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A B S T R A C T   

High-grade ores in low-sul昀椀dation epithermal deposits commonly consist of banded veins containing quartz as 
the most abundant gangue mineral. Previous studies suggested that at least some of the quartz has formed as a 
product of recrystallization from a noncrystalline silica precursor. Detailed petrographic studies con昀椀rm that 
high-grade veins from the <2.2 Ma McLaughlin deposit in California were originally entirely composed of opal- 
AG. The noncrystalline silica is isotropic in crossed-polarized light and consists of compacted microspheres that 
are up to several micrometers in size. In many bands of the high-grade veins, the thermodynamically unstable 
opal-AG has matured to quartz. The recrystallization of the noncrystalline silica resulted in the development of 
quartz and ore textures that mask the original conditions of vein formation. Incipient recrystallization of the 
opal-AG caused the formation of lepispheres consisting of opal-CT as well as the development of concentrically 
banded silica spheres. Continued maturation led to the growth of elongated quartz crystals or complexly shaped 
quartz aggregates in the cores of the concentrically banded silica spheres. Amalgamation of quartz crystals 
caused the development of mosaic quartz or 昀氀amboyant quartz. Ripening produced large prismatic quartz 
crystals, which are characterized by zones of feathery appearance. Fluid inclusions within the quartz formed 
through recrystallization are typically highly irregular in shape and show inconsistent liquid-to-vapor volumetric 
proportions, but assemblages with consistent ratios are also present. Bands rich in 昀氀uid inclusions occurring 
along former recrystallization fronts in prismatic quartz crystals resemble growth zones in zonal quartz. 
Recrystallization of the silica matrix resulted in grain coarsening of the ore minerals and encapsulation of ore 
minerals by quartz. In areas where recrystallization of the noncrystalline silica proceeded to completeness, the 
quartz textures could be easily misinterpreted to indicate that quartz growth occurred in open space with the ore 
minerals in昀椀lling vug spaces. Correct recognition of recrystallization textures has signi昀椀cant implications for 
paragenetic investigations on vein material from epithermal deposits as well as the design of 昀氀uid inclusion 
studies.   

1. Introduction 

Low-sul昀椀dation epithermal deposits are a signi昀椀cant source of gold 
(Lipson, 2014). The deposits form within hundreds of meters from the 
paleosurface from hydrothermal liquids having temperatures of up to 
250 çC. The ore-forming liquids are dilute aqueous solutions with low 
(<2 mol %) CO2 contents (Hedenquist et al., 2000; Simmons et al., 

2005). In many low-sul昀椀dation epithermal deposits, precious metal 
enrichment is con昀椀ned to banded quartz veins that have formed along 
faults that control the up昀氀ow of the hydrothermal liquids to the surface 
(Rowland and Simmons, 2012). Ore minerals are hosted in certain bands 
within the veins suggesting that the deposition of metals occurred 
intermittently during vein formation (Hedenquist et al., 2000; Sane-
matsu et al., 2006; Shimizu, 2014; Tharalson et al., 2019, 2023; Zeeck 
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et al., 2021). Deposition of the ore minerals in these bands is widely 
attributed to metal supersaturation associated with vapor loss from the 
ascending hydrothermal liquids (Drummond and Ohmoto, 1985; Brown, 
1986; Christenson and Hayba, 1995; Simmons and Browne, 2000; 
Taksavasu et al., 2018; Tharalson et al., 2019, 2023; Zeeck et al., 2021). 

In contrast to banded quartz veins in low-sul昀椀dation epithermal 
deposits, scales in active geothermal systems are composed of opal-AG, 
which is a noncrystalline silica phase consisting of microspheres that 
range up to several micrometers in diameter (cf. Smith, 1998). Scales 
composed of this noncrystalline silica phase occur within production 
wells (Henley and Brown, 1985; Brown, 2011; Chambefort and 
Stefánsson, 2020) and geothermal surface installations (Reyes et al., 
2002; Smith et al., 2003; Raymond et al., 2005; Taksavasu et al., 2018; 
van den Heuvel et al., 2018). The difference in mineralogical composi-
tion between banded veins in epithermal deposits and scales in 
geothermal wells may be explained by the fact that opal-AG is thermo-
dynamically unstable and recrystallizes to quartz over time (Herdianita 

et al., 2000; Campbell et al., 2001; Lynne and Campbell, 2004; Lynne 
et al., 2005; Rodgers et al., 2004). 

Dong et al. (1995) proposed that recrystallization of a noncrystalline 
silica precursor results in the development of distinct quartz textures. 
Following the original suggestion of Lovering (1972), Dong et al. (1995) 
hypothesized that mosaic quartz, which is microcrystalline quartz 
characterized by highly irregular and interpenetrating grain boundaries, 
is such a product of recrystallization. Mosaic quartz is one of the most 
common quartz textures in epithermal deposits of diverse ages (Saun-
ders, 1990, 1994; Scott and Watanabe, 1998; Dong et al., 1995; Mon-
cada et al., 2012; Taksavasu et al., 2018; Tharalson et al., 2019, 2023; 
Zeeck et al., 2021). Furthermore, Sander and Black (1988) and Dong 
et al. (1995) speculated that 昀氀amboyant quartz is also a recrystallization 
texture and does not form through precipitation of quartz in open space. 

This contribution focuses on the petrographic study of opaline vein 
material from McLaughlin in California, which is an unusually well- 
preserved low-sul昀椀dation epithermal deposit that has not been 

Fig. 1. Geologic setting of the McLaughlin deposit in the Clear Lake area of California. Modi昀椀ed from Sherlock (2005).  
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subjected to tectonic or metamorphic overprint (Sherlock et al., 1995). 
Opaline veins from McLaughlin still contain relict microspherical opal- 
AG (Monecke et al., 2023; Tharalson et al., 2023), which has only 
partially recrystallized to quartz, allowing the identi昀椀cation and study 
of the textures associated with this transformation. It is shown here that 
the recrystallization of noncrystalline silica can result in complex 
textural relationships, which can be easily misinterpreted to indicate 
that mineral deposition occurred in open space. Accurate interpretation 
of the textural relationships has signi昀椀cant implications for paragenetic 
studies as well as 昀氀uid inclusion investigations of epithermal deposits. 

2. Geology 

In 1978, Homestake Mining Company discovered the McLaughlin 
deposit, which is located ~120 km north of San Francisco in the Clear 
Lake area in California (Fig. 1). Open pit mining was conducted from 

1983 to 1996 at an average grade of 4.49 g per metric ton Au (Sherlock 
and Lehrman, 1995; Sherlock et al., 1995). Prior to mining, the total 
resource of the deposit was calculated at 3.5 million ounces of Au con-
tained within 24.3 million tonnes of ore (Sherlock and Lehrman, 1995). 
Precious metals enrichment occurred from the surface to a depth of 
~350 m (Sherlock et al., 1995). 

