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4 ABSTRACT
The Deer Trail Pb- Zn Ag veins of\northeastern Washmgton U S A are hosted in

dilatent fractures wrthm metasedrments of thg Deer Trarl series. Thrs series is a member of Lhe

 Missoula Group of sediments, which make qu the apper portron of the Belt Supergroup.

Vein fill todk plﬁe in .three stages the pre-ore; ore and post-ore stagts and the

-(

temperature, salrmty and CO, content of the hydrothermal fluid fell with time. The Maximum

temperature was .'approximatelv '300"‘C¢dur‘ing the pre-ore stage, ranged between 250°C and

-~

150°C durmg the ore stage and fell belov. 150°C in the post-ore stage Salinity had.a maxrmum

'

value of about 8 wt. % in the pre ore stage and fell to less than 3 wt.% durmg the post ore
stage. The COz content of ’(he fltud was also highest during the pre-ore stage and. had fallen

to mll by the post ore stage Pressure during véin formation had an absolute mmrmum value ‘

.'-\l? y

*of approxrmately 80 bars, actual pressures were probably between 500 and 1000 bars

The pre-ore stage flurd had a maximum. calculated 6“0 value of nearly 10%., Ore

stage fluids had ‘a mean §"'0 valde of approxrmately of approxrmately 5%o, and ﬂurds had a

maximum "0 value of , 5%0 durmg the post ore stage Very late calcue formed after

. faultmg of the vein, reflects a parent fluid 6'*O value of approxrmately 11%,, Wall r0cks

adjacent to the vei’n are depleted in-'*O.
All hydrothermal l‘lurds had 8Dnvalues Jbetween -125%0 and 140%0, except for early- ‘

ore. stage f'lurds whrrh had 6D values between -89%, and -111%o These values are

srgmfrcantly hrghermm@e of the pre ore and post- ore stage ﬂurds wh:ch were

dommanted by meteoric. water and may mdrcate the presence of magmanc or metamorphrc -

. water dunng that perrod Alternatrvely, these hrgh D values rnay have been the result of

re-equilibration-of meteoric water wrth the Loon Lake batholrth at low water/rock ratros Al

ﬂurds underwent 0 exchange wrth the high- "O host rocks Wthh resulted in a wrde range of

6“0 l’luxd values throughout the system 's hlstory

. \ .A“'



Sphalerite aﬂd galena from the. ‘mine have a narrow range of S values pe;ween

4.5%, and- 11.9%,. Geothermometry based on coeval sphaleme/galena panrs supports the ore

stage temperature range determined, from fluid mc]uszons. Sulfur isotopes also indicate a "+

scdi‘memafy sulfur source, prabably the host Deer Trail series metasediments, and an H,S

dominated system.

Oxygen and‘ﬁ_vdrogen isotope results are very similar £0 tho‘.gg-found -for the Coeur
d'Alene deposits of Idaho. Sulfur is9topes are also similar, though soméwhat lower in the case
~of Coeur d'Alene. The Idaho deposits are in the same host rocks, are associated with an
intrusion of similar age andrtype, and have@:}nine‘ralogy similar to that of the Deer Trail
veins. Such similarities indicate that the Deer Trail and Coeur d’ Alene deposits, and-possible
other similar deposns in southern Brmsh Columbla and northern Washington, were formed

¥

‘ and controlied by the same geologx_cal events and processes,
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I. INTRODUCTION g

A/f(URPOS}L OF STUDY

Numecrous studies dealing with low to moderate lemperature, epithermal,
gold-dominated quartz veins in rhyolitic 10 dacitic volcanics have been published. A study of
the isotopes and fluid inclusions of the veins of western Nevada are a good'example (Vikre
1985). A sccor;'d group of papers have dealt with moderate to high temperature _base-fnetal
déminalcd vein deposits, such as Butte, Montana (Sheppard and Taylor 1974). These deposits
are associated with granitic intrusions and porphyries and are hosted either within lpe

+
intrusions or the surrounding sediments. -

VAR

It has been found that ihe hydrothermal system which formed both types” o\f deposit
were driven by either a cooling pluton or vélﬁanic plug and were dominated by meteoric
watér, ‘which had undergone varying degrees of -6§;gen' exchange with the wall rocks and
intrusions. Magmatic water may. also have been involved in some of the baég’r‘netal vein
deposits. Between these two well\$tudied classes 6f deposits lies é' third cla'ss, of which the

: [}
Deer Trail deposit is a member, that has been much less thoroughly studied.

The Deer Trail deposit is made up of a set of Zn-Pb;Ag bearifxg quar_tzA veing_ which
are. hosted in‘ Precambriém Belt metasediments, including " argillite, slate,‘ dolosténé‘ and
limestone, and are associated with a large grapitic to quartz monzonitic in’trusion This study
was undertaken to determine the nature and genesxs of these veins, and to try to dlscem the _

relanonshxp between this deposit and other similar deposns suchas Coeur d' Alene Idaho



v

To achieve this, four aspecis of the deposit were studied; ‘

3

1. Relative ages of veins, faults and intrusions.

2. Vein controls, petrogenesis and m?neralog,\".

3 "‘\Orc fluid characteristics. .
-4, ‘Source of sulfur and constituent ore‘/gangue mﬁeml&

"New information relating to these aspects may help in the mining and prqcéssing of

ore from this deposit, and from other deposits of the same lypé. A better undgfsmnding of
- ‘ ’ }
the mode of formation and controls on this deposit will also be helpful during exploration for

analagous new deposits in the area, or in similar geological settings.

-



B. LOCATION AND CLIMATE

The Deer Trail rﬁine 1s located approxirﬁalely 70 km riorthwest of Spokane, within the
Hunters Quadrangle of Stevens County, Washington, U.S.Af (Fig. 1-1). It is sim:ted at the
southernkcnd of a long array of similar ~deposils which stretch over 50 km/ to the northeasrt.
All of these deposits are hosted by limestone or dolostone units within [‘hc;v}%éll Supergroup
and are associated with fractures or faults (Fig. 1-2). |

The Deer Trail nﬁne 1s situated 'near the midline of the Huckleberry Mountains, just
‘bclow the head of Cedar Canyon; latitude 48° 02' N, longitude 118° 06" W. The minesite may
‘be reached by traveling west from Spokane to Davenpoﬂ, then north to Fruitlanq.m- An oiled
- road heading east from Fruitlénd leads to the foot of the Huckleberry Moumains; where a -«

gravel 'Bureau of Land Management' road continues to the minesite. -

The mountains around the mine are rugged and have a maximum elévation
approximately 1500 meters. The immediate Deer Trail mine area is dominated by a series of
parallel ridges and valleys which trend 10° to 15° E of N, suﬁparalle] to the strike of bedding
and structures in the area. The valley i which the Deer Trail mine is located s&ﬁs to have
been orﬂy slightly affected by glacial 5(7;(1'0n -which )may explain»ﬁle presence of preserved

supergene-enriched deposits in the upper portions o

~

the veins whicR were discovered in the

.. late 1800's and mined soon after.

R
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" magnesite deposits and the major .Zn-Pb-Ag veins of the area. Regional mapping was

C. PREVIOUS WORK
Most of the studies of the Zn-Pb-Ag vein deposits of northeastern Washington swere

overviews of minih{ﬁin the area, essentially just compilations of mine data.

The first compilation was written by Bancroft, in 1914. This report listed scveral
important mmmg properues outlined lhelr general geology, and listed thc ore minerals found '
V;; -
in each mme “This paper \?pas soon followed by two more from the Washmgton Geologual' i

Survey. Weave}'s paper (y1920) was essentially a summary of the Bancroft paper, with some

N .
additional information. Whitwell and Patty (1921), however, covered many mines not referred

- 1o by Bancroft or Weaver. Finally the Washington Division of Geology ‘pubg;i,shed a paper by

Jenkens (1924) which ‘covered essentially all of the then important mines in northeastern
Washington. }

The Campbell and Loofbourow report (1962), entitled 'Geology of the Magnesite Belt

of Stevens County, Washington', included a description and map of the host rocks of the

3

extended by the 'Preliminary Geology Map of Hunters Quadrangle’ (Campbell and Rziup

196&) .f.-.;:;This map showed that the ,Precar‘nbrian rocks of Hunters Quadpafigle fie in a western .
S | . .
extension of the Precambriaﬁ Belt basin of Idgho. A paper dealing with the tectonics of

: northeastern Washmgton (Yates et al. 1966) indicated that the enme Deen Tra;] district was

locateé% in the overtyrned west limb of a major NE-SW trendmg anuclme
§

4

“Small ( 1973) studxed the Pb xsotopes of. galena from many ore deposits in northeastern' “

. Washmgton mcludmg the Deer Trail mme Togo Alchanbee and Queen & Seal mines. His

results mdlcated that the Pb in these: deposxts was anomalous (radnogemc) ‘and was probably

< ‘the product of a multistage evolunon and that the formauon of these deposus may have been

‘

related to the emplacement of the Loon Lake ‘batholith.



D. HISTORY OF I;'IINE DEVELOPMENT

The original discovery in the Deer ATrail district was made in' 1894. Two_hunters
stumbled across a heavily weathered supergene-enriched vein in a deer trail - thus the origin
of the name. Panning of material from the vein revealed the presence of aoundant native
silver. The hunters immediately staked the area and numerous addidonal claims were soon

staked around the discovery outcrop. Many one-man or family-run mines, as well as larger
developments, were operdied in t.he area until about 1910, when the rich and easily accessible
supergene -enriched deposits were exhausted. The Zn, Pb, Ag and Au(min:or) produced during
tnis short boom period was worth almost $3 million U.S. dollars at turn of the century metal

prices ’(Thur\mond 1928).

In the 1920's and early 1930's many of the claims in the d;strict were acquired by. the
Venus Silver Mining Company. Develo,pment and mining was done ‘on the Hoodoo level, but
when the vein was lost, and the remaining ore apparently exhausted, the mine was again

closed.

o4
» Very little furthet work was done on the property until 1980 when it was purchased by

‘Madre Mining Limited. Extensive development work was done on several levels of the mine.

.

A new haulage ‘way, called‘the Madre tunnel, was driven to intersect the vei’n ‘below the

Hoodoo Tevel, The Madre Hoodoo and Midway levels were Jomed by raises and explorauon

<

and development work was done on all three levels A new 150 ton per day floatanon mill was

mstalled the concentrates from whrch were shlpped to the Commco plant at Trarl B.C., for

processmg A}most $2 mrlhon worth of Zn Pb and Ag concentrate was produced from the
A

startup date to May, 1984, The mine 1s now closed ‘diie to low silver prrces, theugh sulfide

" rich quartz veins still remain in open stopes and in undeveloped portions of the vein system.



II. REGIONAL SETTING AND GEOLOGY

A. INTRODUCTION » B

The Deer Trail veins are hosted by a suite of Belt Supergroup metasediments termed
the Deer Trail sefies. Thls suxle—hes to the east of the southcrn tip of the Kootenay arc and is
a western extension of the main body of Beltian sediments of Idaho and Montana (Campbcll
and Raup 1964). The Deer Trail series forms a Jobe which is bounded on three sides by the
Jurassic-Cretaceous Loon Lake batholith. The metasediments have been 'I'old_ec; on both local
and regional scales, but nave a consistent strike of 30°‘fb 40° E of N. All beds in the map arca

dip at between 51° norlhvv'estwardf‘an'd 60° southeastward, the southeast dipping beds being

_overturned (Fig. 2-1).

