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ABSTRACT

Paleozoic and Precambrian rocks intersected deep in
Continental Scientific Drilling Program corehole VC-1, adjacent
to the late Cenozoic Valles caldera complex, have been disrupted
to form a spectacular breccia sequence. The breccias are of both
tectonic and hydrothermal origin, and probably formed in the
Jemez fault zone, a major regional structure with only normal
displacement since mid-Miocene. Tectonic breccias are
contorted, crushed, sheared, and granulated; slickensides are

common. Hydrothermal breccias, by contrast, lack these

frictional textures,»bﬁt are commonly characterized by fluidized

matrix foliation and ptominent clast rounding. The VC-1
hydrothermal breccias are intensely altered to quartz-sericite
(illite = phengite)-pyrite aggregates, locally accompanied by
traces of sphalerite, chalcopyrite and'molybdenite, and are cut
by multiply intersecting quartz veinlets. Fluid inclusions in
the hYdrothermal breccias ere dominantly two-phase, liquid-rich

at room temperature, principally secondary, and form two

dlstinctly different composit10na1 groups. Older'inclusions,

unrelated to brecc1at10n, are highly saline and homogenize to the

'11QUld phase in the temperature range 189 246°C. Younger

1nclu51ons, in part of 1nterbrecc1a origxn, are low salinity and

homogenlze (also to liquid) in the range 230-283°C. Vapor-rich
inclusions locally trapped along with these dllute liquid-rich

1nc1us1ons document perxodlc boiling. These fluid-inclusion

- data, together with alteration assemblages and textures as well
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as the local geologic history, have peen combined to model
hydrothermal brecciation at the VC-1 site. Hydrothermal breccias
form in active geothermal systems when total fluid pressures
exceed the least principal effective stress, sigmay, by an amount
equal to the tensile strength, T, of the affected rock. For
systems in extensional stress fields, such as prevailed during

the VC-1 brecciation, sigmay iskapproximately equal to one third

-the lithostatic load, S;, less hydroétatic fluid pressure, P, at

the boiling point. The critical pressure required to
hydrofracture, Pg,, is provided by the equation: |

Pfr = (Sz - P)/3 + T
Boiling point vs. depth curves‘based on Pfgy values graphically
definerthe physical conditions of hydraulic rock rupture.
Increasing vapor pressure beyond P¢, at a given depth, due to
rapid release of confinihg pressure or renewed héating, will

induce rock failure by hydrofracturing.




INTRODUCTION

Hydrothermal breccias are common features of active, high-
temperature geothermal systems and their fossil equivalents,
epitherﬁal ore deposits. These breccias and associated hydraulic
fracture networks not only focus thermal fluid flow, but are also
important ore hosts (Sillitoe, 1985). 1In the active Waiotapu
system, New Zealand (Hedenquist and Henley, 1985), ore-grade
precious-metal precipitates are presently forming in hot-spring
pools occupying phreatic explosion craters--the surface
expressions of deeper hydrothermal brecciation. Hydraulic
breccias and stockworks are also the principal ore hosts in hot-
spring type gold orebodies (Berger, 1985; Lehrman, 1987), and are
frequently encountered in deeper epithermal deposits (Fournier,
1983). Both geothetmél and precious-metal exploration and
development should benefit from a clearer understanding of the
physical processes governing hydraulic rock rupture.

Molybdenite-bearing hydrothermal-bréccias discovered déep in
CbntinentaI:Scientific Dri;iing Program (CSDP) corehole ve-1,
just southwest bfbthe valles caldera cbmplex in north-central New
Mexico (Figure 1), provide an excellent

Figure 1 near here

opportunity to characterize hydrothermal brecciation in the major
outflow plume of a long-active, caldera-hbsted, high-temperature
geothermal system7(Goff'ﬁnd,Grigsby; 1982; Goff et al., 1986).

This system has been extensively explored by a series of deep,




rotary geothermal wells (Union 0il Company (UOC), 1982). The
cuttings recovered from these wells, however, provide only scant
information about the faults, fractures, end probable breccias
intersected at depth. Detailed study of continuous core from the
hydrothermally brecciated rocks of vC-1, therefore, should also
improve our understanding of intracaldera structural controls on
deep thermal £luid flow.

The vC-1 hydrothermel breccias host abundant fluid
inclusions, many of which apparently were trapped during
brecciation. Homogenization temperatures and corresponding
freezing-point depressions for these inclusions, when combined
Qith alteration mineralogy and paragenesis as well as the
~inferred geologic history at the vC-1 site, allow development’of
a model of hydrothermal brecciation which shouldrbe broadly

applicable in similar settings worldwide.

METHODS AND i’ROCEDURES
Characterzzatlon of the deep VC-1 breccias began with

detalled 11tholog1c logging of core from the lower 50 m of the
corehole and progressed through petrographic examxnatlon, X-ray

dlffractzon (XRD) ana1y51s, and fluid 1nc1usxon studies. Samples
selected for XRD, nomxnally at 1.5 m intervals, were prepared for
7 bulk ana1y51s by light crushing, then hand- grlnding a
srepresentat1ve 1l g sp11t 1n acetone to <325 mesh (<42 microns).
"These finely- ground samples were 1rradiated at 2029 from 29 to

650920 using a Phillips diffractometer with Cuk radiation source,
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theta compensating slit, 0.2 mm (1/2°) receiving slit and
focusing monochromator. Instrument settings were as follows:
accelerating voltage--40 KV; tube current--40 mA; time constant--
1/2 s; full»scale deflection--2500 counﬁs per s; chart speed--
25.4 mm/min. Approximate weight percentages of minerals
identified on corresponding diffractograms were determined by
comparing diagnostic peak intensities with those of standard
phases, with appropriate corrections for matrix absorption. Clay
fractions (<5 microns for this study) were extracted from the
lightly crushed bulk samples by acoustic disaggregation in
deionized water; Stokes’ Law settliﬁg, and centrifugation. The
resulting slurtieé'weré smeared on glass slides and irradiated at
1920 per minute after each of the following treatments: air-
drying (2-37920); vapor glycolation at 60°C for 24 hr (2-22920);
heating at 250°C for 1 hr (2-15920); and‘heating at 550°C for 1
hr (2-15029)} Instrument settings were the same as for the bulk
scans except for the time constant, maintained at 1 s.
Approximate.percentagés of layer silicates identified on
diffractdgtams,cortespondingktp the above treatments were
determined by referencerto caiibratibn gurves,(diagnostic peak
inténsity vs. weight percenﬁ)'previously'ptepared uSing standard
'phases‘mixed in various proportions. | |

Whénever possible, the expandable interlayer content of
illité and'mixédsiayer illite/smectite'in the VC-1 clay fractions
waS'deté:mined ﬁéing théfméthods of Srodon (1980). The less

accurate, but more generally applicable techniques of Reynolds
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(1980) were used to calculate this value when peak overlap due to
contamination by non-clay phases precluded use of the Srodon
method. On selected test samples, expandable interlayer contents
determined by both methods were separated by no more than 10%.
Samples for fluid-inclusion analysis were prepared by doubly
polishing rock chips 200-400 microns in thickness and 5-10 mm in
diameter. 'Homogenizatioo temperatures and freezing point
depressions of fluid inclusions in these chips were measured
using a Fluid Inc. modified U.5.G.s. gas-£flow heating/freezing
system. Slow heating rates (0.59C/min. or less) and careful
calibration ensured optimum accuracy and reproducibility

(=0.20C).

.GEOLOGIC SETTING
Corehole VC-1 is located immediately southwest of the Valles
caldera complex (Figure 1),'comprising the 1.12 Ma Valles oaldera
(Self et al.,‘1986),”its spatielly coincident predecessor, the

1.45 Ma Toledo caldera‘(Self et al., 1986; Heiken et a1 . 1986),

and possxbly small precursor calderas formed at the same site

between 3 6 and 1.45 Ma (Nielson and Hulen, 1984; Self et al.,

7"1986) Calderas of the Valles complex represent the culminating

'volcan1c epxsode in the Jemez volcanlc field, active since at

1east 16 ‘Ma (Gardner et al., 1986) at the western margln "of the
northerly trendlng Rio Grande let. The Jemez field appears to
have been loca11zed by the 1ntersectzon of this rift boundary

with the Jemez llneament, a reglonal feature trend1ng northeast
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and defined by alignment of Cenozoic volcanic centers and major
structures such as the Jemez fault zone (Figure 1; Laughlin,
1981).

