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ABSTRACT 

Core samples from eight deep wells in The Geysers geothermal field that define a transect from the intrusive core of the system through 

the contact metamorphosed Franciscan metagraywacke and argillite that hosts the high temperature vapor dominated geothermal 

reservoir have been examined by electron microprobe, scanning electron and petrographic microscopic techniques to document mineral 

chemistries and vein paragenesis.  

Vein paragenesis in the suite of core samples shows early veins of: biotite + apatite + quartz + pyrite ± plagioclase ± pyrite ± ilmenite; 

tourmaline + quartz + chlorite ± K-feldspar ± plagioclase ± epidote ± titanite ± pyrite ± ilmenite ± chalcopyrite; and actinolite + 

plagioclase + apatite + quartz + pyrite. With later: epidote + quartz + K-feldspar + plagioclase ± actinolite ± chlorite ± chalcopyrite ± 

pyrite ± ilmenite ± prehnite ± wairakite; and K-feldspar ± pyrite ± titanite.  

Three hundred and sixty-six electron microprobe analyses of vein and wall rock mineral chemistries have been collected from: biotite 

(seventy-seven); tourmaline (one hundred and sixteen); calcic amphibole (twenty); apatite (thirty-three); plagioclase (fourteen); epidote 

(thirty-one); chlorite (forty-three); titanite (eight); and K-feldspar (twenty-five). Biotite chemistry data from veins and contact 

metamorphic wall rock were collected from two cores. The biotite is annite to phologopite in composition with Mg/(Mg+Fe) values 

ranging from 0.37 to 0.56 and Al contents ranging from 1.12 to 1.62 apfu with overlapping compositional ranges. Variations in Mg, Fe, 

Al and Cl content were observed between vein and wall rock biotite and disparities in F content were observed between the two cores 

with average F contents of 0.20 and 0.02 apfu. Vein and wall rock tourmaline chemistry data was collected from four cores. Tourmaline 

is dominantly foititc to scholitic in composition with less abundant dravitic species. All tourmaline measurements fall into the alkali and 

X-site vacant groups. No systematic zoning was observed in relation to distance from the pluton, but zoning within crystals was 

observed, from base to tip in elongated grains, and within adjacent domains of sector zoned tourmalines. Comparison of tourmaline in 

the contact metamorphic wall rock to vein tourmaline from the same core showed that vein tourmaline is enriched in Al and F. Vein 

calcic amphibole chemistry data was collected from one core and was found to be actinolite to magnesiohornblende in composition. 

Apatite chemistry data was collected from two cores. The monovalent anion site showed variable composition between cores and at the 

grain scale, ranging between nearly end member F and OH apatite species in one core to OH-rich apatite with minor Cl (< 0.26 apfu) 

and negligible F in another. Plagioclase was observed in one core as Ca-rich (average An75) vein selvages. Epidote from veins within 

the intrusive contained low abundances of rare earth elements (Ce < 0.17, Nd < 0.06, La < 0.11 apfu), but no relationship between Al 

and Fe+3 content and distance from the intrusive was observed. Chlorite chemistry data was collected from five cores and is dominantly 

clinochlore in composition with less abundant chamosite. Chlorite is found in veins across the entire core transect, from within the 

intrusive, out into the geothermal reservoir and shows a trend of increasing Mg content with distance from the intrusive with 

Mg/(Mg+Fe) values ranging from 0.11 to 0.60. Vein titanite chemistry was collected from two cores and was found to be Al- and F-rich 

with average Al and F contents of 0.39 and 0.27 apfu respectively. 

1. INTRODUCTION 

The Geysers geothermal field is located in the Mayacmas Mountains, roughly 150 km north of San Francisco, California on the 

southeastern edge of the larger Pliocene to Holocene Clear Lake volcanic field (Donnelly-Nolan et al., 1993). The Geysers is the largest 

producer of geothermal energy in the world (720 MWe; Moore and Simmons, 2014), and is notable as being one of only a handful of 

vapor-dominated geothermal systems. Water-rock interactions within the hydrothermal system and have increased the strength of the 

country rocks, allowing them to support low pressure vapor-static steam filled fractures at depth. Understanding the mechanisms, extent 

and spatial variability of the alteration in the fracture networks and country rock will aid in future exploration and development of both 

the conventional and Enhanced Geothermal System reservoirs at The Geysers.  

The geothermal reservoir at The Geysers covers an area of approximately 160 km2 (Walters and Coombs, 1989) and is hosted within the 

fractured and contact metamorphosed metasediments of the Mesozoic Franciscan Complex and to a lesser degree the underlying 

plutonic rocks. The Franciscan Complex was metamorphosed to subgreenschist facies and locally to blueschist facies conditions during 

accretion of the Franciscan to the Pacific plate (McNitt, 1968; McLaughlin, 1981; Thompson, 1989). Highly convoluted veins of quartz 

and calcite are a common feature of the regional metamorphism (McNitt, 1968; McLaughlin, 1981; Sternfeld, 1981). Within The 
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Geysers geothermal system, dissolution of the calcite in these deformed veins has created porosity for the deposition of hydrothermal 

minerals (Moore and Gunderson, 1995).  

