-AG, as previously sug-

gested by Sherlock and Lehrman (1995), Taksavasu et al. 

(2018), and Zeeck et al. (2021). The silica deposits could 

have varied in nature. Some of the microspherical mate-

rial may have formed spiculose or dendritic deposits resem-

bling spiculose silica sinters (Schinteie et al. 2007) or scales 

in geothermal wells (Hawkins et al. 2014; Mroczek et al. 

2017; van den Heuvel et al. 2018; Chambefort and Stefáns-

son 2020). The microspheres may also have formed gel-like 

masses that were highly permeable due to the amount of 

water present between the silica microspheres. Deforma-

tion textures such as rippled surfaces caused by hydrau-

lic shaping, or gravity-induced sagging, have been previ-

ously described from low-sulfidation epithermal deposits 

(Saunders 1990, 1994; Saunders et al. 2008, 2011; Unger 

2008; Aseto 2012; Shimizu 2014). As proposed by Saun-

ders (1990), these textures suggest that the colloform bands 

originally consisting of opal-AG may have been gel-like and 

yielding at the time of deposition, perhaps similar to gel-like 

silica covering wall-rock clasts blown to surface during the 

1989 hydrothermal eruption of Porkchop Geyser in Yellow-

stone (Fournier et al. 1991; Keith 1992).

Formation of ore mineral dendrites

The textural observations suggest that ore mineral dendrite 

growth is closely linked to the formation and deposition of 

microspherical silica. Chemical mapping using µXRF com-

bined with high-resolution optical microscopy demonstrated 

that the ore minerals are only present in specific bands 

and only occur in bands that contain silica microspheres 

or their recrystallized equivalents. Ore-bearing colloform 

bands alternate with colloform bands that are barren and 

commonly show a chalcedonic microtexture, as previously 

noted by Zeeck et al. (2021). Two different models have been 

previously proposed explaining how ore mineral dendrites 

form in mineralized colloform silica bands in low-sulfidation 

epithermal deposits (Saunders 1990; Monecke et al. 2023). 

Both models differ with respect to the timing relationships 

between the ore minerals and the surrounding silica host.

Saunders (1990) originally proposed that electrum 

dendrites contained in low-sulfidation epithermal veins at 

Sleeper grew from colloids transported by the hydrothermal 

liquids. He envisaged that colloids were formed in the deeper 

parts of the hydrothermal system, perhaps as a result of boil-

ing. The colloids were then mechanically transported by the 

hydrothermal liquid and grew through physical aggregation 

during upflow of the hydrothermal liquids from the deep 

reservoir (Saunders 1990; Saunders and Schoenly 1995b). 

The gold particles would have been deposited through den-

sity accumulation where fluid velocity decreased in wider 

parts of open fractures, or through scavenging of gold from 

the liquid by charged surfaces at the interface between gold 

deposited on the wall of the vein and the hydrothermal liquid 

(Saunders 1990). The model proposed by Saunders (1990) 

assumes that gold dendrites grew contemporaneously with 

the deposition of the silica host (Fig. 18), with the silica 

microspheres providing the structural support for the grow-

ing dendrites. Saunders et al. (2011) suggested that colloidal 

transport is not restricted to gold and that naumannite den-

drites in low-sulfidation epithermal veins may have formed 

by similar processes.

Primary textural relationships observed in the opaline 

vein samples from McLaughlin support an alternative 

hypothesis whereby ore mineral growth occurred entirely 

within the bands of opal-AG microspheres and not at the 

interface between the microspherical opal-AG host and the 

hydrothermal liquid in the vein (Monecke et al. 2023). In 

this case, dendrite growth within the silica host would have 

occurred by diffusion or advection of metals from the liquid 

flowing through the vein above the surface of the layer of 

microspheres. Monecke et al. (2023) suggested that the host 

silica bands would have been permeable enough to allow 

chemical exchange between the interstitial liquid within the 

microspherical opal-AG and the hydrothermal liquid within 

the central vein opening.

Saunders and Schoenly (1995a) studied the fractal dimen-

sions of electrum dendrites from the National and Sleeper 

deposits in Nevada. They showed that the morphology and 

fractal nature of these dendrites could be best explained by 

a rapid diffusion-limited process. The textural observations 

of this study are consistent with a model of dendrite growth 

whereby crystal growth is diffusion-limited as the dendrite 

shapes resemble Brownian trees (Witten and Sander 1981). 