Evolution of the Valles caldera cdmplewias~probably

underway by 3.6 Ma, when low-volume, felsic ash-flow tuffs began

erupting near the center of the Jemez volcanic field (Self et

al., 1986). Expulsion of these tuffs probably led to development

of a small caldera or set of calderas now completely concealed by
valles caldera fill (Nielson ahd Hulen, 1984; Self et al., 1986).
Felsic ignimbrites aggregating approkimately 300 km3 in volume
were violently ejected at‘1;45 Ma, resulting in emplacement of
the Otowi Member of the Bandelier Tuff and formation of the
Toledo caldera (Doell et al., 1968; Izett et al., 1980; Self et

al., 1986). At 1.12 Ma, a second major,felsic pyroclastic

‘eruption of roughly equivalent volume produced the Tshirege

Member of the Bandelier,Tuff (Izett et al., 1980; self et al.,

' 1986). The Tshirege eruption destroyed most of the Toledo

caldera but resulted in formation of the Valles caldera at

‘essentially the same site (Heiken et al., 1986). Collapse of the

Qalles caldera was followedlshortly by resurgent doming. The
apical graben of the resurgent Redondo dome and the fihg—fracture
zdne;of,the Valles caldera ("structural margih" on Figure 1)
Subséﬁuéntly guided emplaqement of rhyo;ite domes‘and flows until
about 0.13 Ma (Gardner et al., 1986). |

',;vc-l {s collaréd,jusﬁ éoﬁthwest of the intersection of the

Valles caldera’s structural margin with the subsurface projection
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of the Jemez fault zone (Fiqure 1). A major crustal flaw since
perhaps Pennsylvanian time (J. N. Gardner, pers. comm., 1986),
the Jemez fault zone not only controls the location of the apical
graben of the Valles caldera’s resurgent dome, it also focuses
the southwesterly-flowing hydrothermal plume draining the
caldera’s active geothermal systems (Goff et al., 1986). Since
mid-Miocene, the Jemez fault zone has been characterized by
exclusively normal displacement; prior strike-slip movement,
however, is locally evident (Aldrich and Laughlin, 1984).

Valles caldera geothermal Systems, fueled by cooling,
subcaldera plutons, were explored by Union 0il Company (UOC; now
Unocal) between 1971 and 1982 (UOC, 1982). UOC concentrated its
exploration efforts on the two areas of highest heat flow and
most intense surficial alteration in the Valles caldera--the
Redondo Creek graben’and theVSulphur Springs area, near the

western structural margin (Fiqure 1), Liquid-dominated

‘conditions prevail below a nominal depth of 500 m in both areas.

Hydrothermal fluids in this regime are high-temperature (up to
about 300°C), neuttal-chloride watéts ranging from 5000 to 18,000
mg/Kg’total dissqlved solids,(Truesdell and Janik, 1986;
Shevenell et al., 1987); temperatures up to 341°C have been
recorded in impe:meable rocks beneath,the hydroﬁhermal system
(Nielson and Hulén, 1984).

Circulating in pefmeabie faults, fractures, and breccias as
well as‘discfete sandstone and non-welded tuff horizons (e.q.

Hulen and Nielson, 1982), thermal fluids of the Valles caldera
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have interacted with their host rocks to form distinct alteration
assemblages (Hulen and Nielson,‘1986a, 1986b; Hulen et al., in
press). Intense phyllic (and locally potassic) alteration is
diagnostic of principal fluid conduits; propylitic alteration
prevails away from these channels. Water vapor is now the
pressure-controlling fluid to a an average depth of about 500 m,
but a shallow, widespread cap of mixed-layer illite/smectite
indicates that the liquid-dominated reservoir once extended up to
(and probably above) the present ground surface. This conclusion
is corroborated by the occurrence of near-surface molybdenite-
quartz-fluorite mineralization in the Sulphur Springs area (Hulen
et al., in press). Only a veneer of scattered, acid-sulfate
advanced‘argillic;alteration, concentrated at Sulphur Springs
(Goff and Gardner, 1980; Charles et al., 1986) is related to
contemporary, shallow, vapor-dominant conditions.

Active geothermal systems of the Valles caldera are clearly
analogues of fossil systems tespodsible for depositing various
epithermal ores. Hulen and Nielson (1986a, 1986b) noted numerous
parallels betweén the'active~Va11es éystems and those which
fotmed Creede-type, epitﬁermél silver/base metal deposits. Hulen
et al. (in press) documented unique, sub-ore grade, epithermal
molybdenite mineralization ih <1,12'ﬂa tuffs penetrated in CSDP
coréholerVC-ZA, at Sulphukaprings (Figure 1). This'occurrence,
aiOng with traces of molybdenite in the vC-1 hydrothermal

breccias discussed in this paper, may be the near-surface

‘expression of deeply-concealed, Climax- or granite-type
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molybdenum mineralization (e.g. White et al., 1981; Mutschler et

al., 1981).

Figure 2 is a generalized stratigraphic and temperature log

for VC-1. To a depth of 333 m, the hole penetrates post

Figure 2 near here

-Bandelier rhyolite flows, tuffs, and breccias ranging in age
between 0.13 Ma and 0.60 Ma (Gardner et al., 1986; J. Gardner and
F. Goff, pers. comm., 1986). Beneath this young volcanic
sequence, redbeds of the Permian Abo Formation extend to a depth
of 424 m. Two Pennsylvanian formations were intersected;-the
Madera Limestone, avdominantly‘marine carbonate sequence between
424 and 809 m; and the sandia Formation, a near-shore, calcareous
siliclastic unit extending to a depth of 826 m.

This paper focuses on the lower 30 m of VC-1 (Figure 2), an
extremely complex intervalrcomprising deformed and brecciated,
hydrothermally altered, Paleozoic sedimentary rocks and
Precambrian gneiss. The extreme disruption of these rocks,
tqgether with the location‘ofVVC-l (Figﬁ;e l); strongly suggests

that the bottom of the corehole penetrates a subsurface extension

of the Jemez fault zone.

An importantfobjective?in drilling VC-1 was characterization
of an active geothermal outflow plume near itS‘sourée (Goff et
al., 1986). Although‘méasured temperatures in the corehole do

not exceed 160°C (Figure’Z), we will present evidence from the

10
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deep hydrothermal breccia zone that the Valles plume attained

temperatures approaching 300°C in the geologically recent past.

STRATIGRAPHY

Much of the VC-1 breccia zone, spanning the depth interval

826.2-856.1 m and detailed in Figure 3, is so

Figure 3 near here

thoroughly disrupted and altered that its components cannot be

ascribed to particular stratigraphic units. Portions of the

zone, however, are sufficiently intact that relict texture and
mineralogy can be used for identification. 1In this section, we
will briefly describe these relatively undisturbed rocks and
attempt to correlate them with formally designated formations in
north-central New Mexico, but primarily as a framework for
discussing the spectacular breccias they host.

The deepest VC-1 rock'unit‘that'can be correlated

confidently with a regional counterpart is the Precambrian gneiss

intersected between depths of 841.8 and 844 m (Figure 4).

Although highly fractured, quartz-sericitized, and cut

Fiqure 4 near here

by numerous hydréthermal veinlets, this rock is still
recognizable as a weakiy foliated, medium-crystalline, granitic
o:thogneiss. The rock isrtexturally identical‘to the unaltered
gneiss'penettated below.a depth of 3115 m in UOC'boreholé B-12,

about 5 km to the northeast in the Valles caldera (Figure 1).

11
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is also very similar to gneiss in the nearest Precambrian

exposure, near Soda Dam (Figure 1). 1In thin-section, the vC-1
gneiss is seen to be so thoroughly disrupted that it actually
consists of rock "islands" separated by thin rock-flour septa or
hydrothermal veinlets. Thus it is technically a breccia.
However, clasts generally account for greater than 95 volume
percent, and the parentage of the rock is readily recognizable;
therefore, it will be refetced to simply as gneiss.