Volcanic activity (basaltic andesite followed by more voluminous rhyodacite) in The Geysers-Clear Lake area began at about 2.1 Ma, 

continuing intermittently with the most recent eruption occurring at 0.01 Ma (Donnelly-Nolan et al., 1981). Accompanying intrusive 

igneous activity may have begun as early as 2.5 Ma (Schriener and Suemnicht, 1981).  The pluton underlying The Geysers is informally 

referred to as the felsite.  It has been intersected at depths as shallow as 700 m below the surface and has a volume in excess of 300 km3 

at an elevation above 4,400 mbsl (Donnelly-Nolan et al., 1993; Norton and Hulen, 2001).  It is elongated in a northwest-southeast 

orientation (Figure 1), subparallel to the regional faults (Hulen and Norton, 2000). Regional NW-SE trending strike-slip faults related to 

San Andreas faulting have affected both the Mesozoic Franciscan complex and the geometry of the intrusion at The Geysers. Seismic 

evidence (Bufe et al., 1981; Oppenheimer, 1986) indicates that The Geysers-Clear Lake area is currently under extensional stress. 

The felsite is composed of at least three intrusive bodies. The oldest is a biotite microgranite porphyry that forms the shallow cupola of 

the pluton. U-Pb dating of zircon has yielded an age of 1.76 ± 0.01 Ma (Schmitt et al., 2002). Younger intrusive bodies include an 

orthopyroxene-biotite granite and a hornblende-pyroxene-biotite granodiorite. U-Pb analyses of zircon and 40Ar/39Ar age spectra suggest 

these units were emplaced between 1.13 ± 0.06 and 1.28 ± 0.01 Ma, respectively (Dalrymple et al., 1999; Schmitt et al., 2002). Several 

younger rhyolite dikes have been encountered in geothermal well bores. One has yielded a 40Ar/39Ar total-fusion age of 0.57 Ma (Pulka, 

1991); another a U-Pb zircon age of 1.13 ± 0.04 Ma (Schmitt et al., 2002). 

It has been suggested that intrusion ages of less than 1 Ma are too old to account for the high reservoir temperatures observed at The 

Geysers today (Walters and Combs, 1992; Williams et al., 1993; Dalrymple et al., 1999; Norton and Hulen, 2001; Schmitt et al., 2002). 

To account for the prolonged heating at The Geysers, either a large long-lived magma chamber (Isherwood, 1981; McLaughlin, 1981), 

or incremental intrusions of smaller, as yet undetected plutons must be present (Stanley and Blakely, 1995; Stanley et al., 1998). One 

such young intrusive body may lie beneath the northwestern portion of the field. Core from deep wells in this area provide samples of 

contact metamorphosed rock (biotite hornfels), but intrusive rocks have not been encountered. Evidence for a recent intrusion in this 

area includes measured temperatures as high as 400oC (Lutz et al., 2012); steep conductive temperature gradients of up to 50oC/100m 

(Walters et al., 1988); high 3He/4He ratios in the steam (Torgerson and Jenkins, 1982; Kennedy and Truesdell, 1996); and high HCl 

contents of the steam (Truesdell et al., 1989; Lowenstern and Janick, 2003). Heat flow data suggest that igneous activity could have 

occurred as recently as 5,000 to 10,000 years ago in the northwest Geysers (Williams et al., 1993). 

Mineral assemblages related to contact metamorphism and hydrothermal alteration are concentrically zoned around the pluton and are 

linked to the emplacement of the felsite (Thompson and Gunderson, 1989; Sternfeld, 1989; Hulen et al., 1991, 1992; Moore and 

Gunderson, 1995; Norton and Hulen, 2001; Lutz et al., 2012). A contact metamorphic aureole forms a rind around the intrusive 300 to 

>600 m thick. The contact metamorphosed rock is a biotite hornfels characterized by disseminated biotite and veins or vug fillings in 

dissolution cavities containing tourmaline and/or biotite (Moore and Gunderson, 1995). 

Mineralogic, fluid inclusion and isotopic studies record the evolution of the geothermal system from an early liquid-dominated 

hydrothermal system to the present-day vapor-dominated regime (Moore and Gunderson, 1995; Moore et al., 2000). The vapor-

dominated regime developed when discharge exceeded recharge through the low permeability rocks surrounding the system (White et 

al., 1971; Truesdell and White, 1973). Chalcedony overgrowths on quartz and the common occurrence of vapor-rich fluid inclusions 

throughout the field suggest the transition from liquid- to vapor-dominated conditions was accompanied by widespread, and possibly 

catastrophic boiling (Moore et al., 2000). 

The current vapor-dominated regime consists of two reservoirs, the high temperature vapor-dominated reservoir (HTVDR) and the 

normal temperature vapor-dominated reservoir (NVDR) (Drenick, 1986; Walters et al., 1988). The HTVDR lies below the NVDR in the 

northwest portion of the field where the youngest intrusive is suspected to be concealed. Temperature and pressure measurements made 

prior to production indicate that the NVDR had a temperature of ~240oC and a pressure of ~35 bars (vaporstatic) that remained constant 

with depth. In the northwestern portion of the field measured temperatures of up to 400oC and pressures only marginally higher than in 

the overlying NVDR have been encountered, suggesting the HTVDR and NVDR are hydraulically connected (Walters et al., 1988; Lutz 

et al., 2012). Steep temperature gradients up to 50oC/100 m have been observed between the two reservoirs (Walters et al., 1988). Based 

on fluid inclusion data indicating that boiling occurred in the temperature range of 330o to 240oC (Moore et al., 2000), 40Ar/39Ar 

spectrum dating on hydrothermal adularia (0.57 ± 0.03 Ma at 300-330oC) (Hulen et al., 1997) and thermal modeling (Dalrymple et al., 

1999) It has been postulated that the transition from liquid- to vapor-dominated conditions occurred between 0.28 and 0.25 Ma (Hulen 

et al., 1997). 

