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STRATEGIC AND CRITICAL MINERALS [N THE MIDCONTINENT REGION, UNITED STATES

Geology and Mineral Paragenesis of the Pea Ridge Iron
Ore Mine, Washington County, Missouri—Origin of the
Rare-Earth-Element- and Gold-Bearing Breccia Pipes

By Laurence M. Nuelle', Warren C. Day, Gary B. Sidder, and Cheryl M. Seeger’

Abstract

Breccia pipes containing rare-earth elements [REE) and
gold are a potentially significant economic target in the Pea
Ridge iron ore mine, Washington County, Missouri, The Pea
Ridge depasit is one of efght known wolcanic-hosted iron one
depasits in the Middle Proterozaic St Francois terrane that ane
similar 1o the Olympic Darm type of depasits of Australia. The
iron orebody is steeply dipping and tabular shaped, and it cuts
across the host rhyalite, The footwall of the deposit is zoned
from the massive apatite-bearing magnetite core outward to
heterclithic breccla, pseudobheccia, a specular hematite zone,
and an extersive silicified zone. The hanging wall is zoned
from the massive magnetite core outward to heterolithic
breccia, psewdobreccia, and an amphibole skam zone, The
REE-rich breccia pipes cut through the various rack types along
thee iootwall at or mear contacts. They ane typically about 60 m
long and 15 m wide, and they extend at beast 120 m vertically.
The pipes consist of fragments of thyalite host reck and zones
of massive magnetite, specular hematite, and silicified rocks
supported in a matrix of rock flowr, barite, feldspar, monazite,
apatite, chlorite, xenctime, and, kecally, gold. Total REE oxide
content of samples of the groundmass material, which are not
diluted with lithic fragments, average abaut 20 weight percent.
Grades irom working faces in the mine are lower, averaging
about 12 weight percent. Gaold distribution Is erratic, bt
concentrations are as high as 371 parts per million.

The Pea Ridge iron deposit represents an intrusion-type
deposit in which the magnetite crebody stoped upward into
the hast rhyolite and created the various breccia zones anound
the margins of the deposit. The REE-bearing breccia pipes
probably formed from late-stage magmatic-hydrothermal
fluids that evolved from the main magnetite orebody. Sanidine
phenccrysts for xenocrysts) in the breccia pipes confirm a
magmatic component for their origin, The magmatic-hydro-
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thermal fluids underwent second boiling and decompression
and cased crstallization and release of a volatile phase,
Fluid-inclusion evidence of boiling includes a mixed popu-
lation of vapar-rich fluid inclusions coexisting with liquid-rich
inclusions in quartz from the REE-bearing breccia pipes. The
concomilant volume increase associated with boiling released
significant mechanical energy and caused fracturing and brec-
ciation of the wallrock. The REE-bearing fluid and crystal
mixture streamed upward along zones of weakness (faults
and contacts), entrained and milied wallrock fragments, and
formed the breccla pipes.

The REE- and, locally, gold-bearing breccia pipes associ-
ated with the Pea Ridge iron deposit are attractive langets in the
midcantinen of the United Saies for exploration of |erE
depasits of iron, copper, REE, gold, and uranium similar to the
Olymipic Dam deposit in Australia.

INTRODUCTION

This study of the Pea Ridge mine is pan of a S-year
copperative offort berween the Missouri Depantment of
Matural Resources-Crealogy and Land Survey and the 1.5,
Geological Survey (USGS) under the USGS Midcontinent
Strategic and Critical Minerals Project. One of the overall
goals of the cooperative effort 15 to provide a genetic and
predictive model for the possible occurrence of iron, copper,
REE, and gold deposits in the midcontinent region that may
be similar to the Olympic Dam deposit of Australia
{Oreskes and Einpodi, 1990). Initial work centered on the
Pea Ridge deposit inasmuch as it offers the most complets
lateral and vertical view of this deposit type in the midcon-
tinent region. This repont presents observations and hypoth-
eses generated from our mine mapping program. Traverses
that cross lithelogic contacts and structural features in the
mine wers selected in order to establish paragenetic
relationships and 1o serve as a base for geochemical and
petrographic studies.