The gneiss "islands" noted above consist of polycrystalline
quartz aggregates, commonly granobla;tically recrystallized,
intergrown with weakly to strongly sericitized microcline and
orthoclase as well as stubby lath-shaped sericite aggregates
replacing primary‘plagioclase. "Sericite" in this case énd
throughout this paper refers to:fine—crystalline illite as well
as phengite, a gray-green, iron-rich, illite analogue. The
Precambrian gneiss also cqntaiﬁs up to 3% relatively coarse-
cryStalline (1-2 mm diameter)rmica, principally muscovite with

traces of feebly pleochroic light brown biotite. Apatite,

‘zircon, sphene, rutile, and hematite (replacing magnetite or

ilmenite) are present in trace amounts.
Resting unconformably on the orthogneiss in VC-1 is a well-
bedded, fine- to medium-grained quartz sandstone 3.3 m in

thickness (Figure 3). Semi~§uantitative bulk XRD analysis shows

-that this sandstone is approxzmately 92% (wt.) quartz, with 2%

pyr1te and 6% illite; petrographzc examlnatzon reveals the

-additional presence of traces of detrital potassium feldspar.

12
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Most of the quartz is concentrated in detrital grains, but some
occurs as a fine-crystalline cement. The illite is principally
interstitial, and probably initially authigenic or diagenetic,
but has recrystallized hydrothermally.

The quartz sandstone is overlain by 3.1 m of fine- to
coarse-crystalline, stylolitic and locally laminated limestone
(Figure 3). Consisting principally of calcite (92-95%), this
limestone also contains minor (5%) detrital qguartz; traces of
illite, chlorite, and pyrite are concentrated in stylolites.

Both the stylolitic limestone and underlying quartz
sandstone may represent the Espiritu Santo Formation of the
Mississippian Arroyo Penasco Group (Armstrong and Mamet, 1974).
Wherever observed in north-central New Mexico, the Espiritu Santo
Formation comprises a basal clastic horizon, the Del Padre
Sandstone Member, resting unConfbrmably on Precambrian basement
rock, aﬁd anVQVerlying carbonate sequence.

Clésts in a complexly brecciated and altered interval
between depths of 831.3 and 835,4 m, immediately above the
stylolitic liméstbné (FigﬁreVB),léte of ‘unknown stratigraphic
affiliatiqn. This brecciarione‘and others deep in VC-1 will be
discussed in detail in the following section on tectonic and
hydrothermal brécciation. | |

‘.A distinctive, hematitic,'rebteCCiated sedimentary breccia
spans the,depth interval 826;3-83l.3 m (Eigure,3). This
distinctiVé rock.:originallyra chert-bearing redbed;rwill also be

described in more detail in the following‘secticn. The salient

13
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primary features of this unit are its brick-red, hematitic,
argillaceous to sandy matrix and abundant, angular chert clasts
(Figure 5). Diagenetic illite

Figure 5 near here

and chlorite, locally hydrothe;mally recrystallized, are the
principal matrix constituents.

Assuming that the Precambrian gneiss in VC-1 is overlain by
the Mississippian Espiritu Santo Formation, as discussed above,
the chert-bearing redbed breccia may represent the overlying Log
Springs Formation, of uppermost Mississippian age (Armstrong and
Mamet, 1974). At the type locaiity in the southwestern
Nacimiento Mountains, about 30 km southwest of VC-1, the Log
Springs Formation consists of hematitic shale, sandstone and
conglomerate; coarser clastic units contain angular to rounded
pebbles of Mississippian chert and limestone‘as well as
Precambrian gneiss and schist. At Guadalupe Box, only about 16
km southwest of VC-l,’the formation is entirely red'féffuginous
shale (DuChene, 1974). The iron-rich characﬁer and brick-red
céloration of the Loé‘Sptings formation throughout north-central
New Mexico is believed'to'indicate deposition of the unit as a
residual soil orbregolith (A:métrong‘aﬁd Mamet, 1974). |

Between depths of 809.2 and’826.3 m, immediately above the
pfesﬂmed LoévSprihgs Fo;mation, VC-l.penetrafed a dominantiy
siliciclastic sequence believed to be the Pennsylvanian Sandia
Formation (Pigure 3; Gordon, 1907; Kelley and Northrop, 1975).

Like the sandia Formation throughout northern New Mexico, this

14
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sequence appears to have been deposited in a rapidly fluctuating
marine shoreline environment (DuChene, 1974; Siemers, 1983; Baltz
and Myers, 1984). The upper contact of the Sandia in VC-1 with
the overlying Pennsylvanian Madera Limestone is
characteristically transitional. The boundary between the two
formations in the corehole is arbitrarily placed, as suggested by
Loughlin and Koschmann (1942), at the top of a prominent
sandstone above which limestones are predominaht and below which
terrigenous strata are more prevalent.

Calcareous quartz sandstone,rshaly limestone and shale are
the principal lithologies of the VC-1 Sandia Formation (Figure
3). Layer silicates are locally abundant in these rocks,
particularly in shaly horizons; illite-rich, mixed-layer
illite/smectite is predominanﬁ, but iron-rich chlorite is also
common. The illite/smectite is principally of diagenetic origin
(see also Keith, this issue), but within and adjacent to more
permeable zones in the‘Sandia Formation is hydrothermally
recrystallized; post-Sandia hydrothermal illite/smectite occurs
localiy as a vein- and vug-filling phése.' Chlorite in the Sandia

formation is also of both diagenetic and hydrothermal origin.

TECTONIC AND HYDROTHERMAL BRECCIAS

~In£roductioh

The Paleozoic and Precambrian sequence discussed above is

‘ disrupted,vbelbwba'depth of 826.3 m, into a spectacular breccia

sequence (Figure 3) of both tectonic and hydrothermal origin.

15




Before characterizing each of the maior breccias in this
sequence, we will briefly discuss the textural evidence for their
genesis, hopefully aiding breccia recognition in core and outcrop
elsewhere. |

Tectonic breccias are texturally distinct from those
developed hydrothermally, although gradational varieties can be
difficult to identify with confidence. Textures 6f tectonic
breccias reflect their cataclastic origin; original rocks are
brittly fragmented, with rotation of clasts, frictional grain
boundary sliding and granﬁlation (Sibson, 1977), and commonly
production of slickensides. Hydrothermal breccias, by contrast,
ideally lack these frictional textures, displaying instead those
indicating an explosive origin.

Two end-member varieties of hydrothermal breccia are common
in both active and fossil geothermal'systems--"jigsaw-puzzle"
breccias and those that have undergone fluidization. Jigsaw-
puzzle breccias, such as those of the Waiotapu geothermal system,
New Zealand (Hedenquist and Henley, 1985) are created by
explos1ve, three- dxmenszonal, hydraullc expans1on of a fractured
host rock. Th;s expan51on may be accompanied by forceful
‘eject1on of ftagments into an open fissure (e.qg. Gr:ndley and
Browne, 1976). Fragments in these breccias are typically
,,Subangﬁlar tp angular,'minimally rotated, and only slightly
gdispléced frdm-theirkpbiﬁts of ofigin. - The matrix, comprising

smaller fragments, rock flour, and hydrothermal phases in various

16
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proportions, shows no evidence of crushing or shearing unless

‘modified by subsequent tectonic activity.

Textures of fluidized breccias provide evidence of their
formation in a more energetic hydrothermal regime. Fluidization
involves suspension, abrasion, and sometimes entrainment and
transport of rock fragments in a highly overpressured, outward-
escaping gas or liquid stream (Reynolds, 1954; McCallum, 1985)
which may or may not vent to the surface. Fragments in fluidized
breccias, depending on the degree of transport and attrition, may
be angular to extremely well-rounded. The matrix is commonly
flow-foliated, with both lamellar and turbulent foliation locally
present. Neither matrix nor clasts, however, unlike their
counterparts in tectonic breccias, are crushed, granulated,
sheared, or disrupted by slickensides.

If used in conjunction with the textural criteria presented

above, hydrothermal alteration itself may help deduce the origin

of-a breccia. Breccias developed hydrothermally are more likely
to be altered than tectonicﬂbteccias, sidce thei; formation
requires the same fluids'responsible for alteration. |
Furthermoré,kthe pressure release accbmpanying hydrothermal
brecciation may’induce boiling, a process highly conducive to

alteration and mineralization (Fournier, 1983).

Breccias of vC-1

Deep tectonic and hydiothermal breccias in VC-1 almost

certainly developed in a branch of the Jemez fault zone (Figure

17




n)

7

1). The corehole is collared directly above the subsurface
northeastern extension of this structure, and major tectonic
displacement of the Vc—lkrocks is indicated by the occurrence of
contorted, probable Paleozoic shale stratigraphically beneath
Precambrian basement rock (Figure 3). Jemez fault breccias
probably transmitted and accumulated the overpressured fluids
responsible for subsequent hydrothermal brecciation.