Despite the considerable amount of petrologic work characterizing the hydrothermal alteration at The Geysers little is known about the 

chemistry of the alteration minerals. In this study, core samples from eight wells that define a transect from the intrusive through the 

surrounding biotite hornfels and the HTVDR reservoir have been investigated using petrographic, scanning electron microscope and 

electron microprobe techniques. The chemical data supplement previous descriptions of the vein paragenesis by Moore and Gunderson 

(1995) and Hulen (1991). This paper presents the initial results of the chemical analyses. 
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Figure 1: A) Contour map of the top of The Geysers pluton (felsite) at 500 ft increments relative to mean sea level. Locations of 

wells with cored intervals selected for this study are shown in pink. B) Simplified cross-section of The Geysers 

geothermal field (orange section line shown in A) with cored intervals shown in red and orange. Deviated wells are shown 

as vertical with cored intervals and total depths converted from measured depth to true vertical depth. Top of hornfels 

map courtesy of Calpine. 

2. METHODS 

2.1 Scanning electron microscopy 

Scanning electron microscopy was conducted at the Energy & Geoscience Institute using a JEOL IT-300 scanning electron microscope 

(SEM) equipped with a Deben Centaurus cathodoluminescence (CL) detector and an Oxford X-act energy dispersive detector (EDS). 

Backscatter electron (BSE) photomosaic images of entire thin sections were generated to guide electron microprobe analyses. BSE, 

EDS and CL were used as preliminary tools to identify minerals, assess paragenetic relationships, and investigate chemical variations 

within individual mineral grains and as a function of the distance from the intrusion. 

2.2 Electron microprobe 

Wave length dispersive spectroscopy was conducted at the University of Utah Geology and Geophysics department using a Cameca SX-

50 electron microprobe (EMP) equipped with four wavelength dispersive X-ray spectrometers. Under nominal operating conditions, 

typical detections limits are 300 ppm and precision for major elements in on the order of 1% of the amount present. Spot sizes ranged 

from 10 to 5 µm. An accelerating voltage of 15 kV and current of 30 nA were used. Count times were 10 seconds off peak and 20 

seconds on peak for all elements with the exception of F. For F, count times were 20 seconds off peak and 40 seconds on peak. As a 
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precaution, F was analyzed first in an effort to minimize F migration under the electron beam. EMP data does not include information 

on oxidation states or analyses of light elements such as B, H and Li. 

3. PARAGENESES 

In addition to the polished thin sections made for this study a suite of thin sections housed at the Energy & Geoscience Institute core 

library have been examined to determine the vein mineral paragenesis in the eight wells selected for study. A sub set of six samples 

from five of these wells has been examined in detail using SEM and EMP methods to evaluate the vein mineral paragenesis and 

characterize the chemistry of the vein minerals. Observed vein paragenetic relationships are documented in figures 2 and 3. 

The paragenesis of veins at The Geysers has been previously described by Moore and Gunderson, (1995) and Hulen (1991). The veins 

are spatially and temporally zoned around the intrusive body. Veins within the felsite and the biotite hornfels contain tourmaline ± 

biotite ± actinolite ± clinopyroxene ± epidote + quartz + K-feldspar or biotite ± tourmaline ± actinolite ± clinopyroxene ± epidote + 

quartz + K-feldspar (paragenesis 1). With increasing distance from the intrusive contact, the vein assemblages are characterized by 

actinolite ± epidote ± ferroaxinite ± prehnite ± titanite + quartz + K-feldspar (paragenesis 2); epidote ± chlorite ± titanite + quartz + K-

feldspar (paragenesis 3); quartz + K-feldspar ± calcite ± epidote ± prehnite ± sulfides ± chlorite (paragenesis 4a); and quartz (or 

chalcedony) ± calcite ± chlorite ± sericite ± wairakite (paragenesis 4b). 

 
Figure 2: Observed vein paragenetic relationships in the eight core samples studied supplemented with data from Hulen (1991) 

and Lutz et al. (2012). Wells are arranged from top to bottom with respect to distance to the felsite. An * adjacent to the 

footages on the left indicates exact distances are uncertain. The lithology of the vein host is shown on the right. Relative 

vein mineral abundances are indicated by the thickness of the black bars. The red arrows show the progression of vein 

mineral deposition from early (bottom) to late (top) for each core sample. 
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Figure 3: Polished sections of core samples that have been selected for EMP analyses showing veins and areas where EMP data 

points were acquired. A) BSE SEM photomosaics of thin sections. B) Simplified views of the polished sections with veins 

and vein selvages highlighted. Veins and selvages are color coded to the legend at the bottom of each image. Yellow 

circles indicate areas where EMP analyses were collected. Abbreviations used in this figure: Act = actinolite; Ap = 

apatite; Bt = biotite; Ccp = chalcopyrite; Chl = Chlorite, Ep = epidote; Ilm = ilmenite; Ksp = K-feldspar; Pl = 

plagioclase; Py = pyrite; Qtz = quartz; Tnt = titanite; Tur = tourmaline. All scale bars = 5 mm.  
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3.1 Paragenesis 1 

The earliest formed veins belong to paragenesis 1. These veins contain biotite + apatite + quartz + pyrite ± plagioclase ± pyrite ± 

ilmenite; tourmaline + quartz + chlorite ± K-feldspar ± plagioclase ± epidote ± titanite ± pyrite ± ilmenite ± chalcopyrite; and actinolite 

+ plagioclase + apatite + quartz + pyrite.  