Pea Ridge Iron Ove Mine, Misowri A1



GEOQLOGIC SETTING

Middle Proserozoic rocks of the 5t. Francois termane,
which includes rhyolitic ash-flow tuffs, lava flows, and
coeval granitic plutons, host Missourn's Precambrian iron
ore deposits. Zircon crystals from the granite bodies have
yielded U-Pb isotopic ages of 1 480-1450 Ma (Bickford,
1988), Kisvarsanyi (1980, 1981) recognized three types of
gronitic rocks in the Si Francois derrane: subvolcanic
massifs, ring intrugions. and central plutons (fig. Al). The
subvolcanic massifs, which are intrusive equivalents of
coeval thyolitic rocks, are epizonal biotite granite having
granophyric and rapakivi textures and containing perthitic
alkali feldspar; biotite is the characteristic mafic mineral,
Magnetite is a ubiquilous accessory mineral. Ring intru-
sions, which imchsde inlermediate- to high-silica amphibole
granite, biotite-homblende granite, adameliite, and syenite,
were emplaced in ring fractures related o caldera collapse
and cauldron subsidence. In contrast, central plutons of
high-silica, two-mica granite wers emplaced in resurgent
cauldrons. The central pletons have distingl accessory
minerals, such as fluorise, topaz, allanite, monazite, gamet,
and cassiterite, and a characteristic trace-element suite that
includes elevated abundances of Sn, W, Mb, Y. Be, Li, Rb,
Ba, and F. The central plutons have a unigue negative
magnetic anomaly signature (Kisvarsanyi, 1984; Kisvar-
sanyi and Kisvarsanyi, 1989). Most authors agres that the
magmas were genermted from meling of previously
pccreied crustal material (Melson and DePaclo, 19835).
Kisvarsanyi (1973) proposed that the Si. Francois terranc
formed in an anorogenic extensional tectonic setting (failed
craonic rift environment), whereas Paichent and Ruiz
(1989 suppesied that these rocks are not anorogenic, bat
formed during orogenic-accretionary processes associated
with the early stages of the Grenville Orogeny.

The St Francods terrane hosts eight known magnetite
and hematite deposits (fig. A1), which together constitate an
iron metallogenic province (Kisvarsanyi and Proctor, 1967,
Snyder, 1969% The iron deposits occur as both intrusive and
replacement bodies within volcanic rocks of the terrane, The
deposits may be penetically related to the host anorspenic
rhyolite rocks, as suggested by Day and others (1989} for
the Pea Ridge deposit.

The southeastern Missouri iron metallogenic province
contains reserves estimated at nearly 1 billion tonnes of iron
ore (Amnumnclale and Marmin, 1970), Iron ore has been con-
tinuously produced from the province since 18135, except for
one year during the Greai Depression, LUndil 1963, Pre-
cambrian hematite deposiis were the major source of inon
ore in Missouri; since the opening of the Pea Ridge mine in
1964, all ron ore production has been from subsurface
Precambrian magnetite deposits. The Pilot KEnob under-
ground mine opened in 1967 and produced slightly more
than 9.8 million tonnes of usable iron ore before closing in
1980, Since 1980, the Pea Ridge mine has been the Swute’s
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Figure Al1. Ceologic map of the Middle Prolerozoic 5t
Francods terrane, southeasiern Missour, showing locations of
eight knoven magnetite and hematite deposits (modifled after
Kisvarsanyi, 1981).

only iron ore producer, and it is the only remaining
underground iron mine in the nation. To date, about 41.6
million wanes of usable irop ore have been produced from
the Pea Ridge mine.

GEOLOGY OF THE DEPOSIT

The Pea Ridge magnetite-apatite deposit is & tabular
bady that 15 discordant to bedding of the rhyolitic bost
rocks. The orcbody sirikes roughly M. 55° E. and dips



73°-90" SE. (Husman, 1989). Xenotime from a quartz vein
that cuts the iron ore vielded a U-Pb age of 1.46 Ga (W.R
Van Schmus, University of Kansas, written commun.,
1938), which is a minimum age for the deposit; this age is
within the age range of 1.45-1.48 Ga for the 5t Francois
terane as reported by Bickfosd and Mose (1975) and
Bickford {1955}

Rocks of the Pea Ridge deposit are divided into four
zomes: (1) the amphibole-quartz zone; (2) the magneite
zone, which is made up of massive magnetite, magnetite-
cemented heterolithic breccia, and pseudobrecein; (3) the
specular hernatite zone: and (4) the silicified zone. Other
rock types include magnetite veins, quartz veins, aplite
dikes, mafic dikes, and a unique banded rock, REE-bearing
breccia pipes cut rocks of the footwall, Figures A2 and Ad
present the paragenetic relationships in the deposit, and
figure A3 is a geologic map of the 2,275-ft level