The Pleistocene (<2.2 Ma; Lehrman, 1986) McLaughlin low- 
sul昀椀dation epithermal deposit is located along the moderately north-
east dipping Stoney Creek fault, which separates serpentinized ultra-
ma昀椀c and ma昀椀c rocks of the Middle Jurassic Coast Range ophiolite in 
the southwest from hangingwall mudstone of the Late Jurassic to Early 
Cretaceous Great Valley sequence to the northeast (Tosdal et al., 1993). 
The main ore body comprised a pipe-like sheeted vein complex formed 
in a dilatant zone between basalts and a mélange of sedimentary rocks 
and serpentinite (Fig. 2). The sheeted vein complex is up to 100 m in 
width and is composed of centimeter to meters wide, crosscutting 

Fig. 2. Cross-section through the sheeted vein complex at the McLaughlin deposit. Modi昀椀ed from Sherlock et al. (1995).  
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opaline veins (Fig. 3a; Tosdal et al., 1993; Sherlock et al., 1995). The 
opaline veins locally contain large gold dendrites hosted by 昀椀ne-grained 
silica (Fig. 3b). The sheeted vein zone is capped by a siliceous sinter 
terrace containing interbedded hydrothermal eruption breccia (Fig. 2; 
Lehrman, 1986). 

3. Materials and methods 

Detailed 昀椀eldwork was performed at McLaughlin to constrain the 
geology of the deposit and to allow representative sampling of high- 
grade ores (Sherlock et al., 1995). Opaline vein material investigated 
in this study was collected from the 1560 S vein. Hand specimen images 
and chemical maps of the sample material are given by Tharalson et al. 
(2023). 

Following preparation of multiple thin (35–45 μm) sections from the 
vein material, petrographic investigations in both transmitted and re-
昀氀ected light were conducted using an Olympus BX53 optical micro-
scope. Inspection of the sections under ultraviolet light was performed 
on the optical microscope using a high-pressure mercury lamp with 
excitation 昀椀ltration wavelengths of 330–380 nm. Optical cath-
odoluminescence microscopy on carbon-coated thin section was con-
ducted using a HC5-LM hot cathode CL microscope by Lumic Special 
Microscopes, Germany. The instrument was operated at 14 kV and a 

current density of ~10 µA mm−2 (Neuser, 1995). Images were captured 
with a Teledyne Lumenera In昀椀nity 5–5 digital camera. 

Raman spectra on texturally distinct phases were collected using a 
Horiba LabRAM HR Evolution spectrometer equipped with a 532 nm 
frequency-doubled Nd:YAG laser (Laser Quantum, Torus 532 +

mpc3000) coupled to an Olympus BXFM optical microscope. The laser 
beam was focused through a 100x objective lens and operated at a 100 % 
laser power. A 600 lines/mm grating was used. Spectra were collected 
from 100 to 1500 cm−1 using a Si-based CCD detector (1024 × 256 
pixels). The spectrometer was calibrated using the 520 cm−1 Raman 
peak of Si prior to analysis. 

4. Results 

4.1. Noncrystalline silica matrix 

Ore minerals in the opaline vein material from McLaughlin are 
hosted by silica bands that are light tan to amber in color (Fig. 4a, b). 
The silica bands have variable thicknesses and often exhibit botryoidal 
and wavy surfaces. The silica bands hosting the ore minerals are 
composed of relict microspheres that are round and range from 1–5 µm 
in size (Fig. 4b, c). Cavities between the relict microspheres have sickle- 
like shapes. Variations in packing density of the relict microspheres 
appear to result in distinct colors of the opaline bands (Fig. 4a, b). The 
relict microspheres are isotropic in crossed-polarized light (Fig. 4a, b). 
Raman spectroscopy did not yield descernable peaks due to the strong 
background luminescence (Fig. 5). Under ultraviolet light excitation, the 
isotropic silica shows a blue and orange luminescence (Fig. 5c). Based on 
the isotropic nature and the microspherical texture, the noncrystalline 
silica forming the opaline bands is classi昀椀ed as opal-AG (cf. Smith, 
1998). 

4.2. Incipient recrystallization 

The silica in the opaline veins has undergone partial recrystallization 
in some of the opaline bands. In crossed-polarized light, the silica matrix 
in these areas is only partly isotropic. High magni昀椀cation microscopy 
shows that the relict microspheres vary from spherical with smooth 
surfaces to spherical or non-spherical consisting of small blade-shaped 
crystals (Fig. 4c). Based on the textural characteristics, these bladed 
lepispheres (cf. Wise and Kelts, 1972) consist of opal-CT as shown by 
Campbell et al. (2001), Lynne and Campbell (2004), Rodgers et al. 
(2004), Lynne et al. (2005), and Jones (2021). 

In many of the opaline bands, incipient recrystallization has resulted 
in the formation of concentrically banded silica spheres or ovoids, which 
have a heterogeneous turbid appearance (Fig. 4d). Variations in color 
between adjacent bands are commonly pronounced in these silica 
spheres. When near one another, the silica spheres become amalgam-
ated. The concentrically banded silica spheres are isotropic in crossed- 
polarized light and show luminescence under ultraviolet light (Fig. 5b, 
c). The absence of discernable Raman peaks (Fig. 5d) and the strong 
background luminescence may indicate that the concentrically banded 
silica spheres are still primarily composed of noncrystalline silica. At 
high magni昀椀cation, bladed lepispheres can be observed in the concen-
trically banded silica spheres, suggesting that incipient recrystallization 
has resulted in the formation of opal-CT. 

4.3. Elongated quartz crystals and quartz aggregates 

The concentrically banded silica spheres and ovoids may contain 
elongated quartz crystals that range up to ~50 μm in length (Fig. 6a). At 
low magni昀椀cation, the quartz crystals appear to be doubly terminated. 
However, at high magni昀椀cation it is apparent that the elongated shapes 
are commonly caused by intergrowth of several smaller quartz crystal-
lites of similar orientation (Fig. 6a). The elongated quartz crystals show 
well-de昀椀ned Raman spectra (Fig. 5d). Where the orientation of the 

Fig. 3. Opaline veins at the McLaughlin deposit. a Multiple generations of 
cross-cutting veins from the sheeted vein complex. The outcrop image origi-
nates from the 1800 level, which is ~60 m below the paleosurface. b Coarse 
gold dendrite (arrow) hosted by an opaline matrix. The hand specimen was 
collected on the 1600 bench of the sheeted vein complex, which is ~120 m 
below the paleosurface. Image modi昀椀ed from Sherlock and Lehrman (1995). 
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intergrown quartz crystallites differ, more complexly shaped quartz 
aggregates are formed (Fig. 6b). In these aggregates, quartz crystallites 
with subhedral terminations point towards the opaline matrix (Fig. 6b). 
The texture resembles a row of teeth and is thus referred to as dentine 
texture in this contribution. In contrast to the elongated quartz crystals, 
the complexly shaped quartz aggregates are not always surrounded by 
concentrically banded silica. 