3.1.1 Biotite 

EMP chemical data of vein biotite and biotite from the biotite hornfels wall rock was obtained from core samples OF27A-2 St-1 and 

Prati-5 St-1 (Figure 4). Twenty-nine analyses were collected from OF27A-2 St-1 (twenty-two vein, seven wall rock) an additional 

twenty-two legacy analyses furnished by Calpine are incorporated into the data set (seventy-seven total biotite analyses). Twenty-six 

biotite analyses were collected from Prati-5 St-1 (fourteen vein, twelve wall rock). In OF27A-2 St-1 the biotite bearing veins also 

contained apatite, quartz and pyrite. In Prati-5 St-1 vein biotite is partially altered to chlorite (Figure 5) and occurs with apatite, titanite, 

quartz, pyrite and ilmenite. In addition, the biotite veins in Prati-5 St-1 have Ca-rich plagioclase vein selvages. Vein biotite that has been 

extensively replaced by quartz, chlorite and titanite was also observed in L’Esp-2, but the very small regions (micron scale) of unaltered 

biotite were not suitable for EMP analyses. Raw EMP data and calculated formulas of representative biotite analyses can be found in the 

appendix. 

Biotite structural formulas were calculated from EMP data based on an eleven oxygen per formula unit basis. All Fe was assumed to be 

Fe2+. Biotite has a general formula of K(Fe,Mg)3AlSi3O10(OH)2. Biotite compositions from both cores are broadly similar and plot 

primarily in the annite field with less abundant phologopite (Figure 4). Vacancies observed in the large cation site ranged from 0 to 0.17 

atoms per formula unit (apfu) with an average of 0.06 apfu. Octahedral sites had vacancies that ranged from 0.0 to 0.18 apfu with an 

average of 0.01 apfu. F and Cl were detected in the monovalent anion site at up to 0.48 and 0.32 apfu, respectively. 

In OF27A-2 St-1 biotite in the contact metamorphosed rock matrix is similar in composition to vein biotite, with less compositional 

variability observed in the wall rock biotite. The vein biotite is enriched in Fe compared to the wall rock biotite. The Cl and F content of 

the monovalent anion site are also fairly similar in the veins and rock matrix. The Cl content of the vein and wall rock biotite average 

0.18 and 0.22 apfu respectively, with wall rock biotite slightly enriched in Cl. The F content of the vein and wall rock biotite average 

0.23 and 0.15 apfu, respectively, with vein biotite enriched in F. 

In Prati-5 St-1 vein biotite is depleted in Al and Mg compared to biotite within the biotite hornfels wall rock. Biotite from both the wall 

rock and veins have low average F contents of 0.02 and 0.01 apfu respectively. The Cl content of vein biotite and wall rock biotite 

average of 0.34 and 0.13 apfu respectively, with vein biotite enriched in Cl. Biotite from Prati-5 St-1 contained significantly less F than 

OF27A-2 St-1.  

Compositional differences between biotite and their chlorite replacements from Prati-5 St-1 are shown in figure 5. Biotite has slightly 

higher Mg/(Mg+Fe) than chlorite. Chlorite is enriched in Al, Fe and Mg and is depleted in K, Cl, F and Ti compared to biotite. The Si 

content of biotite and chlorite are similar. EMP analyses of secondary chlorite show low abundances of K, Ca and Ti, most likely 

resulting from remnant biotite layers intercalated with the secondary chlorite and fine-grained secondary titanite.  

 
Figure 4: A) Biotite compositions from OF27A-2 St-1 and Prati-5 St-1. In B and C the compositions of vein and wall rock biotite 

are compared. The dashed blue area outlined in A in is the compositional space shown in B and C. 
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Figure 5: SEM BSE image of a biotite (Bt), apatite (Ap), quartz (Qtz) and ilmenite (Ilm) vein with a plagioclase (Pl) vein selvage 

from Prati-5 St-1 9940.28 ft. Biotite (lighter gray in BSE) has been partially replaced by chlorite (darker gray). Chlorite 

is enriched in Mg/(Mg+Fe) and Al compared to the biotite it replaces. The compositional differences in the vein selvage 

plagioclase are reflected in the value of the grayscale in the BSE image. Ca-rich plagioclase (Pl Ca) has a brighter BSE 

grayscale than the more intermediate plagioclase (Pl Int), with quartz as the darkest phase in the image.  

3.1.2 Tourmaline 

Tourmaline has a general formula of XY3Z6(T6O18)(BO3)3V3W, with sites in analyzed tourmaline from The Geysers occupied as 

follows: X = Na1+, □ (vacancy), K1+, Ca2+; Y = Fe2+, Mg2+, Al3+, Ti4+, Mn2+; Z = Al 3+, Mg2+; T = Si4+, Al3+; B = B3+; V = OH1-, W = 

OH1-, F1-, O2-, Cl1-. 