Two major sets of faults cut“the Deer Trail series. The first strikes between 25° and
35° E of N, slightly less than thai?*éfr the metasediments, and dips almost vei'tically The
maximum dip slip of these faults is appmxxmately 1000 meters east side down (Fxg 2-2), the

amount of- smk fip is unknown but’ nght lateral in nature. A $econd- set of faults cut -

,.magonally across the Deer Trail series and strike at 90° to 110° E of N. Their strike slip may
* be up to 500 meters Yight lateral, while their dip' slip is unknown (Campbell and Loofbourow
192). o

, v
\ 'The Deer Trail séries has been intruded by plugs, dykes a:nd' sills of quarﬁz monzonitic
1o granitic comp‘osition‘ These are presumably cbeval»and consangninéous with the Loon Lake
'bathohth These plugs are very common and only the larger ones are shown in. Flgure 2-1.

N Older greenstone and diabase dykes are also present within the metasedxmems
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B. BELTIAN METASEDIMENTS
The Belt Supergroup is composed of a sequence of Precambrian r'nelasedir_nents which
may reach 20,000 meters in thickness (Harrison and Grimes 1970).. The sedimen‘ts, were
probably originally deposited in a shallow epicratonic reeptrant of the sea as rock types
include slate—sasgillite, quartzite and carbonalt. The maximum age of the Bfll Supergroup is
about 1700 Ma and deposition had probaoly ended by 1400 Ma ago (Small 1973; Harrison
1972). Horizontal and vertical facies ohanges within the melasedimems‘ are generally
gradational and the rocks may best be described as monotonous. The maximum grain siie over
~ wide areas is medium gr_ained sand Qr less, while color may range from grey to grey-green lo

brown. This makes correlation of specific units and formations difficult on anything but a
! 4

local scale. X

The rocks of the Deer Trail series are part of the upper Missoula Group, located at
the top of the Belt Supergroup,' and have been regionally metamorphosed to the greenschist
facies. The metamorphism may have preceeded folding or the two evenis may have been
con[emporaneous Intrusive plugs and the Loon Lake batholith have conipxcuous metamorphic
aureoles and are def:mtely post metamorphlc (Campbejl and Loofbourow 1962)

The Deer Trall series is. made up of the fﬂfo?lng f o;mauons_:

The Buffalo Hump Formation.

The Stensgar Dolomite - host of the Queen & Seal veins.

The McHale Slate.

The Edna Dolomite - host of the Deer Trail veins.

%]

The Togo Formation - the base of ;which is unexposed
\

The Deer Trall sex’xes correlates with ‘the Dutch Creek/Mt. Nelson Formauons of -

western Canada (Fig. 2 -3), and has a mmxmum thxckness of 3400. meters. It is overlam

unconl’ ormably by the Huckleberry Formauon (Campbell and Loofborow 1962) (Fig..2-4).
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‘ The Togo Formation

ﬂ The Togo Formation is the oldest member of lhefl)eer Trail series. It has en exposed
.. thickness ﬁof over 1200 meters but, as it is cut to the east by lhe l.oon lLake batholith. ilQ true
thickness is impossible to determine. The formation consists of monotonous, recessive, dark
grey io black? sléle) argillite. Thin beds of \dark green-, black- and grey -striped ;ilicia slate
are common and produce limied resistant outcrops. Thin discontinuous beds of limestone and
dolostone are present in the upper half of the formation. The top of the Togo Formation is
marked by a disiincl and continuous quartz-stringer rich facies whose l’hiekhess, and @hosc
quartz comeﬁt, rises markedly to the south. This facies\acls as an excellent \markcr horizon

’

AY
within the Deer Trail series. \
- * .
Though the contact is not well exposed, there appear$ to be an abrupt change in 1h€
. : \
character of the rocks at the Togo Formation/Edna dolomité interface. Adjace' "’omcrops
\/',,_/m'

show very different lithologies, indicating a hon-gradational change from the quartzitic

argillites of the Togo Formation to the dolomites and limestones of the Etdna Dolomite.

The Edna Dolomite

The Edna Dolomite cbnsists of impure dolostone with iﬁterbedded limestone, argillite.
calcareous: slate, phyllite, Lalcose slate and quartzite. It has a th:ckness of approximately 650
‘ meters and is usually recessive. The main dolostone may range from very llght grey to green,
brown and blick in coypr. Some beds are highly siliceous to cherty, while others are 'chalky.
The chalky beds are nof mentioried in the literature, but have béen observed in drill core from
the Deer Trail_ mine. Bedding is, on the scale .of millimeters to rﬁete.rs a;id may be highly
contorted. | | ’ | '

The base of this formation is a relative‘ly clean dolomite. Most of ihe_argﬁlile a'nd.
slate. occur in the upper half of the formation, while quartzite beds are generally confined to

the upper quarter of the formation. ~
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The McHale Slate

The McHale Slate conformably overlies the Edna Dolomite throughout the énlire map
area. It i1s a slaty unit with interbeds of a.rgillile and phyllite which exhibit little or no sla}[y
‘clcavagct ngcral beds exhibit alternate bands of grey to brown color on a scale of mil]imetelrs
lo centimeters which may represent original bedding. The slate is generall)' dark grcy, brown
or green in color but changes to a light grey or buff near the 1op 9f the formation.

. The McHale Slate has been intensely deformed so iLsAaclual thickness is difficult to
determine. It may have acted as an incompetent bed between two competent units, the
Stensgar and Edna Dolomites, and been more intensely folded and sheared tHan the rest of the
Deer Trail series metasediments. On average it appears 1o be approximately 450 meters thick
(Campbell and Loofbourow 1962). Interbeds of dolomite are -present near the top of the

formation, indicating a gradational change to the overlyil}g Stensgar Dolomite.

The Stensgar Dolomite
| The Stensgar‘Dolomite is an important marker horizon in the map area because of its
continuity and its distinctive lithology. It consists of dense, well bedded, fine grained, pinkish®
to bluish-grey dolostone. Argillitic and slaty beds are found near the base of the form;nion,
but these gradually disappear upwards. The dolomite is resistive and f orms. numerous
’ mltcrops. 'though ‘the comglete se;tiop is never exposed_. .
In the north end of the map area the Stensgar Dologste has a maximum thicknes's of
240 meters. It thins to the south and eventually pincﬁes out completely at abouf latitude 48°

north. This pinchout may represent an erosional unconformity or, more likely, is the result of

offset along an unmapped extension of the Queen & Seal fault. The southern end "of the

e 'formation has been éxtensively recrystallized and occaGSionally completely altered to a

dolommc marble The Stensgar Dolomite hosts many large magnesite deposits and quanz

veins, such as the Queen.& Seal, Wthh are very snmxlar to the Deer Trail veins.
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The Buffalo Hump Formation .

This formation embraces all units above the Stensgar Dolomite and . below the
4uckleberry Formation. It is made up of* interbedded slates. argillites and guarizites and its
average thickness is approximately 550 meters. The top and bouom of the formation are
slate- and argillite-rich, while the middle is dominantly quarizite and quartzitic slaic. The
color of the slates ranges from tan to dark-grev 1o green and bfovv'n. Their color and textures
make these stales virtually indistinguishable ,from slates in other formations \wilhin the Deer
Trail series.

The middle quértz-rich unit thins and thickens rapidly, though its thickness gencrally.
increases to the south. Its color ranges from light grey to yellow-brown, though in some arcas
it may have 2 bluish tint. Grain size generally varies from fine 1o coarsc sand, but thin
discontinuous beds of quartzitic slate are common. Rare quartz pebble cbnglomcralc stringers
are also present. As meutioned above, this unit generally overlies the Stensgar Dolomite. As a

result of the Stensgar Dolomite pinchout, however, the Buffalo Hump Formation ip the south

of the map area lies directly upon the McHale Slate.
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C. HUCKLEBERRY FORMATION AND LATER INTRUSIVES *

The Huckleberry Formation

present in the map area, namely the

Only one non-Beltian sedimentary unit i
conglbmcralc member  of ~the Hucklcb ‘ofmatic.)n. This 400 meter thick formation
unconformably o-vcrlies the Buffalo Hump Formation and is neither part of the Deer Trail
series nor a member of the Belt Supergroup, though it i; also Precambrian in age. It is easily

recognizable, unlike the sometimes indistinguishable units and formations of the Belt

Supergroup.

n

?

The cong’lomera,le unit is coarse grained and poorly soried. Clasts range in size from
less-thamr 1 mm to over 10 ¢m in diameter, ihoh‘gh the majorjty are less than 1 cm. Most
clasts are composed of slate and phyllite, though rare limestons, dolomite and quartz pebbles

“are present. The "high percentage of slate and i)hyllite clasts has produced a conglomerate with
an: apparent schistosity resulting from imbricate clast alignment. The matrix is dark to
medium greenf fine grained, and composed partly of. erocied Belt sedirriems and partly of
_ pyroclastic tuff material ('Ca;npbell and Loofbourow 1962-2). The monotonous greeni color and
the lack of a fining-upwards sequence makes correlation within the unit virtually impossible.
The conglomerate is conformably overlain by 't‘he Huckleberry lavas, which are
generaliy basaltic in compositidn. This un}t is cémposed of massive flows with a few
interbedded glassy and tuf_faceo'us lehsz’:s. and has a maximum thickness of approximately 8001

~meters. These flows are only present to the north of the map area.
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Intrusives g
) V)
The Deer Trail series has been intruded by a Mesozoic quartz monzonitic to.
granodioritic batholith termed the Loon Lake batholith (Fig. 2-1). The batholith was
emplaced in late Jurassic ‘or early Cretaceous times and had been unroofcd by the Tertiary
(Waters and Krauskop{ 1941). While the main body of the batholith is composed of quartz

monzonite and granodiorite, some small granitic bodies and high-level rhyolitic intrusions.

presumably apophyses of the main body, arc present within the surrounding metasediments.

Within the map area the intrusion is generally light gr’e_v to pink in color and contains
black biotite flakes up to S mm in diameter. h‘~ is usually medium grained but may range in
texture from rhyolitic to porphyritic, sometimes with orthoclase phenocrysts up to S cm in
length. The batholith, often less resistant to weathering than the surroun;ling metasediments,
forms iow~lying flat areas and is well exposed only dlong streams and rivers (Campbell and

Loofbourow 1962).

Diabase dykes and sills are scattered throughout the Déer Trail series,. though all are
too small to show on the map. These dykes‘ are not known to cross-cut any rocks younger
than the Huckleberry conglomerate and, are thus presumied to be of Precambrian age.

: Campbell and Loofbourow k1962) feel that. they may have acted as f eeders, and outlels for Lhe'

basaltic ﬂows which overlie khe Huckleberry conglomerate.

| ‘I\

1
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D. STRUCTURAL GEOLOGY

Folding

The Deer Trail scries.has undergone one major and possibly two minor periods of
folding. The axial traces of the major, and oldest, set of 'ff)lds_ F,. are north plunging and
trend approximately 20° 1o 40° E of N, coincident with the gener“al strike of bedding in the
arca. These folds are large-scale, tight anticlines and synclines. The west ‘;imbs of the
anticlines and east limbs of the synclines are locally overturned (Yates et al_. 1966). The map

area is completely within an overturned panel.

