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'Gold and Precambrian Iron Formation

by
Walter A. Gibbins

Depértment of Indian Affairs and Horthern Development
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- ABSTRACT

Gold is found ihtimate]y associated with the sulphide minerals in sevéra]
Precambrian iron formatipns. Arsenopyrite and pyrrhotite generally make up
 the bu]k.of the sulphide, while lesser amounts of pyrite, cha]copyrite,'and/or
- Toellingite may be preseht. VQuartz? chlorite and carbonate are the commbn
~.gangue minerals, however iron rich gafnets and‘amphiboles may be present where
metamorphism has reached fhe amphibo]ité facies. . |

Su]phidé minerals at the Ho@estake and Contwoyto Lake deposits are the
most‘obvious examples of sedimentary exhalitive origin, even though they'HaVe
been highly deformed and métamofphosed. Sulphides at the Cdllaton Lake déposit_
’ and Central Patricia Mine are related to.breétipted and.deformed zones in |
quartz magnet1te iron formation. They are characterized by remobi]ization at
hiozer (greensch1st facies) metamorph1sm and excel]ent replacement textures
present. These dep sits are more 1nu1mate1y a5fou1ated with volcanic rccks_'
and represent a more proy1na] fac1es of exhalitive iron format1on |

Go]d dopos1ts in the Little Long Lac area are of a s1m1]ar type A11 of
E tﬁese depos1ts show s1gn1f1cant similarities and_d1rferences, even within a
single area. : o _»

A mod91 emphasizing aﬁ exha]itive'ofigin and including modification by
1afer events and contributions by other processes best explains the orig{n of

these iron formations and their associated gold deposits.
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INTRODUCTION

Spectacular increases in the price of‘gojd recently have been accompanfed
by an equivalent increase in interest .and activity in nany known gold dep&Sits.
Gold deposits of particuiar interest in thié regard are those re1ated to Pre-
cambrian iron formation. The Homestake Mine is the largest gold mine in North
America. It is a classic mineral deposit and is well documented in the 1iter—
~ature of economic geology. Two other deposits, namely the Contwoyto Lake‘
‘property of the Internat1ona1 Nickel Company. of Canada and the Cu]]at1on Lake
"B Zone" of 0'Brien Gold Mines L1m1ted were discovered 1n the course conven-
tional prospecting in the early nineteen s1xt1es. Unlike many former produgers‘
that were h1gh graded or proved uneconomical even with the relatively Tow
m1n1ng costs of the thirties, these deposwts contain s1gn1f1cant tonnages of
©ore grade material averaging 0. 75 oz/ Au/ton Thexr ma]n d1sadvanuages have
| been and are renoteness of .oLat1on coup]ed v1Lﬁ expenalwe capital costs re—_'

. lative to proven ore reserves -Several gold denosits in horthern Ontar1o are

“aiso related to snlfideé in Precambrian iron formation, particu]ar]y in the'
VCrow River, Little Long Lac and K1rk1and Larder Lake areas. These areas con-
tain severa] long term pro|1tab]e mining operat1ons and several of which- have
.a1so been the subject of recent feasibility studies and diamond drilling. The_
locations of known gold dep051ts of this type in North America are shown in ‘
Figure 1. Finally, the readerfs attention is drawn to the reports of gold

faund in iron formations from Australia, Brazil, Central and Southern Africa,
ana India v(Sawkins’and Rye, 1974), however, these are beyond the scone of :

the present study.
~ The Homestake Mine

eThe Homestake Mine is located at Lead, South Dakota near the northern end
of the Black Hills. It was discovered in 1978 during the working of rich;p1acer

deposits in Beadwood Gulch. During the 96 years it has been in operation;'over



30 mitlion ounces of gold and 7 million ounces of si]ver.have been produced.
The geology of the depos1t (Figure 2) has been described by several company
geologists, including Staughter (1968) Nob]e (1950), Noble et al. (1949), and _
Nob]e and Harder (1948). |
A]] of the ore is confined to the Homestake formation, a fine—grained

quaftz—sider0p1esite schist {;iderop1eeite + gF%IS M?ZS) COé} which is com-
monly further metamorphosed to a coarser grained cummingtonite-grunerite schist
above the garnet isograd. This unit is approximately 200 feet thick'beut.true
stratigraphtc thicknesses are obécured by thickening in the noses and thiuning
in the 1limbs of folds. Conformable with the Homestake formation are the under-
Iyihg Poofman formation -~ 2,000 feet plus ef grey laminated phyllite or mud-
stope and the younger Ellieon formation - 3,000 feet of grey to black quaft—
ﬂﬁca phy]]ite and interbeddedvquartzites

7 Tertiary pplift due to intrusion of .quartz monzon1te stocks and porphyrj
51115 created a 1arge dome structure with Pa1e0201c sedimentary rocks dipping
outward from a core of Eoce e S cks and E?anmbr1an schists. Within theTPre—
cambrian schist area, rocks are tightly and comp]exly folded (Fxgure 2). Ear]&
isoclinal folds in which the rocks have deformed plastically uurlng flexural T
| slip folding plunge 10° - 45° to the southeast, with axial planes dippinéfto
‘the northvest. In numerous instances the axial planes are themselves folded.

These folds vary from the dominant Poorman anticlineé (several miies in

length) to much smal]er folds that may beeome so tightly closed that some
formations are separated 1nto pods or lenses A later phase of fo]d1ng in-
volves superposed “cross fo]ds“ caused by penetrat1ve shear folding along
p]anes at a small angle to the axial planes of the earlier folds (Chwnn 1970)
These folds are often best developed in the noses and occasionally on the Timbs
-of the early isoe]ina] folds, where they cause a pronounced thickening qf*the

Homestake formation and form favoruble structures for the localization of

‘mineralization.
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In three dimensions these miheralized structures form pencii or rod Tike
~ore shoots. These shoots may coalesce with other shoots and continue at dépth
until their fold structure dies out. Ore forms only a very smal]lamount of the
- known Homestake formation (Norton, 1974). |
The ore bodies are more or less qomp]ete]y chloritized portions of the
’cummingtdnite or sideroplesite schist.of the Hdmestake formation. The chlorit-
izéd areas no longer contain the sedimentary quartz bands prevelant fn other
parts of the formation but rather abundant vein quartz which appears-to be
derived from the sedimentary quartz}and may be localized {n the cross folds
(Plate V, Noble, 1950). The chlorite Qa]] rock immediately adjacent to these
veins geneFaT]y carry.good'values of gold. The chlorite schist usqa]ly coh—
tains slightly less than\tén percent sulphide minerals, mainly pyrrhotite or
-pyfite with a smaller amouht of arsenopyrite. Pykrhotite and pyrite may
| contain small inc]ﬁsions of gb]d and 0ccur as tiny grainé and elongatéd Ienses
-of grains often a]lgned along the bedd1ng of the chlorite, cumm1ngton1te, or
vSlderop1e51te schist. :
Medium to coarse ara1ned eunedra] arsenopyr1t° crySta]s occur eoncentréted
in zones parallel to bedd1ng Arsenopyrite is most abundant in the chiorite
zones and conta]nsrosL of the h1gh grade go]d in the form of t1ny 1nc1us1ons
~and veins. The average grade of ore from the Homestake Mine has been about
0.33 ounces of gold per ton of rock for several years. |
In addition to the Hbrestdke deposit and the recent placer deposits, goldA
has also been found in the basal cong]omerate of the-Cambrian Deadwood form-
ation (be11eved to be a fossil placer) and in vertical fractures of’¥”t1ary
- age found in Paleozoic.rocks of the Lead area. In the early 1900's some pro-
duction was obtained fromlgold—arsenopyrite mineralization related to plunging
fold structures found in cherty jron rich meta-sediments similar to but §tra-
tigraphically higher thén the Homestake formation in the Roubaix-Galena district

southeast of Lead (Bayley, 1970) and in the Rochford area south of Lead (Bay]ey,

1972).

Lo P
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Tertiary geologic activity and mineralization have been used in the‘past
to argue for a~I‘rt1ary hydrothermal or1g1n for the Homestake ores (eg Noble,
1950) versus a Precambr1an hydrotherma] or syngenet1c origin.

. The only strong evidence for Nob]efs Tertiary origin of the Homestake min-
eralization is the areal distribution of tertiary ore bodiesf Chinn (1970)
has shown that the "cross folds" to which the ore bodies are restricted were
probably not formed by tertiary intrusives (Rye and Rye, 1974, p. 297),;‘0n the
other hand considerab]e geclogic and isotopic evidence (Table I) indicates a
Precambrian origin in a sedimentary—exha]ite environment followed by fater -
1,600 M.Y. Precambr1an folding and metamorph1sm to produce the m1nera11zed
structures | _

Fo]ded iron -ormat1on (quartz gruner1te sch1st) south and south east of
'_‘Lead are considered to be worthy of more exp]oratlon (Bayley, 1970, 1972iand
Norton 1974). Meanwhile, exp]orat1on and deveTopment continues at the home—
staLe M1ne as it approaches the end of 1ts first 100 years of product1on

. ’, - : vantwoyto Lake

- A number of gold occurrences have been d1scovered in iron r1ch sed1ments
or amphibolites of the YeT]owkn1fe Supergroup in ‘the Point-Itchen- Contwoyto Lake
area, District of MacKenzie, of the Northwest Terr1tor1es, approximately 250
miles northeast of Yellowknife (Figure 1). '.By far the nost important deposit,
however, is the "main show1ng" of the Internat1ona] N1cLe1 Co.. of Canada, Tocated
near the southwest shore of the horth end of Contwoyto Lake, (Figure 3) Iat]tuae
65 46' north longitute 111'14' west, N.T.S. 76 E/14.. This was d1scovered in
1960 as the result of INCO‘s:"oossan hopping" technique of prospecting. The
gossan was spotted from a fixed wing aircraft, sarp]es were taken out by he11~
copter, and assays resu]ted in interesting gold va]ues In 1961, INCO staked
314 claims to cover the deposit.” This touched a staklng rush which conttnued
into 1962 during which'sereral hundred claims were staked adjacent to'the‘IHCO

property. A permanent camp was erected and an extensive program of diamend



s
drilling, trenching, geological and geophysical surveys were carried outfat the
main showing cur1ng the summers of 1962 and 1963. One estimate of reserves at

'the main showing is several million tons of material ex1sts that has:a grade
qf 0.30 ounces per ton or better (Knutsen, 1974). Nc're]iab]e figures of the
size and grade of this deposit are available. | )

The regional geology has bgen described by Tremblay (1966 and in prép.ﬂ and’
 Bostock (1967), while descriptions ot individual mineral showings are QTVen in.
‘Tremblay (1966 and in prep.), Baragar dnd Hornbrook (1963), Schiller and Horn-
brook (1964), Schiller (1965) and DIAND assesment fites. Most of these-ghowtngs
are gossans related to gold-sulphide mineralization in amphibolite lenseé or
beds within cértain strdtigraphic dnits 6f the Yellowknife Supergroup. 'They
occur more or less continuoué]y a]ongla broad belt ot Ye]]dwknife sediments
stretching northwards from south of Point Lake, carving eastwardbthrougﬁ Itchen
Lake to Contwoyto Lake eventually passing. southeastward along the soutwest shore
"of Contwoyto Lake (Figure 3). Similar deposits have boen noted on the east- and
west sides of Bathurst Inlet (Thorpe, ]972) another 60 m11es northeast of Con~
.-twoyto Lake.

In the Contwoyto Lake area, low to mediuh_gradé meta—sedimentslot>the
Yellowknife Supergroup frequently occur as frost-heaved blocks scattered in a
iCh&Ob]C fashion and form ]arge areas of f%?enn . On the few outcrops that
~exist, it is not uncommon to'find']arge b]ocPs of meta-sediment which have been
pushed straight up from deep]y po1nted bedrock by frost action. |

Leucocratic med1um to fine-grained quartz fe]dspar gheiss occuring-as
domes and grading into massive granite are the o]dest rocks in the area. The.
Ye]]owkn1fe Supergroup is ma1n1y argillite and greywacxe (phyllite and quartz-
feldspar schist) and metamorph1c equivalents. (i:e. Hbdu]]ar cordlerlte anda-
lusite bearing quértz—biotite schist and gneissf) Basic volcanic rocks and re-
lated gneisses and amphibolites form.a distinct basal unit while garnet-grunerite

amphibolite bands and lenses derived from iron rich sediments are restricted to



the youngest units of the Yellowknife Supergrbup (Tremb]éy, in prep.).,tThese
rocks were intruded by gabbro (amphibolite) dnd then biotite-muscovite granite
(2,495 M.Y. - Wanless et.al., 1974, p. 39) before the end of the Archean. Gen-
erally flat 1y1ng sed1mentary rocks of the Proterozomc Goldburn Group rest |
unconformably on the Archean roeks. Dlabase and gabbro dlkes and sills. cut
all other rocks in the area. |

Folding of Archean rocks in the Contwoyto Lakenarea is related to granite
intrusion and metamorphism. In the vicinity of INCO's main showing isociina]
folding has occured; to the south west a dome structure predominates. Lbca]{y
dmphibo]ite bands may indicate refo]ding of earlier folds or appear relatively
.undeforned, Gentle folding of the Goldburn rocks took place at a much later
time. | | 7 | | |

The main‘showing occcurs in a 50 foot wide garnet-ghgnerite amphibolite
which is enc]osed 1n the greywacke-argillite sequence and has been deformed
f into a large steep]y plunging fold structure (Figure 4). w1th1n this fo]ded
unit, a complex variety of defbrmationa] features including pseudo-cong]omeraue
or boudinaged quartz, stretched and pu]Ted_apart strata, local intrusive'fea;
tures, a great variety of drag fo]dSJ,(mainly cbnqpent with the major fd}d
but showing a large variety in size and styTe) and late quartz filled tension
veins show that the pys1ca] propert1es and style of deformation varied with
t1me and 11tho]ogy (P]ates ). .

The amphibolite unit is generally thin bedded, with individual beds
only rarely as wide as two feet across. Rocks vary from.fine to coarse grained,
ébistose to massive, black to ]ightAgreen, zero to gneater than 80 per Cent
' aimandine garnet, zero to 80 per cent su]phide,and'include sugary textured
quartz bands, chlorite schist, and several varietiee of amphibolite or iron
formation. Minon amounts of pyrite and magnetite occur, however, carbonate
minerals are absent from the amphibolite due to non deposition and/or metamorp—
hism. Where weathered the sulphide bearing amphibolite has a rusty surfaee or

gossan,
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Two large drag folds, one on each limb of the major fold contain most of
the sulphide and gold mineralization and most of the larger lafe quartznﬁeins
In these folds the rock is a laminated to thin bedded su]phlde bearing amph1-
bo]e The amount of su]ph1de is normally less than 20 per cent but may exceed
_‘80 per cent of the rock in p]aces. Pyrrhotite occurs as thin 1aminae,'whi]e
coarse euhedral to subhedral crystals of arsenopyrite (FeAsS) with ]oe]]ingite
(FeAsz) cores.up_to‘one inch long (Plate ) are concentrated inlbands paraliel
the foliation. These crystals carry most of the go]d in the deposit witebmore
‘than 70 per cent of the visible go]d present at the 1oe111ng1te -arsenopyrite
boundary (Bostock 1968, pp. 72-76). The late quartz veins generally give

‘very Tow in gold values but occasionally native gold can be found in them.

-

Comparison of the Homestake and Contwoyto Lake Deposits

 McConnell (i964) first peihted out seQerai of the striking simi]arites
‘found in the Northerh Black Hills Homestake area and the Contwdyto Lake "maie -
_ showiﬁg'area“ including ”stratigraphy; metamorphism, structure'and mineraliza-
‘tion". Although differences also exist befween_the two areas;vnotably the
absence of sa]oons ,Sideroplesite and other carbonates at Contwoyto lLake, the
-absence of loellingite and late diabase dikes at Homestake,d1fferent ages of
subsequent gran1te 1ntrus1on, and a much greater proport1on of mudstone or ar-
gillite to greywacke at Homestake; probab]y greater differences exist w1thjn the
fespective areas (eg. gradeS'ef metamorphism and intensity of folding).
| In bofh areas: Grunerite—cummfngtonite amphibo]ites derived from ifen;
rich sediments are found in a similar sequence of argillite and/or greywatke of
probable Archean age, several bands or lenses of amphibolite are known, as are
many small showings, however, on]y one deposit in each area appears econom1c at

present. These depos1ts contain s1mllar structural controls gfcnf1ned to secon-

" - dary fo]ds), mineral assemblages and textures. coarse gold bearing arsenopyrite,

fine- gra1ned 1am1nae of pyrrhotite, minor pyrite, chalcopyrite, and magnet]te

¢
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The gangue includes grunerite-cummingtonite, chlorite, almandine garnet and two
generations of quartz, early sedimentary beds which have a sugary texture and
late veins related to folding and mineralization with a vifreous'or glassy
texture. A complex history and style of structurélvdeformation occurs in both
‘areas, as do well defined examples of progressive metamorphism. Precambrian

meta-gabbros or orthoamphibo1ites also occur- in both areas.
, Cu]latoﬁ Lake

The Cu]]afon Lake debosit (Figure-l) is located 250 miles nortﬁwest of
.Churchill,Manitoba, in the Southern District of Keewatin, N.W.T. (latitude 61° _
17'N, longitude 9803]'H,AN.T.S. 65 G/6,7). in 1961 H. MacDonald, a prospector
in the employ of Selco Exp]bration Company, diséovefed gold in Quartz-magnetite
iron formétidn by panning ¢rushed material from @ rusty frost heavedﬁbouider,
in the area between Mountain Laké and Culléton'Lake. _Following this discovery
.emphasfs on Selco's exploration program was shifted erm examination of.ProJ .
-terOZOic quartz-pebble qdngTomefates to a search for and examination of the
liron formations. Severa]_more zones were ]ocated by sampling rusty boulders
~and outlined by magnetic surveys (Figuré 5). .Consideréb]e work, including
.geo]ogicai mappfng, arsenic soil geochemical éurveys, géophysica] surveys (mag;
netic and EM), trenching and diamond drilling wers done &uring thé'1962 and |
1963 field seasons. Most of‘thése’zones contained low erraticéjly distributed

gold values, however, only the "B Zone" appeéred to be bf economic interest
‘and most Qf the work was done in this area. :

" The geology of'the area has been'described by Eéde (1964, 1966 and 1975).
Lenses @f»quartz-magnetite‘{ron formation occur coﬁformab]y in a thick grey-
wacke-argillite-tuff unit'of Archean age. These sediments overly and in;er—
tongue with volcanic rocks of predominantly -basic composition. These robks,
known as the Henik Group, have undergone at least two periods of fo]dingzand

.

have been intruded by both Archean (2570£90 m.y.) and Hudsonian (1,700i5dfm.y.)



granites and show evidence of two periods of metamorphism (Eade, ]975),

Henik Group sediments show pfogressive]y higher grades of’metémorphism in
a northerly direcfion towards the contact with a 1akge'granite mass. Sbme of
the iron formation ocqurring in the almandine-amphibolite facies of iron forma-
tion has similar mineralogy to the Contwoyto Lake deposit4ihc]uding qﬁartz,
magnetite, grunerite-cummingtonite, a]m&ﬁdine garnet and minor sulphides (Eade,
1975). ‘ | | -

A thick seguence of Proterozoic sédiments, the Hurwitz Group which uncon-
formably overlies the Archean rocks has-beén faulted and folded into a Series of
discontinuous synclines and anticlines. At the base ofAthe Hurwitz Group is an

orthoquartzife which forms most of the spafse outcrop in the area. The resistanf
nafurefof‘this unit causes much of the topographﬁarelief in the area and makes
thisithe most éasi]y mappaﬁ]e unit. The Henik_Gkon sediments, on the other
hand, are represented by Teés than one peréent'oufbrdp (Figure ) and vast afeas

| -of frost heaved boulders or~fe]senmeér.predominate (Fjgyre ) making strugtu%aj
mapping virtually impossible. A few late diabase dfkes cut-all other rocks in'
this area. ‘ o

The "B Zone" occurs approximafe]y mid;wax between Cullaton Lake éndVMountgin
Lake. It consiéts of a mineraiized unit of banded quartz-magnetite iroﬁ-formatidn
which is relatively unmetamorphosed but is locally high]y‘folded ahd'frdctured.
Consultants for the present owners, O‘Brien‘Gbld Mines Ltd. (1973) have1ca1cu1ated
reserves of 'approximately ]85,000 téns after dilution of 0.97 ounces goid per ton"
from more than 30,000 feet (68 holes) of diamond drilling on the B Zone. This
band contains severél lenses df magnetic iron formafibn 6ver a strike length
of ha]f.a mile. It sfrikes N 10° N énd has an average westerly.dip of 459; but ;
”.Pa§ a steep dip near surface, flattening to near horizontal at 200 feet and then {
steepening until it is cut by a sub-horizontal fault at 400 feet. The ifon form;
ation is frequently separated from the greywacke by 0 - 50.feét of a carbonate

rich tuff unit on the hanging wall side and 0 - 20 feet on the foot wall &§ide.
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Mineralization is usually found in irregu]af and discontinuous quahfz-ch]orite-
carbonate-sulphide rock. High gold values are associated with abundant éhlorite
and pyrrhotite, but high pyrrhot1te and ch]or1te do not necessarily conta1n h1gh
go]d Abundant coarse gra1ned arsenopyrlte does not conta1n good gold va]ues

Four en echelon, steep]y plunging ore shoots have been recogn1zed in the B
Zone. ' They cut across the bedding of the iron formation and appear to be related
'to'fracture zones and/or folding.

An additional gold occurrance occurs in ‘shear zones in the basal Prpterozoic
Hurwitz quartzite at ghéar Lake three td four miles north of the é Zone. VOnly a
couple of short intersections of ecbnomic interest were found in extremely oxid-
ized gold-pyrite minera]izatioﬁ, Minera]ization in the iron formations is not

comparable to this.
Crow River Area

The Crow River area of.Northwesterh Ontario (1at1tude 51 30' longitude. 90 U)i
lies .160 miles northeast.of Iﬁ%ace on the Trans Canada H1gh\ay or 215 miles northi
.northeast of Thunder Bay Two 1mportant former gold producers occur in the area
and both contain gold m1nera]1zat1on related to iron formation.

~ The Central Patricia Mine produced over 650,000 ounces of gold between 1925
and ]95] and the Pickle Crom Mine produced about 1,450,000 ounces of gold from
1935 to 1966. 4

The regional geology of the areé has been mapped and described by Thomson
(1939, p.5). Basic lava flows of Keewatin (Archean) age make up the predomxnant
rock formation. Interbanded w1th the lavas are narrow bands of iron format1on,
other fine-grained sediments (greywackes) and fragmental rocks such as agglomerate,
vo]canié breccia and tuffs. Granxte porphyr1es and associated acid- rocPs 1ntrude
the older Keewatin éomp]ex; The gold deposits are genera]]y associated with iron
formation. Loca]]y tuff may grade 1nfo ferruginous greywqcke or lean ifoh form-

ation with magnetite and quartz-siderite-magnetite laminae.



Bands of iron formation are found at several horizons in the vo]cenics,
however, they seem to be concentrpted in the upper part of the Keewatin. series.
The iron formation occurs in bands a few inches to 250 feet thick. Scﬁe of
these bands can be traced for miles, while others pfnch and swell or die out
a]ong strike. During regional deformation, the Keewatin rocks were tight]y
folded into a series of anticlines and sync11nes vhich strike and p]unge to the
northeast. '_ '
| Only a small percentage of the area is rock outcrop and exp]orat1on has
"cons1sted of trac1ng magnet1c iron formation with a d1p need]e and dlamond drill-
ing. | | | A -

Gold deposits in fhe Pickle Crow area ere characteristically associated with
cbmp]ex fracturing and‘tight drag‘folding of brittle irdn formation and'massive
‘greenstone. Shear zones in the ]eés competent ]éras and undeformed iron forma-
tion do not provide.favoréble targets. "Tio gener%ftions of quartz occur‘ap.

- the Central PatriciaAand Pickle Crow Mines. The 1ater variety is white, unfrac-

‘tured and largely devoid of go]d values" (Thomspn 1939, p. 28).
"~ a) Central Patricia Mine

_The Central Patricia Mine occurs on the horth limb of a large anticline and

a]thougn several bands of iron format]on are present onlj one contains ore. Sev-
eral fa1r1y irregular ore shoons were mined and most of these were confined to
well -fractured zones in the hanglng wall (north) side df the iron formapion
(Figure 8, Thomson, 1932), however, a few angled across the 1ron format1on from
hanging wall to footwa1] “There is also a tendenCJ for the fracture groups to
Aoccur near points of curvature along the hanging wall contact. Gold is asso-
ciated with abundant pyrrhotite and arsenopyrite filled fractures in theeiron
formation. These fractures also contain_abundaht quartz, carbonate and green
chlorite. The chlorite seems to be related 'to sulphide and gold contente(Bar—

rett and Johnston, 1948). Mineralized fractures vary in thickness from % to
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10 inches and in width from 2 to 40 feet. They strike across the band df iron
formation and normally stop abrupt]y at the iron formation-greenstone contact.
Both the ore shoots and mineralized fractures dip or "rake" eastwards at an aver-
age angle of 55 degrees. A comp11mentary set of Jo1nts and barren fractures
dip to the west at an average of 55 degrees. According to Thomson (p. 39, 1939)
"the iron formation adjacent to.the fractures has been partially rep]aced by
sulphides and carries Tow gold velues.f~ :

"Arsenopyrite occurs as distinct crystals, largely in vein quartz and to a E
lesser extent in iron formation. Pyrrhotite.is aiways in irregular shaped patehes,
“small grains ot stringers It occnrs.as'rows of tiny gratns para]iel to. the bed-

d1ng of iron formation, along fractured zones in arsenopyrite crysta]s and as

vewn]ets in quartz (Thomson, 1939, p 42)." Th1s texture (top photo, p. 40 Thomson,
1939) is 51m11ar to those found at Homestake and Contwoyto Lake (Plate ). A stud/ L
by M.H. Haycock (1936) showed that 38 per cent of the .gold was free in quartz- . |
"'ch]or1te gangue, 28.3 per cent was associated w1th pyrrhotite, 18.9 per cent with -
arsenopyrite, 11.6 per cent with pyr1te and 3. 2 per cent with cha1copyr1te The
.average grade of the ore was about 1/3 ounce of go]d per ton, a]though stringers

assayed up to 1 ounces per ton (Barrett and Johnston, 1948).

b) The Pickle Crow Mine - The Howe]]‘Vein

The main ore zone, the Howell Veln occurs 1ess than f1ve miles east of
the Centra] Patricia Mlne on the south 11mb of a northeaster]y trendxng and
northwester]y dipping 1soc11na11y folded sync11ne$ The vein is associated with
the on]y known tight fold in this part of the series, which has produced a thick-
ening of the iron formation (Corking, 1948, p. 374, Figure 1). The vein inter-
sects tne iron formation at an angle of 40 degrees on the eést side to 10 degrees’
on the west side and eytends into the enclosing lavas for several hundred feet
on either side. The stresses that were relieved by shear1ng in the lavas, pro-

duced brecciation and shattering in the more conpetent iron format1on. ‘The

*
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vein itself contains several large drag folds and many sma]ler ones. Go?d con-
tent is generally higher along these folds. Regional and local fold axes and
the line of intersection between the vein .and the iron formation all have an
average plunge of 70 degrees in a N 25°F direqtion.

