
CHAPTERTWO

GEOLOGIC SETTING

2.1 Regional Geology

The Marysvale volcanic field is situated in the transitional zone between the

Colorado Plateau and Great Basin provinces, and is associated with other major volcanic

areas which encircle the Colorado Plateau @igure 2.1), including the San Juan, Mt.

Taylor, Mogollon, and San Francisco Mountains volcanic fields. The Marysvale field is

toward the north-east terminus of a north-eastwardly trending belt of Tertiary igneous

activity (Steven et al., 1979). This belt is approximately 350 km in length (from SE

Nevada to central Utah) and up to 100 km in width. The Marysvale portion of the belt

experienced especially intense igneous activity (Steven et al., 1984).

2.2 Local Geology

Before either intrusive or extrusive igneous activity began at Marysvale, the region

comprised Mesozoic sedimentary rocks, including the Moenkopi and Navajo formations

(Figure 2.2). Rocks of the Carmel Formation (upper Jurassic) were exposed and being

eroded. Local products of igneous activity consisted of ash'flows, breccias, tuffs, as well

as related diatremes, dikes, and intusions, along with distal ash-flow sheets from the

Great Basin interbedded with the locally derived volcanics (Steven et al., 1979).



Five calderas have been identified in the Marysvale volcanic field (Steven et al.,

1984). These calderas and their associated volcanic rocks (approximate total volume of

volcanic rocks is 1,000 to 1,500 km3) are further related to epizonal intrusions that never

coalesced into a single intrusive body. They are probably underlain by a deep composite

batholith composed of two distinct petrogenetic associations: calc-alkaline and bimodal

mafic-silicic.

2.2.1 Bullion Canyon Volcanics

From approximately 35 Ma to 22Ma, igneous activity in the Marysvale field was

dominated by the accumulation of volcanic rocks of calc-alkaline composition known as

the Bullion Canyon Volcanics (BCV) In the Marysvale region, monzonite and quarrz

monzonite intrusions are associated with the BCV. They are found to lie within, as well

as define the outline of, the above noted calderas (Steven et al., r9g4).

2.2.2 Mount Belknap Volcanics

Beginning approximately 2lMaago, the composition of local volcanic rocks

changed from calc-alkaline to bimodal mafic-silicic. The oldest silicic rocks of the bimodal

association are the Mount Belknap Volcanics (ltBD MBV volcanism ended about 14

Ma ago. Granite intrusions, consanguineous to the MBV, were emplaced around 20Ma

and locally caused some alteration of the quartzmonzonite intrusions. A hidden silicic



intrusion, evidenced by rhyolitic dikes, and thought to be the heat source for the

hydrothermal mineralization at Marysvale, may be related to MBV activity.

2.3 Study Area Geology

The study area is the distict known as the "Central Mining Area" near

Marysvale,IJtah, 260 km (160 mi.) south of Salt Lake City (Figure 2.3). Mining

production in this area was principally from a network of hydrothermal uranium ore

(uraninite-pyrite-fluorite) veins. Mining in the district is presently inactive.

2.3.1 Central fntrusive Quartz Monzonite

Of particular interest to this study is the approximately 23 Ma old quartz

monzonite intrusion which is locally known as the "Central Intrusive". The approximate

age of the Central Intrusive is based upon: K-Ar ages from biotite ranging from 22 to 28

Ma @assett et al., 1963);K-fu ages (n=3) averaging 22.3Mafrom hydrothermal alunite

formed along the margin of the intrusion (Steven et al.,1979); fission-track ages for

samples of zircon at20.4fl.9 and 19.0t0.8 Ma, apatite at23.2* 2.6Ma, and inclusions

in biotite at2l.6 + 0.9 Ma (Steven et al., 1979); Ar-Ar release spectra from two biotite

samples from relatively undisturbed quartz monzonite, yielding an average plateau age of

223 t0.3 Ma and an average total gas age of 23.2 Ma (Shea, 1987); and Rb-Sr analyses

of whole-rock samples yielding an "isochron" age of 28.21 5.6 Ma, and initial 8751p651:
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0.705393 + 0.000089, with a correlation coeflicient (r = 0.8943) too low to allow age

significance to be applied to the slope of the line (Shea, 1987).

The Central Intrusive appears to be at the western edge of the Monroe Peak

Caldera (Steven et al., 1984). The Monroe Peak Caldera is the largest in the Marysvale

volcanic field, with approximate areal dimensions of 17 by 261<n, and approximately 300

to 450 km3 of extruded volcanics, and collapsed 23 to 2l Ma ago (Steven et al., 1984).

As evidence of the shallow exposure of the Central Intrusive, blocks of quartzite

are found as roof pendants north and north-west of the Bullion Hills (Ken et al., 1957).

Cunningham and Steven (1979) mapped the Central Intrusive as strongly porphyritic to

equigranular quartz monzonite, monzonite, and granodiorite.