‘The axidl traces of the second set of folds, F,, parallel those of the first phase and
may merely be minor parasitic folds associated with F,. These folds have _folded the }imbs of
the F, folds and produced highly variable dips within and between the formations of ;;he Deer
Trail series (Fyles and Hewlet 1959). The third set of folds F,, trend approxxmately 100° 1o
130° E ‘of N almost perpendxcular to the axes of the F. and F, folds, and have kmked the
limbs of the earlier folds (Fxg. 2-1). ‘

e

The F, and F, folds developed -approximately 200 Ma ago. The F, folds are youhgcr

than F,, F,, but older than 100 Ma (Mills and Nordstrom 1973).



Faulting

Two major sets of [aults are present in the region.

The first, the longitudinal set, is composed of high-angle fault.sl which strike
approximately 25° to 35° E of N, nearly parallel 10 the .strilfc of bedding and the axes of the
F, and F, folds. The longitudinal faults develbpcd before the F, folds as the Queen & Scal
fault, which passes southeast of the Queen & Seal mine, has been fg;ldcd (Fig. 2-1). Another®
of these folded faults is located north of the map area. . \

The Queen & Seal fault, with a dip slip of nearly 500 meters, splits into two splays in
the northern section of the map area. Both splays disf)lace their eastern blocks upwards. Thé
Queen & Seal fault is truncated by the Lo:)n Lake batholith an::l 1s not recognized south of the
intrusion (Campbell and Loofbourow 1962). This méy be the “result of poor mapping, the
fault may actually continue and separate the MgHale Slate from the Stensgar Dolomite and

- the Buffalo Hump Farmation, explaining the peculiar pinch out of the Stensgar Dolomite in

. that area.

‘ A second set of faults, the trz;nsverse, cut diagogally across the trend of the Deer
Ttail series and exhibit near vertical dips and strikes of between 110° and 120° E of N, nearly
- parallel to the axes of the F, folds. Their strike slip s_ensé of motion is right lateral, with a
maximum displacement of 4000 meters (Mills 1977). o

A point of intef,est is the fact that these f. auhs have nearly identical orientations, and
identical senses of_."rmtion, as those of the Osborn and ‘Pla'cver Creek faults of Idaho, which arc

two m'ajor lineaments of northern Idaho.which affect the Coeur d'Alene district.



111. LOCAL GEOLOGY AND DEPOSIT DESCRIPTION

A..HOST ROCKS OF THE DEPOSIT
: !

The host rock of the Deer Trail veins is the Edna Dolomite. Within the mine, this
unit is'gcnerally a dark grey to black silty dolostone, often containing stringers of silty or
sandy material, as well as fine grairred green-brown banded quartzite beds up to 4 meters
thick. Several highly siliceous to cherty beds of light brown to grey co]ored dolomite are also_
present. Massive dark gre)“to black limestone units are common, and rare buff colored chalky
units are also foundf..'.These chalky units seem to have formed when limey sections of Edna
dolomite were altered by nearby intrusive bodies.

Within orre to ‘three meters of the veins the dolomite has been hydrothermally altered
to a calc-silicate rich material. It is often dedolomitized and contains epidote, clinozoisite,
zoisite, green biorite, quartz, calcite, and rare hematite and chlorite. The rock is generally a
dark green color and is often highly sheared. This lithology is mistakenly listed ‘a_s the

‘argillite’ host rock of the veins in several publications, including Moen (1976) and Mills

(1977). Bedding in the mine strikes between 30° and 50° E of N, and dips range from 80°

f

v

northwest to.70° southeast. All east dipping beds are overturned.

“Within one to ten centimeters of the of the veins the dolomite has been highly altered
to a light grey rock. This material is rith in quartz and calcite and contains. minor kaolinite,
muscovrte hematite and pyrite. Al] gree;; biotite has been destroyed, possibly mdrcatmg that
Mg was removed by the hydrothermal f‘lurds . .

'The Edna DO]OIDI[C has also been locally metamorphosed by mtrudmg plugs dykes

L

and srlls lntrusrons are often surrounded by an aureole of hornfels or marble dependmg
‘ upon the orrgmal rock type, These hornfels- marble aureoles contam calc1te eprdote
' amphlbole biotite, chlome and, rarely, tourmaline. Small localized ,,skarns contain calcite,

garnet, pyrise, epldqte and mmor tourmalme ,

1

21
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B. INTRUSIONS

Intrusions encountered in the mine range from granodioritic 10 granitic in
composiiion. Their color ranges from light vellow-green, in the case- of altered rocks. 1o
medium- and dark-greeri in the unaltered rock. Biotite 'in the aliered intrusives has been
altered to clay mincrals. Most altered material is found in or near faults or shear rones, w.hich

may have acted as channels for the altering fluids.

[
A

Intrusives have never been observed 1o cut the veins, except in the case of faulied
contacts, and there is no evidence of thermal melamoﬁﬁhism of the veins near plugs, dych. or
sills. Veins do cut the‘diabase dykes, and these dykes have subsequently been allcrgd 10 a rock
which looks very similar to the aliered dolomitic wall rock, though it is less severely jointed,
and sheared than the‘dolomite. Diabase ‘dykes cut both intrusives and the Edna dolomite.
Theée dykes bear no obvious structural relationship to the older intrusive bodies, though they
may represent the last stages of activity of the intrusive system.

Most of the intrusions are medium grainedv. but some very fine grained po’;phyritic
sills and dykes arc present. These t;ine grained intrusives, which generally occur as bands
within coarser grained sills or dykes, are composed of 1 to 5 mm biotite flakes and‘ Sto 10
mm green feldspar phenocrysts within a dark green, very fine grainzd ?o glassy matrix.

Pegmatitic stringers are also present, though these are quite rare.

-~



C. FAULTS

Parallel Faults

Two rﬁajor fault sets are present within the rrline (k. 3-1). The first set is composed
of slccpb}" dipplng faults which strike between 30° and 40° E of N. ncarly parallel to the strike
of bedding. These shall be refered to as the paralel fault set.

The most important parallel fault, the Hoodoo-Madre fault, has a strike of 40° E of
N and dips 80" to 85¢ rlonhwest. Its dip slip motion has displaced the northeast side up 21
meters, its strike slip is right lateral. This fault cuts the Madre vein approximately 30 meters

(vein length) above the main Madre haulageway The Hoodoo mine lies wnhm the upthrown

-

block (Fig. 3- 2)

Cut-Off Faults

Faults of the second set strike 110° to 120° E of N almost perpendicular to the strike
of bedding, and" will be ref erled to as cut-off faulls. These faults are near-vertical,
 dominantly strike slip faults, with ~rig\ht lateral oisplacemem. though an unknown componem

of dip slip motion has also occurred : |
The largest of the cut-off faults is the Deer Trall fault. This fault is actually a system
of faults, or a shear zone, with a width of at least 45 meters. “The southwest end of the Madre
| vein is.cut by this fault on both the Hoodoo and the Madre levels of tlxe mine (Fig. 3-2). 'I'he ‘ ”
Deer Trail fault has a rlgllt laleral displacement of at least 20 meters, possibly much morel A
large vein block wnhm this fault zone has been dnsplaced 10 to 15 meters to the west (nght)
and has undergone clockwise rotation. The degree of rotation of the block [increases with )
dletance ml;o the fault zone._mdlcatmg that at least part of the lateral mouon was tal_cen up by
- shearing. A second cut-off fault truncates the vein ‘at the northwest edge’ol‘ .the maln Madre

‘ stopé.- It offsets the vein approxxmalelv 10 meters right laterally and brings it into contact ‘

wnh an altered gramuc body. - ' : . o ,

S A
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“Phe parallel and cut-off féull sels.are very nearly parallel 1o the aforementioned

longitudinal and transverse fault sets, respectively. They are not, however, members of t'hcsc
g

WO sets. The cut-off and parallel fault sets both cut intrusive bodies. and are therefore much

younger than the longitudinal and transverse faults, both of which are 1rdn¢aleﬁ by the 1 oon

Lake batholith. The faults present in the mm:c mav be complclel} unrelated 1o the two major

sels, or [hey.may have formed through reactivation of older faults. This seems more likely 1o

be the case, as it is highly improbable that that two completely unrelated fault sets would |

have such similar orientations. (Table 3-1)
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D. DEPOSIT DESCRIPTION

There are at least two major Zn-Pb-Ag veins in the Deer Trail mine area, as indicated
by both underground exploration and the data from P:;erous dia,m‘ond drill holes. Some 5?\
holes have been drilled in the minc area in recent vears. both from the surface and from

underground stations. Figure 3-3 was produced from information from 31 of -these drill holes.

Data {rom the remaining 25 holes were either, unreliable or nonexistant. -

-

N

~ Madre Vein

The Madre vein has been extensively mined on both the Madrq and Hoodoo levels.
The véin strikes approximately 40° 10-50° E of N and dips 55° to 65" to the southeast. The
main ore body has a strike lenglh of over 700 meters, a width ranging from 02 to 2 mvcu:rs‘
but averaging approxxmately 0.7 melers, and a vertical extem of at least 150 meters as
measured along the vein from the top of the Hoodoo stopes to the lowest dlamorid drill hole

intersection. Its average Ag grade is 300 to 600 g/t ( 10 t6 20 oz./ton), and may reach 6000 to

9000 g/1 (200-300 oz/ton) in rich pods and shoots. -

“The Elephant Vein |

The second ‘major ore bbdy is hosted within the Elephant vein, which may répresem a
faulted-off section Qf the fviadre wvein or ém en;irely "separate entity. It was developed. at the
turn of the cemﬁry by the Elephant and Legal Tender mines, along with numerous smaller
rﬁines. It strikés paraliel to the Madre vein but dips o:ﬂy 25° to 30° southeast'.k much shallower~
‘ tﬁan tBe Madre vein. Its average width is approximately 0.3 meters, though pods .with widths
of ’up-to—2'.5 mete—r's have been. réported (Thurmond 1928). The .la’ter\al extent of the Elephant
vein ore body'is over 500 meters and it egctends to a depth of approximately 125 inegers'. aé :

measured along the vein.
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Due 1o its proximity to the surface, the vein has been cxtensively weathered, resulting
in the formation of Ag-rich supergenc deposits. These deposits lusuall_\' occurred as pods er
stringers containihg .nalive silver. chlorargyrite and acanthite. as well as azurite, malachite,
galena and sphalerite. The Ag grades of these pods were very high, probably averaging almost
3000 to 6000 g/t (100-200 oz/ton). Some pods had grades of up‘ o ISOU()() g/t (5000 oz/1on ).

For economic reasons only the very Ag-rich vein material was hand cobbed and
shipped to the smelter by mule train. The mine cut off gra‘dc was app‘roiimalcly 1500 10 2400

g/t (50 to 80 oz/ton) and old dumps may contain up to 450 g/t (15 oz/ton) Ag.