Amphibole-Quartz Zone

The amphibole-quanz zome occurs in both the
hanging wall and footwall of the deposit. It consisis of
massive, coarse-grained actinolite (blades as much as 5 cm
long) and interstitial apatite, magnetite, pyrite, chalcopyrite,
and calcite. Quartz is present &5 both interstitial grains and
a3 massive pods 1-50 cm in diameter, From the eastemn edge
of the deposit westward, the amphibole-quartz zone thins in
the hanging wall from massive amphibole-quanz rock into
host reck in which fractures are filled with amphibole and
have silicified walls (Emery, 1968). Locally, contacts prade
into host rhyolite wallreck, which exhibits incipient stages
of amphibole replacement. Farther from the contact, veins
of magnetite cut massive actinolite. The footwall zone is
less breccinted and contains fewer quartz pods than the
amphibole-quartz zone in the hanging wall,

This zone represents a skam alteration front that
preceded the emplacement of the magnetite orcbody. The
protolith of the amphibole-quanz zene is the host rhyolite,
Metasomatic replacement of the protolith has parially
destroyed obvious textural or chemical evidence of the
original rock type. Relict textures of rhyolitic wallrock have
been noted in amphibole-quartz fragments along the
hanging wall (J.R. Husman, The Doe Run Company, oral
commun,, 1990},

Magnetite Zone

In previous reponts, the magnetite and rhyolite
porphyTy breccia zones (Emery, 1968) and the magnetite
and breccinted wallrock-magnetite zones (Nuelle and
others, 198%) were treated separntely. However, further
mapping and documentation of temporal relations have
shown that the massive magnetite orebody and magnetite-

bearing breccias were contemporaneous and that it is useful
to freal the magnetite crebody as a zone composed of
subzones of massive magnetite, magnetite-cemented hetero-
lithic breceia, and pseudobreccia,

Massive Magnetite

Ore faces in the massive magnetite contain as much
85 65 volume percent magnetite, with average grades
ranging from 47 to 55 percent magnetic iron {Emery, 1968).
The texture varies from massive and shiny ore having
subconchoidal fracture 1o finely crystalline and granular,
Some ore has a porphyritic texture in which magnetite (or
martite after mognetite} and hematite MEFICTYSts are in a
massive, fine-grained magnetite groundmass, Gangue
minerals in the magnetite ore arc predominantly apatite,
quartz, pyrite, and monazite, and miner ferroactinalite,
biotite, chlorite (after biotite), fluorite, barite, grunerite, and
talc {fig. A2), The gangue forms interstitial intergrowths,
nef-textured veinlets, and pods within the massive mag-
metite ore,

Magnetite-Cemented Helerolithic Breccia

This breccia is characterized by fragments of host
rhiyolite, chloritized rhyalite, and rock from the amgphibale-
quartz zone in a matrix of massive magnetite and (or)
hematite. It occurs discomtinuously along the margins of the
orchody, but is particularly well developed along the
hanging wall {fig. A3),

The breccia was formed in a manner similar o an
intrusion breccia as described by Larnicka (1988). In sim
exfoliation of wallrock fragments, filling of the planes of the
exfoliated sheets with magnetite, and the presence of
wallrock schlieren suggest that the magnetite ore fluid had
theclogical propenies similar fo an intrusive magma.

Pseudobreccia

Laznicka (1988) described onc variety of pseudo-
breccia as being formed by replacement of host rock, which
results in a breceialike appearance; the rock fragments are
not produced by physical abrasion, nor are they displaced or
rotded. The term “pseudobreccia,” as used here, is defined
as host rhyolite that has been partially to totlly replaced by
magnetite and (or) hematite along fractures and has a
brecctalike appearance. The fragments do not appear 1o
have been rotated or mechanically fragmenied,

The pacwdobreccin has a sharp contact with the
magmelite orebody. Along its outer margins, the pseudo-
breccia grades inward from iron oxide-cemented crackle
breceia to iron oxide-cemented mosaic brecela, and then
into rubble breccin near the magnetite orebody. Roundness
and metasomatic alteration of the rhyolite fragments
increases towards the orebody.

Pea Ridge Iron Owe Mine, Missouri A3
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Figure A2. Paragenesis of major and minor minerals in the

deposition; dashed line, minor deposition.

