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g o . ABSTRACT .

'.The Cominco-owned'Wrigley—Lou ore dépoqits,{hosted 1n“Midd1efﬁevo_
nian carbonates and shales, are structqha]lé cpntro]1ed and 1ie in close
ptoximity to the Camse]i Fault, (:Zh is'basemént Controi]ed

Fluid- 1nc1u51on studies of sphalerite and f]upr1te reveal that the
flu1ds are 16 to 26 equ1va1ent we1ght percent NaCl, homogenize in the
range of 80 to 156°C, and have a‘density of 0.95 to 1.05 g/cc. Thé
characteristics revea]ed by. the two- phase 1nc]us1ons prov1de para]]els
to those of North Amer1can Mississippi Valley type deposits.

345 vajues averag1ng +10. 3% for

Su1phur Lsotope ana]yses y1e1d 6
pyrite, +7.5% for sphalerite, +3. 8% for galena, and -15 7% for sed1ment-
ary pyrite. The sulphur.is.in isotopic d1sequ111br1um, thereby implying
batteriogenjé reduction -of sea water sulphate. The probable source of
the sulphide is the latest Emsian-earliest Eife]iah Bear Rock Formatioh
ahd it is very likely the sulphur source is ;ndependent of the metal
'isource From spha1er1te ga]ena su]phur 1sotope pa1rs the mean tempera—
ture of sulphide precipitation is 176°C. ‘

Lead isotope analysés of galena-lead 1hdicate that thé lead is anoms
alous, comparable toiI]Tinois-Kentucky district and SOme‘Appalachian
) Vaiiey 1egd. The lead-model age (time tgj is 58+142 m.y. or ]ate‘Crgt%@
ﬁratéous to éar]y Tertiéry in aée ~ The time t]-is»2 213+260 m.y., an'age
wh1ch retates w1th Kenoran and/or Hudsonian orogen1c event(s) of the
S]ave Prov1nce This ngel age 1nd1cates that the probable source of
the Iead was from the Precambrian basement, and the Kenoran and/or- Hud-

sonian event(s) released the metals. The pyrite anomalous lead line

intersects the growth curve at 674+198 m.y. which implies that the



M1dd1e Devon1an arg1]1aceous sed1ments were derived from the Bear Prov-

ince to the north, and had been shed by the rising Minto and Copperm1neb
Arch Jin Pa]eozowc time.

Su?phur and Tead isotope determ1nat1ons T rom the PQJar1s and Truro-
deposits of L1tt1e Cornwa111s and Truro Is]ands Arctic Archwpeiago, re-

vea] a comparab]e source of sulphur and meta]< to that of t northern

N
N\

Camse]] Range depos1ts The sulphur: 1sgtope analyses give spha]enate

34 234N

- 87'S values which average +7.8%, ga]ena & S‘values wh1ch averhge +4, OQ\\

',and one pyrvte 6345 va?ue which is +8.9%. The su]phur is in r%otop1c

. disequilibrium and ]1ke]y was derived from_the Bahmann Fiord bhd/or Bay

‘ oo S
,Fiord evaporites through bacterial reduction. The temperatures from

spha]erite-ga1ena'su]phur'isotope pairs .is in the ranée of ]¢3°.tb 170°C.

~ The leadiisqtobe ana1yses.1ie close to the growth cufvehindicating

an approximate mode1 age of 525 m. Y. .Thff'aqe relates to the age Ofa~

Ametamorph1c rocks of rorthern E]]esmere Island, and suggest a per1od of

metamorph1sm in Cambr1an or Hadryn1an t1me The time re]at1onsh1p in-
‘d1cates that the source of metals was likely Precambr1an rock; however,

/

- a deep seated source cannot be d1sregarded

.’ - 3

o

studies indicate that the Wrigley-Lou and‘PoTaris-Truro deposits have’

many similarities.

The f1u1d 1nc1us1on studies along with the/sdTphur and']ead-isotope |

/
/
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Chapter I
INTRODUCTION - -

Carbonate hosted,]ead;zinc deposits in northern Canada are signifi-
cant, although there are few large tonnage deposits. The Piné Foint de-
posit had held the forémost position with respect to size until the
Comfnco—Bankeno“discovery of the stratébound 1ead~zinc»district‘oh Little
'CornWa11is IsTand. In cqntrast;’the relatively smal], structurally con-
trolled Wrigley-Lou mineral depoSits of the northern Camsell Rapge are
typical of most of the base metal deposits of the Northwest Territories.””

This thesis considers fluid inclusion and lead-sulphur jsotope ex-
periﬁenta] results of the wfigley¥Lou and Polaris-Truro deposits-in the
context of strﬁcture and stratigraphy. The principal goal was to ascer-
tain: = (1) the,su1§hur and lead source rocks: (2) the types of brines
which transported the sulphur and base metals; (3) the:probable-controls
‘to fluid movement; (4) the temperature of ore depositidﬁ; and (5) the
model ages of fhe respective leads. From these data, comparatiﬁe knowi~w
edge of the two mineral districts may be attained, which,-taken in a
larger context, allows foi"- ccmparison with other Mi§§issibpf'Va11éy type
deposits of North America. In the practical field of ora exploration,
it is hoped that the information assembled will provide a guide to future
exploration.
| Primary consideration is directed at the geology and ore-genesis of
the Yrigiey-Lou properties, and secondarily to the PoiarﬁseTrufo depositéo
The writer has had greater access and extensive sample guites from.the
trigiey-Lou property showings. The provided Polaris-Truro sampie suite

was not ~xtensive and therefere, did not merit indepth consideration.



A. HISTORY OF THE WRIGLEY-LOU PROPERTIES

| Cominco Ltd. began f1eld work -in the Wrigley area in March, 1971
Initial work was carr1ed out on the 'Berg Group, opt1oned by the Company
in 197C. Impetus for_:uwtner vork arcse Trom detailed study of oil wells
drilled in fhe geneha] areao The‘presence-of galena-sphalerite minéro1~

ization in Midd]e Devonian carhonates indicated that the stratigraphy

merited further exam1natiqn SUbsequent fie]d work revealed in situ Pb/ZHV

_ m1nera11zat10n\hh the north ‘end of 'Mount Barrett' and the “Fry’ Group of
37:c]a1ms was staked in September, 1971. Cominco Ltd.‘then acquired a -

three-year prospecting Permit No. 273, from Ottawa, in April, 1972. The

area of the Permit was 169 990 acres (271.5 square m11es) exc]rﬁxve of the

38 'Berg' claims, wh1ch were subsequent]y dropped, and the 37 Com1nco-
owned 'Fry' claims. The Permit exp1red March 31, 1975 and'Cominco Ltd.
staked 448 claims (36 16 square miles) to maintain conthol.

. The Loo property of 20 claims (1.62 square mi]ef) is located appnoxi—
mate]y‘34,milés south of the southern boundary of the Wrigley property,
.and just north of the Root River, within therCamsei1,Range. Orioinally'
staked in 1972, Tield work commentgo.in Augusf, 1973., Examination
centered on mzpping, geochemistry énd general prospécting.

The Lou property is Jocated within one of the Union 071 pcrm7t areas.
Giant Ye]]owkn1fe also holds permits in the area. At the time of . \r1t1ng,

(1976), large portions of these pe rmits have been dropped.

B. LOCATION AND ACCESS

The area of detailed consideration, the Urigley Claim Group, is com-

posed of iio _Claim units: the Wricley property and the Lou property.



The geographical center of these claim units are:

Wrigley property - Longitude 63°08' N; Lat1tude 123°37'M

Lou property —-Long1tude 62°53'N; Latitude 123°47'W

The general area of the Camsell Rénge, herein considered, is bounded
by the Wrigley River tO'thevnorth the Root River to the south, the Mac-
kenz1e River to the east, and the Mackenzie Plain to the west. The entire
area so enclosed includes crown land and 1and staked by Cominco Ltd. Fig.
1 indicates the respective property 1oc7‘*ons within this regional setting.

The on1y settlement in the area is the town of wrigley, situated on
the eost bank ot the Mackenzie River. The ‘community- centers around an
a1rport operated by the Department of Transport. Tﬁis community is 114
miles northwest of Fort S1mpson which 1s the main supp]y center for the
surround1ng area. Air service is the pr1nc1pa] means of travel to and
from Nr1g]ey, however, dur1ng the winter it is serviced by a w1nter road
from Fort S1mpson, and dur1ng the summer by the government barg1ng system
(NTCL) on thevMackenZ1e River. An all-weather highway is being constructed
from Fort‘Simpson to Wrigley and beyond, which; when eompTeted, will reduce-

-operating costs for companies in this area.

C. HISTORY, LOCATION AND ACCESS OF THE
POLARIS-TRURO PROPERTIES

The Po]aris—Truro lead-zinc deposits of the Little Cornwallis and
Truro Islands are Tocated near the geographic center of the Canadian =/
Arctic Archipelago. The lead-zinc d1scover1es are Jo1nt1y owned by |
Comineo.Ltd. and Bankeno Mines Ltd. Thev were first dr11]ed in 1971.

Subsequent exploration located additionai mineral occurrences (Fig. 22).
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The'PG]ariS deposit is the largest, proven to 20 million tons of 20%_
lead-zinc combjned. The miperal discoveries are‘under the control of
‘Arvik Mines Ltd. |

Resolute, situatéd near Resolute Bay on the south-central coast
of Cornwallis Island, is the principal settlement. Resolute is ser-
viced by an airport operated byffhe Department of Transport, and is
accessib]e,by ship for uart of the summervéndifall. -This center is
the principal base of activity for\goverhmental égenciesﬁand”is‘the‘
supply center for commercial companies operating in the Canadfén Arctic
Ie]ends north of Perry Channel and(just south of the channe]f(Thorstein-

sson and Kerr, 1967). '

D. PURPOSE AND SCOPE OF THE STUDY

(1) To cons1der brlefly the structure and strat1graphy of the
northern Camsell Range . . v ’

(2) To cons1der the petro]ogy of the ore and host rock of the
Wrigley and Lou properties in order tohdeterm1ne the paragenetic se-
'quenee of sulphide ahd éangue minerals. | |

(3) To cons1der the sulphur isotopes to ascertain the probab]e
origin of the su]phur and tre temperature of sulphide formation.

| (4) To cons1der fluid 1nc1us1ons to indicate. the probab]e type

N5

of m1nera]1z1ng fluids and to corroborate the temperature of-miner-
alization. |

' (5) To eensider lead isptopes»fo ascertain-the‘apprekimete source
and age of m1nera11zat1on | |

(6) To considéy the Po]aris-Truro depos1ts in terms of the struc-

ture, stratigraphy, paragenesis, and sulphur and lead isotopes to



ascertain the'probable origin of the‘sulphur and metals, the model age
) of the 1ead and a‘possib]e model for minera] emp]acement

(7) To cons1der the, two mineral dwstr1cts in a comparat1ve sense.

\

The structure of the Wrigley-Lou propert1es is considered in the
regional context. Definitions of the 11tho]og1es and.of the strati-
graph1c units are pr1mar11y hased on the work carried out by the writer
in the summer of 1974 wh11e employed by Com1nco Ltd The Tlists of
identified fossils for the Headless and Nahanni Formations are from
the Cominco properties and are not es extensive asﬁthose listed by
H. Gabrielse, S.L. Blusson and J.A. Roddick (1967).

In the isotope and t]uid.inc]usion studt@s; attention is focussed
upon the Nahanni .Formation as it.is the most prominent formation with
regard to mineralization. This focus,\however, is not intended'tb
negate the presence of m1nera11zat1on in the other Devonian formations --

namely, the Hare Ind1an Shale, Headless Sha]e, Landry Manetoe and Arnica.

E. METHOD OF STUDY

The Hrigley property and' the. Lou proberty are 1ooated aboot 14vmi1es;
‘apart, in the northern Camse]l Range. THe Mackenzie Plain, wh%eh essen-
“tially surrounds the Camse]] Range, 1s ?uskeg -covered and outcrop is
minimal. The rangg rises above the twa1n, and varies in e]evet1on from
less then 500’feet along the Mackenzie River to 2,750 feet on }Mount
Grotch'. The heavy forest growth and mantling glacial debris, which
masks the plain, extends up the westward-dipping sTope ot the range
and good outcrop is restrtcted to the eastern cliff scarp above. the
Camsell Fault. information as to the geology was derivedvfrom surface

mapping and examination of drill cores.



"

Diamond qri]]ing has been cerried out only on the’Wrig]ey property.
A total of 3&Texploration'ho]és‘Were drilled in the summers of 1973 and
1974. tpe/writerpexamined many”of the cores iht1974:and mapped both the
lLou and ﬁrig]ey,properties.- Measured'secfions on the Lou property allowed
for‘theicOmparison of stratigraphic thicknesses between_the two properties.

The_]ocations-of the diamond drill Ho]es have in general been num-
bered aeeording to the property'1ine grid coordipates and this numbering
‘system will be retained in the present study.” Map Fig. 1-A (in pocket) .
provides the 1ocat1ons of the diamond dr111 holes used in this study and
the location of cross-section A-A' (Fig. 6).
\ Thin sections add polished sections were prepared for examination
frdm sefected‘ihtervals of the core of the'Wrigley property, while the
veins on the Lou property were s/mpled to prov1de a surface cross sec-
tional p1cture Unfortunate1y, these surface samp]es were weathered. A ‘
representat1ve selection of diamond drill core and of surface samp]es was
cutﬂand stained us1ng the Friedman (1959) method to test=for iron- free
caleite;'iron-rich Calcjte, iron-poor dolomite and ankerite.
” - Ten pairs of 'co-existing’ sphalerite-galena samples were prepared'

and run for sulphur isotopes‘ The samp]es are from d1amond drill core

_and are representat1ve of the Wrigley property

Field inclusion sections were prepared from samples of good sphaler-

ite and fluorite crystal development. Wherever possible, the spha]erite

samples for these sections were taken from the séme Tocation as that for -
- sulphur isotopic determination. This was done to provide valid compari-
sons for the temperature determinations arrived at using these two

ané]ytica}’methods.



Twenty galena and pyrite samples were isotopically examined for
 lead. Thfrteeh of the galena sampjes a}e from diamond dri]]'core§ and
give a vertical ahd horizontal indication of isotopic change. Three
surface samples are inc]Uded. The four pyrite samples represent diag-
‘enetic sedimentary pyrite. |

The Po]arfs-Truro deposits were considered in a similar- fashion.
Onjy a few samples of these galena-sphalerite ore“bodies were available,
with no specific map lTocations. Considerable dependence has been placed
Aupdh the ‘1iterature since the writer did not visit or wbrk on these

properties.

F._ METHOD OF DRAWING CROSS-SECTIONS*5““”“““’

Tectonism associated with the Laramide orogeny (late Upper_Creta—
ceous-early Ofigocen;) has resulted in broad folds, basgpent block faults
"aand thqut-fau]ts in the genera]warea.of this study. 1In the strati-
gréﬁﬁft section A-A"(Fig. 6) the‘téctonic deformat{on is removed and
,&the top of the Head]esé-Sha]e Formation is the datum. The north Cgmse]]ﬁ
' - Range crdss—sectipn.(Fig: 4) is more extensive and the datum 1sﬁthe top
| of the Nahanni Formation. Ihe sections are drawn‘from field data, diafi

mond drill 1095 and 071 well logs.



Chapter 11
GENERAL ' GEQOLOGY

A.  REGIONAL STRUCTURE

The geherai area may be divided into two tectonic provinces. East

of the Mackenzie River the structure fs not complex, while west of the

river en echelon folding and faulting is prevalent. This latter area

1is characterized by mountain ranges and plateaus which are separated by

flat intermontane valleys. . The visible tectonic deformation is a result

of the Laramide orogeny, and faulting has exposed the formations. Some

of the area]]yfgﬁgpsed formations are traceable into the plains east of

the‘Mackenz%e River.

—

.Bostock (1958) and Law (1971) have defined the main structural ele-

- ments of the general area:

(1) The Interior Plains, known-in thié area as the Great Slave Plain,

(2)

d) The Mackepzie Mountains,

|

and,

The Disturbed Belt

‘a) A narrow zone east ‘of the Franklin Mountains,

b) The Franklin Mountains, the four ranges of which are, from

north to South, the Norman, McConnell, Camsell and Nahanni Ranges,\

c¢) The Mackenzie Plain; between thefFrank]in and Mackenzie Moun-

tains,

e) The Liard Range; south of the Mackenzie‘Mountains,~
f) Thé Liard Plateau, south of the Mackenzie Mountains and west .

of the Liard Range (Law, 1971). :

N vy ] / "/’
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‘The northern structural area was considered by Hume and Link (1945){
;nﬁmeﬂ(1954);,the southern portion‘by Dduglas and Norris (]959,‘1960, 1961,
“1963). The following is the précis presented by Law (1971) relative to
" the two areas. | ' |

“The anticlines are broad, sinuous, up to 100 miles long and
commonly arranged ‘en échelon.” Dips vary from gentle to steep but
“are usually in the range 10° to 50°, being relatively gentle in
the north half of the area and steeper in the south. The synclines .
are.broad and flat with dips in the order of 10° to 20°. s
. The anticlines may be symmetrical or asymmetrical either to
the east or to the west. They are frequently cut by high angle
thrust faults near their crests. The thrusts may dip either to
the east or to the west, depending usually on the asymmetry of the
fold. The folds are crossed by high angle reverse and: thrust
faults of small displacement.

In contrast to the southern Rocky Mountain foothills, with
their low angle thrust faults, the faults of the Mackenzie Plain
and related areas dip at fairly stpep angles. Movement in this
area has been vertical rather than horizontal. The anticlines
are usually para]]e] folds w1th rounded .flanks.

‘The Camsell Range, within the Mackenzie Plain, appears to fit within
~.this-descr1pt10n, illustrating the en éche]on folding, high angle thrust

and block faulting. The tectonic controls responsible for these Laramide
struétUres have been considéred bx?many workers; amohg these are Goodman

(1951), Gabrielse {1967), Mo]chanovav(1968), Norris (1972) and de Wit

et al. (1973).

A bfief»summaéy of the tectonic evolution of the.northern Canadian
Cordi]]era,‘based'ﬁponvthé work of Gabrielse (1967), will indicate the
structure that-has_beeh over printed by the Laramide orogeny.
| Teétonismfin the northefn Cordillera area gommenced 1n the late
Proterozoic and persisted through Devoﬂian timéi The-latest orogenic
event (Laram1de) took place from Cretaceous to Ollgocene time. Much of ™

the tectonlc act1vity is recorded as structural deformat1on and/or c]ast1c

sedimentation.
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The oldest rocks recognized in the northern Cordillera are Protero-
zoic (Purcell) which outcrop in the Mackenzie, Werneche and-Ogi]rie Moun-
tains. Deformation of the rocks is caused by uplift, fo]ding and block
faulting of the Racklan orogeny Unconformably overlying the\'Purce1!~
1ike' deformed rocks, is the Rapitan Formation. The lower unit of thrs
formationris composed of bedded chert, conglomerate, and cong]omeratie
mudstone. Iren formation occurs in the thick 'tilloid’ congomerate in

the north flank of the Mackenzie Mountains (Dah]strbm; 1976). The lower
| unit is overlain, locally unconformab]y, by dom1nant1y fine- -grained
c]ast1c and volcanoclastic rocks. The Tower Rapitan Formation is very
similar to the Upper Purcell Series of southeast'Brit?sh Columbia, while
the 'Grit' unit of the Selwyn Basin has corre]ative similarities to the

_Nindermere and M1ette rocks of the southern Canadian Rocky Mountains

' Like]y the 1ate Proterozoic 'Grit' unit was deposited fo]]ow1ng[tecton-'

\

ism of the Racklan orogeny.
Subsequent sed1mentation deve]oped within cennected ani'unconnected
basins (Handf1e]d 1965) of the Frank]1n Mountains and Reds ne Arch
: areas through the duration of the Cambrian the process being roken by
up11ft and erosion. Late Cambrian (pre- Francon1an)/ue%;;ﬁg:ziev1dent in
the eastern Selwyn Basin, and represents the last, event of the per1od
| Ear]y and Middle Ordovic1an sha]es, cherts ahd si]tstones were
deposited in the west whi]e thick carbonates accumu1ated on the flanks
of the 01g1]v1e and Redstone arches and in the Root Bas1n (Gabrielse,
1967). 1In the westernmost part of the northern Canad1an Cordillera a
‘n;eespread unconformity separates Late Ordovician«and S11ur1an rocks

from the older strata. In the Franklin Mountains the comparative un-

conformity truncates the Franklin Mountain Formation.
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Not until the Middle Devonian are any of these unconformities re-
gional in extent. “Douglas and Norris (1963) record a regional Middle
Devonian unconformity on the Franklin Mountain Platform, and Gébrie]se
{1967) notes that no significant angular relationships have been re-
corded. The early-Middle Devonian lithologies are characterized by
dolomite, limestone, shales and evaporites, while the 1ate-Midd]e‘Devo—
nian consists primarily of carbonatesvand shales. “Although tectonic
differentiation is 1acking during the Middle Devonian (Martin, 1959)
the Late Devonian and M1ss1ss1pp1an tectonic activity was widespread in
the west (Selwyn Basin and Pe]]y -Cassiar P]atformﬁ and in north- central
and céntral British Columbia. This per1od‘of;defoLmat1on was fo]]owed
by the Late Pennsy]vaniahiand Early Permiaﬁ (Me]vi]]ian),orogény k?),
indicated by K-Ar dates of 225 and 265 m.y. (Douglas et al., 1970),
which affected thé'northern Yukon Territory and éontinued as far south
as the Liard‘Basiﬁ (Harker, 1963). Pérmian sequences unconformab]y over-
lie the older strata.. |

| Gabrielse and 'Reesor (1964) considered K-Ar dates of plutonic rocks
¥’in the southern Yukon and conc]uded they do nofofndicaté that tectonic
vand plutonic evolution occurred in a single Mésozoic cyéle.\.Théy con-
sider an evolutionary structural develbpment took place in which struc-
tura].reworking of older plutons by successively youngerbtectohic events
resulted. The events do not aCcommodate a specificﬂorogeny,ksuch as
Laramiée~orogeny of White (1959). They‘obtainedké aarge number of dates
in the range of 100 m.y. to 60 m.y. (Cretaceous) which may ref1ect an
1ncrease in p]uton1sm during the progressive development of the tecton1c

" cycle. This mid- and Upper Cretaceous plutonic qnd associated tectonic

evolution, which resulted in the Canadiah Rocky Mountain'development,
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has been corroborated by the eastern Yukon 11 batholith dates of about
95 m.y. (Baadsgaard et al., 1961a). These latter dates tend to indicate
that the principal tectonic and plutonic activity occurred during the mid-
Cretaceous . Baadsgaard et al. (1961a) consider this mid-Cretaceous oro
geny "continued on into Late Cretaceous times with the emplacement of
small plutons such as Bayonne (British Columbia), Boulder (Montana), and
Marysville (Montana, ..., believed to be Late Cretaceous and assignable
to the Laramide orogeny." (Baadsgaard et al., 196la). Within the gener-
alities of the preceding, this Cretaceous period of deformation may be
referred to as the Laramide orogeny, as applicable to the tectonic evo-
lution of the northern Canadian Cordillera.

The various tectonic events of the nqrthern Cordillera have resulted
in a cumulative structural overprint. The Laramide structures are the
most-recent and therefore are dominant. JThe structural style of the
southern Canadian Rockies changes in the vicinity of the Liard River from
Tow ang]e-thruét faults in the south to basement controlled faulting in
th; north, the latter displaying more structural symmetry. Gabrielse
(1967) summarizes the northern qudi11era regional development in the

following manner: . regional compression combined with dominantly
vertical, or in places, transcurrent movements of basement blocks could
have produced the characteristic structural style of the Mackenzie Moun-

tains."”

B. CONSIDERATION OF BASEMENT FAULTING

The Precambrian basement fault control of the foreland ranges of
the northern Canadian Cordillera was initially suggested by M.Y. Williams

in 1927 (Goodman, 1951). He envisaged up-thrust edges of basement fault
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blocks. Goodmzn (1951) simf]ar]y considered block faulting of the base-
ment to have produced 'most of the mountain-building stresses’ in the
lleckenzie Mountain foré1ands. The compressive stresses operative during»
the Laramide orogeny affected the basement along existing Tines of weak-
ness, and never reached fhe over-thrusting stage. Thus, comparatively
gentie strucfures developed. | |
Mo}chanova (1968),‘in considering zones of rasonance-tectonic block
structure along thé periphery of the éircum-Pacific Belt, believes that
the tectonic movements of fhe northern Canadian Rockies were less in-
tense than those Gperative in the American Rockies. She implies, by
compafison with the American Rockies, that vertical disp1acements'"led.'
to the formation of block and arched uplifts "...".

Eardley (1954)’and King (1961), in studies of the American Rockies,

have considered the cryst\\jvne basement mrvement to be s1gn1(ﬂ§ant in

the mountain building. The decreased “degree of vertical movement in
£he northern Canadian Rockies p*‘even"r accurate visual proof of the base-
mant invo]vément. Lowell {1974 considered Laramide foreland basement
deformation in the avea o7 wyoming-ldahp thrust-fold belt. where hori-
zontal compreéssion, vertical movemenZ, and strike-siip mqvement within
tie basement has trenspired. He proposes “in addition to tangentiai
comr?essfon and strike-s1ip. anlithoztatic slab cubducted well beneath
the foreland...", thereby accounting for the uplift of th~ basement.
From the above studies it is apparent that the Precambrian basement
U ot passive during the Larcmide svogeny. The actué1vcause of move-
Go o is not kooan.  Rs an JHlustretion of this basewent movement, the

225-26 n.y.. Baadsgaerd et al., 1961b; Hanless,

P

felviliian orogeay (7 (2
1964) caused Jikpiore ant on’tbe southwest extension of the Macidonald

fault cystem, and the movement is expressed ii the Paleozoic structure.
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‘The stfucture of the Interior Plains in large part has been deter-
mined by the underlying Precambrian basement. - de Wit et al. (1973) be-
lieve the erosion of the Precambrian and»subsequent block faulting have
besn instrumental in the development of the basement topography. and
thereby controlied the over}yfng, generally southwest-dipping Paleozoic
stratigraphy. Examp]e; of the baSeﬁent contrbT are found fn the aféa
of the Celebeta High and within aitrianguiar area between the Nahanni

Range and the Liard and Mackenzie River. However, de Wit et al. (1973)

do not assign significance to vertical basement djsp]acement in the
mountain belt. They envisage truncation of the dominant Precambrian.
basement control to lie at the eastefn'extremity of the foreland or |
aisturbed belt. Goodman (1951) does not consider a clearly defined de-
marcation line to exist. ‘The basement contr91 may be the explanation
for the sinuous NahanniQCamse11 Ranges of some 160 miles in length,
which display minor offsets, block rotations ahdvreverse fau]tfng.

B.K. Norris (1972), in the light of an examination of the fold
patterns of the northern Cordillera, cbnsidered the kinematics and dy-
namics of the Laramide orogeny. The Mackenzie Plain west of the Wrigley
property (Fig. 2) illustrates right-hand en échelon anticlires and syn-
- ¢tines and ﬁorris considers the folding to be the resu]trof slippaée of
the'sedimentary straté over detachment surfaces at the'top of the pas-
cive basement. The folding was tikely the precurscr t5 the wountain

building.® In this way the cross-cutting structural relationship of

“Douglas. et al. (1970) consider the folding of the Mackenzie Plain may
have been of the early phase of the Laramide orogeny or earlier, and
a décollement zone at the level of the Cambrian salt and anhydrite may
be significant. -
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the broad Root River antic11ne and syncline of the Mackenz1e Plain (see‘

| Fig. 2) to the Camsell Fault may be explained. The en eche]on fo]d1ng
preceded the basement controlled faulting, and the 1atter controlled the
mountain buiiding development. This sequence of events did not result

in the folds being faulted along the flanks of the folds; instead, the
Targe Camsell Fault cross-cuts the fo]d patterns Evidence of thrusting
and horizontal shortening is not ev1dent The Root River ant1c11ne as
traced in the Mackenzie P1a1n, and the noéihern extension of the ant1-.
cline in the hangung wall of the Camsell Fault in the wr1g1ey property
area (see dotted enclosure - Fig. 2) reveal essent1a11y no hor1zonta1
displacement. This indicates that the displacement a]png the Camsell | J
Fault is vertical, or near to vertical, with a deg;ee of strike—s]ip_ ‘

mﬁvement. y
The effect of the above mentioned basement faulting in controlling
the structural development of the northern Cordillera foreland ranges
"exfends into thé realm of base metal mineralization. Neil Campbe]i
(]950)‘and Cumming and Robertson (1969) consider a possibTe re1atiohshfp
to exist between the MacDonald Fault and the Pine Point deposit. A.V.
Heyl (1972) assigns significance to the 38th para]]e] basement wrench
Fault zone, which extends from northeastern Virginia to south -central
{lissouri, because bf the intimately associated Pb/Zn/Ba/F miging dis-
tricts. Kanasewich (1968b), in the study of a Precambrian rift Qai]ey
in southern A]berta, found that the vift may be traced into- southeastern
8v1t1sh Columbia where it passes through the Kimber]ey ore’ field.~ H
, cons1ders the stratiform lead-zinc dep051ts at Kimberley formed within

the bounds of the rift "under conditions similar to those preva1l1ng’in

the hot-brine areas of the modern Red Sea".
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Y]

In this regard, fau]tnng of the basement perm1ts brine c1rcu1at1on
(Nh1te, 1968) and/or re]ease of 1nterst1t1a1 fluids and prov1des a heat
source for those fluids by way of increase in the geotherma1 grad1ent.
The'significancedof these fluids with respect -to mineralization wiT] be

considered in Chapter IV.