4.4. Mosaic quartz 

The packing density of elongated quartz crystals is variable and 
commonly individual crystals in the matrix are randomly oriented. With 
further maturation, clusters of intergrown quartz crystals occur (Fig. 6c, 
d). The clusters of quartz crystals exhibit a jigsaw-like geometry with 
interpenetrating grain boundaries. In crossed-polarized light (Fig. 6d), 
these clusters show a mosaic extinction pattern as described by Lovering 
(1972) and Dong et al. (1995). Depending on the degree of recrystalli-
zation, the mosaic quartz can be massive or contain small areas of relict 
microspheres and lepispheres between the newly grown quartz crystals 
(Fig. 6a, b). 

4.5. Flamboyant quartz 

Recrystallization of the noncrystalline silica matrix also resulted in 
the development of 昀氀amboyant quartz aggregates (Fig. 7). An entire 
progression of textures can be observed from the small complexly 

shaped quartz aggregates to circular or oval 昀氀amboyant quartz (Fig. 7a, 
b). The cores of the 昀氀amboyant aggregates are typically rich in in-
clusions and cloudy (Fig. 7c), but the inclusions can also be arranged 
into radial patterns (Fig. 7b, c). The inclusions are commonly void 
spaces and appear dark in plane-polarized light. The 昀氀amboyant quartz 
shows a radial extinction pattern in crossed-polarized light (Fig. 7d). The 
outer margins of the quartz aggregates are irregular or frayed, in many 
cases forming a dentine texture (Fig. 7c). The density of the 昀氀amboyant 
quartz aggregates is variable. In some opaline bands, these circular to 
oval quartz aggregates are suspended in the matrix or only locally 
impinge on each other (Fig. 7b). Where the quartz aggregates are fully 
amalgamated, mosaic textures may develop. The boundaries between 
the individual 昀氀amboyant quartz aggregates are interpenetrating 
(Fig. 7e, f). 

4.6. Prismatic quartz crystals 

In some cases, recrystallization of the noncrystalline silica matrix has 
resulted in the formation of coarse-grained, prismatic quartz crystals. 
The prismatic quartz frequently forms vein-like zones (Fig. 8a, b) that 
may occur at high angles to the original banding of the crustiform veins. 
A progression can be observed from individual 昀氀amboyant quartz grains 
forming within bands of noncrystalline silica to bands of 昀氀amboyant 
quartz grains that have amalgamated (Fig. 8a–d). Continued ripening 
results in the transformation of 昀氀amboyant quartz to prismatic crystals. 
The largest and most mature prismatic crystals occur in the center of the 

Fig. 4. Noncrystalline silica and incipient recrystallization textures in opaline vein material from the McLaughlin deposit, California. a Opaline silica band hosting 
delicate sphalerite dendrites that are oriented perpendicular to the botryoidal surfaces. Adjacent opaline bands vary in color. The groundmass of the opaline silica 
bands is isotropic in crossed-polarized light suggesting that recrystallization of the opaline matrix is limited. b Opaline silica band composed of relict microspheres 
that hosts a delicate native gold dendrite and a euhedral pyrargyrite crystal. The groundmass has undergone incipient recrystallization as suggested by the presence 
of small concentrically banded silica spheres. c High-magni昀椀cation image of the opaline silica. Relict microspheres (arrow) can be clearly identi昀椀ed. The bladed 
surfaces (arrow in inset) of some of these microspheres suggest that maturation of the originally noncrystalline opal-AG to opal-CT has already occurred. 
d Concentrically banded silica spheres and ovoids suspended in the microspherical matrix. Some of the spheres contain quartz crystals in their cores (arrow). The 
textural relationships suggest that the concentrically banded silica spheres formed during incipient recrystallization of the matrix and postdate the growth of the 
sphalerite dendrites. All images are plane-polarized light. Abbreviations: Au = native gold, Pyg = pyrargyrite, Sp = sphalerite. 
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vein-like zones whereas smaller grains are present along recrystalliza-
tion fronts in contact with the opaline matrix (Fig. 8a, b, e, f). Dentine 
textures suggest that growth of the small quartz crystals along the 
margins of the vein-like zones occurred outward into the noncrystalline 
matrix. The degree of maturation and the relative age of the quartz, 
therefore, decreases from the middle of these vein-like zones outward 
toward the edges, which is opposite to relationships typically inferred 
for epithermal veins. 

In some cases, the prismatic quartz formed through recrystallization 
of the noncrystalline silica precursor form vein-like zones consisting of 
groups of parallel or subparallel crystals that are oriented perpendicular 
to the banding of the crustiform veins, resembling the comb texture 
described by Dong et al. (1995). However, similar to recrystallization of 
昀氀amboyant quartz, these groups of parallel to subparallel quartz crystals 
did not form in open space (Fig. 9). A sequence of different recrystalli-
zation textures is observed. Initially, groups of parallel aligned elon-
gated quartz crystals that are up to ~50 μm in size are formed within the 
microspherical matrix (Fig. 9a). Continued maturation results in amal-
gamation of the elongated crystals forming narrow, vein-like zones in 
which crystals have similar orientations, as well as the development of 

the dentine texture in which quartz crystals on both sides of the vein-like 
zones point away from the center toward the noncrystalline matrix 
(Fig. 9b). Zones of larger prismatic crystals form during continued 
maturation, with the crystals being parallel or subparallel (Fig. 9c). In 
some zones of recrystallization, large prismatic crystals are present that 
have euhedral crystal terminations (Fig. 9d). 

Prismatic quartz crystals show several characteristics that are 
inconsistent with growth in open spaces (Fig. 10). Individual crystals 
appear to have competed for space during recrystallization from the 
noncrystalline matrix (Fig. 10a, b). Optical cathodoluminescence shows 
that the large prismatic grains show well-developed zoning patterns, 
with individual zones ranging from yellow to purple in color (Fig. 10b). 
The cathodoluminescence emission is short-lived. The colors of the 
quartz change to dull brown following ~60 s of electron bombardment. 
The internal zoning patterns are complex. Oscillatory zoning and sector 
zoning are most pronounced. Individual oscillatory zones are commonly 
kinked or wavy in nature (Fig. 10b), suggesting that they formed during 
recrystallization from the noncrystalline silica and are not growth zones 
that developed in quartz crystals grown in open space. Oscillatory zones 
can be traced across multiple adjacent quartz crystals that have slightly 

