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Abstract 16 

 17 

High resolution, quantitative imaging of epidote from the Ann Mason fault block, Yerington 18 

district, Nevada, using scanning electron microscopy (SEM), X-ray fluorescence (XRF) and laser 19 

ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) has revealed at least two 20 

types of epidote (type 1 and type 2), each with different major and trace element chemistry. Type 21 

1 epidote is coarser-grained, typically greater than 50 µm in diameter, and forms euhedral crystals 22 

that display twins and sector zones enriched in Fe, Sr, and Mn. Type 2 epidote is finer-grained, 23 

typically <30 µm diameter, irregularly zoned with respect to Fe and Al, and forms polycrystalline 24 

aggregates that include void space.  25 

 26 

Two sources of intragranular compositional variability are defined in this study; one related to 27 

different generations of epidote only visible on the microscale; and the other related to 28 

crystallographic features such as sector zones and twins. Intragranular compositional variations 29 

within Yerington epidotes highlight the potential importance of detailed sample characterization 30 



in complex alteration environments prior to undertaking mineral chemistry studies in the context 31 

of resource exploration. Based on statistical analysis of LA-ICP-MS spot data from one sample, 32 

the optimal number of spot analyses to adequately represent the range in element concentrations 33 

within zoned or twinned crystals is determined to be at least 40. 34 

 35 

Introduction 36 

 37 

In situ trace element analysis of epidote and chlorite using laser ablation inductively coupled 38 

plasma mass spectrometry (LA-ICP-MS) has been used in past studies to extend the detectable 39 

hydrothermal alteration footprint around porphyry Cu deposits (e.g., Cooke et al. 2014a; 2014b; 40 

Wilkinson et al., 2015; Wilkinson et al., 2017; Baker et al., this volume; Cooke et al., this volume; 41 

Wilkinson et al., this volume). This work has shown that trace element dispersion halos recorded 42 

by epidote and chlorite can be detected at greater distances than those detected by conventional 43 

whole-rock chip sampling. Consequently, mineral chemistry analyses using LA-ICP-MS have the 44 

potential to provide explorers with a new suite of geochemical tools to assess both the proximity 45 

to, and magnitude of, a porphyry Cu-(Mo-Au) deposit (Cooke et al., 2014a). Other minerals such 46 

as zircon, apatite, alunite, muscovite and pyrite has been demonstrated to have similar potential 47 

for vectoring and/or fertility assessments (e.g., Ballard et al., 2002; Large et al., 2009; Chang et al., 48 

2011; Dilles et al., 2015; Wilkinson et al., 2015; Lu et al., 2016; Lee et al., 2017; Uribe-Mogollon and 49 

Maher, 2018; Alva-Jimenez et al., this volume). 50 

 51 

Studies on epidote mineral chemistry have identified that there can be a range in concentrations 52 

for a given element within an individual epidote sample, and this range can span orders of 53 

magnitude (Cooke et al., 2014a; Pacey et al., 2016). However, the crystallographic sources of this 54 

compositional variability within epidote has not been sufficiently investigated. LA-ICP-MS 55 

element maps of epidote presented by Cooke et al. (2014a; this volume) did not capture any 56 

significant compositional variability and instead showed relatively uniform concentrations of 57 

trace elements across an aggregate of epidote grains. 58 

 59 

In the Ann Mason fault block, Yerington district, Nevada (Fig. 1), epidote occurs as part of at least 60 

three alteration assemblages: (1) magmatic-hydrothermal propylitic alteration (epidote ± 61 



actinolite ± chlorite ± albite ± hematite) related to porphyry Cu mineralization (Dilles and Einaudi, 62 

1992); (2) retrograde skarn alteration (epidote + albite ± calcite ± scapolite; Harris and Einaudi, 63 

1982); and (3) regional sodic-calcic alteration not directly related to porphyry mineralization 64 

(epidote + albite ± actinolite ± titanite ± chlorite; Carten, 1986; Dilles and Einaudi, 1992). In this 65 

study, we use SEM backscatter images, micro-XRF element maps, LA-ICP-MS raster maps, and 66 

LA-ICP-MS spot data to explore microscale geochemical and textural complexity in epidote from 67 

in and around the Ann Mason porphyry Cu deposit (Fig. 1). We distinguish between 68 

compositional variability associated with crystallographic features and variability resulting from 69 

multi-generational composite epidote grains. We evaluate the impact of microscale compositional 70 

heterogeneities on the interpretation and successful implementation of mineral chemistry as an 71 

exploration tool. The study concludes by proposing best practice guidelines for undertaking 72 

mineral chemistry studies in complex alteration environments. 73 

 74 

Geology of the Yerington porphyry Cu district 75 

 76 

The Yerington porphyry Cu and skarn district is located approximately 120 km southeast of Reno, 77 

Nevada, USA (Fig. 1). Porphyry and skarn deposits are associated with the Jurassic Yerington 78 

batholith (Fig. 1; Einaudi, 1977; Harris and Einaudi, 1982; Proffett and Dilles, 1984; Dilles, 1987, 79 

Dilles and Wright, 1988), a medium to high-K calc-alkaline polyphase intrusive complex (Dilles, 80 

1987). The Yerington batholith intruded a sequence of late Triassic to Jurassic volcanic and 81 

sedimentary rocks over a period of approximately one million years (Dilles and Wright, 1988). 82 

The batholith is composed of McLeod Hill quartz monzodiorite (169.4 ± 0.4 Ma; Dilles and Wright, 83 

1988), Bear quartz monzonite, and Luhr Hill granite, with associated granite porphyry dikes 84 

(168.5 ± 0.4 Ma; Dilles and Wright, 1988). The Shamrock batholith occurs in the southern part of 85 

the Yerington district (Fig. 1). It has a monzonitic composition and intruded the same Triassic–86 

Jurassic volcano-sedimentary package at 165.8 ± 0.4 Ma (Dilles, 1987, Dilles and Wright, 1988). 87 

Tertiary volcanic rocks cover much of the northern Yerington district. Early Miocene (~17 Ma), 88 

large-scale crustal extension resulted in the tilting of major fault blocks 60–90° to the west, 89 

exposing vertical cross sections through the district (Proffett, 1977; Proffett and Dilles, 1984).  90 

 91 



The Ann Mason porphyry Cu-(Mo-Au) deposit has a combined measured and indicated mineral 92 

resource of 4.49 Mt Cu, 84.8 kt Mo, and 37.7 t Au (Kulla et al., 2015). Porphyry Cu-(Mo-Au) 93 

mineralization at Ann Mason was associated with the intrusion of the Luhr Hill granite porphyry 94 

dikes (Dilles, 1984; Dilles et al., 1992; Dilles and Einaudi, 1992, Dilles et al., 2015). Potassic 95 

alteration, consisting of biotite ± K-feldspar, is associated with the main mineralization event 96 