Given the low concentrations of metals in hydrothermal liq-

uids (Simmons and Brown 2007), growth of the dendrites 

requires replenishment of the liquid at the site of mineral 

formation over the duration of crystal growth. In the case 

Fig. 18  Endmember models for electrum dendrite growth in low-

sulfidation epithermal deposits. Saunders (1990) proposed that elec-

trum dendrites grow from colloids transported by the hydrothermal 

liquids. The model assumes that the gold dendrites grow contempo-

raneously with the deposition of the silica host along the vein walls. 

The model by Monecke et al. (2023) suggests that electrum dendrites 

grow within a previously formed silica matrix below the surface of 

the microspherical host. Gold could be transported in solution

◂
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of the samples from Sleeper, it is striking that the electrum 

dendrites form small, periodically spaced domes or mounds 

within the microspherical host. Similarly, the large nauman-

nite dendrites studied from the Buckskin National deposit 

are relatively equally spaced along the vein and several large 

dendrites are stacked on top of each other. A diffusion-lim-

ited process growth mechanism could explain the spacing 

between the dendrites that ultimately grew large enough to 

be macroscopically visible.

Monecke et al. (2023) proposed that the ore mineral den-

drites in the opaline vein samples at McLaughlin formed 

within gel-like bands of opal-AG, with the microspherical 

silica providing a framework for the delicate growth of the 

ore minerals (Fig. 18). This is analogous to crystal synthesis 

in silica gels. Experimental studies have long made use of 

silica gel as a medium for the growth of crystals at labora-

tory conditions (Holmes 1917; Fisher and Simons 1926). In 

these experiments, a feed solution is poured over a layer of 

silica gel. Downward diffusion of nutrients from the over-

head feed solution causes the growth of the crystals in the 

chemically inert gel matrix which provides a three-dimen-

sional structure in which the crystals grow and are held in 

position of their formation. Within days, crystals can be syn-

thesized that range from millimeters to centimeters in size. A 

wide range of materials have been grown this way, including 

cadmium oxalate hydrate (Raj et al. 2008), calcium carbon-

ate (McCauley and Roy 1974), copper (Holmes 1917), gold 

(Holmes 1917; Muzikář et al. 2006), lanthanum tartrate 

(Kotru et al. 1986), lead iodide (Holmes 1917; Fisher and 

Simons 1926), lead sulfide (Brenner et al. 1966), mercury 

iodide (Holmes 1917), silver dichromate (Holmes 1917), 

silver iodite (Halberstadt 1967), and silver sulfate (Holmes 

1917). The growth experiments yield single crystals or poly-

crystalline aggregates closely resembling those observed in 

the vein material investigated in this study, ranging from 

skeletal to dendritic.

The crystal growth experiments show that the control 

on nucleation of crystals in the gel is of great importance 

because the growing crystals compete with one another 

for reactants and competition reduces the size and perfec-

tion of the synthesized crystals (Brenner et al. 1966; Raj 

et al. 2008). The relative amount of nucleation sites can be 

controlled by adding the overhead solution after variable 

times of silica gel maturation. In general, the nucleation rate 

decreases as the age of the gel is increased prior to placing 

the overhead solution on top of the gel (Raj et al. 2008). This 

is related to a reduction of the pore size of the gel during 

maturation, which reduces diffusion of the upper reactants 

through the gel. The density of the gel has a substantial influ-

ence on the morphology of the crystals grown, with skeletal 

and dendritic morphologies tending to form at increased 

gel density. This indicates that diffusion-limited crystal 

growth dominates in the gel media. Diffusion is relatively 

predominant for the transformation process of the solutes 

as the viscous nature of the silica gel suppresses convection 

(Oaki and Imai 2003).

The experimental studies establish that ore mineral den-

drites growth within silica gels accumulated along vein walls 

is a viable process occurring in low-sulfidation epithermal 

deposits, particularly for thick accumulations of micro-

spheres containing small ore mineral dendrites. However, 

growth of ore mineral dendrites contemporaneously with 

the accumulation of silica microspheres might be likely 

where only limited amounts of silica are deposited from 

the hydrothermal fluids, as originally envisaged by Saun-

ders (1990). The large ore mineral dendrites in the crusti-

form vein samples from the four low-sulfidation epithermal 

deposits studied here may have formed as the microspheri-

cal opal-AG host was accumulating as they do not occur in 

the thick layers of microspherical silica and may not have 

formed entirely below the surface of the microspherical host.

Textural changes resulting from maturation 
and recrystallization

Petrographic investigations suggest that three main types of 

quartz vein textures can be encountered in low-sulfidation 

epithermal deposits (Bobis 1994; Dong et al. 1995; Etoh 

et al. 2002; Moncada et al. 2012). This includes primary 

textures formed through growth of quartz crystals into open 

space or direct precipitation of silica from the hydrother-

mal liquids, replacement textures originating from partial 

or complete replacement of earlier formed gangue miner-

als such as calcite and adularia by quartz, and maturation 

and recrystallization textures resulting from the transition 

of a metastable silica precursor to thermodynamically stable 

quartz.

