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Abstract

Sixty-nine ion microprobe spot analyses of zircons from four granite samples from the plutonic complex that underlies
the Geysers geothermal field yield 207Ph/2%Phb vs. 28U /2%Ph concordia ages ranging from 1.13 4+ 0.04 Mato 1.25 4+ 0.04
(10) Ma. The weighted mean of the U/Pb model ages is 1.18 & 0.03 Ma. The U—Pb ages coincide closely with ©Ar/®Ar
age spectrum plateau and ‘terminal’ ages from coexisting K-feldspars and with the eruption ages of overlying volcanic
rocks. The data indicate that the granite crystallized at 1.18 Ma and had cooled below 350°C by ~0.9-1.0 Ma. Interpreta-
tion of the feldspar “°Ar/*Ar age data using multi-diffusion domain theory indicates that post-emplacement rapid cooling
was succeeded either by slower cooling from 350° to 300°C between 1.0 and 0.4 Ma or transitory reheating to 300-350°C
at about 0.4-0.6 Ma. Subsequent rapid cooling to below 260°C between 0.4 and 0.2 Ma is in agreement with previous
proposals that vapor-dominated conditions were initiated within the hydrothermal system at this time. Heat flow calcula-
tions constrained with K-feldspar thermal histories and the present elevated regional heat flow anomaly demonstrate that
appreciable heat input from sources external to the known Geysers plutonic complex is required to maintain the geothermal
system. This requirement is satisfied by either a large, underlying, convecting magma chamber (now solidified) emplaced
at 1.2 Maor episodic intrusion of smaller bodies from 1.2 t0 0.6 Ma. [0 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction 1 GW of electrical energy [1]. The Geysers—Clear

Lake thermal anomaly (Fig. 1) is spatially coincident

The Geysers steam field, in northwest central
Cdlifornia (Fig. 1) is the world's largest known va-
por-dominated geothermal system and yields about

* Corresponding author. Fax: +1 541 737 2064; E-mail:
gbd@oce.orst.edu

with the Pliocene-Holocene Clear Lake volcanic
field (CLVF). The CLVF is the youngest [2,3] in a
series of volcanic centers developed along the North
American—Pacific plate transform boundary [4]. The
distribution of the present 600 km? Geysers steam
field [5] correlates directly with the most intense
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Fig. 1. Location and tectonic setting of Geysers geothermal field. (a) Late Cenozoic tectonic evolution of western North America [20].
(b) Clear Lake volcanic field (CLVF) with surface heat flow contours in hfu [6,21]. Open and filled squares represent dated volcanic
vents [2,3]. Surface heat flow profiles X—X” and Y-Y” are shown in Fig. 6a. (c) Map and cross sections show subsurface occurrence of
Geysers plutonic complex (GPC) [9], well locations for analyzed samples (open squares), and volcanic rocks of the CLVF [3,11].

surface heat flow anomaly (about 500 mW/m?) in
the CLVF [6]. The steam field is localized within
and above a composite, >100 km® Quaternary plu-
tonic body (‘the felsite’) that consists of granite,
microgranite porphyry, and granodiorite and occurs

only in the subsurface [7-10]. The felsite (more ac-
curately and henceforth called the Geysers plutonic
complex or GPC) underlies equivalent (?) extrusive
material of the CLVF that is collectively referred to
as the Cobb Mountain volcanic center [3,11].
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A fundamental unresolved issue regarding the
Geysers steam field is the nature and location of its
heat source(s). While it seems evident that thermal
energy from cooling intrusions within the GPC trig-
gered and maintained the precursor fluid-dominated
system [1], the importance of residual magmatic heat
from the GPC for maintaining the modern steam
field is far less certain. Specifically, since the GPC
is a shalow body that was apparently emplaced ~1
m.y. ago [7,8,12—14], it should have cooled by now
to near ambient background temperatures [15].

Most earlier K-Ar and “°Ar/®Ar age studies
were limited in scope and value. For example, the
reported range of K—Ar and total fusion “°Ar/3°Ar
ages measured from materials from different loca
tions within the GPC is 0.6-2.7 Ma [7,8,13]. Pre-
liminary “°Ar/*°Ar step-heating measurements of
K-feldspars from granite and microgranite porphyry
were interpreted as suggesting emplacement perhaps
as early as 1.3—1.4 Ma [14]. Microgranite porphyry
dikes sampled well above the GPC have yielded
4OAr/3Ar ages from 0.6 Ma (total fusion) [13] to 1.1
Ma (age spectrum) [12]. The difficulty in interpret-
ing these results may be partly due to diffusive loss
of radiogenic °Ar (“°Ar") or uptake of excess “°Ar”
(*°Arg) in this environment as well as to the limited
nature of the studies.