C._ SURFICIAL GEOLOGY

Craig (1965), as a result of his studies of the areas covered by the
S]are River - Redstone River map sheets, found evidence for at least two
g]aciatidns. Thédevidenee‘rests on tne presence of glacial striae, drum-~
1oid features, and_g]aciad erratics, including volcanic and metamOrphic
shield derived boulders which may be found at e]evations in excess of
5, 000 feet. S1m11ar g]ac1a] features and erratics are found w1th1n the
study area and are considered to be the result of Laurentide ice- sheet
transport “The ‘direction of Jfce movement is variable in the v1c1n1ty of
the examined properties but drum]1ns and ground moraine substant1ate a
northwest diréction of ice movement. Near the headwaters of the Wrigley
River the ice movement : considered to be almost due north, following
the Wrigley River valley. Precise measurement of glacial striae in the
Hay River area to the south indicate approximate directions of SSO?N and

N50°U (Craig, 1965). | | |
k‘ The Wrigley and Lou properties possess a veneer of glacial ti11 at
lower elevations on which a'growth of vegetation occurs. This growth is
composed of an assortment of low bushes and of miniature coniferous and
deciduous trees. H1th1n the Plains area the land is poorly drained-and
édd1t1ona] water is added from spr1ngs (hot and cold) which issue from

tpe Camsell Fault zone.

)]
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D. GENERAL STRATIGRAPHY

c

The Devonian stratigraphy of the Camsell Range rests upon the shelf-

edge of a Paleozoic sedimentary basin which é;tendé west from the Precam-
brian Shield. Bostéckz(1948) considers the orientation of tﬁe shelf-edge
to be north—éouth through the Wrig]ey area, thereby approximate]y parailel
to the Mackenzie River valley. |

The ?a]eozoic sediments. are of shallow marine‘deposition.‘ Déposition
has been on a she]% between the craton to the east and a mobi]e éhe]f to
the west.' From a study of thin sections and paleo-fauna of the Middle
-Devonian strafigraphy, Simpsbn (1975) .deduced that-the zone of deposition
was a sha]fow shelf subject to oceanic wave and current action. Diagram- -

matlca11y ‘the env1ronment of deposition is shown in Fig. 3.*

-The marginal craton1c basin to the west of the she]f edge rece1ved
thicker deep-water carbonates and shales presumab]y from some extra-
cratonic source, whereas eastward on the epeiric shelf thin seqdences of
evaporites and restricted carbonates were laid dowﬁ (see Fig. 4, 1ﬁ pock-
et). thhin this Devonian time period of depdsition,fthe sea a]tefnate]y
transgressed'and regressed resuiting in a large number of depOsitibhal
breaks and erosional cycles. Notation of the various formational changes
and depositional breaks afe found in Fig. 5.

It is not fhe writer's intention to give detailed considerat;on tov
the formational relationships within the study area; howgver, brief con-
sideration of those relationships relative to the Camsell Range will be

included (Fig. 5a).

*Noble and Ferguson (1973) consider that the models II and II1 from La-
porte (1969, Fig: 14) are applicable for the depos1t1ona1 environment
of the Nahanni and Arn1ca Formations.
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In the eastern part of the Interior Plains Paleozoic sedihents over-
lie the granitic Precambrian basement, and the basement extends westward
under the Camse11'Rangé. This is révea]ed in oil we]] drill core f#om
east of the range. There aremﬁrdtefozoic strata outcrops near wrjg1ey
on the northwest flank of Cap Mountain. Overiying the Proterozoic with
an angular unconformity is fine-grained, white qqartzose sandstone of
the Mount Clarke Formatioﬁ, which in turn is c0nformab1y‘ovevléin by

Q?éy, green and red shales of the Mount Cap and evaporites of fHehSa1ine
River Formations. Overlying thése\formations, with angular unconformity,
are the Ordovician-Silurian Franklin Mountain and Mount Kindle Formations.
The thickness of these formations is variable, governed primarily Byrdif—~
.ferential erosion related to unconformities (Norford and MacQueen,“1975).
To the west of the study area these widespread formatiohs are stratigraph-

ically equiva]ent7£8‘the carbonate Suhb]ood and Whittaker Formations.

o

These formations are overlain by the Silurian to Lower Devonian De]orﬁé,b
Camsell and Sombre Formations, with angu]dr unconformity. .The De]orme
Formation is the on1y Lower Devonian-Silurian formation to outcrop in the
Camsell Range of the Franklin Mountains. 'To the west, however, the De-
lorme, Camsell and Sombre are revea]edrinAthcrop,

| | The Bear Rock»Formation‘is extensive in the Interior Plains and has
been described in the literature. It is cohprised of dﬁ]omite and an-
| hydrite:"Law (1971) and Noble and Ferguson (1973) have equated the Beaf
Rock Formation to the Middle Devonian (Eifelian) Arnica, Manet6e, Funeral
‘and Landry Formations west-bf the Franklin Mountains. The exact strati-
graphic relationship'of the Arnica Formaéion to the Bear Rock is ques-
tioned by Douglas and MNorris (1961). They sayn“thevarmation may bg}over-
lain, interbedded with, of gréde 1atera1]yiinto the Funeral and Bear Rock
Formations,'and;may be overlain by and partly laterally equivalent to the

Landry and Manetoe Formations".
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The Eifelian Headless Formation is the faciés eQuiva]ent to the tan-
grey, micro to finely crystalline Willow Lake dolomite, which correlates
with the Upper Chinchaga Formation (Law, 1971). The Lower Nahanni.forma- }
tion of the Franklin Mountain area correlates with the‘Lonely Bay Forma-
tion 'of the Willow Lake area and therefore with the Pine Point Formation
of the Great Slave Lake area. Correlation with the Hume Formation of

Norman Wells, N.W.T., is on the basis of thg’zone fossil Billingsastraea

verrilli {(Crickmay, 1960; Basseti, 1961; Narken and Stelck, 1962). The
-Eifeiian—Givetian age is de]jneated at the upper boundary of the Hume
Formation (Law, 1971; Bassett, 1961) which:p1aces the uppermost Nahanni |
and‘the Hare Indian Formétions as Givetian in age. These two formations
~contain localized reefal development énd may be related to the Upper,?ine
Point Formation of the Great.Siave Lake area and to the Horn River Shale
Formation northwest of Great S]avé-Lake. .It is impossible fo accuréte]y
trace the latest Emsian to early G%vetian faunas in detail from the
Mackenzie Mountains to the Great Slave Lake area-(Ca]dwe]],‘1971) because
of unexposed facies chaqges in the Interior Plains. Consequently, there

is a lack of unanimity»with regard to the above formational correlations.

E. STRATIGRAPHY

_The Paleozoic stratigraphic sequence of the northern Camsell Range

is as follows.

Upper — 540p°

Devonian Ft: Simpson Shale

Disconformity
350" - . Hare Indian Shale

450' Nahanni Limestone
Middle . 100' Headless Shale ' .
Devonian 150'  Landry Limestoné} Complex Hiatus
100-300'  Manetoe Dolomite) ~ "

" Unconformity-Karst

2000'  Arnica Dolomite ~ Unconformity-Angular

Lower RS

Devonian Delorme Do]0m1te



1.  The Delorme Formation is exposed along the base of the Camsell Fault y

~ trace aod represents the oldest outcropping formation in the northern
Camse]] Range. The type section was measured at the headwaters of Pastel
Creek in the Delorme Range and on the east flank of the Whittaker Range
{Douglas and Norris, 19615. The age is considered to be Upper Silurian-
Lower Devoniao. The 1jtho1ogy is a‘yariab1e grey, fine-grained 1imestone
ond dolomitic 1imestone, with a few thin beds of bufflweathered shale and
sandstone. - Contorted bedding is common and intra- format1ona] breccia is
usually seen in outcrop. The recessive weather1ng of this formation and
the rusty iron coloration, in vary1ng 1ntens1t1es of brown, provide a
certain d1st1nct1veness to the fonnat1on

It should be noted thdt the exposures of the Deiormé Formation in
the Camsell Range revealed no“fossils. Douglas and Norris (1963), how-
ever, state that tho basal beds of the Delorme carry fossdls which were
1dentified‘by Norford as Silurian, probably Ludlovian in age, whi]e beds
positioned higher strat1graph1ca11y contain foss1ls of Silurian to De-
vonian age. Chatterton (1976) places the upper part of the Delorme For-
mation at Whittakér anticline as Gedinnian, based upon conOdooﬁ collec-

tions.

2. - The Arnica Formation unconformably (angular) overlies the Delorme °
Formation. -The type section is ]ocatedrat First Canyon on the South
Nahanni River. Douglas and Norris (1963) state tﬂot,this'stratigraphic

unit comprises part of the Lone Mountain Formation of Kindle and Bos-

worth (1920). o - \'
The format1on cons1sts of a dense, fine- to @rypto gra1ned grey

to b]ack finely porous\~th1ck bedded dolomite. fhe rocks are charac-

terized by a colour banding of grey and black, whi]e the‘Qeatﬁered sur-

face is muted dark grey in colour. Tectonic breccia and slump brec¢ia
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are common in the lower portions of the formation, while toward the top
of the unit solution collapse breccia is evident. The clasts are cemen-
ted by white spar dolomite, which may be related to the overlying uncon-
formity. Gabrielse et al. (1973) note that the distinctive dark weather-
ing and well-bedded nature of the Arnica stanQS out in contrast with the
'mass{vely bedded, ]ight arey weathering habit of the Bear Rock Formation.
Some fossils are present in the Arnica Formation of the Camsell
Range, particu]ar]y}the echinoderm ossicle with double axial canals,
designated éasterocoma (?) bicaula Johnson and Lane, which is noted by
Gabrielse et al. (1973)._ Norris (1968) noted that this fossil is most
abundant in late to miafEifeliaQ age (late Lower-Middle Devonian) Hﬁt
may extend to late EhSiénl(late Lower Devoniah) age. Chatterton (1976)
found latest Emsian to ear]iest Eife]ian~age conodonts in this forma-

_ tion.

3.  The Manetoe Formation is composed of massive, coarsely crystalline

dolomite. The name, adopted from the Manetoe Range in the Virginia Falls
map area, was assigned by Douglas and Norris (1961). AThe type section
is Tocated afifirst Canyon on the South Nahanni River.

"The formaéion is of variable thickness, usually in excess of 150
feet, porous, and cross-cut by fractures and veins, welded by segondary
white calcite and do1omitei\“6enera1]y, the formationbconsists’of a grey
and white banded coarse érysta11fne dolomite with banded algae horiibns:
The coarse dd]dmitiiation has obliterated much of the previous textdre
énd biogehic features.' Law_(19§;; considers the forhation to représent
'reef'or-bank depbgﬁts, of a shallow wéter'biostromal nature, sinte-the
dolomites grade into the Funeral limestones -and éha]esbfo‘the west. The

lLandry Formation, considered within this context, fepresents the inter

[
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and back reefal equivalents. This interpretation tor the Manetoe for-
mation in the Camsell Range is questionable because of the Tack of bio-
hermal stvuctural development, which, if present, would rise more or
Tess abruptly from the seQ floor, whereas the Manctoe is quile consis-
tent in thickness . Manetoe biobervms, however, do ocooye about S0 mide,
to the west of the study area.

Gabrielse et al. (1973) restrict the formational name 'Manctoe’ to
outcrop in the Thunder Cloud Range and in this paper the 'Manetoe' will
be considered a dolomitized portion of the Landry Formation rather than
an gntity unto itself. The composite name that will be used is 'Landry-

Manetoe Complex' (see Fig. 6, in pocket).

4. The Landry Formation, so named by Douglas and Norris (1961), over-
Yies the Manetoé. It is crypto- to fine-grained, in places pe]]etoid
Timestone of thin to thick bedding and weathers a buff to light grey.
It is non-fossiliferous in the study area; however, Gabrielse et al.
(1973)‘refer to it as poorly fossi11ferous,\whi1e\Douglas and Norris
(1961) indicate the formation is fossiliferous containing fossil frag-
ments.

An unconformity is considered to exist at the top of the Landry due
to uplift and erosion. Support for this contention is found in the vi-

cinity of Norman Wells where Hume {1954) noted a possible unconformity.
{

The age of this formation assigned by Gabrielse et ai. (1973) is

late Eifelian or’early Givetian. Chatterton (1976) assigned the age
latest Emsian to earliest Eifelian.

Everywhere 7in the Camsell Range, the Landry Formation is overlain
by ihe Headless Formation, separéted by a hiatus. The Léndry—Manetoe
Compfex, Funeral, and Arnica Formations are stratigraphic equivalents
of the Bear Rock Formation to the east of bfecciated dolomite and anhyd-

rite.
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5. The Headless Formation, first recognized by Douglas and Norris

(1960) in the Headless Range, unconformably cverlies the Landry, and is
equivalent to the basal Hume Formation to the‘east. It represents the

snaley, caicarecu. -0 jilleceous vaci of the Nehanni Formation and i

[
(]
W
]

éorre]atedwwith the Lower Hume due to the presence of the Eifelian brach-

iopods, Schuchertella adoceta (Crickmay, ?960):

Within the:northern Camsell Range, the Headless.shales are from 70
to 80 feet thick, while to the south and weét (southern Frank]fn,and
Mackenzie Mountains) they thicken to about 200 feet (Law, 1571). These
persistent calcareous-argillaceous shales, wivich are interbeddedhwith
limestoné beds, are recessive weathering, and are usually tree-covered.
The fossiliferous limestone at the top of the unit is thin- to médium—
bedded, medium to dark grey, weathering c qrey-buff to buff colour, due
to iron stéﬁning. The calcareous shale, which ?orws the major portion
of the formation, is black and is often ccformed due to tectonism. The
basal part oi the formation reveals interbeds of black. bituminous,
microclastic limestone.

The limestone bedé in the upper part of the formation contain an
zbundant micro and macro Tzuna, which is itemized below. The lack of
fossil breaage is indicative of a relatively low energy environment
Thics envivonmerta. condition appears'tc nave persistec
throughout “he deposition of the formaticn, a]c%auﬁh the sea was undeﬁ—

£

going winor iroasgressions and regressions  vich resu.ted in intevrbeddec
timestone and suale,
The Timesione beds in th2 lcwer pavi of the formation have a high

araitizccous ool Dituminous content. A Tlmited faunal assemblage s
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preseﬁt in these beds. Deposit feeders such as Palaconeilo and a few
Actinogtéria‘have been identified. This assemblage is indicative of a
restricted, shallow water environment. The presence of dessication
cracis attest o these conditions..

The Timy shale beds are essentially non—fossf1iferous. ~Thin sec~
vtion petrographic studies indicate that the shales at the baSe of the
.formation consist of fecal pellet muds or pe]hicrite with a consider-
able argillaceous content. |

The Headless Shale faunalidenfifjed by Simpson (1975) fo]}ows.

Corals:

Pelecypods: .
Hexagconaria o Actinopteria
Digonophyllids. = Palaeoneilo
Coenites or Thamnopora Ostracods:
Favosites limitaris Moelleritia canadensis
Alveolites v Crinoids
Algae: , Trilobites:
Charophytes: Proetus
Trochiliscus : Dechenellids
Eochara Gastropods:
Chovanelia Bellerophon
Brachiopods: Mastigospira

Schuchertella adoceta
Spinulicosta stainbrooki

Emanuella sp.
Atrypa desguamata

D.J. Fclaren (7970), on the basis

small, high-turreted
form o

‘ Cephalopods:

small, orthoconic
forms

of Billingsastraea sb., suggests

an age of Middle Devonian.- This génus was not noted in the Headless

ShaTe'of the study arca, but was noted in the Nahanni Formation. Chat-

terton (1976), on the bas’s of conodont collections, suggests the age

of Eifelian.

9

6. The Hahanni Formation (Hage, 1945; Douglas and Norris, 1961) is

composed of massive resictant, mediun- to thick-bedded, Tight grey

weathering. iosciliferous limestone, which forms the westerty-dipping

“lank of the Frankl®a Mourtain range. Within the formation are several
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semi-resistant- thin-bedded limestone beds, which appear to contain thin
argi]laceous partings. The more massive beds are bioclastic to varying
degrees, more so near the base where‘black,_silicified corals such as

Thamnopora, Loenites, and stromatoporoids are generally associated with

c

bitumenization.

~ The formation has been structurally defofmed. The evident minor
strike-slip faulting and 'crackle' development (1rre§u1ar but compiete
fracturing of the rock with essentially no displacement of the fragments)
most Tike1%aare related to the Laramide orogény. Often the 'crack]e'“
zones are more fossiliferous thén the massive,bnon—fractured limestone
beds. The fossils may be broken but are not rotated. The presence of
these zones throughout the formation, devoid of dolomitization and not
associated with,sulbhide mineralization, indicate that this deformation
followed fhe per%od of mineralization.

The depositional envi{onment of the Nahanni Limestone has been'var-
-iable’as revealed by the varying amount of intra—fofmationa]‘argi]1aceous
material. The non-persistent depositional conditions are also reflected
by the variable faunal population. Although the fauna, é mixed fossil
assemblaqe (residual and transported community), yef1e§t significant
curyint and wave.action, these conditions were not persistent throughout
all of the <fwpositional period. The organoclastic natu;e of the Time-
stones, viewed in thin section, and the bu]bQus’stroﬁatopordidsfSuggestf
fhat the more fossiliferous units probably formed the b1oherma1 struc-

tures at a depth within the sphere of influence of current and wave ac-

tion (Simpson; 1975).



In thin section study, the Nahanni 1imestonebfs found to be composed
of fossil fragments with a micritic'matrikzdad to have varying degrees. of'
quéféz crystal deve]opmeht. By the classification of Folk, the rock!is
laminated micrite to.brganoc]astic biomicrite..

The following fossils were co]]ectéd on the Wrigley and Lou proper--

ties and were identified by Simpson (1975).

Corals: | Pelecypods: 4
Billingsastrea verilli Paracyclas elliptica
Hexagonaria atypica o " Qntaria clarkei
Syringopora _ Trilobites:

Eridophy]lum ‘ Proetus
Thamnopora .- : Ostracods,

Coenites ~ Crinoids

Chaetetes Gastropods:
Favosites limitaris o Euomphatus

Stromatoporoids: Buchelia
circular (bulbous) ‘ Bellerophon
Taminar ' - numerous small forms

Brachiopods: : : Cephalopods:

: ...Atrypa arctica ‘ orthoconic nautiloid
Atrypa aperanta S - form - .

Emanuella sp.

Amgngggljﬁ meristoides -
. Spinulicosta stainbrooki

According to Gabrielse et al. (1973) direct lithologic and faunal

corre]atiof: ‘possible between the combined Headless and Nahanni For-

mations and the Hume Formétign. An Eifelian age is assigned to the
ilahanni Formation (Cﬁatterton, 1976) .

7. The Hare Indian and Fort Simpson Formations. The Nahanni Formation

is conformably overlain by very fine-grained pyrififerous, fissile black
shé1e and calcareous shale. Douglas and Norris (1961) proposed the name
Fort Simpson Formation, based upon the term 'Simpson' proposed by Cameron
(1917), which coveredi“ﬁhe shales occupying the stratigraphic interval
between the Middle Devonian lfmestones and theryér1ying siltstones and

(i?a1es of the 'Dg unit’ of Hume (1921)". Gabrielse gﬁigl, (1973) have

Y
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/7
refrained from assigning a name to thé recessive, thin-bedded pyritic,
slaty shales conformably overlying the Nahanni Limestone "in the‘southerh
Mackenzie Mountains. They say that only when the Nahanni Limestone and
the underlying Funeral Shale are present can these shales be dis%inguished
from the Road River Shale sf the Mackenzie Mountains. Caldwell (1971)
has considered historically the biostratigraphy of the various Middle and

Upper_Devonian fprmations. He contends that the Frasnian Fort Simpson

Shales overlie the Givetian Hare Indian Shale* disconformab]y. The Hare

Indian Formation is designated by a Lejorhynchus castanea. and probab]y'

Emanuélla' meristoides fauna, as is the Horn River Shale on the north-

~ west side of Great Slave Lake (McLaren, 1970).
Hithin the consideration of this thesis the shales which conformab]y
overlie the Nahanni limestone will be referred to as the Hare Indian For—'

mation. Diamond drilling has indicated their‘thickhes§bin the Wrigley

area to be about 350 feet, which agrees with the Hare Indian - Horn River

jsopach map (Law, 1971) for the Wrigley area. Outérop of the shales in

the northern Camsell Range is minimal, exposure being mainly alpng Wrigley

Creek. One local reef structure is known to exist in this sequence,
about 15 miles north of Wrigley (E.G. O1fert, peréona] communication).
The Fort Simpson Fbrmation disconformab]y'rests upon the Hare Indian
Formation and has been reveated in diamond'dri11*ho1es in the Mackenzie
Plain. These shales lack fossils and may be designated;as a diétinct
unit representing shale depositioh‘in.an euxinic environment. They
appear fo be a distinct formation but may well represent in part a lat-

~ eral time equivalent to the'Hare Indian Shale.

.~ #Chatterton (1976) obtained conodont collections of early Givetian age

“from the base Qf the Hare Indian Formation.

e et PRl
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Chapter III

ORE_AND GANGUE MINERALS AND THEIR CONTROL

The lrigley minera]iéaiion is oxidized in surface outcrop and ét
depth within the structura]]y‘contrO]led deposit. Diamond drill hole

data indicated the»debosit‘may be divided into an upper sdpergene zone

and a Tower hypogene zone. No intermediate zone of enrichment is noted, °

the usual indication of enrichment being the presence of wurtzite and

marcasite (Batemgé, 1967).

A. _PRIMARY ORE MINERALS AND ASSOCIATED TRACE ELEMENTS

The primafy ore minerals are sbha]enite_(ZnS) and galena (PbS) with
minor si]ver, cadmium and copper. Due to the small quantity of trace.
elements, exact determination.of the minerals would require use of the

electron microprobe which lay outside the scope of this study.

The silver Mé]ués are on the whole Téss than 2 oz per ton. Accord-

ing fo Ramdohr”(1950), galena is a well-defined ‘carrier of silver' and
- therefore it may be assumed that the silver values are carried by the
galena. - | o . \//)

Cadmium is a minor element in these polymetallic ores. Sphalerite
is generally the main catfier of cadmium; however, it may a]éo be found
in zincian tetrahedrite, ;tannitg, cha]copyrite and-intsome Tead miner-
als (ivanov, 1961). The percehfége cadmium, és determined in two driil
core sulphide sections, ranges between 0.04 and 0.13%.

The copper is primarily in the oxidized form of malachite and azur-

“te and is usually in close association with galena. The si]ver—bear{ng

P
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.tennantite-tetrahedrite (CujpAsgSy3 - CuySbgSys) appears&£o<be respons-
ible for the coppér.‘ Covellite (CuS) is present ahd most 1ike1y is due
tQ the reaction of copper su]phate (CuS04) with galena or tetrahedrite,
in a reactfon such as: |

| ~ PbS + CuS0q = CuS + PbSO4
On the whé]e, copper values of the deposits are low,  occasionally reach-

ing 0.5%.

[P
YA

1. Galena and Sphalerite Y

The galena and sphalerite of the properties are often c1osé1y aésp—
ciated or ihtergrown) The crysta]]ization of the major sulphides ranges
from very fﬁne disseminated graing to massive, as representative of the
extremes. Consideration of the manner of occurrence of thé galena and
sphalerife wi]] be.givenfin two parts: ﬁﬁé 'Hammer' and ‘Shelter' show-
fngs on thehtbﬂ property, and the Wrigley éamp]es taken from diamond
drill core. | |

(a) 'Hammer' and-'Shelter' showings. The 'Hammer' shov1ng héVeals

a mineralized vein in which almost no original carbonate host rock is
present, replacement by silica and_su]phides being almost complete.
Coarse crysta]]iné secondary quartz and some diagenetic quartz (about

70-80% $i0p) rimmed with bitumen predom1nated in the vein, and the vein

silica contact with the host Nahanni limestone is very sharp* ‘The sphal-.

‘erite and galena occur Qithin the vugay infer-crysta]]ine areas or as
small grains dissem1nated within the quartz crystalline mass. ‘
It should be noted that study of the same vein a d1stancé of some
*40 feet along strike revealed a mineralogic compositional change from <

that described above. Instead of thefsphalerite-galgna‘ratio being 2:1,

|

i s AR T
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galena predomi.ates, occﬁrring as maésive aggregate. The carbonatewhosf
is brecciated, along with‘pust-minera] calcite filled hairline fractures.
The quarti content is less than 104 and the silver values within this |
vein are not cohsistent relative to the lead aS;ajS.

The 'Shelter' showing, about. 900 feet to the nourth of the ‘Hammer'.
showing, demonstrates vein sphalerite and éa]ena, both disseminated and
mas;ive,vinter-crysta]]ized with diagenetic quartz, coarse-cnystals of
Jsecondary spar éa1cite and‘dolomite, with-a crypto- td micro-crystalline
calcareous matrix. Ring cement ‘is evident, and all mineralized ang}non-
minera]iiéd rock .- is cross-cut by hairline fractures (to 1 mm) cemeafed
by sbar ca]ciFe, related to post-mineral deformation. The silica con-
tent ranges f;om 1-75%, while the bituminoué material is in the }énge
of 10-15%. The bitumen is peripheral to the silica grains, and is in-
tfmatelyfgssocjated with secondary grey dolomite. Euhedra]'si]ica crys-
tals often penetrate the sphalerite aﬁd ga1eﬁa in a 1atér crystal growth
_ manner and euhedral dolomitic rhombs (less.than 5 microns) may bé\seeﬁ
_jn the sphalerite crysta]s;kihdicating dolomite formation in the post- A
mineral stage.

In general, it may be said that where the percentage silica is high,
the percentage éu]phide content will be low; where the percentage dolo-
miteris high, the percentage sulphide. content will be high; and where
the pertentagg secbndary calcite is high, the degree of sulphide miner-
alization will be 1ow%.

(b) irigley samples. Most of the mineral relationships mentioned

above may be found in the Wrigley diamond drill core. Galena and sphal-

erite are the major sulphides and are primarily associated with dolomite.
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Section 36-3 (46.5) reyea]s barren unfragmented white spaf dolomite and
calcite in proximal relation to mineralized grey fragmented and silici-
fied dolomite. This imp]iés that the (Pb/in) mineralization was deposited.
by Mg-Si rich brine§. The grey Eo]our is imparted by the quaftz crystals
and the bitumen. Subseqﬁent iron-free, non-siliceous, and non~minera1i2éd
dolomite and calcite fill the remaining vugs and fractures. Stylolites

arevformed throughout the rock increasing the porosity and permeability

\
of the hosfi' The sty]o]ific development is due to tectonic forces of
post-mineralization age which have fracturéd fhe ﬁinera]ized veins. On
the microscopic scale, the tectonic forces are revealed by strain shaaows
in the quartz crystals and by bent rhombohedral c]eavage_tkaces_of the
seéondary spar calcite and dolomite. |
| From thin §ect%6n studies the fo]Towing paragenetic sequence has been
constructed (see Fig. 7) witﬁin the context of the tectonic events of the
Laramide orogeny. | |
.Genera11y, the éa]ena”ana sﬁha]erite crystallization rangés from very
fine- to coarsetgrained’ﬁinera]ization and occurs as disseminationS within
the host Nahanni 1imestone conformab]g to bedding (i.e., pseudo-stratiform
mineralization of the Zebra-Zinc showing, Wrigley) or as disseminations -
within silicified do]omi%e Véfn fillings of a cross-cutting héture.; The
minefa]ization may also be found as disseminations within calcite veins
(very minor) and as. massive galena in association with minor 'vesicular’
(masSive silicification) silica development, as is eyident at the Bourne
showing. The predominant host rocké of the epigenetic mineralization
include brectiated Nahanni limestone, siliceous Nahanni limestone, spar

dolomite, brecciated épar dolomite and very rarely spar calcite. "I1lus-

trations of the latter host rock may be found on the Lou property.
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2. Pyrite

varite is a minof constituent of the deposits. Very fine-grained
disseminated pyrite is evident in the mineralized veins, and sample 12-4
(255) reveals the largest samp]é; of pyrite viewed in intimate contact
with galena and spha]erite. It is usually closely associated with silica

and/or dolomite.