The vein samples from the four low-sulfidation epither-

mal deposits exhibit a wide range of maturation and recrys-

tallization textures. In samples from McLaughlin, Monecke 

et al. (2023) showed how doubly terminated quartz crys-

tals have grown within the opal-AG matrix as a result of 

the transformation of non-crystalline opal-AG to quartz, 

which commenced with the development of the concen-

trically banded silica spheres. When these small euhedral 

crystals occur in abundance, they competed for space form-

ing aggregates of quartz typified by interpenetrating grain 

boundaries, yielding the mosaic texture described by Lover-

ing (1972) and Dong et al. (1995). This texture character-

ized by anhedral to euhedral quartz grains having irregular 

and interpenetrating grain boundaries appears to be the most 

common result of the maturation and recrystallization of 

the non-crystalline silica precursor, as it is recognized in 

all four deposits studied. In samples where all opal-AG is 

matured and recrystallized to quartz, grain size variations in 

the mosaic quartz define former colloform banding.
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With the development of the mosaic texture through mat-

uration and recrystallization, the original textural relation-

ships between the ore minerals and the silica host are modi-

fied. In recrystallized colloform bands characterized by the 

presence of mosaic quartz, the ore minerals commonly are 

located in vugs that are lined by the fine-grained euhedral 

quartz crystals. These euhedral quartz crystals have formed 

after the ore minerals during maturation and recrystalliza-

tion of the opal-AG matrix (Zeeck et al. 2021; Monecke et al. 

2023). The etched ore mineral dendrites from the four depos-

its studied exhibit abundant casts of these euhedral quartz 

crystals.

The maturation and recrystallization of the non-crystal-

line silica host also appears to have resulted in changes to 

the appearance and distribution of the ore minerals. In some 

areas, ore mineral grains are randomly distributed through-

out the formerly microspherical silica matrix. In other areas 

where mosaic quartz is present, ore mineral grains occur 

preferentially along the interpenetrating grain boundaries of 

the mosaic quartz or are encapsulated within the quartz. This 

suggests that maturation and recrystallization of the matrix 

could have been accompanied by small-scale redistribution 

of the ore minerals. A progression in the textural appearance 

of gold was observed in the sample from Sleeper. While 

some of the delicate gold dendrites are present in formerly 

microspherical silica bands, coarser gold aggregates and 

patches are present in bands where abundant small euhedral 

quartz crystals are present along the contacts between the 

silica host and the gold. The maturation and recrystallization 

of the matrix appear to have resulted in grain coarsening and 

morphological changes of the gold.

At Sleeper, the degree of maturation and recrystallization 

of the non-crystalline silica precursor often varies between 

adjacent colloform bands. While some of the bands contain 

preserved relict silica microspheres that are still isotropic, 

adjacent bands are entirely composed of mosaic quartz. 

These variations on the sample scale may suggest that the 

maturation and recrystallization of opal-AG originally con-

tained in the colloform bands commenced at hydrothermal 

conditions immediately following silica deposition. Depend-

ing on kinetic factors, different microspherical bands may 

have matured and recrystallized to different degrees, which 

may also account for the variations in grain size in the 

mosaic quartz. Laboratory investigations demonstrate that 

the maturation of non-crystalline silica to quartz can take 

place within as little as days to months under hydrothermal 

conditions (Ernst and Calvert 1969; Bettermann and Liebau 

1975; Oehler 1976).

Flashing of hydrothermal liquids

The presence of abundant colloform bands of relict silica 

microspheres or of mosaic quartz formed through maturation 

and recrystallization in the vein samples from the four 

low-sulfidation epithermal deposits studied suggests that 

the hydrothermal liquids forming these veins periodically 

reached saturation with respect to opal-A. In the epithermal 

environment, saturation of opal-A in hydrothermal liquids 

can be achieved due to vapor loss associated with vigorous 

boiling of the hydrothermal liquids, which is referred to as 

flashing (Saunders 1990, 1994; Moncada et al. 2012; Saun-

ders and Burke 2017; Taksavasu et al. 2018; Zeeck et al. 

2021).