Recently, K-feldspar “°Ar/*°Ar step-heating re-
sultsfrom the granodiorite strongly indicate empl ace-
ment at 1.09 4+ 0.02 Ma(10) [12]. These authors also
produced the only detailed ©Ar/3Ar thermal his-
tory result from a sample of hydrothermally precipi-
tated adul ariafrom the northwestern part of the steam
field. Their modeling indicates formation at 330°C at
0.57 Mafollowed by rapid cooling from >300°C to
<260°C at ~0.25 Ma, marking the onset of steam-
dominated conditions in the hydrothermal system.

To better understand the emplacement history and
thermal evolution of the GPC, we have measured
ion microprobe U—Pb zircon ages and performed
K-feldspar “°Ar/3°Ar thermal history analysis with
a suite of drill hole samples from the granite. The
new data confirm that sampled portions of the GPC
are sufficiently old that its residual magmatic heat is
inadequate to maintain the modern geothermal sys-
tem. Elevated heat flow [6], Quaternary—Holocene
volcanism [2], and geophysical imaging of the CLVF
[16,17] have been interpreted to indicate that ei-

ther a large (~14 km diameter) magma chamber
a ~7 km depth [16,18] or smaller, episodically
intruded bodies [17] underlie the CLVF. To evalu-
ate these possibilities we use K-feldspar “°Ar/*°Ar
thermal histories obtained with the multi-diffusion
domain (MDD) approach [19] to constrain heat flow
calculations that assess the possible nature (size,
location, age) of additional intrusions.

2. Geologic setting

The CLVF [2,3] isthe northernmost and youngest
in a chain of volcanic fields that extend several hun-
dred kilometers to the southeast along and within the
eastern part of the San Andreas fault (SAF) trans-
form system (Fig. 1). Northward propagation of the
Mendocino triple junction has occurred over the past
30 m.y. as subduction of the Juan de Fuca plate be-
neath western North Americawas progressively sup-
planted by Pacific—-North American plate interaction
[20]. Development of volcanic fields in the Coast
Ranges isbelieved by many to be linked to upwelling
of asthenospheric mantle along the trailing edge of
subducted and abandoned oceanic lithosphere thrust
beneath North America [21-23]. Consensus among
these workers isthat the lithospheric ‘gap’ that forms
between the newly initiated transform margin and the
formerly subducting oceanic plate is relatively short-
lived (<2-3 m.y.) at any one location. Its existence
permits focused ascent and decompressional melting
of asthenosphere, resulting involcanic centersand co-
eval plutonic bodies such asthe CLVF and GPC [24].

The GPC comprises three readily recognizable
intrusive rock types [9]: biotite—orthopyroxene gran-
ite, biotite—pyroxene (?) microgranite porphyry, and
hornblende—biotite—orthopyroxene granodiorite. The
granite and the microgranite are compositiona
equivalents that differ principally in texture and oc-
currence: the former is fine-grained hypidiomorphic
and occurs at the highest elevations in the complex
(Fig. 1), while the latter is granophyric and occupies
deeper regions. Based upon the petrographic data
and the distribution of the lithologies in drill holes
[9] it appears likely that the granite and microgran-
ite are cogenetic and older than the granodiorite,
which occurs mostly at depth along the northeastern
portion of the intrusive complex. Comparison with



288

the overlying volcanic rocks [9,12] indicates that the
granadiorite is likely the intrusive equivalent of the
1.1 Madacite [3], while the granite and microgranite
are probably related to the 1.2 Marhyolite [11].

The Geysers steam field extends from deep within
the GPC upwards into Franciscan metaclastic and
metavol canic host rocks [5]. Now vapor-dominated,
it was once a high-temperature, hot-water system
that precipitated hydrothermal mineral assemblages
in zones symmetrical about the GPC. Stable isotopic
and fluid inclusion data indicate that early-stage al-
teration involved magmatic brine. Throughout much
of the field near-constant 35 bar, 240°C, low-salinity
conditionsindicate that steam isthe pressure-control -
ling medium. However, the presence of high-Cl, high
3He/*He, §'¥0-enriched, high-temperature steam un-
derlying the ‘normal’ reservoir in the northwestern
field seemsto indicate recent intrusion there [1].