(Dilles et al., 1992) and defines a restricted domain in the core of Ann Mason. Sericite alteration, 97 

comprising muscovite or illite + pyrite ± quartz ± rutile, occurs above (west of) Ann Mason (Dilles 98 

et al., 1992). Epidote and chlorite are part of the propylitic and sodic-calcic alteration assemblages 99 

in the district, and have a widespread occurrence (Dilles and Einaudi, 1992). They most likely 100 

formed synchronously with potassic alteration but were localized on the fringes of the 101 

mineralizing system (Dilles and Einaudi, 1992). 102 

 103 

The emplacement of the Yerington batholith resulted in three generalized stages of skarn 104 

development (Einaudi, 1977; Einaudi, 1982; Harris and Einaudi, 1982): (1) a metamorphic stage 105 

that affected mainly Triassic volcanic rocks and had a negligible effect on the surrounding 106 

limestone; (2) an early metamorphic-metasomatic alteration stage that affected all of the Triassic 107 

sedimentary rocks, and caused the formation of fine-grained calc-silicate rocks with high garnet 108 

to pyroxene ratios; and (3) a late metasomatic stage that formed extensive areas of pyroxene and 109 

coarse-grained garnet skarn, associated with Cu-mineralization. Garnet–pyroxene skarn is 110 

overprinted by late-stage pervasive epidote alteration and epidote ± albite veins. The Yerington 111 

batholith also underwent widespread metasomatism to garnet–pyroxene endoskarn (Einaudi, 112 

1977; Harris and Einaudi, 1982). Skarn mineralogy was poorly developed in the Shamrock 113 

batholith as compared to the Yerington batholith (Harris and Einaudi, 1982). Although the 114 

Shamrock batholith post-dated porphyry Cu mineralization (Dilles and Wright, 1988), it is 115 

spatially associated with a number of Cu skarn deposits including the Casting Copper (0.45 Mt 116 

Cu produced; Harris and Einaudi, 1982), and Ludwig deposits (0.18 Mt Cu produced; Harris and 117 

Einaudi, 1982; Fig. 1). 118 

 119 

Methods 120 

Sample selection 121 

 122 



Seven samples from the Yerington district were selected for detailed microtextural and 123 

compositional analysis to reflect three main features: (1) the spatial extent of alteration in and 124 

around Ann Mason, i.e. deposit proximal vs. deposit distal samples; (2) pre- to syn-mineralization 125 

(Yerington batholith) and post-mineralization (Shamrock batholith) rock units; and (3) different 126 

styles of epidote alteration, i.e. porphyry-related vs. skarn. Table 1 provides a description of 127 

samples used in this study. Sample locations are included in Figure 1 and the samples analyzed 128 

are illustrated in Figure 2.  129 

 130 

Scanning electron microscopy (SEM) 131 

 132 

Samples were analyzed by backscattered electron (BSE) imaging and energy-dispersive X-ray 133 

spectrometry (EDS) at the University of Tasmania Central Science Laboratory. All sample 134 

preparation was completed at the University of Tasmania lapidary. Samples were cut and set 135 

with epoxy into 25 mm-diameter round mounts. Mount locations within each hand sample are 136 

illustrated in Figure 2. Petrography was carried out on a Hitachi SU-70 Schottky field emission 137 

SEM fitted with an Oxford AZtec XMax80 silicon drift detector EDS system at 5–15 kV 138 

accelerating voltage. Spectra from one in-house cobalt standard were collected in addition to 139 

three epidote and three chlorite reference spectra from respective in-house standards during each 140 

analytical session. Magnification of >300x was maintained during EDS spectra data collection to 141 

prevent signal loss along the edges of the detector. 142 

 143 

LA-ICP-MS spot analysis and imaging 144 

 145 

LA-ICP-MS spot and image data were collected using an Agilent 7900 ICP-MS coupled to an 146 

Australian Scientific Instruments Resolution system with 193 nm ArF excimer laser at the CODES 147 

LA-ICP-MS Laboratory, University of Tasmania. Laser ablation analyses were performed in an 148 

atmosphere of pure He flowing at a rate of 0.35 l/min. Immediately past the ablation point within 149 

the cell, He carrier gas was mixed with Ar (1.05 l/min) for improved efficiency of aerosol 150 

transport. The ICP-MS instrument was tuned for production of molecular oxide species (i.e. 151 

232Th16O/232Th) and doubly charged ion species (i.e. 44Ca++/44Ca+) below 0.2%, therefore no 152 

correction was applied for interfering species introduced into the analyte signal. However, 153 



possible argide, oxide, and hydroxyl interferences on Ag and Au from Zr, Gd, Hf and Ta were 154 

monitored in each analysis. 155 

 156 

The laser beam size used was 20–30 μm with a repetition rate of 5 Hz, and a laser energy density 157 

of ~3.5 J/cm2. Each analysis was performed in the time-resolved mode, which involved sequential 158 

peak hopping through the mass spectrum. Dwell times on each mass varied between 5 and 50 ms, 159 

depending on the count rates. The dwell times were selected to enable detection limits at the level 160 

of single mg/kg for trace elements at low concentrations, and at the level of single mg/g for trace 161 

elements at high concentrations. The total sweep time (time required to measure all isotopes once) 162 

was 0.80 s. The analysis time for each sample was 90 s, comprising a 30 s measurement of the 163 

background (laser off) and a 60 s analysis with the laser on. 164 

 165 

Spot data reduction was undertaken according to standard methods (Longerich et al., 1996), using 166 

Ca as the internal standard element for epidote and using an in-house-developed Excel© 167 

spreadsheet. Internal standard element concentrations were calculated based on average values 168 

obtained from SEM EDS spectral data where available. NIST612 was used as the primary 169 

calibration standard for drift correction and primary calibration; GSD-1G and BCR-2G were used 170 

as secondary standards to account for differences in spot size and ablation properties between 171 

epidote and the NIST glass standard. The laser beam size for standard analyses was 100 μm for 172 

NIST612 and 20–30 μm for GSD-1G matching those of the sample. All three standards were 173 

analyzed twice every 1–1.5 hours to monitor drift in sensitivities. Spot locations were selected 174 

where sample material appeared most homogeneous, and inclusions of other minerals were not 175 

visible. In most cases, sample locations had been characterized texturally and geochemically 176 

using SEM prior to LA-ICP-MS analysis. 177 

 178 

Between 20 and 28 spots were collected from each sample mount. In order to determine the 179 

optimal number of LA-ICP-MS spot analyses to collect for texturally complex samples, 100 spot 180 

analyses were collected from a single sample (YE16AA151). Spot data from sample YE16AA151 181 