Specular Hematite Zone

The specular hematite (specularite) zone separates the
silicificd zone from the magnetite orebody along the foot-
wall, and rhyalite host rock from the orebody along the
castern edge of the deposit (fig. A3). The width of the zone
varies, and it thins with depth (Husman, 1959). Contacts
between the specular hematite zome and the magnetite

A4 Strategic and Critical Minerals, Médcontinent Region, LS.,

Pea Ridge mine, Washington County, Mo. Solid line, Fruaaficar

orebody are commonly gradational, and the hematite con-
tains irregularly distributed patches and areas of magnetite.
However, the contacts are sharp locally. The specularite is
fincly to coarsely erystalline, generally platy, compact, and
massive. Most of the specularite is an alteration product of
magnetite.

Mapping documems that the specular hematite zone
in part formed along fault zones and that the width of the



HA1LB000

|Il

.,
-
il
EETE pomiyry '—--._____‘_
-‘--
M-11 piga
e B
alr - -
ll::‘ ’ i L
%ﬂ‘._ il T
...... e #’
Ty

e 'IIIIIIIHNHH:"" 4

|||ll ..-'.-' .-'.-.- ]
W
"i’
r
.
! -

%)
rrrrr

|Jf

I%J

Figure A3. Ceologic map of the 2,275-4 level, Pea Ridge mine, Washington County, Ma. {madified after Hurtgman, 1989).

zome varies proportionally with the width of the fault zones,
The specularite is locally sheared and foliated parallel 1o the
orientation of post-ore faults.

Silicified Zone

Silicified wallrock is extensively developed in the
footwall (fig. A3). Horizontal underground drilling of the
footwall northward away from the ersbody on the 2,275-ft
level penetrated 120 m of silicified rock without exiting the
zone, and surface drill holes moare than 400 m norh of the

I:EE-h-'.q;muﬁph
Mlafic didkes
Agpine dikes

Figure A4, Paragenetic sequence of the rock types in the
Pea Ridge mine, Washingion County, Mo,
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orcbody intersecied silicified voleanic rock. The silicified
zone is characterized by massive, white to light-gray quanz
that replaced the host rhyolite wallrock 1o VATYing extents;
arcas that are gremer than 75 percent quanz are not
uncomman. Potassic aheration associated with silicification
included the addition of potssium feldspar to the wallrock.
Powmssium feldspar flooding converied the grayish or
reddish-brown voleanic rocks to bright moderate-reddish-
orange rock, Locally, quartz and potassium feldspar form
pegmatitic pods and veins. Accessory minerals in the
silicified zone include fluorie, muscovilte, hiotite, tour-
maline, chlorite after biotiie, epidote, calcite, barite, rutile,
pymie, and chalcopyrite, In addition, Hesman (1959) noted
monazite, apatite, and topaz.

The silicified zone is a product of both open-space
filling and replacement. An increase in the number of
fractures from the wallrock into the silicifisd mone suggests
that stockwork fracture systems may have controlled
silicification. On the 2,275-ft level, along the X-11 drift,
silicification is associated with a high-angle fault. Sericite
along fractures and fragment surfaces shows that sericitiza-
tion accomganied silicification, The silicified zone grades
inte areas of fracture-fill quanz veins. Silicification also
extends several meters into the specular hematite zone.
Younger sets of quanz veins cut both the zone and the
adjacent wallrock. Relict breccia textures in the silicified
zone suggest that brecciated zones were conduits that were
later rehealed by silica (Seeger and others, 1989,

Mafic Dikes

Mafic dikes cut across the host rhyolite, the magnetiie
orebody, and the silicified zone. Contact with the REE-
bearing breccia pipes was not observed. The termporal
relationship between the mafic and aplite dikes is ambig-
upus (fig. Ad). Emery (1968) observed mafic dikes that are
cut by aplite dikes. However, our mapping indicates that a
mafic dike also cuts an aplite dike.

The dikes are black to dark greenish gray and have a
greasy luster. They range in thickness from less than 1 em
to more than 3 m and occur in two fracture systems. One
fracture system strikes N. 60° E and dips 60°-80° SE.,
whereas the other strikes N, 85° W. and dips 60°-80% §W.
(Emery, 1968),

Pervasive chloritic alteration panially obscures the
original composition of the dikes. However, major and
trace-clement data indicate that the dikes are tholsiitic hasale
(W.C. Day, unpub. data, 1990). These dikes are similar 1o
those emplaced throughout the St Francois terrans during
the waning stages of rhyolitic volcanism (Bickford, 1988).