Deformation, including development of north-
west-trending wrench faults and ancillary extensional
structures consistent with uniaxial extension [25], ap-
pears to have strongly influenced the distribution of
both the GPC and the hydrothermal system. Elongate
geometry and minimal assimilation of the Francis-
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can wall rocks [9] is consistent with emplacement of
the GPC in a pull-apart basin [10]. The steam field's
northeastern and southwestern margins coincide with
the right-lateral Collayomi and Mercuryville faults
(Fig. 1). The Bartlett Springs fault zone bounds most
of the CLVF on the north, and a northeast-trending
extensional belt linking that structure with the Maa-
camafault southwest of the Geysersisthelocusof all
deep, high-temperature (>300°C) exploration wells
completed in theregion [17].

3. Sampling and analytical methods

Feldspar, biotite, and zircon were concentrated
from air drill cuttings using standard magnetic and
density techniques. Our samples (Table 1; Fig. 1)
represent 20-ft (~7 m) intervals from drill holes pen-
etrating the GPC. We have abbreviated the sample
numbers. Characters to the left of the hyphen indi-
cate the well while those to the right give the depth
from the top of the well (in feet, consistent with
industry practice) to the top of the sampling inter-
val. Complete sample numbers, sample descriptions,

Table 1

Terminal and high-T plateau ages from “CAr/3°Ar age spectra on K-feldspar and bictite from the GPC, Geysers geothermal field

Sample No. Unit? Mineral ° Terminal age® No. of steps Ark E log(Do/rd)

(Ma =+ 10) (% of total) (kcal /mal)

ANG1-11400 g Ksp (T) 1.18+ 0.04 2 13.3 48.8+ 2.0 6.1+1.0
Ksp 1.05+0.02 3 51

ANG1-11440 g Ksp (T) 1.13+0.08 2 9.7 49.2+ 3.0 6.3+12
Ksp 1.22+0.3 2 24

DVv2-3708 mg Ksp 0.67 £0.01 9 61.9

FF52-9040 g Ksp (T) 1.20+0.01 5 60.0 43.54+0.9 3.7+0.2
Ksp 1.18+0.01 3 20.4
bio 1.07 £ 0.02 4 28.2

FF52-9140 g Ksp 1.21+0.07 1 7.6
bio 1.09 + 0.03 5 47.7

GDC5-7240 g Ksp 0.91+0.17 1 38
bio 0.93+0.03 9 91.8

GDC5-7800 g Ksp (T) 0.87+0.02 3 20.9 481+ 25 554+10

LF23-9540 g Ksp 1.14+0.01 9 66.3

LF23-9800 g Ksp (T) 0.94+0.01 5 55.1 472+ 15 52+04
Ksp 0.98 + 0.02 9 44.0

L F48-8089 mg Ksp 0.99+0.01 3 25.4

ag = hiotite-pyroxene granite; mg = biotite microgranite porphyry. ® Ksp = K-feldspar; bio = biotite; (T) = analyzed at UCLA and
used for thermal modeling. Other samples analyzed at USGS, Menlo Park. ¢ Plateau age or terminal age indicated by a consistent group
of high T steps. Sometimes the last few steps, which are typically small and fractionated, are omitted. Selection of terminal ages is
subjective and may have minimal age significance. Weighted mean and error, opeq, [41] of terminal or plateau steps.
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and U—Pb and Ar analytical data can be obtained
from the archived data at http://oro.ess.ucla.edu. All
errors reported here are 1o'.

3.1. “OAr /3Ar

Initial Ar analyses were performed at the USGS
in Menlo Park. Cadmium-shielded samples were ir-
radiated for 2 h in the core of the USGS TRIGA
reactor using sanidine from the Taylor Creek Rhyo-
lite (85G003, 27.92 Ma) as a neutron fluence monitor
[14,26]. Step heating involved a double-vacuum fur-
nace while Ar analyses were performed witha MAP-
216 mass spectrometer equipped with a Baur-Signer
source and an electron multiplier. Temperature cali-
bration and heating schedules were not designed to
recover detailed thermal history information but the
chronologic significance of the age spectra remains
undiminished.