The quartz monzonite, as described by Shea (1989), is medium-grained and

consists of calcic andesine (-An+o-so), alkali feldspar, quatlz, phlogopitic biotite (-Phzs-

Anzs), and variably Ca-rich augite and hornblende. The principal accessory minerals

include magnetite, apatite, sphene, zircon, rutile, and ilmenite. Deuteric and hydrothermal

minerals include sericite, chlorite, quartz, carbonate, magnetite, epidote, pyrite,

to,rrmaling adularia, alunite, montmorillonite, illite, allophane, kaolinite, halloysite, and

nontronite (Kerr et al., 1957). The quartz monzonite petrography and composition was

also studied by El-Mahdy (1966) and Emhof (1984). Figure 2.4 shows the modal results

for both the quartz monzonite (n:10) and quartz syenite (n:5) of Emhof (1984), along

with three meter-scale MVF samples (see Section3.2.l) and the "fresh" MVF-66 and
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MVF-68 quarlzmonzonite samples, plotted on a Q-A-P diagram (after Sfieckeisen,

1967). Specific minerals of the quartz monzonite are discussed in detail in Chapter 3.

2.3.2 Hydrothermal Rock Alteration

Kerr et al. (1957) described and categorized hydrothermal alteration at Marysvale

in terms of five stages. Figure 2.5 shows the relative stability of the various quafiz

monzonite rock-forming minerals associated with these five stages. In this particular case,

Stage 5 is representative of the ore vein itself. The samples were collected across an

alteration "channel" on the 24}-footlevel of the Freedom #2 mine, below the oxidized

zone. The five alteration stages of Kerr et al. (1957) can also be thought of in terms of the

general types of hydrolytic alteration, as described by Meyer and Hemley (1967), Rose

and Burt (1979), and Barton et al. (1991).

The hydrothermal effects which have been reported (Ken et al., 1957;

El-Mahdy, 1966; Shea, 1982; Shea and Foland, 1986) are caused by the hydrolytic

alteration (i.e., hydrogen-ion metasomatism) of the wall rock. Typical reactions are the

chloritization of biotite and the sericitization of feldspar and chlorite. Iron was leached

from the wall rock and pyrite formed. Calcium from the alteration of plagioclase

combined with F- to make fluorite, and CO3-2 to form calcite.

The mineralization associated with the uranium-bearing veins at Marysvale took

place at least approximately 450 meters below the surface (Cunningham and Steven,

1979). The samples studied for this dissertation were collected in the near-surface, within
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the mine workings, at approximately 250 meters depth. The mineral alteration and gangue

mineral assemblage indicates that the hydrothermal fluids were probably slightly acidic,

possibly in the pH range of as low as 2 to 4 (Cunningham and Steven, l97g). Based upon

a comparison of Eh-pH diagrams for the system U-O2-CO2-HzO (e.g., Langmuir, 1997;

Brookins, 1988) and the observed Marysvale U mineralizaion,the Eh of the ascending

hydrothermal fluid would have been greater than approximately +250 mV (i.e., above the

stability field of uo2), with a pH less than approximately 5 (i.e., to the left of the

stability field of intermediate U-oxides and schoepite). Only a modest increase in pH to

greater than approximately 5 would be required to precipitate uraninite UO2, intermediate

u-oxides u+os to u3os, schoepite (uoz)s oz (oH)rz . l2(H2o), or coffinite u(sio4)r-*

(OH)r*. This increase in pH could be caused by the boiling of the hydrothermal fluid at

the near-surface (Holland and Malinin, 1979), and would be associated with the

precipitation of calcite (observed in u-bearing veins at Marysvale).

The Eh value of +250 mV (at pH 2 to 4) noted above can be characterized as

slightly reducing, and not unexpected in nafural, near-surface conditions. Indeed, most

natural uraninites or pitchblendes (and probably coffinites) are partially oxidized, with

compositions between UOz.oo and UO2.67, and their stability fields occur under conditions

commonly encountered in groundwater (Langmuir, 1997). Uranous fluoride complexes

are the dominant form of soluble U(IV) for typical groundwater concentrations of sulfate

(- 100 ppm), chloride (- l0 ppm), fluoride (- o.z ppm), and phosphate (- 0.1 ppm)

under reducing conditions and below pHs of approximately 5 (Langmuir, l97g), and
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greatly enhance the U09 solubility and mobility under these conditions. The

precipitation of the fluoride ion as fluorite can reduce U(IV) mobility such that uraninite

(or coffinite) is precipitated nearby, as observed at Marysvale. While fluoride forms the

most important uranyl complexes under acidic conditions, phosphate and carbonate

complexes are dominant under near-neutral and alkaline conditions, respectively

(Langmuir, 1978) However, at elevated temperatures (> - 100 "C), the uranyl carbonate

complexes are minor species at all pHs (Langmuir, 1978). Natural occurrences of coffinite

can coexist at equilibrium with uraninites of composition UOz.oo to UO2.ss, when

dissolved silica is greater than approximately 60 ppm, as inferred for Marysvale where

uraninite, coffinite, and secondary quartz have precipitated together.