A6 Strategic and Critical Minerals, Midcontinent Region, LS,

Aplite Dikes

Aplite dikes cut the host rhyolite and the magnetite
orebody. Contacts with the REE-bearing breceia pipes are
not exposed, and their relative ages are therefore unkmown,
The mutually crosscutting relation between the aplite dikes
and rocks of the silicified zone indicates that their emplace-
ment was coeval (fig. A4,

The dikes have variable dips, and they fill fractures
that strike M. 25° W, (Emery, 1968). They consist of
poassium feldspar and quartz with minor to rrace amounts
of biggite, and they have a fine-grained, equigranular (apli-
tic} 1o pegmatitic texture. Some dikes grade into (uarz
veing near their terminations. Some dikes have traces of
disseminaied molybdenie,

The aplite dikes are alaskitic and are high in Si0y
(72.0-74.7 weight percemt and K,O (6.7-9.5 weight per-
cent). Geochemical modelling of the trace-element abun-
dances demonstrates that the aplite dikes and the host
thyolite are cogenetic (Day and others, 1989 The cross.
cutting relations of the aplite dikes with the host rirolite,
the magnetite orebody, and the silicified zone indicate tha
the magnetite ore was emplaced during the regional Middle
Proterozoic igneous activity in the St Francods temmane.

Banded Rock

Banded rock is a relatively rare rock tvpe in the Pea
Ridge deposit. It consists of alternating hands of light-gray
and dark-gray minerals, The light-gray bands consist of
igneous rock fragments, quartz, and potassium febdspar; the
dark bands are martite and chlorite. The bands May repre-
sent altered horizons in a bedded volcaniclastic sediment.
Beds range in thickness from 1 or 2 mm o severl
centimeters and exhibit ripple marks and graded beds
{Marikos and others, 1989a). The banded rock occurs along
the footwall near e contact betwesn the specularite ancd
silicified wallrock. Locally, it has a penetrative fabric, as
defined by mineral lineations, and has been deformed by a
drag fold along a fault zene (ADE drift, 2,275-ft level;
fig. A3). The rock grades indo specularite, which SuFgesty
that it was part of the host rock sequence that was replaced
by magnetite (converted later to martite) during orebody
emplacement. The protolith was probably a water-laid
pyroclastic airfall wiff deposited as a volcaniclastic intra-
flow sediment.

REE-Bearing Breccia Pipes

Four REE-bearing breccia pipes have been delineatad
along the footwall and castermn edge of the 2,275t level of
the orebody (fig. A3). The pipes are at or near the contacts
between the major lthologic zones. The contacts with



thyolite and rocks of the silicified zone are abrupt and
commonly sheeted; those with the specular hematite zone
are imegular and embayed. Locally, apophyses of breccia
pipes introde adjacent rocks along fractures.

The pipes dip steeply (=807} and are clongate to oveid
in plan view. They range in length from several meters (o as
much as 60 m and hove widths as much as 15 m. Their
maximum vertical extents are not known, but the X-13 pipe
(fig. A3} extends from the 2,675-ft sublevel to at least the
22751t level, a distance of about 120 m.

The breccia pipes confain fragments of rhyolite,
magnetite-hematite ore, and rock of the silicified zone in a
groundmass predominantly composed of rock flour, feld-
spar, chlorite, barite, apatite, monazite, quarz, and calcie
{fig. AZ). The rock-flour consists of milled volcanic wall-
reck and disaggregated specularite grains. The volcanic
reck fragments grade in size from rock-flowr to about 0.5 m
in dizmeter. They are reddened, due to potassium feldspar
alieration, and have subrounded to angular edges and
moderate 1o high sphericity. The specularite fragments
reach severnl meters in length, are angular, and have low
spherwcity, Where specularite fragments are prevalent, they
form a tight-fining, fragment-supported breccia having
angular voids between fragments, Where wallrock frag-
ments predominate, they are iregularly distributed and are
matrix supporied.

Most of the breccia pipe material may have been well
indurated. For example, the X-11 pipe {Og. A3} has a
particularly hard, fine-grained muirix. Other pipes are now
friable because of the coarseness and excellent cleavage of
potassinm feldspar and barite and post-emplacement brec-
clathon.

Geopetal structures within void spaces in one of the
REE-bearing breccia pipes indicate that the magnelite
deposit has not been tilted significantly since emplacemant
of the breccia pipes. The geopetal structure on the 2,440-ft
level is characterized by horizontally bedded, granuiaged
rock pamicles that fill the bottom part of the vug and calcite
that fills the upper part of the vug.