B.  OXIDIZED ZONE -

The oxidized>zﬁnc -minerals include the fo]iowing' carboﬁates of
~zinc- sm1thson1te (ZnCO3), hydrozincite (22nC03 3Zn(OH)2)yand a silicate
of zinc- hem1morph1te (Zng(0H)2S1207).

The host rocks in which.the carbonates of zinc usually form are
Timestone and dolomite, whereas the silicate, hemimorphite, is present
when the gangle is rich in si]%ca (1.e., quart;). Wighin thelwrjg]ey

deposit the gangue rock is predbminant]y limestone and .dolomite with

varying amounts of quartz as crystalline 'needles'.and/or amorphous silica.

Smithsonite is the principal oxidized zinc minera]'and reveals a well

developed 'gnarled root texture' in surface oufcrop and in core samples.
Thin section (i.e., $-73-1 (171)) examination reveals that the oxidized

minerals are intimately associated with calcite, si]ica and iron oxide.

Smithsonite development occurs in the upper part nf the Nahanni For-

mation where chemical conditions are favourable to its. fornat1on w1th1n
the open fracture systems. Erosion of the enveloping host 11mestonn has
resulted in exhumation, in the form of extensive outcrop, of the si]icif
fied smithsonite. According to Sangster (1975}, the smithsonite mineré]f‘

jzation in the Yukon-Northwest Territory ares represents a pre-glacial

B S Bt
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weathering nruduct of a sphalerite-bearing deposit, preserved because of
1nsufficient glacial scour. .

Hydrozinéite and hemimorphite are relatively minor\in the deposit.
The oxidized lead minerals, cerussite (PbCO3) and anglesite {PbSO4) and
less often pyromorphite (PbéC](P04)3), are derived from the lead sulphide
(PbS). The lead carbonate, lead sulphate and lead chloro-phosphate are
only of academic'interest in the Wrigley deposit and are not considered
in this study as they are not uniformly d1str1buted

Malachite (CU3(C03)2(0H)2) and azurite (Cu2C03(0H)2) are- of%en to be
seen in close prox1m1ty to su]ph1de mineralization, which may be due to
the ox1dat1on of su]phosa]ts - tennant1te tetrahedr1te - which are noted

fqr ma]ach1te, azur1te and antimony oxide alteration (Berry and Mason,

1959).

C. GANGUE MINERALS

Doiomite, quartz and pccasionally calcite are to beefound in c]qée
association with mineralization (Pb/Zn). The re]atienship‘of dolomite to
ore depositibn js'not fully understood (Hewett, 1928; Sonnenfer, 1963);
however,'the proximity ofydo]omite fo the sulphides in many metalliferous
~ deposits (such as the Mississippi Valley type deposits) signifies a con-
nection. Sonnenfeld (1963) observed a re]atienship between phreatic ground-
waters which carry magnesium compounds, the area of do]om1t1zat1on and
. sulphide m1nera11zat1on. He noted that w1th1n the Upper’ Devon1an Leduc-

(Bimbey reef trend in A1berta magnes1um-r1ch groundwaters-transported
| sphalerite, ga]ena, tetrahedr1te and other copper su]ph1des Dolomite
therefore may be considered s1gn1f1cant in the northern Camse11 Range and

merits further consideration. |




BN

40

1. Ds1omite

Do]émitizatidn, as it occurs in the study area, is evidence of per-
meating Mg-rich brines within the Nahanni, Headless and Landry Formqtion
fracture systems. The Manetoe and Arnica Formagions aré totally dolomit-

jzed. The textural range of this dolomitization is from sucrosic to san-

dy, friable in places, with h1gh inter- crysta111ne porosity, to a granular,

coarsely crystallized texture in which the original grain and depos1twona1
fabric is largely destroyed Mineralization, to vary1ng degrees, is re-
]ated to the areas of dolom1t1zat1on within the respect1ve formations.
Dolomite, structura]]y controlled within fau]ts and veins, may be

genetically as;oc1ated w1th the pervasive dolomitization of the underlying
formations. In both, it is intimately associated with sulphide m1nera1-
1zatidn and often cements mineralized fault brecc1as. The assoc1at1on,of
_the m1nera11zat1on with the do10m1t1zat10n jmplies the mineralizing pro-
cess took place over a period of time as indicated by the determ1ned pe-

riodicity of the associated dolomitization.

e

2. :Spar Ca]cite
Spar ca]cité (secondary) js extensive throughout the study area.
Occasionally 1t is found as a host to disseminated galena mineralization
in-small ftigture veins. It is often the cement1ng matrix 1n mineralized
thizi}jéggfxér;skle fragments and is most often the matr1x of post -min-
eral tectonic fractures and fissures. The first above-ment1oned assoc1a—

tion of vein calcite with mineralization is very rare, which indicafes
that ca]cificafion.is pfimari]y postésu1phide in the paragenetic sequence
\and that the brine is very depleted in magnesium salts.

The spar ca1c1te ranges from coarse]y granular in vuggy ‘areas, to a
.finer; saccharoidal texture in surface exposed fissures. In all cases
the calcite is white except on-the exposéd surface where it tékes on a

c

cream colour.

q
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3. Sillca

S{lica, both diagenetic and secondary in origin, is prominent within
the Nahanni Formdtion. The silicification concentration is irvegular (0-
80%) . Quartz crystals are usually associated with minevalization but the
presence of silica does not signify sulphide mineralization. It may per-
vade the sulphides, the dolomite and the htost formational limestone. The
concentration appears to be highnst within the environs of the tectonically
deformed areas, i.e., faults, fractures and veins, and may also be well
developed, of euhedral habit, Qithin vugs of the dolomitized host forma-
tion.

Primary or d1agene$1c silica may be considered within the category
of quartz need]e rockt which signifies carbonate rock composed of vary-
ing concentrations of silica (up to 50%), the silica occurring as subhed-
ral to euhedrai quartz crystals of <5-30u in si;e. The diagenetic crys-
tal development transpired in the post-sedimentation stage, and the pres- ’

ence or absence of ‘argillaceous material in the carbonate sediment is’

/

i
i

considered the determining factor in the formation of the quartz crys;gb%
;(Smirhov gﬁ_gl,, 1969). Sii%cification of fossi]s $s an illustration of
the diagenetic quaitz, although .such silicification can occur after lith-
jfication depending upon the physico-chemical conditions. The higg si]ica
concentration in the cross-cutting mineralized veins, however, is only
partially attributed'to H?e—mihera1 mobilization of silica, the majorityA
due to syn- and post-mincral silicification. This épigenetic silica usu-
- A]]y possesses a habit indistinguishable from that @f the pre-mineral or
diagenetic silica. | ’
Massive s%]ica, which iacks'a crystalline euhedra; habft, referred to
herein as 'vesicular' silice, is epigenet%c and is associated with massive

. i
¢
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sulphide mineralization in outcrop. Core samples of the 'vesicular'
silica, which is usually spatially separate ?rom 'quartz needle rock'
tend to indicate tha% massive silica is not always in association with
minera]iiation. This indicates z period of -ost-mineral silicification.

4. Sedimentary Pyrite

Pyrite appears within the sha?e\ﬁorizons of the Headless, Nahanni and
Hare Indian Formations. It occurs aé early diagenetic framboids and as
jsolated euhedral grains. The crysta1]izatioh of the pyrite commenced

during early stages of sediment deposition, signified by diagenetic load

casting. The questir i L of‘thé_diagenetic framboids and
the pyri{e>crysta1s e of this work but has been con-
sidered by Kaplan . 57), Berner (1964, 1970) and
Kalliokski (1965), .» - fe Chauhan,—1974).

The sedihentard 2 L arent from the pyrite associated
with the galena and sp:.  ~Toe  Th# cter dyrite is localized within
ciructural veins and - i, - 1.1in dolomitized rock. M

B9 tumen

ten
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Bituman is piyesent within the Nahanni Formation, in the form of ‘

fied, black hydrocarbens. Certain horizens., such as the bzse of

.- formation, veveal ovoid bituminous pods which may reach é ~ize o

lheres these larcs pods are laoceted, the focsil
nopuiation ¢ usually h?ghs Sigﬂifying an arz2a .n ihe host vock wnich

Jossessed greater porosity and permeabil: Bitumincus material is also
present 2ntu.;titia11y in carbonate and silica vocks hosting sulphide

ratlization. Bitumen, however, s abzeni 1o the white secondary

i

LHne

p=

dotonite and caleite.  his Leniu to indicate @ bituminous intrug into
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the hoét rocks that post-dates the minéra]ization (no,bitumfnous'matter
occurs in the spha]erite fluid inclusions, see Chapter IV), post-dates
the’bost-mineral structural deformatibn that developed the ‘crackie' zones
buz pre-dates the whits, secondary spar calcitzs and dolomite.

6. Fluovrite

‘Fluorite is associated with sphalerite mineralization in two local
areas as reveéled in Wrigley outcrop. No fluorite has been noted on the
Ltou property. It represents a'minor'constityent in close éssociation with
doiomite gnd siiica. The crystals, which sit in a carbonate boxworl, may
exceed 3 mm in diamater and are mauve to blue in colour. Paragenetically,

they may représent a late stage of mineralization.

'D. CONTROLS TO MINERALIZATION

The lead-zinc mineralization within the Devoniarn carbonate formations
occurs és veins within fracture systens of tectonic der%vafion'and there-
fore the mineralization may be considered to be structurally controlled.

Throughout the region paleo-karst features arc . to be ﬂotéd, indicated
by sink ho]e deveiopment and b%eccia—fi}led caverns, controlled by uncon-
f@fmities. Soiution coilapse breccias within the Arnica Fromation, exposad
o the c1if¥ face between the Lou and Hrigiey prcperties, reveal the effect
o? ccinnate and/or metéoric waters. Similar collapse structures in the Bear
Reck Formation are noted by E.0. Olfert (perscnal communication).. However,

r
1

none of thesa karst

w

satures have, to date, been found to host Tead-zinc

riaeralization.

b Trac
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ture lineations, novmal faults and sheavs mapped on the

Urigiey aroperty (Fig. i-A} vepresent structural deformaticn of move than

ore generation. Some of the structural breaks lzck mirervalization, while .

cthers gre mineralized Jocally along tihe exposed st:rike Xéﬂgﬂh, the most
. . 4
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prominent‘of fhese js the 'Zebra Zinc' féhfi._ By inference, the north-
‘east extension of this fault forms a linear through areas of(minera]i—
zation (Fig. 1-A); for example the iZ—North‘and'36-North areas of min-
zraltization. This Hoéalfzation of mineré]izaticn along the linear fault
may be due to pinch and swell phenomena; however, little evidence of
lateral strike-slip displacement is to be seen in the field.
Consideration of>diamond dri]] hole B-73-2, which was drilled to
transect the 'Zebra Zinc' fault, tends to indicaté block or reverse’
faufting when the Nahanni, Headless and Landry Formations are correlated
across the fault (Fig. 8). A vertica1‘di§p1acement of 466 feet is indi-
cated, the eastern side of the fault representiqg;xhéfﬁﬁhgégg wall
sfmi]ar, ﬁnminera]ized fault is visib?éfggxthgdé]iff scarp éf‘the Lou
préperty, and the vertical throw is approximately 250 feet (see Plate I).
These two examples indicate that this type of faulting is significant in
understanding the stfuctura] controls of-mineralization within the north-

ern Camsell Range. The ract that the former fault is. re]ated to fﬂner—

a?iza Jn while th° latter is not, may be indicative of an - e:, agdﬁperiod
of structural deformat1on in which the block faulting t ok pl
The mineralized structures (veins and fissures) are.c]oseiy related
to the early ‘aramide phase of 7olding. The veins and Tissures are par-
alizl or near to parailel to the axial plane of the folds which impiies
that the mineralization was emplaced in The host :tructures‘subsequént
20 the folding. The structures may be linear flexure breaks ad theva-

fore ave related to the folding.

The presence of post-mineral deformation of the mineralized veins on
the Wrigley and Lou properties implies that the extended deformational
pariod of the Laramide orogeny transcends the pec. sd of suiphide deposi-

tion. This post-mineral deformation has brecciated the mineralization
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Fig. 8. D.D.H. B-73-2: 'Zebra Zinc Fault'.
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and contorted the veins, thereby increasing porosity and permeability al-
jowing entry of secondary spar calcite, dolomite and silica-bearing f]u-
jds. It is most probable that this -1dte deformationa1 period produced
the non-mineralized 'crack1e"zones of the Nahanni Formation.

The formation of the mineral cortroiling structures is therefore
intimately.: re1ated to the Laram1de orogenic event. The possib]e'sequencé
of events w1th1n the orogenic pericud is as follows:

(1) En éche]on folding of the Paleozoic sediments result with de-
collement atrthe level of the Cambrian salt and anhydrite (Dougias et al.,
1970; Norris, 1972) ) o |

(2) The folds become broken by faults with small thrust or str1ke-
s1ip component. Douglas et al. (1970) consider that a fracture system -
‘was present in the rocks és faults or zones of'fractures prior to the -
Laramidé tectonics. Therefore, the breakage of the folds may be due to
the reactivafion of this e;rlier fracture systemn.

(3) Zones of weakness within the basemeht (Goodman, 1951) are reac-
tivated as block and/or reverse fau]t,-with certain strike-s1ip movement,
such that block rotation may result. This period is related to the min-

~era1i%ytion of the fracture-fault system. The reactivafed basehent re-
1eases-saline interstitia’ r1u1ds ov .ormat1on brines containing lead
jons which mobi]iie updip a]ong the fau]t planes. This is also the period
of the Camsé]] Range GevelopmenZ. _

(4) Subsequent deformation along lines of weakness, of decreased mag-
nitude, causes strike-s1i p and minor reverse fau]ting‘(i e., Lou property),
The resu]t1ng deformation fractures and contorts the mineralized veins and
fissuras and permits oxidation of the sulphides which have not been rewelded
by the post-su}ph%de phase of calcite, do]omité and si1ica.. Secbndary min-

erals therefore formed with no specific‘depth pattern.
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The block faulting, which aids the preparaticn of the stratigraphy
for reéeption of the ﬁineralizing fluids, wzy be related to the east-
west basement faults ofhthe Iﬁterior Plains region, some of which have;*’.w
vbeen mapped by de Wit gg_gl,:(1973). I]]usfration'of this possible
connection is brought out in the diagram presented by Goodman (1951)

relative to the Norman Wells, N.W.T. area (see Fig. 9).

po
é
€o.

¢ vnEs 1

F1g 9. Generalized diagrammatic 1nterpfetation of faulting .
in crystalline basement in foreland corner north of Norman
Hells, N.U.T. (Foodman, 1951).



Chapter v
FLUID INCLUSION STUDIES

Fluid inclusion studies have been used %n this study with three major
objectfves: the\aetermination of the density, salinity and tﬁe temperature
of the mineralizing fluids. Using this iﬁforhation, the nature and the en-
vironmental source ofrthe ore—bearing brines can be established and a]bng
withvthe data of sulphur and lead isotopes; comparisons can be made with
other mineral deposits, such as Mississippi Valley type deposits.

.

A.- PREVIOUS-FLUIDSINCLUSION STUDIES

The 1iterature on fluid inclusith is vo]uminouSSand Roedder (1972)
has presented'a very good bibliography. The application of fluid inclusion
studies to mineré]—forming solutions is very ab]y'presented by Yermakov:
et al. (1965) . Roedder (1972) has considered the composition of the f1u1ds
in inc]usions.» The' study of sphaler1te f1u1d inclusions has 1nterested a
number of researthers, Newhouse (1932), Roedder (1968, 1971), Skinner
(1967), Skinner et al. (1967), deett (1975), because they felt that f]uid
.1nc1us1ons truly represent the ore -bearing brines.

“Previous spha]er1te fluid 1nc1us1on studies of northern Canad1an lead- -
zinc deposits may be summar1zed as follows. |

The Pine Po1nt Mine, located som2 55 miles east of Hay River, N. H T.
“and southeast of the HWrigley lead-zinc depos1t, was cons1dered in terms of
the'OFigin of the ore-forming fluids by Roedder (1968). His study centered
upon crystals of replacement, vug and co]]oforh; crust sphalerite. The

“ecrmogenization temperatures cover a vange of 51 to 97°C, and the sa11n1ty
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is 25 weight percent eQUiva]ent NaCl (as revealed by Tow freezing tgmper-
atures). o . | u | L
" The Little Cornwallis Island, N.W.T., Polaris lead-zinc deposit was -
examined by Jowett (1975). Thg_two phase sphalerite inclusions studied
reveal a homogenization temperature vange oF 52 to 105°C. The ore Tluid
salinity is estimated to be in the range of or less th§n126.3 weight per- -
cent NaCl. | |

G

B. MATERIAL STUDIED

Detailed deScriptions of the respective samples used in this study
are provided in Appendix 1. ‘Initia1]y, samples of well deve]oped sphal-

rite crystals were selected from the diamond drill Cores‘of(the Wrigley

b .
! v

property, representing various horizons within th%‘Nahanni»FormatiOn.

~ The twelve>se]ected samples were prepared as doubly polished plates 1/2:
to 3/4 mn thick, some of which neaily dup]icate the 'coexistihg' sulphide
pairs used in the sulphur geothermometry. Sample selection qeﬁteked upon
we]]-deye]oped,‘]ight—coloured sphalerite crysté]s which appeared to have
the greatest po§g?bi1ity of prbvidﬁng useable fluid inclusions. These
sphalerite crystals represent vdg and fissufe'minera]ization. Pos%~minerél
‘tectqnism has caused fracturing of the spha]erite crystals, along whiéh
secondary inclusicns have deve]oped.k>Thé‘majority of thg primary and
pseudo-secondary inclusions have not been affected by this tectonism, as
indicated by essentially no leakage of the inclusions. _Con;eqﬁent]y, the
fluids in these inclusions are consiﬁered to represent the original mih-
era]izing brines and the experimenta]‘fﬁndinés are be]ievéd to reflect the

- conditions existing at the time of ore deposition.
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The spha]erife erystals varied from colourless, through Tight yellow
to orange red, in ethentric bands within individual crystals. The reason
for the zonation is not known; however, variation in iron content is not
considered to offer a full explanation (see Appendix I1). The dark colour
of the'Sphelerite crysta1s,-the small size (<1-8u) of the inclusions and.
the rumerous secondery 1nc1usions; some opaque, some void and others filled
vith gas ang liquid phases, often hémper detection and study of the primary
and pseudo—seconeary-inc]usions.‘ Due to these reasons only fire of the
sphalerite samp]ee proved to be suitable. Only the studied seEtions are
listed in Table 1. |

) Tests for high pressure fluids were performed using a crush1ng stage
and the minor amount of gas so re1eased is cons1dered to be carbon d1ox1de, :
' because the gas bubble dissolved very slowly in COp saturated kerosene.

In the microscopic examination of the inclusions, only one three—phase
primary inclusion was observed. Presumably most of the CO, gas is con- .
talned within secondary\%nc]usioﬁé.‘ Daughter crystals ere generally ab-
sent. One exception was noted - the daughter»crystalewaﬁ considered to
be halite in this case.

One fluorite crystal from e mineralized surface sample was studied.
The inclusions in the fluorite are 1arger:than these of sphalerite (of
diameter 8u x 16u) and are easily v1s1b1e on the heating and cooling
~ stage. Paragenet1ca11y tne f]uor1te is late stage in mineral deve]opment
(at the end of the sulphide phase), but the temperature and salinity data
agrees well with that from the {: uid inc]usions.in sphalerite (see Table

1).



Table 1.

Fluid Inclusion Data

Sample No. Freezing T°C Homogenization T°C

18-1 {345) -25.1 120
: -24.6 . 118
-24.7 107
-23.4 - 103
-24.8 87
-23.2 20
-20.0 96
-20.3
'48-1 (379.5) -17.7 116
-23.6 154
-24.4 155
-21.9 94 -
-17.8 141
-23.7 © 156
-20.9 141
-18.8 109
-19.4 125
36-1 (58) - -25.2 134
’ -17.5 . 82
-14.3 80
-18.2 140
-18.6 - 151
36-8 (166) -20.4 86
© =277 102
~21.9 o8
-25.2
-20.1 91
-24.8 13
-24.7 120 :
-24.8 135 »
-24,7 .126 . a
-24.7 130 '
-24.7 ;
B-73-5(586) -17.5 118. i
-17.1 118
-=11.2 -89
-11.3 87
-10.9 84
-19.9 128
Fluorite ‘ -16.9 135
-17.5 136
-18.0 134
Calcite - 8.
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Post-mineral calcite vein samp]es were prepared, but they were very
translucent and consequently accurate results with regard to freezing ex-
periments could not be attained. Leakage along the rhombohedral cleavage
traces is beTiéved to have caused homogenization temperathre determination
failures. The freezing temperature determinations indicate that lie post-
minera1 f1u1d§ were very iow infsa]inity (Fig. 11), approaching pure water.
Leakagenof grbundwatéks int6 the inclusion may exp]ain freezing tempera-
tures close to 0°C (Roedder;«1963). | |

The studied sphalerite and fluorite inclusions were of two phases,
and thé vapour bubble seldom exceeds a size of 4-5 volume bercent.b The 
high salinity of the inc]usjons necessitated supércoo]ing to a temperature
~of at least -76°C before freezing was uttaiﬁed. In this regard, the in-
clusions are similar to those of Pine Pojnt (Roedder, 1968) and of thé
Polaris lead-zinc déposit (Jowett, 1975). Andther simi]arify ]ie§ in the
lack of evidence of organic ﬁatter in the inclusions, even though the Na-
nanni stratigraphy contains iarge bitumen pods, and bitumen is surficially

in association with the dolomite and silica.

C. ORE FLUID SALINITIES FROM FREEZING TEMPERATURES

[iississippi VélTey type deposits are noted for their very saline

. brine inclusions of sodiumrcalcium-ch1oride_composition. lhite (1968)
notes in the I1linois and upper Hiscissippi Valiey Zn-Pb district {hat
during the fluorite and sulphide stages the salinity reaches 4 to 10 times
that of sea water bdt declines to 3 or 1e§s times that of sea water in the
post-ore stages. Due to this highAsalfnity, difficulty is often encount-

ered in freszing the inclus.ons, as mentioned earlier. Roedder (1963)
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Somply Number -30° -20° -10° Q°  Freoiing Tomp«mtu}u
v A I - &+
23 20 | 0 [+] Equivalent Waight % NaCl
40 -1(345) : - - \)', .
48-1(379.5) L Rl H
36-1{34) - L
o ot
35-8066) 1 <o £
B-73-5(588) . .. e
. _ H
Fluorite .ee :' 8
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F1g 11. Freez1ng temperature and equivalent we1ght percent
NaCl of the Wrigley deposit spha]er1te, f]uor1te and calcite
fluid 1nc1us10ns.

Semple Numbar 100° . 120° 140° 150° Homogenization Temperature.
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F)g 12. Homogen1zat1on temperature of the Wrigley deposit
spha]er1te, f]uor1te fluid inclusions.
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considers the necessary supercooling recuived to freeze the inclusions is
indicative of fluids that are quite clean and 'free from suitable exiran-
eous solid nuclei such as dirt and dust’, quite unlike surface waters .

The salinity of the Wrigley sphalerite samples was determined from
the experimentally derived freczing pojnt, with yotference to the HpO-NaCl
phase diagram presented by Roedder (19§2) (Fig. 10). Tthe salinity deter-
mination is based upon the‘premisu'thqt‘the only dissé]vcd salt s sodfum
chloride. This premise becomes suspéét when it is noted that the freezing
temperatures, on the whole, fail below the minimum temperatwye (-21.1°C)
obtainable with NaC] as the only solute (Roeadér, 1962). Therefore, fhe
wrigley~sphaieritg inclusion fluids muét contain salts other than NaCl.
wRoedder (1971), in an examination of southernAppalachian Va icy mineral
deposits, found freeiing tempeﬁagures to exéeed‘—28°C and.he concluded
such depression of gemberature could be explaine. by the presence of cal-
cium chloride. This may explain the low. freezing temperatures of the
Wrigley deposit fluid inclusions. |

.

From five sphalerite, two f]uorite‘éh

nd;one calcite sections, forty-

four fluid inc]u:ioné were tested on the freeéihg stage (Table 1, Fig. 11).
uit"the“éxceptiqn of three sphalefite inclusions of sample B-73-5 (586),
the inclusions are coﬁsidered to be pfimary or pseudo—seéondary as defined
by YermakoQ §§_§1,>(1965}.’ The thfee exceptions are thought to Be

- secondary due to abnormally sma]{ weigh£ percent sa]iniéies. The low sa-
]iniffes mosf 1ikely indicate a later introduction of essentially non-
saline f]uidsialoﬁg‘fracture planes.

| The primary and pseudo-secondary ihc]usipns'have HNaCl contents in the

répge(of 16 to 26 Qeight percent. The data of the inclusions are preSented



in histogram form (Fig. 13), the mean salt content being 28 equivalent

weight percent NaCl (excluding secondary inclusions).

D. ORE FLUID TEMPERATURES FROM HOMOGE:: IZATION TEMPERATURES

Subsequeni to the freering runs, £5114ng (homogenizatiqn) temperatures
werz determ’ned on the”séme inclicions. The homogenization theory is
based upon the assumption that the inclusions now partly filled with &
“iguid phase were initia1]y'entire1y fitled by & single fluid phase, with
no gaseous phase, representati?e of the ore fluid, at the time of miner-
ra1ization. Upon éooiing, the single fluid phase changed to a simpie two-
phase system of Tiquid and gas. The gas forﬁed due tc- the phencmena o
'shrinkage'. Roedder (1967z) explains shrinkage in the follcuing manner:
"As the volume coefficient of thermal ex (pansion for mest minerals is one
to three orders of magnitude lower than that for weter, on cooling from
the temperature of trapping to room temperature the container for the in-
clusion shrinls much Tess than the Tluid inside. &s soon as the pressure
in te inclusicn drops belo. the total vapour pressure of the multiccmpo-

nent Fluid at tha® temperature, at equilibrium, & bLubbie 111 nucieate and

[
‘x
f\

avel. Y Tharefore, through Zhe procass of heatirg tae inctucion urTil th

ngle phese dnclusion i3 ecteinad the lemperature of the criginet tre-

forming fruid 11 be indicated.  nis deductive veascening 1 walid o
L. Lot y . K . i - ‘ . l n e S J N S . i Tl
iong ws the o Jloesion dees not leal. In owder 2o insure ageinc= & " leay

jnctusion, vollowirc the initial heatirg “2st, che savple ic cooled until

©he coseous bubble reappears, of the seume size

{0

(‘L\

es et the caamencement o7

the experivor . Deyuas of She homooontzatlon determiration on questionable

11

incluzsions s fhe conclusive zeso.  wy dete  ained fron eaky’ dnclu-
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sions was discarded. Reruns showed accuracy to be within the range of

2 to 3°C.

ey

[

Y]

rvination of the Crue trapp: ﬂC}Q—ﬂpa”” ture of the “nclusion re-
qujpgéfé pressure correction to be taken into account. This wéll be con-
sidéred later although the corfection in the case of Wrigley samples. is -
very small (<5°C) and cdu}d reasonably be omitfed, particularly if hydro-
static pressures dominated as in openlvugs, fissures, etc. (Yermakov et
al., 1965).
In order to avoid temperatﬁre gradient effects, very small po]fshed
slices were used and very gradual temperature increases were m{intained .
vermit the equilibration of the temperature within the sphalerite and/ovr

fluorite inclusion. Any possible errors from temperature gradients are
cancelled by the poor optical quality of the spha]er1te crystal, by the
reduced opt1Ca] reso]ut1on due to the heating stage ccver glass, and by
the smaill amount - “ht avai]ab]e through the aperture of the heating
stage. To couin ct this latter probiem some investigators have adopted
the use of flexible optics i1iuminators (Roedder, 1971). Such an optic
iliuminator did not noticeably improve the optical quality. Due to the
decreas=d resolution, the optical uncertainty is in the range OfvafC as
re/ea eo in duplicate rumns.
| lhe homooen.zat10n temperatures are 11sued in Table 2 for sphalerite
and fluorite. Tesis on vein calcite wvere 1nconc]us1ve due to leakage.
The temperature djstribution for spﬁalerite iies within the range of 80
to 156°C (&xc1;ding pressure correction, see Fig. 12). The fluorite homo-
genizatiorn temperatures reveal e narrover rvange of 134 to 136°C. The

histogram {Fig. 14) illustrates the temperature distribution over the above
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rénge with the mean at 119°C. This wide rangé-of temperature values is
characteristic of Mississippi Valley type depdsits (Roedder, 1968, 1971;
Jowett, 1975).