The VC-l‘breCCias are concentrated in two intervals. The
deepest interval, between 844 m and 856.1 m (Figure 3), includes
a basal zone of contorﬁed and fractured shale, a overlying,
multilithologic tectonic bteccia, and a molybdenite-bearing
hydrothermal breccia. The upper breccia interval, spanning the
interQal 826.3-835.4 m and including redbeds of the Log Springs
Formation (?) is a complex sequence we believe to be tectonically
and hydrothermally rebrécciated sedimentary breccia.

In addition to the disturbed Log Springs (?) interval, the
upper breccia zone in VC-l'ihcludes two heterolithologic breccias

intersected in the intervals 831.3-832.7 m and 834.0-835.4 m

‘(Figure 3). These breccias, separated by a monlithologic,

‘brecciated limestone, contain approximately 50% (vol.) angular to

highly rounded- clasts, up to at least 20 cm (avg. about 2 cm) in

diaméter, embedded in a chloritic to locally siliceous and

'éalcareous,,silty to sandy’matrix which.locaily is turbulently

flbw-foliatéd. Thekclasts comprisé, inkdecreasing order of

abundance: sandstone ‘and siltstone;'chert; massive, fine-

crystalline chlorite;
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partially dolomitized and mineralized limestone and limestone
breccia (Figure 6); hydrothermal quartz crystal fragments and

Figure 6 near here

aggregates; and rare pyrite. The two breccias are separated by a
1.5 m-thick intercept of limestone breccia. This rock consists
of mostly angular, subsequent clasts of medium-crystalline
calcite, averaging about 2 cm in diameter, embedded in a
texturally and compositionally identical matrix.

These two breccia intervals and intervening brecciated

limestone almost certainly had complex multiple origins. We have

‘tentatively identified the overlying chert-bearing hematitic

breccia (Figure 3) as the Mississippian Log Springs Formation,
probably a red soil or regolith developed on underlying carbonate
strata. The subjacent breccias under discussion, then, could
have formed'initially by collapse during contemporaneous solution
activity in underlying MissiSéippian carbonates. However,
mineralized Paleozoic cérbonate'clasts and delicate, non-eroded
hydrothermal quartz crystal fragments indicate that these
breccias were probably modifiéd well after the Paleozoic--there

are no réported Paleozoic hydrothermal .events in the Jemez

'Mopntains (e.g. Gardner, 1986).

Clastkrounding and turbulent flow-foliation in these
breccias suggestvthét they may have been modified by hydrothermal
fluidization. The porous, karstic network in which the breccias
may‘have:formed'initially‘would provide excellent condﬁits for

the escape of overpressured hydrothermal fluid. This fluid
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streaming wouldlfacilitate hydrothermal alteration and
redistribution of original collapse debris.

Primary characteristics of the chert-bearing, brecciated
redbed believed to be the Mississippian Log Springs Formation
between 826.3 m and 831.3 m (Figures 3 and 5) were discussed in a
previous section. A number of secondary features lead us to
believerthat this unit has also been rebrecciated. Both the
matrix and clast margins show evidence of crushing, shearing, and
granulation (Figure 5), and slickensides are abundant. Clasts
are commonly hydrothermally alteted and mineralized; chert
breccia clasts have been multiply re-brecciated and quartz-veined
(Figure 5). The matrix of this redbed breccia also contains
delicate, sharply-faceted hydrothermal quartz crystal fragments,
which could not have survived in their unabraded condition during
normal’sedimentary transport and deposition. All these features,
taken together, lead us to believe that at the VC-1 site, the Log
Springs Formation has been extensively.distupted by faulting
along the Jemez fault zone.

By contrast with the breccias of the upper zone in VC-1,
thoéérofithé lower zone, betweén 844 m and 856.17m (Figure 3)
have uhémbiguous origins; The basal fractured shale and
overlying, Carbonatefrich breccia are clearly tectonic features.

The overlying, molybdenite-bearing breccia was formed

~hydrothermally.

The contorted shale intersected at the base of the lower

breccia zone, between depths of 852.6 m and 856.1 m (Figure 3),
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is basically a quartz-illite rock with minor pyrite and chlorite.

As in overlying sedimentary rocks, Much of the layer silicate

- fraction is probably authigenic or diagenetic in origin. Both

illite and chlorite, however, have been extensively
recrystallized, and illite microveinlets are locally common.
This shale is thoroughly disrupted. Individual laminae can be
traced only a few cm; slickensides and randomly oriented
fractures are abundant. The shale is of unknown stratigraphic
affiliation. However, since it was intersected beneath
Precambrian gneiss, its present'position in VC-1 must reflect
post-depositional displacement. The gneiss most likely was moved
above the shale by reverse or striké?slip faulting along the
Jemez‘fault zone prior to mid-Miocene (the beginning of the
current episode of normal displacement; Aldrich and Laughlin,
1984). Alternatively, thé gneiss could have been emplaced above
the shale by gravity sliding.

Shaly,fcarbonate-rich, tectonic breccia overlies the basal

shale and spans the interva1'849 5-852 6 m (Figures 3 and 7).

- This breccia con51sts of 10- 20% (vol ) subrounded to

Figure 7 near here

angular clasts, averaging about 4 mm (up to 3 cm) in diameter, in
a silty, argillaéeous, commonly;sheéred and foliatéd matrix. The
clasts comprise sandstbne; siltstone, limestone and chert as well

as altered hydrothermal brecc1a and Precambrian gnelss {Figure 7)

derived from 1mmed1ate1y overlylng un1ts.
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Intensely altered, locally molybdenite-bearing hydrothermal
breccias were penetrated in VC-1 between depths of 844 m and
849.5 m (Figure 3), immediately beneath similarly altered
Precambriao gneiss. These breccias, distinctively bright gray-
green in color due to phengitic alteration, consist of angular to
highly-rounded clasts, up to 5 (avg. about 1.5) cm in diameter,
embedded in a locally flow-foliated rock-flour matrix (Figures 8
and 9).

Figures 8 and 9 near here

The-clasts represent Precambrian orthogneiss, quartz-rich
sandstone, polycrystalline hydrothermal'vein quartz, and minor
chert, as well as older breccias formed of one or more of these
components. Relict sedimentary quartz grains in sandstone clasts
commonly are surrounded by secondary quartz overgrowths, from
which they are separated by‘rings of solid and fluid inclusions.
The matrix of the breccia locally incorporates sand-size quartz
clasts, probably derived in part by sandstone disaggregation.
Several textural features, con51dered together, suggest that
these molybdenum- bearxng phengltrc breccias were developed by
hydrothermal rather than tectonlc processes. First, the general
absence of4slickensiding,'shearing,'crushing and granulation
(sllcken51des on a few late- stage molybdenxte veinlets are a
notable- exceptlon) strongly argues against thelr formatlon as
fault breccras. Secondly, clastsvcommonly appear abraded and

many are highly rounded (Fxgures 8 ‘and 9), features which could

indicate attrition during f1u1d1zatlon. Also the matrix locally
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displays both laméllar and turbulent flow foliation (Figure 9),
another feature indicative of hydrothermal gas-streaming.
Portions of the breccia show a well-developed jigsaw-puzzle
texture, discussed in the introduction to this section. Finally,
these breccias are intensely altered, possibly by the fluids

responsible for hydrothermal brecciation.

HYDROTHERMAL ALTERATION

The entire pre-volcanic sequence penetrated by vC-1 is
either diagenetically or hydrothermally altered to a greater or
lesser degree. Most affected is the molybdenite-bearing
hydrothermal breccia discussed immediately above. Scattered
intervals of strong alteration and veining throughout the
Paleozoic sequence, howgver, attest to local interaction of the
rock with high-temperature hydrothermal fluids. Diagenesis and
hydrothermal alteration of the thick Madera Limeétone and Sandia
Formation are detailed by Keith (this’issue). Inkthis.paper, we

foéus on alteration beneath the Sandia, principally in the

.complexly brecciated rocks described in the'previbus'section.