To produce data suitable for thermal history mod-
eling, additional “°Ar/*°Ar analyses were performed
on five K-feldspars (Table 1) at UCLA using higher-
resolution heating schedules. These samples were
irradiated for 5 h unshielded in the L67 position of
the Ford Reactor, University of Michigan, using Fish
Canyon sanidine (27.8 Ma) as the neutron fluence
monitor. Step heating employed a double-vacuum
furnace with +5°C temperature control. Ar isotopic
analyses were performed with a VG 3600 mass spec-
trometer [27]. Successive, low-temperature, isother-
mal heating steps were performed to evaluate the
validity of the low-temperature Arrhenius data [28]
and to generate data required to correct “°Ar* /®Ary
for Cl-correlated “°Arg released by decrepitation of
fluid inclusions [29].

3.2. U-Pb

U-Pb ages for zircons from four samples were
determined using a CAMECA ims 1270 ion mi-
croprobe (Table 2). Zircon grains were mounted in
epoxy, polished, and coated with ~100 A of Au.
Operating conditions for the ion microprobe are de-
scribed in [27], including oxygen flooding to a pres-
sure of ~4 x 10~° toincrease Pb* yields. U-Pb ages
were determined by comparison with standard zircon
AS-3 [30]. Initial analyses of ANG1-11400 utilized
a~12 nA primary O~ beam focused to a ~25 x 35

Table 2

Zircon U—Pb ion microprobe results

Sample Intercept age®  207Ph/26ppb MSWD
(Ma)

ANG1-11400 113+0.04 0.91+ 0.09 11

FF52-9040 1.18+0.02 0.81+0.03 45

LF23-9800 1254+0.04 0.82+0.01 71

LF23-9540 1.244+0.03 0.81+0.03 45

aCdculated from intercept of regression line with concordia
on the 27Pb/2%Pp vs. 28U/2%Pp diagram. Errors are 1o.
b Common 297 Ph/2%ph calculated from y-intercept on the 27Pb/
206pp vs, 238U /2%Pp diagram. Errors are 1o.

pm spot with subsequent measurements using a 30
nA beam. The higher beam currents offered mixed
benefits as Pb yields were increased while the sta-
bility of the calibration curve was degraded from the
typical +£2% [27] to +5%.

4, Results

4.1. U-Pb zircon ages

An important benefit of using the ion microprobe
to analyze zircons is the ability to resolve and avoid
inherited radiogenic Pb. The simplest approach for
determining U—Pb ages for young zircons is to cal-
culate 2%Pb/2%8U ages assuming a modern common
206pp /2%4Pp ratio of 18 [31] and using 2**Pb as the
basis to estimate common lead. Ages calculated in
this manner revea that 4 of the 73 zircons mea-
sured from the 4 samples (ages of 2.1, 2.3, 8.0,
and 78 Ma) are likely regtitic and unrelated to the
crystallization age of the GPC. Relatively imprecise
206pp /238 model ages calculated for the remaining
69 grains define a normal distribution between 0.6
and 1.5 Mawith aweighted mean of 1.18 + 0.03 Ma
and an MSWD of 2.4. The low Pb concentrations of
these young zircons result in calculated 2%Pb/?3U
ages that are highly sensitive to the magnitude of
the common lead correction, so we also analyzed
our results using an isochron approach. If the grains
have concordant U—Pb systems, a good assumption
given their youth and low U contents (typically 200—
700 ppm), the U-Pb data uncorrected for common
lead should define a mixing array between common
and radiogenic components on a %"Pb/?%Pb vs.
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238 /2% Py concordia plot [32]. The intercept of this
array with the 2°7Pb/?%Phb axis yields the common
Pb composition while the intersection with concor-
dia gives the age of crystallization [33]. Treatment
of the data using a conventional concordia diagram
yielded similar results, as expected.

U-Pb concordia ages for each of the four sam-
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Fig. 2. 27Ph/206pp vs. 238 /2%6py concordia diagrams [32] for
U—Pb ion microprobe results for zircons from four samples of
granite from the GPC. Error bars are +10. U-Pb ages are from
intersection of best-fit [34] line (isochron) with concordia [33].
Common Pb is indicated by the intercept of the isochron with
the 207Pb/2%Pp axis.