The assumed lithostatic pressure for the Wrigley sphalerite fluid
inclusions is based upoh an estimated depth of burial of less than 1/2
km. Considering this depth, a salinity weight percent of 16 to 26, the
pressure would be in the range of 30 to 65 baré and the fluid density _
would be within the range of .9 to 1.02 g/cc-(Héas, 1971). Using“the
density diagram presented by E11is and Golding 61963) (Fig. 15), the den-
sity range fo( 3 molar sodium chToride solution is .97 to 1.05 g/cc.
Consid ~ation Sf*the pressuré correction diagramstpresented by Lemmlein'
and Klevtsov (1961) (see Fig. 16) reveal that the pressure corfectiqn is
less than 10°C, most 1likely 3-5°C. The correction factor is so small,
almost within the eXpérimenta] error range, that it will not.be applied
td the YUrigley deposit data.‘ As mentioned earlier, the open fracture

system of the deposit may have allowed hydrostafic pressures to dominategv

. : -
in which case the pressure correction should be ignored.
E. POSSIBLE ORIGIN OF THE WRIGLEY DEPOSIT,
REVEALED THROUGH FLUID INCLUSION STUDIES
The origin of the Uriaiey ore depo: i cannot be determined by fluid

"inclusion studies alone, but the mechanisms of ore ceposition that cou]&
have been operative are timited by the:various data. Thus the theory of
~origin must be compatible with the data.

The density of the bkiﬁes at the iime of inclusion fluid trapping
ranged between .95 and 1.05 g/cc. whiéh {s comparabie to the range‘ofb

fluid densities in many Mississippi falley typz weposits. The significance
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of the density lies In understanding the behavior of brines in the deposit.
Roedder (1967a, 1971) considers the density in respect to the slow rate of
movement of the ofe-forming fluids and the ore ﬁexturai deve]opmentsﬂ'éuch
as abraded spha]erité crystals and large crystal development in fissures.
He contends that-the density of ore-forming fluids 1is the most important
variable in the explanation of fluid movement and ore Crysta] déve]opment.

Lange and Murray (in press) consider brine density in terms of the
prob]em'of moQing’a dense, saline, pg}entia] metal-bearing bring upward fw
the stratigfaphy. The dense brine will not displace phe,ovér{&ing ]fghter
formational fluids unless-there is a mechanism to drive the hot saline
brine upward. They propose:a methanism which involves- two denSe saline
brineé. The brine, possibly derived from overlying evaporite deposits,
descends in the stratigraphy due to the density contrast with formationaT'
fluids. The rate of downward flow wi11 depend upon pérmeabi]ity amd'the
distance traversed will depend upon the‘density of the fluid encountered.
Thé displaced fluids wi]i represent an earlier brine, which has had time
to increase in temperature and to leach metals from the surfounding roékv
This metal-bearing brine could rerresent the potential ore-forming solu-
tion. The second downward movirj saline brine is therefore the means by
thich the hot saline brﬁnes are moved upwards.

The Yrigley filling (homogenization) temperatures fall within the
range of 80 to 156°C. According to Roedder (19675) and White (1967, 1968),
the fluid temperature range of Mississippi Va]]ey'type deposits is in the
vicinity of 100-150°C but may be a$’1ow as 70°C (wisconsih and Tri State
district)'or as high as 180°C (southern I1linois - Kentucky deposits).

These high temperatures are difficult to reconcile with normal geothermal
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gradiénts when depth 6f burial is usually less than 1,500 m, and in the
case of Wrigley, is less than 900 m. Haas (1971) considered the effect
of salinity on the temperature-depth relation of a briﬁe within a hydrd—
thermal system (vein type), open to the surface, where the hydrostatic
pressure pefmitted boj]ing of the brines. From adoption of a mathematical
model he was able to éscertain the min{mum depth and prescure at which
crystal development took place, provided the inc]usio{{s) of the sample
indicate that b@i]ing of the brine actually occufred; Roedder (1507a)
describes this type of inb]ﬁsion. The inclusion iﬁdiéates boiling by the
presence of 'simultaneously formed inclusions of both 1iquid and vapour'.
This type of inclusion.is identified by very minorfékounts-of)1i§uid,r,

~ that may be visible as'avlining to the ihc]usion, or may not be‘visibie.
Upon'freezing ice is formed. This -was the case for&two fluid-inc]usjons
‘in the‘wrig]ey deposit (sée sample 36-8 (166), Table 2). |

| The salinity of the sphalerite fluid inclusions varies between 16 ahd
- 26 equivalent weight percent NaCl. This saline content fs compérab]e'to
that of Pine Point (Roedder, 1968) and to Mississippi Valley type deposits
which frequently exceed 20 weight percent (Roedder, 1967b). This comparison
may indicate that the depositing brines have comparable origihs. Craig'
{1966) cohsidered thaththe,disso1ution of evaporites is the reasonab]e
explanatior of highly saline brines in the Mississippi Valley type depos-~
its, and Uhite (19685 éoncurs with this hypothesis..vDavidson (1966) has
considered the movement and redeposition o%:heavy metals in sedimentary
terrains, by way of_ch]dffde-rich brines derived %rqm the solution of
evapobites. This concept, afthough strongly questiéhed by Dunham (1966);

has been examined further (Qackscn and Beates, 1967; Billings et al.,

. .
§

7971), and is app1icab]e_f!"ﬂe Wrigley deposit.
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F. CONCLUSIONS

The study of fluid inclusions within sphalerite and fTuorite of" the
Hrigley 1éad—zin£‘1apwsit reveals thét:‘ |

(1) The sulphide miﬁera]s crystallized -from highly saline brines
(Na-Ca-C1) which had either a'meteoric or connate orijin, the salt most
]1ke1y‘being derived-ffom evaporites of the Bear Rock Fofmation.

(2) The pressure envifonmént was hydrostatically controlled due to
the shallow dépth of ihe deposit ~nd to the open-ended nature of a boi1-
1ng ve1n -fissure fluid system.. '

(3) The h1gh density of the br1nes is assumed to have contr1buted
to the upward migration of'the ore f1u1ds and to the d1sp1ac¢ment of the
less denée, less saline formétiona] waters. ' |
| (4) The high salinity of the fluid inclusions implies that transport |
of thelheavy metals was as a soluble salt, such as a chloride complex.

(5) The minimum temperature range of ore déposition Was;80~1569c.

The inclusion data are, in many respects, similar to those réported

from North American Mississippi Valley type deposfts. The daté, however,
do not provide the complete answer to ore genesis. lhen combined with
sulphur and lead isotopic data, it is hoped that greater understanding of_

the genesis will be atiained.



Chapter V:
SULPHUR ISOTOPE STUDIES

Following the work of Thade, MacNamara and Collins (1949) and ~f Mac-
Namarafand-Thode (1950), subsequent workers have attempted to provide a
' greate} uﬁderstanding of the-physio—chemical conditions of'minefafizatiOn
processes. Particu]ar‘considefation has centered upon the source of sul-
phur; prdminent within‘this area is the work of‘Ho]ser.and Kaplan (1966)
whiéh consfdered the sulphur isotopic compdsition of ocean sulphate through '
geo]ogiéa] time, based upon'evapOritic su]phu%..—Subsequenfly, Sangster '
(1968) related seé water su]phates*(634s)* to that of sedimentary and ;
stratabound sulphide deposifs, which revealed re]ativeiy constant §34S
relationships,'perhaps indicative of genetic re]ationé thfough bacteria]
reduction 6f sea wa%@r_sulphur. -Jensen and DesSaU (1967), through anmi—
nation of the’?road Qariation in_6345 values of Mississippi Valley type
deposits,.conc]uded that bacteriogenic reduction of éu]phur was a sigpifi—
czui process in thé genesis of such‘su]phide deposits. Rye and Ohmoto
(1974), however, demonstrateq that complete genetic hypotheses for ore
deposits may not Be based solely updn comparative sulphur studies. fhese
authors showed/that su]phideskprecipitated Trom magmatic‘sulphur,-contrafy
‘ to earlier theories, may have wide ranging §345 values, whilst non-magmatic
sulphur may have a narrow rénQe near to the value for meteoritic su]phur
or ‘average crystal' sulphur.

‘These studies, considered in the geologic.i reaim, are intimately

concerned with isotopic fractionation o7 sulphur. The studies of Thode

“See Appendix II for definition of §34S.

64
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et al. (1954), Harrison and Thode (1958), Jensen (1958), Sakai (1957),
Ault (1959), Kemp and Thode (1968}, to mention a few, have increased the:
understanding in this arza. The 3ignif§caﬁce is revealed in the f0110w~
ing general équation:

Hp38s + 325052 + Hy325 + 345052
(gas) (solu) | (gas)  (solu)

whicﬁ indicates that the lighter isotope favours tﬁe su]phidg species
while the heavier isptope favours the sulphate: Genera]]yﬂoge may con-
clude thaﬁ fractionatfbn is controlled by two proqgéées, namely, kinetic
isotopic effects and isotopic exchange equilibria. The kinetic effect
is mbst_;ignificant in the bacteriogenic reduction of sulphate to sul-
phidé; however, consideration of the kinetitveffebt must not be to the
exclusion of the chemical effect as applied to the rate 6f the isotopic
exchange reaction‘(Sasaki'and Kajiwara, 1971).

Trudinger et al. (i972) assessed the physio~chehica1 Timits of bac-
tériai sulphate reduction and concluded that there are few1geochemicaf N
facto}s wﬁich would prévent operation Qf the process in sedimentary en-

vironments. He considers Desulfovibrio and Desquotomacu]um to be the

principal genera which convert sulphate to hydrogen sulphide gas.
The.poséib]é sources of sulphur in ore deposits are: (1) sulphate

from evgporites; (2)Lconnate¥f0rmationa1 brine sulphate from séa water;

(3) petroleum su]bhur (which includes free sulphutr, hydrogen sulphide,

' and/or organic sulphur compounds, suéh'as thiols, or mer¢aptans.(Levorsen,>

1967)); (4) sulphide minerals in sediménfary rocks; (5) magmatic sulphur

 (Hey et al., 1974);  Within this frame of reference the probable source(s)

“of the sulphur of the Urigley deposit will be discussed. Particu]ar\em-
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phasis will be placed upon the work of Thode'and Monster (1965); Holser
and Kaplan (1966). Sangster (1968, }971), Sasaki and Kajiwara (1971),
Ohmoto (1972), 2wbinson and Ohmoto (1973), and Rve and Ohmoto (1974){‘
From inhe sulphur isotope geothermometry based upon the work of
CZamanske and Rye (1974), the sphalerite-galena sulphur iSOtbpe fraction-
ation curve wi11.be considered as applicable to the Wrigley deposit. The
determined temperatures for sulphide deposition have been cérroborated by

fluid inclusion work in the style of Rye (1974).

A. - SAMPLES USED IN THE~STUDY AND RESULTS

Ten 'coéxisting‘ galena-sphalerite pairs and two pyrite'sampln:,
representative of the Nahaini Formatioﬁ sulphide vein type minera]izafion,
were chosen for isotopic study. One sedfmentary pyrite su]phur from the
Hare Indian Formation was a]sd analyzed.. The'diamond dri]fhho1e 1ocatioﬁs
aré indicated on map 1-A, and the choice bf holes was_baséd on the
desire for good areal distributibn. The vertical distribution was con--
trolled by the available 'coeijtingf sulphide pairs; however, where pos-
sible a distribution with respect to depth was attained.

‘The spha]erite—ga]eﬁa pairs were separated by\emp]oyment of the Hal-
limond tube f]otaﬁion sy;;em (Fuerstenau et al., 1957) because the Tow _
iron sphalerite wdu]d‘ndt\separate from the galena using the Franz mag-
netic separator (see Appendix I1I1). The corehsamples from which the sh]—
phide pairs were taken are deSCribed in Appendix I. . In geheral,‘the sy]~
phides are intimately associated with coarse-grained, wﬁ ad grey do]é;
mite and/or white calcite, with variable amounts of finely disseminated
euhedral crystalline quérti. Only one sample (12-4 (255)), revealed py-
rite iﬁ association with galena and sphalerite in other than a very finely

disseminatéd state.
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Table 2 summarizes the results of the sulphur determinations as §34s .
The overa11 §34s per m1] range (exclusive of sedimentary pyrite) is 1. 5%.
w0 16.2% T apha!er1te range is 4.1% to 16.2%, while that of galena 'is
1.5%.to 10.1%. The mean sphalerite value is 7: 5%§ the mean galena value
is 3.8%; the mean ore-pyrite value is 10.3% The compOSjte mean § 4S(gn—s])

value is 5.7%, and of 6345( is 7.2% The one sedimentary pyrite

, gn-s1-py)
value is -15.7% In all of the sphaler1te ga]ena samp]es the theoret1ca1

fract1onat1on pred1ct1on of Bachinski (1969) based on—634s is va11d, namely

\
spha]erlne>ga1ena The ore pyrite samples also follow the fract1onat1on o

R
~

patter: th pyrite be1ng heavier than spha]er1te
’ The sedimentary iron sulph1de “From the Hare Indian Formation formed

e with1n reduc1ng muds and is assumed to have been subjected to the b1ogen1c

e

su1ph1de cycle through the metabolic process’ ofisulphate reducing or dis-

s1m11atory\bacter1a In order to exp1a1n the sed1mentary suiphide develop—

ment Thode, Harr1son and Monster—41960)4‘1n a study‘of recent sed1ments,

revea] that isotope fractionation cont1nues after bur1a1 of - the sed1ment-
|

ary sulphide species (1.e., 5042, SO S7f). r The sulphur, therefore, w11]

tend toward- total frattionation or deplet(

ok of tbe/nefvy isotope. The
study found that more cons1stent isotopic fhectwonathn with respect to
sea water exists at depths in excess of 20 feet. This progressive frac-
tionation, leading to\jsotonic stahi]ity‘through time and burial, is likely
due to bac "al reduet?ont and may exp1ajn the discrepancy that exists

between the .S values of sedimentary pyrite dnd'those of ore minerals.

B. SOURCE OF SULPHUR (THEORY)'

Thode and Monster (1965) examined the sulphur of petroleum and cvap-

borites, the latter representing the sulphur of ancient seas. This compari-

Ca o



Table 2.

6345 per mil Vaiues in, the Wrigley Deposit

K4

34 . Temperature K
Sample No. Mineral 6 sy (after Czamanske & Rye, 1974)
ag-1 (61) sp 4+ 5> 163°C

‘ gn + 1.9
48-1(94)  sP + 5.1 170°C
gn + 1.6
48-1 (375) sp + 5.2 62°C
, gn + 1.5
48-1 (383) sp +5.3 181°C
, gn * 2.0 .
48-1 (445) py + 5.6
48-1 (460)  py +15.0
36-5 (311) sp +15.1 90°C
gn +9.8
36-5 (312) sp +16.3 65°C
gn +10.1° e
12-2 (119.5)  py -15.7 a
©
12-4 (255) sp  +5.0 // 240°C
R . gn 4 + 2.4 / :
. \\ )
12-4 (349) sp + 8.1 ; 164°C
' ©ogn £+ 4.5 7 _
76-1 (19)  sp +5.4 232°C
gn + 2.6
B-73-5 (648) 'sp + 4.2 293°C
an + 2.0
HMean Values:
Galena and Sphalerite 4+ 5.7 + 4.3%
Sphalerite + 7.5+ 4.4%
Galena . + 3.8 + 3.3%
Pyrite (excluding sed. pY.qn,sp) +10.3%
Sedimentary Pyrite" S -15.7%
Temperature 176°C .
As1-gn . : © 3.7 £1.2%
tean Values (excluding 36-5 (311 and 312)): ‘
" Sphalerite 5.5 + 1.1%
Galena i 2.3 1.0%
asl-gn . . 3.2 + 0.6%
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son is valid on the . - sulphur precipitated as gypsum from sea
water will exhibit in i, . . ant fractionation. Therefore a direct re-
lation may be drawn between evaporites and thgﬁancient seas with respect
to geolegical time (Sangster, 1968). The study points to sea water sul-
phafe of sedimentary basins as being the source of the petfo]eum sulphur,
because of a consistent depletion of 6345 value in the amount of 15%,

- which equiibrates to the expected deéree uf isotopic fractionation df
bacteria1 roouction of evaporites.

Holser and Kaplai. (1966) extended a part of the work of Thode and
Monster (1965) by extensive examination of the sulphate of eVaporiies
within the geoTogicd1 time context. The curve so deve]oped has been sub-
‘stantiated by subsequent work the most recent being Davies and Krouse
(1975). The plots of the sulphur isotope compos1t1on of the Devon1an seas

are presented in F1g 17.

—_— - O
T
i - 100
o
‘v -200
P <
= - o
= 300 ©
o £
e 400 8
‘ _S_ o
[&]
R -500
e
. -
1] ¥ R A L R
+3 10 15 20 285 30 35
. 6”5 Yoo

Fig 17. The sulphur 1sotope age curve of
Holser and Kaplan (1966).
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Sangster (1968, 1971) and Sasaki‘and KajiWara (1971) have ¢
stratabound and syngenetic sulphide deposits in an attempt to pre
a re]afionship exists between base metal sulphur and ancient sea waterrt
su?phate,'through bacterial rzduction of the sulphate of evaporites, as
Thode and Morster (1965) $1lustrated wi<th regard o petro]euﬁ sulnhur.

Sangster (1971) has presented his findings, which illustrate the frac-.

34

tionation fqétor through time, &nd this factor may be defined as as”'S =

34 34
5

S(sea water) S(avg. sulphide deposit)” Within the consideration

of stratabound sulphice deposits, the volcanic type ores have an average

A534S value of 17.3%, whereas the stratiform sedimentary type ores aver-

2
age Aé“as vaiue of 132.6%. Sasaki and Kajiwara (1971) tested the average

values determined by Sangster (1968) with respect to Kuroko type ‘ores by

34,

relatiag the as™'S value to the isotopic equilibrium temperatures. Tem-

perature ¢ .crepancy motivated the examination of frequency diagrams and
. N .. 3 . .

woplovment of the 'minimum' 6 4S sulphide average value was found to pro-

vide grezter accuracy. The significance of the 'minimun’ value is re-

lated to the lack of sulphur equilibrium attainment within the deposit,

/

unich in turm i related to _the generally slow rate cf the isotopic ex-
: I ‘
, : - e L g ‘ . . . . .
changé react ol ~elative o mineral crystallization (Sasaki and Kajiwara,
{
P87 ‘
Both Sangster (1G66. 15710 end Sasaki and [z jivers (i¢71) agrze that

the volation F che su'o.ide o he tuo classes of depusits and sulphates

56 fer. connosraC in fhe ceolngical contert, Tadicate that the
i o dde ves oviginatec | hacerially reducen sea

‘yiier suiphate.
Ghmot~ 1972) end vz and Ohsoto (1974) concider that minerals frowm

b oothe L oaystem: of  iow temperature’ . such as Mississippi Vallay type
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deposits which may reveal considerable variation in 63845, are not easily
categorizéd within the realms of magmatic hydrothermai .r sedimentary,

nor do they comple%e]y equate to what is coygjdered sulphur of true ana-

erobic bacterial origin. Consideration of the variztions of §34S, there-

Fore, 1s develoned in Zhe context of control of the chemiciry of the ore
solutions on suiphur isotope composition of su]phide\minera1s.’ This wp-
proach varies from Jensen and Dessau (1967) who define magmatic hydro-
_ thermal deposits as those having a narrow ¢34S value distribution very -
‘ciose - ‘0, and deposits of bacteriogenit origin is exhibiting a wide
spread in 6345‘ya]uesi%ﬁatfindicate increased cqncentration in the lighter
jsotope with-regérenCGgéu seéa water sulphate. N |
From the above dit:ussfon it fs apparent that there are various;ap-
‘wroaches Eo analyzing sulphur isotope data in én attempt to determine the
source of thé sulphur of an ore deposit. In the following sections of

this chapter, the Wrigley deposit sulphur will be considered relative to

sea water sulphate and to the chemical control of ore solutions.

. CONSIDERATiON OF THE tRIGLEY SULPHIDE SULPHUR AND THE
‘ DEVONIAN SEA WATER SULPHATE

The northern 7~msell Range is primarily Devonian in age. Strati--
rraphically equivaient to the Landry, Manetoe, Arnica and Funeral for-

aat ona complex is the Bear Rock Formation, wich, in the Interior

Flains. is zquivalent to the Leo2r Chinchaga evaporites (Law, 1971).

he Bear Pook Foroauioo, comprised of anhyooite. doiomite {with some

cil cificacion’, minor limestone ard shale, represents = probable source
" §
sy the Wrigley sulphide suiphur.

-
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In ordeL to compare Middle Devonian sea water su]phate with the sul-
phides of the Wrigley deposit it is necessary to ascertain the &34s vaiue
of the Bear Rock evaporites. No samples of the evaporites were experi-
mentally run by thé wri ter; hpwever, exfépsive work has been done on evap-

- . - N L . ;
orites of ‘idc = Devonian aje {Fig. 17) which permits reiatively accurate

~ \\

estimation of the §34S value. Middle DevoniaﬂAevapQrites of the E1k Point
" Basin of the Pine Point area, N.W.T., range frgmp18.5%,to 19.8% with an
avefage 6%A19.]%w(5asaki and Krouse, 1969). Ho]sénland Kaplan (1966) ih—
dicate that\the Middle Devonian evaporites range fr6ﬁ516%3t0 22%, while
the Lower—Midd]e Devonian is within the area of 19.5%;5g1n the Arétic :
Archipelago, Davies anqgﬁrouse (1975) have noted the 634$\va1ue df Middle
_Devon1an evaporites of the B]ue Fiord Formation to be 19. 0%owh11e ﬁar]y
Devonian su}phate is recordec as 19.2% From these sulphate 5345 va]ues
it is .within }eason to consider the'Middle Devonian evaporite sulphate of
the Bear Rock Formation would have a §34S value of approximately: 19.0%

Following the approach of‘Sancster (1968, 1971) and Sasaki and/Kaji—
wara (1971), using the minimum average 434S value of the Hrigley depos1L
(3.6%) (see Fig. 18) H1th the estimated Middle Devon19n sea water sulphate
{15.0%), the 534S value is 15.4%  This value is slightly lowasr than the
average 'olcan1c stratabound sulphide depOSs; Ade].va]ue of 17.3% deter- (
mined by San“ ter {(1971) and siightly higher than his sedimentary 5 Julphidé
ore average of 13.6%. i

In order to exdlain the va?iance‘in fractionatioq (iarger f%actiona-
tion reveaied in larger £5343), conéideratioﬁ must be ngen to the bacter-
ial metaboiic rate in sulphate reduction. Within a volranic stratabound

sulphide environment bacteriat metabolism would be reduced resulting in a
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higher 4534S value, while the reverse would occur in a sedimentary.en91—
ronment because of an increase in organic nutrier "On this basis, thé'
degree of bacterial nutrftion and thus the degree o7 fractionatién within
the Wrigley area is equivalent to neither the volcanic environment norbto
the sedimentary environment. Considered within the concept of ‘open énd
closed'.environments (Schwartz and Bur-ie, 1973) the.Wrigiey deposit may
be designated 'closed'. As sulphur reduct{dh proceeds due to bacterial
processes, the §34S value of the residual sulphate in the environment in-
creases, and each successive aliquot is heavier than the previoﬁs one.
The resultant §34S distribution, developed over a range, would center -
,gfound zero and range up to'634SSW. In this way the fractionation pat-
‘éérn may in part be explained. Sasaki and.Kajiwara‘(197]).consfder‘that
1sot§pig varijation may be exp]a{ned by non-direct isotopic exchange be-
tween su]phate and su]phide! It répresents the exchang¥>QQUi1ibkium be-
tween SO&2 and some 1nfefmgdiate form from which sulphides might have o
fgrmed with little isotopic fractionation. Alternatively, a mbre p]ﬁfgf :
ibia explanation is that 'the ohserved fractionation is thé relic 04 £he

~equilibrium at nigher iemperatures' {Sasaki an: Kajiwara (1971).

D. TO TEST THE VALIDITY OF as34s

Should chemical and isotopic equi]i#“ﬁdm among sulphur species in
solutions and n precipitating mineral phases be attained, then the iso-
4topic difference {(a) shouid be closely r2lated to the isotopic equilibri-
um témperaturé. ‘Sasaki'and Kajiwara (]97]} used this basis to consider ;
ihe findings of‘Sangster (1968) with'respect‘to Kuroko-type debdsits. .
In a similar fashion the lrigley deposit may be considered. Using the

<



value (A634S) of 15. 4% based upon the assumpt1on that this value repre-

sents the 1sotop1c exchange equilibrium reaction between: 5042 and HZS
- (or pyr1te), a temperature slightly greater than 400°C js attained (Rye
and Ohmoto, 1974). Tn1s temperature does not agree with the tempera-
tures determined by way of su]phur geo thermometry or by fluid inclusion
filling temperatures. Therefore, equilibrium eonditions‘with respect. to
t'isotopic exchange (S_O&2 - HpS) was no* attained. |

The Hare Indian pyrfte consigered 1n.thjs manner reveals that ehem-
1ca1 and isotopic equilibrium was attained for the sedimentary pyrite.
The Ear by u1ve"an pyrite 5345 value is -15:7% and the sea water sulphate

¢ V&s rhosan tﬂr the Eifelian Bear Rock evapor1te ., is 19.0%. There-

ﬁtvalue 1s 34. 7%, and the inferred temperature (Rye and

Ohmoto,‘nar4) is approx1mate1y 170°C. This temperature is 1n,11ne with

the averageQa3 temperature of 176°C, und is stightly higher

>(s1-gn)
‘than the range of temperatures determined from fluid inclusions (80-156°C).
Consequently, the lack of isotopic equilibrium of the ore sulphides

might be attributed‘to retarded isotopic exchange with respect to the
:’minera11zat1on process, which 1nvo1ves the rates of deposition and cooling

'e,,of su]phxdes in the ore formwng process. .The prer?ously cons1dered pos-

sible causes of variance in tractionation, howeyer, cannot be disregarded.

L

"E. CUWJSIDERATION OF THE CONTROL OF THE CﬁEMISTRY
‘OF THE ORE SOLUTIONS

Rye and Ohmoto-(1974j'con¢4der the variations of §34S va?ues in the
context of contro1 of the chem1stry of the ore solut’ans on sulphur iso-
topic compos1t1on of su]phlde m1nera1s The su]phur f~atop1c comp051t1on
of prec1pitat1ng su]ph1de mineral phases from ore sozucwon is controi]ed

" by the following conditions:
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(1) the total sulphur isotopic ;omposition (634525) of the fluids,

which directly relates to the orig{n of the su]phur;’ |
 (2) the relative abundance of the oxidized and reduced sulphur spec-

es invéolution, (HoS, HS™, S-, SO@ZJ HS0Z, and NaS03);

(3) the relative amount of isotopt : equi’ibrium;

(4) the isotcpic fractionation factqrs relative to the aqueous sul-
phur species and‘the precipitating mineral phase (Ohmoto - 1972).

Therefore, the‘proportioh of sulphur species in ore fluids may be -
evaluated in terms of T°, pH, and. fg, ot hydrothermal fluids, which in
turn permifs evaluation 6f §34s values of minerals 1nvthé same terms,
baséd upon the assumption'that the sulphur species 5n solutions and pre-
cipitating.minefaf phases are in chemical and 1sotopic'equi]ibrium~(Ryé.
ang Ohmdfo,-1974).' This therefore implies that the §34S values respond
+~ changes in the chemical environment of ore dépositioh. This may not
be the.case, howeVér, in bacteriogenic deposits which are identified by
way of sulphur isotope disequi1ibrium; Thé prébabi]ity.of sulphur iso-
tope disequilibrium with respect to su1phur species in solution and the
pre;ipitating.mzéera] phases in theywrigléy deposit has been impTied in
tﬁe previous section, by reason of the large difference in §34S values
of ore pyrite and of sedimentary pyrite (see Tab]é 2) Rye and Chmoto
(1974) consider that 'in surficial, Tow temper- trre P"vv”*”“‘nts the on]y
known means of redu.ing sulphate to HpS and precipﬁtating sulphides is bty
the. 1ife précesses of su]phur reducing bacteria'. They ~dd that deep
circulation of sea wateerr saline brines into high ' mperature regions
©omay resu]t in inorganic reduct1on of the su]phate n order to evade
speculat1on, consideration of the chemical nature of ore-forming so]ut1ons
and the sulphur isotopic composition of hydrothermal minerals, based upon
the assumption that isotopic equilibrium is established between the sul-

phur species HQS --SO&Z, will follow.
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Consider a hypothetical ore-forming fluid composed of two sulphur

species, HZS (ag) and 5042, in which 5345?5 = 20% and in which the sphal-

erite precipitates from the fluid ét 175°C.  The temperature chosen is the

Wrigley mean, and ‘remains constant since it controls the differences. in

345 value among the sulphur species. Under these -conditions, when

isoncy i »quilibrium is established A634550

the ¢

= : 34

az _ HZS “‘.35.%1 and Aé SHZS ~

= 1.5%at 175°C. Should the two sulphur species be equally abundant,

345 values are 634SHZS = -7.5%.and 634550_2 = +27.5%. (see Fig. 19).
‘ . . , T4

“owever, should the H,S species predominate in the fluid, then the 634SH23'

nS
then the )

will approach 0%.and 634550_2 will approach +35%. It is only in the case
. 2 . ,

where HZS predominates in the fluid that 634SZnS’approaches a positive
value.
- ‘ P’ ,
PbS ZInS ;H2S . ‘_§04 5343
3.7 7.5 35 o
Ratio é »
HZS : SO4 HZS SO4V ZnS _PbS
R -31.5 | + 3.5 | -32.0 | -36.7
= 209 5.5 -7.5 | +27.5]| - 9.0 -12.7
.90 - 3.5 +31.5}| - 5.0} -~ 8.7

N —

Fig. 19. Variation of 6345 of sulphate (1ron or m1nera?)? H.S,
. “and sulphide minerals with variation in HZS/SOA of the
hydrothermal solution at T = 175°C," 6345 20%. (varied
after Rye and Ohmoto, 1974). ES

Considered in the realm of the Wrigley hydrothermal fluids, to obtain

SN 34 547 34
& wean 87°S 5 % 4. 48%.and &7 PbS

Zns ° of +3.8 + 3.3% the ratio of-
8 SHZS to & SSO 2 must have been very h1gh or sulphur 1sotope disequi-

3o 34

~librium must nave eA1sted due to bacteriogenic “eductlon of sulphate, or

both.
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In actual situations the aquédus sulphur species present in the ore

- solutions include Qﬁch speciés as HS~, S7, SO&Z, HSO&, and NaSOg, and they
also must be considered. Ohmoto (1972) has shown that the various species
of sulphur may be determined as functions of f02 and pH along with alkali
concentrai jon. Similarly changes in the §34s Qa]ues of the su]phide spec-
jes may be determinea. ‘

Figure 20 reveals the changes.in'634Squ‘a1ong with stability bound-
‘aries of Fe-3-0 minerals at IS = 0.001 moles/kg Ho0 and of calcite and
graphite av zC - 0.1 moles/kg Ho0. Sphalerite of various §34S values
wou1d.prec1pitate in chemical and isotopic equilibrium with solutions of
ionic strength 1, 53452§ value of 20%and temperature of 150°C. It should
be noted that the ore-forming fluid ionic st?éhgth of 1 has been adopted,
although I = 3 would be correct, because the V;;iation in shape and posi-
tion of the is0-634S Tine is minor (<.3 Tog fo, units) within the ioaic
strength range of .5-3 (Ohmoto,;T972).