‘The transition from domznantly diagenetic to pr1nc1pa11y

jhydrothermal reglmes in the rocks penetrated by vC-1 appears to

coincide with the contact between the Pennsylvanian Sandia
Formaﬁion'and the,MiSsissippian Log Springs Formation (?)v(Figgre
3). Above this'contaét,:semi-qﬁantitative'bﬁlk XRD analysis
shows that the'clay,fraétioq4is»dominated by'mixéd-layer

illite/smectite with subordinate chlorite. The illite/smectite
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is a highly ordered variety with 10-15% expandable (smectite)
interlayers.. Below the contact, illite with less than 5%
expandable interlayers is the principal layer silicate. Numerous
investigators (e.g. Dunoyer de Segonzac, 1970) have shown that
the interlayer smectite content of illite/smectite is a
temperature-sensitive variable. The downward transition from
illite/smectite in the Sandia shales to illite in the Log Springs
(?) redbeds, however, seems too abrupt to reflect simply a normal
geothermal gradient in a deep sedimentary basin. There are at
least two explanations for this sharp transition: tectonic
disruption has juxtaposed formerly separate lower- and higher-
grade diagenetic facies, or the expandable interlayer smectite
content of the illite/smectite in the brecciated Log Springs (?)
Formation has decreased through contact with (or conductive
heating induced by) circulating hydrothermal fluid.

The upper breccia interval (826.3-835.4 m; Figure 3) in VC-1
shows evidence of both pre- and post-breccia hydrothermal
alteration. ClaSts in all three major breccia zones in this

interval are commonly altered and hydrothermally veined, with

'alte:ation textures and veinlets truncated at clast boundaries

(Figure 5). The breccias also incorporate delicate hydtothermal
quartz crystal fragments. The'breécia'inﬁérsected between depths
of 831.3 m and)832.7 m also hosts mine;alized>carbonate
(limestoné/dolomite) ahd~vcarbonqté breccia clasts which contain
highly variable amountskbfﬁisseminatEd and veinlet-controlled

magnetite, hematite and pyrite. A few of these carbonate clasts
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‘also contain disaggregated, coarse-crystalline barite (Figure 6).

In addition to this pre-breccia alteration, the rocks of the
upper breccia interval in VC-1 are also sparsely cut by chlorite
+ calcite microveinlets and very rarely by pyrite microveinlets;
pyrite also locally replaces carbonate clasts. The breccia
intersected in the interval 831.3-832.7 m is also cut by veinlets
and irregular masses of chlorite with minor quartz and calcite.
All three alteratiqn minerals were probably formed during Keith’s
(this issue) hydrothermal stage I, at temperatures of 200 # 25°cC.
Precambrian gneiss and underlying, molybdenite-bearing
hydrothermal breccia are the most intensely altered units
intersected in VC-1. Original rock plagibclase in the gneiss is
totally altered to fine;crystalline illite and. Primary sphene
énd perhaps ilmenite are altered to microcrystalline leucoxene.
Biotite is replaced by iron-rich chlorite, and may also be
represented by disseminated muscovite pseudomorphs. Accessory,
primary iron oxides are widely replaced by brick-red hematite.

Traces of primary apatite and zircon remain unaffected. The

‘gneiss is also cut by numerous veinlets of quartz, quartz-

sericite, quartz-phengite ahdrquartz-sericite-phengite, all of

‘which contain minor pyrite. The,véinlets are multiply cross-
'cutting (Figure 4); Quarté-seticite = pyrite vgihlets, the

earliest formed, are cut by quartz-phengite = sericite = pyrite

veinlets, which in turn are cut by guartz = pyrite veinlets. The
early veinlets may represent Keith's (this issue) hYdrothetmal

stage II, with an upper temperature limit, at this depth, of
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about 2759C. subsequent veinlets in the gneiss probably formed
during separate pulses of Keith’s (this issue) stage III

alteration, which on the basis of phengite occurrence in other

‘active hydrothermal systems she suggests may have occurred at

temperatures approaching 300°C. These results are consistent
with paleotemperatures we have obtained from analysis of fluid
inclusions in quartz veinlets cutting the gneiss and underlying
hydrothermal breccia.

The phengitic hydrothermal breccias (844-849.5 m; Figure 3)
are so intensely altered that no primary rock feldspar remains.
Both clasts and matrix in these breccias are converted
completelyto quartz-illite-phengite-chlorite-pyrite aggregates
locally incbrporating minor calcite; primary quartz along with
traces of apatite and zircon remain as relict phases. fhengite
is much more abundant than in the overlying gneiss, imparting to
the breccias a vivid gray-gteen coloration. »

Hydrothermal veinlets are less abundant in these breccias,

" but as in the overlying gneiss comprise various combinations of

' quartz, illite, phengite and pyrite; traces of chalcopyrite and

sphalerite are locally present. Age relationéhips_among veinlets

‘are mbre'ambiguous than in the gnéiss,’but in general, quartz-

sericite veinlets are eatliest and phengite-bearing veinlets
laté-stége. 1Many veinleﬁs in clasts are abtuptly cut off at
clast margins (Figure 9), cléarly indicating development prior to
breéciaﬁion. Othef‘veinlets, particularly those rich in quartz

relative to illite and phengite, transect clésts and older
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matrix, but abruétly terminate against younger matrix. We
interpret this relationship to indicate formation of the veinlets
during a brief pause in the brecciation--that is, they are
interbreccia features.

Pyrite is overall the most abundant sulfide in these
phengitic hydrothermal breccias, overall accounting for about 1%
(wt.) of the rock (Figure 3), but locally reaching éoncentrations
of 3-5% in scattered 1-5 cm intervals. Pyrite deposition almos£
certainly accompanied each pulse of hydrothermal brecciation and
alteration. The pyrite occurs principally as disseminated,
generally subhedral grains and grain aggregates averaging about 1
mmb(up to. 3 mm) in diameter, but also in microveinlets with or
without quartz, seicite and phengite.’ The veinlet pyrite is
accompanied by rare local traces of texturally similar but
extremely fine-crystailine (<0.1 mﬁ in diameter) chalcopyrite and
- sphalerite. |

Molybdenite is also present in the phengitic hydrothermal
breccias, and appears to have been the most recent sulfide
depbsited. Principa11y ¢onfined between depths of 845.8m and
847.5 m (Figure 3), the moindenite occurs as thin, discontinuous
films on phengite-coated fractures, and on the surfaces bf
scattered clasts. We were unabie'to’obtain enough of the
molybdenite for complete Charactérizaiion by XRD, but’its
identity was cﬁnfirmed by SEM analysis. The sulfide:has the
submetaliic'appearance and'typical blué—gray sheen of the 2H

polymorph, characteristic of stockwork molybdenum deposits such
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of the nearby Questa caldera in northern New Mexico (Leonardson
et al., 1983). |

At least‘five stages of alteration and mineralization in
these breccias are suggested by cross-cutting and replacement
textures. During an early stage, possibly corresponding to
Keith’'s (this issue) stage I, quartz-richksandstone and
Precambrian granitic gneiss were replaced by quartz + chlorite =
sericite and pyrite, then flooded (sandstone only) and veined
with coarse, polycrystalline quartz, and finally tectonically or
hydrothermally brecciated. Thé rock-flour matrix of the newly-
formed»breccia was further altered to quartz and micaceous illite
with minor pyrite (Keith’s stage II?). This altered rock was
hydrothermally rebrecciated, with attendant fluidization. The
matrix and some clasts ih this late breccia were replaced by
quarti, sericite, pyrite, and phengite during several pulses
possibly representing Keith’s (this issue) alteration stage III.
During each pulse, fractures in the breccia, at least partially
hydraulic in brigin; were filled by quartz veinlets also
containing variable amounts,of iliite,'phengite and pyrite.
Sparse molybdenite mihetaiization accompanied or shortly followed
phéngitic'alteration. " The age of the mdlybdenite,relative to

latérinterbreccia‘quartzrveinlets could not be determined.

~FLUID INCLUSIONS 7
The deep hydrothermal brecc1as of VC-1 are riddled with

small fluid inclusions that confirm the complex hydrothermal
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history suggested by altération mineralogy and texture (see also
Sasada, tbis issue). As we will discuss in detail later in this
section, the inclusions form distinct, low- and high—salinity
compositional groups. Inclusions of both groups, however, are
texturally identical, and can be distinguished only by heating
and freezing experiments. The inclusions are principally
secondary, occurring as planar aggregates and curviplanar "veils"
which are randomly oriented and intersect to form web-like
networks. Unambiguous primary inclusions are rare, low-salinity,
and confined to probable interbreccia quartz veinlets,
Microthermometric measurements of these low-salinity,
interbreccia quartz veinlets are very similar to those of low-
salinity secondary inclusions in quartz clasts. This
relationship suggests thét dilute primary and secondary
inclusions could be in part coeval.