ples (Fig. 2; Table 2) vary between 1.13 + 0.04 and
1.254+0.04 Ma, in agreement with the weighted mean
of the model ages. The uncertainties reflect correla
tion between 2%Pb/?®U and 2"Pb/?®U [34]. The
MSWD values are high because the point-to-point re-
producibility of the standard data used to define the
UO*/U* vs. Pbt /U™ calibration curve is not com-
pletely accounted for in propagating the error asso-
ciated with the Pb/U relative sensitivity factor. To
correct for this effect we have multiplied the initial
uncertainties by the square root of the MSWD. Do-
ing so yields uncertainties comparable to those an-
ticipated from the reproducibility of the calibration
curve (e.g., 0.06 m.y. or 5%). Reproducibility of re-
sults from a single sample appears to be better than
5%. In addition, ion microprobe measurements per-
formed for the same grains of ANG1-11400 using a
different instrument (Stanford-USGS SHRIMP RG)
yield aresult similar to ours (1.11 + 0.06 Ma, com-
mon 2°”Ph/2%Ph = 0.80+0.06, MSWD = 0.60; C.R.
Bacon, pers. commun., 1999). Moreover, the observa-
tion that results from closely spaced, and presumably
genetically related samples (well LF-23 in Table 2)
are statistically indistinguishabl e, indicates that inter-
sample reproducibility isa so better than 5%. Finally,
most samplesyield similar common 2°7Ph/?%Pp val-
ues that are comparable with modern and anthro-
pogenic ratios [31].

Our U-Pb age analysis assumes initial equilib-
rium in intermediate daughter products. While equi-
librium 23*U activity may reasonably be assumed
for zircon, initial deficit in 2°Th is likely and re-
sults in calculated ages that are too young [35,36].
The maximum effect is 0.13 m.y. or roughly 10%
of our calculated values if initial abundances of Th
were negligible [35]. Since the zircons contain small
amounts of Th, the ensuing error is lower and likely
within our stated uncertainties.

4.2. “OAr /P Ar step-heating results

Biotite age spectra from two samples (Ta
ble 1) yield ~1.1 Ma termina ages. Essentially all
K-feldspars examined yield resolvable age gradi-
ents. Whilethe thermochronol ogic implicationsof the
4OAr/*Ar data are considered in the following sec-
tion, we point out that half of theK-feldsparsanalyzed
yield high-temperature ‘terminal ages' that overlap
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U—Pb ages from coexisting zircon within uncertainty 4.3. Feldspar thermal history modeling
(Tables 1 and 2). Moreover, virtually all K-feldspar

terminal ages are within 0.2 Ma of the youngest Thermal history modeling of the K-feldspar “°Ar/
zircon result. 9Ar age spectra to determine possible and probable
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Fig. 3. Analytical data and modeling results for K-feldspar from GDC5-7800. (8) Measured age spectrum, age spectrum corrected
for “°Arg, and age spectra from 15 unconstrained model results. (b) Results of low-temperature isothermal duplicates [29] showing
correlation of “°Arg with Cl and resulting correction (dashed line). (c) Arrhenius diagram showing measured and modeled diffusion
values calculated from PAr release. (d) Measured and modeled log (r/ro) plots. (e) Fifteen representative monotonic thermal histories
that reproduce the Cl-corrected age spectrum. Final temperature restricted to 235°C to correspond to present conditions. (f) Fifteen
unconstrained thermal histories that reproduce Cl-corrected age spectrum.
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temperature—time (T-t) paths was performed on five
samples (Table 1) by applying the MDD model [19].
Details of the computational approach are given in
[27-29]. The outcome of the modeling is illustrated
with the results from sample GDC5-7800 (Fig. 3).
L east-squares regression [34] of A“Ar" /¥Ar and
ACI/K values determined from successive isother-
mal heating steps (Fig. 3b) yields the “°Arg/Cl value
required to correct model agesin Fig. 3afor fluid in-
clusion-hosted °Arg [29]. L east-squaresfitting of Ar-
rhenius data calculated from *Ar release (Fig. 3c,d)
yield MDD parameters that characterize the labora-
tory Ar diffusion properties of the sample [27]. Be-
cause domain distributions capable of reproducing
the measured Arrhenius data are non-unique [28],
we propagate the ensuing uncertainty by using five
equivalent MDD parameter sets for each sample in
the thermal history analysis.

If laboratory-determined K-feldspar Ar diffusion
properties adequately mimic those in nature, the
step-heating results provide the basis for recovering
sample thermal histories. Correlated behavior of the
age and (logr /ro) spectra (Fig. 3a,d) indicate that
this fundamental assumption is valid. In the present
study, we apply the approach of [28,29] to obtain sets
of post-crystallization thermal histories that best fit
the Cl-corrected age spectrum by either constraining
temperature to decline monotonically (Fig. 3e) or
vary freely (Fig. 3f). Note that we have restricted
monotonic solutions to temperatures in excess of the
ambient value of 235°C [1].