The textural evidence observed here suggests that the 

ore mineral dendrites grew during deposition of the opal-

AG matrix or immediately after the deposition of the non-

crystalline silica microspheres along the vein walls while 

the opal-AG was still highly permeable. Ore mineral for-

mation appears to be directly linked to the occurrence of 

the short-lived flashing events. Vapor loss from the hydro-

thermal liquid during flashing would represent an effective 

metal deposition mechanism as dissolved  H2S is lost into 

the vapor phase causing supersaturation of dissolved metals 

in the hydrothermal liquid (Weissberg 1969; Brown 1986; 

Krupp and Seward 1987; Christenson and Hayba 1995; Sim-

mons and Browne 2000).

Thermodynamic modeling by Christenson and Hayba 

(1995) suggested that the degree of vaporization is a key 

control on ore mineral formation. Modeling of isothermal 

vapor loss from a hydrothermal liquid at 230 °C showed that 

sphalerite and pyrite precipitation commences with the onset 

of vaporization of the hydrothermal liquid. Sphalerite is sta-

ble throughout the process of vaporization whereas pyrite 

is replaced by chalcopyrite at ~ 3 wt% vapor loss. Galena 

saturates at ~ 3 wt% vapor loss and continues to precipitate 

throughout the process of vapor generation. Gold precipita-

tion starts at ~ 6 wt% vapor loss and continues to ~ 90 wt% 

vapor loss, with peak precipitation occurring at ~ 10 wt% 

vapor loss.

The Christenson and Hayba (1995) thermodynamic 

model conceptually explains why different colloform silica 

bands in the samples contain different ore minerals and why 

ore mineral dendrites are mineralogically zoned from bottom 

to top. The degree of vapor loss from the liquid may have 

been different for ore minerals forming at different times in 

successive silica bands, potentially explaining why the min-

eralized bands vary in metal associations within individual 

hand specimens. Similarly, the degree of vapor loss may 

have changed over time as dendrites were growing in indi-

vidual bands, explaining the observation that the dendrites 

changed in composition during growth.

Exploration implications

One of the key implications of this study is that the forma-

tion of bonanza-type ore zones in low-sulfidation epithermal 
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deposits can be linked to the occurrence of fluid flashing. 

Fluid flashing represents the most likely explanation for the 

formation of the microspherical silica hosting the ore miner-

als and likely also caused ore mineral formation (Christen-

son and Hayba 1995). Short-lived fluid flashing events are 

common in geothermal systems, being typically triggered by 

seismic activity (Rowland and Simmons 2012). At surface, 

these events are manifested by hydrothermal eruptions and 

the formation of craters that range from tens to hundreds of 

meters in diameter and are surrounded by low-relief walls 

formed by excavation of host rocks during the eruption 

(Muffler et al. 1971; Nairn and Wiradiradja 1980; Heden-

quist and Henley 1985; Marini et al. 1993).

This study also casts doubt on previous models assum-

ing that mineralization has to occur at a particular depth 

below the paleosurface. Mineral precipitation will occur in 

the deeper subsurface in the region of two-phase liquid and 

vapor flow; however, pressure conditions along the struc-

ture controlling the upflow of the liquids may be variable 

during hydrothermal eruptions. As more and more vapor 

is produced during the onset of the eruption, pressure in 

the structure drops from hydrostatic to vaporstatic in the 

upper part of the structure, and the lower pressure regime 

migrates downward as liquid flashes to vapor at depth and 

within the surrounding wall rock (Henley and Hughes 2000). 

As a result, two-phase flow and associated ore deposition 

may occur over a substantial vertical depth interval, with the 

nature and permeability of the controlling structure deter-

mining to which depth flashing occurs. The maximum depth 

to which mineralization below the paleosurface is formed is 

difficult to predict. Ore grade metal enrichment may exist at 

greater depths in some systems that flashed when compared 

to systems that simply cooled or perhaps experienced only 

gentle boiling.

Conclusions

Ore mineral dendrites present in bonanza-type ore samples 

from four low-sulfidation epithermal deposits were inves-

tigated to better constrain the processes of metal enrich-

ment in this deposit type. The ore mineral aggregates have 

complex multi-branching morphologies and are present in 

specific types of colloform bands that were originally com-

posed of non-crystalline opal-AG microspheres. The textural 

evidence suggests that the dendrites grew contemporane-

ously with the accumulation of the opal-AG microspheres or 

formed after but within the still permeable, gel-like opal-AG 

bands. The deposition of the ore mineral dendrites and the 

silica microspheres can be linked to the occurrence of two-

phase flow conditions within the veins following short-lived 

events of fluid flashing. The observations of this study lend 

strong support to models emphasizing the importance of 

seismically triggered events of flashing in shallow hydro-

thermal systems as a mechanism for vein formation and ore 

deposition.
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