(n = 100) were randomly ordered using the software package KNIME© in order to remove the 182 

effect of any systematic changes in epidote composition along the length of the epidote vein 183 

analyzed (Table 1). Individual datapoints were then selected at random from the dataset and the 184 



average values plotted (n = 1, 2, 3, …, x) using the method of sampling with replacement at each 185 

step increase in spot number. Relative differences between cumulative averages at a given 186 

number of analyses and the final average (n = 100) were calculated to evaluate variability. 187 

 188 

Following data collection, time resolved graphs of counts per second data for each analysis were 189 

interrogated to identify contamination by other minerals. Part of the analysis was considered to 190 

represent a single mineral phase if all elements behaved similar to each other and if the major 191 

element constituents (Ca, Fe, Al, Si) occurred at expected count rates. In many cases, the presence 192 

of inclusions of other mineral phases could be identified. If the different mineral phases could not 193 

be separated, the entire spot was discarded from the data set. If the data corresponding to epidote 194 

could be separated from other mineral phases, then the particular time interval was isolated and 195 

used in further calculations. Integration periods below 10 s were discarded. 196 

 197 

Images of elemental distributions within epidote grains were acquired by rastering a set of 198 

parallel lines across the sample. The laser beam size used for imaging varied between 4 and 6 μm. 199 

A repetition rate of 10 Hz was used. Rastering speed was equal to the laser beam size per second. 200 

Spacing between the lines was equal to the laser beam size, resulting in full coverage of the 201 

desired area of the samples. Each line on the image was pre-ablated to remove surface 202 

contamination from previous ablations. Time of acquisition of each image varied between 1.5 and 203 

2.5 h. NIST612 was used as the primary calibration standard for drift correction and primary 204 

calibration. GSD-1G was used as the secondary standard. 205 

 206 

X-ray fluorescence microscopy 207 

 208 

Following LA-ICP-MS analysis, thin sections (30–60 µm-thick) mounted on pure-quartz glass 209 

were cut from sample mounts for X-ray fluorescence microscopy (XFM). Pure quartz slides were 210 

chosen to minimize background contributions during analysis (Fisher et al., 2015). Micro X-ray 211 

fluorescence (micro-XRF) maps were collected on seven samples (Table 1) with the XFM beamline 212 

at the Australian Synchrotron, Melbourne, Australia using the Kirkpatrick-Baez mirror 213 

microprobe end-station (Paterson et al., 2011) and the Maia 384 detector array using an 18.5 keV 214 

incident energy. Experimental setup and methods followed those outlined in Fisher et al. (2015). 215 



Large-scale overview scans (typically 2 cm x 2 cm) were analyzed first at a 6 µm pixel size. 216 

Element maps produced from the overview scans were used to select locations for detailed, high-217 

resolution quantitative element mapping (1 µm pixel size). Spectral data were processed and 218 

analyzed using the GeoPIXE software suite, which applies a fundamental parameters approach, 219 

and it has no constraint for explicit per-element calibration (Ryan 2005, De Boer 1993). Several 220 

single element foils, Pt, Fe and Mn, (Micromatter Canada) were analyzed during the experiment 221 

for use as references to establish elemental quantification. Spectral deconvolution and image 222 

generation were completed using the dynamic analysis method, where a representative total 223 

spectrum is fit to the data with a detailed model of Maia detector array efficiency (Ryan, 2000, 224 

Ryan et al., 2010a, Ryan et al., 2010b). Spectral fitting used the relative intensities of X-ray lines 225 

that reflect integration of yields and X-ray self-absorption effects for the given matrix or mineral 226 

phase and the contrasting efficiency characteristics across the detector array (Ryan et al., 2010a, 227 

Ryan et al., 2010b; Fisher at al., 2014). Quantitative element maps were generated using an epidote 228 

matrix, and therefore the concentrations of elements in other mineral phases can only be 229 

considered relative and not quantitative. 230 

 231 

Results 232 

Vein morphology 233 

 234 

Five samples in this study contained veins (Table 1; Fig. 2). Petrographic analysis by SEM indicate 235 

that epidote veins consist dominantly of epidote ± chlorite ± actinolite ± titanite ± pyrite. The 236 

veins can be categorized into three discrete morphologies (Figs. 2 and 3): (1) micro-fracture vein 237 

meshes—individual veins have a high length to width ratio and are <1 mm wide with irregular 238 

margins (Fig. 2C; YE16AA097); (2) irregular—vein margins are jagged, and the boundary 239 

between the vein and vein halo is not distinct (Fig. 2E; YE16AA126 and Fig. 2G; YE16AA212); and 240 

(3) regular—vein margins are sharp (Figs. 2D and 3B; YE16AA112 and Figs. 2F and 3D; 241 

YE16AA151). The alteration halos have similar minerals to the veins: epidote + albite ± chlorite ± 242 

actinolite ± titanite ± pyrite (Figs. 2 and 3). 243 

 244 

Epidote morphology and chemistry 245 

 246 



Two distinct epidote textures were identified in all samples, coarse-grained (type 1) and finer-247 

grained polycrystalline (type 2). SEM backscatter images showing both types of epidote are 248 

presented in Figure 4. Both textures occur in replacement (Fig. 4A), skarn (Fig. 4B), and vein 249 

samples (Fig. 4C–E). Type 1 epidote crystals are typically >50 µm in diameter, and exhibit poorly 250 

developed Fe–Al zonation. Overall, the Fe-content of type 1 epidote, measured by EDS, is higher 251 

than type 2 by 1–4 wt % Fe (Fig. 4A, B, E). Type 1 crystals lack inclusions of other minerals. Type 252 

2 epidote commonly occurs in the assemblage epidote ± albite ± chlorite ± quartz. Type 2 epidote 253 

are finer grained (<30 µm diameter) and occurs as polycrystalline aggregates along with small 254 

pits, voids, and/or inclusions of titanite (Fig. 4E). Type 2 epidote typically occurs in the 255 

assemblage epidote ± albite ± chlorite ± titanite ± quartz. In some samples, sharp contacts define 256 

the boundary between type 1 and type 2 epidote crystals, where type 2 has enveloped or is 257 

intergrown with type 1 (Fig. 4A–D). 258 

 259 

Porphyry deposit-proximal samples: Sample YE16AA151 contains a 100 µm-wide epidote vein 260 

with a small 30 µm-wide splay in epidote–chlorite-altered quartz monzodiorite (Figs. 2F and 3D). 261 

This sample has a well-developed epidote–albite halo surrounding a thin (<250 µm-wide) epidote 262 

vein. Micro-XRF overview element maps (6 µm pixel size; Fig. 5) show that Sr is concentrated in 263 

epidote relative to other minerals, both within the vein and in fine-grained disseminated epidote 264 

in the 1–2 cm-wide vein halo (Fig. 5C). The extents of the epidote–albite vein halo is coincident 265 

with elevated Fe and Mn, which is concentrated in disseminated epidote (Figs. 5B and D). 266 