Monotonic cooling solutions calculated from
equivalent domain distributions (Fig. 3e) generally
describe similar temperature-time (T—t) paths over
the temperature interval corresponding to partial Ar
retention (i.e. 350—-150°C). Given this concordance,
it is useful to represent the results by calculating
90% confidence intervals [29] for both the mean
and the overall distribution of successful solutions
(Fig. 4). In contrast, unconstrained T—t solutions
vary widely (Fig. 3f). To best represent thermal his-
tory constraints afforded by the latter, we calculate
the density of the unconstrained successful solu-
tions in T-t space (Fig. 5). In order to minimize
bias related to initial conditions and the number of
successful solutions obtained, we subtract the input
(trial) thermal histories and normalize the result by
the total number of successful solutions [28]. The
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Fig. 4. Best-fit monotonic thermal histories for K-feldspars from
the Geysers samples. The 90% confidence intervals for the mean
vaues and overall distributions are shown by light and dark
shading, respectively.

utility of this approach is that regions of T—t space
where the thermal history is tightly constrained are
readily revealed. Moreover, because T—t space above
the region traversed by the unconstrained solutions
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is strictly forbidden, the results also constrain the
maximum temperature at all times subsequent to the
oldest ages recorded.

Near concordance of the zircon and K-feldspar
terminal ages, which are based on the large diffusion
domains, require all samples to cool below 350°C
by 0.9 Ma Thereafter, monotonic cooling history
results from FF52-9040 differ substantially from the
other samples (Fig. 4). Cooling to 235°C by 0.90 Ma
(Fig. 4c) isrequired to account for the 1.204+0.01 Ma
ages yielded by FF52-9040 K-feldspar over the final
60% of *Ar release (Table 1). Monotonic cooling
solutions for the remaining four K-feldspars require
nearly isothermal conditions of 300—350°C between
~1.0 and 0.4-0.2 Ma. Of these samples LF23-9800
indicates the lowest temperatures (~300°C; Fig. 4e)
while GDC5-7800 requires the highest (~350°C;
Fig. 4d).

Unconstrained solutions clearly demonstrate that
post-crystallization reheating at times more recent
than 0.9 Ma could have been significant for all
samples except FF52-9040 (Fig. 5c¢). The possibil-
ity of post-crystallization reheating is most apparent
for GDC5-7800, which indicates a high probabil-
ity that the sample experienced ~340°C at 0.4 Ma
(Fig. 5d). While less distinctive, results from ANGL1-
11400 (Fig. 58 and ANG1-11440 (Fig. 5b) aso
suggest reheating to ~340°C at 0.6-0.4 Ma. Sample
LF23-9800 (Fig. 5e) also appears to preclude simple
post-crystallization cooling but indicates somewhat
lower temperatures (~250-300°C) for the interval
0.9-0.2 Ma.

5. Discussion

5.1. Emplacement and cooling of the Geysers
plutonic complex

We interpret the U-Pb zircon ages as indicating
that the granite crystallized at 1.18 + 0.03 Ma. Al-
though ion microprobe analysis has alowed us to
identify and avoid inherited radiogenic Pb derived
from restitic grains, it is likely that the zircon we
have analyzed contained bel ow equilibrium val ues of
initial 2°Th in zircon [36]. Hence the actual crystal-
lization age could exceed our estimate by as much
as 0.13 Ma [35]. Alternatively, zircons could have
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crystallized somewhat earlier than solidus conditions
were reached. Pre-eruptive residence of early-crys-
tallized zircon on time scales important to our study
(~0.3 Ma) has been documented in silicic magma
chambers [37]. Despite these uncertainties, the in-
ternal consistency of the U-Pb age results (Fig. 2;
Table 2), their close correspondence with the ter-
minal “°Ar/®Ar ages from coexisting K-feldspar
(Table 1), the shallow level of emplacement [1],
and their agreement with independently determined
OAr/3Ar ages from the likely volcanic equivalent,
the 1.19 + 0.01 Ma Alder Creek rhyolite [11], al
seem to require that the duration of pre-eruptive
residence for these zircons was <0.1 m.y. While
crystallization ages for the granite and microgranite
are not directly constrained by our results, indepen-
dent constraints[12] suggest that the entire GPC may
have been emplaced within the short (0.1 m.y.) time
interval [3,11] represented by the overlying Cobb
Mountain volcanic center (Fig. 1).