Fig. 5. Partially recrystallized silica matrix in opaline vein material from the McLaughlin deposit, California. a Elongated quartz crystals in noncrystalline silica 
matrix composed of relict microspheres. The quartz crystals are surrounded by concentrically banded silica spheres. Plane-polarized light. b Crossed-polarized light 
image of the same 昀椀eld of view illustrating that the silica matrix surrounding the elongated quartz crystals is isotropic. Note that the small quartz crystal suspended in 
the noncrystalline matrix (spot 2) is extinct as it is viewed down the optical axis. c Luminescent light image of the same 昀椀eld of view collected during ultraviolet light 
illumination. The noncrystalline silica matrix exhibits a bluish or orange luminescence whereas quartz shows no response. d Raman spectra obtained at the four 
locations indicated in the images. The quartz shows well-de昀椀ned spectra whereas the noncrystalline silica matrix is characterized by strong luminescence with no 
Raman peaks. 
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different orientations in crossed-polarized light (Fig. 10a, b). 
Prismatic quartz crystals contain abundant inclusions that are 

commonly distributed along parallel bands (Fig. 10a). These bands 
resemble growth zones in crystals formed in open spaces. However, the 
inclusion-rich bands can commonly be traced across several prismatic 
crystals having different orientations and sizes (Fig. 10a, b). These bands 
are remnant, crystallographically controlled recrystallization fronts 
entrapping liquid water originally contained in imperfections between 
small quartz crystals or along the boundaries between splintery crys-
tallographic domains. Inclusion-rich bands can also be wavy or have 
rounded edges (Fig. 10c–f). These bands represent remnant recrystalli-
zation fronts formed by maturation of the dentine texture that contains 
abundant imperfections between the small quartz crystals, as evidenced 
by the dentine texture pointing towards the dark bands of remnant 
noncrystalline silica located between the prismatic quartz crystals 
(Fig. 10c, d). As the crystals grow into the matrix, inclusion-rich bands 
can form along the rims of groups of prismatic crystals competing for 
space (Fig. 10e, f). The textural evidence is consistent with the inclusion- 
rich bands being remnant recrystallization fronts formed during the 
transformation of opal-AG to quartz, or the continued ripening of the 
quartz resulting in the formation of the large prismatic crystals. 

Many of the prismatic quartz crystals show feathery domains 
(Fig. 10a, d, f) in which the quartz has a splintery appearance in crossed- 
polarized light. Individual quartz splinters vary slightly in their extinc-
tion positions. Feathery domains can be present in the cores of the 
prismatic crystals but are most common in rims of grains having clear 

cores. Zones of feathery quartz can be continuous to the outer margins of 
the prismatic quartz crystals. In these cases, the grain boundaries of the 
large prismatic crystals with the surrounding 昀椀ner-grained quartz vary 
from irregular to frayed in nature (Fig. 10f). 

4.7. Fluid inclusions 

The microspherical silica matrix that is anisotropic in crossed- 
polarized light does not contain 昀氀uid inclusions large enough to be 
identi昀椀ed optically. However, 昀氀uid inclusions are present in the 
different textural types of quartz formed through recrystallization from 
the noncrystalline precursor. 

Flamboyant quartz grains contain abundant inclusions. These are 
present in dark zones in cores or in dark bands surrounding cores of the 
grains (Fig. 11a), or form radiating arrays that are typically parallel to 
the quartz splinters in zones of feathery quartz (Fig. 11b). The textural 
relationships suggest that these inclusions formed as imperfections in 
the quartz during recrystallization from the noncrystalline precursor. 
The inclusions are highly irregular in shape and typically are empty void 
spaces giving inclusion-rich zones the dark color. In some cases, 昀氀uid 
inclusions containing a liquid and a vapor bubble are present in arrays of 
empty inclusions (Fig. 11c). 

The prismatic quartz crystals may contain abundant bands of pseu-
doprimary inclusions (Fig. 11d) that were entrapped along crystallo-
graphically controlled recrystallization fronts. These inclusions are 
commonly highly irregular in shape and may be empty void spaces or 

Fig. 6. Recrystallization textures in opaline vein material from the McLaughlin deposit, California. a High-magni昀椀cation image showing elongated quartz crystals 
surrounded by concentrically banded silica. Zones containing relict microspheres and lepispheres occur between the areas of concentrical banding (arrows). Plane- 
polarized light. b High-magni昀椀cation image of a complexly shaped quartz aggregate showing a dentine texture (arrow). The quartz aggregate is hosted by a non-
crystalline silica matrix (see Raman spectrum of point 3 in Fig. 5) surrounded by lepispheres (see high-magni昀椀cation image in Fig. 4c and Raman spectrum of point 4 
in Fig. 5). Plane-polarized light. c Recrystallization of the silica matrix resulted in the development of a mosaic texture through amalgamation of elongated quartz 
crystals (left). The vein-like zone of quartz crystals (right) exhibits a dentine texture in contact with concentric banding in the noncrystalline silica matrix. Plane- 
polarized light. d Crossed-polarized light image of the same 昀椀eld of view showing that the quartz aggregates within the silica matrix have a mosaic texture 
where the grain boundaries between the quartz crystals are irregular and interpenetrating. The matrix containing abundant relict microspheres is optically isotropic. 
Abbreviation: Qz = quartz. 
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may have liquid water with or without vapor bubbles, both widely 
varying in volumetric proportions. Where quartz recrystallization has 
progressed and inclusions are more mature, the inclusions have equant 
to negative-crystal shapes and can show consistent liquid-to-vapor 
volumetric proportions (Fig. 11e). Such 昀氀uid inclusions could be 
mistakenly interpreted as primary 昀氀uid inclusions entrapped along 
growth bands during crystal growth from a hydrothermal 昀氀uid. 

Large prismatic quartz crystals may contain many secondary 昀氀uid 
inclusion planes. Fluid inclusion assemblages of healed secondary planes 
can show inconsistent or consistent liquid-to-vapor volumetric pro-
portions. In rare cases, pseudosecondary inclusion planes were observed 

suggesting that growth of the prismatic quartz crystals into the sur-
rounding matrix continued after entrapment of the 昀氀uid inclusions 
(Fig. 11f). 

4.8. Ore mineral textures 

Some of the silica bands in the opaline veins from McLaughlin con-
sisting of opal-AG contain delicate ore mineral dendrites suspended in 
the noncrystalline silica matrix, including dendrites of sphalerite 
(Figs. 4a and 12a, b) and native gold (Figs. 4b and 12a, b). The sphalerite 
dendrites are spinifex-like and are usually oriented perpendicular to the 

Fig. 7. Flamboyant quartz in partially recrystallized opaline vein material from the McLaughlin deposit, California. a Quartz aggregate formed by amalgamation of 
quartz crystals growing in different directions in the silica matrix. The core of the aggregate is rich in inclusions. The outer margin of the quartz aggregate shows a 
dentine texture. The matrix surrounding the large quartz aggregate includes other areas that are recrystallized to quartz (arrows). Plane-polarized light. b Flamboyant 
quartz aggregates surrounded by a silica matrix. Some of the quartz aggregates contain cores with radially arranged inclusions. The outer margins of the round to 
elongated quartz aggregates show a dentine texture. Plane-polarized light. c High-magni昀椀cation image of a 昀氀amboyant quartz aggregate showing a dark core of 
abundant inclusions, with radiating arrays of inclusions present at the margins of the core. The contact between the quartz and the surrounding silica matrix shows a 
dentine texture. d Partially crossed-polarized light image of the same 昀椀eld of view showing the radial extinction pattern of the 昀氀amboyant quartz aggregate. e 
Aggregate of amalgamated 昀氀amboyant quartz grains. Radiating inclusion patterns are locally preserved. f Partially crossed-polarized light image of the same 昀椀eld of 
view illustrating that the 昀氀amboyant quartz grains exhibit interpenetrating grain boundaries. Abbreviation: Qz = quartz. 
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colloform banding (Figs. 4a and 12a). Large stubby pyrargyrite crystals 
occur abundantly in the mineralized silica bands (Figs. 4b and 12a, b). 