Secondary fluid inclﬁsions in the VC-1 breccias are small,
ranging from <0.2 microns‘torll microns in diameter, but
averaging less than.1 micrqn‘in diameter. Highly irregqular
inciusions are most abundént, particularly among those larger
than. 3 microns'in diameter, bﬁt elongaté and equant varieties,
some pﬁrtially bounded by negative c:ystal faées, are'also
commop.k Most secondary inclusions are two-phase and liquid-
dominated at room tempe:atﬁ;e,fWith,vapor bubbles estimated to
account for 5-15 volumérpercent. However, vap6t4tich inclusions
are also locally'présent. ‘Mahy of thesercleatly,reflect neckiﬁg

(Roedder, 1984), but others, particularly those concentrated with
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liquid-rich, lo&—salinity inclusions along single planes, appear
to. have undergone mihimal modification since trapping. These .
~coexisting liquid- and vapor-rich inclusions are believed to
indicate boiling. If as discussed above, the secondary low-
selinity inclusions are genetically related to primary lowf
sélinity inélusione in interbreccia quartz veinlets, then the
boilino took place during hydrothermél}brecciation. |

The few definite primary inclusions identified are
texturally similar to chose of secondar} origin, but are either
arranged in non-planar three-dimensionai arrays or attached to
solid phases. They are invariably 1owfsaiinity, and range in
diameter from <0.2-4 microns.

High- and low-salinity inclusions in the VC-1 breccias
respond'much differentlyrto freezing procedures. High-salinity
‘rlnclusxons freeze abruptly upon supercoollng to -65°C to~-74°C,
 form1ng a dense, brownish, sub—translucent,solld. They become
conspicuously granuiar-appearing, probéoiy due to the onsetrof
melting, at about -50°c, and show defznlte melting by 40°C.
‘Low salinity 1nc1usxons, by contrast freeze upon supercoollng at
-40°C to -45°C w1thout discoloration; melting commences at about.
‘_‘ZBOC. », ‘ e

The very low initial‘melting point of~High—salinitys
'1nclu510ns xndlcates that they contaln apprec1ab1e calc1um
; chlor1de or (much less likely) magnes1um chlorxde in addltlon to
~ sodium chloride (Roedder: 1984). For these,;nclusxons,~squum 2

!>chloride-based salinity values calculated using the methods of.
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Potter et al. (1978) must be considered quite approximate. The
initial -289C melting temperature for the iow-salinity
inclusions, however, indicates that they cohtain dominantly or
exclusively sodium chloride waters (Roedder, 1984). |

Homogenization temperatures and corresponding ice-melting
temperatures (freezing-point depressions) were measured for 58
two-phase, liquid-dominated fluid inclusions in two hydrothermal
breccia samples (from depths of 846 m and 846.7 m) and from
hydraulically (?) fractured Precambrian gneiss at 842.9 m. Since
ice-melting temperatures could be measured reliably in these
samples only for inclusions larger than 2.5 microns in diameter,
a bias in favor of larger inclusions could have been introduced.
However, the distribution of homogenization temperatures for
these larger inclusions is very similar to the temperature
distribution for all inclusions regardless of size. This
similarity suggests that the large inclusions are representative
of those spanning the full sizé’range. |

~The inclusions analyzed form distinct low- and high-
,salinityrpopulations. -These'are'clearly separated on a plot of
homogenization temperatures vs. corresponding ice-melting

tempe;atutes,(Figure 10); Aii but two of the 28 high-

Figure 10 near here

,sélinity'inclusions shbw’i¢e¥me1ting temperatures between -
16.59C and ;23.1°C,,and homogenize to the liquid phase at
temperatures ranging from 189.4°C to 245.7°C. By contrast, 30 of

31 low-salinity inclusions, with ice-melting temperatures tightly
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confined between -0.19C and -1.8°C, homogenize in a much higher
temperature range between 229.5°C ad 283.9°C. Geologic evidence
to be discussed in the following section strongly suggests that
inclusions of the low-salinity group were trapped at shallow
depth. Measured homogenization temperatures for these
inclusions, therefore, are believed to be very close to trapping
temperatures. The probéble trapping depth range of the high-
salinityrinclusions is unknoWn. In both cases, we believe that
pressure corrections (Potter, 1977) are unwarranted.

Shown for comparison with the VC-1 results on Figure 10 are
homogenization temperatures for fluid inclusions in shallow
(<1304 m depth) samples of Precambrian crystalline rock
penetrated in a geothermal well at the nearby Fenton Hill Hot Dry
Rock site (Fiqure 1; Burruss and Hollister, 1979). All but two
df the Fenton Hill inclusioﬁs,bmany of which are extremely
saline, homogenize at lower temperatures than those of VC-1. The
two atypical Fenton Hill inciusions plot within the dilute, high-
temperature VC-1 gfoup (FigdreriO), and conceivably could record
‘the same hydtothermal_epiédde;v In general, however, the VC-1
inclusions trapped much higher-temperature hydrothermal fluids.
"This disparity probably reflects the reiativekease with which
these fluids could invade the more perméable rqcksbof>the Jemez
fault,zdne. ;

Fluid-incluSion~da£a obtained for Vc-l have been plotted on

an enthalpj-chldride diagram (Figure 11), often used to assess
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Figure 11 near here

the origins of deep geothermal waters (Truesdell and Fournier,
1976). Fluids deri?ed by boiling are represented on these
diagrams as points along steam-loss lines radiating from the
saﬁuratedksteam point at 0% chloride and an enthalpy of 2775
'KJ/Kg at 2849C. A dilution line similarly emanates from the
chloride-enthalpy point for cold water (in this case assumed to
be Jemez River water) and constrains fluid compositions possible
through mixing. Figureyll demonstrates that the high- and low-
salinity inclusion fluids in the VC-1 breccias could not have
developed from one another through bdiling or dilution.
Compositional differences within groups, however, could be due in
part to either or both processes, and to subtle changes in
reservoir conditions during the evolution of multiple
hydrothermal systems. Coexisting low-salinity, liquid-rich and
vapor-rich inclusions along scattered, healed microfractures
suggest that these diluté fluids boiléd during hydrothermal

brecciation.

'MODEL FOR HkaOTHsRMAL BRECCIATION
 The fluid-inclusion data discussed above can be combined
with paragenetic informatioﬁ from alteraﬁion studies asrwell as
‘the local geologié histdryfto'model hydtothermal brecciétion at
~the VC-1 site. The model should have general application in

~similar settings elsewhere,

33




The following observations, presented in previous sections,
are critical in formulating such a model, First, the breccias
~are developed in the structurally permeable Jemez fault zone.
Second,'the VC-1 site is immediately adjacent to the Valles
caldera complex, and thus to a potent magmatic heat source.
Finally, rounding of claéts énd flow-foliation of the matrix
suggests that the breccias were emplaced or modified by
‘hydrothermal fluidization.

The absolute age of the VC-1 hydrothermal breccias is
uncertain, since the youngest clasts are Paleozoic sedimentary
rocks. In view of the hydrothermal history of the Jemez
Mountains and the location of the vC-1, however, it is compelling
to assume that these breccias are genetically related to the
Valles caldera complex. ,Dated, post-Precambrian hydrothermal
events in the Jemez Mountains are confined to the Late Cenozoic
(e.qg. Wronkiewicz et al., 1984; Gardner et al., 1986), so the age
of hydrothermai brécciation and alteration,at the VC-1 site is
probably similarly constrained. Although each of the numerous
volcanic episodes in the,Jémez Mountains since about 16 Ma must
rhave,been'aCCOmpanied by hydtothermal activity,ronly in the
“vValles caldera éompléx'and in the Bland mining district, over 16
km southeést of vC-1, is,thefe obVioﬁs‘evidence of this activity.
’Epithérmal precious metal mineralization dated atrabout 6 Ma
{Wronkiewicz et al., 1984):inrthe’éléhd'district is accompanied
by &ideSpread propylitic énd local argillic alteration; but

hydrothermal breccias are apparently absent. By contrast, these
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breccias appear to be widespread in the Valles caldera complex;
each of the two Valles CSDP coreholes completed to date, VC-1 and
VC-2A, about 8 km further north (Figure 1; Hulen et al., in
press), have encountered strongly altered and locally mineralized
hydrothermal breccia zones.