Typical vein material is banded white quartz with chlorite and tourmaline
where the host rock is greenstone and sulphides.where the host rock is iron
formation. In the greenstone, the grade, widthy (average is 3 feetzycontinuity
and orientation of the vein are remarkably persistent. 1In the more brittle
ifon formation, stope‘widéhs up-to 20 feet have beén mined because of many
parallel fractures filled with mineralized quafﬁz. Locally, in mineralized
sections and particularly in the area of Tafge_drag'fo1ds (eg. Figure 16,:
THOﬂson, ]039), massive Sulphides (pyrite and pyrrhotite) appear to repTéce

iron forratlon but the su]on1des themselves carry Tow va]ues of go]d

c) Miscellaneous Veins

Several othér small gold deposits and showings have been diécoveredﬁin the

Crow River Area, descriptions of most of them can be found in Thomson (1938) .

“and/or Ferguson (1966). : - . S

One of the most econcm 1ra11y 1mportant of these is the Humber 2 vein of
the Pickle Crow Mine. Here the main vein is not associated with iron formab1n,
but a simi]arlyrcompeteht "quartz porphyry."

In general, hovever, most of these smaller showings are c]bse]y related
to the iror formation and contain considerable ‘juartz and mihorrsulphide zone"
>described by Fergusbn (1966, p. 81-82) appears to most closely resemble the

Homestake-Contwoyto mineralization discussed earlier.
Comparison of the B Zone and Central Patricia Deposits .

This comparison was first made by 7/’éone(Z;/ in a report for
SELCO (DIAND; 196 ); SeVeré1'simiTéfitieé are strikihg and the cbmparison

appears to be a valid one; In both instances>the jron formation plays what



. | : | "_. | ]4,,
appears to be an important f01e_in the origin and depositional contro]svgf the
gold minera]iiation. The-author be]ievesvthaf these deposits reflect a distinc-
tive end member type in the larger classification of iron rich sedimentary-

exhalitive deposits (eg. the Homestake-Contwoyto end member).
Little Long Laé Area

The Little Long Lac gold camp occurs in the townships of Lindsley, Errington
énd Ashmore approximately 125 miles northeast of Thunder Bay, Ontario. Geolqgi»
éally it is located at-the east end of an east-west, trough-shaped belt of
~“Keewétin" metavolcanics (basi§ tb intermediate lavas, tuffs and volcanic breccia)
and "Temfskaming" meta-sédimeﬁté‘(prédomiﬁantly greywacke with‘]esser amounts of
'iroh fofmatibn, conglomeréte, arkose and slate) of Archean age. These rocks have
- been intruded by granite and granodiorite batho]iths, a]bite porphyry sii]s and
diabase dikes. Early regional fo1d1ng about a roughly horizontal, east- west
"ax1s has been Tocally overprinted by’ a comn1ex pattern of tightly fo]dad minor - i

folds and drag folds which t/p;cally plunge at 30 degrees in a westerly direction
| (Figure 6) and form fo]d patuerns not d1ss1m11ar to those at Homestake M]ne
(Figure 2). The regional geology and the geology of 1nd1v1dual mxnera] depos1ts
of thé.Ldng Lac area has been described by Bruce (1935, 1937), Pye (1952) and
- Horwood and Pye (1955).
Between 1934 and 1953 nea*]y two m1111on ounces of gold were produced fro#
" several mines in the area. The go]d m1nera]1zat10n 1atge1y occurs in iron form~
ation,valbite pofphyry or greywacke and is frequently localized along fracture
zones, drag fo]ds and/or 1itho1ogic contacts, particularly where the competency
of adjacent rock types differs.

The relationship betwéen 901d mineralization and iron formation is best
-developed in the "Horth or su]phxde Zone" of the Hard Rock Mine and the ad-
~.Joining Mcheod-Cockshutt Mine (Horwood and Pye, 1955 and Matheson and Doug]as,

1948), although in several other deposits, including the Magnet, the Bankf1e1d



, 15
and the Tombill Mines. Gold is found adjacent ﬁo or in the proximity of_tight]y :
- folded bands of magnetite-hematite iron formation. In the north of su]phidg
zone (Figure 6), gold mineralization is é]ose]y associated with sulphidesg pre-
dominant]y pyfite, arsénbpyrite and somevpyrrhotite which "réplace" the iron
formation in the noses of folds and certain favorable sedimentary horizons‘

“In blaces that ore is beﬁutifully banded]owiné to theAselective rep1a¢emént
éf'the sheared less competent greywapke.1aminae in the iron formation by the
sulphides. In other places the fep]acement has been S0 complete that oriéinal
sedimentary structures are largely obliterated and irregular masses of sﬁiphides
enclose on]y mere remn&nts and vestigeé of partially replaced sediments (Hor-

wood and Pye, 1955, p. 60). Many short irregular quartz veins occur in the sul-
phide zane but_vo]umetrica%ly,are not important. The quartz is commonly barren
except where it contains'sulbhides. Like other déposits of this type, miﬁera]ﬁzed
- ore shoots dfe out when theirAassociated folds. die out and not all folds éf all
'su]phides are ore bearing.>“F1na]]y miﬁeraiization is.not_restricted to oné type

- even within a single mine.

s

1 Ore in the "No. 2 Vein"(Figure ) is.also "beautifully banded".
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Larder Laké Area

Ridler (1970, p. 39) proposed that _the gold bearing carbonate ore bodies
of the Larder Lake'area (eg. the'Kerr Addisﬁn Mine) are in fgct auriferous car-

" bonate facies iron forﬁation, probably correlative with the Boston iron formation.
The si]icéous pyritic carbonate horizon is folded conformably with the‘sédiments
and.voicanics in which it lies and locally displays sedimentary "banding".

A unique fedture of therLarder Lake area is the spectacu]ar green color of
much of the carbonate, due to chlorite and fuchsite - a chromium mica. Although
.thomium rich rocks are also feportéd_to be related to auriferous iron ?qrmation
Vlin Brazi]i(Dorr and Miranda Barbosa, 1963).

: In common wifh the other areas diséussed, the countfy rocks have undergone

: : ' M
& long history of facturing, folding and metamorphism. Hodification by these

: processes explains much of the diversity observed in the gold deposits. According .

to the second stage of Ridler's genétic'model, dufing metamorphism, the carbonate
recrystallized and segregation of some of the silica and gold into dilétiona]
’stockworks occurred. Loca]]y.the intensity of metamorphism and'deformatipn’wag

Tow enough that unveined cherty aurifetous carbonate survived.

L
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Similarities and Dissimilarities of Gold Deposits

in Iron Formation

Conmon features of gold deposits in iron formation are summarized in Table
II. The various deposits discussed previously are also compared and contrasted
in Table III. Several of the features.eg. high gold: silver ratios énd:abun-
dant chlorite are common to many gold deposit§ of diverse origin and conse-
quently of relatively minor significance relative to the origin of these:unique
deposits, however, other features like thé Tacies of ivon formation, the propor-
tibhs of coarse clastic, fine clastic and chemical sediment are important and |
useful environmental parameters (figure 7). These can be used to show more
subf]e’differeﬁces between 961d deposits in iron formatfon and}out15ne sub-
c}ésses of deposits, eg. the Homestake;Contwoyto Lake typé versus the Cu]iaton
Lake-Central Patricia fype'discussed previously.. |

Many featurés, including sulfur*isofope analyses, detai]ed sulphide gQuiIi-
bria, fluid incluéion, petrologic and Stfuctura] studiés etc, await compr?hensive
ana1}ses and evaluation at many of the éeposits. They may or may not préVide‘_

useful information. S ' f —
The Origin of Gold Deposits in Iron Froamtion

Processes Which have been used to explain the gold deposits in question'are
listed in Table IV; It can be seen that mény of these processes are related and
_ gradationa].with each othér. It seems safe to say that the origin of any deposit
is not the same as ény other and no single process adequately explains any'one |
of the deposits., Each process has its merits and failures. Like the transmis-
sion of 1ight, more than'one theory may be required to érp]ain our observations.

When we are Timited to a poor]y exposed two dimensional s]1ce of a three
d1nén51onal object and an ‘even more clouded time dimension and all the variables .

that go with 1t, we are not in a position to develop rigid theories of orjgin.

Most geologists, actively working with thesé‘rocks today, would probably favor
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a working model involving an early volcanic exhalite chemical precipitate process
which becomes important during relatively brief lulls in clastic sedimehtation
and a second, later metamorphic and deformational event which causes rehobili—

zation and localization of the mineralization.
"Exploration Possibilities

o .Geophysies and geochemistry, used in association Qith carefu]vgeoldgic
studies and prospecting, offer exce]]ent}exp]oratien possibilities fo finding
—any additional gold-iroh formations that eXist, and I'm sure that they-do exisf.
Reconnaissance geology and magnetometer work and possibly 1ake sediment or whole
rock sample geochemistry should be useful in out1iningb1arge areas with potentiai.
.Electromagnetic (eg. VLF).and induced potential surveys should indicate local
anomalies. In the Homestake end'Contwoyto Lake areas where the gold is inti-
mately related with arsenie minerals, arsehic soil geochemistry appears to be.
'very useful, however, its value in the other areas is.definitely not as prom1s:ng.:-
) In some cases 1t may locate arsenopyrite but noL gold.
Gold .is st111 where we find it, however we have found it in iron formation

a number of times and will no doubt cont1nue to find it and base metal depos1es
dﬁé}t&e&vﬁ&éaékffz?cazhmzé;%wuzzéénf

if we lTook for it. Al1 of the deposits mentioned viere u]b1wate1y found becausa
- somecne looked for and found the gold. 1In severa] cases earlier géo]ogi§ts un-
doubtedly rejected the iron formation after a cursofy evaluation as.not suitable
for iron ore. All of’the arees discussed have seen further exploration éetivity
in the last two years and are likely to see more if the price of gold coﬁtinhes
to rise. Of partieu]ar interest and potential are the tﬁo deposits at Contwoyto,
Lake and Cullaton Lake in the Northwest Territorie§9there has been no commercial
production from these deposits, in large part due to there remote location. In

this regard, it should be noted that the Homestake Mine was also originally in

a remote location.
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TEBLE I. Evidence for a Precambrian versus Tertiary origin of the Homestaké-

OV

. Similar "1nerallzat1on is found 1n folded Precambrian iron formation at Roch- ;

 examples of go}d in iron format1on

. Su]fur isotope data (Rye and Rye, 1074) indicéte that the sulfur in the Home-

. Oxygen i§5topé data (Rye and Rye, 1974) from various types of quartz in the

-Tate'Tertiary quartz are completely independent of wall rocks. T a"_;

the Horlestake formation and other age data indicate metamorphism and intru-

“tion in the Homestake formation. The Homestake formation may be 2,500 m.y.

Gold Deposit.

Fossil placer gold deposits in the basa} conglomerates of the Cambrian

Daadwood formation.

The ore is restricted to one strat1graph1c hor1zon the Homestake format1on

i
of un@éspa»ed Precambrian age..

Ore textures can be interpreted as sedimentary or metamorphic;

ford (20 miles south of Lead) uhere Tertmary act1v1ty is absent and in other P

stake Tor~ag1on and other Prncamor1an iron formations at Rochford are syngenetic

and probebly derxved from the reduction of sea water su]fate.

Homestake Mine show & strong dependence on local wall rocks but data from

Fluid inclusions in quartz and arsenopyrite have high and variable COZ/HéO
mq]é ratios and high CH4 content compatible with a metamorphic origin.éf the

mineralizing f]ufds.(Rye and Rye, 1974).

Lead isotope data (Rye.gi_gl.; 1974) on,ga]enas from mineralized parts of
sion in the Black Hills 1,600 m.y. ago, including deformation and mineraliza-

old, or it may incorporate abundant detritus of this age.  Lead isotopes

from Tertiary galenas have had d1fferen; growith histories.




TABLE II. Common Features of Gold Deposits in Iron Formation

- These ore deposits are found in Sedimentary iron formation host rocks.

~ The iron formation typically occur as bandé or lenses in a much thicker
argillite-greywacke sequence. | -

- The iron formation commonly occurs near the top of the sequence, white~asso-
ciated volcanic rocks (ffs and basic 1ava§) often intertongue at the~pase of
- the sequence. | | | : _}

- Iron formation facies types frequent]y show complex and,detaiTed re]atﬁonships.

- The iron formations are early Precambrian 1n age. |

- Common ore mineral assenb]ages and textures are present: arsenopyritef(usuatly
coarse subhedral to euhedral megacrysts) - pyrrhotite (fine grained annedra1

- anq parallel bedding or‘banding) —_pyrite (variable proportions) - chalcopyrite
.(rare) - gold (very rare). | ' . :

- Common gangue and metamorphic minenals" abundant quartz (usually at Ieast
tno generaltions) and ehlorite (tends to indicate mineralized areas): and
variable carbonate (frequent]y siderite or anker1te, sideroplesite at Home>take)
also gruner1te cumm1ngton1te, almandine garnet (wnere metamorphism has reached
the amph1bo]1te facies).and abundant banded or minor disseminated magnetite.

- At 1east one and more commonly multiple metamorphic and deformationa]fevents.
‘Tho later prodncing complex patterns ot tight isoclinal folds, refolded folds
and zones of br1tt1e fractur1ng, which are 1mportant contro]s for the 1ocat10n

of e]ongated ore shoots.

- Frequently gold mineralization not directly related to theviron formation are
found nearby.

- The deposits al] have high go]d-sitver ratios.

-~ Many of these areas are underlain by very poorly exposed outcrOp and the iron

format10n must be traced by geophys1ca1 methods.



TABLE IV. Processes that might Contribute to the Origin of Gold Deposits

Associated with Iron Formation.

Plutonic - HydrothermaI
Yolcanic ,Exﬁd]ite |
Sedimentafy Chemical precipitate
vC]astiq |
Piacer _
Metamorphic Recrystallization (simple)

Remobilization (metamorphic

differentiation and segregation)

[PV A —
)

e m



Figure I.

Figure 2.

Figure 3.

| Figure 4.

Figure 5.
Figure 6.

Figure 7.

Captions to Figures

Index map showing Iocation of Precambrian go]d‘depbsits re]éted to
iroﬁ formation.

1. Homestake - South Dakota

2. Contwoyto Lake —.Northwest Territories

3. Cu]]aton Lake - Northwest Territories

4. Crow River - Northern Ontario

5. Little ang Lac - Northern Ontario

6. Larder Lake - Northern Ontario

Geo]ogy of the Lead aréa, South Dakota (after iloble and Harder, 1943).

Geology of the Point Lake Itchen Lake- Contvoyto Lake area, showmng

re
known gold occurﬁnces (after Bostock, 146 ).

Gaology of the Main showing Contwoyto Lake. " - .
Geology of the Cullaton Lake area (after SELCO 1964 DIAND assesment files).

Geology of the Hard Rock Mine pfoperty (frem Matheson and Douglas, 1948).

Schematic representation of sedimentary facies of iron formation before

overprinting of metamorphic facies.



- Main facies of
iron formation

Metamorphic
- facies of gold
deposits.

Structural
control

Minerals asso-
ciated with gold

Gold mineral-
jzation not
related to iron
- .formation

C03 carbonate
SiY silicate
) sulphide
M t magnetite
H8m hematite

TABLE IIT - SUMMARY OF GOLD DEPOSITS IN IRON

Homestake,
South Dakota.

CQ3> Si>S

- green schist -

amphibolite

- shoots
parallel secon-
dary or "cross

“folds"

Asp> Po>(Cpy)
Qtz Chl Carb

-Tertiary joints
in Paleozoics

-Cambrian placers
~~Recent placers

grn sch green schist
amphibolite

amph

Contwqyto Lake,
NVLT.

Si>S§

green schist -

amphibolite

- shoots
parallel in
drag folds

. Loel- Asp> Po(CPy)

Qtz C

M

N
i

Cu11aton Lake,
N.W. T"

ft > C03>S

_green'schist -

~amphibolite

- shoots

~ . related to
. fracture zones
--cut by faults .

Pd>~A5b>'Py(CPY}-
A Qtz Chl Carb

"~ =Shear zones in-

LbeT )
Asp.

Proterozoic
quartzite

. Po  pyrrhotite

Cpy:

Vol et &

Py.” pyrité
chalcopyrite’

loellingite .
arsenopyrite

FqRMATiON

Crow River,

- N.W. Ontario.

l\.4/g,t> CO3 >S5

. green schist - -

- fractured and

drag folded 1ron
formation

Po-Asp> Py(Cpy)

Qtz Chl

Quartz porphyry

Long Lac,

N.W. Ontario._

| l‘:%,t>Hem

green schist -

. |
-~ fractured and
drag folded iron
formation?

- Py> Asp> Po(Cpy)

Qtz CO3

Deposits in other

sediments and

"porphyry"
Qtz‘ quartz
Chl chlorite
co

3 * carbonate

"~ Larder Lake,

N. Ontario.
CO3> S |
green schist -

\
. |
quartz filled
stockworks in
folds and fault
carbonate

Py-Asp> Po(Cpy)
03 Qtz Chl

Felsic plutons
(syenite and
trachyte)
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AMERICAN SMELTING AND REFINING COMPANY )f,,t\ ?f/“’hg@
TUCSON ‘ ARIZONA <

August 12, 1974

MEMORANDUM FOR: J,J. COLLINS

ANVIL MINE
FARO, YUKON

Cyprus' open pit operation, located 125 miles northeast of Whitehorse,
was visited on July 13th with Messrs. Osborne, Ritchie, Anzalone and Gale.
Newt Cornish, Manager, showed us around,

o Tons - Pb In Ag
Published reserve: . 63 million ,3'4% 5.7% 1.2 oz.
Production 1973: 2.9 million 4,6% 6.2% 7

Original mill capacity of around 7000 tpd was expanded and recently brought
up to 12,000 tpd., However, the mine has not kept up with the mill and only
a few weeks supply of ore is exposed in the pit. Mining is at the rate of
10,000 tpd ore and 60,000 tpd waste.

Exploration drilling was on a 300' grid with a few interspaced holes, but
this proved insufficient for planning the pre-production pit, and far less
ore than scheduled was mined during the first year of operation.

Mining cost, including indirect, was stated to be $1.00 per yard of broken
rock. Taking ore (8.5 cu. ft/ton) and waste (12/ton) densities into account,
the average cost per ton amounts to about $0.60. '

The main ore zone, a flat lying tabular mass of pyrite, pyrrhotite, galena
and sphalerite, is 2400' long, up to 1100' wide and up to 300' thick. The
ore and the enclosing argillite stand quite well on 45° slopes; however,
considerable bank failure was evident in the granitic intrusive rock on the
north wall of the pit.

Mill recovery was reported to be 85-90%, with a 52% Zn concentrate and 70% Pb.
Freight to Skagway, $20.00/ton. '

The Anvil is one of the three stratiform ore deposits in Cambrian sediments,
lying several miles apart along the northwest trend of the Pelly River, a
major structural lineament. According to Brock (Geophysical Exploration
Leading to the Discovery of the Faro Deposit, CIM Bull., Oct., 1973) massive
sulphides of the Vangorda deposit (9 million tons of 9% combined Pb zm) were
exposed in a creek and gossan outcropped at the northend of the Anvil zone.



) N : N\ _
J.J. Collins ~2= August 12, 1974

However, attention was directed elsewhere and drilling of coincident magnetic
and gravity anomalies resulted in the Swim discovery under 50' of overburden --
== 5 million tons of 10% combined Pb~Zn and 20 million tons of massive-pyrite.
Ultimately, mineralized float was recognized in the Anvil area and the deposit
discovered by drilling coincident geochemical and geophysical anomalies,

Tuffaceous greenstones are interbedded with the phyllitic host rocks and
according to Campbell-Ethier (Sulphur Isotopes, lron Content of Sphalerities,
and Ore Textures in the Anvil Ore Body, Canada: Econ. Geol., Vol. 69, No. 4).
The deposits were probably formed by volcanic-exhalative activity in a Cambrian
marine basin and thus bear no genetic relation to the granitoid intrusives of
Cretaceous Age. Although only traces of barite were detected in the isotopic
and textural studies, an average barite content of 6-7% was reported on our
visit to the mine.

J.H. Courtright

JHC :vmh

cc: Sal Anzalone
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FHE Missive Sulfités

AMERICAN SMELTING AND REFINING COMPANY \A’ l-vaf.
Tucson Arizona o -

January 5, 1972 JA?@ 191@72

TO: W. L. Kurtz

FROM: J. D. Sell

Massive Sulfide
Exploration Technigue

Jerome-Prescott Area _—
Yavapai County, Arizona >

This is to transmit Mr. Peter Walker's file memo on the subject. Peter
reviewed the literature while in Tucson and noted the similarity of
features and geology of the Jerome area to other areas of Precambrian
geology elsewhere in the worid. His original sketch on C. A. Anderson's
Bulletin 1324-C, Figure 3, paper is included for reference, although the.
redrafted figure clearly shows Peter's subdivisions. ~.

As pointed out verbally by Walker, prospecting for new Jeromes and lron
Kings would be primarily along the two main horizons, but the other
favorable zones could contain good mineralization. All pyritic and
chloritic zones would be sampled in looking for indicative trace mineral-
ization or halo effects.  The down dip projections would then need to .
be drilled in looking for the massive sulfide zone.

USGS geologic maps, mainly at 1:24,000, are available for the area and
would greatly facilitate an exploration program in the district.

C}Z’// Lo AQ /’v Uj

=" James D. Sell

£

JDS:lad
Enc.




AMERJCAN SMELTING AND REFINING COMPANY
Tucson Arizona

December 10, 1971

FILE MEMORANDUM

Jerome-Prescott Area

A brief examination of literature on the massive sulfide deposits in the

area, particularly the United Verde and lron King deposits, indicates that
these deposits show many features typical of the socalled ‘'volcanic exhalutive'
deposits found in many parts of the world, particularly in Precambrian rocks.
In particular, these deposits show very similar features both on a regional

and local scale to the large producers of this type found in Archean rocks.

The stratigraphic column in this area shows the same features of cyclic

- volcanism found in these other areas. |In particular, they show several

cycles of basaltic-rhyolitic volcanism with each successive cycle becoming

more acidic as a whole ascending the column. In general, mineralization appears
at the top of the rhyolitic phase immediately before the change to a more

basic phase of volcanism and is usually confined to rhyolite fragmentals, but
often with associated pipe-like bodies in the underlying rhyolites.

These bodies typically show a halo of chloritic alteration in the underlying
rocks and around the pipe-like stockwork deposits as is shown at United Verde.
At one deposit in Australia, this chloritic alteration zone showed as a
prominent colour anomaly. The mineralized horizons often are highly siliceous
and show marked concentrations of hematite and pyrite features well displayed
apparently at the lron King deposit.

Both the lron King and United Verde occur near the top of the cyclic sequence
at the close of the last full recognizable cycle (see attachment). Two full
cycles can be recognized in the Ash Creek Group and three in the Big Bug Group.
The tops of the lower sequences; e.g., the Buzzard rhyolite, the top of the
Green Gulch Volcanics rhyolitic member, and of the Spud Mountain rhyolitic
members, are also favourable zones for mineralization. Deposits of thisvtype
tend to form clusters near vent zones and may show very large variations in
size in one area and a copper-zinc tabular ore body may overlie a pipe- llke

///A/M\

P. N. Walker

PNW: lad
Attach.

cc: JDSell
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Geology of the Millenbach Massive
~Sulphide Deposit, Noranda, Quebec
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Stockwork- Molybdenum Deposits in the Western
Cordillera of North America
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S | o Conference

Comparative Sedimentology

. The following is a brief summary of five of the discussions that
swere given at the Conference on Comparative Sedimentology, Miami,
«January 27-30, Of the ten discussions, Del will summarize the first
five, and I the remaining five, ' '

" The basic theme bf‘théjconferenbe was the'application_of.knowledge
'of recent sedimentary processes to ancient carbonates. The talks were
~extremely authoritative and well-documented., Frequent references we

-~ 'made to classic areas. of study of recent sedimentary processes; seve:
“."unknown to me, Concentration was on comparatively rapid facies chanc

YN
£2
S
S
EYS

ST

7 was made to widespread, blanket-like deposits, such as the Knox or the

' "Upper Ordovician formations. The Bonneterre facies of Southeast Missouri.

fits very well into the '"models" discussed. .