Due to the fact that the &34S values of minerals depends primarily
upon (34325’ pH, f02 and T°, knowledge of the baragenetic sequénce of the
depos i (see Fig. 7) and the positioh of the stability boundarizs (Fig.
20) of Fe-5-0 minerals, calcite and carbon permits estimation of the max-
jmum pH which prevailed at the‘time of ore depositich. 1From the pH and
‘ the‘experimenta11¥ determined GBQSZnS the approximate range in To, that
prevai}ed at the tim~  ore deposition may be ascertained. Consequently,
the fugacity of .ox che mineralizing fluids at the time of deposi-
tion of sulphides in the Nahanni 1imestone was —44;8 to -46.9, which cor-
responds to fC02 of about 5 atmOsphéres (Robinson, 1971), at 150°C. The
fluid pH was likely held in the vicinity of pH\S?B due to the buffer ef-

‘fect of the carbonates (Robinson, 1971).
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-54 2 | N | , |
2 4 6 8 10
pH
Fig. 20. Comparison of the posi.ions of 6345 contours with the
stability fields of Fe-$-0 minerals, calcite and graphite.
T = 150°C and 1 = 1.0. :
n () are for ZnS at 5°7S__=20%.

6345 contours . j ,
ceemeemee=: Fe-$-0 minerai - ies at £5=0.001 moles/ka Héé
wtemeeme.-: Stability bounda;oon sor calcitd and graphite at IC=

0.1 moles/kq H20. - _ o

Dark shaded areas = 63453 sulphur ranae for Wrigley sulphides.

(adapted from Ohmoto, Figs. 6 and 12, 1972). .
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The indicated chemical environment of the ore fluids (shaded area,
Fig. 20) sﬁgnifies that the sulphides precipitated over the f02 range of

34

-44.8 to -46.9 at pH of about 5.5, with a 6°7S value range of about ~18.5

348 values (dark

to +16%. This, however, fs not the case. The Wrigley §
shude, Fig. 20) show a relatively narrow range, with an average of 5.7 +
4.3%. This signifies that the 6345 values of the Wrigley deposit did not
respond to changes in the chemical enviromnment of deposition. This situ-
ation finds parallels in.that of the.Creede deposit, Colorado (Rye}and»
Ohmoto, f974). This'expression of dfsequi1ibrium with respect to isotopic
exchange (HQS—SOEZ), indicative of a bacteriogenic derivation of reduced
sulphur, corrobo%ates the previous illustration of hdw sulphur isotopic
compositions of precipitating mineral phaséé are affected by the.chemistry.
of ore fluids.

Due to the apparent disequilibrium and to the lack o7 sulphete (i.=.

write, gypsum) it is not possinie to determine the total sulphur compo-

Cition £§»“5ﬁqre1ative abundance of the sulphur species. Rye and Ohmoto
#8d ‘ y Y

(1974) g xﬁhat “the 6348 values of bacteriogenic deposits should not

be amenable to the type of approach we have discussed for the hydrothermal
deposits because kinetic Tactors are always invaired in the bacteriogenic

reduction of s¢» water sulphate™.

F. CONCLUSION

The trigley sulphur is chemically and isotopically in.disequi1ibrium9
and appears to indicate = sulphur derived~bécter{ogenica11y from reduced
sea water (evaporite) sulphate. The derivec hydrogen sulphide was trans-
ported by méféoric or connate waters, and represents an independent

source to that of the heavy metals (Jacksbn~and Beales, 1967).
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The Wrigley sulphides are‘very similar to sulphides frém Mississippi
Valley type deposits. The variations in the del sulphur values for the
deposits wjthin this class are thought to be due to isotopic disequilib-
rium brought about by variat in- the bacterial metabolic rate and by
slow isotopic exchange reaction rates during ore deposition in a 'closed'A

system.

_ G. SULPHUR GEOTHERMOMETRY
Czamanske and Ryé (1974) experimentally determine;v;;:éhurAisotope

fractionation between sphalerite and galena, the ﬁeguljszdz;e subsequently

checked by Rye (1974) by comparison with f5i1ihg temperatures of sphaler-
ite fluid 1nc1u$ions. Sihce this cross-check was positive, the experimen-

tal linsar function (1700 1n = 7.0 x 105T°2) has been Adopted for

asl-gn
temperature determination of Wrigley sphaleriie-galena pairs, in prefer-
ance to siwmitar functions proposed by Kajiwara and Krouse (1971) and \
Grootenboer‘and Schwarcz (1969). , : ; \
The calculated temperatures of equilibration determ1ned from 6345 }
values are listed in Table 2. The temperatures range from a low of 65°C
to a high of 293°C. However, the majority of temperatures lie within
the range of 162-2405C The ]arge spread in temperature may be eAp1a1ned;

by the 1sotop1c state of disequilibrium assumed for the deposit.




Chapter VI
LEAD_ISOTOPE STUDIES

Lead isotope theory is core orned with the physical and chemical
oroperties of the earth's p ! . - ~ust svstem, with respect: to isotopic

‘varjations of the elements ‘- :ar*un, thorivm and lead. The lead isotopes,

238, 235 23

206, 207, 208, are radiocct v. aughter products of 238U, 23%y and 23%Th,

respectively. Due to the r«'?;ionship of the parent to the daughter nu-

clide, dates may be arri=  at from the following ratios: 238, 206

235, 207 232+, 208 207,,. 206

U Pb,

U-""pb, “*“Th-p1. and/or “V'Pb-“"Pb for a U-Th mineral.  These

—

methods , which have been considered by Baadsgaard (1964), are not appli-
cable to su]phide'bres (i.e. gaiena, etc.) because'gre-]eéﬁ\seldomi¢0n—
tains more than trace amounts of uranium and thorium; Consequent1y,-t£é
dating of. ore-lead deﬁends upon a definite model, based upon assumptions
fo efplain the genesis of the lead-bearing ore and the varfétions in

e207Pb/204

‘leaa‘isotggjc'composition over geclogical time. Th Pb vs'206Pb[

204Pb compositional diagram is used and the validity of the 'age' depends

upon the deg}ee to which “h2 samp19 sdtisfies the qssumptions of the

model. | ‘ﬂ |
The theory and models ¢i ~ommon lead dating will be considered

briefly and the experimental data can be méde to icld dﬁta 5n the age

~and source of the maials.

A. THEORY OF LEAD DATING

The calculation of model lead dz tes depends upon the mathematical

- model which considers the isotopic composition of the lead. The isotopes
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\

(except z04Ph) have changed over geologic time due to the radiocactive

decay of uranium and thorium. Therefore the model lead interpretive

206py, 207 208py, whicn have
7
evolved by the radioactive breakdown of the parent nuc1e1 to produce the

theory centers on the lead isotopes b, Pb, and

daughter stable 1sotopes The s:'stem may be portrayed as follows:

238y n = 155125 x 1070yl 06py 4 gt 4 energy
S% = 9885 x 1079yl 0755 4 7ue? 4 enerqy
232y, A" = .049475 x 1072 yr-] 208p;, + 6He® + energy

The non-radiogenic (204) -lead isotope has an absolute abundance which
‘does not vary with time due to radioactive processes.

At- twme to when the earth formed, the terrestrial aead was . homo-
"

‘"geneous the isotopic ratios throughout being ag> bg» Co- w1th1n the:
“homogeneous closed system the a]terat1on of rat1os is through the add1~
tion of rad1ogen1c lead from uranium and thorwum At some time ty an
event transp1red which released lead from the’orvgvna] u- TH Pb system.
Subsequent to time t1 the lead is “ree of U qnd 50 the 1sotop1c
compos1t1on of the Tead rema1ns constant until the present (t 0).-
Thtgefore, the sptopwb composition of the lTead (th) ref1ects that of
.Ehe .ad source at time (tj). Chemically thz isotopes are‘ﬁdenticé1.

From these assumptions of a singie stage mode] a mathsmaticai
"derivation of the model age iS»possfb3$ ~ Because rad1ogen1c Tead was
formed from time (to) until time (%7), then the growth equL1on may’ b
expressed in fhe form |

1y

N = NO @XD }\t [

{
where' M is the number of atoms of “he isotope oresent at twme - Nb
represents the number of atcms at the presemt time =( +ime is measured

positively into the past).
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»*\‘,‘

From this expression the number of atoms ¢f a part1cu1ar 1sotope

may be der1ved for time ty, such as Pb206 - S

N(2°5Pb)t1 on(*%pp) g+ N(238U)to.' MR, ()

204,

Piaced. in the-context of an, and addpting the syibols defined in

Table 3, the equatibn becomes:

~ Xy = ag * u1(exp'it0'- exp Aty) (3) 3
. - i \
Similar equations for 207Pb and 2O8Pb‘vvmay be generated:
yp = b+ Hl(exp 2'tg - exp 2'17) (@) x
- 21, = €. 7 MY (exp A"to - exp A"tq) (5)

[

These equations define the growth curve for ordinary leads.

The defjnifion of the various classifications of lead follows.

”

Py

" Common Téad is comprised of primeva]«]eéd (which represeﬁts the isotopic _

composition of the lead at the time the earth was formed) andqradiogenicl

~ lead {which has formed since the origin of the earth from the decay of
uraﬁium and thoripm): From‘this basis two general categories of lead
have been defined, namely 'ordinary' and 'anomalous’ Iead

(3) 'Ordinary’ lead is cons idered to have deve]oped in a unique

UB-Th-PE system subseguent to the formation of the earth’ and prior to the

“%imz of mineralization. The isotopic data when plotted ?07Pb/

against 206Pb/‘MPo it the grOJth curve (Cooper et al., 1969; Stacey

and Kramers, 1975 Cumming and chhards, 1975).

(2) 'Anomzlous' Tead is considered to have developed in moré than
one U-Th-Pb system (Kanasewich, 1968a) thereby representing mﬂlti—stage
lead. These leads commonly show a 1%nea% trend wnen p]btteé on the

2075, /204 206, -204

Pb vs Ph ratio diagram.
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\

abie
\\i\fsotope Symggjg and Constants

i

Present : "
Isotope Ragios t=0 Time t3 Primeval %o
206Pb}204Pbi o a X . éo
207Pb/204Pb b y bo
208Pb/204 c 5 c
238U/235U ' a
2382045, oy ;ext] Lerto
235y, 204p, v vA't vet'to
232 204Pb P wék"t wek"to

Th/*"

¢

Parameters used in this paper'(taken,frdm Cumming and
‘Richards,- 1975): : \ :

Decey Constants. Nuclide ~  Symbol
o.assizsxio et B0 \

' 0.98485x10 %y 235y g
0.049475x10 e~ 232q, A

= 137.88
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B. AGE OF THE EARTH

In 1eadf1ead mode? agevdating, the age of the earth is significant
a?theugh not alli modeIS demand the age be known. From the age .of the
earth and the theory of the growth curve, it is possib]élto ascertain
the parameters ao, bo, ¢Co-

Lord Ray}e1gh made prel1m1nary age estimat1ons of the earth from |
U-Pb and He-U ages, determining a figure of 3,0 b.y. - It was not until
the work of Gerling (1942), Holmes (1946)“@6& Houtermans (1946) that tpe'
age of the earth was determined using lead isotoeés of lead-bearing min- -
erals. The re]ationshib ofrthe age. to the mineraliiation of time t} was
the slope of the isochron on wh1ch the, measured 1sotop1c ratios fel]
The validity of this approach has been; quest1oned Subsequent work re-
.lated meteor1te isotope resu]ts to terrestr1a] determ1nat10ns This |
approach is based upon the partitlon at a s1ng1e/;nstant of a chem1ca1
system into isolated parts w1th d1fferent U/Pb ratios which would result
. in the product1on of a series of leads whose isotope ratxos would be

207 b/204Pb vs 206, ,204

linearly related. Therefore a Pb/““7"Pb ratio plot
would y1e1d a ‘'straight 1ine of slope determtned by the isotope values

of the time of separation of the respect1ve closed systems, and thereby
be related to the age of the earth. Meteorites, which are assumed to
represent developmental stages of our so]arwgqstem, provide the neces-
sary 11near array (meteoret1c 1sochron) from wh1eh\fo calculate the age
It shou1d be noted that the metec—ite lead isotope ratios are cons1dered
to have developed from time tgs 11 a closed system, and are therefore

related to the parameters ag, bg, Co-
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From this basis Patterson (1955, 1956) est1mated the age of the
“earth to be 4.55 b.y. .He considers the Canyon D1ab10 meteor1te 1ead to
be of pr1meva@ composition, due to the minor amount of uranium present

and thus neg]igibTe radiogenic lead product1on. The lead ratios of the

primeval lead are:

20691,/ 20%4 = g 46 = ag
207py,/20%pp = 10.34 = bg
(208p, 20851 - 50,44 = ¢

as determinediﬁ; Patterson.

Subsequent wdrkers haVe‘var1ed the.va1des of ag, bgs» Co and tg but
the method of derivation has remained consistent. Cooper gt_gl,y(lgeg)
pr;posed a time tg of 4.5?8 b.y.» using mere accurately defined growth
curve parameters (Overshy, 1970). L

@

Further accuracy 1n the determ1nat1on of the isotopic compe51t1on
of Canyon Diablo tr1ol1te 1eed (Tatsumoto _t__l;, 1973) prov1deiheﬁﬁr§—
ldes which are: = 9.307, bg §'10.294 Co = 29.476 and to = 4.57 b.y.
dThese parameters have been adopted by Stacey and Kramers (1975) and by
Cumming-and Richards (1975) in the1r respect1ve models for terrestrial

lead isotope evolution. - o S ,/’ﬁ

e

\ -

C. CONSIDERATION OF THEORETICAL MODELS

S Hithin the above context various theoretical lead models have been -
".proposed. The change 1in 1deas has €entered around the interpretation
of the U-Pb system, with respect to theiamount of‘radiogenic parent_1n
the system at some time t in the past. The value u, which corresponds
238U/204Pb ratio reduced to the present may be defined by:

(238y,2%%p)y = wexpat (6)
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based upon the éﬁsumptioh that the lead developed 1n'a sing]é lead-
uranium system, unlike that for anomalous Tead. |

» ~ The concept of a 'closed system' evolved from the.wofk of Gerling
(1942), Holmes (1946) and Hohterméns (1946) . Tﬁey consider that within

- locally closed syétems the Qranium, thorium and lead-204 remaiﬁ coﬁstaht,
and the radiogenic lead isotope ratiosheVo1ve with time according fo the

-

- growth ¢urve, the curvature of which is dependant upon the bértidh]ar
238,204 |

active decay, due to insignificant fractionation of uranium. From this

Pb ratio. The ratio 238,,20%pp tnerefore changes only by radio-

. basis, the equations.3, 4, and:5 are valid. So for mineralization of
time ty derived from locally closed systems the isotopic ratios of the

mineralization will plot on an isochron deffned_by:

Y1 -bo _ po _(exp A'ty - exp A't]) . :
X] - ap- R 137.88 (exp Atp - exp Aty) (7)

the slope of which relates the age of the earth and the time of miner-
‘a1izat16n. This equ%tion is on]y apb]icab1é for leads of a single
'urénium-thorium-lead closed system, which developed between tq énd t]
« (Kanasewich, 1968a1,'and is referred to as Houteffmans' "isochron equa-
tion". R | ‘
Subsequent #onsideration 6% isotopic data of-greater.precfsion in-
dicatés tﬁat the basis of this'mode] is ah over simplification of geo-
- logical history (Kanasewich, 1968a). Data spread along the-isochron is
actually dhe to éxperimenta1 error, lack of-standardization or the in-
~clusion of anomalous leads. Because lead evvlution in discrete systeﬁs,
each with unique U/Pb and Th/Pb ratfos, as prppoﬁed by Houtermans, is
not justified by greater preci§2on data, additional models have been

prpposed.
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Russell and Farquhar,LIQGO), Stanton and Russe11 (1959) consider
that at the time of formation of the‘earth a]i lTead therein had the
same isotopic proportions, referred to as primeval lead (t') Evolu-
tion of the pr1meva1 1ead transpired in a single c]osed system, with a
constant amount of uranium, thor1um and 1ead (Houtermans mode]l has
discrete systems with variable U/Pb and Th/Pb rat1os) From this
evo]v1ag ‘lead, ore bodies form ‘representing samples of lead of the homo- R
geneous source, the upper mantle, wh1ch is isotopically re]ated to the
pr1meva1 lead.” Vein lead is found to be more rad1ogen1c and this is .
considered to be due to migration of Jead through surface rocks, where -
assimilation of additional radiogenic .lead results 1n_formation 3%

- anoma]ous leads. ‘ | |
From this mode] it is possible to determine the uranium-]ead and
 the thor1um-1ead values from the best fit of the data to the growth

curve. Shou]d the assumed homogeneous source evolve through to t1me

tﬁb or the present, then the equat1ons 3 4, and 5 may be written:

a=ag+ul (expitg - 1), - (8)
_ b = bo + T35'gg (exp X'to - 1) (9)
c = co + Wy (exp A\"tg - 1) . (10)

which with reSubstitution into the equations 3 4 and 5 will y1e1d

X =a-ul (exp at-1) o (11)
,‘_y'=b-~|—3—7—18—-(exp>\t~1) | o (12)
z=c-HWl (exp2r"t-1) - : - (3)

‘*ConseqUent1y,'from this model the age of formation (model age) may be
determ1ned from the exper1menta11y derived a, b, ¢ and uy W without

{
having to rely upon the h1gh1y debated age of the earth des1gnated by

ap and bg.
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Patterson and Tatsumoto (1964) deviated from the c]esed system evo-
lntionany moqe1 of Russell and Farquhar (1960) through the study of lead
1n‘potassium fe]dspar. The isotopic variation noted, namely radiogenic
Tead increase in the feldspar as the age decreases, was assessed(to 1n-
d1cate that since the formation of the earth there has been some kind of

#chanism that controlled d1ffus1on and differentiation of U, Th and Pb
1n the earth:. Uranlum and thorium transport 1n1t1a11y 1s from the inner
mantle to the outer mant]e layer. The outer mantle gives rise to con-

o uttnenta1:c}ust formation at various times. The rates of transport of
the fespecti;e e1ements is considered to have decreased after the first

- 100 m.y. fo110w1ng format1on of the earth after which lead transport is

essent1a1ly n11 wh11e that of U-Th is decreased, but does not cease
Consequent]y the cont1nenta1 segments at the t1me of format1on con’
tain U- Th Pb values equivalent to “those of the outer mantie. - The crustal
formation event would segregate lead, as in a c]osed system unt11 the
time of freezgng out of the fe]dspar by orogen1c events. As test of th1s
model, ca]cu]ated Valnes for lead give an almost bénfect fit with ob-
serned isotopic ratiqs., | v
In assessing the c]osed system modeY/of Russel]vand Farquhar (1960)
and of Stanton’andvkusseTi (1959), which Qas developed from the study of

ore leads of volcanic derivation, Patterson and Tatsumoto (1963) cdnsfder B

the leads 'have isotdpic compositions that7appear to conform‘approximately.

‘with closed system evolution, yet such leads have, in fact, evo?ved in

ccmplexities of open systems . Consequently,. the Patterson and Tatsumoto
model js termed 'continuous diffusion'.

Subsequent workers were not content w1th the above-ment1oned models

Sinha and Tllton (]973) cons1der lead from galenas and from feldspars of

&
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granitic;rocks jsotopically and determined that stratiform ore lead,
considered in the context of terrestrial lead evolution, does not fit a
‘closed -system’' interpretation. The state "the data are best fitted to

(238U/204Pb normalized to the

evolution models in which the value of u
present day) -in the source has increased either over approximately the
bast 3.6 b.y. or since the time'of formation of the earth". To account
for the change in u the authors propose either mantle differentiation or
crustal contamination; however, preference.is given to the former due to
the evidence derived from volcanic rock lead- strontium studies.

The -7 “'nha and Tilton (1973) has provided the mathemat1ca1
basis (althougn correction had . .o e “or the work of Cumm1ng and
Richards (1975) and therefore ind1cates the ‘conventional® closed system

interpretat1on of lead is great]y in question

| In further substantiation that u/Pb and Th/Pb uniformity, 1nd1cat1ve'
nof stratifonn leads, does not necessar11y fmply avhomogeneous_souree,
Chow and Patterson (1962) suggest that homogeniZatiOn could resultvfrom
héterogeneous crustal 1ead by way of complete m1x1ng of the lead. 'In_
this way the u/Pb’ and Th/U wou]d represent a source comparable to that

of the’homogeneous upper mantle as envisaged by Stanton.and Russe]]

(1959) .- Kanasew1ch (1968a) suggests that seismic and heat flow studies

238 /204Pb and 232Th/

indicate potent1a] heterogene1t1es of Pb ratios

uithln the mantle, which raises the question of whether there is any

'truely homogeneous source of lead. Shou]d heterogene1ty with respect

;

to the U-Th-Pb system ex1st, possibly to varying degrees, in both the

mant]e and the crust, the degree of mixing in either model will deter-

232 204Pb

mine the eventual homogeneity of the 23§U/204Pb and Th/ ratios.
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Richards (1971) considers the wieght of ieeas ﬁas directed thought away,
from the siénifieance of crustal averaging as presented by Cannon et al.
(1961), and therefore the scientific examination has been biased. Stud-
jes pertaining to the Mwss:ss1pp1 Vai]ey type m1nera11zat1on of late,
have tended to favour crusta] averaging (Doe and De]evaux, 1972 Gerde-
mann and Myers, 1972) to exp1a1n the anomalous radiogenic character of
the lead which is indicative of 1ncomp]ete m1x1ng |

LeCouter (1973) equates the crustal mixing by natural environments
to ghe observed characteristfcs of homogeneity of sulphur isotopes of
oil fields, as related in the work of Monster (1972) and Thode et al.
(1958). Lead-zinc-rich oil field brjnes (Carpenter’g}_gl,: 1974) of
cenfra] Mississippi reveal isdtopic values that are very similar to the
lead isotopes of the Red Sea brine (Delevaux et al., 1967) and fhe‘Sa]ton
Sea (Doe et al., 1966) all of which fall near the grdvth curve. For the
latter two geothermal deppsits, whife (1968) has proposed that Na-Ca-Cl1- ¢
rich brines are the mineral transpoft f1uid which leached the base meta]é
from the sedimehts, Thus it becomes evident that throughlthe‘crusta1

238U/204 232

Pb ratios may be attained, such that the mathematical single stage

-mixing by convecting brines near uniformity of the Pb ahd Th/

204
model based upon a homogeneous source of constant U/Pb appears to be
valid. |

Richards‘(1971) has stated on tﬁe basis of more precise isotopic
measurements that there are three basic fa]]aC1es evident with respect
to the single stage model. These are: (1) Cenozoic basalts, most likely‘
representative of mantle rock, should reveal uniform isotopic'ratios.

As more data is provided it is apparent the isotopic composition of the
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basalt is very unlike that of the assumed man;]e rock. They 1ack-uni—
formity (Russell, 1972) and they do not fall on fhe growth curve of
Cooper et al. (1969). This {Mplies.that the assumed mantle conditions
are not valid. (2) The U/Pb {(u) for the source of the basalts is not
constant, and therefore the ore source may‘have a variable U/Pb, é qual-
ity drawn upon to varying degrees by Stacey and Kramers (1975) and by
Cumming and Richards (1975) in the construction of a]ternative growth
curves. (3) The model ages do not a1way§'agrée with the stratigraphi-
cally derived age oo |

Other fields of study have cast doubt upon the single stage 1ead
model, as in the area of f1u1d inclusions (Roedder, 1967b) and of sul-
phur 1sotopes (Sangster, 1971). The studies‘have“cor}oborated to a
degree, the ideas of Jackson and Bedles (1967) and Kes]er, Sto1ber and
- Billings (1972), that the Na-Ca-Cl-r1ch‘br1nes are significant in the
aquisitibn and tr&nsport of the lead énd zinc metals, and that they are.
1ikely leached from the sediﬁents.

Highly saiiné brines appear to be a common ehtity Wifh regard to
sulphide déposits"(Roedder, 1967b), and ﬁay be Q%éwed in the process of
transport. in the Salton Sea geotherm (White, 1968) and the Cheleken - -
Peninsula geotherm (Lebedev, 1972). Thé Red Sea deposit of stratiform
sulphides (Ross, 1972) is w1th1n a h1ghly saline environment, “and shows
similarity to depos1ts such as Mount Isa\and MacArthur R1ver, Austra11a.“
- These cases directly question the homogeneous upper mantle theory Qf

: lead evolution; however, the suggested similarity does not imply iden-

. tical origins (White, 1968).
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D. CONSIDERATION OF 'NEW' GROWTH CURVES

The 'single stage' growth curve (Cooper et al., 1969), déVe]opéd on
the basis of the mantle origin gf lead model, has proven to be inadequate
(Cumming and Richards, 1975} . ﬁhis became apparent with the use of im-
proved uranium and thorium deca} constants and'accdrate measurement of
the 1§otopic composition of lead. Cohseddent1y, at least two I‘new'
growth curve mode1s have been oposed.

Stacey and Kramers (1975) deve]oped a two stage mode] which con- i
siders that 1ead evo]ved from r1meva1 1ead 4.57 b.y. ago, of specific
238U/204Pb and'232Th/204Pb ratios. A catastrophic event transpired at :

3.7 b.y. ago, 1n1t1at1ng a second stage in which the 238U 204Pband

232Th/ Pb ratios increased and-it is this second stage that gave rise
to the ore leads.
* Cumming and Richards (1975) approach the growth curve by exam1n1ng

three mode]s adopting the best of the three The model of Russe11 and

L Reyno1ds (1969) dea]b w1th rat1os, not with ages, and thereby evades the

'meteor1t1c age prob]Fm. Using the 1atest U and Th constants and a re-
stricted c]ass of ore leads (exc]ud1ng anoma10us lead), the best fitting
curve’to the data (ans1dered of equa1 ‘weight) ‘is deve]oped Whether
the Canyon D1ab10 meteor1te data 1s jncluded or exc]uded do#srnot alter

" the derived parameters and examination reveals that the value '8 15 not
constant for all the data. The model permits ‘the best—f1tt1ng curve~to\_
pass through the‘meteoritic va]ue;'but thereby assignsla younger than_ )
accepted age for the Canyon Diabio lead. The eecond-model approach is.

to 'force' the s1ng]e stage growth curve through the Canyon D1ab10 met-

eorite data (Tatsumoto gt_al., 1973) since the first model revealed that
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the data fits the growth curve. The results of this model are essentially
the same as for model one with respect to the parameters.’ However, for
both mode]s the model ages lack in agreement with the known.geoloqic aggs‘,
; of specific ore deposits. The third model is based on a ‘steady linear
change of U/Pb and Th/Pb’ (U/Pb steadily increases while Th/Pb does not
increase as rapidly). The age of 429 m.y. for Captains F]at N.S.W., is
adopted as a fixed p01nt through which the growth curve passes, ‘because
the age 430 m.y. is considered geo]og1ca11y correct and the lead of the
deposit is considered to be homogeneous, as shown by repeated 1sotop1c
measurements. From this approach the age of the earth is determined to be
4.509 b.y., which is’]ess than many reported age determinotions of mete- N
orjtes and moon rocks. Even so, the growth curve does provide good geo-
Jogical fit and thereby is comparable to that of Stacey and Kramers (1975).
‘The 1mp1ication of the two growth curve models is that the U/Pb and
Th/Pb ratios of the earth have not beén constant (4.e., existing in a
closed system) throughout geo]og1ca1 time. Either the change is op1sodic
or gradual. Therefore the or1g1n of the ore lead may not be the hant]e,
but may be a combination of the mantle and the crust or be totally of

- crustal origin.