Sister Vein ‘ ‘ . e
A third vein, called the Sister Vein; has also been discovered (Fig. 3-3). It may

actually be a faulted off section or the Madre vein which has been displaced by a

perpendicular fault. This vein is parallel to the other veins in the area and, like the Madre '

i
1

vein, appeéfs to dip southeést at approximately 60°. It has been intersected in two diamond
drill holes where grades of l‘l,OO,g/l and 126 g/t (36.7 oz/t and 4.2 oz/t) over 30 cm were
found Some exploratxon of thxs vein was done, but the drift driven to intersect the vein
encountered only sm/all vemlets with slight mineralization and low silver values. The main
mineralized zone of the SlSIeI Vem may lie above the explored area, but no work has been

done to mvesugate this poss:blllty ’ - '

[N

Replacement bodies : \ | ‘

A
Limestone and dolomne adgacem to the vems sometimes hosts small sulﬂde
\

replacemem bodies. These neplacemem odxes contain dlssemmaled sphalemc galena, quarlz

\

pyrite and chalcopyrite, but thelr low sxlver\ grade and small size makes it 1mprac_uca] to ming

them. ‘ s -
‘ . - A



IV. VEIN PETROGENESIS, MINERALOGY AND PARAGENESIS

A. BACKGROUND AND METHODS

Each depositional stagd in the formation of the Deer Trail veins has a distinct
mrncralog» Quartz is always the dominant mineral, comprising 80-100 modal% of the pre-ore
stage, 30-70% of the ore stage'and 80-95% of the post-ore stage material.

A study, involving 26 polished sections of vein material, was done in order to identify
the opaque minerals and 10 determine the paragenetic sequence of each stage and the veins as
“a whole. Opaque mineral identification was accomplished through observation of the reflected
liglu characlerislic‘s of each mineral, including its color, bireflectance, anisotropy and percent
reflectance at 547 angstroms. In addition, a Nomarsky_ phase interference contrast filter was
used 1o determine the relative polishing hardnesses of adjacent mineral_s. Transparent minerals
were i(l&n;i\fied in thin section a‘nd, to a limited extent, through analysis with the electron
microprobe. )

Many of the sulfosalts were susceptible to light etching and eoulq thus be roughly
identified. As all sull’ osalts have very ‘similar ‘optical properties, however, it was sometimes .
impossible to idenwspecrf ic sulfosalt species by srmple microscopic methods. To ensure ‘
proper identification of the sulfosalts, and other mmerals of interest, they were analysed with
the energy dispersive analysis system on an. EEDS-II electron mrcroprobe The inhouse
sof tware program, EDATAZ was used to calculate the composition of each mineral from its .
X -ray spectrum In cases were the analysrs was the sole method of mmeral identifi 1cauon only -
those analyses with element totals between 96% and 104%\ were used to ensure proper A
identification These rather large errors were dﬁ\ed acceptable as the sof t sulfosalts often in -

the form of inclusions or grains w1thm harder sulfides, polished down excessively and often

Dad non- planar surfaces with the result lhat analy[rcal results were often less than- perfect
"{
L%

3]



B. YEIN PETROGENESIS AND MINERALOGY

A]l veins in the Deer Trail district app;zar 10 have formed through the filling of
dilatent fractures by quariz, sulfides and other hvdrothermal minerals. This vein filling took
place in three stages: the pre-ore stage, the ore stage and the posi-ore stage. The pre-ore
stage was typified by the deposition of quariz and pyrite at the ouler cdges of the veins.
During the ore stage (juartz and the major sulfide minerals were deposited. and the post ore
stage was dominated by-fracture infilling and overgrowths. A study of the vein mincralogy
proyided details cohcerning the depositional sequence and mineralogy of cach stage. Little
variation in the n’lineral content of the vein takes ‘placc with varying depth of formation.
Deposilional conditions thus scem to have been stable over a significam vertical column, at
least 200 meters, indicatirig that all deposition took place in a dee;; portion of the vein sysiem.

Vein fill may be bquen down ir;to three: major, and.one minor, catagories; gangue
mingrals, non-(gg bearving" opaque minerals, Ag-bearing opaque minérals and minor native
clements.

Gangue Minerals - ’ "

In the following sgctions the term 'ma'jor' is used to describe a rﬁinefal COmpHsing
ovér 5% of ihe material d.eposited during a stage. 'Minor' refers to a mineral corhprising‘ less
_ than 5% of the material deposited during any stage.

Qha&z

Quartz was. deposited throughout all stages of' vein formation and is the dominant
gangue mineral in all veins. In the pre-ore stage it formed coéksc'omb'quartz_ of clear io milky
crys&é‘1§ up to "10 cm in length. Ofe stage quartz is massive milky rﬁaterial which is commonhly
intergfown .wi'th sulfides. Post-ore ‘stage quartz is i.n the form of tﬁin overgrowths ahd

fracture infill. Most of the quartz contains abundant, though small, fluid inclusions. :
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Calcite | )

Calcite is a minor gangue mineral. It is present in pre-ore stage material where it is
found intergrown witb quariz. In ore stage material it occurs as small inclusions, usually less

. R _ _

than one mm in diameter, in quartz and s_ulfidesr During the post-ore stage. where it was
mos!t common, it was deposited as fracture infill or as a ng?m pink, coarse grained, cavit_\' fill.

Barite

~Barite is found only in material deposited during the later part of the ore stage. It

occurs as lfny inclusions. generally less than 50 pm in diameter, within sulfides and is

associated with calcite blebs and small quartz crystal inclusions.

Adularia

e

‘&

deposited during the post-ore stage.

Opaque Minerals : Non Silver- Bearmg

Sphalente .

The most comion sulfide in‘ the Deer Trajl veins is sphallerite.‘ Its color ranges from
medinm- to light-brown with the ‘Iigbter rnaterial often exhibiting tints of -yellow, red and
green Sphalerite: composmon is very consrstent throughout the vems Mrcroprobe analysrs

indicates the presence of less than 0.8 wt.% Fe in. all sphaleme samples analysed; "while

A\

cadmium is presen't in concentra\iion's of up to 0.5 wt.%, but is usually less than 0.2 wt.%.
Sphalerite 1s cbmmonly intergrqwn with galena, freibergite and qua‘rtz bu’t‘l may- also form
distinct monommerahc bands. Early sphalegite was in equrhbnum wrth pyrite but ‘replaced ‘,
" quartz, whnle later sphaleme has often partially replaced pyrite. Sphalente is 1are in weathered
sectrons of Lhe vem as it ‘has been nearly completely altered {o smipfsonite and hydrouncrte
both of which are also present in deeper sections of the vein in @fe form of fracture f 1llmg ‘or

as coatmgs on broken surfaces.
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Galena

The s‘écond most common sulfide in the veins is galena. It has a close:associalion with
sphalerite and generglly forms coarse grained intergrowths along,wibth sphalerite and. less
commolnly_ frei.bergile. Galena may also occeur as monomineralic bands. It has of;cn replaced
pyrile, and occasionally sphalerite, though it generally appears to have béch co-deposited with
the sphalerite. Though galena 1s not a silver bearing mineral it often contains blcbs‘ of
freibergite or other silver sulfides.

In weathered porlioﬁs of the veins galena has been extensively altered to cerussite and

little of the original galena remains.

Pyrite N

Pyrite is a relatively rare mineral in the Deer Trail veins. It occurs as small cubes up
to 3 mm across which are intergrown with pre-ore stage quartz, or as veinlets in ore stage
sphalerite. It is also present és'a f ractu_re‘ infill and as crustiform overgrowths assoc.ia{ed‘with
quartz, both of which were deposited during the post-ore stage. Early pyrite cubes are often
partially or completely replaced by iga‘lena and/or sphalerite and may only remain as rduhded
cores within grains of these ﬁvo minerals. | B

Chalcopyrite

This mi'ne‘r_al‘ is even rarer than pyrite and is closly as’so&ateﬂ with ’freibergite andA’
‘other silver sulf’ ides: It generally. occurs as rims between quartz and freibergite. or as inclusions
'w'it‘hin freibergite and gaieria. Very rarely it also occurs as late fracture f illi'ng 'veinléls within
: sphalerite‘énd-.galena. In weathe’fed zones all the chalcopyrite ha;; been altered to~ malachitc,.

‘and azurite.
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Opaque Minerals : Silver-Bearing

Silver in the Deer Trail veins is generally comaided in sulfosalt miner;ls. The
antimony and arsenic in these mincra as metals, not as replacements for sulfur as they
do in other mincrals. In sulfosalts from ;e .I)eer Trail veins antimony is by far the more

dominant of the two clements. The maximum arsenic content in anv of the sulfosalts is

approximately 3.0 wt.%. "

_ Tetrahedrite ((Fe.Cu),,Sb.S,;)

Freibergite ((Ag.Cu),,Sb.S,;

Freibergite is main silver-bearing mineral in the Deer Trail véiis. It is distributed
throughout the deposit” as blebs wifhin galena and sphalerite and as individual grains and
bodies associated with galena and medium brown sphalerite. It also occurs as monomineralic
bands in banded sections of : the vein, where it has sdmetimes been observed .to replace galena.

Microprobe analysis of the freibergite indicates that the As content is never greater
than 33 wt.%. Zn content inay reach dp, to 7.5 wt.% while the. Fe content is generall‘y' less
than 1.0 wt.%. The silver content is generally between 16 and 20 Wl‘.}%, thdugh two grains had
values of over 24 wt.%. As freibergite can only accomodate approximately 18 wt.% Ag imo its
lattice without distortion (Hurlbut and Klein 1977) these high values ma& refléct poor sample
pdlish_ or the presence of silver-rich ipc,lusion§. Table 4-1 shows the variations in element
content of several representative freibergite samples. ) L , .

In weathered sections of the vein the freibergite has been extensively altered to
‘malachxte and azurite. In one case the only remammg freibergne was in the forrn of tmy

heres 1 mm or less in dxameter wnthm a matrix of altered material. Weathermg of the"

i?»'-;"frexbergne had lowered the Cu contenL and raised the Sb, Ag and Zn content of the alteration . |
product, whnch may have'been the Zn-bearing equivalent of samsomte,,x.e., (Ag.ZnSb,S,) as

opposed to AgMnSb,S,. No mention of such a mineral has been found in the literature,

AN

5?'although Ramdhor (1980) does mention a 51m11ar weathermg phenomenon in f reibergite where

the f renbergne spheres were surrounded by)an unknown material.

P



36

ystu) u_u,Ewm s00d 133(ja1 oste &jqeqoid g7 f21ewixosdde

uey 131ea13 sanjes 3y ~sasejns Jdutes voﬁ_.,_oa {poud 4q pasned Ajgeqold d8uel gy [ F (070G Y 2pISINO swns feuiduuQ "M nc.o uey).ss¥’| = - --

17001 Ltt'8o 89 001 L 101 Bt L6 8166 9t 00t . h.o.ccﬁ 89°£01 wng _mc_‘wto
) Eo.._.‘

00°001 107001 86 66 66°66 66 66 20001 ot 107001 10°001 . voum_:u_muuﬁl

vz wun A4 ez X4 9T 8r b2 69°2C 6917 s

$9°0 §80 0v'0 16'0 81 8Ty . et w1 . /A" sV

8L19T 659 61 949 [Lvt 8¥ LT 1682 81°¢€ e qs

e : - : 8¢°0 L N

(1] vo'9 6L'9 099 . 'y Yy 19t * peL uz

6l'l (AN 65U Sv'o Lo'u €81 88,0 L6t 990 34

[ TAYA 61'vT 60'9C 91've vo €T 18°61 g 1T © sl oy 0T no

YA 006l 65791 Le6l L I174 958t sU8L ({1 44 (¢4 Iy 1M

'S

V'§ N Cuoyduyssay uny [Es) 19001 a4 wosj paqualj Jo

I-¢ Qe

sash[eue dqoidosdny w05y




Polybasite ((Ag.Cu),Sb,S,,) o
Polybasite is the second most abund#it silver mineral in the deposit and occurs as
blebs within freibergite or as individual grains up to 200um in diameter. Its elemental content

ranges between 69.7 and 73.5 wt.% Ag: 3.4 10 5.9 wt.% Cu; 040 2.3 wi.% As: 6.4 10 9.7 wi.%

\

Acanthite is present as separate grains or in the form of intergrown interlocking laths

z@“i‘;‘,‘_: ,
.l may contain up t0 5.0 wt.% Zn and 1.0 wt.% Cu, with

Sb: and 010 1.0 wt.% Zn.