Genetically linking the VC-1 hydrothermal breccias with
development of the Valles caldera complex constrains not only
their age, but also their depth of formation. ‘The oldest
deposits of the caldera comblex, the Lower Tuffs of Nielson and
Hulen (1984), are believed to range in age from 3.0 to 1.45 Ma
(Self et al., 1986). However, the deep brecciation is much more
likely to have accompanied (or followed) formation of the Valles
caldera (1.12 Ma; Self et al,, 1986) or itskprecursor, the Toledo
caldera (1.45 Ma; Self et al., 1986). An upper age limit of
brecciation is provided by the unaltered, post-breccia, 0.13-0.6
Ma rhyolitic volcanic sequence penetrated in the upper 305 m of
VC-1 (Figure 2).

Since this young rhyolitic sequence had not yet been
emplaced, the land surface at the time of breCéiation’woﬁld have

'been at an elevation of about 2160 m, or about 300 m lower than
at present. It is~aléo assumed that the cbntemporanéoué water
table was at or near that paléoesurféce. Hydrothermal breccias
in VC-l are presently situated between depths of 831.3 m and
849.5 m (Figure 3). If they have not been displaced since

formation, the breccias developed at an original depth of about -

530 m.
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Location of the breccias with a branch of the Jemez fault
zone adjacent to the Valles caldera also implies the state of
stress at the time of brecciation. Aldrich and Laughlin (1984)"
have shown that the Jemez fault zone has undergone exclusively
normal movement since 7-4 Ma, implying regional extension.
TectoniSm»accompanying formation of the Valles caldera complex
was also extensional (Smith and Bailey, 1968) in the shallow
interval under discussion. Therefore, an extensional stress
field prevailed along the Jemez fault zone prior to and during
formation of the VvC-1 hydrotherﬁal breccias. In situ stress
measureﬁents along the Jemez fault zone by Aldrich and Laughlin
(1984) suggest that at the time of brecciation (as now) the least
principal regional stress axis was horizontal and oriented NW-SE;
the greatest principal stress axis was vertical. These stress
borientations are in accordanceywith‘steep southeast dips measured
both regionally along the Jemez faﬁlt zone (Goff and Kroh, 1980)
and on faults and fractures in the VC;I core.

In an extensional - tectonzc env1ronment, a rock will fail by
hydraullc rupture when total fluid pressure exceeds only the
'effect;ve least pr1nc1pa1 stress, 51gmax, by an amount'equal to
the rock’s tensile strength, T (Hubbert and willis, 1957;
Phillips, 1972; Grindley and]BrOWne, 1976; Fournier, 1983).
Hubbert and.Willis (1957) haﬁe*shown thét in such a tegime,
51gmax is horlzontal and approx1mately equal to one third the

,llthostatlc load, Sz, less the normal hydrostatlc fluid pressure,

P. Assuming an average rock density of 2.7 g/cm3, and
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hydrostatic pressures approximating those of the boiling point
vé. depth curve at the‘time of brecciation, then S, would have
been about 14.1 MPa, P about 4.5 MPa, sigma, about 9.7 MPa, and
sigmay, the least principal effective stress, about 3.2 MPa.
Adding a reasonable range of rock tensile strengths (2.1-3.1 MPa;
Grindley and Browne, 1976) to this value yields the theoretical
total fluid pressure range,'5.3—6.3 MPa, within which the vC-1
rock would have failed by hydrauiic rupture.

- Actual pressures measﬁred during hydrofracturing experiments
at the nearby Fenton Hill Hot Dry Rock site (Figure 1) closely
correspond to those theoretically determined. At a depth of 3530
m in a deep Fenton Hill borehole, a pressure of 41.4 MPa (0.0117
MPa/m) was required to induce hydrofracturing (Dash et al.,
1985). Multiplying this measured pressure gradient by the
assumed depth of brecciation at the vC-1 site (530 m) yields an
independent estimate of the pressure required for hydrothermal
brecciation--about 6.2 MPa.

Pressure gtadients corresponding to lithostatic, boiling
hydrostatic, and hyﬂrofracturing pressures can be :bmbined with
thermodynamic data from the Steam tables of Keenan et al. (1978)
to prepare a family ofvboiiing point vs.,depth_cﬁr§és which
graphicaiiy define the physical cdnditions of hydrothermal
brecciation at the vC-1 site (figure 12). All curves are Figure

12 near here

adjusted for elevation of the land surface at the time of

bfecciation (about 2160 m) and assume water saturation up to that
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surface. Although technically valid only for pure water, these
curves differ little from those appropriate for the dilute fluids
believed responsible for the brecciation. Values plotting to the
left of curve FR (Figure 12), the boiling point vs. depth curve
at the pressure required to hydrofracture, represent the liquid
phase below the threshold fracturing pressure; those to the right
reptesent vapor at pressures exceeding this threshold. 1It is
implicit in this analysis that the Jemez fault zone was
hydrothermally sealed prior to each episode of hydrothermal
brecciation. In an unsealed conduit, the VC-1 fluids would not
have exceeded boiling hydrostatic pressurés. An increase in
temperature at a given depth would only have induced more
vigorous boiling, buffering temperatures and pressures at those
appropriate for the hydrostatic boiling point vs. depth curve
("H" on Figure 12).

It is clear from Figure 12 that fluids circulating in the
Jemez fault zone, ah‘éxtensional tectonic feature, could never
have achieved lithostatic pressures at the time of hydrothermal
- brecciation. Rock fallure would have been 1nduced at the much
rlower pressures of curve FR.; There~are two end-member paths
along which this failure could-havé'been effected. Path AB
représentsrhydtofr&dturingvin response to a témpetature.inCtease.
As thé fluid is heatéd alon§ thié path' its vapor pressure
eventually exceeds that tequlred to hydrofracture, and the rock
ruptures hydrau11cally, large overpressures are unllkely, since

even small fracturing events will buffer pressures at or below

38




those of curve FR. Hydraulic fracturing due to a rapid release
in confining pressure is symbolized by path AC (Figure 12). Such
a pressure release at the VC-1 site could have been effected by
seismic cracking of a hydrothermally sealed portion of the Jemez
fault zone. 1In this case, extremé overpressures and violeht rock
disruption are’much more likely than along path AB. For example,
a fluid at the assumed depth of brecciation, if just below the
cfitical temperature (278°9C) and pressure (6.2 MPa) required to
hydrofracture, if suddenly depressurized to boiling hydrostatic
values through opening of an overlying hydrothermal seal, would
‘be overpressured by about 1.8 MPa. Overpressures of this
magnitude may be responsible for the'fluidized textures locally
common in the hydrothermal breccias of VC-1. These breccias may
even have vented to the surféce, forming hydrothermal explosion
craters such as those of the active geothermal systems at
Yellowstone National Park (Muffler et al., 1971) and Waiotapu,
New Zealand (Hedenquist andkﬂenléy, 1985). Although there is no

evidence that the VC-1 breccias vented, neither is there evidence

to preclude this poésibility.

_ DISCUSSION AND CONCLUSIONS
| The deep breccias of VC-1 have complex multiple origins, not
surprising in view ofbthe corehole’s location in a long-active
fault zone adjacent to akmajor‘caldera’complex hosﬁing high-
temperature geothermal sysﬁems.r Tectonic breccias of the Jemez

fault zone apparently have localized subsequent hydrothermal
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brecciation. The age of this brecciation must be inferred, but
geologic evidence strongly Squests that rock rupture was induced
by hydrothermal fluid overpressuring during mulfiple hydrothermal
episodes éccompanying development of the léte Cenozoic Valles
caldera complex.