The relative age of the REE-bearing breccia pipes is
poerly constrained. Bhyolite wallrocks, magnetite ore, and
rocks of the silicified zone occur as fragments within the
pipes. Thus, the breccia pipes were emplaced after for-
mation of the silicified zone. Aplite dikes cut acress rocks of
the silletfied zone; however, relations between the aplite
dikes and the breccia pipes have not been observed,

The absolule age of the REE-bearing breccia pipes
can be esiimated from a U-Pb date on a xenotime crystal in
& guartz vein that is cut by a breccia pipe. The xenotime
yielded a dame of 1.46 Ga (W.R. Van Schmus, written
commun., 1983} It occurs both in quartz veins cut by the
REE-bearing breccia pipes and in the pipes themselves
(fig. A2}, Therefore, formation of the REE- bearing breccia
pipes was about 1,46 Ga,

Mineralogy and Chemistry

Earite, potassium feldspar, chiorite, monazite, spatite,
quartz, and caleite are the moest shundant minerals in the
pipes; biotite, fluorite, wourmaline, chalcopyrite, and pyrite
are accessory minerals. Monkos ond ofhers (198%h)
reported anhydrite in some pipes. Bante occurs as massive
cement and open-space fill; crystals range from 1 mm (o as
mauch as 50 cm long. Senidine and orthoclases are present as
fractured and broken euhedral phenocrysts (or xenocrysts)
that are as much &5 2 om in diameter. Apatite forms
subdeadral to eubedral crystals that range in $ie from 0.5 o
1.0 e Quarz forms both rounded and embayed pheno-
crysis (or xenocrysts) and secondary overgrowths as cement
within the groundmass. Areas of broken barite and potas-
sium feldspar record o pest-cementation breccintion event,

REE-bearing minerls in the breccia pipes include
monazile, xenolime, and rare basinaesite and britholite(?).
Monazite and xenotime occur as 0.5- 1o 1.0-mm-long
crystals in aggregates having a granular texture, as radial
crystal aggregotes, 05 acikcular crystals that reploced wall-
rock microfragments, and less commonly a5 irregular
crystals that fill cracks in bante and potassium feldspar,

Swarms of barite and calcite veins and radioactive
zones serve as exploration guides to blind pipes. Barite and
calcite vein swarms and ¢rackle breccias adjacent to pipes
represent extensions of pipe mineralization, The mdio=
activity results from thoriom and uraniom associated with
the REE-bearing minerals, The breccin groundmass con-
zins potable amounts of thorium and uranium, averaging
3,321 ppm (pans per million) and 189 ppm, respectively
(table Al). The thorium-uranium ratio is about 19, whereas
the normal crustal ratio is about 4 (Rose and others, 1979).

The breccia pipe groundmass has variable concen-
trations of the REE. Duta listed in table Al represent graby

samples of groundmass material, and as such do ot
represent average ore grades of the breccia pipes. Total REE
oxide concentrations of our samples range from 4.9 1o 37.8
weight percent, averaging 20.3 weight percent. In contrast,
ore grades determined from bulk samples range from 7 o0 25
weight percent and average about 12 weight percent (C.W.
Whisten, U.S. Bureau of Mines, oral commun., 1990). The
REE-bearing breccins are enniched in the light REE, having
a pronounced pegative europium anomaly (fig. AS)

Ciold is ermatically distributed in the breccia pipes.
Husman (1989) reported that gold occurs as electrum and
sylvanite. Gold concentrations uncommaonly exceed 1 ppm,
but assays of drill core and chip samples are as high as
371 ppm (Husman, 1989 Cur samples have yielded gold
valwes of less tham 6 ppb (pams per billion) (table A1\ The
extremely high concentrations may be due o the “nugged
effect,” where atypically large grains of gold give a higher
aseay value than the average for the pipe.

Pea Ridgn lrom Ore Mine, MiBsowri A



Table A1, Analyses for rare-eanth elaments (REE), uranium, thovium, and gold in REE-bearing breccia pipes, Pea Ridge
mine, Washingion Courty, Mo,

[The REE wers determined by the ICP-MS meibod a5 outlined by Lichie and ctbens (1987). Uranism and thoriem were dsiermined by
delayed neutron activation anatysis (McKown and Millard, 19%7) and peld by graphite furnace (Meier, 1980). <, lets than; —, inssMickent
nismnber of Emplce shovn detection Bmil 1o cabeulate mucaningful vabog|

Ebaitineit Sampla Ma.
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Wekghi peroent
RE203* 28 Wl 182 X5 T8 158 4.5 118 103 203 10.2
Farts per billion
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*Sum of rare carth oxides.