With recrystallization of the noncrystalline silica matrix, the textural 
relationships of the ore minerals with the surrounding silica phases are 
altered, masking the original relationships (Fig. 12c–f). In silica bands 
that have been affected by recrystallization, the ore mineral dendrites or 
the pyrargyrite crystals are frequently encased by quartz (Fig. 12c–f). 
Parts of dendrites or entire dendrites can be encapsulated by a single 

quartz crystal or a group of quartz crystals (Fig. 12c, d). Quartz crystals 
also occur in the matrix between the dendrites (Fig. 12d). Agglomera-
tion results in the formation of quartz aggregates showing a mosaic 
texture (Fig. 12d). At high magni昀椀cation, it is apparent that the quartz 
encapsulating the ore minerals shows a dentine texture in contact with 
the surrounding matrix, providing textural evidence that the quartz 
aggregates formed through growth in the matrix (Fig. 12e). The growth 
of small euhedral crystals surrounding the opaque phases appears to 

Fig. 8. Prismatic quartz crystals in partially recrystallized opaline vein material from the McLaughlin deposit. a Isolated 昀氀amboyant quartz aggregates formed along 
a band in the opaline vein (upper part of the image). The aggregates grew within the noncrystalline silica matrix. Amalgamation of the quartz aggregates results in a 
zone of quartz (lower part of the image) that resembles a vein. The contact between the vein-like quartz aggregate and the surrounding matrix has a dentine texture 
(arrows). Plane-polarized light. b Crossed-polarized light image of the same 昀椀eld of view illustrating that the inner part of the vein-like quartz aggregate formed 
through recrystallization of the silica matrix is coarser grained than the outer margin where the quartz crystals are close to the surrounding matrix. c High- 
magni昀椀cation image of 昀氀amboyant quartz aggregates that have formed along a silica band and start to amalgamate. The contact between the quartz and the sur-
rounding matrix is characterized by a dentine texture. Plane-polarized light. d Crossed-polarized light image of the same 昀椀eld of view showing the radial extinction of 
pattern of the 昀氀amboyant quartz. The grain boundaries between the quartz grains are interpenetrating. e Vein-like zone of quartz formed through recrystallization 
from the noncrystalline silica matrix. Inclusion bands in the quartz formed along recrystallization fronts. Current recrystallization fronts are in the lower part of the 
picture (arrow) as indicated by the dentine texture. The zone of quartz could be misinterpreted as a crustiform vein formed in open space. Plane-polarized light. f 
Partially crossed-polarized light image of the same 昀椀eld of view. The grain size of the prismatic quartz is coarsest away from the recrystallization fronts. Abbreviation: 
Qz = quartz. 
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have been accompanied by coarsening of the ore mineral grains 
(Fig. 12c–f). Nucleation and growth of quartz surrounding an ore min-
eral can yield a texture that could be misinterpreted to represent in昀椀lling 
of a vug by the ore minerals (Fig. 12e, f). 

5. Discussion 

5.1. Formation of noncrystalline silica 

High-magni昀椀cation optical microscopy demonstrates that the 
opaline veins at McLaughlin were originally composed of microspherical 
silica. The silica matrix in some of the least-recrystallized bands in the 
opaline veins is still isotropic in nature (Figs. 5a, b and 6c, d), suggesting 
that this silica phase was noncrystalline at the time of deposition. Raman 
spectroscopy con昀椀rmed that areas of isotropic extinction do not contain 
quartz (Fig. 5). Following Smith (1998), the microspherical non-
crystalline silica at McLaughlin can be classi昀椀ed as opal-AG. Saunders 
(1990) proposed that opal-AG was originally gel-like when deposited 
along the vein walls explaining that bands of opal-AG at McLaughlin are 
often wavy in nature (Fig. 4a), which is most easily explained by hy-
draulic shaping of the silica. 

Ore minerals at McLaughlin form dendrites or euhedral grains within 
the microspherical silica matrix originally composed of opal-AG (Figs. 4 
and 12). Monecke et al. (2023) hypothesized that the ore minerals grew 
within the gel-like silica matrix through a diffusion-limited growth 
process. Textures similar to those observed in the samples from 

McLaughlin have been obtained in crystal growth experiments in silica 
gels (Oaki and Imai, 2003; Monecke et al., 2023). The growth of the ore 
minerals in a silica gel matrix explains the delicate nature of the ore 
mineral dendrites and their orientations in the mineralized bands. 
Although the larger dendrites have nucleated at the base of mineralized 
bands and appear to have grown towards the top of the bands (Fig. 4a), 
many smaller dendrites have radiating shapes and appear to have grown 
in all directions (Fig. 12e, f), which cannot be explained by growth in 
open space along the vein walls. 

5.2. Crystallographic changes 

The petrographic evidence of this study suggests that the non-
crystalline opal-AG forming the opaline veins at McLaughlin has un-
dergone recrystallization to quartz. This maturation process proceeded 
through a stepwise phase transformation involving the formation of 
paracrystalline opal-CT which occurs as bladed lepispheres in the sam-
ples investigated (Fig. 4c). 

The maturation process involving the stepwise conversion of opal-AG 
to quartz has been studied extensively in the case of silica sinters formed 
at subaerial hot springs, which are common surface manifestations 
associated with low-sul昀椀dation epithermal deposits (Sillitoe, 2015). 
Thermodynamically unstable opal-AG forming young sinter deposits is 
gradually transformed into quartz through the formation of opal-CT and 
opal-C (Campbell et al., 2001; Lynne and Campbell, 2004; Rodgers et al., 
2004; Lynne et al., 2005; Jones, 2021). Similar recrystallization 