Acanthite (Ag,S)

along with quartz.and freibegiee
lrgces of Fe. Acanthite is intimately associated with the/' other silver minerals and, like
' freibergite, has occasionally replaced galena.

Acanthite is also present in weathered vein material, both as a primary mineral and as
an alteration product of freibergite. The acanthite produced by weathering has a lower copper

and zinc content than does primary acanthite and occurs as rims around weathered freibergite
grains.

Stephanite (Ag,SbS,)

Stephanite is a minor silver phase whith occ/igs as small blebs within freibergite, or as

a separate phase associated with acanthite and fieibergite. It contains less than 0.5 wi.% Cu

and less than 1.0 wt.% Zn. . | ..
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Native Elements

Though very rare, nativevsilver 18 present in a few of the polished sections of vein
material. It occurs as tiny irregular masses in unaltered material and is closely associated with
acanthite. In altered material it o(ccurs as separate blebs ‘and as rims around altered freibergite,
and othersulfosalt. grains.

Native copper is rare and present only as rims around wc_a(hcrcd freibergite grains. It
1s often asseciated witl—a native silver. . ’

A single grain of native gold (electrum) was found in a polished section of weathered
vein méterial. Ii was hosted in an altered fréibergite matrix and may have becrn the product of
supergene enrichment. lts composition was approximately 65‘?1; gold, 30% silver and .5%

copper.
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C. PARAGENETIC SEQUENCE AND DISCUSSION -

An idealized paragenctic sequence of the formation the minerals of the Deer Trail vein

is given in Figure 4-1. Major mineral deposition is indicated by solid lines, while dashed lines

indicate the deposition of minor minerals. The diagram is intended to show only the relative
umng and importance of each mineral, not the absolule timing of events. Alteration products
of earlier species have been placed in the last column of the diagram, those labeled with a '*"

were not observed in this study but were listed in earliér reports and have been included for

the sake of completeness. ‘ o,
A\

The three stages of vein formation, defined by mineralogy ‘and form. are as follows:

\

A

\

\

1. Pre-ore stage ; saw the deposition of quartz, calcne\\,\ adularia and pyrite. Cock§¢omb

\
N

quartz crystals up to 10 cm in length are often presér\g along tt;&\: outer edges of the
vein. Approximately 15% of the total vein material wa;\ epositéd &m‘ng this stage,
which. probably represenls the first activity within the hyd&{nermal system. The lafge
size of the quartz crystals formed during this stage may mdxé%t\e Lhat deposmon of

material was slow and that faults were inactive, allowing the crystals to grow

§

undamaged. 4

k)

2. Ore stage ; was typified by the deposition ga;%gndam mllky quartz, sphalente and

galena, along with freibergite, other sulfosalt§ acanthlte “and minor chalcopynte

pyme, calcite and bante. Ore stage material occurs in three basic forms and teX%ures,

making up approximately 80% of the all‘vein material. :

»
L]
A

The first form is massive quartz with knots of sulfides suspended within it.

«.

and may contain small vugs, us;i'ally less than 0.3 mm :in diameter.

This-material is usually found in sections of the vein with widths greater than 1.0 m, -

-
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The second major form is intermixed quartz and sulfides in approximately

equal amounts. This material seems to be a mass of intergrown. plates of different

. mingrals with no continuous bands or mineral zones and is found throughout the vein

system.

*  The third major l\pc is banded vein rnatenal \\thh exhibits a crusuform
texture and _contains separate bands of qiuartz and sulfides. These bands may range
from fess than 1.0 ¢m 1o over 5.0» cm in width.  Sulfide bands» may be either

monomineralic or composed of intergrowths of sphalerite, galena and freibergite,

" which are in turn interlayered with quartz bands. This material is generally found in

sections of the veins which are less than 0.5 m wide, though it is also present in wider
sections. Although ore stage material shows distmct banding no deposmonal event or

band of the minerals was continuous throughout the vein system. It is.«therefore

] irn’possibie »to corfelate any band of sphalerite, for instance, with a corresponding band

in the other side df a stope and correlation within the ote stage is impossible.

Some fault motlon during this stage is indicated by the presence of breccras

.

_composed of wall rock and sulfide clasts, whrch have been cemented.- by laier vein

“a

' _material. Free-floating wall rock fragments within the vein also indicate fault activity.

3 .
LY
o

N —

' Post-ore stage ;. was a volumetncally minor stage in which quartz and pynte

overgrowths were deposrted on earlier- quartz and- sulfrdes Also dunng t.hlSe stage

fractures in earher material were filled with quartz, calcite and adularra “The post- ore

o .

stage deposrted only approximately 5% of the’ total vem ‘material.

It is 1mpossrble to discern how much time elapsed betwi:en the end: of one deposmonal

stage and the beginmng of anogher but it appears that the pre ore and ore stage represent a

contmuous deRosmonal sequence whrle post Ore ‘stage - matenal was deposited

time

- e




V. FLUID INCLUSION STUDIES

A. INTRODUCTION
| Fluid inclué_ions are present in nearly all crvsials déposilcd within a hvdrothermal
medium. During crystal growth minute droplets of the parent m}cdjum are Lrappcd within the
crystal, thus producing fluid inclusions. This trapping may occur through §evcral mechanisms,
including the capture of the parent fluid in sqrface irregularities and the healing of fluid-filled
fractures. Inclusions are generally less than 1 mm in diameter, with the majority of them in
the .001 - .01 mm range. They may contain a large variety of fluids dcpénding sglely upon
the compdsilion of the fluid from which the host was grown. Most inclusions are filled with a
saline brine raﬁging anywher_e from 0.1 té 50 wit.% NaCl equivalent (Roedder 1984);
fnclusions may also contain liquid or gés‘e'o;s CO,, liquid or gaseous hydrocarbons, nitrogen
‘ gas or any combination of these, as well as NaCl-, KCl-v, Mg(l,-, and CaCl, -brines. |
| Several assumptions must be made' if fluid- inclusion data are o be used in any

geothermonietn‘c. geobarometric or geochemical study. These are (Roedder 1979);

1. - The fluid trapped upon sealing of the inclusion was a singlé, .

homogenéous phase. l ’
n20 The cavity in which the fluid is trapped does not change in volume after sealing.
3. ' 'Nothing is added to or lost frpm the inclusion after sealing).x
4. Ttie effects of pressure‘ are insignificant or arekniov&n.

The origin of the inclusion is known. '

N

If these assumptions are valid a fluid inclusion. is, in effect, a time capsule which has |
preserved a sainple- of the host crystal's paremi_ﬂﬁid. As such it may provide many clues

about conditions during crystal growth, and the formation of any associated mineral deposit.
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Inclusion types und their recognition
Fluid inclusions may be trapped through several mechanisms, including physical
fracturing of the crystal during or after growth, chemical etching of the crystal, or simple
overgrowth of material around a droplet on the surface of the crystal. Three main divisions
\.Jare used in Lﬂhc classification of fluid inclusions.
‘ -

1. Primary Inclusions - Primary inclusions are trapped during initial crystal growth,
often along grain boundaries or in hopper-shaped faces. They are usually relatively
large and occur as ‘isolated sets or planar arrays outlining former crystal faces. Such ‘
inclusioris provide information about conditions during initial crystal growth. ’

2. Pseudo-secondary inclusions - These inclusions form during the healing of ‘cracks

- which develope during crystal growth. Pseudo-secondary inclusions generally occur as
curved arrays and may be difficult to distinguish from secondary‘ inclusions. If the
array terminates at a former growth face within the crystal, it is of pseude-secondary
origin. These inclusions, like primary inclusions, provide data concerning the

conditions and fluids present during initial crystal growth.
"3, Secondary inclusions - These, like pseudo -secondary inclusions, form during the
healing of fractures thhm the host crystal. %ey occur as curved arrays which reach
~the crystal surfaces, and transgress crystal boundarles mdrcaung that the fracture
formed after crystal growth was complete. Such mclusxons supply. mformanon about
conditions af ter the crystal was formed and are of little use in studies whose purpose

is'to determme prlmary deposmonal condmons

LN

. Roedder (1979) glves an exhaustive list of criteria Wthh may be used to 1denuf y and

segregate the three types of mclusxons

¢



Information available from fluid inclusion studies
Fluid- inclusion studies, such as heating and freezing tests. crushing tests and
miCToscopic examination of.daughler minerals, may provide important information concerning
conditions and [luids pfesenl during crystal growth,
Fluid Composition - Solvents, Solutes and Concentrations
( By finding the eutectic, or temperature of first melting, of the fluid in a brine-filled
inclusion the .nalure of the sélute in solution may be determined. The brine mayv contain
) NaCl, KCI, MgCl,, or CaCl,. each of which has its own unique cutectic. It may also contain a
mixture of two or more salts, thus making salinity and cé)mposilion delcrminaiions more
complex. )
| Freezing-point depression studies provide the {emperalure of final melting, or inital
freezing, which alldws the calculation’ of fluid salinity in wt.% NaCl equivalent. Freezing point
studies are also used to determine the presence of CO,, CH,, N, and other gaseous or liquid
substances.
Temperafur’e and ~Pfessure of Trapping
By heating the fluid iricluéion until it has homogenized to a single phase and applying
an approﬁria‘te pressure correction, the original‘ trapping temperature of the fluid may be
calculated. If the system was beiling at »the time of trapping no temperature. correction is
necesary. The determination of an ;ippropriate pressure correction is 6f ten difficult and very
flﬁids of different compres‘,sivbility buf trapped under identical conditions, are preseént.
Separate CO, and water (brine) inclusions are often used in this situation. They allow
the simﬁltahebus calcuiation of the tempera'ture and pressure at wh‘fch thé'inclusion was
trapped. The accuracy of this cal@ulation depends upoﬁ thé slope dif' ference between the CO,

and H,O isochors and the accuracy of fluid inclusion homogeniuition lemperature

determinations of the inclusion homog¢nization temperatures. ‘

i
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B. FLUID INCLUSIONS IN THE DEER TRAIL VEINS

Inclusions from the Madre vein (lower set) wer; studied along with inclusions from
the Elephant vein (upper ‘set)..Madre and Elephant veiﬁ inclusions are segregated in Lat;les
and diagrams but not in the text. Inclusions frbm both veins are generally small, rarely
exceeding 20 pm in diamcter. T.hc largest primary inclusions Ilound were 50-70 em ip diameter
and were hosted in light-colored sphalerite and this made it very dlfﬂcull to find inclusions
which were suxtab]e for lestmg As a result [he number of mclusxons studied, 49, was not
great. A

Three major types of inclusions were recognized in this study (Fig. 5-1). All vapor

data herein are given in volume percent at 23°C, the ambient laboratory temperature.