. The discussions by Bosselini and Zankl were closely related and
~are here considered together, Zankl briefly outlined the three-fold
~rprocess of reef evolution: development of an organic framework with
‘accompanying incrustations, sedimentation in cavities within and
around the framework, and cementation, Carbonate cement was described
-+ as early fibrous and later blocky calcite, Comparison was made of
- carbonates of the northern and southern Alps, Bosselini divided
" . carbonate platforms into two stages ( epicontinéental and oceanic) and
» summarized with a diagram showing the forms of Middle Triassic through
“Upper Jurassic carbonate platforms. These were compared with forms of
" platforms in other areas., An evolutionary process in the forms of
carbonate platforms was implied. : . o

: Klovan described major reef development in western Canada, All
reefs are underlain by a carbonate platform with an underlying un-
. conformity, It was pointed out that the Leduc reef occurs in a basin.
'+ Possible tectonic controls. of reefs were discussed. Fault control was
. considered, but - no major evidence of this is known. Evidence of
“.climactic control includes the hooked shape of individual reef bodies
..and the gradual slope of the windward side as compared to the leeward
.side. Pinnacle reef forms of the Rainbow area were attributed to reef
. development on mud mounds. in the Keg River Formation, Water depth

:#cpmmonly‘those dominated or characterized by reefs, and little reference

l .. j . %mﬁvw Ce,l(/{fé_ . . _— \’;@ LV‘J "‘I\,!f.c [} ;/ﬁ
L . . . . # ) ' - h - {'V G 15_"{?;‘;";,_ S‘e‘ ’4"



'ﬁfdurlng reef formatlon was 1nd1cated by the type of reef- formlng
‘organism present, and a depth sequence of organisms was outlined.
This consists of corals (deep), tabular stromatolites- (moderate)
~ % and massive strometolites (shallow). The concave cross section of
v pinnacle reefs was attrlbuted to differential solutlon durlng

Y. compaction, o

o The discussion: by Wilson was of much 1nterest Tne env1ronmencs
v of different carbonate facies were described. The topographic.
-~ “outline of a carbonate buildup ( shelf- margln-ba51n) results from
i-differential carbonate: deposition, directly controlled by the'degree
- of organic activity. As the area of optimum carbonate production is
“.-‘the optimum zone of organic development climactic and tectonic
" gontrols were discussed. Climactic environments and accompanying
. .;sediments are summarized in the accompanying paper. Four tectonic
.7 environments of carbonate production were described: large off- ..
" shore platforms ( the Bahamas); margins of tectonic blocks ( the -
. Delaware Basin); flat, gentle, positive areas .( San Marcos); and
‘j;-marglns of 1ntracraton1c ba51ns ( the Williston Basin).

e In the discussion "Roots of Carbonate Platforms and Reefs",

. geophysical maps ( residual gravity anomaly maps and corroborative

. evidence from seismic and other data) were shown to outline carbonate

"j,platform topography. Negative anomalies indicate basins, and positive.
“"anomalies indicate platforms. Anomalies were interpreted as resulting
+, from density contrasts below the basin floors, and indicate that

'platform-basin topography is structurally initiated and controlled.

"Examples used were the Bahamas '( initial form controlled by folding

ror faultlng in the underlying Cretaceous) and the Texas Central Basin

“=i( primery control by a horst block). Reference was also made-to the

. Canadian reefs. Amount of structural control varies greatly. Some

“" exceptions to the successful application of anomaly maps were p01nbed
- out, a notable example belng the Tampico Embayment

v - . In summary, the dlscu5510ns ‘were excellent Unfortunately,

.- abstracts of only two of the talks were distributed, and I did not
+ recognize some of the references.” If brief, abstracts were made. -
..qﬁ"avallable prior to. the dlSCUSSlOnS a better understandlng would
'H5vresult Co ' : e .

Adrlan V Greene
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THE COMPARATIVE SEDIMENTOLOGY QOF CARBONATES

Opening Conference of '
The Comparat1ve Sedimentology Laboratory, Fisher Island .
.University of Miami
Rosenst1e1 Schoo1 of Marine and Atmospher1c Science

. Audltorlum, 10 Rlckenbacker Causeway -
“ﬁQFriday, January 28, 9:00{fn12i30
" Introduction: - ROBERT N. GINSBURG

'PAUL HOFFMAN =~ . . The Earliest Carbonate Platforms:

Geologlcal Survey of Canada - - Northwest Terrztortes, &znada
EUGENE SHINN 3"'V':"' S Comparzson of TzdaZ Flat Deposzts from

Shell 0il Company,AHouston _ the Bahamas and Persian Gu?f
" 2:00 - 5:30 | '

Chairman:  R. MICHAEL LLOYD

! EDWARD PURDY ~ . o The Brztzsh Honduras MbdeZ of Carbonate
: Esso International, England ' . Deposition
i BRUCE PURSER FRERE o, Sedzmentatzon and Dzageneszs of Parzs

University of Paris . Basin Carbonates

Saturday, January 29 9 00 - 12 30

Chairman: PERRY ROEHL

PAUL ENOS, State;Unlverslty of Reefé, PZatfbrms and Baszns of the
New York, Binghamton . = . Méxzcan Cretaceous .
ALFONSO BOSELLINI. Evolutton of Triassic and Jurasszc

~ Universita di Ferrara, Italy. 'PZatfbrms in ItaZy

- 5:30

Chairmen:  LLOYD PRAY

HEINRICH ZANKL . ' Comparatzve Studzes of Aszne TTzasszc

 University of Marburg, Germany . and HbZocene Reefs
_EDWARD KLOVAN"‘; g . _The Anatomy and Evolutzon of Western
Universityvof Calgary, Canada L Canadzan Devonzan Reefs

" Sunday, January 30, 9 OO - 12 30

Chairman: - To be Announced
} - ~ JAMES LEE WILSON 'f’i” o ‘ ScaZe and F&czes of Carbonate ‘Platforms
A Rice University, Houston ° ‘ - and Reef Cbmplexes C

MAHLON BALL - - ef“‘;f' L The Roots of Carbonate PZatfbrms and '

University of Miami . .=~ . REef% fw{;“‘
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 DEPOSITIONAL FACIES ACROSS CARBONATE SHELF MARGINS

James Lee Wilson
Rice University
Houston, Texas

ABSTRACT

Nine depositional facies are described in idealized sequence across a typical carbonate shelf

- margin. These facies are: basinal, tidal shelf, basin margin, platform foreslope, organic reef, platform
edge sands, open marine platform, restricted marine platform and platform evaporite facies. Each of
these is characterized by sedimentological parameters, prevailing rock types, color, microfacies,

sedimentary structure,

terrigenous content, and characteristic biota." Description of this very

widespread sequence should aid in location of reservoir rock,

- This paper outlines an idealized schema of carbonate
environments following a pattern developed so widely in
the geologic record that it deserves to be generalized and
thoroughly documented. The associated table (Figure 1) is
from work begun by the writer when with Shell
Development Company in 1965. Its essential outline was
published as a discussion with W. Tyrrell in SEPM Spec.
Pub. 14 (1969, p. 18) and in much more detailed form
applied to Devonian carbonate complexes by J. Dooge
(1966, see particularly appendices 6 and 7). Some of the

- general principles responsible - for, and illustrations. of, this

common sequence of carbonate facies have been previously
published by Irwin (1965), Shaw (1964), and in various
papers by the following authors in. SEPM Spec. Pub. 14
(1969): Tyrrell, Thomson and Thomasson, McDaniel and
Pray, Laporte, and Griffith, Pitcher and Rice.

The development of this prevailing sequence of facies
along any carbonate shelf margin is a natural consequence

.of some of the principles behind carbonate sedimentation.

Carbonates are essentially of organic origin. Because of this,
carbonate sediment will form well only in warm, clear,"
sunlit water free of clayey contamination. Such areas are
apt to be somewhat removed from land and to lie down

- - gentle paleoslopes paralleling ancient coast lines. Because
" the biota demands sunlight to flourish, its maximum
- productivity occurs only in relatively shallow water.

Consequently, the mass of organic carbonate grows most
rapidly on the upper part of any gentle seaward slope some
distance from land but not in deep water. Continued
inundation of a positive block with stable or rising sea level
results in rapid organic growth and sediment accumulation

- along the initial growth centers and the formation of a line
-of shelf margin organic buildups, the gradual filling-in of
‘the lagoon between the shelf margin and land, and

eventually the construction of a ramp or platform

" surrounding the positive element. Not much sediment

accumulates simultaneously in the area dowrislope from the
shelf margin because, as the buildup occurs, the water
becomes too deep. The normal result is a starved basin

- ~ surrounded by carbonate ramps or platforms built out from

the positive elements rimming the original depression.

1. Basin facies (starved or filled) (Fondothem)._

' Buxinic conditions may develope below oxygenation level

and below wave base. Water is from 100_to.several hundred
feet deep. Bottom water flowing off of surrounding shelves
may become hypersaline and ‘dense, preventing easy

" turnover. This situation, and lack of oxidation of the rain
.of organic plankton, increases the -tendency toward

stagnant reducing environment.: Few burrowers can exist

* here and fine laminated sediment results. Deposition is
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dependent on'the amount of influx of fine argillaceous and
siliceous material and the rain of decaying plankton. These
contributions may be slight for in a typical-carbonate
producing shelf, little such material crosses the surrounding
shelves, A starved, rather deep-water, basin commonly
results. In some cases, such basins are filled with evaporites
or._clastics.. These may be deposited during lower sea level
stands reciprocally with upbuilding of surrounding shelves,
or even much later after complete formation of the
carbonate platforms. ' ,

. Prevaﬂing rock types: Dark shale or silt, with thin
Jlimestones, some thin, bedded anhydrite. Thick
, salt deposits in certain instances.” "

" Colors:- Datk brown or black (up to several
percent:bituminous organic matter).

Grain ‘types and depositional  texture: Lime

G
 mudstones and calcisiltites, micropelletoids,
. microbioclastics. . L

d. Bedding and sedimentary structures: Very even
planar thin lamination, ripple cross-lamination,
small scale rhythmic bedding consisting.of even
beds of limestone intercalated with thin shales.

e. Terrigeﬁbus clastics: Somewhat A'adx:tﬁ){éd with
" "carbonates and also interbedded -in thin layers.
"Quartz silt and shale. Material windblown as well

-as_water-carried. Chert very common, probably ™

_derived both from opaline organisms and from < -

solution and replacement_ of _quartz_silt by
carbonate. - :

f. Biota: Exclusively nektonic-pelagic ' fauna
" preserved in local abundance on bedding planes.
Microfauna- thoroughly admixed * with fine"
sediment.  Megafauna includes graptolites,
‘planktonic  bivalves, ammonites, and sponge
spicules. Microfauna includes  calcareous

calpionellids, tintinnids, and calcispheres, and
siliceous radiolarians and diatoms. T

2. Tidal shelf facies (deep Undathem). Water tens or
even a few hundred feet deep, generally oxygenated and.of
normal _marine salinity, Good current circulation. Deep
enough to be below normal wave base but intermittent
storms effect bottom sediments. Such shelves are generally
wide and-sedimentatien is quite uniform. This is the typical

'




A rea]m ‘of deeper neritic sedimentation and may conmst of

' carbonate or shale.

a. Prevailing rock types: Very fossiliferous Ilmestone
+ interbedded with marls. Well segregated beds.

" .'b. Colors: Gray, green, red, and brown 'due to-

“ variable oxidizing and reducing conditions.

and whole fossil wackestone. Some calcrslltrtes
Much pelleting of micrite matrix.

“d, Bedding and sedimentary structures: Sediment

-

. ‘4’j"‘~' " thoroughly burrowed, beds homogenized. Thin to

medium, wavy to nodular. beds. Ball and flow
{shale/carbonate compaction structure) prominent
in argillaceous limestones. Bedding surfaces show
diasteims, lag concentrates of fossils.

clearly segregated layers.

" f. Biota: Very diverse shelly fauna ipdicating normal
"marine salinity; preservation of both infauna and

epifauna. Fauna locally less common, but generally -

present. Notable presence of brachlopods, corals,

cephalopods, echinoderms (stenohaline forms) ,

along with all other organisms.

. Basin margin or deep shelf margin faczes -

[(Zn orlzem} Formed at toe of slope of carbonate

o producmg shelf. Water of about same depth as preceding

~iwo facies. Situated at or below wave base and oxygen °
“level. Sediments composgd of carbonate and siliceous
~puteral derived from nedrby shelf, the argillaceous matter

wwvmg drifted or blown farther out into basin. May

fesembie _Dbasinal sediments but_are non-argrllabeous and

"' ¢. Grain types and depositional texture: Bioclastic’

e, Térrigenous clastics: Quartz silt, siltstone, and "
shale commonly interbedded with lrmestones in-

sonh.what thicker.

o &. Prevailing rock type: Fine gramed lrmestone, 1n
. some plabes cherty.

. Color: Ranging from dark to light.

c. Grain types and depositional texture: Mostly lime
- mudstone _ with__some calcrsllme Some

* . microbreccia beds.

" . d..Some beds are laminated with ‘micrograding of
* lithoclastic and bioclastic debris from upslope.
" _Locally exotic blocks.

" . e. Bedding and sedimentary structures: Some beds
. are laminated lime mudstones, -other
thicker-bedded units are of massive unlaminated
lime mudstone. In other beds, lithoclastic and
‘bioclastic fragments derived from upslope, show

* micrograding. Locally_exotic_blocks. Megaslump'

features _within evenly bedded limestone cause
major_discontinuities in bedding. Mud bioherms in
. some places.
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f.

‘ 4. Foreslope facies of carbohtzte platform (marine '
talus) (Clinothem). Generally, the slope is located above the

Terrigenous clastics: - Rarely present except as fine .. ,.

shale partings. Chert is common,

. Biota: Bioclastic detritus derived.principally from ="
upslope. Fauna is open shelf and normal marine .-~
types but may be a mixture of reworked forms- : . ".
derived from shelf, benthonic organisms living on -

slope, and some pelagic forms.

lower limit of oxygenated water and extends from above to
below wave base. Composed of debris_deposited on an
_incline formed seaward as the ramp grows. Incline may be

as_steep as 30°. Sediment is somewhat unstable and varies -
greatly

in size and shape. There may be bedded,

fine-grained layers with megaslumps, foreset bedded and

wedge-shaped beds consisting principally of lime sand, and . *
" mound or lens-shaped masses of trapped and stabilized fine ;

grained carbonate sediment,

a.

5. Organic reef of platform margin: Ecologic.
" character dependent on water. energy and steepness of
.slope, organic productivity, amount of frame construction, -
binding or trapping, frequency._of subaerial exposure.and .:

Prevailing rock types: Limestone, the type -~

depending on water energy upslope; lime muds

and sands, boundstone, and sedimentary breccia. , .;
. Color: Dark to light.

. Grain types and depositional texture: Lime silts

and bioclastic wackestone-packstone. Lithoclasts

of varying shapes and sizes derived from cemented "
strata  upslope. Much reworked material with :

locally derived organrc debris.

. Beddmg and sedrmentary structures: Meaaslumps
in thinly bedded strata; large scale foreset bedding -
(wedges); large exotic blocks interrupting bedding;: . |
slope mounds of fine-grained sediment; syngenetic -
slumps, pull—aparts and breccias; clastic injection .

dykes and fissure ﬁllmgs

. Terrigenous Cclastics: Mostly pure carbonate but
some shale, silt, and fine quartz sand drift -

downslope from above and admix with carbonate
or fill cavities.

. Biota: Mostly bioclastic debris from upslope but

also colonies of in-place encrusting organisms. May
be very fossiliferous. Fauna varied, open marine.

consequent cementation. Three types of linear shelf-margin -

_organic buildups may be discerned: (1) ,Downslope mud . .
and organic detritus accumulations (2) low energy organic = *
framebuilding _reefs with .isolated clumps or encrusting:
sheets of organisms growing up to wave base and stabilizing

debris accumulations. (These exist in water a few tens of
feet deep.) (3) frame  constructing_reefs like modern
coral-algal “assemblages with sessile forms growing up
through wave base into the surf zone. Such fringes of !
organic growth at shelf margins may alternate with banks

and shoals of wmnowed sands (Facies 6).

S
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a. Prevailing rock type: Massive limestone and
dolomite in places consisting solely of organic
skeletons. ' : .

b. Color: Light. . &e <7rd.

¢. Grain types and depositional texture: Masses and
patches of organic boundstone. Interstices may be
filled with lime mudstone in downslope reefs and
with grainstone and packstone in upslope
accumulations. Some mounds formed by clumps
of organisms growing-in upslope position have
solely mud matrix owing to protection from
winnowing by reef: frame. Interstices in
boundstone of higher energy reefs are filled only
with lime sand and gravel. Intermound areas
consist commonly of grainstone and packstone.

Bedding' and sedimentary structures: Massive
organic framework with constructed (roofed)
cavities. Lamination 'caused by organic growth

a

swells and thickens upward. In mounds with? -
considerable lime-mud matrix, stromatactisdike

structure is common..Brecciation and fissuring of
massive _buildups __common, injection dykes
present. . : :

Terrigenous clastics: Essentially absent.

o

f. Biota: Colonies of sessile framebuilding organisms
may or imay not dominate. Growth form
determined clearly by water energy. Forms may
also be low-lying and encrusting.. Ramose or
dendritic forms' exist in more protected places.
Communities -of abundant accessory organisms
dwelling in various ecologic niches may form beds
{eg. — layers of brachiopods, molluscs, or -
crinoids). . :

6. Winnowed platfonh edge sands: These take the

form of shoal, beaches, off:shore or tidal bars_in fans or

belts, or eolianite dune islands. Depths of such marginal

sands range from sea level to 20 or 30 feet. Much clean sand
*.. is winnowed by the waves and deposited by waves, or by

tidal or longshore currents of 1 to 2 knots. The salinity is

" . commonly normal marine because of good circulation, The

environment is well ‘oxygenated but not hospitable to
marine life becduse of the shifting substrate..

a. Prevailing rock type: Cross-bédded calcareous or
dolomitic lime sand. -

. et axydenade d-evt
' b. Color: Light.

s
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c. Grain types and depositional texture: Rounded ¢

and fairly well-sorted grainstones. Some are coated

and oolitic. Others are merely. rounded_bioclasts. ¢

d. Bedding and sedimentary structures: Marine sands
with medium-to small-scale festoon cross-bedding.
Eolianites have large scale cross-bedding. Surfaces
representing_stratigraphic hiatuses.are_common i
both. marine and _non-marine environments.

167 jaeniir g3k Stoatl

~ Eolianites have old soil horizons ‘and ‘root casts
preserved. S :

e. Terrigenous clastics: Quartz sand may.be present
with the calcarenites. ‘ o

f. Biota: Worn and abraided coquinas of benthonic
-animals living on reef and foreslope are common.
_Few indigenous organisms because of shifting

substrate. Large bivalves . (megalodonts) or
gastropods are common as are fragmented remains
-of large dasycladacean algae and certain
foraminifera. ,

7. Open marine platform  facies  (Shallow
Undarhem). Geographically such environments are located
in straits, open lagoons and bays behind the outer platform
edge. Water depth shallow, generally a few_tens of feet
deep. Salinity varies from essentially normal’ marine to

- hypersaline; circulation is very moderate. Water conditions

are favorable for organisms but often the stenohaline forms
are excluded. The sediments are texturally varied but
contain considerable amounts of lime mud. ' - .- -

a. Prevailing rock types: Various Hmestongs and, in ..
some places, land-derived clastics. .-

&

_Color: Light and dark.

c; Grain types and depositional texture: Great
-variety of textures, grainstone to mudstone, e.g.,
. lime-sand bodies, beds of bioclastic wackestones,
- mounds and lenses of organically produced
- sediment, and areas of clastics. ‘

BN

" d.;Bedding and sedimentary structures: Medium to
platy bedded; burrowing and pelleting of sediment _
‘common. When clay is admixed, ball and flow

. compaction structures are present, as well as
_nodular and wavy bedding. o

e. Terrigenous clastics: When present, generally in
-~ .well-segregated beds intercalated with limestones.
f.'Biota: Fauna may be abundant. -Mollusks,
‘sponges, arthropods, foraminifera, .and algae
particularly common. Patch reefs are present.
Abundant marine grasses and trees play important
.role in trapping and stabilizing fine sediment in
shallow water. Organisms requiring normal marine
salinity ‘are rare, e.gbrachiopods, cephalopods,
echinoderms. R

8. Facies of restricted circulation on marine
platform: Includes mostly fine sediment in very. shallow,
cut-off ponds and lagoons, coarser sediment in tidal channel
and local beaches, and the whole complex oftidal flat
environment. The environment is extremely variable and is
a stress environment- for organisms. It includes: fresh, salt,
and even hyperslaine water, areas of subaerial exposure,
both reducing and oxydizing conditions, and both marine
and fresh-water swamp vegetation, Windblown clastics may
contribute significantly in some places. Diagenetic: effects
are strongly marked in the resulting sediment. "

\
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a. Prevailing rock types: Generally__lime-muddy
sedimert with much dolomite, :

; b. Color: Light.

‘¢. Grain type and depositional texture: Highly

~ varied, most sediments including lime _mud;
‘grainstone rare except for thoroughly pelleted
- sediment. Channels contain lithoclastic grainy
sediment;  ‘clotted, 'pelleted mudstones and
wackestones most common. ' '

d. Bedding and sedimentary structures: Much
laminated mudstone, fenestral (birdseye) fabric, °

algal stromatolite, small-scale graded bedding,
dolomite and caliche crusts, channel sands show
cross-bedding. :

e. Terrigenous clastics: Rare except for windblown
. material; where present, usually in well-segregated
layers. : " . .

f. Biota: Very limited fauna and flora, mainly

gastropods, algae, foraminifera (miliolids), and

ostracods. These organisms may occur locally in
great abundance. i .

9. Platform evaporite facies: The supratidal and
. inland pond environment of the restricted marine platform
developed in an evaporative climate--—the areas_of sebka,
/.« salinas, salt flats. Intense heat and aridity common, at least
" seasonally. Marine flooding sporadic. Gypsum or anhydrite
formed from evaporating sea water in the sediments is both

.. depositional and diagenetic.” Dense evaporative brines
o .. refluxing through the sediment and _capillary_pull of
ce_are important _

. —evaporating interstitial waters to the surfa
..~ progesses. ‘

* a. Prevailing rock types: Nodplar and wavy
_anhydrite, or gypsum interlaminated with

associated with redbeds.

~ b. Color: Highly variable, red, yellow, brown. -

“..c. Grain type and depositional ‘texture: Very fine
: grain carbonate. sediment; gypsum/anhydrite
' crystals often form a felted. mat of tiny

= bladed and poikilotopic.

'd.. Bedding and sedimentary structures: Laminate,
.. both wispy and planar types, mud cracks,
1. Stromatolite and spongiostrome structure, gypsum
rosettes and selenite blades (pseudomorphed by

deformational structures such as nodular ‘and
- :chicken-wire (flaser) structure, " ptygmatic
+ . {contorted) folding. Also diastem surfaces, caliche
" crusts are common. AR .

e Terrigenous  clastics: May be very ' common,
.. voredbeds and windblown sediment. R

© . f. Biota: Almost no indigenous fauna “except for

dolomite. Such rock types commonly are

lath-shaped crystals or, when se'condary, are large ‘

©. anhydrite), and syngenetic, diagenetic and -

Volume XX, 1970

. blue-green aigal stromatolites, brine shrimp.
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Mr. D, D‘ Harper Knoxv1lle

Sedimentology of Carbonates:
_Gentlemen: . ‘ i

. Thank you for your rev1ews of this 3- day seminar. Can you
*apply what you learned to, your current search for ore? I see you e
.recognized some similarities. between the lecture areas and our mineral S i
“districts, but I am ourlous to know what use. can be’ made of thlS sort

-of course.‘ ‘ : T

: Could thls d1v1s10n of the Unlver51ty ‘of Miami’ organize a
~course better suited to Asarco S needs? Would it be worth planning a
“‘large exclusive Asarco attendance,*say in connectlon with the next
Exploration Annual Meetlng at ‘Knoxville-Mascot? . Would field trips to -
scoral areas be beneficial? For example, the November seminar (Calcareous*
"Algae) went to Key West and to the Bahamas. I think I sent you copies-. ‘
"of the lecture material.’ Perhaps Glnsburg and ass001ates need to see‘j:j
:East Tennessee mlnes? , ‘ » S

It may be that thls descrlptlon of the carbonate env1ronment
""is old stuff to recent students on Asarco's: staff, but in.any case I . .
. am sending copies’ of your memos to other reglonal superv1sors and 1nv1tei
i;_gthelr comments.‘fj” 2 :

T

ElfVerY trnijfyo_ s,

"ec:JHCourtright )"

. SAAnzalone ) ¥

. RILBrown ) w:Lth Xerox copies of Messrs. Harper'

' MPBarnes ) and Greene s summarles._ —

RKKlrkpatrlck ) - %

. .. WIKurtz N

T DMFletcher )
RBSprague . )
LPEntwistle )
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”f‘aMEMORANDUM 70 MR. J. 'V. .DESVAUX:

The follow1ng comments and summaries pertain to the'ﬁ
“Comparatlve Sedimentology of Carbonates" conference I attended

‘ff on January 28-30, l°72. A schedule of the conference is attached.

. features to active carbonate depositional areas such as the

o The conference was well organlzed and all papers well.'
. presented. The theme of most speakers was to.relate older rockf
carbonate lithofacies and their particular set of sedimentary ™

" Bahamas, Persian Gulf, and Shark Bay, Australia. Carbonate

. platforms containing sharp facies changes at platform margins

. were the models in all cases. The degree of refinement of _
w1 interpretative methods was impressive and at times overwhelming. o
"~ Convincing photo and aescrlptlve aocumentatlon was presented by_<‘

all speakers.

o The relationship of carbonate facies to ‘stratabound .
- sulfide deposits in carbonate rocks was brought to mind when .
considering the SE Missouri Lead District and the Pine Point '
© District (NW Territories). Both of these districts are located -
at platform margins with mineralization seemlngly controlled by
.. .sharp facies changes. Sulfide deposits in Lower and Middle

'aT;OrdOV1c1an carbonates (Tennessee Zinc Districts and Upper Mis="

f{ sissippi Valley District) do not occur in: a platform edge con-—-

‘*ﬁf:dition.

e : The rollow1ng comments pertain to the flrst five papers
.. on the schedule --. Mr. Greene is commenting on the second flve in
'E’a separate memorandum._

‘qufl) Paul Hoffman "The Earllest Carbonate Platforms. NorthWes
v ‘ Terfltorles, ‘Canada" ‘

An abstract of Hoffman's paper is atfached. His. “ &0
interpretation of the carbonate platform and associated facies -
changes was well documented by lithologic description and photos.
- A photo comparlson of Precambrian stromatolites to living algal
“structures in Sharks Bay, Australla was especially strlhlng

The economlc value of Hoffman's paper is to reallze
Hhat the platform marglns are areas which are favorable for"“




hstratabound sulfide occurrence. Breccia and coarse grained
» epigenetic dolomite are noted to occur along the platform margins --

" both are favorable host environments for sulfide deposition.
o“:Further economic considerations involve the aulacogens (see

'"Vattached map) which are in effect graywacke arms extending into

‘l%{the carbonate platforms. It might be suspected that the graywackes
".!".could have served as conduits for solutions to move to a position

. of sharp lateral contact with platform carbonates which would be

"a condition favorable for sulfide emplacement. The recent discovery
“'by Cominco in the Bathurst Inlet Area may be related to the Bathurst
"Aulacogen ( I am uncertaln as to the exact location and host unlt)

'162)“ Eugene Shinn "Comparlson of Tidal Flat Deposits from the ;i:‘
' Bahamas and Persian Gulf®. .