Manganese and Fe are more concentrated in amphibole than epidote. Base metals such as Cu (Fig. 267 

5E) and Zn (Fig. 5F) are not detectable in epidote, either in the veins or vein halos. These elements 268 

are instead concentrated in actinolite, hornblende, and/or chlorite, where detected. 269 

 270 

Figure 6A–F shows high resolution quantitative micro-XRF element maps from YE16AA151. The 271 

monomineralic epidote vein is surrounded by a vein halo of actinolite and chlorite with minor 272 

titanite. The main vein segment can be divided into three zones based on compositional 273 

differences (Fig. 6A). Zone 1 is defined as the vein margin. It is located adjacent to the wall rock 274 

and contains elevated Fe (12 wt % Fe; Fig. 6D). Zone 2 is located at the vein center. It is 275 

characterized by coarse-grained epidote with elevated Sr (>1.5 wt % Sr), and As (50–150 ppm). 276 

Zone 2 contains elevated Mn (0.1 wt %) compared to zone 1 (<0.1 wt % Mn). Zone 3 is also located 277 



in the vein center and has elevated Mn as compared to the other two zones, but lower Fe (10 wt %) 278 

and Sr (1 wt %) than zone 1. Zone 2 contains lower Mn than zone 3 (0.3 wt % Mn). Zone 1 contains 279 

higher Fe than zones 2 and 3 (9–11 wt % Fe). Epidote from zone 1 is intergrown with epidote from 280 

zones 2 and 3 (Fig. 6A). Copper is below detection limit in all three epidote veins. Quantitative 281 

differences in copper content between vein epidote and wall rock minerals cannot be determined 282 

because XRF spectra were fitted for epidote only. However, Cu is enriched in wall rock minerals 283 

(chlorite and actinolite), particularly along interpreted cleavage planes, relative to the epidote 284 

vein (Fig. 6E). 285 

 286 

Porphyry deposit distal samples: Overview micro-XRF scans of distal sample YE16AA126 show 287 

a 0.7 cm-wide zone of irregular epidote veins with a series of thin epidote veinlets oriented at 288 

45° to the main vein zone (Fig. 5G–I). Both the main epidote vein zone, and epidote veinlets are 289 

associated with elevated Sr and Co compared to other minerals (Fig. 5H–I). Manganese is more 290 

concentrated in actinolite than epidote (Fig. 5H). 291 

 292 

High resolution micro-XRF maps for part of distal sample YE16AA126 are provided in Figure 293 

7D–G. These images highlight variations across the main epidote alteration zone (Fig. 5G). 294 

Epidote occurs with titanite, actinolite and chlorite (Fig. 7D). Copper is concentrated in chlorite 295 

relative to epidote (Fig. 7E; typically <0.001 wt % Cu in epidote). Euhedral laths of epidote 296 

(potentially type 1 epidote) have elevated Mn (Fig. 7F) and Sr (Fig. 7G) concentrations relative to 297 

finer grained aggregates of type 2 epidote.  298 

 299 

Shamrock batholith samples: High resolution micro-XRF maps of epidote samples from the 300 

Shamrock batholith are presented in Figure 6G–L. The epidote vein in sample YE16AA112 shows 301 

both textural and compositional changes from the vein wall to the vein center. Epidote closest to 302 

the vein wall in sample YE16AA112 occurs as fine-grained anhedral aggregates while epidote in 303 

the center of the vein is coarser-grained, and subhedral, showing elongation along one axial 304 

direction (Fig. 6I). The mineralogy is different between the fine-grained and coarse-grained zones. 305 

Chlorite is absent from the outer, fine-grained part of the vein, as shown by the absence of Mn in 306 

Figure 6G. Although As values are generally low overall (<100 ppm), As values are higher in the 307 

center of the vein (<150 ppm) compared to the vein margin (<50 ppm; Fig. 7H). 308 



 309 

At the hand-sample scale (Fig. 2C), sample YE16AA097 contains a 2–3 cm-wide zone of intense 310 

epidote–albite alteration. Overview scan micro-XRF images (Fig. 5J–L) highlight a network of 311 

epidote veinlets connecting zones of epidote replacement. Veinlets are on the order of 200–300 312 

µm wide (Figs. 5J and 6J). Amphibole has been destroyed in the area around the vein network, as 313 

shown by the absence of Zn (Fig. 5L). High resolution micro-XRF maps show that where the vein 314 

has intersected a Ca-bearing mineral (i.e. actinolite or calcic plagioclase), that wall rock mineral 315 

has been altered to epidote (Fig. 6J–L). Replacement epidote has higher Fe (12 wt % Fe; Fig. 6J) 316 

and Sr than vein epidote (9–12 wt % Fe) in this sample. Replacement epidote has more variable 317 

and lower As contents than vein epidote. 318 

 319 

Skarn sample: Sample YE16AA063 contains the coarsest-grained epidote of all seven samples 320 

analyzed, with crystals up to 1 mm in diameter (Figs. 3A and 7A–C). Variations in the 321 

concentrations of Sr, Mn, and Fe in epidote are visible in both micro-XRF (Fig. 7A–B) and LA-322 

ICP-MS maps of this sample (Fig. 8A and C). Euhedral crystals of type 1 epidote have overall 323 

higher Fe than fine-grained aggregates of type 2 epidote (Figs. 7 and 8). Micro-XRF maps 324 

highlight sector zones in type 1 epidote whereby Sr and Fe are preferentially incorporated into 325 

specific crystal faces (Fig. 7A). Sector zones were not observed in type 2 epidote, possibly due to 326 

the resolution of the XRF map. LA-ICP-MS maps show that in addition to major components of 327 

epidote (Fe, Mn, Sr) the trace elements As, Sb, and Ce are higher in type 1 epidote compared to 328 

type 2 (Fig. 8). Cerium is enriched in thin (<5 µm) repetitive bands on the edge of type 1 epidote 329 

(Fig. 8F). 330 

 331 

Variations in epidote composition with lateral distance from Ann Mason 332 

 333 

Variations in epidote compositions as a function of distance from the center of Ann Mason are 334 

illustrated in Figure 9. Proximal epidote samples contain higher mean concentrations of Sr 335 

(approximately 8,000 ppm and 4,500 ppm, respectively) than distal epidote (<3,000 ppm), skarn 336 

epidote (~3,000 ppm) or epidote from the Shamrock batholith (<4,000 ppm; Fig. 9A). Proximal 337 

epidote samples contain low mean concentrations of Sb (0.1–0.5 ppm); whereas, distal and skarn 338 

samples have slightly higher concentrations of Sb (>0.5 ppm), and Shamrock samples have 339 



overall higher Sb values (1–5 ppm). Samples YE16AA126 (distal) and YE16AA063 (skarn) contain 340 

the widest ranges in Sb values (Fig. 9B). Antimony values for distal epidote sample YE16AA126 341 

range between 0.1 and 500 ppm, and values for skarn epidote (YE16AA063) range between 0.001 342 

and 300 ppm. Epidote grains from the Shamrock batholith have higher average Mn values than 343 

epidote from the Yerington batholith (Fig. 9C). Skarn epidote contains the lowest average Mn 344 

values. Arsenic values are variable in the proximal samples but decrease with distance from the 345 

center of Ann Mason. Skarn epidote also contains low As. Arsenic in epidote from the Shamrock 346 

batholith shows a range of values (0.3–20 ppm) but is higher overall than distal samples from the 347 