1. Simple liquid - rich brine inelusions: ‘ , !
‘a) Primary inclusions with 10-20% vapor.
b)'Pseudo-secondar); inclusions and secondary inclusions with 5-15% vapor.
c) Late secondary inclusions with 1-5% vépor (Formed after Lhe post-ore stage of
deposition). A .

2. Liquid - rich brine inclusions with up to 15 voluine% CO,, orup to 20 wt.%CO,.

These inclusions include primaries, pseudo-secondaries, and secondaries. The

CO,/H,0 ratio was variable within the system but is consistent within single arrays or

immiscible on cooling, producing two phase. inclusions from an originally

homogeneous fluid.

3 CO, inclusions with approxxmately 20% vapor

These inclusions are a stausucally mmor phase in the system Only two usable CO,' '

‘mclusxons were found, both from the upper vein. They are prxmary and were trapped

comc1demally with liquid- I'lCh (type 1) brine inclusions.

groups of inclusions. This indicates that CO, was dissolved in the brine and became



TYPE 1

TYPE 2

PSEUDO -
PRIMARY

[ VS | '
10 um

LATE SECOND-ARY

SECONDARY,
SECONDARY

PRIMARY

PSEUDO - SECONDARY
and SECONDARY

TYPE 3

LEGEND

-PRIMARY -

May be associated
with solid inclusion(s),

br Brine
v Vapor Bubble
lc -Liquid 002

All bubbles drawn as
seen at 23% C.

AII' inclusions three
‘dimensional except late
secondaries. These tend to
be in the form of very.
fltattened inclusions.

Types of fiuid inclusions in
Deer Trail Mine' vein material

FIG. 5-1
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C. TESTING METHODS AND RESULTS

Freezing Tests

All inclusions were examined usiné a Chaixmeca model VT2-120 heating- and
cooling-stage. Homogenization and salinity data are listed in Table 5-1.

Eutectic - The eutectic was measured by freezing the inclusion to approximately
-60°C, then allowing it 1o ‘'warm until most of the ice had rémelted. The inclusion was then
slowly cooled to allow water ice to f orm around the remaining ice nucleus. This concentrated
the salt from the original fluid into the remaining fluid and produced a hrine whose salinity
was high enough 'tomeas'ure the system's eutectic. The inclusion was then warmed at 0.3 to
0. 4°C/minute until the first melt (eutectic) was reached. Recogniztng this point was difficult
at times and the data are scattered from -21°C to -14°C. The main group falls between -21°C
and -18°C, which includes the eutectic for an NaCl solution at - 20 9°C.

The mrxed NaCl-KCl eutecnc is ,(22 9°C and the other mixed and pure salt eutectrcs
are well below this temperature Smce no eutectics below -21°C were observed all mclusrons

were assumed to contain pure NaCl brines + CO,. This holds true for all primary,

pseudo-secondary and secondary inclusions.

F reezin“g pqint depression - The degree of f reezing poiht depressron was determined hy
watming inclusions at 0.3 - 0.4°C per minute withih 10°C of tlie freezirrg point, until all solids’ |
had been melted. The freezing point (last melt).was more easily recognized thah the‘ eutectic
as it was of ten signaled by an abrur)t rounding of the vapor bubble. | | |

-

Ina srmple NaCl-H,0 system the freezmg point. is controlled only by the sahmty of

o the fluid. The higher the salinity of the flurd the greater the degree of freezmg point

depressron Knowmg the f reezmg pomt of a fluid allows the calculatron of its salinity by the" .

equatron

FP = 581855 ws + 3.48896 x 10" ws™ + 4,314 x 10 ws® (Potter er al. 1978).
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Where: ,
FP = Freezing point depression in degrees C

ws = the salinity of the fluid in wt.% NaCl equivalent.

. 4
This relatively simple relationship does not apply in the case of saturated or

ncar-saluréled brines. Cooling such a brine will result in the formation of NaCl-iH{O
(hydrohalite). Any inc]‘usion°containing hydrohalite will not melt complete.l_v until it has been
‘warmed to -0.1°C. thus making it tmpossible o calculate salinity" through this"method. No
. hydrohalite was detected in any of the inclusfons used in this study.

As stated above, this method is oﬁly applicable 19 a pure }jlaCl-H,(j system.
Calculalcci salinities for tyl;e 1 and 2 inclusions which contained no visible CO, and exhibited
np clathrate formation are listed in Table 5-1. The values range from approximately 1.0 to 1.5 |
wt.% for late secondary inclusions,” and between approximately 4.5 and 8.5 wt.% NaCl

equivalent for primary and pseudo-secondary inclusions from pre-ore and ore stage

inclusions.

Fluid i\nclusions from the Deer Trail veins, however, did not generally contain pure
Na(Cl bﬁnes. CO, was found in nearly.70% of the inclusions, either by direct observatibn of a
I. separate liquid CO, phase or through detection of the CO, clathrate. This clathra[é,
CO,(5.75)H,0, forrri_s upon cooling of inclilsioqs containing both CO, and brine, usually» at
about -30°C (Collins 1979). During clathrate f ormation CO, molecules are trapped within an
H,0 lattice. No- salt ions are tolerated within the clathrate matrix so ‘a-ny resi;iual brine has a -
- higner salinity than that 6f the original fluid. For exaxhple: An inclusion containing-a brine
with 5 mole% CO, and 10 wt.% NaCl will, upon formation of the CO; clathrate, contdin a_ |
residual brine with.14.9 wt.% NaCl, i.e., an increase in salinity of almost 50% (Collins 1979 ;

Wenquist and Henlév 1985).
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Though Such a high CO. content is unlikely to occur in natural fluid inclusion brines
at room temperature or below, Malinin and Kurovskava (1975) estimate that up to 2 mole%
CO. may be present in 5-6wt.% NaCl brines at 25°C and 50 bars. If these data arc correct,
freezing point depression measurements on such inclusions would indicate salinities of 15-25%

higher than was acluﬁh‘}' the case (Collins 1979).

As) long as a brine is CO, saturated. the degree of freezing point depression s
independant of the percentage of liquid CO, within the inclusion. Only the CO. in s;olunon
takes part in clathrate formatioy and no appreciable CO, goes into solution after the clathrate
has forrired, possibly because the clathrate acts as a barrier to the remaining CO, (Collins
1979). Formation of the CO, clathrate is to be expected in all inclusions containing water
(brine) ;md CO,. Detection of the CO, clathrate can be very difficult, especially in small
inclusions with no daughter crystals. No direct ot;seryation of the clathrate was made during
this study, but its presence was detected by a slight shift of the vapor bubble upon final
melting qf many of the type 1 and 2 inclusions, Thé vapor bubble shift and associated
smoothing of the bubble merris,cgs, generally took place between 5.5°C and 8°C (Table 5-1).

The salinity of a CO, rich inclusion cénnot be determined by simple freezing point
depression measurements of ice. If the incluéion contains separate liquid CO,, gaseous CO;
-and brine phases, however: the brine salinity ‘may be estimated by measuring the freezing
point bf the CO, cl-ath;ate. This is possible because the clathrate freezing ‘poirit. like that of
ice, is gepressed with increasing s'alinity (Fig. 5-2). Knowing the degree of freezing‘ point

. dé%%s%on of ‘the clathrate and using the 'upper liqe of Figure 5-3, allows a graphiqal

- F A . . .
determination of the NaCl content o the brine at the time of melting, i.e., the salinity of the

© fluid, not the residual brine (Collins 1979). In cases where such a salinity determination was
possible they ranged from 4 to 8 wt.% NaCl equivalent, with the majority at approximétcly‘S

‘wt.% NaCl equivalent.
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Salinities ~alculated from the freczing point depression of ice were, ds mentioned
above, between 4.5 and 8.5 wi.% NaCl equivalent, quite comparable to those found by
clathrate freezing point depression measurements. Over-all\ﬂuid salinities for each stage of

vein formation were:

Pre-orc Stage fluids - approximately 6.5-8.5 wt.% NaCl equivalent.
<

" Ore stage fluids - approximately 4-7.5 wt.% NaCl equivalent.

Post~ore stage huids - aﬁroximalely ‘ NaCl equivalent.

Heating Tests - homogenig’aﬁon
Al ""? ..
All homogenization temperatures are shown in Figure 5-4a and 5-4b. These values are

N a

not pressure corrected.

Homogenization tests were done in order to find the minimum trapping temperature

. < - :
of .the inclusions. Measured homogenization temperatures equal actual trapping temperatures .

5

only if the fluid was boiling at the time of -trapping. If the fluid was not boiling, as was the
case in this study, a temperature correction for pressure must be- applied. to the

= homogenization temperature to find the.actual temperature of trapping. ;o

s

Uncorrected homogenization temperatures range from 298°C, for a pre-ore stage

primary brine inclusidn in quartz, to 24.3°C for a pre-ore stage primary C\O2 inclusion, also in

quartz The lowest homogenization temperature for a brine-filled inclusion was found m a

late stage secondary, measured at 120°C.

\

Homogemzauon‘temperatures for the primary fluid Inclusions in ore stage vein
materral fell between 160°C and 245°C Only three pnmary inclusions had homogemzatlon

temperatures of 0ver 250°C and only two below 150°C. All of the high temperature inclusions

‘were hosted in pre-ore stage quartz and homogemzed at 279°C, 285°C, and 297"C The low

tcmperaturc mc]usrons homogemzmg at 142°C and 144°C were in post-ore stage mate rial and

probabh represen\t the begmmng of the post ore stage of vein formation.

°

P

QO
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Pseudo-secondary inclusions homogenized at temperatures ranging from approximatcly
150°C 10 234°C, reflecting the greater part of the temperature range seen by lhlc s_\"slcm duning
lh’e ore stage. The pseudo-secondary inclusions which homogenized at approximately 230“(‘ or
higher probably represent lhle beginning of the ore stage of vein formation.

A largcrgroup ol secondaries homogenized at 120°C 1o 135°C. These may have been
formed by a late stage event, such as fraclu:in‘g caused by renewed fault motion, which was

unrelated to the main depositional sequence.

The only CO, inclusions found homogenized at 24.3°C and 24.4°C and contained no
detectable water, either as water ice or as -a clathrate. They occurred with three brine

'

inclusions which contained no detectable CO,, had salinities of 7-8 wt.% NaC_lOequivalcnl and
homogenized'at an average of. 203°C. Both the CO, and brine inclusions were primary and, as
they were found in the same quartz crystal chip, presumably formed under very similar or

identical conditions.

Crushing ’Stage»

Crushing of pre-ore stage quartz in immersion oil revealed the.presence .of high
‘piessur'e inclusions. Crushing this same material in a BaCl, solution indicated t?mal the
inclusions were domiriant]y water f illed. but that some contained z;ppreciable amoun&s of CO,,
as was found in microscopic examination ._of the 'inclusions. Ore stage and post-ére stagev'

material-contained no high - pressure-inclusions.
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D. INTERPRETATION AND DATA CORRECTIONS
‘The set of brine filled pre-ore stage primary inclusions which homogenized at an
| average of 203°C were associaled with two separale. Co; inclusions, which homogenized at
-approximately 24.3°C. When used together in the Kalvuzhnyi and Kolten (1953), crossing CO,
and” brinc isochors, mcthod of geobarometry/geothermometry, a coincident trapping
'lempcrature of 273°C at 975 bars is indicated (Frg.ﬁ_ﬁ_i)_. This result is valid if the CO, and
brine were lrapped at the same pressure and temperature and the inclusions comeined pure, or
nearly so, water and CO,. This seems rather unlikely considering the miscibility of water and
CO,; at elevalcd lemperatures, lhough freezing tests seemed to indicete that the inclusion sets
were relatively free of mé other component. The NaCl in the water may be partly responsible
for this in that any salt in solution markedly reduces the miscibility of CO,v in that solution.