Mineralization (uranium-molybdenum) occurred after the deposition of the

Mount Belknap Volcanics. As noted above, the heat source to drive the hydrothermal

system responsible for this mineralization is postulated to be a hidden intrusion

associated with the cessation of the MBV activity. The glassy rhyolitic dikes thought to

represent this hidden intrusion yield K-Ar ages of l8 to 19 Ma (Cunningham et al., 1982).

The quartz monzonite which comprises the Central Intrusive is the rock unit most

affected by mineralization in the Central Mining Area. The fine-grained granite, which

underlies much of the Central Mining Area, is also a major host of mineralization. The

Red Hills Tuff, which overlies both the qtartz monzonite and fine-grained granite, is also

mineralized.
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2.3.3 Vein Mineralogy

Many (-40) minerals have been reported to be present in the veins at Marysvale

(Ken et al., 1957; El-Mahdy, 1966). They occur in three major mineral zones: supergene

(weathered); hypogene (hydrothermal), and mixed supergene and hypogene. The zone

applicable to the samples of this study is within the hypogene zone, at least 50 meters

below the bottom of the mixed zone. The mixed zone begins about 60 meters below the

surface @-Mahdy, 1966). Vein minerals common at the depth of the hypogene zone

include fluorite, uraninite, coflinite, quartz, pyrite, jordisite, umohoite, and calcite (Ken et

al., 1957 ; El-Mahdy, 1966; Shea, I 982). A brief and qualitative paragenesis would have

hydrothermal quartz and calcite as the initial phases, followed by coeval uraninite, fluorite

and pyrite, with jordisite, umohoite, and coffrnite comprising the final phases.

The veinlet of this study (MVl7l sample series) contains quartz and calcite,

without any discernible U ore minerals. However, the veinlet is elevated in U content

relative to the surrounding rock (see Section3.4.4).
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Figure 2.1. Simplified distribution of 34 to 17 Ma igneous rocks and known
calderas of the Marpvale, San Juan, and Mogollon volcanic fields in the
GreatBasin and Colorado Plateau provinces. Data from Lipman (1984),
Ratte et al. (1984), Sargent and Roggensack (1984), Steven et al. (1984), and
Stewartet al. (1976). Figure afterBestet al. (1989). A = Abajo, H = Henry,
LS = La Sal mountains (see text).
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Figure 2.2. Schematic geologic history around Marysvale, Utah. The region has
experienced repeated igneous events giving rise to voluminous volcanic deposits,
collapse calderas, and epizonal intrusions. M = Moenkopi Formation;N =
Navajo Sandstone; C = Carmel Formation; BCV = Bullion Canyon Volcanics;
MBV = Mount Belknap Volcanics. Rock unit symbols as in Figure 2.3. After
Shea (1982).
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Figure 2.3. Simplified Marysvale gmlogic map (after Cunningham and Steven, 1979). Tnrt =
dikes and srnall stocks of aphanitic rhyolite; Tmg = Gray Hill Rhyolite; Tmr = Red Hills Tuff;
Tmf = fine-grained granite; Tmi = porphyritic rhyolite stocks and domes; Tba = aplite plugs and
dikes; Tbi = intermediate-composition intrusive rock, including quartz monzonite, npnzonite and
granodiorite (i.e. Central Intrusive); Tb = heterogeneous lava flows and breccias; Jtrn = Navajo
Sandstone; Tlt = Litue Table Volcanics. Central Mining Area (CMA) indicated by oval.
Sample locations shown as circles (open = rock; filled = water).
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Figure 2.4. Modal composition of Marysvale quartz monzonite
as expressed by quartz (Q), alkali feldspar (A), and plagioclase (P).
Petrographic fields and nomenclature follow the IUGS
convention (Streckeisen, 1967). Data arc from Emhof (1984)
[circles - quartz monzonite; squares = euortz syenite] and Shea (1982)
[diamonds = Qusrtz monzonite; closed triangles = MVF-66 and -68].
See text for further discussion.
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Stage 1 Stage 3 Stage 4

Primary Constituents

Andesine
Unaltered
Partly altered
Completely altered

Orthoclase
Unaltered
Partly altered
Completely altered

Biotite
Unaltered
Chloritized
Argillitized

Augite
Unaltered
Partly altered
Completely altered

Quartz
Unaltered
Recycled and/or

argillitizeA

Apatite
Unaltered
Partly altered

Magnetite
Unaltered
Partly altered

Sphene
Unaltered
Partly altered

Structural Features

Myrmekite

Micropegmatite

Figure 2.5. Range in occurence of Marysvale quartz monzonite minerals
relative to alteration stages (dark pattern = more prevalent; light pattern =
less prevalent). These mineral changes are caused by hydrolytic alteration
from a hydrothermal fluid. Secondary minerals such as q\artz, calcite and
fluorite are at least partly formed from the dissolution of these rock-
forming minerals. After Ken et aI. (1957).

Stage 2 Stage 5
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