Yerington batholith or skarn epidote (Fig. 9D). 348 

 349 

Cumulative average plots of LA-ICP-MS spot data 350 

 351 

Selected trace element data from 100 LA-ICP-MS spot analyses were evaluated from sample 352 

YE16AA151 to assess the minimum number of analyses necessary to adequately represent the 353 

overall epidote composition in samples with variable chemistry. This sample was selected 354 

because it contains a single generation of epidote within a well-defined vein. Micro-XRF element 355 

maps show significant variations in epidote composition along the length of the vein (Fig. 6). 356 

 357 

Plots of cumulative averages and relative differences to final average concentrations (n = 358 

100) for Sr, Mn, As and Sb in epidote from sample YE16AA151 are illustrated in Figure 359 

10. At low numbers of spot analyses (n ≤ 20), the relative differences to final average 360 

values for Sr, Mn, As and Sb are greater, up to 65% relative difference (RD), than at higher 361 

numbers of spot (n > 20; Fig. 10). Above 40 spot analyses, the cumulative average 362 

concentrations of these elements approach the final average values (Fig. 10; < 20% RD). 363 

 364 

Discussion 365 

 366 

Microscale variations in epidote composition and morphology 367 

 368 



Grainsize variations in epidote veins: A schematic diagram summarizing the primary sources of 369 

compositional variability in single generation epidote grains from the Yerington district is 370 

illustrated in Figure 11. High-resolution quantitative micro-XRF maps of epidote vein samples 371 

highlight the grain size increase and compositional changes from the vein wall to the center (Figs. 372 

6A–I and 11). Epidote crystals grew symmetrically inward from the vein walls, with initial seed 373 

crystals increasing in size in the direction of growth (Fig. 11). Epidote grains are coarsest in the 374 

vein center, where precipitation into open space is most likely (Fig. 11). However, chemical and 375 

textural heterogeneity are not evident in all vein samples. Epidote veinlets from sample 376 

YE16AA097 (Fig. 6J–L) have a relatively homogeneous trace element distribution at the scale of 377 

imaging, both from vein edge to vein center, and also along the length of the vein. 378 

 379 

The absence of visible trace element variation in YE16AA097 may be a limitation of the resolution 380 

of micro-XRF imaging (1 µm), or there may be a critical width necessary to generate the type of 381 

chemical variations observed in samples with wider veins (Fig. 6). Based on our observations, we 382 

favor the former explanation, given that with every step-increase in resolution, further textural 383 

and chemical complexity has been recognized. At hand sample scale, the major element 384 

compositions (e.g., epidote, clinozoisite, or piemontite) and texture of samples appear 385 

homogeneous. Visible grain-scale chemical heterogeneity is, however, detectable with SEM 386 

backscatter imaging (micron scale in this study). Textural and chemical variation are even more 387 

apparent in LA-ICP-MS element maps (4 µm pixel size), and micro-XRF images (1 µm pixel size). 388 

Nanometer pixel-size imaging of epidote-filled micro fractures and veinlets in YE16AA097 could 389 

therefore show similar, or even more complicated patterns to those discussed in this study. 390 

 391 

Vein vs replacement epidote: Vein epidote has an order of magnitude higher As content, and 1–2 392 

wt % lower Fe than the nearby replacement epidote grains (Figs. 6J–K). Previous studies have 393 

shown that host rock composition can be inherited by epidote, particularly the Fe-content 394 

(Holdaway, 1972; Bevins and Merriman, 1988; Grapes and Hoskin, 2004). Vein-hosted minerals 395 

are likely to have compositions dominated by the hydrothermal fluid; whereas, replacement 396 

epidote may inherit components from the altered rock. The complete replacement of primary 397 

minerals by epidote and chlorite in the wall rocks is probably a relatively slow process compared 398 

to vein infill. In mineral replacement reactions, fluids infiltrate primary minerals initially along 399 



microfractures and/or grain boundaries (Jonas et al., 2013; 2014). This initial infiltration is 400 

inferred to be a relatively fast process because fluids can progress large distances over short 401 

periods of time, without developing reaction fronts perpendicular to grain boundaries (Ruiz-402 

Agudo et al. 2014). Progressive replacement of primary minerals in the directions perpendicular 403 

to grain boundaries or microfractures can take longer, because fluids are forced to create their 404 

own porosity, typically through dissolution and precipitation reactions (Ruiz-Agudo et al., 2014). 405 

This slower process may favor some chemical exchange between the fluid and local minerals that 406 

are recorded in the replacement epidote compositions. 407 

 408 

Dissolution–reprecipitation reactions 409 

 410 

Dissolution and reprecipitation reactions can result in crystal textures similar to those observed 411 

in type 1 and type 2 epidote (Fig. 4). Kasioptas et al. (2008) demonstrated that coarse-grained 412 

mineral phases can partially recrystallize to finer grained phases of the same, or related mineral 413 

species. The overall morphology of grains can be maintained, but the composition can change 414 

markedly (Kasioptas et al., 2008). The rate at which these reactions occur is largely a function of 415 

the reactivity of the fluid (Kasioptas et al., 2008, Perdikouri et al., 2008). Putnis (2002) 416 

demonstrated that when the dissolution rate is faster than the precipitation rate, there is an overall 417 

volume loss that can generate pore space. In epidote samples from this study, pore space may 418 

have been generated by dissolution-precipitation reactions whereby type 1 epidote was replaced 419 

by fine-grained aggregates of polycrystalline epidote ± titanite and newly developed open space. 420 

Type 2 epidote has overall lower Fe, and more variable Sr and Mn than type 1, which may also 421 

be a function of volume change during type 2 epidote growth (Figs. 7 and 8). The presence of type 422 

2 epidote around type 1 in some samples (e.g., YE16AA063; Fig. 8) indicates that type 2 epidote 423 

formed after type 1. 424 

 425 

Chemical zoning in epidote grains 426 

 427 

Iron–Al zonation in both type 1 and type 2 epidote were patchy, or lamellar (Fig. 4). This type of 428 

lamellar zoning, whereby the concentrations of Fe and Al typically vary between growth zones, 429 

is common in epidote and can relate to growth rate and/or diffusion rates, or changes in fluid 430 



compositions during crystal growth (i.e., oxidation state, pH; Enami et al., 2004; Grapes and 431 