Fig. 9. Aligned prismatic quartz crystals in a partially recrystallized opaline vein material from the McLaughlin deposit. a Small elongated quartz crystals that 
nucleated and grew in subparallel alignment within the microspherical silica matrix. The quartz crystals are surrounded by concentrically banded silica that is not yet 
recrystallized to quartz. b Zone of quartz crystals with terminations pointing away from the center of the quartz zone. The dentine texture indicates that the quartz 
crystals are growing into the surrounding noncrystalline silica matrix. Further maturation will result in a texture that may resemble a vein formed in open space. c 
Vein-like zone of prismatic quartz crystals formed through recrystallization of the noncrystalline silica precursor. Crystals on the left are more mature and euhedral 
than those on the right. Some crystals on the right align in a parallel fashion as they competed for space during recrystallization. Small subhedral to anhedral quartz 
grains occur at the base of large prismatic quartz grains. The quartz is growing to the right as indicated by dentine textures. d Group of prismatic quartz crystals that 
are parallel and have euhedral crystal terminations. The crystals formed through recrystallization of the noncrystalline silica matrix. All images were taken in 
partially crossed-polarized light. Abbreviation: Qz = quartz. 
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processes involving the formation of opal-CT and opal-C have been 
documented to occur during the maturation of silica in agate (Götze 
et al., 2020, 2021) and the diagenesis of siliceous sediments (Murata and 
Randall, 1975, Hein et al., 1978, Rice et al., 1995). In opal-CT, domains 
of short-range order are present, while opal-C has more ordered domains 
(Smith, 1998). Recrystallization occurs through a coupled dissolution- 
reprecipitation process as described by Williams et al. (1985), Rice 

et al. (1995), and Jones and Renaut (2007). Studies on silica sinters have 
shown that naturally occurring opal-AG recrystallizes to quartz within 
tens of thousands of years at surface conditions (Herdianita et al., 2000; 
Rodgers et al., 2004; Lynne et al., 2005). In hydrothermal experiments at 
temperatures of 300–500 çC, this crystallographic transition has been 
achieved in as little as days to months (Ernst and Calvert, 1969; Bet-
termann and Liebau, 1975; Oehler, 1976; Rice et al., 1995). 

Fig. 10. Prismatic quartz crystals in partially recrystallized opaline vein material from the McLaughlin deposit. a Prismatic quartz crystals formed through 
recrystallization of a noncrystalline silica precursor. Inclusion bands developed during the recrystallization process are preserved and can be traced across several of 
the large prismatic crystals that were competing for space during crystal growth (arrows). The prismatic quartz crystals show a feathery texture de昀椀ned by the 
presence of quartz splinters that have slightly different extinction positions. Partially crossed-polarized light. b Optical cathodoluminescence image of the same 昀椀eld 
of view. The prismatic quartz shows pronounced oscillatory zoning. However, the zoning is complicated in detail, with individual zones being kinked or wavy in 
nature (arrows), con昀椀rming that the prismatic quartz formed through recrystallization of a non-crystalline precursor and not through precipitation in open space. c 
Silica band that is mostly recrystallized to prismatic quartz. The prismatic quartz crystals were competing for space as they grew larger through recrystallization of a 
noncrystalline silica precursor that is present in the dark brownish bands between crystals (arrows). The contact between the quartz crystals and the silica precursor 
in the dark bands is characterized by the dentine texture. Plane-polarized light. d Crossed-polarized light image of the same 昀椀eld of view showing that prismatic 
quartz crystals formed by recrystallization of the noncrystalline silica are competing for space. Zones of feathery quartz are present in some of the crystals (arrow). e 
Remnant recrystallization fronts in an area that is entirely recrystallized to quartz. The bands de昀椀ning the remnant recrystallization fronts are rich in inclusions. 
Plane-polarized light. f Partially crossed-polarized light image of the same 昀椀eld of view. Feathery extinction patterns occur in some of the prismatic quartz crystals or 
in halos surrounding the crystals (arrows). Abbreviation: Qz = quartz. 
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Fig. 11. Fluid inclusion characteristics of quartz formed through recrystallization of the non-crystalline silica in the opaline vein material from the McLaughlin 
deposit, California. a Flamboyant quartz aggregates surrounded by noncrystalline silica matrix. The quartz in contact with the surrounding matrix has a dentine 
texture. The 昀氀amboyant quartz aggregates are characterized by clear cores that are surrounded by zones that are rich in inclusions (arrows), which are interpreted to 
represent remnant recrystallization fronts. Plane-polarized light. b Crossed-polarized light image of the same 昀椀eld of view. The outermost zone of the 昀氀amboyant 
quartz aggregate shows a well-developed feathery texture characterized by quartz splinters having slightly different extinction positions. Zones of abundant in-
clusions occur between the cores of the 昀氀amboyant quartz aggregates and the outer zones having a feathery texture. Inclusions are also present between the quartz 
splinters enhancing the radiating appearance of the quartz aggregate (arrows). c Flamboyant quartz aggregate that shows a dentine texture in contact with the 
surrounding matrix. The quartz aggregate contains a zone of inclusions that were entrapped during the recrystallization process. The inclusions are highly irregular in 
shape. Most inclusions are empty void spaces although 昀氀uid inclusions are also present (arrow). Plane-polarized light. d Bands of pseudoprimary inclusions that have 
formed along two, crystallographically controlled, recrystallization fronts that can be traced across several prismatic quartz crystals (see Fig. 10a for location of 
image). The inclusions are highly irregular in shape. In the outer band, most of the inclusions are empty void spaces. However, in the inner band many of the 
inclusions are liquid-rich inclusions with a vapor bubble. Plane-polarized light. e Pseudoprimary inclusions with rough to smooth surfaces and elongated, equant, and 
negative-crystal shapes in a prismatic quartz crystal. Many of the inclusions show consistent liquid-to-vapor volumetric proportions (arrows). Plane-polarized light. f 
Pseudosecondary 昀氀uid inclusion plane crosscutting a larger prismatic quartz crystal. The crystal has formed through recrystallization of the originally noncrystalline 
silica matrix and is in contact with the matrix on the left side of the photomicrograph. The 昀氀uid inclusion plane is truncated by a narrow zone of clear quartz (arrow) 
suggesting that growth of the prismatic crystal into the matrix continued after healing of the microfracture. The inclusions have smooth surfaces and consistent 
liquid-to-vapor volumetric proportions. Plane-polarized light. 
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5.3. Textural evolution 

Maturation of microspherical opal-AG to quartz in sinter deposits is 
known to be associated with textural changes. The smooth microspheres 
of opal-AG are initially converted to bladed lepispheres of opal-CT 
(Lynne and Campbell, 2004; Rodgers et al., 2004; Lynne et al., 2005). 