Structure

Faults are a common feature in the mine and appear 1o
have occurred throughout the history of the deposit. Two
styles of deformation are present in the deposit. One
occurred at the transition between the duetile and brittle
deformation regimes, whereas the other was under condi-
tions of brittle deformation. In the former, penetrative fabric
defined by mineral lineations, mullions, folintions, and
clongation of pseudobreccia fragments is parallel 1o and
within the fault planes. These faults commonly dip at low
angles (45° w 60°). Also, on the 2,675-ft sublevel pseudo-
breccia fragments are elongated within a fault plane. The
ductile-brittle deformation resulted from a transpressional
event that affected the host rhyolite, magnetite ore, banded
mocks, and mafic dikes.

Brittle deformation is recorded by high-angle faults
that produced angular fault breceias and clayey fault gouge
along fault planes. An example is the fault on the X-11 drift
of the 2.275-ft level (fig. A3), where a high-angle reverse
fault roughly parallels the iron ore—wallrack contsce. Spec-
ular hematite was drag folded and developed foliation
parallel to the faulr plane,
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GENESIS OF THE REE-BEARING
BRECCIA PIPES

The REE-bearing breccia pipes are similar o
magmatic-hydrothermal breccias related to porphyry-type
deposits (Sillitoe, 1985), However, they are not entirely
analogous dus 1o the disparity between the two types of ore
systems {one 15 a high-grade magnetite body, whereas the
ather is a porphyry copper deposit having a low metal
content). Monetheless, the geochemical character and the
mimate spatial relation of the REE-bearing breccia pipes
with the magnetite ore system fmplics a genetic link
betwesn the rwe.

Magmatic-hydrothermal breceias are commenly asso-
ciated with subvolcanic ore deposits. The breccias are a
result of fluids that exsolve from water-saturated magmas
in subvolcanic or plutonic environments. The exsolved
fluids undergo second boiling and decompression as they
cool. Bumham (197%, 1985) quantified the process of
second boiling as the exsolution of a vapor phase from a
water-saturnted melt, with the reaction: HyO-saturated melt
= crystals + vapor. The violent rapid expulsion of fluld from
magma and the increase of volume due 1o the expansion and



I TTTT

=== e

i IIIIII|

10,000

ABUMDANCGE/CHOMNDRITE
| I i [I]I!I

1,000

I IIIIII|

] l | I [ |

==
=r}

TR

Lt il

L uuuf

100
La Ca Pr Hd Frmn  Sm

Eu Gao b Oy Ho Er Tem ¥b

:EI'E AS. Plot of abundances of rare-earth elements In breceia pipes in the Pea Ridge mine, Washington Coaenty, Mo,
ndances normalized to C1 chondrite values of Fvensen and others (1974),

ﬂlhwqu:nlﬂﬂﬁnm]l:ﬁsinnﬂfﬂl:ﬂpnrphmuhm
sufficient mechanical energy 1o generate steep lensile
ﬁmmmmﬂnwﬂim:ks,nrmpmmmng faults and
fractures, and further widen them by hydraulic fracturing of
their walls (Bumbam, 1985 Sillitoe, 1985). Upward
sireaming of the magmatic-hydrothermal fluid and VIpOT
results in mixing and milling of fragments, production of
rock-flour matrix, and varying degrees of upward transport
of material (Sillitoe, 1985),

The REE-bearing breccia pipes were forcefully
emplaced imo the Pea Ridge magnetite deposit, Rock
fragments rounded by abrasion 25 well as swirl textures of
intermixed hematite and rock flour are texmural evidence of
fuidization during pipe emplacement. Emplacement of
breccia pipes appears o have been contolled by lithologic
contacts in the footwall along which faults and fractures

formed.