The EMP data was normalized to fifteen cations in the Y+Z+T sites for the calculation of structural formulas. This normalization 

procedure is considered appropriate for nearly all metamorphic tourmaline (Henry et al., 2011).The following assumptions were made 

when calculating chemical formulas: no vacancies in the T+Z+Y sites; B sites are filled by B; and OH is the dominant anion in the V 

sites. Estimates of OH and O in the W site were made by putting all measured F and Cl in that site and selecting a ratio of OH to O that 

would charge balance the structural formula. Tourmaline classification graphs are presented in figure 6 using the classification schemes 

and nomenclature of Henry et al. (2011). These graphs show ternary diagrams of the X-site (Ca vs Na+K vs vacant) and W-site (O vs 

OH vs F) as well as graphs showing generalized tourmaline groups appropriate for alkaline and X-site vacant dominant tourmalines. 

Although calculations of the W-site occupancy have been made, without complete chemical analyses theses estimates have proven to be 

unreliable (Henry et al., 2011) and therefore generalized tourmaline species names are used. Raw EMP data and calculated formulas of 

representative tourmaline analyses can be found in the appendix. 

One hundred and sixteen EMP analyses of tourmaline have been collected for this study. In addition, Calpine made eleven legacy 

analyses available. Tourmaline was observed in veins within the felsite and biotite hornfels, and in the biotite hornfels wall rock. Figure 

6 illustrates the data from thirty-two analyses from DV-2 (vein), twenty-one from OF27A-2 St-1(six vein, fifteen wall rock and eleven 

legacy analyses), sixty-two from GDC-30 (vein) and two from DV-2 (vein). 

Vein tourmaline from DV-2 forms euhedral and elongate radiating crystals with tourmaline precipitating prior to chlorite, quartz, K-

feldspar, epidote and titanite. In cross-sections perpendicular to the C-axis tourmaline often shows zoning in SEM BSE imaging with 

darker cores and narrow lighter rims, however the rims were too thin for EMP analysis. In BSE imaging it is common to see the lighter 

BSE rims preserved with interiors replaced by the encapsulating K-feldspar and less commonly quartz. Perpendicular to the C-axis the 

elongate tourmaline crystals show zoning from base to tip in Mg, Fe, Al and X-site vacancy, with terminations enriched in Fe and 

depleted in Mg, Al and X-site vacancies relative to the base of the crystal (Figure 7). Average values of base and tips are (in apfu): 0.27 

and 0.04 for Mg/(Mg+Fe); 6.65 and 7.01 for total Al; and 0.32 and 0.57 for X-site vacancies. Norton and Dutrow (2001) reported 

similar trends and values in tourmalines zoned from core to rim in DV-2. 

Tourmaline from OF27A-2 St-1 has two morphologies, large euhedral to subhedral zoned tourmaline in the biotite hornfels wall rock 

and acicular radiating crystals within the veins (Figure 8). The zoned wall rock tourmaline often contains bright BSE bands that can cut 

concentric zones, indicating a period of dissolution. Vein tourmaline occurs with epidote, K-feldspar, plagioclase, quartz, chalcopyrite, 

pyrite and titanite with tourmaline precipitating first. By comparison vein tourmaline is enriched in Al and F and is more prone to 

contain vacancies at the X-site, and wall rock tourmaline is enriched in Mg and Ca. Average values for vein tourmaline are as follows 

(in apfu): Mg/(Mg+Fe) = 0.34; Al = 6.57; F = 0.20; □ = 0.30, Mg = 0.84; and Ca = 0.17. Average values for wall rock tourmalines are 

as follows (in apfu): Mg/(Mg+Fe) = .42; Al = 5.79; F = 0.03; □ = 0.11; Mg = 1.32; and Ca = 0.31. 
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Figure 6: Tourmaline classifications by well based on atoms per formula unit values calculated from EMP analyses. Wells are 

organized by distance from the intrusive in feet (*exact distances from the pluton to cores OF27A-2 St-1 and GDC-30 are 

not known). X-sites can be filled by Ca, Na, K or are vacant (□). After assigning F to the W site sufficient O and OH were 

added to achieve a neutral charge balance. The generalized tourmaline species of Henry et al. (2011) were used that are 

appropriate for alkali and/or x-site dominant tourmaline with (Mg+Fe)/(Mg+Fe+2Li) > 0.5 and EMP data without H2O 

analyses.  

GDC-30 contains abundant large (100s of µm) zoned tourmaline crystals in veins and vein selvages where it precipitated prior to 

chlorite and quartz. Tourmaline displays oscillatory zoning from core to rim as well as sector zoning. In addition, slender late 

tourmaline growths on the C+ pole are observed in grains oriented appropriately. The oscillatory zoning goes through the sector zones 

but not the late C+ overgrowths. The center of oscillatory zoning is often at or near the vein wall and quartz inclusions in the tourmaline 

of the vein selvages are common. These tourmaline crystals may have nucleated on detrital tourmaline grains in the fine-grained 

metasediment of the Franciscan Complex wall rock. The sector zones and late C+ overgrowths have different pleochroic color patterns 

in thin section: C domains = brown to blue; A domains = shades of brown; and C+ overgrowths = shades of blue (Figure 9). In SEM 
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BSE imaging the A domains are lighter shades of gray, and the C domains are darker (Figure 10). The A domains are enriched in Ca, Ti, 

Mg, Na, F and Si. The C domains are enriched in Al and contain more X-site vacancies. Two possible substitutions to account for the 

chemical variation between the A and C domains are (Al+3)Y + (Al+3)Z = (Ti+4)Y + (Mg+2)Z and (Al+3)YorZ + (□)X = (Mg+2)YorZ + (Ca)X. 