Hoskin, 2004). Significant variations in Fe contents were observed in type 2 epidote (Fig. 4); 432 

however, due to its fine-grained nature, it is unclear whether individual type 2 grains have the 433 

same patchy or lamellar zoning as type 1 epidote. Each aggregate of type 2 epidote consists of 434 

hundreds of individual crystals. Variations in Fe-contents across aggregates of type 2 epidote 435 

could be due to a number of factors, including: (1) each crystal having a different Fe–Al content; 436 

(2) each crystal being zoned from rim to core; (3) lamellar zoning of individual crystals; or (4) 437 

subtle alteration of some grains. 438 

 439 

Another factor to consider when assessing variability in epidote mineral chemistry of individual 440 

crystals is sector zoning; the process by which elements are concentrated preferentially into 441 

different crystal faces. Sector zones have been previously documented in epidote and zoisite 442 

(Dowty, 1976; Enami, 1977; Enami et al., 2004). Enami et al. (2004) noted that Fe concentration in 443 

zoisite was highest on the [101] crystal face, as compared to the [010] and [001] faces (Dollase, 444 

1969; Frei et al., 2004; Armbruster et al., 2006). The preferential incorporation of Fe into one face 445 

over another probably occurs due to differing growth rates. [100] is the slowest growth direction 446 

and concentrates Fe (Enami et al., 2004). Sector zones in Yerington epidote were observed only in 447 

type 1 epidote (e.g. Fig. 7A–C). It may be that type 2 epidote is also sector zoned but the grainsize 448 

prevents confirmation of this hypothesis. 449 

 450 

Exploration implications 451 

 452 

Representative sampling of epidote: The compositional variations in epidote grains detected in the 453 

current study raise the question of statistical representation, i.e., whether the range in trace 454 

element concentrations from spot analyses in a sample sufficiently represents the overall 455 

composition of a sample. Adequate representation of maximum values can be of particular 456 

importance in resource exploration. Cooke et al. (2014a) identified that high concentrations of 457 

metals in epidote may be indicative of productive magmatic-hydrothermal systems. In the 458 

current study, between 17 and 25 spot analyses were collected from each epidote sample 459 

(Appendix B). These numbers are higher overall than the number of analyses collected per sample 460 

by Cooke et al. (2014a) at Baguio (n = 2–29; naverage = 10). A major difference between epidote from 461 



these districts is that Yerington epidote showed significant compositional zoning; whereas, 462 

Baguio epidote had relatively uniform major and trace element compositions (Cooke et al., 2014a). 463 

 464 

To evaluate the optimal number of spot analyses to collect from texturally and compositionally 465 

heterogeneous epidote samples such as those detected at Yerington, we analyzed 100 spots from 466 

a single epidote vein (Fig. 10). At total spot numbers greater than 80, there is minimal difference 467 

between cumulative average values at a given number of spot analyses and the final average 468 

concentrations of Sr, Mn, As and Sb at 100 analyses (<5% RD; Fig. 10). At total spot numbers 469 

greater than 40, the RD values for Sr and Mn are low (<5% and those of As and Sb are more 470 

variable (up to 20% RD). Differences in RD values between elements at the same number of spot 471 

analyses are most likely related to the overall concentrations of each element in epidote. Elements 472 

that occur in low concentrations in epidote (<100 ppm) such as As and Sb may be more affected 473 

by outlier values in a single analysis than elements that occur in higher concentrations in epidote 474 

such as Sr and Mn. At values of n ≤ 40, the average concentrations of Mn, As and Sb are 475 

consistently ≥  20%. Therefore, to circumvent the compositional variability present in some 476 

epidotes, a higher number of spot analyses can be collected from each sample in order to ensure 477 

that the full range in element concentrations is represented by the spot data. Based on the results 478 

from Yerington, this number is around 40. 479 

 480 

Awareness of sampling bias: To avoid contamination of LA-ICP-MS spectra by other minerals, 481 

only the most homogeneous areas of an epidote vein or epidote-altered zone of sample are 482 

typically analyzed. In sample YE16AA112, fine-grained epidote crystals in a vein occur in 483 

clustered aggregates with other minerals like albite, chlorite, and titanite (Fig. 6G–I). Sampling 484 

these areas would typically be avoided to prevent contamination of the analysis with other 485 

minerals. However, by preferentially choosing coarse-grained crystals, the user may be creating 486 

a bias in the results toward one generation of epidote formation (not necessarily the generation 487 

associated with mineralization), and or at a minimum oversampling one trace element population 488 

of epidote. Figures 8 provides another example of this potential sampling bias, whereby the most 489 

visibly homogeneous material is the coarse-grained epidote (type 1). Analyzing the fine-grained 490 

material at the nominated spot size of 30 µm results in the risk of ablating inclusions in addition 491 



to the best epidote. The use of smaller spot sizes is not typically favored due to associated 492 

decreases in analytical precision. 493 

 494 

Method comparison 495 

 496 

Results from LA-ICP-MS spot data, LA-ICP-MS raster maps, and micro-XRF element maps all 497 

showed micron-scale compositional heterogeneity in epidote within a single sample (Figs. 5–9). 498 

Normal score probability plots comparing the Fe, Sr, and Mn content of two samples using the 499 

three quantitative methods applied in this study (LA-ICP-MS spots, LA-ICP-MS raster maps, and 500 

micro-XRF maps) are presented in Figure 12. In the context of this study, probability plots were 501 

used to compare element concentration data between datasets collected by different methods. 502 

 503 

The LA-ICP-MS raster map and micro-XRF map data have similar data ranges (Fig. 12). For 504 

example, maximum values for Sr, Mn, and Fe analyzed by both methods in samples YE16AA112 505 

are within 5% of one another (Fig. 12). Minimum values for Mn in both samples converge near 506 

0.1 ppm (detection limit; Figs. 12B and E). Concentration differences between methods that do 507 

exist are likely a function of the location selected for analysis by each method. The locations of 508 

spot and map pixel data analyzed are different but occur within the same sample. As such, the 509 

relative amount of different epidote types (type 1 and type 2), the degree of sector zoning, and/or 510 

the amount of twinning in samples between datasets is likely to be different. 511 

 512 

For all elements, the concentration ranges in LA-ICP-MS spot data are less than either the ranges 513 

of the LA-ICP-MS raster maps or micro-XRF maps (Fig. 12). This is due to the number of data 514 

points and the volume of material sampled in each dataset. LA-ICP-MS spot data samples a 515 

volume of ~1800 µm3 (30 µm spot size, 2 µm depth crater). This volume is far greater than the 516 

volume of material analyzed by either the LA-ICP-MS raster map (~16 µm3; 4 µm spot size, 1 µm 517 

depth crater) or the micro-XRF element maps (<1 µm beam width). Because the LA-ICP-MS spots 518 

homogenize a larger volume of material; the maximum and minimum values sampled by the 519 

other higher resolution methods are lost. Unlike the spots, map datasets have captured micron-520 

size changes in Fe, Sr, and Mn content that could not be resolved with a 30 µm spot size. 521 