Shinn sought to p01nt out basic dlfferences in present

'f;fday carbonate platform environments. Climate conditions as well
- +.as structural conditions can vary to cause different sets of
"+, carbonate depositional efvironments. The Bahamas (tropical cllmate)

‘...and Persian Gulf (arid, cllmate) were used as comparative models.u.

*gfﬁ(B)‘ Edward Purdy "The- BrltlSh Honduras Nodel of Carbonate

Depos1tlon"'

The main p01nt of the paper was to relate the carbonate

”*luplatform features to a template developed in underlying rocks by

E“Karst British Honduras was used as primary field model. Laboratory
»models were also presented. Features emphasized are as follows
(1) Edge of a Karst block would normally be a positive rim which

~would control localization of a subsequent barrier reef. (2) Pin- :
“‘nacles in well developed Karst would control localization of subsequent
. pinnacle or patch reefs. (3) Poorly developed Karst surface would

'fffform basis for extensive shallow tidal flat behind barrier reer.ﬂ
. 'The British Honduras model shows strong Karst (ie patch reefs, -
.+ deep water behind reefs, etc.) in southern shelf lagoon as opposed

- to poorly developed Karst (shallow water, flat -lagoonal area) in

~Northern Lagoonal Area. The degree of Karst development is .
_f\related to climatic conditions (arid vs tropical) plus bedrock'
"j"type in water shed area (carbonates vs igneous and metamorphics).

ar(4) Bruce Purser "Sedimentation and Diagenesis of Paris Bas1n
' Carbonates”.

R Descriptive paper on carbonate platforms in Paris BaSLn
w;Area of France. Comparison to Bahama platform showed definite
““similarities of carbonate facies -- oolite zone on platform margins

v with pelletoidal lime mud facies in lagoonal env1ronment Facies

-~ relationships of carbonate rocks shown on attached set of sections
v reflects geologic hlstory of platform development and env1ronmental

NQ?grelatlonshlps..

”f'IS)” Paul Enos-"Reefs, Platforms and Ba51ns of the ‘Mexican
to Cretaceous" ' : :




Descriptive paper of Middle-Cretaceous Carbonate Platforms

“’ in NE Mexico. Lateral relationship of Upper Tamaulipas (Basin facies),

i Tamabra (platform margin facies) and El Abra {platform facies)

- described. Breccia zones common in Tamabra. Petroleum occurrence

" in platform margin units afforded reason for detailed study of area.

" Mine workings noted in photos of Tamabra outcrop units (another

_relationship of reef rock to strata bound sulfides?). Basinal units
‘thln in relationship to platform rocks ~-- typical of basin unlts
in most areas described. Although not specifically mentioned in

. - this paper, it is noted that quite often platform carbonates are
- dolomite whereas basinal carbonates are shaly limestone. Platform

'»?c¢attached.

.-‘margin rocks are often porous (epigenetic dolomite) and contain
. prominent breccia zones as does the Tamabra unit described in =~
~Enos paper. : : ‘

Plan map of carbonate platform‘and'ccrrelétion chart’

: I appre01ate ‘the opportunlty to attend the conference.

In regard to future meetlngs, conferences, etc. it is suggested

that some Asarco personnel attend the "Economic . Aspects of the Genesis
~and Diagenesis of leestones" meeting on August 29 -- abstracts and

.:fschedule attached. J’ﬁ7 Gﬁm/ fbﬂwag) W@ﬂkaq/ ‘

,LQWM " "

Delbert D.: Harper‘

. DDH:ad

“Enclosures
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THE COMPARATIVE SEDIMENTOLOGY OF CARBONATES

L Open1ng Conference of '
The Comparat1ve Sedimentology Laboratory, F1sher Island
University of Miami

Rosenst1e1 School of Marine and AtmOSpher1c Science

Audltorlum, 10 Rickenbacker Causeway /

Friday, January 28 9: 00 - 12 30

Introduction:

PAUL HOFFMAN .
Geological Survey of ‘Canada

EUGENE SHINN ‘
Shell 0il Company, Houston

- 5:30

Chairman:  R. MICHAEL LLOYD

EDWARD PURDY

Esso International England

'BRUCE PURSER

University of Paris

1Tynsaturday, January 29, 9:00 = 12:30 |

PERRY‘ROEHL"

PAUL ENOS, State Unlver51ty of

New York, Binghamton

ALFONSO BOSELLINI ‘
Universita di Ferrara, .Italy
- 5:30
Chairman: LLOYD PRAX

HEINRICH ZANKL

- University of Marburg,‘cérmany,'

EDWARD KLOVAN :
University of Calgary, Canada

i;“ Sunday, January 30, 9:00.- 12: 30
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" JAMES LEE WILSON

Rice University, Houstom..

MAHLON BALL ,
Univergity of Miami

ROBERT N. GINSBURG

'Reefé, PZatfbrms and Baszns af the

The Earliest Carbonate PZatformé;f
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the Bahamas and Persian Gu?f

" The British Honduras Mbdel of C&rbonate

Deposztzon . s

Sedimentation and Dzageneszs of’Parta
Baszn Carbonates

Mexican Cretaceous

Evolution of Trzasszc and Jurasszc
_PZatfbrms in. Italy : :

Comparative Studﬁes af Alpine Trzasszc
and. HbZocene Reefé . .

The Anatomy and Ebolutzon of Western

Canadian Deuonzan Reefs

Seale and Faczes of Curbonate PZatfbrms

and Reef Comuuexea

The Rbots of Carbonate PZatfbrms and
Reefh _ .
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~THE COMPARATIVE SEDIMENTOLOGY OF CARBONATES

January 28-30, 1972

ERRE Participating Sponsors:
o ‘TAmépican Smelting and Refiniﬁg Company
N New York . | |

+ Amoco Production Company / :
Tulsa, Oklahoma .

' ‘QChevron 0il Field Research Cbﬁpany
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| Cities Service 0il Company .
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ﬂ"jﬁjCQmpagnie Francais des Petroles
- Vew York I

- Conoco Exploration Reseavrch
Ponca City, Oklahoma

"[:Eééo'Production~Researéh,Cbmpany'
L Houston, Tewas o

. Gulf 01l Corporatién‘ .
 Pittsburgh, Pennsylvania

Mhratﬁoﬁzoii Company, Denver Research Center '
. - Littleton, Colorado

" Mobil Pield Research Laboratory
.. Dallas, Texas ;
' :.Occidenﬁal Petroleum Corporation
. . Bakersfield, California.

. Shell Development Company -
. Houston, Texas

Shell 0i1 Company
Houston, Texas

Sun 0Ll Company
Richardson, Texas. .
Union 011 Company Research Center
; Brea, California




. THE COMPARATIVE SEDIMENTOLOGY OF CARBONATES

 LIST OF‘ATTENDEES AT OPENING CONFERENCE -
THE COMPARATIVE SEDIMENTOLOGY LABORATORY, FISHER ISLAND

January 28-30, 1972

 SPEAKERS

aMaﬁlon Ball

University of Miami

Rosenstiel School of Marine and
‘Atmospheric Science '
Miami Florida 33149

4lfonsao. Bosellinl '
Instituto Geologico dell’ Universita
di Ferrara

Corso Ercole 1° d' Este, Ferrana, Italy.‘

Paul Enos

Department of Geology .
State University of New York at
Blnghamton

Binghamton, New York 13901

Paul Hoffman
Department .of Geological Sciences:

University of California, Santa Barbara

Santa: Barbara, California 93106

J. E Klovan

Department of Geology
University of Calgary
Calgary 44, Alberta, Canada

Houston, Texas . 77001

Edward G. Purdy

_ Esso Explorations, Inc.

Block 5, The Centre
Walton~o n-Thames, Surrey, England

Bruce Purser :
Laboratoire de Geologie Historique

Faculte des Sciences, Universite de Paris sud

Orsay, France 91 -

- Bugene Shinn

Shell 0il Company:
One Shell Plaza

James Lee Wilson

- Department of Geology

Rice University
Houston, Texaa .77001
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Institut flr Geologie der Universitat
Marburg L

‘D~355 Marburg .

Deutschhaustr. 10,
Germany . ‘ o
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steph E. Banks -
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Pinellas Park Florida 33565

'Frank-Beales

Department of Geology." A
University of Toronto
Toronto, Ontario, Canada

D." Bebout o
Esso Productlon Research Company_:-,J
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(U Houston, Texas 77001 .

"vHouston, Texas: 77001

Philip Braithwaite
Sun 0il Company

P. 0. Box 2880
Dallas, Texas 75221

Philip W. Choquette

“Marathon 0il Company
-Denver Research Center

Littleton, Colorade 80120

Ted D. Cook o
Shell 0il Company
One Shell Plaza - '




Los Angeles, California

Dexter H., Craig

‘Marathon 0il Company

Denver Research Company _
Littleton, Colorado 80120 -

‘Graham Davies '

" Institute of Sedimentary and Petrolooical
B Geology, 3304 33rd Street, N W.w
Calgary, 44, Alberta, Canada

.'Robert Dill

NOAA, Bldg. 5

'Washington Science Center
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‘Shell Development Company

P.. 0. Box 481
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: Willlam H Easton
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University of Southern California”’
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“‘Occidental Petroleum Corp.
* 5000 Stockdale Highway
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. "Vance Greene ' R
. “American Smelting & Refining Company
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“”Delbert Harper

" American Smelting & Refining Company
2640 Broadway .
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37917
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University of Iowa

“Iowa City, Iowa 52240
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,~ THE EARLIEST CARBONATE PLATFORMS, NORTHWEST TERRITORIES, CANADA
Paul Hoffman, Geological Survey of Canada, Ottawa, Ontario KlKCEBV

Two thick carbonate platforms were dep031ted between 1750 and

,V,ZlOO million years ago "as parts of the Coronatmon Geosyncline in

“ijhat is now the northwestern Canadian Shield. 'No skeletal orgqnlsms

" are known to have existed at that time, only the procaryotic bacteria
*}and-bluewgreen algaes Nevertheless, the facies differentigtion of
“these ancient platforme is not unlike that in the Phanerozoic save
7.for the absence, in’ addltlon to skeletal debrls; of pelleted and
f!burrowed sediments. ' ‘

Platform 1nter10r}——Tens to hundreds of stacked ShO&lng-uderd '

l?cycles characterize the platform interiors. The ‘individual cycles

ppgprange from 2 m to 15 m 'in thickness and can commonly be traced for
ilytens of km across the platform and hundreds of km along its strike.
: fA representatlve cycle comprlses the follow1ng vertlcal sequence:

pr Unit 1l: Thin intraclast packstone 1nterpreted as 'a beacnj
' lag dep051ted during urangre551ve phase.

Black cherty dolomite composed of planar StTOWatOllteS
with "microdigitate™ fabric containing filament moulds
~and columnar stromatolites of "Conophyton" type, inter=
. preted as.a supratidal stagnant algal marsh deposit..

Univ 4¢ Light grey dolomite with discrete columnar, linked
- domal and planar stromatolites, discoidal oncolites
~and edgewlse conglomerate, becoming cherty toward
the top, interpreted as deposited on prograa1*~ tidzl
flats exposed to wave attack. -

Unit 5

1”f/ﬁl Unit 3¢ Light grey: dolomite with rlpoled ooid-oncoid-intraclast

- grainstone interpreted as deposited on curf—bullt SuD~
tidal shoals. D B

Unit 2: Reddish-brown to black dolomitic shale with.thin graded
- and rippled dolosiltite laminae, convolute laminztions

and syneréesis dikes, progressively more dolO"'tic un=-

ward, interpreted as dep051ted on .a sublittoral shelfl,

FRE

.!‘ffazﬁwe}'Unit 1: Thin intraclast packstone 1nterpreted as a beach laz

dep051ted during transgressive phase.

“}ZApparent megacycles result from vertical varﬂatlon, through many
“cycles, in the proportlon of dolomite and shale.. L

Platform marglno——ﬁt the olaLform margin the cyclic: pattern b"eexs

"downo ommonly there is a belt, 1~2 km wide, of eromatollte mound-
Jand»cnannel paleotOpogrenhya The mounds are up to 20 m thick and tens




‘01 meters in diameters They are elongate perpendlcular to the plat;orm
'ﬁeout and their tops stood l 3 m above the floors of the anastomosing
:tldal channels between them., Internally, the mounds are made=up of

,filarﬁc ‘branching columnar. stromatolltes up to 1 m in diameter. The

¥

chahnels are filled by crossbeoded 1ntraclast ﬂralnstone and 1ntra-
Jolast ‘breccia. The olatform margin commonly sulfers eplgenetlc coarse

'51:Vug y dolomltlzatlona

. Foreslope of olatform.——?oorly defined cycles, tens of meters tthkg
‘oharacterlze the foreslope° A representative cycle comprlses the

';{;follow1ng vertical sequence:

Unit 1l: Black to dark green pyrltlc shale w1th small elllp501oal
: calcareous concretions.

Unit 3s Light grey thin evenly pedded lime~mudstone with shale
‘ partings, more calcareous ‘and thicker bedded upward,
recumbent slump folds and breccxa ‘beds close to the
platform edge. .

Unit 2: Dark green to brown calcareous shale with dlgltate

calcareous growth structures p0551ole of cryptalgal
origin.. .

Unit 1l Black to dark green pyritic shale thh small 81119301dal'
: calcareous concretions.

fl:The cycles are interrupted by wedges of greywacke turbldltesf derived
‘qfrom the other side of ‘the basin, that wedge out against the foreslope

‘

"ffof the carbonate platform°~

UndlflerentlatedAplatforma——In some places and at some leve 'S the

‘Quplatform margin is poorly dlfferentlatedo Ba51nal shale with calca~
l-ﬁreous dlgltate growth structures (1like Unlt 2. aoove) with gre/xaCIe
‘turbidite wedges, grade toward the platform into dolomitic muoscone
°rw1th digitate growth ‘structures of fenestral limestone. This latter
flfa01es, undoubtedly of cryptalgal origin, can form unbroken sequences
. hundreds of meters thick. Its depositional environment is uncertain.
"'Conclusions;-—Lower Proterozoic carbonate platforms have facies

‘zonations not unlike much younger platforms. They differ in ‘the
’overwhelmlng abundance of stromatolites and other cryptalgal structures.

'=:Stromatolltesg ike many other fossil groups, underwent a gradual

.decllneg nov 1ncrease, in 1mportance from an acme very early in thelr
”hlstoryo
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Introduction:

The Iron King mine is located one mile west of the v1llage of Humboldt
‘and 75 miles NH4 of Phoenix at 30° 34' N and 112° 15' 30" W (Figs. 1 and 3).
Mining began in 1906 and continued sporadically until the property was pur-
chased by Shattuck Denn Mining Corporation in 1942. Sincethen it has beeﬁ¢in

‘continuous operation and has a present mill capacity of about 1000 tons per

day. 2Zinc and lead concentrates are produced, from which cadmium,vgold,_éil-

ver and copper are extracted,

Structure and Lithology:

The ore deposit occurs in a group of steeply-dipping, metamorphosed

- eugeosynclinal volcanic and sedimentafy'rocks of Precambriah age. Defor-T'
.mation and metamorphism of the host rocks has obscured origipal structureﬁ;
The rocks are part of the Alder Group of the Yavapai Series (Figure 2).. The
Alder Group is made up of thinly bedded sédiments of both volcanic and deﬁ-'
rital origin with some flows and tuffs. The rocks in the mine area st?ikél
N26°E and dip 78° WNW. Structural studies indicate that the sequence |
Lrepresents the western iimb of an overturned syncline and thus the sﬁccession
is from west to east as listed»below.'

, In the immediate vicinity of the dep051t,Q1gure 6), the rock units aré.b
kl) The Spud Mountain Breccia

This unit is about 5,000 feet thick, lies to the’west of the mine, ana
occurs stratigraphically below the oré horizon, It is andesitic in comp~
béition, and may represent either flow bréccias or welded ash tuffs,
(2) The Lower Spud Mountain Tuff - .

This unit lies agové the breécia (1) and is 2,000 feet thick. It is_ '
'coﬁpﬁsed chiefly of interbedded cﬁlOrite-sericite schist and quartz-sericite

schist. The chloritic schist representgjmetamofphosed andesitic tuffs and

ingfiiassive Suipnide Depositg of the Precambrian in Arizona Cbiuf( cp/
Ly S .
_— S ‘ ;

- -=- = The Iron Klng Mine wT e ~~¥§%~4 -
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Apuroximate posltlnn of the three princlpal toposraphic reglons of

The Plateau region s to lbe northeast, the Desert reglon 18 to the southwest, and the Mountain regfon lleg between
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WEST OF SHYLOCK FAULT
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Iron King voleanies:
Andesitic and basaliic flows, lka; tuffaceous
sedimentary rocks, ikat
- fs‘nﬂ; - \smt S
) T sdsmEs—
Spud \Iountam volecanies
Andesttic breccia and interbedded tuffaceous
sedimentary rocks, smb; fire-grained
andesitic tuffaceous rock, smt,; intercalated
andesitic flows, sma, interbedded rhyolitic ?
tuff, smr
~iba .~
! iht g
. A \ a
Indian Hills voleanics S
Andesitic and basaltic flows, iha; . =P
<y e 0
rhyolitic flows, ihr e
0 '/ S
Al Srt T -F’)
gt tgps] "‘:

: Texas Gulch formation :
Rhyolitzc wf and interbedded conglomemte,

tert ; chicfly purple slate, containing

lenses of limestone, tgps

Chaparral voleanics

Andesitie tuffaceous rocks, ca;
rhyolitic tuffaceous 'rocks er

E8v

Green Gulch voleanics

EAST OF SHYLOCK FAULT

- BRS N |- BEt gl g [gRAr | - e
ggl BRI~ - ggb ggi—f .}’ _‘gga‘._ 5
Grapevine Gulch formation
Fine-grained tuffuceous rocks and cherty beds, ggs; lithic
tuffaceous beds, ggt; voleanic breccia, ggb ; damtwﬂows
ggd; grading into intrusive dacite, gedi ; mtercalated
a.'ndesmcﬂows gga ; jasper magmme beds, gzi
S
dr Sda
da P 3
Deuptxon rhyolite
Rhyolitic flows, breceia, and tuffacecus beds, dr;
coarse rhyolitic breccw db ; intercalated andes—
itic agglomerate, dag ; mtercalated andesitic
Slows, da
= . TG,
Shea basalt Brindle Pup ‘Dacite of Burnt
Basaltic flows, sh; inter- andesite Canyon
calated tu Il‘aceous sedi- Porphyritic  Porphyritic dacitic
mentary rocks, st} andesitic Jlows
intercalated 'rhuohtw Sows

JSlows and b?‘cccza sr

Bi5
Q__ _)

Buzzard rhyolite |
Flow-banded rhyolitic flows, rhyolitic flow b'reccza,,
volcanic breceia, br; fine-bedded rhyolitic tuff, bt;
intercalated basaltic agglomerate and flows, bag

Gaddeb basalt

Andesitic-basaltic flows and fragmental
.- rocks, andesitic and 'rhyohtw tuﬁ‘aceous
sedzmentary rocks. - : .

Chzeﬂy pillow lavas, gab; local intercalated
. rhyolztacﬂows gar SR

° PRODUCTS OF ALTERATION AND METALLIZATION

SinA

Quartz or jasper lenses, pods, and veins

Includes alteration zone at Iron ng mine,
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—Sketch kxnp of ' Bradshaw Mountains and Black Rils

FIoURE 3

showlirg location of principal mines.

Fig. h.—Cornparison of the mineralogy of the Iton King and Uniled Verde deposits with other massive sulfide deposils

Buelva, Rio Tinto | Shasta County de-| Sulllvan deposit, | Rammelsberg de- | Mandy deposit, | Deposits at Kysb-
Iron Kling deposlt, | United Verde deposit, distriet, Spaia posits, California Canada posit, (Germany i Manitoba . tim. Russis
Arlzona Arizona (Bateman, 1927) (Graton, 14)9) (Swanson and {Lindgren and (Hanson, 1420) . (Stickney, 1915)
QGunoing, 1945} Irving, 1911)
‘
. Sulfide minerals
Pyrite Pyrite Pytite Pyrite Pyrite Sohalerite Pyrite -~ - Pyrite
Arscoupytite Arsenopyrife Arsenonyrite Chaleonyrite Arsenopyrite Chaleupyrite Arsenopyrite- Chazleopyrite
8phalerite Pyrrhotite Sphalerite Sphalerite sphulerite Galena ¥phalerite . Sphalerite
Galana Sphalerite (ralena Galena Chalcopyrits Pyrite Chalcopyrite - Tennaatite
Chalcopyrlte Teanantite Tetrahedrite Bornite Galena Arsenopyrite Galena - Gulena
Tennantite Bornite Enargite Bornite Bornite (rare)
Galena Luzonite Chalcocite
Chalcopyrite Famatianite Teanantita -
Chalcostlhite
W hitnevite
Umangite
- Hanchocornite
IMmanite ’
. Berthierite(?)- - ks
e
. Gangue mineralgand hydrothermal alteration products
Quarte Quartz Sericite Qnartz Chlorite Barite Sericite - { Quartz
Ankerlte Ankerite-dolomite Calcite Quartz Carhonutes *. Harite
Lerleita Chlorite . Barlte Specularite artz Sericlte
Apatite(?) Macnetite Dolozite Chilorite Rutils
Specular bematite Rutils

- 1 Listed in order of abundance,

g = g
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jcrystal tuffs. The quartz-sericite schists are llhely metamorphosed rhyolitlc
- tuffs and .crystal tuffs. '

(3) The Cre Horizon

The ore occurs as a series of overlapping conformable bodies of masSiVe

sulfldes and associated lenses of massive quartz and qpartz-ser1c1te schist.

A parallel zone of copper nlneralizatlon occurs w1th1n the stuctural hanglnw-
wall rocks, The massive sulfide lenses lie at the contact of the metarhyollte

of the Lower Spud Mcuntaln.Tuff and the meta~andesite at the base of thai.

Upper Spud Mountain Tuff(rlgure 6) 'The lenses of ore occur as "en echelon"

layers in compound lenses (Figure 5). The massive sulfide zones are fine-
grained and commonly banded, with gangue minerals consisting of quartz, -
carbonates, sericite and minor. chlorite, Pyrlte is the dominant sulflde, with
lesser amounts of sphalerite, gaiena, chalcopyrite and arsenopyrite. The

southern end of the ore zone grades into green-gray quartz=sericite schist;

-the northern end terminates sharply against greenish massive cuartz which

iocally contains coarse cfystals of.sphalerite and galena. .

The "Copper Zone" mineralization is a2 400 foot wide band of chalcopyfite—‘
tennantite occurring in veins and stringers with quartz and/or coarse blaék.
chlorite in the structural hanging-wall of (and therefore stratigraphicaily
below) the massive sulfide horizon. |

Gilmour and Still suggest that the orebody formed through the agency of
a volcanic hot spring (yielding metal-rich, siliceous sinter deposits) on; or
néar, a submarine surface of deposition.

(L) The Upper Spud Mountain Tuff

This unit is stratigraphically above the ore horizon and outcrops, to the
east of the mine. It is a series of 1hminéted ﬁo massive meta—andesites'and
interbedded sediments including tuff, crystal tulf and agglomerate., A thin

bed of conglomerate containing chert and jasper pebbles occurs near-the top
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!-bf this unit.

(5) The Iron King Andesite

This unit succeeds the Spud Mountain Tuffs and outcrops further to*ihe
§f : ‘ east than (4) (Figure 6). It grades upward (eastward) from pyroclastic mat-

L]

erial into undeformed massive andesite with locally preserved piilows.'

The United Verde and United Verde Extension Mines

Introduction:

These two mines, owned by Phelps-Dodge Cbrporation, lieamile apart, and
about 20 miles NMW of the Iron King mine. Underground mining has ceased at
both properties (United Verde Extension in 1938, United Verde in 1953), but

bpen pit operations are still in progress at United Verde.

1 T ';Lithology and Structure:

The massive sulphide deposits occur in the uppér part of the Ash Créek

" Group which consists of thick units representing two cycles of basaltié;ﬁo
L : ?hyolitic volcanics overlain by pyroclastics which are interbedded with ¢hert.
. fhe great thickness of the Ash Creek Group (over Z0,0CO feet) suggests a:
eugeosynclinal environment of deposition while pillow lavas and ferrugindﬁs
éhert beds indicate a subaqueous environment. The rocks are folded alohgaa
. N axis and have been metamorphosed to greenschist facies but generally,
felict textures and structures are preserved. The upper two formations of
Vthe‘Ash Creck Group (Figure 2), the Deception Rhyolite and the Grapevineij
bulch Fdrmation above it, contain the massive sulphide deposits at Jerome;
.fhe crystél tuff/quartz porphyry member of the Decehtion Rhyolife, calledfthe
Cleopatra Member, has beeﬁ dated at 1,820£10 million years.
(1) The Deception Rhyolite | .
This unit is approximately 4,000 feet of rhyolitic flows, breccias and

tuffs with the Cleopatra Member about half-way ﬁp the sectioﬁ. The upper
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-half of the Deception thollte is mostly breccia and crystal tuff w1th smaller
" beds of red siltstone.