During continued recrystallization, the blades on the lepispheres can 
develop sharp-peaked pyramid or blocky structures, which subsequently 
recrystallize to quartz microcrystals (Lynne et al., 2005, 2007). Rodgers 
et al. (2004) demonstrated that small doubly terminated quartz crystals 
and drusy quartz can form through silica recrystallization in silica sin-
ters originally consisting of opal-AG. Electron microscopic methods were 

Fig. 12. Ore mineral textures in partially recrystallized opaline vein material from the McLaughlin deposit, California. a Dendrites of native gold and sphalerite set in 
a matrix consisting of relict silica microspheres. In addition to the dendrites, large euhedral pyrargyrite grains occur. Plane-polarized light. b Re昀氀ected light image of 
the same 昀椀eld of view. The image highlights the abundance of native gold. c Dendrites of native gold and sphalerite as well as euhedral crystals of pyrargyrite in a 
silica band that shows incipient recrystallization. Some of the ore minerals functioned as nucleation sites for the recrystallization of the noncrystalline silica to quartz. 
As a result, these are partially encapsulated by quartz (arrows). Plane-polarized light. d Silica band that is partly recrystallized (left side of image). Quartz crystals 
formed through recrystallization partially or entirely encapsulate the delicate ore mineral dendrites or occur in the silica matrix between the dendrites. Amal-
gamation of the quartz grains results in the development of quartz aggregates showing a mosaic texture (see Fig. 6c, d) that will host encapsulated ore minerals. 
Plane-polarized light. e Ore minerals in a partially recrystallized silica band. The ore minerals functioned as nucleation sites for the recrystallization of the non-
crystalline silica, with the quartz growing outwards into the matrix as indicated by the presence of the dentine texture (arrow). The color variations in the matrix are 
a product of recrystallization and not a primary feature caused by the deposition of microspheres of opal-AG. Plane-polarized light. f Pyrargyrite and small ore 
mineral dendrites in a noncrystalline silica matrix that is partially recrystallized. Pyrargyrite in the lower part of the image is encased by quartz crystals formed 
through recrystallization of the noncrystalline silica precursor. The quartz crystals have grown outward into the silica matrix as indicated by the dentine textures. The 
resulting textural relationship could be easily misinterpreted as pyrargyrite in昀椀lling a vug surrounded by quartz. Abbreviations: Au = native gold, Pyg = pyrargyrite, 
Sp = sphalerite. 
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required to document the microtextural changes accompanying the 
crystallographic transition from noncrystalline silica to thermodynam-
ically stable quartz due to the small size range of silica microspheres and 
their recrystallization products. 

The study at McLaughlin highlights that recrystallization of opal-AG 
to quartz in epithermal veins results in pronounced textural changes, 
which can be observed by optical microscopy. Initial maturation of the 
originally microspherical matrix in the studied opaline veins resulted in 
the formation of bladed lepispheres composed of opal-CT that can be 
optically identi昀椀ed at high magni昀椀cation (Fig. 4c). Concentrically 
banded silica spheres are formed in the originally noncrystalline silica 
matrix (Fig. 4d). Continued maturation involves the formation of elon-
gated quartz crystals in the cores of the concentrically banded silica 
spheres or ovoids and the growth of complexly-shaped quartz aggregates 
(Fig. 6a, b). As the amount of elongated quartz crystals within the silica 
matrix increases, mosaic quartz is formed through the amalgamation of 
the quartz crystals (Fig. 6c, d). The mosaic quartz formed through 
recrystallization of the opal-AG and amalgamation of quartz crystals is 
characterized by interpenetrating grain boundaries (cf. Dong et al., 
1995). Growth of the complexly-shaped quartz crystals results in the 
development of 昀氀amboyant quartz, which is characterized by equant 
grain shapes and radiating extinction patterns (Fig. 7). As the grain size 
of the 昀氀amboyant quartz crystals increases, the crystals compete for 
space and develop interpenetrating grain boundaries (Fig. 7e, f). 
Ripening results in the growth of large prismatic quartz crystals 
(Figs. 8–10). These crystals show complex internal zoning patterns that 
may be the result of self-organization occurring during the ripening 
process (Ortoleva et al., 1994). The yellow optical cathodoluminescence 
color of the zoned quartz is similar to other types of quartz formed 
through recrystallization of a noncrystalline silica precursor (Götze 
et al., 2015). 

Some of the opaline bands in the veins of the <2.2 Ma McLaughlin 
epithermal deposit are almost entirely recrystallized to large prismatic 
quartz crystals, suggesting that opal-AG or many of the textures of 
incipient recrystallization documented in this contribution are unlikely 
to be preserved in older epithermal deposits. In older epithermal de-
posits, microspherical opal-AG that may have been originally present is 
likely entirely transformed to mosaic quartz, 昀氀amboyant quartz, or vein- 
like prismatic quartz, as originally suggested by Sander and Black 
(1988). 

5.4. Timing of 昀氀uid inclusion formation 

During recrystallization, the noncrystalline opal-AG originally 
deposited along the vein walls will have successively lost its water 
content. Opal-AG can contain over 10 wt% total H2O (Graetsch et al., 
1985; Day and Jones, 2008). Water loss during the dissolution- 
reprecipitation process resulting in the transition from opal-AG to 
quartz may result in entrapment of some of the water in microcavities, 
along grain boundaries, or as microstructural defects in the recrystall-
izing silica precursor phases (Graetsch et al., 1987; Graetsch, 1994; 
Moxon, 2017), or within 昀氀uid inclusions in the newly formed quartz. At 
McLaughlin, the 昀氀uid inclusion assemblages present in recrystallized 
quartz commonly show variable liquid-to-vapor volumetric proportions 
and are thus not suitable for the determination of homogenization 
temperatures (Fig. 11c,d). Only some assemblages containing consistent 
phase ratios are present (Fig. 11e, f). 

The nature of the 昀氀uid inclusions in the recrystallized quartz at 
McLaughlin is similar to those described by Sander and Black (1988). 
These authors studied the formation of prismatic quartz crystals in the 
veins from the Rawhide and Round Mountain low-sul昀椀dation epi-
thermal deposits in Nevada. Sander and Black (1988) suggested that the 
prismatic quartz crystals in the vein material could have formed due to 
the recrystallization of a noncrystalline precursor. However, these 
earlier workers did not document the occurrence of relict microspheres. 
Sander and Black (1988) proposed that the prismatic quartz crystals 

formed through aggregation of microscopic crystallites growing from 
the noncrystalline precursor and envisaged that submicroscopic to 
micrometer-sized 昀氀uid inclusions were entrapped during aggregation. 
They proposed that subsequent maturation to progressively coarser 
prismatic quartz crystals resulted in the coalescence of small 昀氀uid in-
clusions to larger and more regularly shaped inclusions. Sander and 
Black (1988) referred to these bands as pseudoprimary 昀氀uid inclusions, 
as they formed during recrystallization of a noncrystalline silica pre-
cursor and do not re昀氀ect the conditions at which the original silica phase 
was deposited. Pseudoprimary 昀氀uid inclusions can be easily mistaken as 
primary 昀氀uid inclusion assemblages entrapped along growth zones in 
zonal quartz crystals formed in open spaces. 

Results of this study on opaline vein material from McLaughlin 
demonstrate that there are subtle differences between the bands of 
pseudoprimary 昀氀uid inclusions that formed through recrystallization of 
the noncrystalline silica precursor and growth zones de昀椀ned by 昀氀uid 
inclusions formed during crystal growth in open spaces (cf. Bodnar et al., 
1985). Curved or rounded margins of dark bands of 昀氀uid inclusions 
provide unequivocal evidence for the entrapment of the 昀氀uid inclusions 
along recrystallization fronts (Figs. 8e, f and 10e, f) and indicate that 
quartz has formed from a noncrystalline silica precursor. Bands of 
pseudoprimary inclusions that cross grain boundaries of prismatic 
quartz crystals also provide evidence for quartz formation through 
recrystallization of a silica precursor (Figs. 10a and 11d). 