The rapid cooling to <350°C by 0.9 Maindicated
by our K-feldspar thermal histories is consistent
with the shallow level of emplacement [1]. Most
K-feldspar thermochronometric results require that
high temperatures of ~300-350°C were maintained
at 2.5-3.5 km depths over the 0.7 m.y. interva fol-
lowing intrusion (Fig. 4) or that episodic reheating
to 350°C took place at 0.6-0.4 Ma (Fig. 5). Only
K-feldspar from FF52-9040 appears to have experi-
enced arelatively simple post-crystallization cooling
history and this may result from itslocation along the
southwest margin of the GPC, the steam reservoir,
and the heat flow anomaly (Fig. 1). In this setting
more rapid initial cooling and minimal effects of
subsequent thermal events might be expected. Like-
wise, K-feldspar results from LF23-9800 may also
differ from the remaining samples because of prox-
imity to the northeast margin of the GPC, to the later
heat source(s), or both. While samples from ANG1
also reside along the northeast margin they originate
from somewhat greater depths where the boundaries
of the GPC are not well known (Fig. 1).

5.2. Timing of the onset of vapor-dominated
conditions

The mechanism(s) responsible for establishing
vapor-dominated conditions within the Geysers

geothermal field remain poorly understood. Theoret-
ical models suggest that the transformation resulted
from rapid fluid venting or boil-off and that temper-
ature was precipitously reduced throughout affected
portions of the system [38]. Study of the evolution
of trapped fluids within the complex has alowed
characterization of the temperatures that prevailed at
the time the transformation occurred [1]. These fluid
inclusion data indicate that conditions were ~265°C
in the central field and ~290°C in the northern field.
Previous monotonic cooling MDD thermal history
results from hydrothermal adularia from the north-
western Geysers indicate rapid cooling from >300°C
to <260°C from 0.28 to 0.25 Ma and imply that the
steam-dominated reservoir in this portion of the field
formed roughly at 0.26 Ma [12]. With the exception
of sample FF52, monotonic and unconstrained ther-
mal history solutions obtained for all of our samples
from the central field record a broadly similar timing
for rapid cooling through 265°C (Figs. 4 and 5). The
observed variability likely reflects both difficulty in
adequately resolving “°Ar/*Ar age from the low-
temperature gas release and differences in sample
position.

5.3. Heat flow considerations

Heat flow calculations for shallow plutons similar
in dimension to the GPC indicate that less than 0.3
m.y. should be required for their upper regions to
cool below 250°C [15]. Although results in Figs. 4
and 5 indicate that cooling below 350°C occurred
within 0.2 m.y. of crystallization, only FF52-9040
K-feldspar cooled to below 250°C by 0.9 Ma. Both
maintenance of 300—-350°C conditions after 0.9-0.4
Ma (Fig. 4) or reheating at 0.6-0.4 Ma (Fig. 5) is
difficult to explain without invoking additional heat
sources. Moreover, an extensive heat source in the
subsurface of the Geysers—Clear Lake region is re-
quired by present-day heat flow measurements [6].
Below we describe conductive heat flow calculations
involving additional intrusive heat sources to test if
the addition of such sources subsequent to intrusion
of the GPC might account for the thermal histories
results. The GPC is represented with a single 4 km
diameter pluton that was instantaneously emplaced
at 1.2 Ma 3 km beneath the surface at the left margin
of the regiona heat flow anomaly (Figs. 1 and 6).
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Fig. 6. Results of heat flow modeling to explain the thermal history constraints of the Geysers geothermal field. (a) Surface heat flow
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Thermal histories for the center and margins of the GPC predicted by Model 1. MDD monotonic cooling results for ANG1-11400 shown
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comparison.

Calculations were performed using a 2-D Crank—
Nicholson finite-difference algorithm [39]. Parame-
terization of the modelsisoutlined in Fig. 6. Because
conductive thermal models are inadequate to de-
scribe heat transfer within the steam field, we focus
primarily upon the earlier subsolidus history (>0.4
Ma). A conceptual model for late-stage devel opment

involving steam-mediated heat advection has been
developed by [40].

5.3.1. Long-lived magma chamber (Model 1)

We test the hypothesis of a single convecting
magma chamber [16,18] by placing a 20 km wide by
20 km deep body 7 km beneath the surface at 1.2
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Ma. Extrapolation of results from [38] indicate that
temperature-dependent viscosity and heat 1oss into
adjacent country rocks likely limit vigorous convec-
tion within such a body to ca. 0.6 m.y. Accordingly,
we reduce temperature in the magma chamber lin-
early from 1000°C to 700°C during the convective
phase (1.2—-0.6 Ma) and by conduction thereafter.