 522 



One of main limitations of using synchrotron radiation for element mapping, apart from the cost 523 

of data acquisition and limited access to equipment, is the restricted list of elements that can be 524 

analyzed. With the experimental conditions used in this study, modeled after Fisher et al. (2015), 525 

the element list was restricted to those elements with K-emissions (Ca to Zr) and L-emissions (Au, 526 

Pb, Hg, W, Bi, U). This limitation is largely due to peak interferences, the atomic mass of the 527 

element and the energy of fluorescence (Ryan et al. 2014; Hare et al., 2016). Conversely, given 528 

sufficient dwell times, LA-ICP-MS raster maps can quantify most elements at the ppm level. 529 

  530 

Conclusions 531 

 532 

Epidote trace element compositions are currently being analyzed as part of exploration programs 533 

for porphyry Cu deposits (e.g., Cooke et al., 2017; Agnew, 2017; Agnew, 2018; Baker et al., this 534 

volume; Pacey et al., this volume). High-resolution micro-XRF and LA-ICP-MS quantitative 535 

imaging of epidote from the Yerington porphyry Cu district in Nevada has highlighted 536 

significant chemical variations at the micron-scale within single crystals of both vein and 537 

replacement epidote. Grains of vein epidote have compositions that vary significantly from the 538 

vein wall to the vein center, with up to an order of magnitude variations in As, Mn, and Sr 539 

contents, and up to 3 wt % Fe (Figs. 6 and 10). Sector zones in replacement-style epidote grains 540 

have higher concentrations of Fe, Mn, Sr, As, Sb, and Ce than other crystal faces (Figs. 7A–C, 8). 541 

Furthermore, subtle compositional differences were detected between replacement epidote and 542 

vein epidote in the same sample (Fig. 6J–L). Vein epidote had nearly an order of magnitude more 543 

As than replacement epidote. 544 

 545 

We suggest that in prospective exploration areas where epidotes are characterized by 546 

crystallographic features such as sector zones or twins, detailed high-resolution microscopy is 547 

undertaken to characterize textures and paragenetic relationships of the mineral phases of 548 

interest. Alternatively, as demonstrated in the current study, more laser spot analyses can be 549 

collected (~n > 40) to ensure a statistically robust dataset that records the full range of 550 

compositional data. Where possible, an effort should be made to analyze and compare consistent 551 

epidote sample types (vein or replacement) and similar areas within those sample types (vein 552 

wall vs. vein center) to ensure the best comparison possible between laser spot data points. 553 
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Table 1. Sample descriptions. UTM coordinates are provided in in NAD83 Zone11. Mineral abbreviations: Act = 
actinolite; Alb = albite; Chl = chlorite; Di = diopside; Ep = epidote; and Py = pyrite. 
 

Sample YE16AA001 YE16AA063 YE16AA097 YE16AA112 YE16AA126 YE16AA151 YE16AA212 

Easting 306684 303185 306232 305023 305311 304761 304155 

Northing 4314832 4312925 4312966 4313378 4315236 4317202 4317442 

RL 1627 1587 1688 1913 1876 1706 1064 

Sample 
description 

       

Rock unit 
McLeod Hill 

quartz 
monzodiorite 

Shamrock 
monzonite 

Shamrock 
monzonite 

Shamrock 
monzonite 

McLeod Hill 
quartz 

monzodiorite 

McLeod Hill 
quartz 

monzodiorite 

McLeod Hill 
quartz 

monzodiorite 

Visible alteration 
Ep–alb–act–

ttn 
Ep–di–alb–

act–qtz 
Ep–alb–act Ep–alb–act 

Ep–alb–act–
chl 

Ep–alb Ep–alb–py 

Vein   - - Ep Ep–chl Ep–act–alb Ep Qtz–py–ep 

Vein width (cm) - - <0.1 0.2 0.7 <0.1 0.2 

Vein halo 
mineralogy 

- - Ep–alb–act Ep–alb–act Ep–alb–act Ep-alb–act Ep–alb–py 

Vein halo width 
(cm) 

- - 2–3 1–3 2–4 1–2 <1 

Analysis        

SEM Yes Yes Yes Yes Yes Yes Yes 

LA-ICP-MS spot 
analysis 

Yes Yes Yes Yes Yes Yes Yes 

LA-ICP-MS map - Yes - - - - - 

XFM Yes Yes Yes Yes Yes Yes Yes 

Location 
classification 

Distal Skarn Shamrock Shamrock Distal Proximal Proximal 

 

 



Fig. 1: Geology map of the Ann Mason fault block, Yerington district, Nevada showing the locations of samples 
used  in  this study. Map modified  from Proffett and Dilles  (1984). The Ann Mason and Blue Hill porphyry Cu 
deposit resources (0.15% Cu grade shells projected to surface) are shown by stippled outlines (Kulla et al., 2015; 
Watkins et al., 2015). Skarn‐Cu deposits within  the Ann Mason  fault block  (Casting Copper and Ludwig) are 
shown. Major basin and range‐style normal faults are shown by thicker black lines. The Ann Mason fault block 
is bound to the east by the Bluestone fault, and to the north by the Singatse fault. U–Pb rock ages from Dilles 
and Wright (1988). 

Fig. 2: Hand specimen photographs of samples analyzed in this study: A. YE16AA001: Epidote–actinolite–titanite 

clots  with  albite‐dominant  alteration  halos  in  McLeod  Hill  quartz  monzodiorite.  B.  YE16AA063:  Epidote–

diopside–actinolite–albite–quartz  altered  Shamrock monzonite. C. YE16AA097: Epidote  veinlets with  albite–

epidote–actinolite vein halos in Shamrock monzonite. D. YE16AA112: Epidote–chlorite vein with epidote–albite–

actinolite vein halo in Shamrock monzonite. E. YE16AA126: Epidote–albite–actinolite vein in McLeod Hill quartz 

monzodiorite. F. YE16AA151: Epidote veinlet with albite–epidote vein halo in McLeod Hill quartz monzodiorite. 

G. YE16AA212: Quartz–pyrite–epidote veins in McLeod Hill quartz monzodiorite. Laser mount (25 mm diameter) 

locations are shown by the thick dashed white line, as labelled in Figure 2A. 