E. ‘ANQMALOUS LEADS

o

Leads which'form in more than one U-Th-Pb system are called anﬁmalous
Teadsb(Kanasewfth‘ 1968a). Relat1ve to the growth curve the anomalous

leads are usually noted by the linear re]ation of the isotopic data when //‘
207 204Pb aga1nst 206 Pb/ Pb, caused by a second stage init-.

plotting Pb/

~fated by an event wh1ch altered the 238U/204Pb rat1o In certain cases

of vein deposits this is attributed to radiogenic lead contamination
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derived from crustal rocks. The developed linear array s termed a sec-
ondary ispchron or anomalous lead line. The equation defining the sec-
ondary isochron is similar to the Houtermans' fsochron equation, the dif-
ference being the substitution of primeval lead with the evolved lead
values at the start of the second stage and the age of the earth is re-
placed by the age at the commencement of the second stage. Examples of
this category of lead are many. Doe and Delevaux (1972) determined the
age and source of the southeast Missouri lead by the study of the second-
ary isochrons of crystalline basement lead and of Lamotte sandstone lead.
The gquations used in interpreting secondary isochrons are as fol-

' Tows:

x2 = X} + 2 (exp Aty - exp atp) (14)
y2 =y + T§%Z§§-(exp Aty - exp A t2) (15)
' i5’= zy ¢ Wp (exp A"ty - exp A"t2) (16)

and by elimination of u, equations 14 and 15 may be combined so that the
time of mineralization is related to the slope of the isochron. The sec-

ondary isochron equation is:

R = y2 - Y1 . (exp 1A'ty - exp A't2) (17)
x2 - X1 137.88 {exp At] - exp At2)

where X1, ¥ and zj represent the isotopic rathS‘at time ty. The slope
of the lead 1ine is dependent‘upon the time of u;anium introduction (tj)
and the time of uranium and radiogenic 1eadvseparation due to mineraliza-
tion (ts) (Kanasew1ch, 1968a).

Kanasewich (1968a) considers the s1mp1est anomalous lead is ach1eved
by m1x1ng two ord1nary 1eads to produce a series cf plots in linear array

which 1ie within the curvature of the growth curve, where uy = u2 and

Wy = Hp. Gale and Mussett (1973) consider the two-stage model with sub-
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_systems and nave developed general multi-stage mode] equations which re-

duce for the ith sub-system in a two-ﬁtage model to:

T
/
&

Z( Pb/“J Pl = ap ¥ uy (exprtg - exprty)iuzg(expati-ij (18}

.1 24 L , —
Z( Q7P 204Pb)o = bp + 75%—55 (expr'ty ~ expx t])+7%%1§§-(expx-t]-1) (19)
where 2p anc bp represent the primeva] jsotopic abundance- ratios of the

source, 1(200Pb/204 Pb)g

is the present-day isotopic‘ratio’ﬁn the ith sub-
system, and the other symbols are as previousiy~definéd.

Similarily, multi-stage lead in theory has been considered by Kanase-
wich (1962, 1968a), Russell et al. (1966). Based updn the assumption
that the U/Pb ratio is var1ab1e frompp]ace to place and that orogenic eventS‘A
may cause a mixing of the U/Pb env1ronments, their mode] is referred to as
‘frequent mixing'. The approximate lead isotope ratios may be calculated

after n stages using the following formulae, providing a history of the

roc's is known.

S5 1204, 2 238, ,20 s
s:zo%b,/zmpmtz@ = (P08pp20%pp), + 1(Fu/ M pb) g (exprto - exprty)

2,238, ,204 204

‘ o ey , n,238
{=2u/ Pb)tzo (exprty - exprtp) + ... (77°U/ -Pb)i=0
(e“pkL%_T - expAt_ ] (20}
P :;a 7 f~\‘ R \e} I\Bg . F ’_v -{]} . .
/Pb/é“’n’*?“} v (S ’£34P5)15 (235 ¢ kL-137.88). lexp)'itg -
. 2,238, 204 -
SYREAN I (2 “u/ APuoiJJOEB)LNO lexpr'ty -~ expr'ts)
o=
(53& /D’F 137.88) ., (expr't, , - expr't))
. L= f-1 n’
{21}
vhere timz i, o, ... i) ave the ages of mising of Teads into new U/Pb
I &y eway Tig 1 - o :
sy hens . and Pe &s > ZEBU’ZQ ?b)?zo reprasent the vatues of various

locativics, and “he other symbsls ave as carlier deiined.
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E. RESULTS AND DISCUSSION

Lead isotopes were détermined for 16 galena and 4 sedimentary pyrite
samples of the drigley and Lou aroperzies. The sample preparation; anal-
’ytical method, instrumentation, and. standard de%erminatidn will be found
in Appendfx II1. | \
The lead isotope data are tabulated in TaBie 4, and the data have

207p,/20% vs 206pp/20%b ratio dia-

208pb/204Pb

been graphically presented in the
grams; Fig. 21. Consideration of the data will not inc]ude
ratio because it does not yield an independent estimate of time»tz (Kan-
» asewich, 1962).  |

The lead isotope data have been considered with{n-the classification
of two-s$tage anomalous leads. The best fitting straight 1ine has been
calculated for the data using fhe formulation of Cumming et al. (1?72).
Fig. 21 reveals the galena-lead line which has a slope of 0.139i.6i%¥
The line intérsects the growth curve at 207Pb/204Pb ratios of 15.667 and

206Pb/zoﬂ'Pb of 18.728, which represents time tp, and the time ty inter-

section is at 207

pb/2%pb of 15.105 and 200pb/20%Pb of 14.679. Respec-
tively, the model ages are: 58+142 m.y. and 2.213£.260 b.y. The isotope

] il
catios have & 2COpb/20%k range of 19.422 to 20.236.

D

The pyrite-lead line (Fig. 21) has & slope of 0.050t.007; it inter-
cocte the grouth curve at 207pb/20%Pb of 15.599 and 20555,/ 20%p;, of 17.660,
which represents 674 m.y. Thea pyrite-1éad isotopes have a 206Pb/204Pb
ratio spread of 17.516 to 19.764. :

The galena and pyvite Tines ﬁntersect at about 207Pb/ZOQPb of 15.64

206 4 . 5 . . .
and “OéPb/ZO‘Pb of 18.53. The intersection 1ies below the growth curve.
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Wrigley-Lou Galena-Lead and Pybife-Lead Isotopﬁc Data

Sample Number

206py, /204y,

204p,

208.., ,204

Pb/™" Pb

Galena:

Bourne

"\j’B—73-5(195)

B-73-5(537)
B-73-5(648)
12-4 (255)
12-4 (349)
48-1 (61)
48-1 (94)
48-1 (291)
48-1 (375)
48-1 (445)
36-4 (28.5)
36-4 (82.5)
76-1 (25)
12N-2+50E
Hammer

19.533(.004)

19.:755(.026)
19.454(.009)
19.625(.001)
19.490( .004)
19.565(.001)

119.715(.016)
19.723(.001)
-19.633(.016)

19.489( .006)
19.513(.013)
19.516(.030)

19.512(.009)
19.422(.009)

20.236(.029)
20.089(.011)

007)
019)
010)
006)
005)

010)

036)
013)
010)
021)
005)
039)
018)
006)

.032)
011)

&\;
e

39.389(.034)
39.728(.033)
39.409(.034)

139.546(.025)

39.410(.021)
39.502(:001)

[ ey
1503( . 254
j‘: 7 ( )

397722(.002)
39.607(.020)
39.404(.070)
39.429(.017)
39.475(.058)
39.467(.057)
39.292(.028)
40.212(.088)
40.067(.029)

Sedimentary
Pyrite:

12-2 (119.5)
12-2 (130.5)
B-73-5(678).
36-4 (259)

19.123(.021)
19.034(.011)
19.764(.021)
17.516(.014)

024)
006)
016)
013)

38.625(.093)
38.789(.067)
39.383(.034)
37.4,0(.013)
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1. Possible Source of Lead

“There are three possible sdurces of 1ead, namely the upper mantle,
the Precambrian crystalline basement, or the hoet sediments. Cpnsidera—
tion of the respective Source areas follows:

(a) The upper mantle source of lead was. considered previously. Ceno;
.zoic basalts, 'the mantle rock representat1ve , are var1ab]e in U/Pb, as
are the isotopic ratios (Richards, 1971). As such, the theory of mantle
derivation of lead is in question : o | h o

(b) The Precambrian crystalline basement is a potential source of

206Pb/ Pb ratio in the

lead and accord1ng to Zartman (1974) has a
range of 16.2 and 18. 8 determ1ned from a study of western United States
_ deposits. The feldspars are the prlmary lead carriers of the crystalline
terrain and feldspar lead isotopic studies (Doe, 1970) have revealed that
the ratios do not depart Significant]y from the{growth curve.. Perthite'
and quartz lead is also similar (2%6pb/2%%b = 18.6, Tilton et al., 1955)..
_ Variat1ons in 1sotop1c ratios of this lead cou]d be ach1eved by the add1-
tion of‘vary1ng amounts of more radiogenic ]ead, qonta1ned w1th1n sphene,
zircon and apatite (206py,/20%4 = 39.1, 1000 (2), 31.9, respectively)
(Tilton et al., 1955). The ore- 1ead~1sotop1c composition would therefore
depend upon the leaching efficiency of the brine, which in turn would be
dependent on the phys1o -chemical cond1t1ons preva1]1ng and the degree of
homogeneity of the Tead would. be dependent on the eff1c1ency of the mix-
ing process.

Zartman (1974)-c0nsiders characteristic patterns in lead isotope cpm: )
‘pdsitions of Mesozoic and Cenozoic igneous rock typeé and hydrpthermal

ore deposits, from which he defines discrete mineral provinces. He as-

serts that the lead derived primarily from'Precambri%n basement normally
: - S
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produces a linear array when plotted 207Pb/204Pb NS 206

Pb/ Pb and the
Plarray has a 'slope. determ1ned by the age of the Tocal baSement rocks
Also, the isotopic ratios of the ore- 1ead derived from the basement crys-
talline rock are more radiogenic,upossibly due to leaching of more rad1o--
kgenic lead from such minerals as sphene and apatite.h This radiogenic
~lead addition is more critical for sma11'or_periphera] deposits than for
large deposits. ’ |

(c) Examination of Mississippi Valley type deposits of southeast
Missouri (Doe and Delevaux, 1972) indicates the source rock of the ore-
lead is the Paleozoic Lamotte Format1on This study therefore revea]s
: that the sed1ments may through a 1each1ng process by brines, prov1de
the lead or'part of the lead that comprises an ore deposit.

- Zartman (1974) considers 1ead derived from sediments eroded from- the
Precambrian basement This class of ore-lead is d1st1nct1y rad1ogen1c
(206Pb/2 Pb = 19.1 - 19 7), very similar to that of the Wrigley deposit.
The lead is quite homogeneous, likely due to chem1ca1 and 1sotop1c m1x1ng

‘that took place: during the sedimentary process To set into perspective

i

=S

the sedimentary derived lead, Zartman,states that "lead in modern sed1-
‘ments from lakes and restricted seaways predom1nant1y dra1n1ng Precam-
brian Sh1e1d areas is character1st1ca11y heterogeneous and high1y en-
riched in radiogenic 1sotopes ( 06Pb/ Pb = 20.1 - 25.0 and 208Pb/

= 40.3 - 49. 3) (Chow, 1965; Hart and Tilton, 1966). On the other hand,
lead in open marine env1ronments of the maJor ocean basins has a more
uniform and 1ess rad1ogen1c 1sotop1c compos1t1on ( 06 /204Pb = 18.8 -

19.2 and 208%/204% - 39.1 - 39.9) (Chow and Patterson, 1959, 1962;
' Reynolds and Dasch 1971)".
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From this sedimentary model it is conceivabie that the Wrigle
~ ore-lead derived from both basement rock and sediments of basement orqgin
deposited in an open marine environment. .Circu1ating obnnate brines, as
postulated by White (1968) for heavy metal geotherms, 1ike1y completed

the chemacal and 1sotopic evo]ution of the lead fol]owing the maJor fo]d-
ing and faulting of the Laramide orogeny. The structura1 deformat1on dis-
rupted the fluid circulation system, . .opening: fau]ts for f]uid movement

up- dip into the younger formations Block fau]ting of the basement pre- -
pared the, Pa1e0201c sediments, so that the brine flow was channe]ed to the
depository areas. Location of deposition of the su]phide ores 1s p0551b1y
dependent upon the base metal-bearing brines 1ntercept1ng brines carrying
reduced sulphur, in the style conceived by Jackson and Beales (1967)

- 2. Age of Source Rocks

206pb/204

Due to the 1inear re]ationship of the 207Pb/204Pb and
ratios on a compOSitionai diagram, anomalous leads can be used to indi-
cate the approximate age of primary orogenesis (see Fig. 21). This time.
is designated ty and for the Wrigley and Lou galena 1ead is 2 213 %60

‘b.y; ihis,age compares w1thvpost—Kenoran events of the Slave Prpvihce.
Leech {1966) reported a period of diabase dike intrusion in the g?avé
Prov1nce of 2.2 to 2.4 b.y., whi]e‘%ﬁeAYeiiowknife differentiated intru- '
sion gave dates ranging from 1.925 to 2. 09 b. y. Stockwell et al. (1970)
indicate the ages of 2.1 and 2. 15 b Y- These ages relate to the calcu-
1ated event of Ozard et al. (1973) of 2.25 b.y. Consequent]y, ’there ap-
pears to be a relationship between post -Kenoran. Slave Province event(s)

and the Yrigley- Lou ore-lead time tj. Nithin experimental error. however, )

the time ty relates w1th Kenoran and/or Hudsonian orogenic event(s).
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- it should be noted that ore—]eadgderiued from Precambrian bosement
rock'ahd from Precahbrian deriued‘sed[ments will theoretically increase
the complexity of the isotopic interphetatioh. Adoptdon of the muItj-.
stage lead 1nterpretation, such as the ‘frequent mixing model' (see
equatjons 20 and 21), wou]d probably heJmathematicelly more correct.

Hart and T11ton (1966) used this model approach to study Lake Superior
sediment lead extract and found that the ages obta1ned correspond with
those of the Super1or Province, the probab]e source’ of the ‘sediments.
Kanasewich (1962) and Russell (1963),'h0uever, shoued'that_thehsiope of
the anomalous Tead line ‘about which the lead oompositions of each stage
scatter is dependent upon the time ofvcommenoementgof the first stage and
thevtime at the end.of'the last stage, ahd the intervehing Stages of dif-
fering U/Pb have essentially no effect." Consequently; the multi-stage
Jead history may be mathematica}]y simplified to a two-stage evolutionary
history ' - i |
Upon this bas1s the above 1nterpretat1on of the h1story of Wrigley-
“*Lou ore-lead is thought to be approximately correct, a]though greatly
simplified: The scatter of poihts along the anoma]ous lead Tine accord-
ing to Kanasewi ch (]9685)'15 indicafive of incomplete mixing of the crustal
leedﬂ; The more compact the values, and the closer they lie to the growth
curue§ the greaterrthe degree of>homogeneity. Richards (1971), by this

approoch, re]ates anomalous leads and ordinary leads.

-

3. Age of Su]ph1de Mineralization
The age of the m1nera11zation has been considered from the structura1

point of view. The Laram1de orogenic event is cons1dered to have been the

*Gale and Mussett (1973) examine in greater detail the linear relation-
ship in'multi-stage lead and the 1mp11cat1on of the scatter of data
points. . \ ;
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‘event which led to the mineralization of the northehn Camsell Range Pal-
eozoic sediments at time tp. The lead model age has supported this con-
sideration with the age of 58 m.y.; however; the large intersect1on de—

‘viation implies a‘eertaén degree of uncertaintyu

4. Consideration.of the Lead Isotopes of Sed1mentacx}P1r1te

The samp]es of pyrite were extracted from shale beds of the Head]ess,.
Nahanni and Hare Indian Formations Consequent]y,’the sedimentary pyrite-
lead 1sotope data represent the 1ead conta1ned w1th1n the arg111aceous
sediments of these formations. . The pyrite- 1ead data, considered ear]1er,_»
s listed in Table 4.

Theryrifeelead isotope values represent a-U-Pb sxstem whicdh deve-
loped through the evolution of 238U/204Pb much unlike that of the galena-
Tead. -Accerding to Rye, Doe and Deievadx~(1974), 'a mechanism to,prod0ce
the nearly constant 232Th/2P4Pb and variable Th/U ratios necessary in the
source materials hee been observed-in recent sediﬁents K.K. Turekian
(oral commun1cat1on) finds that the 1ead and thoeeum concentrations in 4
anoxic sediments tend to follow e/fh other: wh11e uranium concentrat1onsb
vary 1ndependent]} This re]at1onsh1p perhaps is not surprising, because
urenium’is'extreme1y sblub]e in the heXaQa]ent state, and the uranium
conceﬁtratien in the sediments will vary considerably with the oxidatjon-
-stafe in the sediments and the overlying water at the time of sedimenta-
tion, while the lead and thorium will not be affected by the oxidation

state of the depositional ehvironment'; For this reason variation in

206 204Pb ratio is observed. ' _

the pyrite Pb/
From petrograph1c stud1es the sed1mentany pyrite was formed either
before or during diagenesns 1n which case the pyrites 11ke1y contain lead

of three types: (1) 'ordinery‘ Tead incorporeted at the time of pyrite
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formation; (2) lead comparable to the two-stage ore-lead; (3) lead that.
resulted from uranium that entered the pyrite lattice at the time of for-
mation (Koeppel and Saager;~1974), or a cnmbinatfon of them. Cbnsequently,
the 1ead in pyrite emulates the sedimentany'environment of formation.

Depending upon the degree of I;aching and the contained amounts 6f1
the respectivé Tead types, the isotopic compositionvof the pyrite-lead
will reflect the relative abundance of ﬁhé reénective lead typeé in the
pyrite. The 1ead'types in turn will ref]ect the strat1graphy in which the
particular pyrite formed. The shale format1ons have a greater percentage
per volume of radiogenic lead. Ramdohr (]966) states that sedimentary
occurrences of uranium resuit from solntion‘of U+6; which originates from
granites and vO]caniés. 'ConseqUently,'sedimentary pyrfte formed within
extensive shale units will have, at the time of formation, incorporated -
. more U+6 than will pyrite formed within a predominantly ca1éaréous unit. q
This is fepresenfed in Fig 21 where the pyrite sample number 36-4 from.
the Nahann1 Limestone Formation is not radiogenic and essentially 11es on
the growth curve. | |

204,

206 pb =

The pyrite-lead line intersects the Qrowth curve at < °Pb/
17.660 and 207P /204Pb 15. 599, which indicates an age of 674+198 m. y.
This date’ re1ates well with K-Ar determinations of sills in the Sha]e.
Group along the Minto Arch. The dates ar ﬁ/@35 and 640 m.y., while dates
_, from 51115 Cuttinngoppermine sediments range from 445 to 718 m.y. _
“(Stockwell g__a1f, 1970). Yanless et al. (1966) have recorded dates in
the Minto Arch, Coppermine Arch and northern BearvProyince which range
from 440 to 863 m;y. These dates represent the agevofhthe Neohelikian,
Hadrynian and/or pre-Middle Cambrian sediments. It ismpossjb1e the re-

y
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lation of the pyrite-lead model age and those of the sediments to the
north indicates the source of the Middle Devonian sediments in the north-

ern Caq&e]l Range.

G. CONCLUSION .

The lead isotope‘éomposition of the Qé]ené from the Wrigley and Lou
properties indicates that minera]izatioh prob§b1y occurred during the
Laramide ordgeny, the determined model age béing 58+142 ﬁ.y. The 1éad
comprising the deposits agpéars to dérive predominantly from (1) thé i
Precambrian basement rock,' (2)‘§he.PaIeo;oic sediments which possibly
derivé from the Slave Prov>rce and/or the Minto Arch, Coppermine Arch
and northern Bear Province, the latter 1ndicatedAby'the lead fisotopes
of the sedimentaf& pyrite. The primary eveng‘determination (time t7)

§5-2.213+.260 b.y., which relates to events in the S]avé Province of

Kenoran, post-Kenoran or- Hudsonian age. 1



Chapter‘VII
SUMMARY - WRIGLEY-LOU LEAD—ZINC\MINERALiZATION

' - o
The Wrigley-Lou deposit gives some insight into ore genesis. The

deposit type has been defined by Sangster (1976) as a 'stratabound de-
poS1t emplaced post-1ithificatfon of hbst rocks and which appear to be
cpntro]]ed by pre-dre, post-host strugtures', which is also typical of
the Mississippi Valley type deposits. | The characteristics of the Mis-
sissippi Va]]ey_tyne deposits have been reviewed by'Jensen‘and Deesau
(1967) and Hey1 et al. (1974). | |

In recent stud1es cons1derat1on:of the sou;te of the M1ss1ss1pp1
Valley type ore has bee.i undertaken éhrough the study of isotopes and
fluid inclusions (Jackson and Bealeg, 1967,.Sk1nner, 1967; White, 1968,:i
- Roedder, 1968, 1971 and Heyl et ]” 1974) The genera] concensus is
| that a Na-Ca-Cl connate brine tran?ported the base metal ions and pre-
’c1p1tat1on of the sulphides resu]ted from the mixing w1th a second brine
transporting reduced sulphur. Transportat1on of the base meta] ions was
most likely as a ch]or1de complex, however agreement on the source of
meta]s and the su]phur 1s var1ap1e, 1nterpreted d1fferent1y as the geo-
logical environment of the part1cu]ar deposit varies (Bav1dson, 1966;
Dunham, 1966). The heat source, whether geotherma] igneous or magmatic,
is debated Many of the ideas that are debated have appl1cat1on to the
Hrigley- Lou deposit.

The f1u1d 1nc1usion studfes have revealed strong para11e1s to the

Miss1ss1pp1 Va]]ey type depos1ts as. cons1dered in Chapter 1V. These

parallels re]ate to sa11n1ty, density, temperature and depth of bur1a1

108
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of the forming deposit. The minimum temperature of formation (80-156°C)
is much greater than expected in terms of,fhe geothermal gradient, unless
the metal-bearing brine came from great depths in the crust. Thé’deep
circulation model presented by White (1968) to explain the Salton Sea geo-
thermal system may be applicable for the Wrigley-Lou deposit. Release of
interstitial formational fluids (LeCouter, 1973) of the Precambrian may
also explain the high fluid inc]us1on tgmperatures. Irrespect1ve of the
model used, the basement structural deformation of the Laramide orogeny

\
\
\

is necessary to explain the high temperatures and the brine mobility in
the Péleozoic sediments of‘the‘northern camsell Range. i
The lead isotopes give a model age of 58+142 m. y for time t2. As

Zartman (1974) 1nd1cated the time t] shou]d relate to the m1nera1 sourcé
rocks. This appears to be the case for the northern Camsell Range depos-.
its. The time ty re]ates to K-Ar dated event(s) in the Rrecambr1an
basement (see Chapter V1), thereby revealing a genetic relation between
: fhe ore-lead -and the basement. rock. Nork hy Gerdemann and Meyers (1972),

in consideration‘of south?ast Missourivlééd‘district; proppsed Preham¢
brian basement and’P$1eozdit rocké to be fhehméta] source. In 1ike man-

ner, the northern Camse]] Paleozoic stratigraphy (shales and carbonates)

cannot be d1sregarded as having provided some of the meta]

" The source of sulphur is cons1dered to be the evapor1tes of  the Bear
Rock Format1on Other su]phur sources may have played a nbm1na1 role.
As in the case of the Salton Sea geotherma] system; White (1968) cons1ders
. the su]phur const1tuénts may be of var1ed origins, including meteor1c
water, evaporites, clastic carbonates and silicate m1nerals

- The mode] of m1nera1 emp]acement for the- Nr1gley ‘and Lou propertwes,

as determined .from th1s study, is as follows: f
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(1) beposition of the Paleozoic stratigraphy from (Iu/mfi;'idn to Upper
Devonian time with o major deformation involving the /P’rw:aud)ridn base
ment . //

(2) The Laramide orogeny mobilized the I’r(!c(uu't/r'i;\n basement and
severely df"f'm‘mvd the Paleoroic sedimentary *;&.'quvgmvrv The detormat ion
of the basement released saline interstitia}/ﬁ;ines and/or permitted
circulating brines (White, 1968; Lange and!hurray,”in press) to pene-
trate into and to leach metals from the ;d%k. The fault deformation
permitted up-dip mobility of the b;jnes{ which due to salinity and heat
were capable of leaching some me /1s“fr0m the Paleozoic sediments.

(3) The Hare Indian Forﬁati n, having a high argillaceous to car-

. bonate content, acted as a pseud9-impermeab1e barrier preventing further
| up-dip migration of the meta]-be;ring brine.

(4) The sulphur, principally derived from reduced sulphate of the
Bear Roék Formation, was transported by a second brine. The structural
_deformafion opened the avenues for brine migration.

(5) The two brines intercepted in varioqs localities of the struc-
turally pfepa;ed Middle Devonian carbonate formations. Because the re-
spective brines mi P 59 predominantly within the structurally developed
fault and fracture syste%s the sulphide precipitation occurred here.

The Nahanni Formétion is the best mineralized formation because the Hare
Indian Forhation, not to mention the Fort Simpson Formation, brevented
‘further migration of the metal and sulphur-bearing brines. Therefore,
within the realm of the optimum physicﬁ-chemiéal conditions, the ore

minerals were precipitated. -



Chapter VIII

SULPHUR AND LEAD ISOTOPES FROM LITTLE CORNWALLIS ISLAND
ARCTIC ARCHIPELAGO ’

The Polaris zinc-lead sulphide deposit on Little Cornwallis Island,
in the Canadian Arctic Archipelago, was discovered by the Cominco—Baﬂkeno
-explorztion team in 1971. Through driiling and underground exploration
the Po?aris deposit has proven 20 million tons of 20% combined zinc-lead
(Kerr, 1975). The deposit-is the major one of ten showings in the Corn-
wai]ié Fold Belt, and the area may be degignated the Cornwallis Lead-Zinc
Province (Kerr, 1¢76). The Eclipse is the second iargest deposit with
one miilion tons proven touj3% combinéd su]phides.‘ The ten known show-
‘imgs are'indicated on therigaéxwmap (Fig. ?2), and the ge0~?9y and geo-

G,

Tegical civcumstances of the showings are summarized in Table 5 (Kerr,

1975). . ‘ y
Saﬁester (1974) fefers to the Polaris deposit as a karst-controlled
Mississippi VYalley type deposit. Liithin this geneva. c.assification,
the Polaris anc surrounding deposits ave similar to those of the Pina
Point dictrict. H.UOT.?,with respect o fineralogy, textute, envivronment

grd Tsotene rezulis. Fluid f usion studies zve also comparable, the

Polavic spaaierites tie v in the rénge of

r9 e wl05°0 (doweti, 1975), wnd that ol Pine Point spralerite ~0l to

o the source ol the Linevaiize-
tion. sulphur and lead icotopes were deleriined on Vimitad rumser of
Polarie =nd Teurs sulphide samples. Vhe study will also indicats the

{a
aes.

temmerature of Tormation and the model ane of the sulphi



}'?igurezz, Lead-zinc occurrences of the Canadian Arctic
/ referred to in Table S. The solid line marks
f a facies change from the Cape Phillips shale
‘ formation to equivalent corhonate units. The
wavy lines show the limit of the Cornwallis
Told Belt. {after Kerr, 1975 ) ‘
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A. GENERAL GEOLOGY

The sedimentary sequence pert1nent to this study ranges in age from
Ordovician to Devonian (see Fig. 23). ‘The sed1mentary deposition took
place within the generally east-west trending Franikiinian m :ogeosynciinel
trough which became definee in Ear]y Ordovician time. This miogeosyn-
clinal sequence comprises sed1ments of carbonate shelf and/or bank depo-
sition with associated evaporites and/or shales. The depos1t1on was
continuous unt11 the Lower Devon1an, at wh1ch time emergence and sea
water withdrawal allowed development of the angular unconform1ty wh1ch
truncates the Read Bay - Cape Philips Formations.