According to our proposed magmatic-hydrothermal
breccks model, the REE-bearing breccia pipes of the Pea
Ridge deposit were emplaced during the waning stages of
the magnetite ore system. The magnetite orebody was
emplaced as an iron-rich magmatic-hydrothermal fluid. The
presence of sanidine phenocrysss (or xenocrysts) confirms a
magmatic constituent for the origin of the breccia pipes, and
possibly the entire ore system. Late-stage magmatic-

hydrothermal fluids, which exsolved from the iron ore
gystem, were enriched in K, Ba, REE, U, Th, P, 50, F, 1,
and Au. The volatile phase released during second boiling
provided the mechanical energy for breccistion and frac-
turing of the wallrocks, The REE-bearing fluids streamed
upward into the footwall of the magnetite orebody along
fractures, faulis, and zones of weakness ar lithologic
COnlELS,

The fluids entrained fragments of wallrock, magnetite
ore, and rocks of the silicified zone and abraded them during
transport. Extreme abrasion resulied in the milling of
fragments ime rock flowr. Some of the pipe-fill minerals
may have crysiallized during second bailing, imchading
sanidine, onthoclase, barite, monazite, apatite, quartz, and
other accessory minerals in the groundmass of the breccia
pipes. Evidence for boiling includes populations of both
vapor-rich and liguid-rich fluid inchisions coexisling in
quanz within the groundmass, Some of the fluids may have
circulated in the pipes after boiling and replaced microfrag-
ments, cemented rock flour and fragments, and formed
crystal-lined vugs.

During formation of the breccia pipes, quartz veins
adjm:mlnﬂnpipuw“rmptmd,mdbmu‘upipc
minerals of the same suite were deposited in the reopened
veins. In addition, crackle breccias and wein swarms of
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barite and calcite formed adjacent o the pipes. Rebrecci-
ated, recemented fragments record more than one breccia-
tion event during the cvolution of the magmaric-
hydrothermal system,

SUMMARY

The Pea Ridge deposit is a tabular body of magnetite
that stoped upward into the host rhyolitic wallrocks.
Development of an amphibole-quanz skam precedad
magnetite deposition. The deposit is crudely zoned suc-
cessively oubward from a massive magnetite core o
magnetite-cemented heterolithic breccia, to pseudobreccia,
and o distal amphibole-quantz skam. Other rock tyvpes
include a specular hematite zone along the footwall and
easiern edge of the orebody, massively silicified rock of the
footwall, banded volcaniclastic rock, aplite dikes, and mafic
dikes.

The specular hematite is in pam an alieration of
magnetite ore and seems 1o have developed along fault
mones. Duning and after specolarite development, the
massive silicified zone formed by open-space filling and
wallrock replacement; silicification extends info the hema-
tite xome. Fracture-fill veins of quartz comtinue from the
silicified zone into the adjacent altered rhyolite. Potassium
feldspar flooding and sericitization accompanied silici-
fication.

Faulis occur throughout the orcbody. Some faults
developed a penetrative fabric that formed in the ductile-
brintle transitional regime. A faclt zone along the footwall
containg two, and possibly three, REE-bearing breccia
pipes: another pipe is along a high-angle reverse fault at the
catiemn edge of the orebody,

Breccia pipes, containing potentially economic con-
cendrations of REE in monazite and xenotime, cut all rock
types. The pipes include frapments of volcanic wallmoek,
sificified rock, and iron ore. Feldspar, quartz, and hasiie
oocur a8 cubedral phenocrysis in chiloritic groundmass,
Barite also occurs as massive replacement cemenr and
open-space fill. Monazite and xenotime are present as
granular crystals in the groundmass, as replacement of
microfragrments, as radial aggregates of acicular crystals in
the groundmass, and as abraded platy grains that appear to
have been tramsported. Total rare-earth oxide content of
select grab samples of the breccin pipe groundmass
averages 20 weight percent, whereas bulk ore averages
about 12 weight percent. Gold is erratically distributed in
the pipes; concentrations are not commonly greater than
| ppm. but assays as high as 371 ppm have been reported.

The REE-bearing breccia pipes formed as magmatic-
hydrothermal breccias, which were localized along frac-
tures, faults, and lithologic contacts. Magmatically derived
hydrothermal fluids underwent second boiling, during
which both vapor-rich and liguid-rich fluid inclusions
were trapped in quartz within the groundmass of the
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REE-bearing breccin pipes. Evhedral crystals of bariie and
odher accessory minerals may have formed during second
boiling. The sanidine phenocrysts (or XenocTysls) indicate
that the breccia pipes had a magmatic component. Releass
of the vapor phase during boiling resulted in fracturing at
lithologie contacts. Fluidization, coupled with the upward
streaming of magmutic-hydrothermal fluids, resulted in the
widening of the fractures and faults and in the brecciation of
the wallrock. Afier boiling, some fluids may have circulated
in the pipes and replaced rock microfrapments and rock
flour, cemented the pipes, and formed crystal-lined vugs.
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