Fig.  3:  Large‐scale  SEM  backscatter  electron  images  of  selected  samples  showing mineral  associations  and 

epidote morphology: A. YE16AA063: Coarse‐grained epidote with quartz and minor actinolite. B. YE16AA112: 

Epidote–chlorite vein with albite and minor epidote  in vein halo. C. YE16AA126: Vein‐hosted epidote–albite–

actinolite–titanite. D. YE16AA151: Epidote veinlet with actinolite–titanite–epidote–quartz in vein halo. Dashed 

red lines denote locations of high resolution XRF maps presented in Figures 6 and 7. High resolution XRF maps 

of YE16AA112 shown in Figure 6 are in a similar location to the entire view shown in Figure 3B.  

Fig. 4: SEM backscatter electron images of epidote showing two epidote classes. Type 1 epidote (Ep1) is coarse‐

grained (generally >50 µm diameter crystals) and weakly zoned with respect to Fe and Al. Type 2 epidote (Ep2) 

occurs as  fine‐grained aggregates  (<30 µm diameter crystals), with pits and/or  inclusions of other minerals. 

Representative Fe concentrations, collected by energy dispersive spectra on the SEM, are shown for type 1 and 

type 2 epidote. A. Sample YE16AA001: Type 1 epidote surrounded by type 2. B. YE16AA063: Type 1 epidote 

flanked by type 2. C. YE16AA112:  Intergrown type 1 and type 2 epidote with chlorite. D. YE16AA126: Type 1 

epidote  surrounded by  type 2. E. YE16AA151: Vein with mostly  type 1 epidote, and  type 2 along  fractures. 

Mineral abbreviations: Ab = albite; Chl = chlorite; Ep = epidote; Qtz = quartz; Ttn = titanite. 

Fig. 5: Micro‐XRF element map overview scans (6 µm pixel size) from two samples. A–F: YE16AA151 contains a 
thin epidote vein (<250 µm wide) with a 1–2 cm‐wide epidote–albite vein halo. A. Ca, B. Fe, C. Sr, D. Mn, E. Cu, 
F. Zn. Calcium, Fe, Sr, and Mn are concentrated in the epidote vein. Iron, Sr, and Mn define the vein halo. 
Copper and Zn are concentrated in actinolite relative to epidote. G–H: YE16AA126 contains a 0.7 cm‐wide 
irregular vein and epidote–albite vein halo, with thin (<1 mm wide) epidote veinlets oriented at 45° to the 
main alteration zone. G. Ca, H. RGB image of Fe, Mn, and Sr, and I. Co. J–L: YE16AA097 contains a series of 
epidote veinlets and patches of actinolite replaced by epidote. J. Ca, K. Sr, L. Zn. Abbreviations: Ab = albite; Act 
= actinolite; Chl = chlorite; Ep = epidote; Py = pyrite; Repl = replacement; Ttn = titanite. Element concentrations 
are based on a spectral fit to epidote, therefore concentrations of these elements in other minerals are only 
semi‐quantitative.  

Fig. 6: XRF quantitative element maps of epidote veins. A–F. Epidote vein and vein splay from sample 
YE16AA151. The main epidote vein can be divided into three discrete zones based on epidote composition 
(labeled 1–3 and shown by dashed line). Zone 1 contains low Sr and Mn, and elevated Fe. Zone 2 contains 
elevated Sr and As, and low Fe and Mn. Zone 3 contained low Sr, and Fe, and elevated Mn and As. Copper is 
below detection limit in vein epidote, but is concentrated in actinolite outside the vein. G–I: Epidote vein and 
vein splay from YE16AA112. Sr is concentrated in epidote, and Mn is concentrated in chlorite in the alteration. 
Dashed line denotes boundary between fine‐grained (top) and coarse‐grained vein epidote. Arsenic (6H) 
occurs preferentially in coarse‐grained epidote located below the dashed line. 6I shows Sr in grayscale to 
highlight textural differences between coarse and fine‐grained epidote. J–L: Vein and replacement epidote 
from sample YE16AA097. Vein epidote has lower Fe, and higher As compared to replacement epidote. Figures 
6F and 6G are RGB element maps. Ab = albite; Act = actinolite; Chl = chlorite; Ep = epidote; Hbl = hornblende; 
Zr = zircon; Vn = vein; Rpl = replacement. The locations of high resolution images are included in Figures 3 and 
5. 



Fig. 7. Quantitative micro‐XRF element maps from two samples. A–C: Sample YE16AA063. A. Sector zoned Sr in 
coarse‐grained type 1 epidote (Ep1) with patchy Sr in type 2 epidote (Ep2). B. Fe concentrated in the cores of 
type 1 epidote. C. Mn is concentrated along epidote grain boundaries and in cores of type 1 epidote. D–F: 
Sample YE16AA126. D. RGB image Ca, Fe, Mn, E. Cu, F. Mn, and G. Sr. 

Fig. 8. LA‐ICP‐MS element map  from sample YE16AA063. An SEM backscatter  image for this element map  is 
shown in Figure 4B. A. Fe, B. Mn, C. Sr, D. As, E. Sb, and F. Ce. Element concentrations in ppm. The location of 
this element map is approximately 2 mm away from the location of the micro‐XRF element map shown in Figure 
7. The white stippled line separates type 1 epidote (Ep1) inside, from type 2 epidote (Ep2) outside the line. Type 
1 epidote contains consistently elevated values of Fe, Mn, Sr, As, Sb, and Ce. Type 2 epidote contains variable 
concentrations of Fe, Mn, Sr, and Ce, but contains no As or Sb. 

Fig. 9. A–D: Box and whisker plots of LA‐ICP‐MS data from samples analyzed in this study. Samples are ordered 
with respect to distance from the center of Ann Mason, from proximal (left) to distal (right) with a solid line 
separating samples from the Yerington batholith (left) from the Shamrock batholith (right). A. Sr, B. Sb, C. Mn, 
and D. As. 

Fig. 10.  Plots of cumulative average values and relative differences (RD) from final average values (n = 100) in 
vein sample YE16AA151 of: A. Sr, B. Mn, D. As, and E. Sb. RD values were calculated by taking the absolute 
difference between the final average values for a given element (at n = 100) and the cumulative average at a 
given number of analyses, divided by the final average value and multiplying the quotient by 100 to 
obtain %RD. 

Fig. 11. Schematic diagram showing changes in grainsize and epidote composition from the vein margin to the 
vein center. Epidote close to wall rock is fine‐grained and may have inherited chemical components from wall 
rock minerals. Epidote at the vein‐center is coarser‐grained and is likely to have chemistry dominated by the 
associated hydrothermal fluid. Coarser‐grained epidote can show twins, lamellar zones and sector zones, 
which contribute to micron‐scale geochemical variability within individual epidote crystals. 

Fig. 12.  Normal score probability plots comparing Sr, Mn, and Fe contents in epidote from the same samples 
using LA‐ICP‐MS spot analysis, LA‐ICP‐MS raster map pixel data, and micro‐XRF map pixel data. A–C: 
YE16AA112. A. Sr, B. Mn, C. Fe. D–F: YE16AA063. D. Sr, E. Mn, and F. Fe. 
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