"€

O

Repeal‘ iests of homogenization temperatures varied by a maximum of i4‘;C. This
w’/ariation produces a 2.5 to +3.5 bar change in the calculated trapping pressure. Saliriity.
'variatiqns of + 10 wt.% NaCl.would change the-»pressure value by 9:7 bars at 300°C, or £3
bars at 250°C. Repeat salinity determinations indicated an accuracy of +2 wli% NaCl, so
salinity errors probably resulted in only a” +1 to +2 bar error. Other salts in the solution
whave a neghgable effect on the results as they behave in a manner very s1m11ar to pure NaCl
in solution (Roedder 1984). If a total combined error of ilO% is assumed, the possible range
of coincident trappmg pressures and temperatures are 9751100 bars and 273+25°C
respectively. This range is mdlcated by the dashed crrcle in Frg 5-5. This pressure regrme is
)}treme and indicates thar vein formation took place at some considerable dep&h. ,
The callculated_’temperature ef trapping correlates. with the 279°C to 297°C range of
homogenizau'on temperaiures feund for pre-ore stage primary i.nclusiOns implying that the-

temperature correction for pressure whrch is requrred for the flurd inclusion homogemzanon

temperalures is small.

. . - L4
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by

Minimum pressure during the pre-ore stage may be eotimaled from‘fluid inclusiorf
homogenization data. The maximum homogenization lemperature measured for a primary
inclusion, containing an 8§ wt.% equivalent brine, -was 297°C. No evidence o/f boiling was
found in this or any other sxage‘ of vein development. Pressure at the time of trapping must
therefore have exceeded the vapor pressure of the fluid at the temperature of trapping. Haas
(1976) constructed several steam tables for NaCl-H,O solutions of varying salinities and f rom
these the vapor pressure at any givon temperature may ‘be found. The vapor preésure of an §
wi.% N#Zl solution beiling 'al 297°C is approximately 80 bars so that was the minimum
pressure during the pre-ore stage of vein.formation. Barring pressure surges or drastic
changes in fluid density or in overburden thickness, this minimum pressure is probébly

applicable to all stages of vein formation.

The minimum oress_ure of 80 bars is just ihat, a minimum pressure. The mioimum
trapping pressure required to produce a fluid inclusion with approximately 4 mole% CO, at
room temperature is-about 500 bars (Gehrig 1979). Thus, vein formation bpfobably took place
at a pressure between 500 ;mq 1000 bars. The formation. of inclusions at such pressures,
wuhout invoking ap overpressuré situation, I'CC]UIICS a formation depth of at least 2 km at
lithostatic loads or over 5 /km at hydrostauc loads if a water density of of 1 g/mL is
assumed, Crushmg stage expenmems which indicate th\e presence of high pressuro inclusions
/in the pre- ore stage quartz and a lack of such mclusxons in ore stage. and- post ore stage
mat.enal, may ‘be explained because if the CO, content of an mclusxon is low, as it was in ore
stage and later inclusions, Lhe coefflcxent of expansxon of the fluid is quite small S0 no

.1‘;;.

* dramatic bubble expansxon will occur on crus’hmg

.
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‘ Pc;ller (1977) pk)duced graphs of the temperature corrections for pressure which must
be applied to inclusions of given salinities which were lrépped at various pressures. These
.gfaphs apply only’to the pure NaCl'~H;‘O system and are thus not directly applicable to most -
of the inclusions used in this study, as they contain CO,. The graphs show that, for 2 5 w1.%
NaCl equivelant solution, at 'préssur% less than 40 MPa (400 bars) and homogenization
temperatures above 200°C, the necessary temperature corrections arc generally less than
+30°C. In general, the higher the temperature of trapping. the smaller the lemperature
correction will be. )

The temperature correction for pressure for Lﬁis ‘studies inclusions may thus be in lh-e-
flO to +30°C range however, sit}ce it is impossible to accurately délerrﬁine its true value, it
fﬂust be ignored. Homogénizalion'temg;era[ures are thus assumed lo’appfoximale the lrappiné

temperature, except in the case of inclusions in the CO,/brine set, for which an estimate of

the temperature correction for pressure may be made.

@j\gerall homogenization 'temperatures ana salinities for the uppef and lovycr vein
inclusions are very similar, making it possible to treat all data as a single gréhp. Figure 5-6a
shows the combined results of homogeﬁimtion tests <6I§1 both the upper and fower vein
" inclusions. The lower part of the diagzam (Fig. 5-6b) shows thg temperature ranges for ‘the

» : i3 . -~
three main stages of vein formation. -
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E. CONCLUSIONS
The Deer Trail veins were formed within a hydrothermal system which cooled from a
maximum temperaturé of approximately 300°C to less than 150°C. The hydrorhcrmallﬂuids
had a variable CQ; comem,ﬁ'hich seems 1o have been highest in the pre-ore and carly ore
sLagé’s. The CO, content fell during the ore stage and was probably negligable by the post-ore
stage. This may reflect the contribution of CO; to the system by reactions taking place in the
iparbona[e host rocks as e result of lheir thermal metamorphism by the intruding batholith. As
& bartholilh cooled: the rate of COQproduction dropped. resulling in a declinc of the fluids
* CO,; content.

k]

Fluid salinity had a maximum value of about § wi.% NaCl equivalent during the

\

pre-ore stage and fell with time; the salt in solution seems 10 have been, nearly pure NaCl.

Salinitysvalues and high pressures similar to those noted in this'deposit have been reported for
other deposits. Salinities were in the 8 to 12 wi.% NaCl equivalent range and preésures
reached up to 1 Kbar in the early stages of formation of the tin- tungsten deposrls’f :
Pan}squeu'a Portuga1 (Kelly and Rye 1979). Many other base metal dominated deposus also

’

seem to have formed at pressures above 400 bars. ‘ N

-Post-ore stage ﬂurds seem- to have had lower salinities than -the thc ore stage fluids,
only approxrmately 3 wt.% NaCl equrvalem and post-ore stage mclusrons homogemzed at
only 140‘°C to 150°C, much cooler than the other two sjgges. Very late stage seco‘ndary fluid
rncl_usions homogenized at approximately 120'°C to 13Q§ These irrclusidns fdrmed af ter the
B post ore stage and may have been caused by the fracturing of quﬁrtz and ot mj rals ’aﬂs a
-result of renewed fault motion. They are probably unrelated to the actual formation of the

» | .

veins. ﬁ L _ o :
Q . i ' - I

o2
e



VI. OXYGEN AND HY DRO(,F ISOTOPE ST UDIES
BN

A. INTRODUCI-'ION TO OXYGEN AND HYDROGEN KSOTOPES

Thre‘e stable isotopes Qf oxygen exist in na(ufe: (., 99.765%:; 'O, 0.039%; and *O.
0.205%. The abundance and relatively large mass difference between '°O and **O make them
the most suitable pair for use‘ in oxygen isotope studies. Only 1wo stable isotopes of hydrogen
exist: 'H, 99.985% and 'H (deuterium, D‘); 0.015%. The standard for oxygen and hydrogen
.isotope work is SMOW, or Standard Mean Ocean Water, whose §'*O and 8D values arc both
defined as 0%, (Craig 1961). T};e relative 'O enrichment in parts per thousand of any

~

material with respect to the standard is calculated by the equation:

. A ’ X N
6"'O%csample = [{ (**O/'*O)sample / (*O/**O)standard } -1 ] x 1000 - /

The baavio\u,r of oxygen isotopes and hydrogen isotopes, like those of sulfur, depends
upon the temperature at which a reaction takes place; the lower‘ Lhe temﬁerature the grealerb
the varia;ion in their behaviour or fractionation. An example of low temperature oxygen and
hydrogen fractionation is the variation in the §*O value of rainwater. Water vapor in the
atmosphere uadergoes progressive condensation f ractionation as it moves inland, thus coastal
rain is isotopically similar to SMOW, while that which falls inland is »s~ig:nifi'cantly depleted in
40 and D. |

Minerals also show variationa in their §**O values, though the variation is usually not

as extreme as that seen in meteoric water. (The 6§D values of minerals .are useful only in cases

‘where the mineral contams sxgmfncant amoums of chem:cally bound water )

aliow a mineral will have a 6“0 value whxch is in equlhbnum with

This equilxbnum or degree of oxygen isotope'fractionati ) is depen ent - upon the

‘ Lemperature of formation of ‘the mmeral Quartz, for exam le, is always enri ed in “O with
respecl to lts parent fluid and the lower the temperature of formation the greater the degree
N
of enr:chmem Thns ennchment at equilibrium, may be calculated using the equauon T~

65
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)

1000na ="3.38(10°T *) - 3.40 (Clayton and O'neil 1972)

\hcre : '

1000Mma = 6''O(quartz) - 8'*O(fluid)

It

T = the lerﬁpcrature of formation in dcgrecs‘Kelvin.
For calate the equation is; 1000/na = 2.78('1()"T ') - 2.89 (Botunga and Javoy 1973)
I-'rom‘ the above discussion it follows that if cither the temperature of deposition of a
mineral or the degree of oxygen fractionation between the parent fluid and mineral arc
known, the other mav be-calculaled_ In geological studies the parent fluid is generally

unavailable for study, thus the §"°O values of minerals deposited at known temperatures arc

used to calculate the 6"*O value of the parent fluid. The most reliable method of determining

{

the depositionalgtemperature of these minerals is by testing their fluid inclusions, as was done
in this. study.

.,

Four main types of water are involved in the formation of ore deposits, namely :

®

1. Meteoric water . . N

'

The 6O values of meteoric waléTs 11e bétween approxxmalely 0%, and

- .

| 25/.m (lower in Aﬁ and Antarctic precxpuauon and  ice sheets) The 8D values

range frqm approxnnately 0%, to -200%, or lower, again in high lautude preclpnauon

. - and the polar ice sheets (Taylor 1974) The 8D and §"O values of meteorlc walers are
related by the equan'on ; 8D%, = 88"'Q% + 10%,. iny very slight variations from

’this 'meteoric water I'ine' have been observed in nature. |

Meteoric waters trapped in rocks for great -lengths of ume may, through

1sotop1c exchange with the rocks and salinity increases, become what are referred lo as

‘connate’ waters. The 8§D values of these connate waters Temain eesentxally unaltered,

as there are relatively few H-bearingminerals available for exchange Slight fncrcascs

in the 8D values of thcse waters may occur as a result of low tcmpcralurc cvaporatmn

in hot spring type envnonmems .



i

N

The average 6'*O and 8D values of SMOW (Standard Mean Ocean /after)

QOcean water

defined as 0%, bui oceanic §'O values may vary between about 7"/00 in high;’»
evaporitic arcas like the Red Sea, and -1%, in areas with high me'luxes of meteoric

-waler such as the Arcuc ocean. Similarly, 6D values may reach 11Y%, in evaporitic

areas and fall to less than 0%, in the Arctic oceam (Taylor 1979). The isotopic

composition of the oceans has probably remained duite close to its present value for
the last 150 Ma (Taylor 1979), and probably throughout most of its history, at leaSt
. during the time‘that spreading ridges have been-ac ive. The 8O value seems to be
j buffered at approximately 0%, by water/rock reactions which take place at and around
these spreading ridges (Muehlenbachs and Clayton 1972). Variat")ns in the oceans
isotopic composiltion may have occurred as a result of the growﬁi a_nd retreat of
glaciers, and from changes in mid-ocean ridge activity levels.
Ocean water, like meteoric water, may be trapped,ih sediments and become
connate water. Oceanic/and meteoric connate waters may be distinguished by .their 6D

values, and sometlmes by their 6"0 values dependmg upon the degree of oxygen

exchange Wh]Ch has taken place between the fluid and the wall rock.