5.3.2. Episodic intrusion (Modél I1)

We investigate the aggregate effect of smaller
bodies [17] by episodically intruding random distri-
butions of 2—4 km diameter plutons into the same re-
gion that was occupied by the single magma chamber
in Model | in successive 0.1 m.y. intervals between
1.2 and 0.6 Ma. The thermal effects of intrusion are
simulated by setting the temperature of grid points
contained within pluton boundaries to solidus values
(850—1000°C) at the time of emplacement and by
allowing the affected region to cool by conduction
following each intrusive pulse.

5.3.3. Model constraints and results

In both models, parameters were varied to re-
produce the thermal history results (Figs. 4 and 5)
and observed present-day heat flow (Figs. 1 and 6a).
We assume that profile X—X’ is most representative
of the regiona feature while Y=Y’ is significantly
influenced by the Geysers steam field. As discussed
below, both models are capable of reproducing ob-
served thermal histories and heat flow values along
X—=X’ (Fig. 6a). Neither of the conductive models,
however, is capable of matching Y-Y’ while still
satisfying the K-feldspar thermal history constraints.
It seems probable that the high-amplitude anomaly
in Y=Y’ results from steam-mediated, heat advection
that, until recently, maintained near uniform 35 bar,
240°C conditions [1] throughout much of the steam
field [40].

Results from Model | (Fig. 6b) are best compared
to the monotonic cooling results (Fig. 4). The three
predicted T—t histories in Fig. 6¢ correspond to the
|eft, center, and right margins of the GPC. Over the
first 0.1 m.y., predicted thermal histories reflect the
rapid cooling characteristic of shallow plutonic bod-
ies. With continued evol ution, however, temperatures
are maintained by the magma chamber, which affects
the left margin lessthan the right. The lateral thermal
gradient developed between these two model posi-

tions (ca. 50°C) is comparable to that indicated for
the GPC from 1.0 to 0.4 Ma (compare Fig. 4c with
Fig. 4e). Although rapid cooling at ~0.4 Ma is nhot
predicted by this model, advective heat transfer ac-
companying catastrophic fluid expulsion as proposed
by [40] could account for the K-feldspar thermal
history results[12].

The results for repeated intrusion (Moddl 1) in
Fig. 6d are best compared to the episodic heating
models shown in Fig. 5. While the region, on av-
erage, is maintained at elevated T, large variation
in T-t histories for samples positioned at similar
depths is expected. For example, results for one par-
ticular random sequence of intrusions cause much
larger lateral thermal gradients in the shallow pluton
than are observed in Model | (compare Fig. 6¢ with
Fig. 6€). As a result it is probable that regionally
distributed sampling of K-feldspar would reveal a
heterogeneous age pattern with many samples being
completely reset at varying times. Our 10 km lateral
sampling across the axial trend of the geothermal
field (Fig. 1) apparently supports significant reheat-
ing only at ~0.6-0.4 Ma (Fig. 5), coincident with the
largest pulse of silicic volcanism in the CLVF [2].
Similarly, geochemica [1] and thermochronologic
[12] evidence for recent intrusion in the northwest
steam field suggest aca. 0.6 m.y. event.

6. Conclusions

Our new U-Pb zircon and “°Ar/*Ar K-feldspar
thermochronol ogic results together with those of pre-
vious studies [3,11,12] alows us to conclude the
following.

(1) The granite and probably the microgranite
crystallized at 1.18 + 0.03 Ma and the entire GPC
was likely emplaced within ~0.1 m.y.

(2) The temperature of the system at the sampled
depths dropped rapidly to less than 350°C by 0.9—
1.0 Ma. Theresfter, either near-isothermal conditions
maintained between 350° and 300°C or there was
reheating to ~350°C about 0.6-0.4 Ma.

(3) Our results support the previous conclusion
[12] that vapor-dominated conditions within the
geothermal system were established ~0.26 Ma.

(4) Conductive heat flow calculationsindicate that
a heat source, in addition to the intrusive mass of the
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GPC, isrequired to account for the observed thermal
evolution of the complex. Our K-feldspar T—t re-
sults may be adequately explained by either a large,
long-lived magma chamber [16,18] or massive intru-
sion of smaller plutons [17]. We intend to perform
additional U-Pb and “°Ar/®Ar work with a wider
distribution of samples within the GPC so that ther-
mal models of the Geysers geothermal system can be
refined.
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