Average values for the A domains are as follows (in apfu): Mg/(Mg+Fe) = 0.44; Al = 5.88; Mg = 1.32; Ti = 0.17, □ = 0.14, F = 0.23 and 

Ca = 0.24. Average values for the C domains are as follows (in apfu): Mg/(Mg+Fe) = 0.38; Al = 6.55; Mg = 0.90; Ti = 0.04, □ = 0.42, F 

= 0.05 and Ca = 0.05.  

Tourmaline from DX-84 occurs in veins with epidote, quartz, K-feldspar and chlorite. In these veins, tourmaline precipitated prior to 

quartz and epidote with later K-feldspar and chlorite. The tourmaline crystals in the veins form acicular masses of radiating needles. 

Due of their small size only two of the twelve EMP analyses were usable. The poor analyses had high Al, K and Si indicating K-

feldspar contamination, which is the dominant encapsulating phase. Like the tourmaline in DV-2 the vein tourmalines showed narrow 

rims with brighter BSE grayscale values than the cores, but the rims are too narrow to analyze by EMP. The tourmaline from DX-84 

differ from the other cores in that they are the only oxy species observed with O (calculated) as the dominant anion at the W-site,  and 

are Mg-rich (dravitic) compared to other tourmaline analyzed. 

 
Figure 7: A partially transparent CL SEM image is overlain on a BSE SEM image of a tourmaline (Tur), quartz (Qtz), K-

feldspar (Ksp) and chlorite (Chl) vein from DV-2. Tourmaline forms the radiating spray of crystals on the left hand side 

of the image with EMP points shown by hollow crosses. Also shown are CL zoned quartz in the vein (black annotation on 

right) and wall rock (white annotation on left). Tourmaline shows zoning parallel to the C-axis from the base (green 

crosses) to tip (orange crosses) in the elongated crystals growing into the wall rock. 

 
Figure 8: BSE SEM images of vein (left) and wall rock (right) tourmaline from OF27A-2 St-1. Vein tourmaline consists of 

acicular needles encapsulated by quartz and K-feldspar. Wall rock tourmaline contains bright BSE zones that may cut 
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oscillatory growth zones and is interpreted as a dissolution texture (best seen in the lower portion of the right hand image 

immediately above the scale bar). 

 
Figure 9: Photomicrographs of oscillatory and sector zoned tourmaline from GDC-30 with late stage tourmaline overgrowths 

growths on the C+ axis (top of image). The C domain is pleochroic from blue to brown (top of crystal, best observed in 

A). The A domain is pleochroic in shades of brown. The C+ over growths are pleochroic in shades of blue. Field of view = 

0.6 mm. A) Plane polarized light. B) Crossed polarized light. 

 
Figure 10: BSE SEM image of oscillatory and sector zoning in vein tourmaline from GDC-30. The vein also contains chlorite 

(light gray to white) and quartz (black), as well as a chlorite-rich vein selvage. Crosses indicate EMP measurement points 

of the C (green) and the A (orange) domains (not all points shown in graphs are on the image). A) Comparison of the A 

and the C domains. B & C) Possible exchange vectors between the A and C domains.  
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3.1.3 Calcic amphibole (actinolite) 

Twenty EMP analyses of calcic amphibole were collected from Prati-5 St-1 9941.86 ft. The general formula for a calcic amphibole is 

AB2C5T8O22(OH)2  with sites filled as follows: A = □ (vacancy)>Na1+, K1+; B = Ca2+>Fe2+>Mn2+ and Na1+; C = Mg2+, Fe2+> Al3+ > Fe3+ 

and T4+ = Si4+ > Al3 .Calcic amphibole was observed in DX-84 and Prati-5 St-1. In DX-84 it occurs in veins as tiny inclusions in quartz 

with epidote and chlorite that were too small to analyze by EMP. In Prati-5 St-1, calcic amphibole occurs with apatite, quartz and pyrite 

within veins with Ca-rich plagioclase vein selvages. Formulas were calculated for calcic amphiboles using the methods presented in 

Leake et al. (1997), including Fe2+/Fe3+ calculations, site assignments and the determinations of mineral species. Calcic amphiboles 

from The Geysers plot in the actinolite and magnesiohornblende fields (Figure 11). Average F and Cl contents of calcic amphibole are 

0.01 and 0.08 apfu respectively. Raw EMP data and calculated formulas of representative calcic amphibole analyses can be found in the 

appendix. 

 
Figure 11: Classification of the calcic amphiboles found in veins from Prati-5 St-1 9941.86 ft based on chemical formulas 

calculated from EMP data. Diagram parameters: Ca in B site > 1.5 apfu; and Na + K at A site < 0.5 apfu (Leake et al., 

1997).  

3.1.4 Apatite 

Thirty-three EMP analyses of apatite were collected from biotite- and calcic amphibole-bearing veins in OF27A-2 St-1 and Prati-5 St-1 

cores. Apatite formulas were calculated from EMP data based on the methods of Ketcham et al. (2015). In an attempt to minimize F 

migration under the electron beam F was analyzed first. Notable differences in the F and Cl content of apatite were observed between 

OF27A-2 St-1 and Prati-5 St-1 (Figure 12). There was no F detected in Prati-5 St-1, but minor variations in Cl and OH (calculated) were 

observed. OF27A-2 St-1 contains little Cl (max 0.07 apfu), but had quite variable F and OH (calculated). These variations in F content 

in OF27A-2 St-1 were apparent at the grain scale with values ranging from 1.83 to 0 apfu in a single crystal. Raw EMP data and 

calculated formulas of representative apatite analyses can be found in the appendix. 