(2) The Cleopatra Member

- This unit represents an intertonging complex of flow-banded quartz por-

phyry, breccias and crystal tuffs, The crystal tuff zone contains numerous

angular quartz clasts and large amounts of sericite and chlorite, The flow- _

'banded quartz porphyry is a rhyolltlc extru31on or shallow intrusioen,

(3) The Grapevine Gulch Formation

Complex intertonging of flows, breccias, crystal tuffs and fine—greiﬁed
tuffs is common in the Grapev1ne Gulch Formatlon and throughout the Ash Creek
Group. The lower part of the Grapevine Gulch Formation has a sharp contact
against the Deception Rhyolite and is composed of alternating bands of brec01a,
coarse= and fine~grained tuffs,‘cﬁerty shales and chert beds. The flne-‘
grained rocks of the Grapevine Gulch Formatlon intertongue with the ma351ve

sulphide lenses, Hinor, purplish, quartz-bearing crystal tuffs are found in-

“tertonging with the major beds of the formation,

(4) The Ore Zones
The United Verde Mine has:two'ore zones, called the Main and North

ofebodies (Figures 8 ,9510 and 11). The ore zones consist of massive sulphide

lenses and related "black schist" and "quartz porphyry" ores,

The massive sulphide lens of the Main orebody is pipelike and plunges at
60°. The contact of the massive sulphide with adjacent rocks is usually sharp,

but occasionally is gradational into disseminated pyritic rock., Cuartz lenses,

'cut by veinlets of pyrite and chalcopyrite, occur along'the hanging-wall‘énd

occasionally within the massive sulphide lenses. The contact between the
massive sulphide and the Grapevine~Gulch Formation on the hanging-wall side

of the lens is conformable (beadlng par&llel) and occasionally 1ntertong1n

. The North orcbody occurs in the lower levels of the mine about 500 feet north—

o
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"UPPER UNIT kqu) :

"Fie. 10 Intﬂrpretatuc section of the Cleopatra Member and associnted rocks after accu nulation and before™ fb'l'ding
In the northern part of the section, the Cleopatra Member is appreciably thinner and finer grained than to the southi: The,
youngest crystal tuffs in the Cleopatra Member intertongue with the massive sulfide lenses, upper unit of the Deceptlon
Rhyalite, and lower beds of the Grapevine Gulch Formation. .
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>;7}; west of the Main orebody.( It COuolStS of ainumbef of lenses all occurr

' within the fine-grained, bedded. rocks of the Grapevine Gulch Formation

:Q; that have been formed by Fe-ﬂ: metasonatlsm of the Cleooatra Lember and

;°'Grapevine Gulch Formation, mhe chlorltlzatlon 1s most 1ntense adJacent'

e fllllngs to constitute ore,

“"The black schist rock consists ofvlarge masses of nearly pure chlorit
' « - .

]
H
i

messive sulphide lenses, Anderlon and Nash suneest that the black schls rrock

: 1s the result of hydrothermal alteratlon due to upwelling of hot dense brlnes.

The black schist rock locally" contalns suff1c1ent chalcopyrite as fraCturf;u

—eee.

The'quartz porpnjry’ore is formed by chalcopyrlte infillings of fractures

1n ‘the Cleopatra Member and it is essentlally a downward continuation of the

"black schist! ore zone..
At the United Verde Exten51on mlne, ‘the orebody occurs in the Cleopatra
Hember, in undifferentiated Deceotlon Rhyolite rOCKu, and locally within.

GrapeV1ne Gulch Formation rocks. The massive sulphide body has been modified

- by supergene enrichment which produced a chalcocite ore zone., Attempts have

vbeen made to show the pre-Verde Fault relatlonshlp betheen the United Verde
and United Verde nxten51on orebodles (Figure 13) Correlation has been a E
“problem because of subsequent erosion and lack of a marker horizon, nut
although earller authors insist that the United Verde Extension represents the
:severed top of the United Verde orebody(Flgure 13, location III), the most
recent study of the problem, by Norman, Anderson, and Creasey (in Anderson.
~end Creasey, 1958), suggests that the most likely original location for

the United Verde Extension orebody is about 1300 feet ESE of United Verde

 (Figure 13, location ).

Anderson and Nash (1972) suggest that the ore deposits formed contem=

poraneously with their host rocks, but that they are not volcanic exhalativeu

sedimentary deposits. Their theory suggests that the ore is the result.pf:y

7
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hydrothcrm&l mineralizing sélutions, that is, hot brines which dissolvédnfhé
base metals out of the volcanics further down in the Ash Creek Group; roéé‘io
. the submarine péieosurface and deposited the massive sulphide lenses by pﬁe-
~cipitation, pore~filling, and complete large scale mineral replacement of,the

~ pyroclastic rocks which were at that time being deposited.
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_ AMERICAN SMELTING AND REFINING COMPANY '

Tucson _ Arizona
February 1, 1972

MEMORANDUM FOR: Division Supervisors

KUROKO DEPOSITS

Attached are copies of a few pages from a recent Japanese publication "Volcanlsm
and Ore Genesis'!, Unlversxty of Tokyo Press, 1970.

Over the past 20 years, newly discovered Kuroko deposits aggregate over 70 million
tons of high grade lead~zinc-copper éres, The principal occurrences are strati-
form and are believed to have been deposited on shallow sea bottoms during Miocene
volcanism., However, epigenetic mineralization===~- in stockworks, breccias, and
chimneys===~-- is present in many . cases. These structures are regarded as the
probable source of the metals in the stratiform (syngenetic) deposits.

Similarities to deposits in much older rocks are evident. For example,. at.

Buchans where barite overlies massive zinc-lead sulphides which are underlain

(in part) by siliceous, copper bearing stockworks. Another feature in common

here is the presence of detrital fragments of mineralization--=~~ indicating erosion
by turbidity currents, or otherwise.

The mineralized stockworks of the Kuroko deposits are depicted as being continuous
in depth, in contrast to the evidence at Buchans and at Rio Tinto, Spain, where
drill holes pass downward into unmineralized volcanics. In view of this lack of
depth continuity, it has been theorized that the copper in the Rio Tinto dissemi-~
nated ore body was derived by remobilization from adjacent cupriferous pyrite----
a process promoted by tectonics involved in the crest of a tight fold. If,
however, the stockworks constitute the source of the stratiform deposits,. they
could occur in the flanks of folds or wherever stratiform occurrences are found,
although gravity sliding* (of the massive sulphides) could have separated them

in space, The latter could account for the absence stockworks beneath or near
some of the Kuroko deposits and likewise at Buchans.

A CoreTrght—

J.H. COURTRIGHT

* L.J.G. Schermerhorn, The Deposition of Volcanics and Pyritite in the Iberian
Pyrite Belt; Sociedade Mineira de Santiago (date missing)

JHC:kre

Encls: as noted

cc: J.J. Collins w/encl,
Eric Swanson, Buchans w/encl.
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Kuroko Deposits 1n Japan, a Review

~ Toshinori MATSUKUMA
Akita Unicersity

Ei HorixosH1

Kyushu University

INTRODUCTION

The “Kuroko’ deposit is a strata-bound polymetallic mineral deposit genetically
rclated to submarine acid volcanic activity of Neogene Tertiary in Japan. The de-
posits have been exploited and mined since middle of the nineteenth century.
Recently, they attracted the attention of all Japanese mining geologists and miners
through the discoveries of new Kuroko deposits of more than 70 million tons of
high-grade lead-zinc-copper ores over a period of twenty years.

Studies on the deposits in the early part of this century offered many interesting
discussions. Fukucur (1902) and Onasui (1919) presented the syngenetic hydro-
thermal theory for their origin, but Karto (1915) emphasized a hydrothermal re-
placement origin. KiNosurra summarized his studies on the Kuroko deposits

- and proposed a low-temperature metasomatic theory (Kivosuira, 1924, 1929,

1931, 1944). The theory was supported by most of Japanese geologists for a long
time. Recently, WaTanase (1956, 1959) again suggested submarine volcanic sedi-

~ mentary origin for the Kuroko deposits, and the syngenetic ‘thcory has been

accepted by many mining geologists in Japan since then. They succeeded in
prospecting the deposits based on this concept. On the other hand, recent develop-

“ment of the deposits has presented many opportunities for providing new field

data. Especially, relations between volcanic activity and mineralization and
evidences for submarine hydrothermal and exhalative sedimentary origin of the
deposits have been accumulated. '

“Kurcko,” an old mining term in Japanese meaning essentially black ore, was
named because of its black colour. HiraBAvAsuI (1907) defined it as an ore which
s a fine compact mixture of sphalerite, galena, and barite. KinosimTa (1944) de-
fined “Kuroko deposit™ as a deposit genetically related to the Tertiary volcanic
rucks, consisting of one or a combination of Kuroko (black ore), Oko (ycllow
ore), Keiko (siliceous ore), and/or Sekkoko (gypsum ore). He emphasized that the
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Kuroko deposit should be limited to the deposit in which typical Kuroko occurs,
He also proposed that the name “Kuroko-type deposit™ be applied to such an ore
deposit as allied types consisting of only pyritic or pyritic-siliceous ores, or as vei-
type deposits formed along paths of mineralizing solution of the Kuroko deposit«
On the contrary, Onasur (1962) recently gave the name “Kuroko-type deposit™
to one which is defined as bedded sedimentary deposit formed by submarine vol.
canism. Following him, Horikosur (1965) gave another proposal from the view.
point of metallogenesis, that a “Kuroko-type deposit™ is a deposit formed undcr
conditions of nearly neutral pH and sufficiently low Eh.”” The Kuroko deposit.
are, however, so complicated in their nature that these brief definitions are not
sufficient to show their characteristics. It is desirable to have the nature of the
Kuroko deposits understood through following descriptions on the deposits.

GEOLOGIC SETTING

All of the Kuroko deposits occur in the so-called Green Tuff ‘region (cf.
Part 1). Distribution of the Kuroko deposits in the Tohoku district is shown in
Figure 1. Geology of the region in northeastern Japan is characterized by forma-
tions of thick geosynclinal sedimentary pile of about 3,000 meters in: maximum
thickness. Stratigraphic succession of the Miocene formations in the region is
representated typically by that of Akita district where the large Kuroko deposits,
such as those of the Kosaka, Hanaoka and Shakanai mines, are located nearby
(Table 1). Though age of metallic mineralization of Miocene in this region is not
single, the age of the major one is from middle to later Miocene at which structural
development of the geosyncline changed its nature. The Nishikurosawan stage wis
a period of beginning of the geosynclinal sinking in the inner zone of the Tohoku
district, northeastern Honshu. This sedimentary basin shows maximum sinking
at the Onnagawan and Funakawan stages. But the eastern part of the basin,
where upheaval movement of the basement began at the Nishikurosawan stage,
offered the place of intense volcanism which was associated with Kuroko miner-
alization. As compared with the main part of the basin which is the most produc-
tive oil field in Japan, the eastern marginal part may be considered to be not an
open sca, but an inland or a trench-like sca. :

Based on our present knowledge of the mode of occurrence of the Kuroko de-
posits, we know that most of them occur in a definite stratigraphic horizon of the
Nishikurosawan stage that is characterized by the accumulation of sandy and
muddy sediments in which abundant molluscan fossils of warm current are found.
The lcading microfossils of the stage are as follows: Globigerinoides triloba (REUSS],
Nonion kidoharacnse Fuxkupa, Globorotalia ¢f. fohsi Cusnman et ELLisor, G. Scitwa
(BrADY), Globigerinoides trilobus (Reuss), Ammonia tochigiense (Uctio), Pullenia bul-
loides (D’OrsicNY), and Gyroidina orbicularis D’OrpicNy. On the other hand,
scdiments of the Onnagawan stage conformably overlying the Nishikurosawan

9
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Fig. 1. Map showing distribution of the Kuroko-type deposits in the
Tohoku district (Northeast Honshu).

formation, show homogeneous lithologic facies over all areas, and consist of thick
well-stratified siliceous and hard mudstone intercalating thin acidic tuffs. The
formation is considered to be cold current sediments, and is generally poor in
fossils.

The fact that Globigerina sp., Globorotalia sp. and some others, seemingly the re-
presentative species of the Nishikurosawan stage, were found from altered muddy
tufl in ferruginous quartz zone directly overlying Kuroko orcs of the Uchinotai
deposits, Kosaka mine (IsHikawa, 1964), is very important in_the consideration
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Table 1.. Schematic geologic succession of the Miocene formations in the
Akita district, northeastern Japan (after Huzioxa, 1963)
Age Stage Lithology Remarks
e . Rhvyoli ite s 1 - .
F'entokuji { volite, dcflcm', andesite, mudstone, and Dewa Disturbance
sandstone (marine)
- —hl — - — - e — e - — i —— s — e e ey Y -
I.,alc Funakawa Rhthlc, andgsllle-(hu:xtc, black mudstone
Miocene (marine) » F
Onnagawa Rhyolite, andesnc-damm! basalt, dolcme,
S siliccous hard shale (marine)
Rhyolite-dacite-andesite, basalt, quartz- “m-===-Oil-bearing formation
Nishikurosawa - diorite (holocrystalline granitoids), — pff f A--eemeee—ee Kuroko deposits and
Middle sedimentary rocks (marine) allied veins
Aiocene i Regi <y
. . . i egional sink
Daiiima Rhbyolite-dacite, basalt, sedimentary rocks glona g
ayir (plant and moolluscan fossils) frommemm———- Metallic mineralization
Trachytic rocks, alkali-rhyolite, dacite,
Monzen altered andesite, olivine basalt, . .
Farly sedimentary rocks (plant fossils) TmoTmmmmmses -===--Intensive and extensive
Miacene . volcanic activity
Akashima Altered andesite, dacite

Pre-Tertiary

Granite and slate
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~ of age of the formation and gencsis of the Kuroko deposits. At the Shakanai mine,
zonal division by microfossils is utilized for correlation of formation boundary
and ore-bearing horizon.

Volcanism of the earlier Miocene in the Akita district was characterized by
the alkaline and tholeiite rock series. The latter continued to the Nishikurosawan
- stage. From the later Nishikurosawan to Funakawan stages, volcanism of calc-
alkaline rock serics was intensely active. It includes activitics of various kinds of
volcanic rocks, such as augitc-olivine basalt, two-pyroxene andesite, hornblende-
pyroxene andesite, dacite and rhyolite. Some acidic members are plagiorhyolite
which has no mafic mineral, or dacitic rock which contains small amounts of bio-
tite, hornblende and rarely pyroxene. The Kuroko deposits were formed in close
relation with the activities of calc-alkaline rock series. :

Based on his field observations, Sato (1968) concluded that the Kuroko miner-
alization of the Kosaka mine took place on a rather shallow sea bottom, probably

100-200 meters in depth, and the sedimentary basin was bounded by a barrier to
‘open sea, though it was linked with the open sea through some channels. His con-
clusion may be applied to many other mineralized areas of the Kuroko deposits.

FORERUNNING VOLCANIC ACTIVITY

As the Kuroko deposits have close genetical relations with submarine volcanic
activity, it has been required in particular to study the mode of volcanic eruption
and mechanism of emplacement and sedimentation of pyroclastic materials in the
sea.

According to the results of geologic surveys in the mining area, most of pyro-
clastic sediments under consideration are pyroclastic flows deposited from tur-
bidity cug,cggs accompanying submarine eruptxon Thcy generally started first .
with massive tuff breccias rich in lithic fragments and then changed to notably
stratified tuffs intercalating mudstone with double grading. Emplacement of lava
domes and flows repeatedly took place during the period of pyroclastic sedimenta-
tion. Some of them are small in scale, but others extensively overflowed on the sea.
bottom.

Submarine lavas under consideration show. auto-brecciated structure due to
rapid cooling in many cascs. Steam explosions also took place on the side of the
dome during or after the formation of lava domes and flows. Horixosur (1966)
showed that the mass of these explosion breccias is only 30X 30x 10 meters. St-
rongly altercd rhyolitic lavas have been frequently reported to lie under the
Kuroko deposits. It has not been confirmed whether they consisted of several
flows or single one. They are called “white rhyolite’” by mine geologists and they
are generally poor in phenocrysts, massive but brecciated, and altered to quartz-
sericite rock, white to light grey in colour in most cases. Their primary petro-
graphic properties are not easily identified. Most of them found at the Kosaka and -
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Hanaoka mincs are small lava domes, not more than several hundred meters iy
diamcter. It is questionable whether or not rhyolite lava flows under the ore-bear-
ing sedimentary complex continuously occupy the underground of the nort},
Akita sedimentary basin from Odate to Kosaka as shown widely in gcologlc pro-
files by SAkazakr et al. (1965). v

Most of the Kuroko mineralization are genetically related to activitics of the
lava domes of relatively small scale. Rhyolite masses in the Kawajiri formation -
around the Tsuchihata mine are composed of three types characterized by dif-
ferent petrographic properties. They are lava flows, lava domes associated with
flow type in part and intrusive lava domes. Each mass is small in scale under
I km? even in the largest one. Nine dacitic masses found in the Kosaka formation
near the Kosaka mine are also lava domes of very small scale. The Kuroko miner-
alization seems to have genetical connection with exhalative action that followed
the steam explosions. However, some of lava domes were accompanied by thxs kind
of explosion, the others were not.

Though properties of the forerunning volcanic actmty accompamed w1th lava
domes have been gradually clarified in the Kuroko mining area, the Kuroko de-
posits are not always associated with volcanic activity of this type, and there are
many deposits which occurred only in pyroclastic flows without any lava dome and
flow. Such are distributed in southern area of the Tohoku district, some examples
being deposits of the Yoshino mine, Yamagata Prefecture, and gypsurn deposits of
the Aizu district.

ALTERATION

Various modes of rock alteration are distinguished in the area of the Kuroko
mincralization; (1) diagenesis, (2) regional alteration, (3) post-magmatic hydro-
thermal alteration, and (4) alteration directly related to mineralization. These
alterations generally are not easily distinguished from each other, because they
overlapped in many cases, especially in the mineralized area.

UTtapa (1965) investigated rocks of zeolite facies of Mogami district, Yamagata
Prefecture, and concluded that (1) Tertiary formations in the region may be
divided into five zones of zeolite facies according to the assemblage of authigenic
mincrals replacing volcanic glass, (2) the boundary of each zone is not always con-
cordant with stratigraphic boundary and geological structure, and (3) nature of
regional zeolitization may be controlled not only by nature of sedimentary procgss
and kinds of source materials, but also by some other processes acted after burial
of the sediments. He classified the zeolite facies of the district as follows:

Zone I: Unaltered glass; (opal and montmorillonite)

Zonc IT:  Clinoptilolite, mordenite, opal and montmorillonite

Zone II1:  Analcime, heulandite, adularia, chalcedony, quartz, montmoril-

' lonite, “intermediate clay” and chlorite; (albite and epidotc)
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thickness. The boundary planc of each alteration zone crosses a stratigraphic
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Motoyama dacite lava domes is situated in the most western part of the distribut-
ing arca of the Uwamuki tuff breccia, and the member can be subdivided into
scveral unit beds near the lava domes by thin strongly argillized bed, and (b)
petrographic characteristics of the lithic blocks of the Uwamuki tufl breecia and
the Motoyama dacite are very similar, A large quantity of lithic blocks which
compose the Uwamuki tuff breccia are inferred to have been formed by phreatic
explosions of the dacitic magma brought into contact with sea water around
the submarine vents. ‘

Motoyama Dacite Lava Domes :

Nine dacite lava domes are recognized in the Kosaka formation of the mapped
area (Fig. 4). Their eruptive sequence, which can be determined by spatial rela-
tion of the neighbouring domes (HorikosHi, 1969), is indicated by numbered
“M” suflixcs. Though their shapes are more or less dome-like, three modes of
cmplacement are recognized among them, i.e., shallow intrusion (not pouring on

. the sea bottom), dome (partly pouring on the sca bottom) and lava flow (wholly

pouring on the sea bottom) (Horikosui, 1969).

Motoyama Volcanic Breccia

The volcanic breccia is accompanied by five lava domes, Ms to Ms. The follow-
mg features are observed in the volcanic breccia: (a) It occurs on the flanks of the
lava domes, (b) it grades downward into the auto-brecciated parts of the lava
domes, (c) it consists entirely of fragments of the lav1, and (d) grading in the
volcanic breccia is of a single cycle.

These features strongly suggest that the volcanic brccma were formed by steam
explosions at the flanks of the lava domes just after their emplacement.

MINERAL DEPOSITS
DistriBuTION OF THE MINERAL DEPOSITS
- The Kuroko deposits of the Kosaka district occur in and above the Moto-
yama volcanic breccia and, in some parts, in the Uwamuki tuff breccia. They are
arranged in NNW-SSE direction as seen in Figure 4. The most marked feature with

_respect to the site of mineralization is the intimate relation of the dacite lava domes

and the accompanying volcanic breccia with the mineral deposits. For example,
the Uchinotai-nishi deposit is accompanied by M lava dome, the Otarube
deposit by My lava dome, the Uchinotai-higashi deposit by Ms lava dome and the
Motoyama deposit by M, lava dome.

Vemxorat-nisir DEpOSIT

General Remarks
Uchinotai-nishi deposit is the most western and earlicst developed deposit in
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the Uchinotai arca. It is composed of two ore bodics, which are arranged in W
direction separated by a fault. There are two different sites of sulphide mineraliza.
tion. One is a disscmination deposit in the Motoyama Ms volcanic breccia, and
the other is a stratiform deposit situated between the Motoyama Mg ‘voleanic
breccia and the Kosaka-Tetsusckici bed.

The stratiform dcposit is generally divided by zinc content into zmc—rlch upper
half and zinc-poor lower half, and ores from these parts are called Kuroko
(black ore) and Oko (ycllow ore), respectively. The boundary plane ‘between

- the stratifoerm deposit and the overlying Kosaka-Tetsusekiei bed is sharp and

essentially parallel to the bedding plane of the overlying rocks.

The nature of ores changes gradually downward from the stratiform deposu to
the disseminated deposit through a narrow transitional zone (less than 1 m). The
disseminated ore is mostly highly siliceous and called Keiko (silicecous ore). The
structurc of the volcanic breccia is well preserved in the disseminated ore. The
distribution of cconomic disseminated ore is restricted within the volcanic breccia.
In the underlying brecciated part of the dacite lava dome (Ms), the amount of
sulphides is decreased. Further downward, both the brecciation and mineralization
become weak enough to call the rock altered dacite. .

A gypsum ore body occurs at the eastern margin of the volcanic breccia in the

- shape of an irregular mass besides the above-mentioned sulphide deposits. -

Mineral Assemblages and Zoning of the Ores

The main hiypogene minerals constituting the sulphide ores are pyrite, chalcopy-
rite, sphalerite, galena, and minerals of tetrahedrite group with quartz and barite
as gangue minerals. These minerals,-and also some accessory minerals, show a
remarkable vertical zonal arrangement. In the case of the western ore body. of the

. Uchinotai-nishi deposit, the whole ore body can be divided into five zones according

to the mineral assemblage. Vertical change of the mineral assemblages is shown
semiquantitatively in Figure 5 and the distributions of the zones are shown in
Figure 6 in a vertical section of the ore body.

Zone 1 is characterized by a pynte-chalcopyntc—quarlz asscmblage In the most
western part of the ore body, minor amount of barite may appear in thlS zone,

" which corresponds to the disseminated part of the ore body.

Zone 2 has a simple assemblage of pyrite and chalcopyrite with considerable
amounts of scricitc and chlorite at the marginal parts of the ore body. Minor
amounts of barite and sphaleritc appear in the western part of the ore body ‘This
zone corresponds to the lower part of the stratiform deposit.

Zone 3 includes many minerals such as barite, sphalerite, galena, mmerals of
tetrahedrite group -(including freibergite), pyrite, chalcopyrite, etc. Figure 5
shows a decrease in chalcopyrite and pyrite and an increase in sphlerite, galena,
and minerals of tctrahedrite group in this zone. Besides the above-mentioncd
minerals, bornite, clectrum, argentite, stromeyerite, diaspore, and vacsite have
been detected by microscopic cxamination in some restricted parts of this zone.
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Sericite and chlorite occur also as tiny flakes along the grain boundaries of the
above-mentioned minerals and, in some places, as bedded or lenticular accumula-

tions (usually 10 to 30 cm thick) in the ore. At the northern part of the ore body, -

alena is concentrated in the uppermost part of zone 3 (up to 1.5 cm in width),
characteristically co-existing with minor amounts of clectrum and stromeyerite.
"This galena concentration and also the bornite-bearing part would be character-
istic enough to establish subzones within this zone. Zonc 3 corresponds to the
upper half of the stratiform deposit. -

Zone 4 is a bed above zonc 3 characterized by barite and, in places, flour-
apatite.

Zone 5 is a thin quartz-hematite bed in the uppermost part of the ore body. This
zone corresponds to the siliccous variety. of the Kosaka-Tetsusekiel beds des-
cribed in the preceding section.

As stown in Figure 6, zones 2 to 5 are distributed roughly prallel with each
other and to the boundary plane between the ore body and the overlying rocks.
There is a general tendency for an upper zone to extend wider than a lower zone.

The peculiar occurrence of chimney-like siliceous ore in the central part of the

Zone 3 [Zone 4 Zbﬂg_sjmtt&rfed

Pyrite
Chalcopyrite

ST e R R e

Sphalerite

Galena

Tetrahedrite-
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Relict structwre | )
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Fig. 5. An example of vertical change of mineral assemblages and textures in
the ore body (along line 19, Level 120). Amounts of the minerals are shown
semi-quantitatively by width of the bars.

i
!
1
¥
H
!
1
{

(W]



R e S LA ERY

-

P I R e s T

S VU

190 MINERAL DEPOSITS OF VOLCANIC AFFINITY

F_%_!Akamori pumice tutf

I"A. "Lq Uwamuki tuff breccia Wes}i East
1160

- N N
A A Motoyama volcanic breccia

[
N

L& L Bracciated part of LL D
L Motoyama dacite lava dome LLp

1140
tiﬂ Clayey part LLL L

1120

e § 4100

— L
oo o] zones {Quartz-hematite bed)”

( —‘ Zone-4 (Barite ore) '-"L- L t L t A)‘:f&’t‘\h‘( 13
- LLLLLELLAE LN A7
?“t;t} Zone-3 (Polymetallic. ore) . Mgl L L L L L“‘ﬁ/t(f}»’\,-’/ :
M Zone-2 (Pyrite-chalcopyrite ore)s b B LLLA L/éL;\A 9%
2% : ) LLiwbliutl 40
@ 2o0ne-1 (Disseminated pyrite- LLLLLLLL LA X
chalcopyrite ore) LLLLLLLLL L .
Z =7 | Unzonable ore 1 LLLLLLLL LW 7//
/

- Complex part L
[1+757] siticeous chimney J bttt blbn

'4
/7 Fault o
'

] < 60m -

Fig. 6. Section of the western ore body of the Uchinotai-nishi deposit
showing the distribution of the five zones and the complex part.

ore body is out of harmony with the general vertical zones as seen in Figure 6. In-
this part, pyrite and chalcopyrite are disseminated in fine-grained quartz rock
with sporadic amounts of barite, sphalerite, and galena. Several veinlets, 10 to 30
cm wide but not of great length, of chalcopyrite with many druses occur in the
center of this chimney. The ores surrounding the chimney have various mineral
assemblages including some assemblages different from those of the above-men-
tioned zones, such as pyrite-chalcopyrite-barite and sulphides-barite-quartz. To-
gether the siliceous chimney and the surrounding unzonable ores are called the
complex part. ‘ o -
With the exception of a gypsum ore body and occurrence of dolomite above
zone 3 (its relation with zone 4 is unknown), the main mineral assemblages of the:
castern ore body of the Uchinotai-nishi deposit are alinost the same as those of the

_above-mentioned western ore body. The gypsum ore body is situated in a lower -

horizon than that of the stratiform ore body. It consists almost entirely of gypsum
with small amounts of chlorite and sericite.