6. Implications 

The study at McLaughlin provides an important link between mod-
ern geothermal systems where silica scales are mainly composed of 
noncrystalline opal-AG (Reyes et al., 2002; Smith et al., 2003; Raymond 
et al., 2005; Brown, 2011; Taksavasu et al., 2018; van den Heuvel et al., 
2018; Chambefort and Stefánsson, 2020) and epithermal veins that are 
primarily composed of quartz (Dong et al., 1995; Moncada et al., 2012; 
Shimizu, 2014). The evidence from McLaughlin suggests that silica 
bands hosting ore minerals were originally composed mainly of a non-
crystalline silica precursor that recrystallized to quartz during or after 
deposit formation. 

This study con昀椀rms that mosaic quartz is a common product of the 
recrystallization of the opal-AG, which is consistent with previous 
textural investigations (Taksavasu et al., 2018; Tharalson et al., 2019, 
2023; Zeeck et al., 2021). Similarly, 昀氀amboyant quartz aggregates and 
prismatic quartz crystals with zones having a feathery appearance are 
recrystallization textures resulting from the maturation of opal-AG to 
quartz. Recognition of these quartz textures as products of recrystalli-
zation of noncrystalline silica in epithermal veins is of paramount 
importance when studying the processes that result in precious metal 
mineralization in shallow hydrothermal systems. In contrast to miner-
alized bands in colloform epithermal veins that commonly contain 
quartz showing these textures (Moncada et al., 2012; Shimizu, 2014; 
Taksavasu et al., 2018; Tharalson et al., 2019, 2023; Zeeck et al., 2021), 
barren bands show different textural characteristics suggesting that they 
may not have formed by the same processes. This includes bands 
composed of chalcedony as well as zonal quartz grown in open space 
(Moncada et al., 2012; Zeeck et al., 2021). 

It is proposed here that mineralized and barren bands in epithermal 
veins record fundamentally different conditions of 昀氀uid 昀氀ow. Not unlike 
modern geothermal systems, opal-AG deposition in mineralized bands 
occurred rapidly under conditions of two-phase liquid and vapor 昀氀ow as 
silica supersaturation can be readily achieved under these conditions 
(Fournier, 1985; Saunders, 1990; Simmons and Browne, 2000). The 
generation of signi昀椀cant amounts of vapor during vigorous boiling re-
sults in metal supersaturation in the liquid phase promoting ore depo-
sition (Drummond and Ohmoto, 1985; Brown, 1986; Christenson and 
Hayba, 1995; Simmons and Browne, 2000). Indeed, sul昀椀de scales in 
geothermal systems commonly form under these conditions (Raymond 
et al., 2005; Hardardóttir et al., 2010; Grant et al., 2019). In contrast to 
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mineral formation during the typically short-lived events of vigorous 
boiling (cf. Rowland and Simmons, 2012), the formation of barren 
quartz bands, including growth of zonal quartz in open spaces, records 
periods of 昀氀uid 昀氀ow at near steady-state conditions. Steady-state 昀氀uid 
昀氀ow may have occurred under single-phase conditions or may have been 
accompanied by the generation of lesser amounts of vapor, referred to as 
gentle boiling (Moncada et al., 2012). 

The present study shows that mineralized silica bands do not contain 
primary 昀氀uid inclusions as they originally consisted of microspherical 
opal-AG. Fluid inclusion bands that mimic growth zones are present in 
昀氀amboyant and prismatic quartz. However, these pseudoprimary 昀氀uid 
inclusions were entrapped during recrystallization, not at the time of 
silica and ore mineral deposition as previously noted by Sander and 
Black (1988). Thus, evidence for vigorous boiling is not found in the 
昀氀uid inclusion inventory of quartz in mineralized bands. In contrast, 
zonal quartz—which forms a common late open space in昀椀ll in the center 
of epithermal veins—commonly contains primary 昀氀uid inclusions 
(Bodnar et al., 1985; Brathwaite and Faure, 2002; Shimizu, 2014). But 
these primary inclusions in the late euhedral zonal quartz do not 
constrain the conditions of ore deposition, as this quartz type was not 
formed at the same time as the ore minerals that occur in originally 
noncrystalline silica bands formed during vigorous boiling. Therefore, 
previous studies drawing conclusions on the processes of ore formation 
in the epithermal environment based on microthermometric data ob-
tained on quartz formed by recrystallization or late zonal quartz grown 
in open spaces must be viewed with skepticism. 

7. Conclusions 

Opaline vein material at the McLaughlin low-sul昀椀dation epithermal 
deposit was originally composed of mostly noncrystalline, microspher-
ical opal-AG. The opal-AG deposited along the vein walls due to silica 
oversaturation. Ore mineral dendrites, including native gold, formed 
within the gel-like silica matrix as suggested by the delicate intergrowth 
between the ore minerals and the microspherical silica matrix. Growth 
of the ore mineral dendrites occurred at far-from-equilibrium conditions 
(Monecke et al., 2023; Tharalson et al., 2023). Following deposition, the 
noncrystalline silica recrystallized to quartz, resulting in a modi昀椀cation 
of the original textures. 

The study of recrystallization textures at McLaughlin provides the 
missing link between the primary deposition of opal-AG from hydro-
thermal liquids in the epithermal environment—which is not unlike the 
formation of silica scales in geothermal systems—and the fact that most 
high-grade veins in low-sul昀椀dation epithermal deposits are composed of 
quartz and not opal-AG. The recrystallization of opal-AG microspheres to 
quartz is preserved at McLaughlin. Incipient recrystallization involved 
the formation of bladed lepispheres composed of opal-CT, followed by 
the development of concentrically banded silica spheres and ovoids and 
the growth of elongated quartz crystals and complexly shaped quartz 
aggregates. Coalescence of these quartz crystals resulted in the forma-
tion of mosaic or 昀氀amboyant quartz. Ripening of smaller quartz crystals 
led to the growth of large prismatic quartz crystals, which commonly 
show feathery internal textures and can host bands of pseudoprimary 
昀氀uid inclusions, commonly marking remnant recrystallization fronts. 
Recrystallization and maturation of the matrix can result in the coars-
ening of the ore minerals, along with complete encapsulation or 
encasement by quartz crystals. 

Processes similar to those recognized at McLaughlin may have 
occurred at many other epithermal deposits. However, if recrystalliza-
tion of the original noncrystalline silica to quartz has progressed to 
completeness, textural evidence for such could be limited to the pres-
ence of mosaic quartz, 昀氀amboyant quartz, or dark curved bands of 
remnant recrystallization fronts demarcated by pseudoprimary 昀氀uid 
inclusions. Identi昀椀cation of the products of recrystallization in epi-
thermal quartz veins is critical to investigations aiming to unravel the 
conditions of mineral precipitation and the design of future 昀氀uid 

inclusion studies. 
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