Fluid-inclusion characteristics, when studied in conjunction
with alteration assemblages ahd textures as well as the geologic
history of the VC-1 site, can be used to deduce the mechanisms of
hYdrothermal brecciation. For example, all homogenization
temperatures for low-salinity fluid inclusions, when plotted at
the assumed depth of brecciation, exceed temperatures defining
the hydfostatic boiling point vs. depth curve for pure water
(curve "H"; Figure 13). This relationship supports the Figure 13
near here
supposition that at the VC—l site, the Jemez fault zone was
hydrothermally sealed prior‘to each episode of brecciation,
allowing pressures to approach,and intermittently_ekceed those of
curve FR. Hydrothermal bre;ciaﬁion, then, Qas triggered through
a rapid’reléase in cdnfiniﬁg pfessure or renewed heating.
ABoiliﬁgrwhich produced—and'accompanied this brecciation is
| documented by coeXistidg,:liquid— and vapor-riéh, low-salinity
fluid.inclﬁsions., | ’ |

‘bnce the'boiling'point was:excéeded, flashing«of these
dilute fluids in fractures %nd>intergrénplér pores ruptured and
' cdmminuted.éncioéibg rocks. In some cases, the resulting three-

phase mixture (liquid + vapor + solid rock) was involved in
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fluidization, with further attrition of entrained rock particles.
The increased surface area of these comminuted fragments
facilitated hydrothermal alteration.

Homogenization temperatures of high-salinity fluid
inclusions, when plotted at the same mean depth of brecciation at

the VC-1 site (Figure 14), by contrast with those of coexisting

Figure 14 near here

dilute inclusions are well below temperatures and pressures
defining a corresponding hydrostatic boiling point curve. This
relationship cleérly indicates that these saline fluids were not
involved in the hydrothermal brecciation recorded by their dilute
counterparts.

| The occurrence of molybdenite in the hydrothermal breccias
of VC-1 further strengthens the supposition that they are
genetically related to the Valles caldera complex. The only
other reported occurrence of this suifide in the Jemez Mountains
is in young (<1.12 Ma) intracaldera tuffs penetrated by CSDP
corehole VC-2A, at Sulphur Sprinés iﬁ thekVallés caldera (Fig. 1;
Hulen et al., in press). Molybdenite in the Sulphut Springs
rocks, like that of VC-1, is intimately associated with
hydrothermal brecciation and intense phyllic alteration.
Hydrothermallphengite, an uﬁcommon layer silicate abundant in thé
vCc-1 bteccias,>i$ also common in VC€2A.

‘The shallow molybdenﬁm,mineralization inte:Sected in vCc-2a

is very similar to that occurring above some deeply concealed,

Climax-type, stockwork molybdenite deposits (Hulen et al., in

41




review). The molybdenite, associated alteration and hydrotherhal
brecciation penetrated in VC-lrand VC-ZA could represent high-
level léakage from a deep, Climax-type hydrothermal system.

Our studies of the two Valles CSDP coreholes have shown
that, as iﬁ many New Zealand geothermal systems (Grindley and
érowne, 1976; Hedénquist and Henley, 1985), hydraulic fracturing
and hydrothermal brecciation have created or enhanced structural
permeability in high-temperature geothermal systems of the Valles
caldera. Discovery of these hydraulically fractured and
brecciated rocks, not recognized from previous studies bases on
rotary drill cuttings, exemplifies the value of continuous core

from Carefully monitored scientific drilling.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure Captions
Location map, showing position of CSDP corehole
VC-1 relative to the Valles caldera complex and

the Jemez fault zone in north-central New Mexico.

Generalized stratigraphic and temperature log for

corehole VC-1. Tectonic and hydrothermal breccia

interval discussed in this paper spans the depth

range 826-856 m. Modified from Goff et al.

(1986).

Detailed lithologic and hydrothermal alteration
log of the lower portion of corehole VC-1 (806-
856.1 m), showing tectohic and hydrothermal
breccia intercepts; Dothole histograms at right
displéy distributions of rock-forming and
alteration phaées as determined by bulk XRD
analysis; ‘Actual values shown by b1ack bars;
stippling between bars added only for cla;ity.
AB--albite; FLT--fault; FM--formation; FSP--
feidspar; HEM--hematite; KF--potassium feldspar;

LITH—-litholoéy; MoS3--molybdenite.

Quartz-sericitized, intensely fractured,

Precambrian granitic orthogneiss from the depth

54




Figure 5.

Figure 6.

Figure 7.

interval 842.8-842.9 m (top to left). Note relict
gneissic foliation inclined to the right at about
459 to the core aXis. Q--quartz veinlet; PY--

disseminated pyrite.

Shaly, hematitic, tectonically rebrecciated
sedimentary breccia from the depth interval 829.6-
829.7 m (top to left). Note prominent shearing of
the matrix. CTBX¥~réctystallized, sparsely
chloritic chert breccia clast cut by hydrothermal

quartz veinlet truncated at clast margins;

Portion of a mineralized, dolomitic limestone
breccia clast in hydrothermal breccia from the
depth interval 831.8-831.9 m (top to left).
Breccia texture of the clast partially obscured by
recrystaiiization of‘carbOnates. Dark grains are
diéseminated, post-breccia, hydrothermal

magnetite,‘pytite>and rare hematite. White clasts

are dis;upted;fpre-brgccia hydrothetmai barite.

Shaly, carb@patefrich, matrix-dominated tectonic

breccia fr@m?thé depth interval 850.4-850.5 m (top

to left).f'CHT-#reCrystallized, sparsely chloritic

chert clasts; GN--hydrothermally altered,

phengite-rich clasts of Precambrian gneiss; LS--
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Figure 8.

Figure 9.

Figure 10.

recrystallized limestone clasts. Note
anastamosing, late-stage, chlorite-calcite

veinlets.

Altered hydrothermal breccia from the depth
interval 847.6-847.7 m (top to left). Clasts
consist of quartz-sericitized gneiss and
sandstone, rare chert, and older breccias
incorporating one or more of these rock types.
Dark matrix is rock flour altered to quartz,
illite, phengite and pyrite. Note flow-foliation

in matrix, probably developed during fluidization.

Molybdenum-béaring hydrothermal breccia from a
depth of 846.7 m, showing prominent flow-foliation
in matrix. Also shown is a well-rounded clast of
sandstone/gneiés breccia cut by a quartz
microveinlet truncated»at clast margins,
attesting to formation.of the veinlet prior to the
most receht;episode_of hydtéthe:mai brecciation.
MolybdenitéufOtms sparse, discontinubus microrims
on.seveialfélasts,‘bﬁt alsokocéurs on late stage

fractures.

Plot of homogenization temperatures vs. ice-

melting temperatures (freezing point depressions)
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Figure 11.

Figqure 12.

for 58 fluid inclusions in quartz from the
hydrothermally brecciated interval between depths
of 842.9 and 847.7 m. The inclusiqns form two
distinct compositional groups: one characterized
by dilutg,'high-temperature fluids, the other by
fluids of moderate temperature and high salinity.
Shown for comparison are corresponding data for
fluid inclusions in Precambrian crystalline rock
above a depth of 1304 m in a deep geothermal well
at the Fenton Hill Hot Dry Rock site (Burruss and

Hollister, 1979).

Chloride-enthalpy diagram calculated from the
fluid-inéluSion data presented in Figqure 10.

Characteristics of Jemez River water from Vuataz

and Goff (1986).

Depth‘vs._tempetature plot and boiling point
cﬁrves‘calculated for purefwater and various
relevént pre$sures7at the timefof hydrothermal
brecciatibn at—tﬁe VC-1 site. ‘FR‘i$>the boiling
point éurve at pfeSSUres‘required‘to
hydrofracture. H and L are, respectively, .
hydrostatic and lithostatic boiliﬁg=poiht curves
shownrfof:comparison.v Originating{at the mean |

depth of brecciation, path AB symbolizes
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Figure 13.

Figqure 14.

hydrofracturing due to increased heating. Path AC
represents hydraulic rock rupture in response to

rapid pressure release.

Depth vs. temperature plot and boiling point
curves of Fiqure 12, showing homogenization
temperatures for dilute, probable interbreccia
fluid inclusions in the VC-1 hydrothermal

breccias. Hatching indicates primary inclusions.

Depth vs. temperature plot and boiling point curve
oppropriate for fluid of 20% (wt.) salinity (from
Haas, 1971) under hydrostatic pressure at the time
of brecciation at the vC-1 site, showing
homogenization temperatures for high-salinity

fluid inclusions in hydrothermal breccias.
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Enthalphy (kJ/kg)
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FIGURE {Z

SURFACE AT TIME OF BRECCIATION.
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SURFACE AT TIME OF BRECCIATION
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