Textures and Structures of the Ores :

Both macroscopic and microscopic features of the ores are also different accord-
ing to zones divided on the basis of the mineral assemblage. The features of the
two ore bodics of the Uchinotai-nishi deposit are almost similar. »

Macroscopically, relict structures of the explosion breccia are clearly observable .
in the ores of zone 1. Sulphides occur both in the matrix and the fragments of the
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o

Fig. 2. Horizontal projection of No. 1 ore deposit,
showmg arrangement of ore bodies.
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Fig. 3. Geologic profile of No. 1 ore deposit (along A-B line in Fig. 2).

and rests on the slope of the footwall rhyolitic rocks. The metallic ore df:pdsit is
composed of several ore bodies which lie along NE-SW dircction as shown in
Figure 2. The average scale of the ore bodies is about 50 m X 50 m in plan. Each of
these ore bodies hias an irregular, lenticular shape being overlapped and is com-
posed of cither massive ore or fragmental ore, or of a combination of the two. The
gypsum dcposit occurs in bedded form underlying the metallic ore deposit. F. oot-
wall rocks are sometimes silicified and mincralized in places.

Figurc 3 represents the geologic profile of the No. 1 ore deposit, which shows thc
typical modc of occurrence of various kinds of ore. As is clearly shown in the pro-
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file, Ryukako (pyrite orc), Oko (yellow ore), and Kuroko (black ore) are strati-
ficd in ascending order, and also several Kuroko ore bodies occur in layers.

Syngenetic Ores
Onc of the most significant features on mode of occurrence is that of fragmental
ores, which gives us much unique information on the mode of deposition of the
ores. Before proceeding with the description, let us mention some characteristics
_of the fragmental ores.
The fragmental ores are composed essentially of “ore fragments” and “‘ore
matrix”’. Shape and size of the ore fragments vary sidely. Colloform banding and
compositional banding in the ore fragments can never be traced to the matrix and

the arrangement of these banded structures is extremely random, which strongly -

supports the idea that the ore fragments arc cxactly clastic materials. The matrix
usually consists of minute particles of ore fragments and has sometimes quite
similar appearance to massive ore defined in the preceding section.

Within each deposit of fragmental ores, lateral and vertical size-grading of ore
fragments can be recognized. Such ores can be called “‘graded ores”. As is clearly
shown in the geologic profile, it should be noted that lateral facies change, massive
ore to fragmental ore, is also observed in some ore bodies.

Ore fragments in each ore body are usually composed of the same kind of ore.
At the bottom of the lowest unit of ore bodies which are composed of fragmental
Kuroko (black ore), however, some fragments of Oko (yellow ore) can be recog-
nized. This fact strongly suggests that the Kuroko bed must have grooved the Oko
bed. In the upper part of the ore deposit, tuff, mudstone, and fragmental ore
alternate with each other, where mudstone and tuff are usually grooved by frag-
mental ore and are sometimes partly worn away.

An imbricate structurc of platy ore fragments is frequently obscrved in the
upper portion of each fragmental ore bed. Cross-laminae are also recognized
sometimes in the uppermost fine-grained portion of each fragmental ore bed.
Figure 4 is a schematic sketch showing a typical mode of occurrence of a frag-
mental ore bed.

Figure 5 is a geologic plan showing the mode of occurrence of fragmental orcs.
The lateral facies change, massive ore to fragmental ore, is clearly shown in the

~ plan. Based on some scdimentary features sucli as size-grading, channeling or

grooving structure, and imbricate structure, the flow-direction of cach ore body as
shown in Figure 6 can be determined. It should be emphasized that in following
flow-dircction upward we can find a silicified zone with metallic veins in the
foot-wall rocks. '

Thus, the features mentioned above strongly support the idea that fragmental
ores must have been formed by slumping or sliding of accumulated sulphide masses
after and during ore deposition. We must examine massive ores in detail in order
' know the primary sequence of mineral deposition. Mineral paragenesis in the
massive ores will be briefly discussed by the writer in another paper in this volume.
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Fig. 4. Schematic sketch showing a typical mode of occurrence of a

thin graded ore bed.

Note sedimentary features such as vertical size-grading of ore fragments,
imbricate structure of platy ore fragments, and channeling or grooving

structure at the bottom.
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Silicified Zone and Epigenetic Ores

In the foot-wall rocks of the metallic ore bodies, “silicificd zones” with metallic
mineralization in places can be recognized. Such mincralized rocks are usually
called Keiko (siliccous ore) in the economic sense. In the silicified zone, the
textures of original rocks are sometimes well preserved. The chemical composition
is characterized by extremely high silica content, low alkali, and low alumina in
comparison with the original rocks.

Metallic veins and stockworks occur in the silicified zone in many places.
Figure 7 represents their distribution superposed on thessilicified zone. The metallic
veins are sometiines zoned vertically; pyrite vein, chalcopyrite vein, and sphalerite
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Fig. 5. Géologic plan of 115 ML.
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Fig. 6. Flow direction of Kuroko (black ore). Small arrow marks rep-
resent flow direction estimated from imbricate structure of platy ore frag-
ments. '
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Fig. 7. Silicified zone (inside dented line) and distribution of metallic veins (cross~
hatched area). Broken line represents the outline of the ore deposit.
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Fig. 8. Schematic diagram showing a typical mode of occurrence of
metallic veinlets,
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vein in ascending order. Barite and galena sometimes occur at the top of the veins.
A typical mode of occurrence of epigenetic mmcrahzauon is shown schematically
in Figure 8.

Judging from spatial relations among massive metallic orc bodics, silicified
zone, and metallic veins, it is evident that original cracks and fissures in the silici-
fied zone with metallic veins must have been principal feeder channels through
which the ore-forming solution was supplied.

CONCLUDING REMARXKS

The mode of occurrence of the No. 1 Kuroko deposit of the Shakanai mine has
been briefty described here. Among many features the writer have focussed atten-
tion especially on syngenetic features in the metallic ores. Sedimentary features in
the ores are summarized as follows:

1. Graded bedding of ore fragments (htcral and vertical s1ze-gradmcr of ore

fragments).

2. A channeling or grooving structure at the bottom of eéach graded-ore bed.

3. An imbricate structure of platy ore fragments within each graded-ore bed.

4. Cross lamination of fine ore fragments at the uppermost part of a graded-ore

bed.

5. Lateral facies change, from massivc ore to fragmental ore (massive—blocky

—breccia—powdery), in an ore body. '

These features strongly support the idea that several occurrences of submarine
sliding or slumping took place after and during the Kuroko deposition.

Mode of occurrence of epigenetic ores was also briefly touched. Convincingly,
the original cracks and fissures in the silicified zone with metallic veins are sugges-
tive of feeder channels through which the Kuroko-forming solution was supplied.

As is shown in the geologic profile (Fig. 3), it may be clear that the metallic
mineralization took place somewhat after the gypsum deposit was formed. This
may suggest that gypsum was not deposited from the same ore-solution from which
metallic minerals were precipitated.
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Mr. J.J. Collins o
Director of Exploration '

120 Broadway

New York, New York .10005

SANTA ROSA SOUTH
Heisen Leases
New Mexico

ADear Sir:

On Thursday, September 21, Mr, Hoskins and I met Mr. Charles
Heisen in Albuquerque, on our way to Iron Mountain, at Mr. Heisen's
request.

Mr. Heisen has a sound theoretical knowledge of roll fronts, and
was a co-worker of Rackley and Shockey when they wrote their authori-
tative papers on the subject. He has picked up about 35,000 acres of
state leases, scattered along a north-south strip east of the Pecos River,
from approximately Santa Rosa, New Mexico to east of Roswell, New
Mexico, in a strip about 90 miles long.

He has drawn an approximate position of an oxide-sulfide contact
in the Santa Rosa sandstone, a unit about 120 feet thick, based on
examining oil well cuttings in holes spaced about 10 miles apart. In
‘cuttings on the oxide side of the front, sparse malachite occurs. Copper,
lead, etc. in pyrite on the high pyrite side of this front are quite anomalous.

Mr. Heisen wants essentially $200,000 as advance royalty for his
efforts, plus a one percent carried interest.
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Neither Mr. Hoskins nor myself regards the Santa Rosa as an out-
standing potential copper host, although the Pintada and Stauber mines
both occur at the north end of Heisen's area, and another approximately
750,000 tons at .7% Cu has apparently been drilled out about 15 miles
southwest of the Stauber.

I told Mr. Heisen that it was my opinion that this was too risky
a business for us in its present state, but if he had some holes in ore,
we might then look at the proposition more favorably. Mr. Heisen
believes that he will have no trouble disposing of the property on about
the terms outlined and believes that Conoco will probably accept the
deal.

Conoco has a number of geologists in Albuquerque working on
stratiform coppers, concerned with worldwide occurrences. They are
also establishing a research team in Ponca City, in their Research
‘Department, concerned solely with stratiform coppers. They have done
some drilling in New Mexico in occurrences we would regard as _
essentially worthless. In the light of all this, it is possible that Conéco
may accept such a proposition, although it seems to us that Heisen 1s
expecting $200, 000 for no work except obtaining some state leases,
part of which are misplaced.

Very truly yours,

gﬁ—‘b&x‘\\) ‘\LJ;

Stephgn Von Fay

cc: JHC /
WILK




.. / STRATABOURD COPPER SULFIDES: IN THE PRECAMBRLAN BELT SUFLAGROUF,
. .
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The stratabound copper sulfide deposits described in this repott occur locélly

N kel

in a zonc approwimately 120 miles long and 40 miles vide that LALendq qoutn anutlez L.
from southern British Columbia along the Tdaho-Montana border to ncar the Coeur

d'Alene mining district, Idaho (Fig. 1).
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Figure 1. Georeralized distribu

ticn of Delt Supergroup recks in the westera United
States and copper su bal ‘
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’ //' Much of the data on, individual deposits is confidential material of several
ik | mining companics.. The purpose of this paper, therefore, will be to discuss the gen-
‘«. . A . .
: ‘eral distribution, mineralogy, paragenesis, zonation and stratigraphic controls on

Y

copper sulfide distribution, ' . ' .
Copper sulfides occur locally in the Precambrian Belt Sdpcrgroup of northern

Idaho and western Montana and in the stratigraphically equivalent Purcell series

Ry

of southern,British Columbia. The Belt Supergroup and Purcell Scries are 2 thick
sequence of shallow water marine deposits that crop out over an area in excess of

50;000 square miles (Figf 1) and attain a thickness of over 40,000 fect.
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Belt Supergroup -

t

- W
The major subdivisions ol the belt.Supergroup were defined by Ranscme and Calkins

(1908, p. 23) and Shenon and McConnel (1939, p. 3). The formations {rom oldest to (

youngest are the Prichard, the Burke, the Revett, the St. Regis, the Wallace, and the’

ot 4., 1 [N L. . . .
G G St S et s Gt s S i S

Striped Feak. ' : : ‘ . 2

e S

Detailed descriptions of Belt Supergroup rocks are given in numerous other report
& L would refer VYoo o ' ‘ 4
[ GRA .: 3

. 1

i Foferiadacpoci-frealiw to descriptions by Harrison and Jobin
; P y
¢ .

(1963) for the northern portion of the area and by Hobbs

and others (1965) for the

- southern part of the area. B ) . ‘

- S P . —

g According to Harrison and Grimes (in press), rocks of the Belt Supéfgroup range

1

{

» . } . .
from unmetamorphosed to greenschist facies.
Pt &

The Belt Supergroup ranges in age from 900 million years to more ;han 1,300
million years (Obradovich and Peterman, 1968, p. 746). Lithostratigraphic cquiva-

lents of the Belt formations in .which the copper sulfide deposits occur were deposited

at about 1,100 m.y. and 1,300 m.y. (Obradoevich and Peterman, 1968, p. 746).
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The major structural elements in the study area are northwest-southeast trending

.

high—-angle faults, nost of which have' a large component of strikc~slip‘disp]acom?nt.

g

The area is bounded on the west by the Purcell Trench and on the south by the Osburn
‘and associated faults,
...-ﬁr-; ‘ .

) QC";’TThe major folds of the area are large- qcale Opcn .,yncllncs (1‘18. 2).and anti-
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Figure 2. Contact between Revert Formation (FGR) and overlying St. Regis Formation
‘ (PgSr) exposed in broad open syncline. :

Sulfides in the Belt Supergroun

.-

v Stratabound copper sulfide occurrences have been observed in-all "of the forma-

tions of the Belt Supergroup. lowever, the major concentrations of possible econonic

- " ™ ’ e
jnportance that I have seen are in only the Revett Formation. fLocally significaat

occurrences can be found in the overlying St. Regis and underlying Burke Formations.
¥ ’ .
Regardless of the formation in which the copper sulfides occur, they are charac-

teristically confined to the quartzite and siltite members of the formation and are

most abundant in the coarser phases of these members.

L.

. The following discussion will deal primarily with sulfides in the Revett Forru-

tion. llowever, the general. features are applicable to copper sulfide occurrences

in the other formations.
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The Revett lorratlon has been measured in several areas and shows a wide range

.

in thickness. In the Cocur d'Alene mining district the formation_rangés from 1,200
to 3,400 feet (Hobbs and others, 1965, p. 37). Harrison and others (1963, p. Kfll)

measured a thickness of approximately 2,000 feet in the Pend Orcille grea and T have

S N measured sections runglng from approximately 300 feet Lo more than 4,000 feut in

(PR .t e -

western Montana. ' - <
“::K
\

; In thei{égd Oreil%g}arca (Mtarrison and Jobin, 1963, p. K-11)) nd near Troy, |

5

o

.. Montané? the Revett Formation can be divided into three units of massive,quartzitc;

one «. the base, another near the middle, and the third near the top of the formation.
C— - . .

outhward from these exposurcs toward the Cocur d'Alene district the Revett appears

to thicken and become an. intercalated sequence of quartzite members and argillitic

P
——

UarLGtQ*ggg siltite members,

SLlﬁwr'* ¥i
The Revett Formation is typically cro¢sbedded (Fig. 3) on a scale which ranges

l
!.%, "~ from microscopic to large foreset beds over 4 fect high. The large-scale cross-

bedding, essentially uniform direction of dip, shallow vater features, and internal

( _ . A
sedimentary structures indicate a near shore envircmment and suggest that much of
; the Revett is composed of beach and bar deposits.
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Figure 3. Massive crossbhedded Revett quartzite showing blochky fracture. ’
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Locally”the Revett is calcarcous or dolomitic. Many of the carbonate~rich

,
RO - ,uartZitC members appear to be the host rock for the copper sulfides.
The quartzite members of the Revett Formation are remarkably uniform in mineral
V,g,,.,?‘r .
! composition. | Table 1 contrasts the modes of Revett quartzites in the Pend Oreille
hrea (Harrison and Cambell, 1963, p. 1417) with mineralized Revett quartzites from
: sithin the study area.
3 ’ ’ TABLE l} Average modes in volume percent of Revett quartzites
3 o Albite~ K- :
¥ Area / Quartz oligoclase feldspar Sericite Chlorite Biotite
Pend Oreille 70 15 7 6 : -:_Ir' 1
E Mineral Belt 70 . 13 3 4 1 . 2
é Calcite Dolomite " Sulfide ' ' ' .
Pend Oreille 1 0 0 © S .
o I Mineral Belt . 4 0 3 ) o
-.S * o - . -~ g . s ' v e ‘s
4 Units of argillitic quartzite and quartzitic argillite vary in composition from ;
; the quartzites primarily in containing more sericite and less plagioclasé and quartz.§
5 ' ‘ : , , } ¢
b The quartzites generally have an equigranular granoblastic texture with weakly ¢
E : ' . . §
E sutured borders between mineral grains. '
:; A—u——-...‘_wv P
‘g . STRATABOUND COPPER SULFIDE. OCCURRENCES o : -
::»; A . . N "
3 Mineralogy of Occurrences . . -
4 The surface expression of the copper. sulfide occurrences is generally very subtle.

Surficial leaching and oxidation has normally produced a "rind" on mineralized quart-

zite which ranges in thickness from 1/4 inch to more than 1 foot. The leached and

. ’ : . )
: oxidized zone characteristically contains small amounts of malachite, azurite, brochan-
q . _ . ;
i tite, goethite, and jarosite. In.areas where galena is common, minor amounts of

cerrusite have been detccted. The oxidation p§oducts generally occur only on fracture

surfaces and the exposed outcrop surfaces show little or no evidence of mineralizatior.
P I .

The principal copper sulfide mineralogy of most of the stratabound eccurrences

is remarkably similar., In order of decreasing abundance, the sufides arve bornite,

P v '
chalcocite, chalcopyrite, covellite, tetrahedrite(?) and diginite(?).

5




- .

In addition to the mineral lis Lcd above, galona, native silver, and native copper

pave been obscrvcd locally and spectrographic analyses indicate a minbr anount of

-

gold (.08 ppm).

Copper Sulfide Distribution

The coppcr sulfides occur as disseminations, discrete blebs, as bedding plane

& concentlﬂtlons, and, where locally remobilized, as fracture £illing veinlets. The

S'} iDe ,:*“Lu.

most comiion -occurrence of sulfide.is as a dlssemlnatlon throughout the qua1t21te

Niap e

R

host (Fig. 4). The primary disseminated mineral is bornite which occurs as individ-

.

ual platy grains or as cusp-shaped grains which appear to have corroded and réplaced

' quartz and carbonate grains. The average grain size of the bornite is 0.06 mm, and
.size rgngcs from a microscopic dust toA0.3 mm. |
L £}h' °ﬂ215e blebs of sulfide cccur 1ocully Most of-the blebs are polymineralic. "The
most complex haye a central corc of chalcopyrite which is surrounded by bornite and

' chalcocxte (Fig. 5). The most common type of bleb has a central core of bornite

. . ' ; > T
replaced by chalcoc1te (Fig. 6)./ onomineralic blebs composed of either chalcopyritd,

3 bornite, chalcocite, or galena occur-locally but constitute less than 10 percent of
4 the total sulfide occurrence. Sulfide blebs range from 0.2 cm. to over 8 cm. with |
. X
. . et
¢ ' |

an-average diameter of 3.5 em. ,

R

Polished scction studies show that the blebs are rarely all sulfide and gener-
¥

7).

ally contain 30 to 50 percent correded quartz grains of the host rock (Fig.

Throughout the occurrence&?l“aslk%c0pper sulfides vere observed in thin bedding
L ] N .
plane concentrations:(Fig. 8). Scme of the individual sulfide laminae have been
followed for several tens of feet in the outcrop. Polished section study shows

that such occurrences are generally ascociated with carbonate-rich, coarse-

grained clastic phases of the quartzite.

Locally, copper sulfides occur as fracture-fllllng vclnlcto. Occurrences of

this type are most common near major fault zones or aleng -miror shear planes,
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Disseminated bornite and chalcoc1te
in massive Revett qua*t21te.
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Figure 5. Complex sulfide bleb in massive quart-
zite, d = chalcopyrite, b= bornite,
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Figure 7., Photomicrograph of a complex sulfide’
bleb with included quartz grains.
Q = quartz, b = bornite,. ¢ = chalco-

cite, and d = chalcopyrite.
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Figure 8;

= )
Sulfides within an individual quartzite bed gencrally display a regular pattern

of distribution. The largest concentration of sulfides occurs at the base of the

bed at the contact with the underlying argillite-rich unit. The contact is commonly

gradational over several inches. Above the basal sulfide-bearing zone there is
generally a zone of lesser concentration which is in turn overlain by .a second

sulfide-rich zcne of comparable thickness to the basal zone. The two rich zones

and intervening low g

rade zone generally occur 1n the ba°a1 two-thirds of the bed.

\
\

The upper one-third of the bed contains only a minor amount of disccﬂlnutcd sulfid 7’_‘§

Controls of Sulfide Distribution

¢ - .

The distribution of sulfides within the individual ﬁnits show definﬁfc physical
controls, primarily grain size and sedimentary'structures.. g

The grain size cf the disseminated topper sulfide mipeggls, primarily bornite
and chalcopyrite, generally vafieé directly with the grain*size of the enclosing
host rock.

The direct relatlon is partlcu]arly striking when the grain sizes of

argillaceous units anJ quartzite units of the same member are cempared. l.The grain

'ize also appears to control the richer portions of the minera 11ized members.  Alwmost

»ithout an exception, the ccarser grained phases contain the greatest amount of

qu]lldc mineralization.
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. #F  edimentary structures and sulfide distribution are very closely related.

.

#  .ific examples uf this close association are:
v |
<

I .

i 1. Graded Gedding - Sulfide minerals are commonly concentrated in.tﬁe basal
_portion of graded beds. Associated with the concentration of sulfides_iéla iaréc
concentration of heavy minerals, particularly zircon, tourmaline, and rﬁtile.

2. Crossbedding - Crossbedded sequences of thé Revett Formation appear to be
the. most favorable hogizons for sulfide concentrations. The sulfides aye?dissemin-

_ ated throughout the sequences but show a strong preferential concentration near the

basal zone of individual beds (Fig. 9).
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Figure 9. Crossbedded Revett quartzite and bornite. b = bornite. - -
3. Scour and cut-and-fill structures - Sulfide concentrations are very common
in the basal portion of scoutr and cut-amd-fill structures. The sulfide concentration

is also higher throughout the fill material than in the sutrounding country rock.

4., Bedding controls = ZQID2nimbdvemmertbmerbmititst dmetiibiidemd Ao Gl L el ettt

ig=breddrimg. From the largest to the smallest scale the sulfide concentrations are

conformable with bedding (Fig. 8) and associated with' the coarse-grained quartzite

units. Lateral ceontinuity with an individual bed over scveral hundreds of fect is

A -

not uncommon.
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.“Paragencsis

The paragenc’ ic scquence given in Table 2 was based on polished ‘section studies

of samples collected throughout the belt. Not all of the mincrals are p;esent in

any single occurrcnce. The sequence represents a compilation of relations observed

o

; - e _
- e - :I‘ABLE .*2‘. Decreasing Age . . Teen e e
o —_— :
;. - Primary Secondary Remobilized -| Secondary Supergene
5 Chalcopyrite
3 ! Galena S | e ..
A Bornite ‘ : ' i
Chalcocite
Covellite ] ' —_—
Tetrahedrite(?) —_— »
Digenite(?) : R 1
Native-Ag ———
Native Cu . —
Oxides
g C;F- ‘fhxzz‘ larger grains (Fig.' 10) a central core of chalcoPyrlte is connonly sur-
o T wt-u-mm
K t’u.tu.n -l s
. rounded by bornite and the entire chalcopyrite and bornite grain has a thin outer
oY

zone of chalcocite vh1cn4uopta1ns small parLchLs -of ‘native silver. Chalcocite also

occurs alon fractures that extend throuch the bornite and chalcopyrite core.
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e S o e R 2 gt D7 120 o A BAE e Ay . (Yo -
T e L T AT e ot

Ly T : I %
. x .
3 . H
H . - 3
.
¢, A4
X o -
. hd = -
o et N e <« « 4 .
. .
s i ] . 5. s 4 -
3 * . .
.¥ o > sy
ey ~
A :
v ) T < *
'- - \Jﬂ- - .
. r I} .
) 3. . e
R oA
+ v .
] . . L |
. g . " .
RPN E . ¥ :
. . - - N
1 .
» T e, F \ .
- £ . - * . .
‘
‘. + .‘ q Ve . .
. ., - -~ -~
. :" . . .
. . Y v
.. e . ] . R
: Tae L1 . . Y
k3 . Ay . .
t. . * " N . . «” » .. \
Y .
SRR A )“N-u\_ -..."...a-.- NV L - . - j
R T LR S P P

"Figure 10. Chalcopyrite (d) core replaced by borunite (b) and chalcoc;to (¢) ,replac-
. ing both mincrals along margins and veinlets. Native qllvox (A 1)

occurs in bornite.
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F e
# chalcocite grains commonly show a needle-like intergrowth of covellite. Covel-
£ . | R . N
£ ’

" jite is mest common in arcas where chalcocite is in contact with clastic grains of

-y o

Chalcocite replacement of bornite and chalcopyrite also is most comnon

around quartz grains that have been included in the sulfides.

RO
e T ———

Locally, particularly near fault zones and minor shears, thin veinlets of

Jchalcopyrite and bornite cut across all of the sequences described previously and

i

are probably related to local rcmobilizétion associated ‘'with structural deformation.

The seconda}y alteration is similar to that described above for the primary sulfides.
— ' ~—
Tetrahedrite(?) and digenite(?) have been identified tentatively in three speci- }

-

nens and without exception occur at the contact between bornite and chalcocite. i
4
f

Their exact paragentic relations are unknown but probably close to that shown in - Y

Table 2

P

PRSI

Native silver occurs as inclusions in chalcocite that surrounds bornite. The

"‘; L AN
ki

silver is believed to be derived from the bornite during secondary enrichment.

Bigriati

“Native copper, malachite, azurite, brochadtite, goethite, jarosite,fand cerus-

Loto b bR

site are commonly found in the leached and oxidized surface outcrops and are the

youngest minerals observed in the deposits. A4_—________.;——f""’”“’“=“<\

~Ybrigin of Sulfide Blebs and Bedding Plane Concentrations -

oY

‘ . . ’ .
Large concentrations of sulfides in the form of blebs and bedding plane concen-

trations are particularly important in interpreting the distribution of sulfides

and the processes that have affected the occurrences.

Detailed polished section study and spectfochgmical analyses of whole rock

L

B . Lo B e N Y
b s ¥ T ki e B b i e e S R i

show that the concentration of sulfides into blebs and along bedding planes are

a5l

accompaniced byldepletion of sulfides from the surrounding rock (Fig. 11). Sinilar-

it

.

depletion is also noted along small quartz-bornite veinlets which ocﬁur locally.