 
Figure 12: Ternary diagrams of the F, Cl and OH abundances on the monovalent anion sites of apatite based on formulas 

calculated from EMP data from wells Prati-5 St-1 and OF27A-2 St-1. Apatite from Prati-5 occurs in veins and 

plagioclase vein selvages with calcic amphibole, biotite, quartz and pyrite, and is variable in Cl and OH with no F 

detected. Apatite from OF27A-2 St-1 occurs in veins with biotite, quartz and pyrite, and is variable in F and OH at the 

grain scale and contains minor Cl. 
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3.1.5 Plagioclase 

Fourteen EMP analyses of the plagioclase vein selvages in Prati-5 St-1 were collected. Calculation of plagioclase chemical formulas 

from EMP data were made by normalizing on eight oxygens. The plagioclase of the vein selvages is generally Ca-rich with an average 

composition of An75 (Figure 13). However, the vein selvages have a patchy texture in BSE imaging, and EDS analyses showed that they 

are dominated by lighter (BSE grayscale) Ca-rich areas with less abundant, darker areas of intermediate plagioclase (Figure 4).  Raw 

EMP data and a calculated formula of a representative plagioclase analysis can be found in the appendix. 

 
Figure 13: Plagioclase chemical data calculated from EMP analyses of the plagioclase vein selvages in Prati-5 St-1.  

3.1.6 Chlorite 

Forty-three EMP analyses of chlorite were collected from: DV-2 (eleven) where it precipitates in veins with tourmaline, K-feldspar, 

quartz, epidote and titanite; GDC-30 (twenty) where it precipitates in veins with tourmaline and quartz; OF27A-2 St-1 (one) where it 

precipitates with tourmaline, K-feldspar, plagioclase, quartz, chalcopyrite, pyrite and ilmenite; DX-84 (six) where it precipitates with 

tourmaline, epidote, K-feldspar, and quartz; and Prati-5 St-1 (five) where it is an alteration product of biotite. Structural formulas where 

calculated from EMP data based on fourteen oxygens per formula unit. Chlorite plots primarily in the clinochlore field with less 

common chamosite (Figure 15). Chlorite shows a trend of increasing Mg content away from the pluton (Figure 15). Chlorite 

replacements of biotite in Prati-5 St-1 are enriched in Mg and Al compared to coexisting biotite (Figure 4). Raw EMP data and 

calculated formulas of representative chlorite analyses can be found in the appendix. 

 
Figure 15: EMP data from vein chlorite (DV-2, GDC-30, OF27A-2 St-1 and DX-84) and secondary chlorite after biotite (Prati-5 

St-1). Vein chlorite from within the intrusive is enriched in Fe compared to vein chlorite from the biotite hornfels 

(distances from the intrusive contact in feet are listed in the legend of the right hand figure, with * indicating that 

distances are uncertain). Elements plotted in atoms per formula unit. 

3.1.7 K-feldspar 

Twenty-five EMP analyses of K-feldspar were collected from: DV-2 (seventeen) where it precipitated in veins with tourmaline, chlorite, 

quartz, titanite and epidote; OF27A-2 St-1 (six) where it precipitated in veins with tourmaline, plagioclase, quartz, chlorite, 

chalcopyrite, pyrite, titanite and ilmenite; and DX-84 (two) where it precipitated in veins with tourmaline, chlorite, epidote and quartz. 

Chemical formulas were calculated on the basis of eight oxygens per formula unit. K was the dominant cation in all three wells with 
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minor Na (0.01 to 0.04 apfu in DV-2; 0.06 to 0.07 apfu in OF27A-2 St-1; and 0.04 apfu in DX-84), Ba (0.00 to 0.01 in DV-2; 0.1 to 

0.03 apfu in OF27A-2 St-1; and 0.01 apfu in DX-84), and F (0.00 to 0.02 apfu in DV-2). Intermittent low values of Mg and Fe were also 

observed (≤0.01 apfu). Raw EMP data and calculated formulas of representative K-feldspar analyses can be found in the appendix. 

 

3.2 Paragenesis 2 

Cross cutting relationships observed demonstrate that veins containing epidote + quartz + K-feldspar + plagioclase ± actinolite ± 

chlorite ± chalcopyrite ± pyrite ± ilmenite ± prehnite ± wairakite; and K-feldspar ± pyrite ± titanite formed later than those of 

paragenesis 1. 

3.2.1 Epidote 

Thirty-one EMP analyses of epidote were obtained from DV-2 (nineteen) and DX-84 (twelve). Epidote formulas were calculated on the 

basis of twelve and a half oxygens per formula unit, with all iron assumed to be Fe3+. Epidote was observed in DV-2 as a late stage 

mineral with titanite; in DX-84 it precipitated primarily in veins with chlorite and in a cross-cutting vein with tourmaline, K-feldspar, 

chlorite and quartz. In DV-2 epidote contained low abundances of rare earth elements (Ce < 0.17, Nd < 0.06, La < 0.11 apfu) and F (< 

0.05 apfu). There appears to be no correlation in Fe3+ and Al content and proximity to the intrusive (DV-2 is within the pluton, DX-84 is 

2021 ft from the pluton). Raw EMP data and calculated formulas of representative epidote analyses can be found in the appendix. 

 

Figure 14: EMP data from vein epidote in DV-2 and DX-84. 