The Thumb Mountain of Ordoeician age, is host to all the lead-zinc
showings except one, the Allen Bench, which is found within the Allen Bay-
Formation (Table 5). " Thumb Mountain is predom1nant1y medium to thick,
massive bedded lime mud, dolomitized in part, and resistant to weathering;
Accord1ng to fhorste1nsson and Kerr (1968), the do]omitizatoih islprim—
arily restr1cted to the upper part of the formation, proximal to the

gu]ar unconformable surface wh1ch separates the OVEriying dedle De-
‘vonian Disappointment Bay Formation. The. unconformity also transects
the:?;ene Bay Formation, a shallow water limestorc “nterbedded with green
shales, and the Cape Philips Formatiqn, a biack shale znd argiilaceous
carbonate unit. |

The 1700 foot thicl Thumb Hountain Formation is immediately under-
lain by about 1,000 feet Oi less resistant carbonate, shale and evapor—
ite of the Bay Fiord Formation. The lower half of this formation 1is
: predominantly gypsum and anhydrite. This formation, in turn, is under-
lain by {ine-grained, buff weathering iimestone of the Eteanor River For-

mation, which measures & 2,000 foot thickness. The Lower Ordovician



Summary of the

Toble 5.

gedlogy of leed-zinc occurrences of the central Cenadian Arctic Islands.
Locations are shown by number on Index Map (Fig.22). ‘ :

Unconformities shéwn by number in Column 5 ore those listed in Tableé.

2

.

3

4

5.
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Relation of-
Relation to Silurian [Thumb Mountain Forma-
Ko, INane of showing| Discoveries to date (ibst Formaztion (s) Facies Change tion .to unconfornities
| Sheills Good shows from sur- ~—"Below Cape Phillips |Truncated by
! Peninsula face and drilling Thuzb _Mountein shale belt Unconformity 3
. Spectacular surface in |Below Cape Phillips |[Truncated by
2 Dundas Island showing Thuzb lb@taxn shale belt ’ Unconformity 3
: E. Bathurst Minor surface Below Cape Phillips |Truncated by
3 Island showings 't Thumb Mountain shale belt " | Unconformity 3
) Spectacular surface ;. |Below Cape Phillips Truncated_by
4 Truro Island showing . Thumb Mountain shale belt Unconformity 3
120 milljon tons 20%
combined Pb-Zn proven Below Cape Phillips |Truncated b
1 . ; i p P 4
s Polaris by drill and Thuch Mountain shale belt Unconformity 3
shaft
! million tons 13% s
6 Eclipse combined Pb-2n Thuzb Mountain Below Cape Phillips Truncatod.by
PR shale belt Unconformity 2
proven. by drilling
. - Thuzb Mountain . .
7 Stuart River Small showings in [and Disan;mint—,sc“" Cape Phillips Truncntcd'by
cores 3 shale belt Unconformity 3
- ment Bay) 1 . .
Small showings i Thusb Mowntain! o c Philli T 3 b
! mall showings in Disappeintpent iBelow Cape Phillips runcated by
Rook 3 rpe ;
4] Yookery Cree cores E;: and Griperlshale belt Unconformities 3 and 4
9 Teylor River ii;}l:nz\:rnce Thusb Mountain [Below carbenzte belt | Unknown
10 | Allen DPranch S\;A;l!ms'xrf?.CQ Allen Bay In carbencte belg Unknown
shouing

{ofter Karr, 1975)
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Table 6. .

Unconformities Affecting the Cornwallis Fold Beit and
Referred to in Column 5 of Table 5

Unconformity No.~

H

(Table 5, Col. 5) . Age’ Formation Succeeding Uncghjgrmhty'
4 R Late Devonian Griper:Bay (quartz sandstone)
3 o Early Devbniaﬁ Disappointment Bay (dolomite)
2wy oeonin Sher R (el
1 anély Si;Q}iah " Cape Storm (]imestone;‘K?rr,

in press)

(after Kerr, 1975)
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{marine}

Y Lithol Formatton and
: oy thickness in feet Epoch Pertod Era
Glacial gravele, morainal *
debris, oilt, clay, stream Pleistocene Quate
sediments, marine beach and Recent uaternary
d its '
depos Cenozoic
- Tertlary
"Aagular Uncunforml'ty
! \ Cretaceous Meaozolc
Bandstone, minor silt- » Griper Bay Famennian
stone, ghale (marine) 800 * Frasnian
- Angular Unconformity ‘
Limestone, sandstone, . Bird Fiord Givetian
siltstone (marine} 500 + Effellan
y Blue Flord
Limestone (marine)
100-150: Elfellan
Dolomite; minor Disappointment 'E'“c“‘; Davonisn
,~aonglomerate (marine) L'l Bay 400-830
o ) :
Angular Unconformity
Limestone; minor - Emetan
Stu
dolomite and asouj Bay -Blegenfan  ©
conglomerate " Gedinn{en
Angplnr Uncanformity - lbcally conformable
Gedinnian Palaseczcic
Shale, Hmestone, B Ludlovian
cherty limestone, Capo Phillips Wenlockfan Silurt
chert, dolomitic 9.800 > uries
. Llandoverian
limestone
Aohgillian
Ghale, limestone Irene Bay ol caradocian
(merine) 30 - 150 3
4
. Cc
Limestone, dolomite Thumb Mountaln | o} o odoeian
(marine) 1,700 * =
3 e
: Ordovicicn
Gypoum, anhydrite Bay Flord g Caradocian (?)
limestone; minor shale. 1,000+ O Liandetlian (7)
siltstone (marine) R : )
Limestone, minor Eleanor River Lisavirnien
dolomite (marine) 2,000 + Arenigian
Gypaum, anhydrite; Fiord :
minor Hmentone, lime- Baumasn Flar Arenigian
stone pchble conglomerate . 2,400 ¢

Figure 23. Table showing formations north o

ling of facies change.

f the Cape Alry - Snowblind Bay

(ofter Thorsteinsson & Kerr, 1967 )
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Baumann_Fiord Formetibn, measufing?é,ﬁoo ?eet, may be divided into three
units:  a middle limestone member,'sandwichéd between two anhydritic mem-.
bers. |
This Paleozoic sedimentary sequence, which deve]oped in the deepen;
ing Ffank]inian miogeosynciine; was subjectedgpo unstab]eftbnditions in
_ S ‘ i N .
Late Silurian to Early Devonian time. - The Middle Pa]eozoic,epeirogeny
(Drummond, 1973) caused north-south‘trehaing areas of upiift kesuiting
1n’emergence and erosion. The Boothia uplift, tepfesenting eetivated
Precambrian basement, formed the northward exteﬁding Cornwallis Fold
éelt under which Boothia Arch p]unges The Lower Devonian erosional
surface deve]oped subsequent F/,the epeirogeny, and transgre551on by the
sea in Middie Devonlan time resu]ted in the deposition of carbonates and
marine cong]omerates of the Disappqintment Bay Formation.
‘The E]]esmeri;n orogeny (LatekDevonian to Early Mississippian) caused
~folding within’;he Franklinian gedSyneiine conformable with its trend,~ihe
final resu]t being the Frankiinian Fold Complex (Drummond, 1973) The
final orogenic event to affect the Cornwallis -Fold* Be]t the Eurekian
disturbance of Middle Tertiary age, rejuvenated older strucéeres to affect

later sedimentation and to cause north-south and east-west breakage of

the Belt (Kerr, 1976).

B. MINERALIZATION

The Little Cornwailis - Cornwa]iis Is]and mineraiization consists
of ga]ena, spha]erite, pyrite, with minor silver and marcasite. .The
mineraiization is stratabound within the Thumb Mountain Formation on the
yho]e. The disseminated'and massive mineralization is found within vugs,

host carbonate and_ihterstices of solution-collapse breccia developed
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under an unconformity whieh may’he,a‘faCtor id‘mineral concentration.
Fractures in calcite may also be mineralized (dowett, 19755.

“The ore in many respects-is comparable toathat 6f Pine Point Mihes.
.The sphalerite may be developed as large crystads, of variah]e broWn
shades, measured in m1111meters more often the spha]er1te is micro-
([ crystalline, of a crusting, co]]oform banded texture, or is 1nterbanded
with massive galena which periodically forms thread 11ke spines. The
ga]ena\1n vuggy areas revea]s masses of cub1c crysta]s and per1phera1
ito the vugs the galena may be dissem1nated in the host dolomite. In
‘minor dqnstances ga]ena‘is disseminated in ca1c1te veins, probabjy indica-
tive of the final stage of mineralization. Pyrite occurs in association
with both sphalerite and galena in‘vugs and tn massive replacemeht ote.
In vugs the pyrite forms as\chysta]]ine encrustations on both cubic ga--v
" lena and co]]dform spha]erite, while in the massive replacement ore the
bpy}ite is disseminated This probabiy represents~two stages of pyrite
deve]opment, a late and early stage, respect1ve1y fhe dron sulphide may
also. appear as breccia fragments w1th1n co]]apsed or structura]]y deformed
:areas.

Bituminous matter is present within the depos1ts, ho;ever, no bitu-
mens are evident in sphalerite fluid inclusions (Jowett 1975)

' Dolomite and white spar dolomite are closely assoc1ated with the

base metal n1neralxzat1on, but the association is not mandatory Solu-

t1on collapse brecc1a, containing do10m1te blocks of var1ous sizes, is

the.principa] host strus e minera1ization. ‘The deve]opment of
»the !ars% so]ution cavei .. ‘suntain Formation may be related
td the o%er]y1ng sub-’ onformity (Thorsteinsson and
‘Kelr, 1968). Alternc . 2lopment could have deveioped

—
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prior to exhumation of the Thumb.Mountaih carbonates. The shales, sub-
jected to periods of subaerial exposure and weathering, could release
_‘su1phur1c acid due to the oxidation of the diagénetic iron su]pﬁides.
These acidic groundwaters would thereby acquire an increased power to
dissolve the underlying carbonates. Because the Cape Philip Shales were
.first subjeéied to erosion during the Caledonian orogeny, this would
delineate thé maxihum age of karst devé]opment. Should this .be the case
thén the control of.cirﬁu]ating orejf1uids would not be the unconformity,
rather it would be the shales. |
Silver is a’trace element which follows lead. High silver values
have not been.reported,'and it may be assumed7tha€‘the silve¥ values do
 not excéed 5 few ounces per ton. |
According.touqowétt (1975) little barite and no fluorite has been
recognized at the'Polarfs'deposit. The fe]ation of the barite to thet

ofe is unknown to the writer.

Fig. 24 indicates a probable bafagenetic sequence for,the deposits. ‘

4

C. SULPHUR ISOTOPES

Samples of three galena-sphalerite sulphur pairs and one pyrite

L .

were prepared for sulphur isotope study to provide preliminary indica-
tion of equilibrium-disequilibrium conditions within the deposit (Ohmoto;_
1972; Rye ard Ohmoto, 1974 SéSaki and Xajiwara, 1971) and to indicate
the probable source of the sulphur.

345 yalue range to

34

The isotopiﬁ sulphur data (s1-gn) indicate the §
‘be +2.3% to +8.9%, the mean_being_3.8£0.14%. The mean galena &~ 'S value
js +4.0+1.5% and the mean spha]evite quue is +7.8+1.7%. The one pyrjﬁé

value is +8.9% (see Tabie'7). ‘ - g o
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Table 7.

~ Polaris-Truro - Sulphur Data (%)

Temperature

Sémpie 34 ' 34 - (Czamanski & Rye,
Number 6°°'S sphalerite 6§ 'S galena  Asl-gn 1974)
7894 5.8 2.3 3.6 o 170°C
7897 877 4.8 3.8 154°C
7899 8.9 - 4.9 - 4.0 143°C
7899(py) - 8.9
Mean 6345 values:

Sphalerite 7.8 1.7

Galena 4.0 = 1.5

As1-gn 3.8 +0.14 -

Avg T?C 156°C

/’///
///)
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From the tentatively proposed paragenetic sequence (Fig. 24) it may
be considered that the galena-sphalerite mineralization was hreceded hy
pyrite develophent and ended with calcite vein development. Upon this
basis the pH- f02 diagram used for the Wrigley deposit is applicable to
the Little Cornwa11|s m1nera117at10n (see Fig. 20). From the diagram it
is apparent the general area of the 63452 S value for the deposit should
lie within the range of about +16 to -18.5% whereas the range of the
345 value is +8. 9% to +2.3%. This narrow 6345 value spread indicates -‘
" the Po]ar1s -Truro depos1ts did not respond to changes in the chemical
env1ronment of deposition, and are therefore s1m11ar to the Wrigley-Lou
and Creede, Colorado deposits. Consequently, it is probab]e that bac-
ter1a1 reduct1on was involved in the evolution of the sulphide sh]phur
(Rye and Ohmoto, 1974). The su]phur Tikely came “from the sea water su]—
phafe, whfch is geologically possible due to the proximity of the Bay
Fiord and Baumann evapor1tes | | ‘
’ Cons1dering sea water sulphate re]at1ve to the ore sulphides (Sang-
ster, 1968, 1971; Sasaki and KaJ1wara, 1971), 1t 1s necessary to compare
the 63% values of the sulphides to those of the Early and Middle Ordo-
'v1c1an evapor1tes Work by Dav1es and Krouse (1975) has prov1ded the.
5343 values of Paleozoic sulphates of the Arctic Arch1pe1ago The Middle
Ordovician Bay Fiord and the Baumann F1ord evapor1tes 6345 per mil values

are indicated to be 29.3% and 27.9+1. 8m, respectxve]y Adopting the 6345

~average value of 6.3% for the Polaris-Truro m1nera11zat1on, the 56345 '

value is 23.0% and 21.6x1. 8% respect1ve1y, where Aa S% 6345(sea water).
34 . | ' ’
-8 S(su]ph1de) S \

These A534S values represent equ111br1um conditions in'isotope ex-.

\

‘change reaction between 5042 and HpS (or'pyrite) and give a temperature

o
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of above 300°C (Rye and Ohmoto, 1974). This temperature is abnormally
high as a formation tehperature for thfs type of deposit. In particular,
the fluid inclusion homogenization temperatures are 52-105°C (Jowett,
1975) and the spha]érite—ga]ena sulphur ‘isotope temperatures are 143-
170°C (Tabie 7). The discrepancy between the A6343 value derived:fem~
’perature and the experimentally determined témpeﬁature, which represents
lack of equi]ibrium'aetainment, may be the result of the comparatively
slow rate of isotopic eiehange reaction as compared. to the rates of de-
position and cooling of the sulphides in the ore-forming process (Sasaki
and Kajiwara, 1971), or lack of sufficieﬁtdeamp1es.

. This, therefore, exemplifies a stete of disequilibrium, and is in
~ agreement with the previous ekamination using.the'_pH-fO2 diagram. In
compariSon, it should be hoted that Pine Point mineralization has an
avefage 6345 value of 20.8%, while the average evaporitic sulphate value

34

(E1k Point Basin) is 18.9% (Sasaki and Krouse, 1969). The a8~°'S value

is 1.9%, which represents an isotopic equilibrium temperature of 600°C
\(Rye and Ohmoto, ]974) This sign1f1es c0ns1derable d1sequ111br1um

within the P1ne Point su]phur systeﬁ?and 1mp11es bacterial der1vat1on
.

Sasaki and Krouse (1969) attribute the origin of the sulphide su1phur

to the evaporites of the Elk Po1nt Basin.

Therefore, the re]at1onsh1p drawn between the Po]ar1s-Truro sul-
phides and the strat1graph1ca1]y Tower su]phates (of the Bay F1ord and
Baumann Fiord Format1ons) appears.p]aue}biei Consequently, the sulphur
of the stratabound deposits is be]ieﬁe; to be biogenic in origin and.

" the source of the sulphur is Ordovician evaporite.
. / a N

v
i
/



D. _ SULPHUR GEOTHERMOMEIRY

average for the three galena-sphalerite

The sulpbur 1sot0pe‘A(S]~gn)
pairs J. 3.8:0.14% (see Table 7). Using the Czamanski and Rye (19/74)
- [
formula, 1°C = 7.0 x 102 273°, the temperature vange of sulphide depo
Aslwgn

Sition o 143-170°C and fhe wmean ic 156°C These temperatures are highe
than those ascertained by fluid inclusion studies (Jowett, 1975), which

have a normal distribution of 52-105°C, with a mean of 75.5°C. One anom-
alously high filling temperatu%e of 131°C was found and considered to be

valid.

E. LEAD ISOTOPES

Galena ore lead from the Polaris and Truro deposits, seven samples
in total, were isotopiéa]]y analyzed and the data are recorded in Table 8

and plotted on Fig. 25. Although the number of samples are few, it is felt

. the results indicate the model age and throw 1light on the probable source

- of the lead.

Consideration of the Data

The lead isotope ratios permit a basis of comparison/with lead of geo-
logically similar deposits. The Mississippi Valley mineral districts of
‘lthe United States reveal enrichment in radiogenic‘isotopes and are termed
" anomalous (Kanasewich, 1968a). Heyl g;!gl;_(]974) have listed the average

~isotope ratios from the various districts and the 2,06Ph/204

Pb ratio range
is 20.36 to 22.54 (taken from the work of Brown, 1967; Heyl et al., 1965;
Russell and Farquhar,‘1960). wfthin a particular districe a\re]ative]y

wide distribution of values may be obtained. The radiogenic character of

these leads has been interpreted as having been derived from a shallow
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Table 8.

Polaris-Trurc Lead Isotope Data

207.. ,204 208, 204

Sémpie "
206y, ,204 pb,20%p pb/20%pp

Rumber’ Ph/ 77 "Pb

7894 17.846(.012)  15.558(.008)  38.156(.024)
7895  17.780(.034)  15.503(.028)  37.958(.058)
7896  17.837(.012)  15.540(.011)  38.089(.027)
7897 17.833(.007) - 15.555(.008)  38.121(.023)
7808 18.149(.038) 15.592(.033)  38.198(.085)
7893 17.801(.015)  15.493(.017)  37.959(.038)

7903-A  17.826(.002)  15.517(.006) . 38 v :4(.037)

Rverage : .
except 17.821(.025) 16.520(.226)  38.050(.085)
7989 ’
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crustal source, either of Precambrian rock or the overlying Paleozoic
sediments (Heyl et al., 1974). In comparison the Pine Point isotope ra-
tios 1ie near but above the growth curve (Cumming and Kicanards, 1575)

206, ,204

‘with tﬁe Pb/““"Pb ratios ranging between 18.25 and 18.36; when the

ratios are plotted 206Pb/zo%b vé 207Pb/204Pb, the variation appears.to

1ie along thé 204-ervor line (Fig. 26) {(Cumming and Robertson, 1969).

The lead data are interpreted as indicative of & homogéﬁebus source since
they are édequate]y explained by the sing?e-stage growth curve model within

- experimental error. Cumming i1 Robertson thereforg"indicate a’poss%b1e
deep-seated lead source, sucﬁ‘gg the Upper Mantle. Because two geologi-
‘cally similar mineral districts»are cohsidered to have radically different

‘matal source regions, it is necessary tchons1der the lead isotope data of
thie Polaris and Truro deposits in a br;ad light. This implies the consid-

'
1

eration of the ideas of Richards (19715 among others, that lead isotopes
) 3
can be thoroughly mixed in crustal environments by natural processes.

Thz lead isotope date of the Po]éris and Truro deposits show remark-
eble simi]ariéy to\that of the Pine Point deposft when the respective iso-
tope values are compositionally p1otted~206Pb/204Pb Vs 207Pb/204Pb (see
Fig. 25, 26). In both cases most of the isotope ratio variation lies along
Zhe 20L-error line, signifying the mejor exparimental error source centers
sn the lack of precision in mezsuring the‘sma1?'204'peak.

finomaious lead isotope ratios are not indicated on either of the
compositional plots; however, one jsotope ratic from the Trure deposit
(lo. 7698. Table 8) reveals a 290pn/“0%b ratic of 18.10¢ (see Fig.

25), irdicative of increased radiodenic lead. Fore comprehensive sam-
pling of the deposits might reveal a trend indicative of inhomogeneity
with respect to the lead, or a mineral zonation within the district as

“ound by Kuo and Folinsbee (1974) in the Seluyn Basin, Yukon Territory.
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Alternative1y: the sample may be from Pine Pqint Mines. The ratios are
very similar to those detérmined by Cumming et al. (197]):

The present isotopic data would, indicate the ore lead to be ordinary
~as it fits the growth curve re]atfve]y wel].:nThis therefbre implies the
leads come from a homogenéous\éource. Stantdhjand ﬁusse]] (1959) would
consider such uniformity to be derived from 'homogeneous m&teria]s within
the earth's upper mantle'. Ostic et al. (1967) would also é%tribute the
. lead to a deep-éeated séhrce, which? during the process of impldcement,
hadv]imitéd contact with crustal rocks, thereby decreasing the possibility
of’incorporatfoh of crustal radiogenic lead. | /

Hithin this area of consi&eration it is worthwhile to combare the

isotope ratios of the Red Sea, é stratiform sulphide deposit presently in

the process of formation (Cooper and Richards, 1969), to thbse of Poldris
1 207

and Truro. The Red Sea 206Pb/204Pb average ratio is 18.72 and the

‘ 204Pb average ratio-is 15.68 (De]evaux et al., 1967) which.1ies close to

Pb/

~ the growth curve. Heyl et al. (1974) indicate that a slight radiogenic
character is revealed, and some workers attribute the data spread to 'con-
tamination of brine lead with lead from pelagic sediments'. A mantle

source of lead, however, is.not proposed. "

<
Thé comparison of the Polaris and Truro lead isotope ratios to those
of Pine Point, Red Sea, Wrigley-Lou and Mississippi Valley type deposits,
as revealed in Fig. 27,'appears o.indfcate a relationship. In the context
of Richards (1971)3 the aspect inl common is the source of 1ead, name1y a
chusta1.origin.- R&chardsAkl971) tates, "... if a solution circulates

(Unhite, 1968) in a particular envivonment for any appreciable time before

conditions force deposition, there should be ample opportunity to yield by

i
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. m1x1ng the 1sotop1c homogene1ty obsérved in so many lead depos1ts (Ko]]ar

et al., 19603 Cooper and R1chards, 1969). The resu1t1ng ratios should be

. close to averége lead for at least that po¥tion of the crust affected by'
the circulating solution". From this, it would appear that the Mississippi
Valley type &eposits, which aré noted for 'J' type lead, were prec{pitated’
from brine solutions (Roedder, 1971; Heyl g;_gl,,,]?]ﬂ) before complete
mixing and homogeneity were attained.;lwithin this céntext the Polaris and
Truro lead isotope data will be considered.

{Fluid inclusion studies of Polaris sphalerite crystals (Jowett, 1975)
indicate: that the mineral-bearing fluids were Na-Ca-Cl-rich brines. Saline
brines are common carriers in sulphide deposits (Roedder, 1967b) and White
(1968) considers brines to be capable of ieaching the base metals from

\\\\éediménts. Hefgeson (1967) proposed that hydrothermal fluids could liberate
lead from altered potash fé&dspars and UWhite C]QGQ) considered fine-grained
clastic micas and other c1ay.minerals_inharkpse as a probable‘éource of
lead in geothermal areasT Therefore, it is conceivable that the Polaris and
Truro lead was derived from either the"PreéamQrian basemeﬁt ortthe sediments

that were shed from this basement rock.

Zartman (1974)vhas considered certafn"western United States deposits
‘and he found the ore ]eads der1ved primarily from the Precambrian basement
have model ages that relate to the K-Ar age date of the basement rock A
The model age of the Po]aris‘;hd-Truro mineralization is about 525 m.y.,
based Upbn the assumptibh that the data points actually represent one
point which lies on the growth curVe. Tﬁorsteinsson and Tozer (1970) qﬁote

dates for the Cape Co]umb1a Group gneiss of northern Ellesmere Island as

550+35 m.y. and 535+35 m.y. (K- Ar dates) from a schistose sandstone of the

~
)



132

Rens F1ord Comp]ex Christie (1964) quotes a K-Ar age of - 545 m.y. for
a biotite gne1ss of the Cape Aldrich area, northern Ellesmere Is]and
-This age relationship maxﬁindicate that the metals were derived from
the Precambrian-Cambrian hock,

The Middle Cambrian orogenic deformatioh is 1ike1y responsib1e for
the age determination, even though the Cambrian rocks may be o]der than
the event( ). The possible events wh1ch cau;ed the rock ages were the
‘pre4Lafe Cambrian (Selwynian) orogeny (Rodd1ck al., 1967) and/or - the
pre-Midd1e Cambirian epeirogeny (kerr and Christie,‘lgss). The former
produced the Boothia oomp]ex of gneiss and schist, while the 1apter pro-
duced movement along the Boothia Arch. |

The subsequent Silurian- Devon1an Boothia up11ft was likely re]ated
“to the up- d1p mobilization of sa11ne metal-bearing fluids. The. Booth1a
up11ft, accomp]1shed by near vertical, horst forming faults (Kerr and
Christie, 1965), the surface expression of wh1ch is shown in F1g 22
~underwent the most intense pulse of deformat1on in ear]y-Lower Devonian
time- (Kerr, 1976) The deformation of the Precambr1an rock could have
permitted the deep circulation of brines (Hh1te, 1968) into and/or re-
lease of 1nterst1t1a] f]u1ds from the Precambrian rock. These brines
would have Teached the meta]s from the rock and the eff1c1ency of c1r-r
culation wou]d determine the degree of chem1ca] and isotopic evolution
of the lead. The near vert1ca1 faults prov1ded avenues of transport
for the metal- bear1ng br1ne to the place of su]phlde depos1t1on

_The sulphide deposition in the Upper Thumb Mountain likely depended
upon the interception of the metal-bearing brine with a second sulphur
or HpS-bearing brine. The buried karst development of the carbonate

formation, as earlier considered, along With the tectonic deformation,

‘g
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produced open areas in the formation which were capable of receiving the
| ‘sulphide minerals. The up-dip migration of the brines was controlled by
the shale formations overlying the carbonate formation.

From the preceding a model for mineral emp]acément may be proposed.

\

F.__MODEL FOR MINERAL EMPLACEMENT

(1) Depos1t1on of the Paleozoic m1ogeosync11na] sequence, which
1nc1udes evapor1tes (Baumann Fiord and qu”F1ord), carbonate she]f and
bank_depos1ts (Thumb Mountain) and shales’ﬁf Upper Ordovician to Lower
“fpevqnian (Irene Bay and‘Cape Philip); wasacontinUOUS‘unti1‘tectonic
déve]opmentS'of the Mid-Paleozoic epeirogeny and the formation of the
Cornwallis Fold Belt.

(2) Karst development of the Thumb Mounta1n L14estone before ero-
sion exhumed the Thumb Mountain -Formation in-the deve]opment of the Cape
Phi]ip-Disappo1ntment Bay -angular unconformity. The buried karst de-
velopment was likely due. to weathering Qf the Cape Philip shales during
periods of.subaerial exposure that released sulphuric acid from the
oxidation of the contained iron su]ph1de; Thus the ac1d1c groundwaters
- with ease d1sso]ved the underlying 11mes&one format1on
| (3) Major rise of the Boothia uplift and tectonic: deformat1on of the .
Franklinian m1ogeosync11ne in early Lower Devonian time created struc-.
tural deformat1on ‘that released interstitial fluids from or permitted
circulation of potent‘aT Jead- bearing brines in the Precambr1an rock.
The lead ions were 11kely transported as a chloride complex (JacLson
and Beales, 1967) through the near vertical, horst-forming fau]ts to

the youhgef Ordoviéian Thumb Mountain Formation, by the mechanism of

) evépo%ite'brine reflux (Lange and Murréy, in press).

¢ g e g e e Ep— - - - S
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(4) The up-dip migration of the 1ead—bearingbsa1ine brine was ar-
rested by‘the-Cape Ph%]ikaha1e, which acted as a cap rock, within the
karst developed terrain.

(5) The second saline brine {ransported ba;teria?iy raduced evapo-
rite sulphate up-dip to be arrested by the Cape Phi]ib Formatioh,
< (6) Precipitation of the sulphide minera]s occurred upon the mgeting ™
»0f the two brines below the Cape Philip Formatibn in théﬂE5F§f%Heve1oped
Thumb Mountain Formation. The precipitation’of fhe sulphide gécurred
under physico-chemica] conditions conducive to sulphide formation. Ac-
’cording to Jowett (1975) the deposit was pkobab]ynformed at akdepth of"
_1/2 km or,less and the minimum temperature of min;ra1ization was 52-105°C.

The spha1erite—§a1ena sulphur isotope temperatures are 143-170°C (see

Tab'le 7). ’ . . . . \

[}



Chapter IX
- CONCLUSIONS

The Wrigley-Lou and the Pola vis-Truro deposits have‘many aspects in
common, as determined from fluid inclusion studies and sulphur and lead
1sotope’studies.‘ The principal points of comparison»are as follows: @

» (1) The respective deposits afe‘composed*bfedominant1y>of galena |
and spha1er1te hosted in Pa]eozoic‘carbohate formations, and dolomite is
the pr1nc1pa1 carbonate host. |

(2) The deposits are localized beneath unconformities and the host

formations (i.e., Nahanni and Thumb Mountain Formations) are overlain by
argil]aceousvformations (i.e., Hare Indian and Irene Bay, Cape Philips
Format1ons) _ |

(3) The su]phur of the two mineral d1str1cts ‘appears “to have been |
‘derived from evaporlte sequences, the sulphate having been reduced by
bacterial actnon, A brine likely transported the reduced su1phur to the
area of mine;al deposition.