ANy

Thercfore, these features are a modification of the pre-existing disseminated sulfice

deposit. The significance of this will be discussed under the heading of genesis

P T T A

g of deposits. ) : e
‘ 11 '
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Figure 11, * Bedding plane concentration formed by depletion of sulfides fron host
. rock. Depletion zone shown by dashed lines.
SLibe /O

Zonation of Occurrences _ :

The zonal arrangement of sulfides within individual ore bedies is incompletely

_ Feows Bhe Occ prrciseds  Siuad:
known becausc of lack of adequate exploration. . Hesemum a general zonation has been

-Ebscrved[by the author in a deposit ncar Troy, Hontana.l

Known deposits are elongate in shape with a long dimension commorly & to 5

¢ Lo ? (,‘5’;&#’”5"” ?f'};rc’ y(;//ﬁ: S Co v, 4:'(. Thooss na:
times that of the width. The mineral zones appear to have the same form as the Feas

deposits,  The thickness of an individual mineral zone varies considerably depending

on thickness of the host quaftzite and position within the ore body (Fig; 12).
¢ . ..

Barren 7cne :

\ : Pyrite Zone

Salena--Tvrite Zone .

Chalcopyrite-2ornite-Calena
. LS ~one

Rornite--Jhalcocite Zone

v, Chalcopvrite--Rornite- Thaleocite Zone

Chalcoyvr.te Zone

Figure 12. Zonation of copper sulfide occurrence.
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;wf1he zonation (Fig. 12) appears to be composed of a serics of overlapping zoncs

' Sepemzrry Pertpl oval

‘g#hich grade from-~a barrcn periphery inwards through an uaderlwsne pyritic zone

4 Jocoily eremme
Ch&f&CLLTl&Cd“by framboidal pyrlteglnnang in diameter from 1 mm, to over 1 inch.

The pyritic zone is underlain by a galena rich zone which ranges in thickness from

5 to 10 feet. Underlying the galena rich zone and occurring primarily near the

lateral margins of the deposits is a chalcopyrite-bornite rich zone which underlies

ey

’ ! " . .
and, overlies a central core of bornite and chalcocite. E&he chalcopyrite-bornite

rich zone ranges in thickness from 10 to 20 feet. Bornite-chalcocite mineraliza-

tion forms the core of the mineralized zone and ranges in thickness from 10 to 14

\

Bencath the ore body minor amounts of disseminated chalcopyrite occur through-

out the argillite and quartzite but rarely exceeds 0.5 percent (Fig. 12).

["'"'EE:“;;;;;;~Zhd pyritic zones which surround the deposit appear to coincide

vith facies changes in the quartzite units where the quartzites grade iaterally

into argillaccous quartzite. The change also is Teflected by a decreasé in the car—
& r o )’

bonate content of the barren and pyritic rocks and by a marked decrease in the size

and magnitude of crossbeddine. o

S / / ,Q & / / Acn OF OCCURRENCES
L A

. P

R. E. Zartrman of the U.S. Gcblogical Survey has done extcnsive lead isotope

dating of deposits within the belt described ‘n this paper and in adgacent areas
F S L ]
of northern Idaho and northwestern Montana. According to Zartman (pcrsqnal con-

munication) two distinct families of lead isotopes have been identificd in ore

deposits of northern Idaho and northwestern Montana; he interprets one family as

being "Laramide" in age and the other as being Precambrian in age, probably about
1,100 .y, to 1,500 m.v. 001&. Lead isotopes from ores within the described zone
' : -
Levedd rFeetsaddda |
of Ravalli greup concentrations are all Precawbrian,




wfi pelieve that the deposits are closely related to scdimentation of the Revett
¥ . . ) .

.

C L

’ J., rnd tion.
The following features indicate that the copper sulfides in the Revett Forma-

Y

A:"

tion were formed essentially contemporancous with the enclosing sediments:

.

1.  The distribution in an elongate narrow belt of sedimentation.

2. The distribution of sulfide concentrations in a narrow time intcrval of

'Belt Supergroup sedimentation.

3. Essentially the same radiometric ages of sediments and sulfides.

4. Close association and control of sulfide distribution by sedimentary struc-

<

tures and processes.
‘ 5. Presence of sulfide material closely resembling clastic grains of sulfide.

6. Late stage formation of blebs; bedding plane concentrates and veinlets

" formed by migration and resultant depletion of pre-existing sulfides.

7. Absence of regionally associated structures and intrusions that might have

been the source of mineralizing solutions.
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SIRATIFORM GOPFER DEFOSTTS
Intreduction:

I a brief treatment of such a large amd cumplex subject, it is only posaiile
to breat a few major topics «- generplizations which wun the zisk of cver-gimplifi-
cabion, Three major topics sesn periinent to this discussion:

i, What i8 o stratiform deposit?
2. Whet are the envivemments in which stratifomm copper deposiis ocoury snd
3o Uhet is the probsble mode of exigin for such deposits?

In eddibion, some of the bast-known strabifeorm copper deposite ere listed and, time
permitting, thess might be discussed briefly.

fharactexiotios of Streliform Depositg:

A8 e unfortumetely the ease with mary geological terms, no rigid definition exists
for stratifosm deposits, In genersl, one thinks of ore found in sedimentery rocks,
usvally confined ¢o a given horizon; howsver, there are some specific charscteristics
witich distinguish teuly stratiform depesits from other strata-bound depesits, as Lombard
and Meolind (1962, p. 231-246) have pointed out,

1. Stratiforn depesits oscur in sedimentary voeks or in their metamorphic
derivatives,

2, Ideally; strotifor: deposites cecur within 2 single contirucus horigen
throughout o sedimentery basing theorebtisaily, they disappear only where the ore-
bearing horizon does not ogcur (in aress of non-deposition). However, natursl
strabiforn deposits may have gaps or modiflestions in the mineralization beeause
of sgeversl other factors. To summsyize, stratifomm deposits must be concordant
with the hosb rook,

3. Thera are two sublypes of strabifomm deposiis: (a) dissemingbed stratiform
depoails where the grain gize of the ore is often very similsr %o that of the
gountyy rock (agpregabes moy appear io bs large ecrystals) or (b} styratifomm fisaure
deposivs, whers the ore fille cavitles (Joints, shears, ete.) and the grain size
of the ore s independont of that of the host vock. Generally, the second type
is found with the first and is subordinate to it.

4. In stratifomn deposils, mineralisstion ueually confoms with fhe sedimentaxy
strmetuvess g.g.. in the hollews of ripple marks. Also, the mineraiizgtion may be
related to the fineness of the bedding; i.e., grode increases with finer bedding.

Another type of straba-bound depssit thab should be mentioned is tho penecencordant
varlety, as orviginglly distinguished by W. I. Finch (1959), for it rspresents g distined
type of mineral deposit, different from truly strabiform deposiie, Peneconcordant
depesits are stratifors on a regionsl sealey; bub ave disconbirucus on g smeller scale
and more or leps unconformgble to the ore-bearing countyry rock. The minerslizabion does
not always appear to be a nowmmal comstibtuent of the countey voek, tut often appeara o
be extraneows, intreduced from cutside the sounbtyy vock., Peneconcordant deposits are
more often confined to a given facies, mot a given horisen; they tend o cecur in palet-
channels. In addition, they mey eut sezoss sedimentary struchures such a3 cross bedding.
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EBxamplos of penevoncordant deposite sre the "red-bed" copper deposits and the -
Golorado Flabeew urenium deposits. Stratiform deposibs are 4ypified by the Kupfershiefer
of Mansfeld, Cermany, the Nomesuch Shale st White Pine, Michigan, or the copper deposite

of the Lower Rosn System in Northern Bhodesis.

Economically, stratifom deposits in general may be more attractive than peneson-
cordant types, for only high-value ores such as gold, uranium, vanadium, etc. are apt
to bs economic in peneconcordant deposits besamse of their diseontinuocus nature, wheress.
the more widespread, continuous stratiform deposits may be economic for marginal grede ores,

Environments of Styoliform Copoer Deposiis:

Az previcusly mentiomed, stratifomm copper deposits gre confined to sedimentaxy
yocks or Lo their metamorthic derivatives; furbhermors, they seem to be confined to a
rabher resiricted type of depositional enviromment, It is possible to mske the f6llowing
generalizations: R

2. Most stretiform deposits oceur in combimuous marine sediments or in sediments
representing mavine transgressions into resbricied basing which represented strongly
subgiding sveas, : '

2, Strabifcom deposits freguently ceeur in gray or blaek sedimente, rich in
orgenie matber; l,e., they ave found in reducing envirormente.

3. Stratifomm deposits generally oceur in sediments characterigtic of wazm,
arid ¢limates and are offen asscolated with eveporibes. Copper devosite ave ugually
lacking in sediments which are indiecative of cold climabes; BsBe, billites, -

he Stratiform zopper depesite appear to have s definite spabial relabionship
o paleovelials, dlthough sbratifomn deposits in genersl appear to Tepresent
relatively near-shere, shallow-weber sediments {seritie?) to transiticnsl sedimsnia
{Lagoonal?), copper coneentrabtions seem $o be highest further away fvem cld bYascment
highs, wheross lead-zine deposits zppear closer to paleoreliefs, o

3. Reef enviromments o nob seem to be favorable sites for stratifom. deposits;
this is probebly becanss of seversl factors; g.g., veefs reprssent ®higho™, greas
of relabively greater water turbulence and higher Fh gonditions. _

6. Stretiform copper deposibs appssr to be related 4o a2 special litholegie
sequence; several workers, espeelally Lombard and Micolini (1960 and 1962), have
called gttention o thisz faeb, In generel, copper minerslization ccours at She
beginndng of a trensgressive Lrend which overlies a long seguencs of sontinenbal
deposits, ususlly cosgleomorates and ssclian sandstones, The ore btends £o be.
coneentrated in avgillacecus (shely) sediments, bub is often found in dolomites
and sandetones as well, Copper is ususlly localized avound osgillating Lransgressive
seduences (morine to nom-mordne amd baek), bub the continertel sediments ueuwslly
ave barren of minersllzation, Where the transgressivs eycle is repsated, copper
may be deposibed im the merine (or traneiticnal?) sediments; however, the copper
concentration generally seems to be highest in the basal paris of the fired tronge
grossive oygic,

7o Stratiform deposite ofben displey disbined zoning of thelr ainerplizabion,
which sppears to be reladed te old shoreline trends srd in some sases » Lo old eurvend
direchions, In gemersl, miners] zouew bend %o parallsl anciend shorelinss fow long
distanees,  The width of the zones varfies greatly. b in gensral, widihs ave mush

L3

less than the longth; widths ave gresbest where aneient offehors slopes werg gentle.

-ugm
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Thickness of gones appavently ie dependent upom meny factors, but the major para=
meters appear t0 be maintenance of eomstant depositional conditions ond metal
supply over a long time,

A gemeral coning sequence has been veported from Northern Facdesisn deposits
(Garliek, 1961, pe 160): barren sediment, dfsseminsted chalcocite, bormite,
chalcopyrite, and pyrite, cccuring in the gemeral direction of current flow ang.
facies change from near shore to offeshore sediments. However, there is no rigid
relationship between sulfide zoning and sedimentayy type and furthermore, mineral-
ization may cesse in a given horizon although there is no change in lithology.
Sulfide zones mey ¢verlap one ansther in different stratigraphic sequences, adveneing
or retreabting in transgressive or regrassive phases,

B. In generzl, stratiform deposits tend %o have high sodium, alwsinum, megnesiwm,
and perhaps boron, conbents. These facts are the reflsction of the geochemistzy
of the gediments in which stratiform deposits occur, S

9. In stratiform deposits, the relaotionship between tectonism and ore c¢oneentration
varies with individuel deposiis., Faulis may modify the deposits, but they are formed
independently of chear mechanisms, Stratiform deposits are eften found in folded
sediments and may have been subjested to varying degrees of metamorphism, . Meta~
morpirisn may also affect ore minerals, causing them to reerystallize or even to move
aboub; g.2.. into fissures in or ground the ore horizon which tends to obscure the
original sedimentary features, In highly eroded terranes, ore horizons may be
preserved in synclines, but ore concentyrabion is generally indepsndent of f£élding.

10, Stratiferm deposits usually are nol the only mineralization within a glven
province; gemerally there are other depcsils whiech may be older or younger.: 'Pene-
coneordent deposils are often assoclabed with stratiform deposits, However, this
minerslization apparently hae no direct relatlionship to the strstiform deposits,

In sumayy, stretiform copper deposiiz gemerally cccur in rather limited enviromments
characberized by transgressive marine sedimente laid down in reducing condibionz under a
warm, arid climate, They generslly have s definite relosbionship to ancient shorelines
and paleoreliefs; such that ove horizons vary in minersl type and grade with proximity
to shallower areas of derosition, The major processes affecting strabiform deposite
appear o be sedimentary, aslbthough subsequent tectonism and metemorphism may modify the
original sedimentary features of the deposit, S

Frobsble Yode of Orizin for Stratifomm Copper Deposits:

The origin of strabiform deposits in gemersl has besn the cense for much dpeculation
and the source of much controversy, The question is mot as academic as it might ssem,
for nesdless to say, theovies of ore genesis largely influence expleration programs.

The controversy, of course, is whether or mot stratiforn deposits sre to be -gonsidered
gyngenetic or epigencbie; i.e., whether the ore has been deposited during the s;a;lﬁ;{guemtam
processes that created the host rock or has been inbroduced (Yy various mechenioms) from
sourses extermal to the host rock, after it was consolidated,
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Griteria for Syorencbie Origin: Aduittedly, most of the criteria conperaing sbratifomm
deposiis presenbed in the preceding sechions has been biased toward o syngenetic origin
for these derosits. This mpoz‘*e‘, caynob hope to solve the problem, nor even to presend
a1l the evidence, pre and com, in the arguneunt, However, I feel thabt in the case of
truly stratifora deposits, the syngemetic theory is mosk plausible, for some of the
following briefly sbabed reasom.

1. The ore is found in sedimentary rocks, concordant with given horizens
aud is assoclated with a dlstinetive lithologle seguense,

2, Ore distribution is ¢losely related to ancient shoreline trends and
disvlays a zoning strongly sugsestive of conbrol by water depth and associated
Ea-rH relationships.

3, TIn connection with No. 2, minerslizetion may occur in several different
1ithologles and it may 2lso cesge in 2 given horizon even though there is no
change in lithciogy.

b Mineralization closely follows sedimentary strucbures such g5 ripple
marks gnd pre-consclidation slumping.

5, Uhere £elding and metznorphism hawe oscurred, the ore distribution is
not affecbed (except by differentizl erosion and recrystalliszabion); the ore de~
position in mosh cases is clearly pre-tectonie in origin.

6. No clear-cut relastionship between intirusive rocks--or other epigenctie
sources--and strebiform deposite exista,

ynge heory: There is a chemical theory which may explain the minerel zoning
from shellow Zo deep water, Shifeman®s Law (1&8&) arranges mercury, eilver, copper,
bismuth, eadmium, lead, sine, nickel, cobalt, iron, snd mongenese into s series Hin
which a solution of a salt of any of these metals will be deeomposed by a sulfide of
any succescding mebal and the first mebal will be preeipitated as a sulfide" (Gariick,
1961). Thus, in the prescnce of limibed suownts, irom, ccbald, or zime would bend
to remain in solution until mest of the copper is preeipitated as a sulfide,

More recent work by Garrels (1960) and others hos demomstrated that the relative
solubilities of suifides under given conditions may largely comtrol the preeipitation
of sulfides under speeifie En-pH conditions (etability fields),

The avemll-. eyngemtie process may be outlined as follows:

1. Metal im suspension (colloidal?) and in solution 48 carried by rivers
intc 2 sedimentary bagin, along with obther materialas.

2, In the neap-shore zZone, sandy maberial is depgsited, but because of water
turbulence .and sonseguent high En (oxiding conditions) no sulfides are deposited.
During conpaction and disgenesis of these sediments, with subsaauent reducing
conditions, some pyrite may fomm,

3, Ab the edge of the exygenshed zome, scme very minor gmounts of uranim
and bungatic maesg along with molybdenum sulfids may be deposited,

4. In someshat deeper wabter and in more reducing conditions, copper is
predoninantly . deposited.

5. Parther offshore, thers lg 3 zone wheve roughly egual smounisof coppe
snd iron ave . precipz,taued.

6. In the interior of the basin, copper is deficient (being deposited
clogser on shcwe) and irom is the predemingnt precipibsbe.

These metal - gulfide preeipitates wers oprobably origiasily im a colleidal fomm and
were diluted by varying ssounis of @Zud or sand., The actugl minerals chzledelte,

i
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borrite, ebe. probably formed during diagenssis or laber mcbamorphisnm.

Typicsl Stratifowm Deposita:

Novthern Bhodeslsan Copperbeit: The Northerm Phodesign Copperbelt yuns glomg the diwvide
separsbing the drainsges between the Indizn and Avlantic Oceans. Along with the
neighboring Belgian Congo, it foims a meballogende province approximately 650 kilemeters
long and 400 kllemeters wide.

The copper minerslization occurs nesy the base of the Ketangs System {Precambidan)
in the so-called "Ore Fommallon", which is comprised of a varving lithology and aversges
sboub 1L meters thick, The ore hordzon consists of fine-to msdlum-grained, sometimes
shaly argillaceous sandsiones which may grade locally into biack shales, Thin beds op
lgminae of dolomdte ave almest gluasys present.

The strata under the ore horizon gonsists of generally light-colored sandstones
and conglomerabes with sune argillaceous members, The straba above the ove horizon are
alternating gray, medimm-grained, arglllaceous quartzltes and lighter colored medivm-
grained sandstonss, JAeollan cross-bedding ocours in the sandstones below the ore
horizon,

Traces of copper have besn found in nearly all the members of the Lower Katanga
System, but they ars econcmically concenmbyated only im the Ore Fommabion and Jmmedistely
adjacent beds. Copper sulfides are the major ore, mainly es chalcopyrite with some
tornite, The mincralization is disseminated im the host roek as aggregates of graé.ns
or a3 thin veinle%s along the bedding or crogs-cubting veinlets with quarbz and earbonateso

Manafeld sh )2 The lithologic sequencs, the mimeralization, and the s‘un.fid@
zones ab Maﬁsi‘eld @tmngly reszuble those of the Bhodesian Copperbelt. The Cobper

Shale is urderiain by & red conglomerate and by asolisn sand dunes, making up the Sexonian
Pormgbion (500600 meters thick), The Zechstein Formation in which the copper shale
{Fupfershiefor) 1ies is a transitional marine or lagoonal sequence, Copper cecura mainly
a8 chalcopyrite and bormite with sssocisted pyrite im the lower shsle mesber of the
Zechzbein; this member is overlsin by limestome, gypsum, sphydrite, and salt beds;

White Copper, Michigan: Copper, mainly as chalcocibe, oecurs in the lowest beds of
the Nenesuch sha:i.e over an avea of many square miles nesr White Pinme, Michigan, The
Ushale® 1g 600 feet thick and is lsrgely composed of gray silbetoneg it is Precambrian
(late Kewesnswon) in ege. It overlies 2,300 to 5,500 fest of red sandstones and
conglomerates, the Copper Harbor conglomerate, which in turn overlies the lMiddle Keweeneawan
Portage Lake love seriezs that contaln the well-known native-copper deposits of the scuth
shore of Lake Superior.

The copper-bearing strata ab White Pine ccour mainly in the lower 20 to 25 feset of
tho Nonmesuch sheale, This copper zone is divided into four units (in gscending orxder)
called the lower ssndotonme (the top bed of the Copper Havbor conglomerste), the psrting
shale, the vpper sendatone, and tho uppsr shele., Cyelic sedimentation le indicgted by
very similar lithologie sequences in the uppsy ard paviing shales.

o Fjoee
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Most of the copper cceurs in Lhe upper aod parting shales, eraept in o small aves
negyr the Hhite %»:% Tonit, where it is abundanb in bthe upper snd lower sa adshones,
Goopef pecurs in five different lsyers in sagunts aver mc from 1 L0 3 paresnb,  Loppe
pernent g,“”‘ ape usually grechest where the beds are thick; the thickest aress cucuw in
depresgions.  (opner '::D;.itcnu in shales decyenses ay saud cemtc—:nu incresses.

The locel ocourrences of copoer int the sandstone beds arcund the White Plna fanlt
ig exolained os the resuld of hydeobbemnal wc:m:pamahmn fram the fault up the dip of
2 pemtesble sandstone to the crest of an adjseent anbieline, However, the dlsbribuidon
-:u. CORPDIT w the parbing and uvper shales spvears Lo be cowmol chely *Ende;ners.dsn'h of
losal str tu o Jaul'é;:,, md rock vermeability; the overall sonvrol of ore deposiiion
im the arves io lisholepgie and sbratigraphie.

ey
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Geochenical Prososgting, Case Hishordes:

Usn of Gobalt in Qoocheniesl Prospecting (Catney and Wing, 1966)

Gobalt has been found %o be very useful in geochemical prospecting, especisily
as a pgthiinder foy Ni-Cu-Co deposils assvelabed with mafic rocks, sven though this
fact i= not widely apnrecinted; parheps beeause of the lack of reports in the
litersbure,

Camnsyis work in wesbwcentral loine has shown thab anomglouws suounts of Co
are likkely to te present iun active sadiments of gbreans draining aveas of mafie
rocies mineralized with li-, Cu~, avdd Coebearing sulfides. Stream sediment ssmples
from the viciniby of a gebbro-norite minerelized with sub-coonomic smounts of
pyrrhoblte ond chalcopyrdte were analyzed for tobal Cuy, Co, Wi and coldeextrastable
Cu end Oo. Highly snomalous values of bobh tobal and cold-extrsctable (o werse
found within and domstream from the sone. ML values did nob show ss distiped an
gnomaly as did Co. Thers was a weak cold-extraciable (Cu sromaly which correlated
with the Co pegks and the mineralized avea; however, tobal Cu values were all within
background renge. Co, both tobal and oold-exbtracteble, seems to be an excellent
indicator in »rospecting for sinilar doposiits,

When the fuilo and Hi:Co ratics in fresh ond weat
compayed with the sgne ratlos in scdiments, the ineresse in Co with respeclt to
Gu and N is striking, These dabe imply thab Co is more mobile than NI ow Cu,
Camney suggests thal Vi ond especially Cu are trapped by secondary iron oxides
while Co is nove mobile in such an ivon-rich oxidizine enviromment, Therelore, the
vrimary Cu:Co and Ni:Co zabios wondd have be bz very high before 0o would be of
gubordinagtbe value to ML or Cu as en indicalor elementd,

Another sbudy wos conductbed in the Blackbird Co-Uu distrlct, Idsho, where the
ayes are hydrothermel replacement deposits of fu-lo minerals bthat oceur in pod-like
masscs, frineipal primary sulilde winerals ave cobaltibe, sofflovite, chalcopyrite,
wrrite and pyrrhobibe. OCusfo ratios of cddized and utnoxidized ore indicate a
kigh mobility for Co; spparently the Co is not zdsorbed or precipiiabed by limomitic
"a’!&.ﬁﬁ’riala

Cu and Co in active sbresm sediments and in strean waber below the Plaskbail
ore body were snalyzed: in an approximabely two-nile interval below the ores body
the $u content of the streme sedimsnt decressed by s Ffacbor of 125 vheress the
o content dacreased only by a fector of four. The Co combent of the gtrsam waber
detreassd much move papidly and was much less persistent than the assosiated o
stresn-gedinment ancealy. Oniy limited pl siudies were made, but the pH of wabers
in the mineralized ares was aboub 6.5 and the r# of stream wabters in backgroued
areas was usually above 7o
Although Hawkes snd Webb (1962) assign an intemmedlabe mobility o o, come
parable to Cu, Wi, and Az, Camey £ that o iz nomally a highliy mobile clement,
mors 5o than Hi or Ou, in the supergene suvironmend, 43 a consegquence, 1t shouwld
be nore widely used in geochenical recomnsissance using stresn sediment znd waber
FULTEF S
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Geochemical Prospecting. fase Histordes:

Cobalt has been found B0 be very uselul in genchenical prospechbing, especially
28 g pathlinder fovr Hi-Cu~0o deposils asssveiabed wilh mafic rocks, even though this
fort is not widely apvrssiated, perhaps becsuse of the lack of reports in the

literabure,

se of Cobali in Ceochenicsl Prospesting (Canney and Wing, 1966)
3

2

Sanney s work in wesb-gentral Haine how shown that anocmelows amounis of Co
are likely to be present in active sediments of gbresws dreining aveas of mafic
rocks minerelized with Hiw, O~, and Co-beaying sulfides. Streom sediment samplies
frem the vicinity of a gabbro-noxite nineralized with subecconcmic swcunts of
pyrrhobite =nd chaleopyrdte were analyzed for tobal Cu, Co, Hi and cold-extracbabls
Cu and Co. Highly ancmelous values of bobl tobal and cold-extractable Co uweve
found within and dowmstrean from the zone. HL velues did not show as distined an
sionaly a5 did Co. Thers was a weak cold-eavrastable Ou snonaly which correlabe
with the Co pesks ond the minerelized aves: however, tobal Ju velues were all wiithin
backpground range. (o, bobth tobal and ecid-exbractable, seens to be an exsellent
indicator in prospecting for gimilar deposiie.

When the Cu:lo and Ni:Co ratics in fresh and weathered miveralized rock is
compared with the same wvatis dinents, the increase in Co with reospect o
Cu ang U3 s striling, 'These daba imply that Co is move mebile than Mi or Cu,
Conmey suggests that Il snd espzeislly Ou ave trapred by secondayy ivon oxides
while Oo is move mobile in such an iron-vich oxidizine enviromment, Thevefors, the
vrimary Cu:fo and Ni:fo ratios would have to bs very high before Co wouldd be of
subordinsbe value to U1 or Cu as on imdicator slenent,

B
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fnother study was conduched in the Blackbizd fo-fun district, Idano, where the
ores ave nydyobhewms) veplacement deposits of Cu-Uo minerals that vccur in pod-like
masses, Principzl primery sulfide winerals ave cobaliibe, salllorite, chalcopyrite,
preite and vyrrhobite, Cu:lo retdos of oxidized and weomidized ore indicate g
high mobility for Co: apparently the Oo is not sdgerbed or precipitated by limonibtle
muberials

fu and Co in zcbive stream sediuents and in stvesm waber below the Blagkiail
ore body were analyseds; in an approximately two-mlle intervel below the ore bedy
the Cu conbent of the strean sedinent decwregsed by o fscleor of 125 whereas the
Co eonbent decreased only by a fachkor of four. The (o combent of the strean waber
deereased much move rapidly and waos much less persigbent than the associabed Co
shrean-gediment anonsly, Only limited pH studies ware made, bub the il of wabers
in the minerslized awvea wag aboub 6.5 and the tH of siresm wabers in background
weas was usuglly above 7.