3.2.2 Titanite 

Eight EMP analyses of vein titanite were collected from the DV-2 core (seven) where it precipitated in veins with quartz, K-feldspar, 

epidote and chlorite, and OF27A-2 St-1 (one) where it precipitated in veins with K-feldspar and pyrite. Chemical formulas were 

calculated from electron microprobe data following the methods of Oberti et al. (1991), based on two cations per formula unit with the 

assumptions that all iron present is Fe3+ and that the tetrahedral and octahedral sites (Si, Ti, Al and Fe+3) contain no vacancies. Titanite 

deviated from the idealized structural formula of CaSiTiO5 in that they contained Al and F and have an average formula (DV-2) of 

Ca0.96Si1.02Ti0.60Al0.39Fe+3
0.01O4.77(F0.27OH0.18). Al ranged from 0.35 to 0.41 with an average of 0.39 apfu in DV-2, and contained 0.21 

apfu Al in OF27A-2 St-1. F ranged from 0.21 to 0.35 with an average of 0.27 apfu in DV-2, and OF27A-2 St-1 contained 0.11 apfu. Ba 

(≤0.01 apfu) and Fe3+ (≤0.03) were also detected in low abundances in some samples. A likely substitution would be (Al, Fe) +3 + (F, 

OH)- = T+4 (Enami et al., 1993; Figure 16). F generally accounts for > 50% of the substitution needed to charge balance the formula. OH 

values are calculated to make up the charge deficiency. Raw EMP data and a calculated formula of a representative titanite analysis can 

be found in the appendix. 



Jones et al. 

 14 

 
Figure 16: Vein titanite EMP data from DV-2 and OF27A-2 St-1 cores. The right hand image shows a substitution vector for Al 

and Fe replacing Ti. The left hand image shows that OH (not analyzed) must also be present for charge balance.  

4. SUMMARY 

Biotite from OF27A-2 St-1 and Prati-5 St-1 cores have similar compositions and are dominantly annite in composition with less 

abundant phologopite. Minor variations in Al, Mg/(Mg+Fe), Cl and F content were noted between vein biotite and biotite in the contact 

metamorphosed wall rock. However, biotite in Prati-5 St-1 is notably depleted in F compared to OF27A-2 St-1.   

Foititc, scholitic and dravitic tourmaline species were observed in core samples from the felsite and biotite hornfels with foititic and 

schorlitic species being the most common. X-sites are dominated by Na and vacancies, and are therefore primarily members of the alkali 

group with less common X-site vacant group species. X-site vacant species are found primarily within the felsite in DV-2 and are Al-

rich and Mg-poor. Calculated tourmaline W-site groups plotted almost exclusively in the hydroxy species field with rare oxy species 

from DX-84. No appreciable Cl was detected (≤0.01 apfu) in tourmaline. F in tourmaline does not have a systematic relationship with 

distance from the intrusion, with averages values (in apfu) of 0.04 in DV-2, 0.06 in OF27A-2 St-1, 0.17 in GDC-30 and 0.08 in DX-84 

(listed in distance from intrusion). However, notable differences in F content were observed: between wall rock and vein tourmaline in 

OF27A-2 St-1 with average F contents of 0.03 apfu and 0.20 apfu respectively; and at the grain scale in the sector zoned tourmalines in 

GDC-30 with average F (in apfu) of 0.05 in the C domains and 0.25 in the A domains.  

Calcic amphiboles from Prati-5 St-1 plot in the actinolite and magnesiohornblende fields and contain minor Cl (average 0.08 apfu) and 

negligible F (average 0.01 apfu). Apatite chemistry was variable between wells and at the grain scale. OF27A-2 St-1 contained nearly 

end member F and OH apatite species with large heterogeneities at the grain scale. Apatite from Prati-5 St-1 contains negligible F and is 

OH-rich with minor Cl (0.26 apfu). Plagioclase vein selvages from Prati-5 St-1 are Ca-rich with an average composition of An75, 

however they contain a patchy texture in BSE imaging, and EDS analyses showed that they are dominated by lighter BSE grayscale 

value Ca-rich areas with less abundant, darker areas of intermediate plagioclase. No systematic zoning of Al and Fe+3 in epidote was 

observed with distance from the felsite. Epidote from veins within the intrusive in DV-2 contained low abundances of rare earth 

elements (Ce < 0.17, Nd < 0.06, La < 0.11 apfu). Chlorite was observed in veins from within the felsite out into the high temperature 

vapor dominated reservoir with Fe-rich chlorite in the felsite core from DV-2 (average Mg/(Mg+Fe) = 0.19) to more Mg-rich chlorite in 

the biotite hornfels (average Mg/(Mg+Fe) = 0.47). Titanite from veins in the felsite and biotite hornfels is enriched in Al and F. Vein K-

feldspar contains low abundances of Na (0.01 to 0.07 apfu) and Ba (≤0.03 apfu). 

Mineral chemistries from Prati-5 St-1 were notable in that they contained negligible F in analyses of apatite, biotite and calcic 

amphibole. F was observed in biotite, tourmaline, titanite, apatite, epidote and chlorite in the other core samples. F and Cl in the 

hydrothermal alteration minerals within the pluton and the contact metamorphosed country rock suggest that there may have been a 

magmatic contribution to the early hydrothermal system at The Geysers. 
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APPENDIX 

Representative EMP analyses and calculated structural formulas are provided in tables by mineral. Raw data is in weight percent oxide. 
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