{4) The respective. distritts appear fo have a metal seurce in the
Precambrian rock. The metals most Tikely vere 1eached from the crustal
rocks by hot sa11ne brines, which acted 1ndependent1y from thke sulphur
'transport1ng brine. The conformab1e lead of the Polaris-Truro depos1ts,
however,imay signify a deep-seated source and thereby differ from the
Hrigley-Loudcrusta1 Tead source.

(5) The basement movement in the Frank!in Molntains and in the Arctic
‘(Boothia uplift) appears to have aided the preparation of the galeozoic‘
carbonate formations f)r m1nera] depos1t1on, and provided the porous and

permeable faults which permitted up- -dip migration of the respective br1nes.

135



136

These similarities appear to indicate that the method of formation
of the sulphide deposits is céﬁparab]e. The brimary’difference between
the two districts is the size of the deposits. Presumably the source
rocks for the metals in the Frankiin Mountains were not as well endowéd

in metals, or the leaching that extracted the metals was not as effi-

: © .. cient, or the preparation of the host rock was’no;~sufficient to permit

'¥ormgtion of 1arge tonnage depqsits such as those’in the Little Cornwallis
area.L“Alternatfvely, the deposits may have"ﬁegn éroded, or not yet found.
The’si;ilar aspects of the two districts indicétes thdt»jn areas of
small deposits there is a pbtentia] for 1akge su1phiae deposits. The
possfb]e‘ﬁbntro1vover_minera]ization may be considered.to be the degree
of préparation of ‘the host roﬁk for feception of the sﬁ]phides. Should
karst develoment of the host‘rock.precede the,inprOduction of sulphur
and metal-bearingibrines then a large deposit is probab]eﬁ however,
should faulting be the 6n1y preparation of the host then large deposits
are =ou likely to form due to the iackvof porosity and permeability.
Irrespective of‘the size of the deposit, the grades of mineralization
may be comparable. - | |
The Little Cornwallis Island apd surrounding district would appear
to have greatgr potential for large tonnage ore-deposits than the north-
ern Camsell Range area becau;e of Fhe extensive karst deve]bpment in the
Thuﬁs Mountain Formation. But this does‘ not den} the possibility that

large tonnage deposits may be found in the Paleozaic carbonatefkof the

o northern Cordillera.



Photograph
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PLATE 1

MICROPHOTOGRAPHS

Descyiption

The Lou property reverse fault which has brought
the basal Landry-Manetoe complex in contact with
the base of the Nahanni Formation. The fault is
considered to be the result of the Laramide oro-
geny but is not mineralized.

'Crackle’ deve]opmént in the basal Nahanni Forma-
tion. A silicified fossil of Favosites limitaris

is located bottom center of the picture. Cross-
cutting veinlets are welded with white secondary

N calcite.
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Photograpn

3.

PLATE II
[{ICROPHOTOGRAPHS

Description

A colour-zoned sphalerite crystal fractured cue %o
calcite crystal growth. Note the secondary guartz
crystals in the upper right-hand corner. Sample
o, B-73-5 (648); magnification 40X. '

Dolomit= o and pyrite (1ight grey) contained

Wit The rhomb probably signifies dolo-

i Gl ) ast-sulphide stage. Sample No.
fome “ication 4CX.

wid inclusion in orange-red
. 48-1 (345); magnification

[h I
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Massive sulphides with no associated gangue carbon-
ate. Quartz crystals are disseminated throughout
the sulphides (Nahanni Formation).

The sulphide mineralization is contained within grey
siliceous dolomite, which is cut by stylolites and
calcite healed veins (Nahanni Formation).

Lead-zinc mineralization contained within veinlet:

is in association with iron-poor dolomite and silica.
Disseminated pyrite occurs predominantly in the
gangue dolomite, and to a minor degree in the galena.
Cross-cutting veins of iron-free white calcite an”
quartz are not mineralized (Nahanni Formation).

Galena crystals and mipor pyrite are localized within
shaley sty1011tes The host is grey -siliceous-1limy
dolomite which is ¢ross-cut by iron-free calcite
healed veinlets (Nahanni Formation).

The lead-zinc mineralization is in silicic, grey
dolomite, and vug development is filled with .iron-
poor spar calcite (Headless Formation).

Pyrite mineralization with minor galena localized
within 1ight grey, silicified dolomite, which is
cut ?y bituminous/shaley stylolites (Landry Forma-
tion).

The lead-zinc mineralization is in silicified grey
carbonate, cross-cut by stylolites .containing shaicy
bituminous matter. Adjacent to the mineralization
is iron-poor to 1ron -free white spar calcite,
apaa;enbly post-mineral vein filling (Nahann1 Forma-
tion .

Galena and sphalerite (3-5%) is in grey and white
dolomitic calcite which is cut by non-mineralized
calcite healed fractures of a fine nature (Nahanni
Formation).

Diagenetic pyrite contaﬁned within calcareous-argil-
laceous shale. This represents a bituminous-shaley
hed within the Nahanni limestone. HNon-mineralized
;ron-free calcite veinlets cross-cut the sample
(Nahanni Formation).

The sulphides are within spar dolomite, and anhedral
quartz crystals are present. Post-sulphide secondary
calcite and pyrite fill the vuggy areas (Nahanni
Formation).
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structure which cross-cuts the Nahanni Formation.

The galena and sphalerite are in intimate contact.

The carbonate host is grey quartz needle-rich doio-
mite which is cross-cut by white spar calcite veins
of the post-mineralization period (Nahanni Formation).

Red to honey-coloured sphalerite is intimately asso-
ciated with galena within grey dolomite host rock.
Secondary drusy white calcite development occurs
within vugs and this carbonate appears to corrode
the sulphides (Nahanni Formation).

*Thinly bedded, fine-grained, black, pyritic, calcar-

eous shale of the Hare Indian Formation. Fenestella
texture is revealed which may be of diagenetic de-

rivation. Dijagenetic silica is evident, as is fossil
material. : :

Grey siliceous dolomite hostis galena, sphalerite and
pyrite. The host is cut by white spar dolomite and
calcite healed fractures which lack mineralization
(Nahanni Formation). :

Galena and sphalerite with very minor pyrite. The
mineralization is both disseminated within siliceous

‘dolomite and within cross-cutting stylolites which

contain bituminous/shaley matter (Nahanni Formation).

Galena and sphalerite in grey siliceous dolomite.
Some alteration is evident and solution vugs are
1ined with drusy quartz needles (Nahanni Formation).

Galena and sphaierite are localized .in grey silici-

fied dolomite and are often in close proximity to
stylolites. Cross-cutting white vein dolomite is

‘not mineralized {Nahanni Formation) .

Grey siliceous dolomite is the host to sulphide min-
eralization. Veinlets of iron-free calcite and iron-
free dolomite cut the mineralized dolomite, and rep- -
resent a late stage development. The sulphides are
not acsociated with the late stage veining (Headless ~
Formation). ‘

Larce yellow orange sphalerite crystals within a

dolomitic host of a fracture system’ (Nahanni Formation).

Large white-yellow fo red sphalerite crystals within
a silicified-dolomitz host. Galena is a minor con-

stituent. Stylolite czvelopment s quite extensive

(Nahanni Formation).

Massive galena mineralization contained within a vein

mineral tectonic fractures have been healed with sec-
cndary <par calcite. Euhedral quartz development is

"evident in association with the mineralization  (Nahanni

“ormation) .

Post-
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12N-2+50E - Grey 'quartz needle' dolomite is the principal host
to galena and sphalerite mineralization. The host
doiomite is cross-cut by white spar dolomite which
contains minor galena mineralization and large (to
1 cm) euhedral quartz crysta] development (Nahanni
Formation). ‘ .

Fluorite Mauve and purple crystals (to 3 mm) in silicified,
grey dolomite. Minor sphalerite mineralization. is
associated with” the fluorite development. Tectonic
deformation has broken the rock permitting a cer-
tain degree of oxidation (Nahanni Formation).

Bourne Massive galena mineralization which is tectonically
fractured, healed by spar calcite, is structurally
controlled within the Nahanni_Formation. 'Viscular'

. type silicification is present in the galena. Es-
sentially no sphalerite is to be found (Nahanni For-
mation).

Polaris-Truro Samp]es

7894 Massive lead-zinc mineralization from Polaris depo-
sit. - The galena is a fine-grained -;falerite crusted
with galena cubes.

7895 Truro lead-zinc mineralization in dolomite.
7896 Colloform sphalerite and galena mineralization, from
- Truro.

7897 _ Massive galena-sphalerite mineralization in a banded
aggregation (Truro deposit).

7898 Missive galena-sphalerite mineralization of the Truro
ueposit, '

7899 : Hassive colloform sphalerite with galena as inter-

bands and as cubes. Pyr1te is both intimately asso-
ciated with the Zn/Pb and is within open vugs (Po-
laris depos1t)

© 7903-A | A massive spha]er1te gg]ena sample from the Po]ar1s
.deposit. :



APPENDIX II

Sulphur Tsotope Sample Preparation

The samples were'chosen following petroq%aphic examinatioh in order
to obtain épha]erite—gaiena pairs which appeared to be -'co-existent'.
The samples were Washed in an u]trasOnic‘hafh, crusﬁed énd seived to
100-140 mesh size. Because contamination was a consideragion, all equip—
ment was thoroughly washed, and where possible the ultrasonic bat
employed. |

Some crushed sulphide éémp]es werevseparated from the gangue car-
bonate and silica using methylene iodide; however; separatfon pf the
galena and sphalerite was not possible on the Franz Magnetic Separator
likely due to the ]a;k of iron in spha]erifé.” The modified Hallimond
tube method (Fuerstenau et al., 1957) was adoptéd. nhlthough the flota-
‘tion cell was designed for 65 to 100 mesh feed, the finer grain size
would work but wfth a reduced percentage recovéry. The 100-~140 mesh size
wés'necessary to evade intergrown gangue minerals with the sulphides.
“lethylene jodide could rot be used before flotation because the heavy
liquid alters the mineral- surface by coating i% and then the flotation
.or deprgssion of respective minera]s does not occur. The size of éamp1e
floated was 2-3 grams, the reagents used were K-ethyl-xanthate (25 mg/1)
and sodium cyanide (.25 g/1); frother was considered to be unnecessary.
The sample was initially conditioned for five minutes in 100 ml solucion
of the reagents.in a §t6ppered flask, thén transferred te the f1 :tation
ceﬂ.~ A magnetic stirrer agitated the sample and hitrogen air bubbie
stream carried the galena tb the.concentrate stemﬂ The purity of the
galena concentraté Qéb‘about 85-90%. To separate the spha]erité”grains
from the tailings methylene iodide was used. To gain near 100% purity

all samples were hand-picked using a binocular microséope.
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Preparation of Sulphur Dioxide for Mass Spectrometer Analysis

The pure sphalerite and gé]ena samples were individually weighed, and
recorded. The sphalerite sample not to exceed 25 mg and gaiena 60 mg, be-
cause 1argér sémp]es would produce an excessive amouﬁt of sulphur gas. The
sulphides were coﬁbuSted with copper oxide, and the coppe} okide amount
necessary for combustion did_not need to exceed 368 mg and‘287 mg, respec-
Tively. Each sulphide sample was ground witﬁ mortar and pestel to a fine
powder, as was the copper oxide, and the two ggg@ngjjmate1y mixed. The
mixed sample was then paéked in a quartz WOéq»packed open-ended quartz )
tube. The prepared sample was then combusged in an evacuated chamber at u
or abové 1000°C for 15 minutes. The'év01ved’502 gas was trapped with 1i-
qufd nitrogen following distillation using dry ice and carbon tetrachlor-
idé'mixture ( -40°C). The purificafioh of the SO gas (i.e., removal of
carbon dioxide) was accomplished with nfpentane’and dry‘ice mixture
( -120°C) through volatilization of the COgﬁgas. The COz.gés was collected
- in a third trap using iiquid_nitrogén,-measured and then:pumpediout. The
su]pﬁﬂr dioxide yie]d_was thén determinéd and transferred to a break—éea].
Oncé sealed in the break-seal the sample was then ready for mass spectrom-
eter analysis. For more detailed exp]anafion of the preparatfon procedure

ef the SO; gas refer to Fritz et al. (1974).

Mass Sggcprometer

The samplies of SO, gas were analyzed on a simultaneous ion'co11ection,

digital recording mass spectrﬁmeter, using a five-figure fntegrating volt-

meter. The mass 64 and 66 ion currents are recorded consecutively for an
unknown and standard saﬁb]e in a 32S/34S analysis (McCullough and K;ouse,
1965). The nine recordings are solved consecutive]y according to (343/325)

o~ R v a
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samp]e/(34s/325)]ine standard and 8 tfmés averade. The standard deviation
.of a partich]ar run was found to be less than .01% although at times this
amount was eyceeded slightly.

Standard samples were run at the beginning and end of each operating
day. The standard used was NBS Su1phur.. At a]1‘t5mes the standard analy-
ses were within 0.04% deviation of the previous run. ‘Tﬁe variation is
attributed to fractionation of the gas‘during freeze-over. This degree
of deviation Qas~reached only when the standard gas had been used a number
of times: | | | |

~ The machine sulphur line standard was calibrated according tb the
following standards of known %sotopic'compositjon: NBS #120 (Native Sul-
phur), NBS #200 (Galena, Ivigtut),'?eace River Troilite, PbS Line Standard,
‘ BaS0, ('Merck'), Pine Creek NW (Sour Gas), énd.McMaster 'AgoS". From- the
developed sfraight Tine a correction formula was developed to relate the

5345 of .the unknown sample to the known 6345 Canyon Diab]o.Trdi]ite. The

correction formula used in this thesis are:

53 cprog (%) = 635 5, (1) x 1158 + 4.5 (s, Burnie et al.)
535 7. (8) = 6395 o (%) x 1.1149 + 2.65  (5.L.. w)
where | |
GBQSCDT-X = 6345 of unknown against 6345 of Canyon Diablo Troilite
' gnd | -
GBQSDS_X = 634S‘§f unknown against 5345 of Line Standard.

Sulphur isotopic data consideffthe two ﬁbre abundant species, 325

34

and ~'S. The isotopic analytical results are reported as per mil (%)

difference from a primary standard as follows:
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3432 3432

34 ~'( S/ S)sample - (77S/77S)

67 5% 30,37
(77s/

standard

S)standard

The Canyon Diablo Troilite {s the accepted :tandard (345[325 = 0 0450045,

34

Jensen and Nakai, 1963), and has a 6°'S = 0%.

The sphalerite-galena sulphur isotope temperatures were determined
from the experimentally derived fractionation curve of Czamanske and Rye

(1974), and the Tinear function is described by the equation:

o

1000 1n = 7.0 x 105T-2,

«51~-gn
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APPENDIX TI1
Samp]es of galena and pyrite were prepared for lead isotopic analy-
sis. The following is an stemized list of the procedures adopted to sep-

arate the minerals and to purify the lead. The purified lead was used

for mass spectrometer. analysis.

Lead Isotope Sample Preparation

_ The galena and pyrite samples were physically prepared as fo11bws:

(1) The selected rock samp1e was\p]aced in an ultrasonic bath to
clean any loose or extraneous rock particles.

(2) The sample was crushed and se1\ed to 100 140 mesh size, and each '
- step was executed under conditions of cleanliness.

(3) The seived ruck sample was suspended in methylene iocdide in
order to separate the gangue frow(fhe su1ph1des

(4) The respective galena and pyrite sampies vere purified by the
Franz Magnet1c Separator and by hand-picking so\that ne;n\]oo% pur1ty

. was atta1ned At least 20 mg of ga]ena and 250- 30Q\mg of p§hiievw§\

pur1f1ed so that the initial samp]e was well represen@ed

Chemical Methods .
| To purify the lead from the galena and the pyrite pure reagents were
ueed The reagents used are listed below, each eaving been distijled
twice (1 e., lead- free)

(1) Pure HC1 (8 N), (6 N)

(2) Pure HCY (1.5 N)

(3) Pure water
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The reagents used for silica gel loading of the fi]amént are: ‘

(1) Pure phosphovic acid (0.75 N -- E. Mercks ultrapure diphoéphords
-nentoxide + pure Hy0) . ‘

(2) Pure silica gel (B.D.H. iron-vree colloidal powder) .
In‘order to avoid lead contamination the g]asswére (i;e., beakers, columns,
etc.) was cleaned in the fq]Towing manner:
) washed in soap,

) soaked in chrom-sulphuric acid,

—~—

rinsed with double distilled H»0,

(1
(2
(3
(4) soaked overnight in 8 N HNO3, |
{5) finsed with single?and doﬁb]e distilled Hp0 and ther vrapped in
parafilm. .

The method_of Purification adopted was that of jon exchange co]uhns,
cationband anion. fﬁé'idn exchange columns are made of quartz glass of
5 mm diameter, capab]ajdf holding 5 cm of ﬁgsin with 2 cc liquid capacity'
abee the resin. Thé resin is-festrained a£\the bottom of the column b& _
a quartz frit.. The resin is never used twicéY\ ‘ h

To purify galena-Tead the cation exchange ép]umn.(Dowex 50w x ]2,200¥
400 H* form) was used. The procedure follows: v

(]) Dissolve a few microscopically pure ga]enai;ubes in\é“N HC}, and °
evaporate to dryneés. . ™~y

(2) Dissolve the residue in about I ml 1.5 N HCT.

(3) Put the supernatant 1iquid through the pre-set ion éxghange
column. The column has been pre-set by rinsing wi : %0110wing, pro-

viding the resin was not in the<dry state: (a) 8 N HC1 - 10 ml, .and (b)

1.5 N HC1 - 10 ml.
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(4) Rinse the column with the following: (a) 2 mt 1.5 N HC1, (b)
2 ml 1.5 N HC1 (collect for Pb analysis), and (c) 2ml 1.5 N HC1 (collect
in case some Pb is dé]dyed\in passing thr0ugh the column).
(5) The second 2 ml ahiquot is taken to dryness.
(6) Silica gel loading of the buttor (see below) is the final step
before mass spectrometer measurement.
Purification ofhthe pyrite was daccomplished by the fo11owing prd-
cedure: o |
1) Deéompose épprdximate]y 300 ﬁg;of microscopica11y pure pyrité
i 1 HCT, and take to dryness. , » |
(2) Dissolve the residue in 1-2 m1 1.5 N HCI. -
(3) Céhtrifuge the sample to obtain the supernatant.
(4) Put the supernatant 1iquid through a préESet cation exchénge
column as described above.
The second aliquot collected is then repurified usihg the anion’
" exchange column (Dowex 1 x 8 reagent grade, 200-406 meshlchloride form) .
(1) Put the seéond aliquot through the pre-set anion exchaﬁge
column. v S
{2) Rinse the column with £he‘fo11ow1ng: (a{ 4 ml 1;5’N HC1, (b)
4ml 6N HCT, énd (c) 2ml 6 N HC1 (collect for Pb analysis).
(3) Take the 2 ml aliquot to dryness. \
The sample (lead éh1oridé) is ready to load onto the fi]ament.
To load the filament: |
The lead chloride sample is loaded on a .002 mm reffned rhesom
ribbon which has been outgassed for 15 minutes at 4 amperes in & vacuur

.of about 2 x 10‘7 Torr. The clean fi]ahenf is loaded Qith between 7

“and 2 g of purified lead. Thé silica-gel method of Toading the filament

is as follows:



165

(1) With a oléan capi11qry tube and pure Hy0 pick up 1 to 2 og of
pure Tead chloride ond p]éce one drop of the saﬁp]e in the center of the
outgassed rhenium fi]ament.}z Take to dryness by increasing the'fi]ament‘
current to 0.8 amperes. oo

(2) With a second cap1]1ary tube add one “drop of s111ca ge] -phos-

" phoric acid to the dry 1ead >amp1e and take to dryness.

(3) Heat the lead-silica gel-phosphoric acid load by increasing the
current gradually to 1.2 amperes, and leave it ot this amperaoe for 15
mihutes in order to permit the release of/bubbies and to allow the silica,
lead and phosphoric acid to become evei]y -distributad.

(4) Increase the current gradua]]y until thc Joad begins to fume

(about 2.0-2.1 amperes). Do not a]ter the current until th- 7iming.has
ceased. o | \\*xg\ |
(5) Gradually increaselthe current unti1'%he filam=n.  “owr o dull
red (about 2.2 ampe). At this point the load hé; a ne whiuw aoor.
The filament is now ready to 1oadjin the solid source . 3 590 urometer.

Mass Spectrometer

The analytical resiiiis reported in th1s thes1s were der1ved from a
solid source, 12 inch, 90° radius-digital mass spectrometer. -The masc¢
speotrometer scans by magnefic field sweeping in in;rementé ahd is syn-
chronized to the data reading function. The data readiog_functionbhas
been modified by addition of a hiqh speed digital voltmeter which allows
the 'data to be recorded on magnetic tape more rapidly. vThe dota are.
subsequently vreduced by an IBM 360 computer, by a method of polynomial
fitting (Cumming g;_gl,,,197]) which prov/ges a good,]eve] of‘prec1s1on.v

7 |

Vs

S
g
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Error Considerat . a_Standardization

The possible . oi error are: (1) lecad sample contamination; (2)
fractionation; (3)‘204«errny; and (4) non-Finecarity of the olectrometer
and time constént error. |

(M Leadréampléibgntamination: Contamination may be introduced from
reagents, glassware ant/or silica gel loading procedure. In order to
avoid possib]e cross-contam%naiion, only pure reagents are used and g]ass;
ware is uashed ac déscribed above. The silica ge1~ph0$phoric acid soiu-
tion is reqularly changed, and dulicate runs are made on é]] samples. The
second run is aTQays 1paded'from a fresh silica gel-phosphoric acid solu-
_ tion. A blank run is uséd to check the purity of the solution as a final
check. \

- (2) Fractionation error is mass-dependent. Cumming et al. (1971)
bconside:’fréctionation‘is produced by slow heating to operatihg temper-

- ature, or the positioning of the filament in the mass Epéé&rometer. The
forﬁer is related to fhe lead-silica gel-phosphoric acid load composition.
The requisite lead load conditions are necessary to insure high tempera-
ture stability so that stable-ion emission will result without inequaT

loss of neutral molecules (enrichnd inc204

Pb) by evaporation during thec
heating process.
The fractionafion process causes differences between the measured

204Pb isotope, being the lighteétvisotope,ywill be released

ratios. The
in a greater proportﬁon than the heavier isbfopes and thi§~w111 result
in ratio measureménts_that afe~1ower than the true value (i.e., Cooper
et al., 1969, values). To test the relative dégree of fractionaiion of

‘the unknown samples, standards are:yﬁn and the degree of fractionation
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is determined fcr “he standard. This is considered o refiect ~e condi-

tions of the unknown szmples. These calculations will be reviewed sub-

K

sequentiy.

urement oi e

[¢4]

L&, 2ld-error:  Inecooraic gk
peak size may be significan’. This error will result in either a larger

. 204,
or smaller 77 F

D

b peel height measurement. The former would result in
cratic measuraments approaching the true va?ue‘whi1e the jatter woula cause
the reverse =277 cct. To test Tor this error, Broken Hi1l standard runs
were analyzed. as~indjcated below.

(4) ch—iinéérity of thg elecivrometer and time constant errors may
be a factor, but normally these variations are not weighted in either one
di “tign or another and may be éompensated for by‘averaging a sufsziently
1z :ge n_aberoo? values. This area of error i< therefore minimized by the
~smputer recucticn of data. |

Te i2st Tor the crincipal errors, nemely fractionation and 204-error:
) /

Ti.- 3roken 111 standerd is rih & number o times throughout the pe

-

siod 7 uodng the unknown lead samples. The stancars ratio values ave

P I NPT S . - PR 2 e S B S TO R
coos e o vns Solbiouing maniher (v gl 2(3) .
.
e -
L : J— e e .
i J— o
| R R
ol e T
. e S — S S U ) |
S — - R
{2046 . (207)
117.5C U1

Sig. 20 Hethoa o v ayh s e d v vets
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The Brcken Hi1l standard ratios experimentally determined are norma-
lized to the known Broken Hill ratios (Cooper et al., 1969), (B.H. true),
and these 'measured correction values' are plotted mass unit {(B.H. mea-
sured) against ratio distribution {Fig. 28j. Four conditions mav arise:
(1)-A straight Tine plot (a), which passes thfouéh 1}000'ana is
parallel to the x-axis, indicates there is no %ractionation and no 204-
. |
2) 4 Tine with a slope (b), whfch intersects fhe y-axis at 1.000,
1nafcates fpactié§at;dh error and no 204-error. The degree Qf slope
relates to the amcgnt'gf fractionation error. P
(3) A straigi c line paraliel to x-axis (c), which intersects y—axi;
‘at a point other than 1.000, indicates 204-error and no fractionation
error. The deg;ee of déviatiohufrom 1.000 on the y-axjs is related to
the amount of 204-error.
(4) A straight line with both s]épe and intersection of the y-axis
(d), other than 1.00G, irndicates that}both fractidnaiion and 204-error
ave affected the ivad 1sotopé ratio values.
Uhen the zxperimental Broken Hil? ratio values are so p]ot%éd,vusu~
¢ .1y che line is not straight throughout. as portraye& in line (e), wnich

Tedicates other corors heve rad an efféct on the ratio values. In such

: onpgn. w0 ascerizin the Tractionziion ans 204-evvor, a best fit straight
e ocey o according fo the egiaticoas
Lo b

vhere:
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X representé the respectivé Jead mass units, y represents the respective
measured correction factovs,-a represents the slope o?‘the 1fne, and b is
the y-axiéjintercept, Thus, from fitting the straight 11he-tovthe stan-
dard rat >s a fiarly accurate assessment of these erroré»may be deter-
mined, thch will likely reflect the running‘conditions of the unknown
lead samples.
Broken Hi11 Standard Results:

Six Broken Hill standards were isotopically analyzed and the results
are as in Table 9. | ?

The meaSurggﬁcorrection factors determined from the Cooper g;_gl:

(1969) ratio values are:

cooper et al. Correcfion
(1969) »B.H.-Measured ~ Factor
206py/20%p - 16.003.  15.966 1.00231
207py,20%;, 15.390 - 15.311 1.00513
208pp 204 35. 660 35.441 1.00619 e

1
)
t

ﬁwhen,the measured correction factors are p]qtzéd’ratio distribution
agaiﬁst mass anit, the Figﬁ 25 p]of is att;ﬁﬁﬂh/

The lack of linearity (Fig. 29) reﬁea13 that possible errors othﬁr
than fractionatic. and 204 affected the ?sotopé ratios. The other pos-
sible ervors may inc ude non~@inearity of the electrometer qnd/or time
constarc errov. |

To rgfeé] the relation of the stendard Broken Hill measured values
o th true Broken Hiil ratio values in Tight of 204 and fra tionation

error, the following plot may be constructed (Fig. 30).



Table 9.

Broken Hill Lead Isotope Data

206

204

207, ,204

208

204

Pb/% " Pb Pb/“"Ph Pb/  Pb
15.9666 15.3158 35.4633
.0012 - .0008 .0019
15.9574 15.3008 35.4142
.0049 . .0078 .0085
15.9630 15.3083 35.4552
.0327 " .0315 - .0738
15.9891 15.3367 35.4971
.0076 0.318 0.618
15.9517 15.3062 35.4068
.0160 .0155 .0366
15.9690 15.3008 35.4063
.0178 0172 .0405
15.9661 15.3114 35,4405 Average Ratios
: .0136 .0372 $tandard Deviations

.0129
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Fig. 29. Measured -correction factors, plotted ratio distribution against
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L

The sTope of the 204-error line is approximately 1 due~w$3%ﬁe near
equal iiensity of 206Pb‘and 207Pb. ‘(;5 s]opé of the fractionation error
line is about 1 5 because of the mass unlt relationship of 204Pb 206Pb,

207Pb;? Should the on]y errors be 204 and fractionation, then the

206

and
‘Broken'Hill ratios on the 200ph/2%%pb vs 207p,/2%py, plot should Tie
within the error lines and below the true value (see Fig. 30). In this
case the Broken Hill ratios lie close to the 204-error 1ine, but not

within the lines thereby indical:.ng that errors other than 204 and frac-

tionation have affected the values.

———
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[

" faa—Coop ¢ ot 01.({1969)

6.1

ZOGPb/ 2014’

Pb

cFig. 30. Standafd BrokénAHi11 measured values plotted relative to 204p,
and fractionation error lines, and the true Broken Hi1l ratio values

(Cooper et al., 1969). s
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