Rithough Havlzes svd Webb {1962) assign an intermediabe wmobility te Co, come
parable to Cu, Mi, and As, Canney feels thab Co is nomnally a highly mobile element,
more so Whan Ni or Ou, in the supergene envirenment, A5 a consedquentes, it should

- be mors widely used in geochemical reccqmeisssnce usging shrean sediment and waber
SULTEFH,
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. Gaochenical Prospeebine investisabions in ihe Northern Bhodesien Lopperbell
{Tomms ond Webb, 1961)
Studies in the Horthevn Rhedeslan Coppertedt have shown thab the vesence of
¥sl
e

Cu-0o ore deposils beneabh thick overbuvden can be debechted hy the sunalysis of
waer surface samples of ihe f?"f*el;'f drained lateritle and seasonsl suglp Ao ollsg,
Totol copper nnd oohall onomaiies relabed to minevaiizabion bave o conSiderakle

igberal evbent and are pormally exbtended asymebrically dewnslops fvom ihe 3yl

RALLTOD,

The ore consiy ta' ef dissaningbed pyrite, chaleopyrite, bormite dld shaicocibe,
wihich shew 2 sonol tendency, laberelly ond in depth, The ore Lo 11.& :wy gmwﬁ
in width and grade bub average from 2 4o 5 parcend (o over widths .3 to 50 Teet,
The ore is Tound in the Kabange sediments, maloly iv sheles and sa c;utwes;, and

hic conizels,

the ore hovizons show stiong sbrebiges

e found in soila over minervalized ground is usunlly gresber than
i ; * 3 B

IRy DOWOVE olls over non-mineralized gabbiole intrusives, the Co “\I gontent
dooreases than cne sud the tobal Cu, NI, wd U values in the soils is
much greabte over the sedimenbs,

foomalous Lo values Naove a sindlay latersl dintribubion $o those of Cu and
the (u:le 1\-‘;"5'?0 in soll samples elosely reflecby dhal of the peimary ove

(from 30:1 to 20.1). Howsver, Tooms and &‘Jcaf:;b renory that facbors affecting the
digpersion of (o do nobt scem ‘tf’* be gimlilar to those ai‘i’eﬂting tu, Gu shous a
tendeney to ascumlabe wikh the aasgm.e&e:igms of the L;m,ﬁ*:ze hordzon, but Co doss nob.
Hear minersiizabion Co increases with depth mg’a%d'i ece of the sell horizon, bud in
background svess Hhe Go conbent shows 1:1 bble varigblon throughout the soil profile
‘kame 3% ig probable thet o is not adsorbed or so-pres h:;_um,ed 7ith hydrous iron
oxides. In arcas of growd weber ssepege, bthere was & wovked &acaﬁnﬂ.a&:&i 1 of both

Co and (i,

The authors Imply thet (o is more useful thom Co in vrospeeting for stretifemu
Gu devosiits in Norbhern Mwodesiaze

Pyor s

Gevchenienl Prospesching of Gobalb, Onbarde {(Hoehler ant others, 1954)
& geoshemlezl progspeching progy a:m in g acial devosilbs ov s:'ff,y"z ng kiown ores
e 3 thin veins of gs in 1N Precanbrian
115.@16 of Goanods %:J'a-:a sarried ouwht durd :ﬂg th@-; guzmer of 1952, The eobald concenbra-
s 80

)
tion in samples of glaeial materdal, collected ot a hozizontal end verbtiesl grid
d in wder b0 best

(X
GTer an ae. af p:f:m?m Saerslizabion ab depth wes debermine
the applisa of geochanical prospecting teshunioues in leeabiny sinilar ove

bodles.

0

Szmnles wepye Lghen on a one hundred foobt grid patisrn with g tubwlike suger
that pemgirabed down to bedrock, Sediments consished of surface soll, cand, samdy
. 5 o, .i.f

= Pound thab, depending updn topograrhy. sandy arces weve

gither relstively enrdched in fo or deplebed, becsuse of grourd waber fluoe through
- y
od

relatively more pemesble aress. gy o r:mu:i to adac
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Page Fight
A detectable anomaly over mineralized bedvock was found in the ares. The
o values incrcased with depbh and in cross-section the anomely sppeared domes
shaped; which suggests that the snomaly is the resuld of upward migrstion of
o since the depvsition of glacisl maberial,

The sanpling

interval ig emtlcm in the dmcctmn of an ancmaly and with
pufficiently i)iﬁa@ faogc:l.ng {dependin
surface sgapls

g upon the size sad grade of the ore body)
inpg abune would be guff ms.ezm to detect an anomaly.

demonstrates that se mam dispersion hales in glse

sufficient magnitude

The worlk done

1gd maberial con be of
o be debetbed by geochemizal prospeching methoda,
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General Chemlstyy of Avsenic and fntimony

frsenie and antimow belong to the Group V clements of the perioﬁie ehex’b,
in which thérs is a complete change of properties fyom nommeballic to metalTi;
in going deWfit the group, The lighter members of the group, nitrogen and
phosphorus, aie nometels and form omly acid oxides; areenic end antimony, the
middle membisys, avre semi~metals and form amphoteric oxides. Blsmuth is the
heaviest m@ber and 1S metallic in all its proporties. .

Properties of Avsenic. fnbimony, and Blsmuth

Atcide . Atomie  JToniw, Oxid, Yalenee
&&neﬂt Nlmbe.%‘ Weight Pate geeVo z Potm S‘V. 2 S & A' ' ﬁ%
is ;.;?:;'-,3:3:' ko9 10 0023 (A21,06) ' & uf’:‘, #5

B m 18 86 0,2 (sloay)
py 33 209.0 8 0,32 (m(oag%)

Axsenie: Arsenic ‘eon exist as a metzllic modification (gray mﬁnie) o &8
o monnetallic: ome (ymw arsenic), The metallic form is stable at fom. be

s

The prirl"l al,: qz&dat.ion shates of avrs

1 ic gre £ 3 and #£5, The =3 state-a’-igepree
sented by érsine’ (ABK ) is unstablep

Ay?l forms arsenﬁ.ous oxide (A5 O6)s: Mt
the amphoteﬂcﬁhydmxide, Aﬁ(ﬂﬂ)g or Hafs0,. Mset:ious sulfide, A5253 his g
tendency to fosm colloids that are stabiliZed by the adsorbbion of négative ionsa
These colloids ‘can be cosgulated by eddition of HY or other positive lons, In the
#5 state, 4s mainly forms arsenic acid (HgAs0y,) and its desivabives; 475 45 an
oxidizing agent. &3235 &2 inscluble in geid.

Arsenic compounds are well-lnown ayatwie poiscns snd they ave practically
tasteless; however, sensitive tests for traces of As have made them unpepulsr in
modernn times for homicidel purpogses, Useful entidotes for arsenie poisoning gre
limewater, C2(0H)2, and epsom salts, Hgs0y, o THz0, becauss they precipitate
oxysnions of As,

Antimony: Flemental antimouy exists in seversl allotropic fozm, the stable one
at room tempersture bsing gray antimony. Yellow antimony (the snglogue of yellow
ersenie) ie stable below -90%C, Explosive antimony is prepaved by clectrolysis
of 5bClg and is a black materlal which converts violently to the erdinary gray
form upon being serstched. Although ovdinary gray antimony has a meballie

. &ppearanee, it is actually 2 poor metal.
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The -3 form of Sb fomms a Vvery unsteble compound, Sty {stibin This, like
arsine, is quite poisonous and is agsily oxidized to the metal, S 5 foyms
sz which is an amphoteric oxide. The orange sulfide, Sb;;i, resenbles

:i.n many respects. In the £5 stabte, Sb fomms SboOs, is en cxddizing
agen ¢ It is practically insoluble in aeid, bub d:.saalms in bag;zbo give Sb(OH} 4
Unlike AszS5s SbySs is soluble in acid, but SbP9 is reduced to 5

Geochenistry of Arsenie end Apiimony

Ieneous Boeks: In genersl, anbimony and arsenic ave rather rare elements in the
carthis crust; Hawkes (1962) gives the aversge mmoumts of asrsenic and antimeny
in igneous rocks as 2 ppm and 0.3 prm, respectively, Arsenie and anbimony form
no independent; silicate minerals but they combine resdily with sulfur, selenm,
and tellurim; snd form sulfosalts, avsenides, end entimonides with various
heavy metals; preferably cOpper, iron, nickel, and cobalt, The raatiw -elemenits
are also found: in many veins, Arsenie foms many arsenstes in which the. ABG};:"

anion is anglogovs to FO,~2 in the phosphates,

Arsenic and antimony are malnly found in rogks and minerals representing 1&1'.9-
stage igneons activity, Some arsenic is found in early megmatic segregatieifs
such as sperxylite (Piasp)e In gemeral, arsenic begins to separate first ab-
high temperatures after the main stages of mggmatic crystaliizabtion (pegms
stage); untinony is associsted with mercury and represents the last; low-t

‘ gture stages of ‘hydrothemal activity. Arsenic, as arsen@pyrite, 48 parb:

charaetexistic of pyromebasomatic deposits (tactites) and is associsted with
cassiterite and schee}.me; however, 1% also may be an imporbtant ccnstit.uent e,f.‘
hydrothemmal ue;m deposita. :

Seils
is 2.8 240 1.5 b 75225 1-50
Sb 0. 015 0ub 3 - 1 ey

Antimony and arsenie have genmersily low meobilitles; however, arseniec i5 apparent—ly
more moblle than sntimeny, which is found mostly as a detrital mineral (stibuite).
srsenic tends to be coprecipibated with iron, as 405" =3 with limonite, or to form
ferrie arsenates (FeAsly, scorcdite), In iron-poor envirorments, arsenie bagomen
more mobile and may even form dispersion trains in stream waber (Hather; 1959).
Arsenic tends to become emriched in oxidabe sediments, especlslly iron-rich
bawrites and glenconitic merine sediments, It also concentrates in pyrites of
black shales and cogl deposiits,
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Arsenic is universally present in plants and enlmals, In marine organisms,
it replaces phosphorus and thus is found in marine phosphate deposits, It
becomes very much enxiched in plants growing over arsenic—bearing mineral deposits,
Pyribes in coal beds mey be especiglly rich in arsenic and as a resuld, it -
becomes mriched in coel ashes and cozl sucke, intimony may become enriched in
plants growing ever stibtnite deposits (Sainstury, 1957).
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Arsenie is universelly present in plents and endwsls. In mavine organisms,
it replaces phosphorus and thue is found in mavine phosphate deposits. It
beecomes very much enriched in plents growing over amenic-baaring mineral deposits.
Pyrites in coal beds way be espeeizlly rich in arsenic and a3 g resuld, it
begomes mrdiched in cogl sshes and coal smoke, Antimony sy beecome empdched in
plambs growing over stibnite deposits (Sainsbury, 1957)s
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Found eombinied in
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Abstract on Geochemical Bxplovetion in the Kentishpa Avea. Alosks,
Y Re M. Chapmen

Seile and stresm sediments in the Kentishng Avea of inberior Alaska wer
studicd geochamieally to determine the relstion of their mebal content o ore
deposita, Bedrock in the aves is predominantly schist. Metals occur in g0l dw
quarte veins, silver-beaving golena veins, and stilnite velns. Sphalerite,
arsenopyrite, pyrite, and chaleopyrite are accessory minerals of the gold and
gilver-galena veins.,

The 50il cover over the veins is thin; the A horizen is aboub OJh fect
thick, and the B and € horizons together range from 0,5 to 3.0 feet in thickness,
Soil samples were collecbed from both the & and € horizons, Stream sediments
{finer-size Traction) were sampled ab 47 sibes in several stresms thab drain the
minerslized ares. ALl scil and streem sediment samples were ang yaed for lead,
Zine, copper and avsenle; some samples were analyzed fopr anbimony,

Ancmalous amounts of arsenic and/or lead in the soil, particulerly in the
G horizon, ave the best indlestors for the gold and silver-galena veins. Although
gine contents sre anamglously high ab same gites, copper values seldom Tise above
background amounts. Hebtal values in the C horizon were greater than in the hy
horizon.

In the stream sediments, lead, zine, antimony, and arsenic show significant
veriabions that correlate with the known distribution of the metals, bub copoer
contents are generelly lew. Stream sediments from 12 sites to the east bear
much smeller amounts of these mebals.

hbstraeh on Arsenic end Antimony, from Qbservabions on Gescehemical Explovebion
in Tropical Terrsins, by J. S. Webb

A munber of preliminery exsmingbions and some detailed situdies, prineipally
in Bash, West, and Scubth-Centrel Africa, have demonsirabed a wide Field of
application for peochemivel exploration techniogues in tropical terrain. Examples
are given, mainly from unpublished maberial, covering a variety of mineralizations
and conditions, including copper-sobalis lead-szine, gold-arsenic—antinony, moly-~
bderum, tungsben, bin, niobium, chromiws, and dismond-bearing kimberlite deposits.
Certain features of observed metal dispersion ave briefly diseussed, with speeial
reference te the influence of soil iyve, ¢limsbe, topography, vegebtation and
bedrock geology.

In many aveas of Africa, especizlly Southerm HEicdesis and West bfyiea, gold
oceurs in ggsociation with areenic snd, cecasionzlly, antimony., Because (sie)
of the lack of a rapid field test for gold and because, in some areas, geld is
subject to leaching and redisbribubion near the surface, arsenic and antinony
have been studied ag pethfinder elements for gold.
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In Southern Fhedesia, gold cccurs assoeciabed with grsencpyyite and oecas-
jonglly stibnite, in minerslized shear zones and quartz veins traversing
greenstone or sandstone host rodks. The terrain is flat to undulabing, with
oceasional hille snd ridges, and bedrosk is generally covered by a residual
latexitic overburden varying from 2 to 8 fest deep.

In highly ferruginous eoils developed over basic bedrock, there is no
merked variation in arsenic content with depth, aparbt fxom a slight enrichment
in the topsoil and possibly in zones of mzdmmm iron accumulstions Good soil
ancmaliies ave developed over mineralizabion at a depth of about ome foot.
There appears to be little leaching of arseni¢ during weabthering and such
lateral dispersion that oecurs is probghly largely mechamiesl. This relative
fomobility of arsenic has been found clsewhere and where smelter fumes have
conbamingted soils with arsenic, the arsenis is eonfined to the upper horizons
of the soll,

In econtrast te the yelatively restricted dispersion of arsenic in highiy
ferruginous soils (probably beeause of the formetion of insoluble iron arsenates),
there ic evidence that arsenic may be sppreciably more mobile in soils developed
over ssndstonss and other rocks with low iron conbtents.

Similer resulbs have been obbained in Sierra Leone, where lentieular gold-
guarts velns asscciated with arsenopyrite and base metal sulfides occur in
sheared tale~-carbonate schists., The overburden on higher ground consicts of
several faet of indurated laberite, or duricrust, overiying 2 %o 3 fest of
nodular red loam grading inbo westhered bedrotk. The area is being zctively
dissected end the durierust horison is missing on the valley slopes. There is
considerable contrast botween the background metal content snd anomslous profiles
{up to 500 fest wide) which rise to metal values of 600 ppm. The durierust is
missing in the vglley slope soils; this is where most of the work has been done
although other studies indicate that near-surface ancmalies are also developed
in the durieirust.

The few samples analyzed at the time of the study indicate that only under

" gpecial circumstances would antimeny prove %o be a better indiecator than arsemie.
This is because sntimony is more sporadically distributed in the ors and also
because of the more tedious analybical procedure for antimony.
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Abstract on Jegchemiesl Bxploration for intimony in Southesstern jlasica,
by Ce L. Sﬂlisbuxya

Preliminayy geochemicsl prospeeting by the U.S, Geological Susrvey wes earried
out in 1952 in muskeg~covered ground ab Camono Point, Cleveland Pevminsuls, Alaska,
in an effort o £ind aress of sbibnite concentration. The areal geology was kuown
in genersl; however, the details of struetural controls of ore deposition were
imperfectly lmown. Thick vegetation obscured the bedrock; this, combined with
heavy reinfall, made surface exploration slow and costly. The only ore minersl
present is stibnite, which is exceptionally pure and contains only trases of
arsenie. The ore ogcurs as replagement of limestons and as fracture fillings in
host rocks of breceiated limestone interbedded with limey slate snd subordinste
phyllite of Mesozoie Age. 4

The soil cover above limesbone bedrock consists of a layer of decayed organic
matber grading downward into g yellow o red clay and thence dewmward into lime-
stone, At other places a till zZone cccurs between the humus snd elay gones,. .
Muskeg and pear bogs several feet deep have formed o lavger flab areas, especlally
in poorly dwrained aveas in reworked glaciasl maoterial. L

Samples wers collected by using a 3/k~in. pipe fitted with a wooden plunger;
the pipe was pushed down into the clay sone and then through to, or near, bedrock,
Three or four sgmples were collectbed from different holes at each station; The
Pipe was clesned to aveid conbtamination of low-grade samples by high-grade ssnples.

. Initisl work established a preliminary range of values indicating rioxmal
{background) and znomalous concentrations of antimony in the soil, There were no
detemningtions of greaber than 2,000 ppa of sntimony, for this value seemed

- sufficient to indicate ore, Tyaverse lines radizted out from the kmown ore gone,
Twelve groups of samples were taken to determine the vertical distribubion of
antimony in the soil proefile; two zones of concentration were found to cecur: ome
imnediately overlying bedroel and one at the base of the humus layer, both géparabed
by a zone of lower coneenbration, The enviciment in the humus layer probably is
the resullt. of plant action; that of the lower gong is the result of the solution
of limestone; leaving insoluble antimony minerals behind.

The background content of the lowest soil zmone depsnds in large measuve upon
the composition of the underlying bedrock. In areas of umminerslized limestone,
background walies of antimony run 30 %o 40 ppm; over limestone-free beédrock batk-
ground is less than 10 prm. The threshold value of anbimony (near mineralized
areas in limestone) ranges from 100 to 1,000 ppm. Anomalous values range from
1,000 to 10,000 prms Thrveshold and anomplous values largely depend upon the depth
of oere bodies. This study was designed to find near-surface orsbodies within
regch of 20-T%, drill holes,

. Results proved the fessibility of finding ore through geochemical soil sampling
methods, Two new aress of high anbimony concentration were found during the pre-
liminayy studies, The major significance of the study is that new ore zones were
tGisecoversd easily and cheaply; three additional orebodles were discovered at a

‘ total cost of less than $750. It is ccncluded thab antimony ores, particulaxly
stibnite, are debechable by soil sampling metheds, at least in residusl soils,
beeause the dispersion halo is restricted in extent and the ancmalies lle close to
the ore zone. It is suggested that antimony-bearing sulfide ores might be explored
for using antimony az an indicator clement.

—?—v
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' Abstram‘s on Geschenical Exploratlon Neaw the Getehel) Mine, Bumbolt Coumty, Newada,
b H. L., Brickson and others, :

The U,S, Geological Survey began geochemical investigabions st the Gelchell
£0ld mine in 1961 to study the srsenic-gold association and to test the idea that
determination of arsenic inm soils and rocks ab the surface would ald in finding
conzealed gold ore.

The area is in the northe-central part of the Osgoed Mountazins, whose genersl
geology ccmsists of complexiy folded and thrust-feulted Paleczoic sedimentary vocks
intruded by o Cretacecus grancdliorite mess, Most of the orebodies of the ares
oceur in the Getchell fault zone that exbends glong the eastern front of the Osgood

The gold corebodies are sheetlike masses extending 7,000 feet horizontaily and
800 fest dewndip; they vary in width from g few feel to 200 feet; averaging aboub
40 feet wide, The highest geld contents ave closely sssoclabed with soft black
earbonaceous material and abundant arsenie sulfide (vealgar and ovpiment)s Othex
ove~asoociabed minersls are arsenopyribe, stilnite, ilsemenn-ite snd cinnabar,
fnalyses of the ore show that arsenic is the most abundant metal; arsenie, tungsien,
and meveury are the only metals consistently present in all eomposite ore sahples;
and melybdenimy entimony snd silver probsbly have only limited usefulness as an
indicator of gold ore, o

Roclk, -fracture £i1ling, and soil samples werse spectrograpivically sndlyged for

‘ seversl metals avound the ore zones; typical anomalies oceur in fracture. £-i3;§{ings
from the north workings of the Gebehell Mine, along an sdit perpendiculsr to 'the
ptrike of ihe Ore shoots Avsenic, tungsten, and mercury show the greasbest zmounts
of enrichment; arsenie and mercury ave caviched 100 times and tungsien is enwiched
10 times. Studies indicebe that a coincidence of these three metals is a good
indleator for:a nearbty gold deposit, Arsenic snomaiies withoub the aceempanying
tungsten and mercury anomelies may indicate weak mimerslization or thsb gold mine
eralization is further ramoved fyom the semple site (tungsten and mersury haloes
were depleted elozer to the deposit,) o

In general, geochemical work ob the Oetchell line indicates thab arsenige
tungsten-mePoury anomalies cccur over the gold depesits and that these anmalies
are nob broad haloes but ave restricted to the mineralized area. The highest
mebal values ocour in oxidized irom-rich meberial slong fractures and bedding planes
in barren bedrdelt, lesser values in esliche coabings on exposed bedrock, and lowest,
but still ancmalous,; values in soils, *

Mining operations demonstrated that the outline of the surface geochemical
ancmaly conformed Lo the outline of ¢the underground arsenic-gold orsbody.

The writers suggest that sinece arsenic and tungsten ave strongly oxyphile,
they tend to: form ctides or hydrabed oxides and remair in the oxidized zone,
Argenic and tungsten mzy be absorbed by precipitating irom hydroxide or by foming
ferric arserobes end tungstates, The amount of svsenic remgining in the cxidized
gone probably ig controlled by the amount of iron availatle to form arsenstes oy

@ =rsenic-zdsorbing hydroxides, In the Getchell Mine, these is move arsenie then

it



Geochemical Profile of 100-Foot-Level Adit, North Workings, Gebchell Mine, Nevada

Modified after Erickson snd others, 196k, pe 8.
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ivon in the prizsry ores as a resulb, theve ls dnsuvificient iron in the mde

gone o fix 211 the gvailable avsenie, Bicess avpenis pmbab”y remaine in
sobablon as the nagat.m@ly eha; *g@é sn:’mn or a8 negatively ehaorged arsenate

QLIPS enes (Hgﬁ!iv{}h and Hm%"" ‘) over o constant I end wide range in pi.
Eraporation of a:&ygenamm glkeline waber could presipibate afsemm‘\@mng caliche,
The small emounts of arsenic in soils ocver gold deposits could be the result of
npward diffusion of arsenie by surfase and ground waters or the diffusgion of
araing ges from arsenic concenbrabions in bedrock. !

Abstract on Geochenmdesl Prospeehing Studies in the Bullwaclker Mine Area, Buvelta
Diﬁt?ﬁf’t‘g ﬂw&d%ﬁ@ hjf AeTe Mi@uﬂh ﬁrﬁi T Ea ﬁ!elailo

The genersl geology of the Bullwacker mine ares consiszis of faulted Pzleozeic
sediments intruded by s quarts porphyry sill. Mineralization is leaxzeiy confined
to limestone beds adjecent bo steep crosscubtting fissures (also mineralised)s
Tae orebodies ars oxidized legd-silver-goid replacements gonsisting largely of
gnglesite, cerussite, plumbejerosite, and limwite, mainly afber gelenn, The
cxidized ore contains arsenle (bewlantite); primary sulfides contain pyﬁteg
galena, sphelerite, and arsenopyrite.

Sauples were taken from the upper 3 or 4 inches of residugl seils ov¥er 'the
bedrock in the mine aves. Lead and zine wers snalyzed uaing dithizone and carbon
tetrachloride; arsenic was debermined by the Gubzelt method lnvolving the passsge
of gases evolved from an geldified sguple selubion through lead scetate to a
eani‘m@d spoh on meguris chiloride paper,

Bromglous values of lead, zine, snd arsenie were cbislued from soll semples
 taken over the old orebody., Combeminstion from mining operations is congidered

to be negligible, Background velues of arsenic ranged fram 15 Yo 50 ppm;

enomalous values ran as high as 150 pmm ersenis. Lesd, zing, and arsenic ariomalies
in the s0il clearly vefleet shallow bedrock mineralizaﬁioﬁ, however, the sine
encmaly wes move dispersed them the lesd and arsenic spomalies, The lesd anomaly
wag the strongest, probably because of the relative sbundsnee of gelema in the

pre conpayred to sphalsfim and graencpyrite. Desp mineralization {860« 12100 feeb
below the surfece) wes not reflected in soil snomelies,
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&bﬁhraet on The Rste of Arsenic ss g Pathfinder in Biogeochemd cal sgecté_._ng
by ty H, V. Warren and others,

The authors report that arsenic has becnh used sucessfully as an indie?aﬁﬁr for
betrshedrite mineralizetiony, for eobalt; for tungsten, for gold, a2nd for silver,
primerdily in soil sampling, Howsver, they found that the arsenic content of
differsnt soil horigons vawies grestly; also, they peint out that in meny aveas
soils are poorly developed. 4s a resullt, they turned to biogeochemical methidds
in using avsenie as o pathfinder element in various mineralized areas of Bx@iﬁah
Calumbia.

The analymeal method uged was based on Marsh's method of evolution ei‘
greine, modified by Varssk znd Sedivek, who reast the arsine on g solut.iqn,m‘
silver dithyldithiocarbamate in pyridine (Liederman and others, 1959).

The mimralized aregs consisted of lezd-sine veins, arsenie-gold cic&;:a«;a‘aﬂ.t.a,g
and antimony-gold deposits; all the deposites contained arsenle in varying'
amounts, Arsenies values wepre enriched in the Ay soil horizon over deposits with
signifieant agmounts of avsenic (4s > 3%). However, over the deposits with less
arsenie, there was no significant arsenie snomaly in the scil samples. Bieggma
chemiesl samplmg revealed anomalous smounts of arsenie over all the depositsg

The plam; which had the grea‘best concentrations of arsenic was found 1:0 be
the Douglas Fir; the highest arsenic content were found to be "tips® of rew
growbhe Se»omiwyear growth, although snomalous, contained lesser amounts oi‘
aysenie, L

Baekgmund values of arsenic in the ash of Douglas Fir ¥tips® (Zrom ormis
eralized areas) generally ave less than 1 ppm ersenie, The smount of arsenie
econtained in the various growihs appears to depend upon the time at which the
samples are collecbed; newertheless, it ls inberesting to note thab regerdiess
of when semples are collecbed, they inveriably are anwumslously hkigh in arsenie
over mineralized areas that contain even smell emounts of arseniec,
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