7‘/

Amorphlc water .

Metamorphic water is -produced by the breakdowii of hydrohs minerals at
elevated temperatures and pressures during regional metamorphism and rarely, if ever,
makes its way to the surface. Thus, all isotope values ‘must be cal'culated' fron_i'the
isotopé values of metamorphic. mine/titls. The 60 value of .metamorphic water
probably ranges from 5%, t0 25%,, ref‘lectmg the fact that the flurds are derived from
many different types of source rocks with widely varying 6“0 values Metamorphosed

: sediments, espcctallv carbonates, tend to producewa‘ters with high 6“‘0 values “while
metamorphosed volcanics - and greywackes produce waters at the lower end of the

\
scale. The 86D values of metamorphic walers range from approximately 20"/oo to

e
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R
-65%,. N
Metamorphic water is probably also” produced during fﬁermal metamorphism
< .
of sediments. especially shales. during igneous intrusive events, though the volumc
would be much less than that produced during regional mela-morphism. Theit very »

, .
similar 8D values may indicate that primary magmalic walcrs afe sometunes

incorporated into metamorphic fluids.

Primary Magmatic water ' ﬁ;:’ «

Primary magmatic waters seem to have a narrow range of &0 values from
approximately 5%, 10 10%,. and a 8D value range from:-50%, 10 A8=5°/00_ It is dif Ticuly,
if not impossible, to get a sample of pure magmatic water from which o determine
the 6D and 'O values directly and the fluid isotope f&lucs must again b/e calculated
from the 8D and “"O’) values of associated miﬁerals. '

< A

Interestingly, the 6D range of -50%, t0 -85%, correiRs closely with that of
normal OH-bearing auemc minerals deposned in eqmllbrxum with ocean ' waler.
Taylor (1979) proposed a theory Wthh may explain why this is so: When oceanic
sedlmem?comammg OH -bearing mmerals are carried down along subducuon zones,
‘they undergo pamal meltmg and/ dehydratxon. Water released from the hydrous
minerals is added to the pre exxsung magma along with the new melt. As most
magmas contam relatively httle water, the addition of the newly released water wxll
ﬂ have a large influence, and may in fact be the controlling factor, on the compOS_ilion'

of the magmatic fluids. Such magmatic fluids should th\l;e’l}ad the "0 values-of

the original authogenic minerals, as appears to bt the case

ot



the calculation ofsthe 5*0 value of the originai fluid, though this calculated value may not /},{

- unequivocally identify the source of this fluid. ‘ ' ,

. 69 ~ 7N

In any geothermal system one* or more of these types of waters may make up the ’ j

h_\;drothermal fluid. Siudying the 8*O values of mincrals deposited in such a system'allows ‘z

4 f
If the fluid was unfeacied meteoric or ocean water, the §'*0 values would identifv it

as such, being some value below 0%,, or approximately equal to 0%, respectively. However, oL

‘-

fl'uids in such syste«ins often- undergo oxygen exchange with the wall .rocks or mixing \‘*Ii[h o
-

other fluids, which® “alters thexr original 6”0 values. Reaction - w1th wall rock _will generally

raise the fluid s-Q“C{ﬁ vaiue and in these ¢ cases the 8D value of the water may be of great

N

. assistance in idemifg'mg the’ Iype or types of ‘water- present in the hydrothermal fluid. An

1
cxample of “such oxygen exchanie’ is found in the. Salton Sea of‘ California, -where metéonc
Ve

.

. waler held in a reservoir of delaic sedxmems has ﬁndergone an 6”0 shnf t of approximately

‘ posmve 15%,. Even larger changes may be expected in fluxds wh’xch pass through hxghly

reacuve carbonate sednments Mixing, altemately, will produce a- flund w1th a 6“0 and 6D

Value someWhere 'between the twod ongmal values Both of these processes make the source of
i , 0 :_4; ’”'. X
the fluid much morc dlffxcult o determine. IR




\
B. OXYGEN ISOTOPLE STUDY

Method
Eleven samples of quartz frOmQall three stages of vein formation, along with two
post-ore stage calciles, a very late calcite, and three aligred carbonate wall rock samples, were

analyked to determine their §'*O values.

-

A\l samples were hand crushed to approximately -100 mesh. Quartz samples were then

leachedin aqua regia for 24 hours to remove all soluble foreign mattet; particularly any

carbonates. The clean samples were then reacted with bromine pentafluoride, BrF,. for 12 .

hours at approximately 650°C. All derived oxygen was frozen.out and reacted with a platinum

treated carbon rod at ‘approximately 850°C to produce CO, gas. This CO, was analysed by

. v .
mass spectrometry to determine-its §'*O value. Carbonates were used 'as is' because only the

4 .

mineral_ of interest reacted with the acid over the leaching times used. Calcite and dolomite
. ‘ - T e

were reagted with phosphoric acid for 1.5 to 2.5 hours and one week respectively, The evolved

- . . . i s ,
CO2 was analysed by mass spectrometry to determine the 6“0value of the sample§ All

K
€«

.. @:.lyses were performed in Dr K. Muehlenbachs laboratory in the geology department at the

Analytical Results ) | ' - .

..results are 1ven in Table 6- 2. - | ‘

versrty of Alberta, by Mrs Toth

. «l'
€ raw quartz analyses results are given. in Table 6- 1 while raw, carbonate analyses

- - !

All 10 pre-ore and ore stage quartz sample's had 6“0 (SMOW) Values between 16%‘J

- is- probably« HUL & eomcrdence as they were deposned at- similar temperatures probably by‘

~srmtlar fluids. The two. post ore stage calcrte samples and one post- ore stage quartz sample

and 19%0 The fact that pre-ore and ore. stage quartz samples all had. very snmtlar 861’0 values fris -

had 6”0 values of bet ween 11%; and 14%(,, while the very late calute sample had a 6”0 valuc E

v

. ‘of 16%o All wah mck callrte and dol’omlte 510 values ranged between 14%0 and 16%(,

e

L
]
Np
4'\»
-
4
-
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O '
" . Tow calculate the 8O value of the parent fluid of each stage, the temperature of

deposition of the quartz or calcite analyscd° must be known. Fluid inclusion studies indicate

that thesc temperatures, or rather range of possible lemperatures, are;

Pre-ore ; 300°C 10 250°C
re ; 250°C to 150°C
¥ Post-ore ; 150°C to 120°C

Very late calcite ; 20°C to S0°C (assumed)

Using the high and low temperatures of de.position of each quartz/calcite sample, and

knowing the degree'of oxygen fractionation between a fluid and the deposited mineral at any
_ given _temperature (Clayton-and O'neil 1972; Bottinga antlfﬁﬁ')ﬁ};’l;n) allowed the
ealculationv of the maximurp‘ and n'ti'nirnum 8§10 values of the par,entl fluid of ‘a.t;h sampler
These values are listed in Tables 6-1 and 6-2. . " . o B R . :

| The mean 8O values. of the parent ﬂurd f each sample are plotted along the
abscrssa o&Frgure 6- 1 The mean §'*O values for the pre -0re, ore, ar:d post -0Te stage ﬂutds.
form three separate and dlstmcl groups, though thetr error ranges do show some overlap
B 5 e:kpcrally in the case of the ore and pre-ore stage flurds ~ ' ‘
": "~ Pre- ore stage fluxds had a possrble range of 6"0 values from 8%, 1o 11%o Thts range‘ .
hes wrthm the f 1elds of ‘both’ pnmary magmatic water and of metamorphrc waters. Because of
| thetr’glmge range “of possrble formatron temperatures ore stage flurcl 50 values may have
ranged ‘between O"/.,u and 10%s. parttally wrthrn the frelds of primary. magmattc water
. metan Eé phro water meteonc water and ocean water Post- ore stage flulds had a total possrble -

' 6“0 value range ol‘ 0%, to -5%0, and the very late calcite paretﬁ fluids had §"O values of .

f,- ately -11%,, both lie below the fields of pnmary magmatrc waters and -miust

4 have been dommantly meteorrc waters

Yy

& ln the- cases of the post-ore stage l'lutds and the very late calcite the 60 values are

sul"f‘icrew to defme the type of water which made up the hydrothermal fluld Determxnatxon'
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of the 6D values of fluids in fluid inclusions from ‘both. pre-ote and ore stage material may . -

also allow the identification of these waters. * - ) _ -

~
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C. HYDROGEN ISOTOPE STUDY

NES

Four ore stage sphalerite. two poSl-orc stage calcitc and nine pre-ore and ore stage,
quartz samiples were used.in this study. Two methods of collecting water from fluid inclusions

RS

were used;

s . L [}
. 1. ~l’hysical crushing of the‘.samolc ’under vacuum at approximalcl)' 80°C.
2. Heating induced: decrepitation ‘at, 300°C and'ZdO, undey vacuum.°C

»

“Of these the decrepitation method -was found to give better water Yyields agd sample
‘ m . . : ) » I
control. (See Appendix): ' oo :

o v e ‘..’ ‘ ,

‘Water collected by both methods*was passed over uranium metal which was heated to’
approximately 800°C, resulting in'the pro&uctioﬁ of:‘clean hydrogen gas This gas was collectcd

and analysed by mass spectrometry to determme its D/H ratio, and thus the D/H rauo of the

mclusron water. Errors for 6D values -were determined to be :t4/w f.rom rcpeat -

L e S -

T e measurements The errors ‘are showu as error bars in frgure 6-1, as are the possxble ranges of -

5“0 values Errors for the 6"0 values cover a2 sngma ran,ge of the total poss:ble rang‘

values calculated for each sample;n e., 1%., for pre ore values 13%0 for ore values and -

il 5/0., in t@@case of post or¢. sample values.‘ . B e

All analyses were performed by the author m Dr ‘John Grays laborator} in _th‘ee )

Umversrty of Alberta physrcs department

A
’




_ analysed samples ‘s

Analytical Results

ranges (Table 6-3).

7
The flirst group contains the parent fluids of three early ore stage sphalerite samples
and one carly| ore sl-agc quartz sammple. Their 8D values l’all between -89 and -111%, and are

ploued on 1he 'Y axis of Fig. 6-1 as no calculated or measured 6'*0 values were avaxlable for

2

The thud 8 oup is composed of the flurds from - the secondary mclusxons of all

values rangeo from 137 to 1-52%., wrth the mam range centered at

approximately -140%o Thls group shows sxgmflcant overlap ont0° the 5D values of he second

' gréup, mdlcatmg that| the flulds Wthh deposited the pre ore most of- the ore and the

';-post -ore matenal were ery sxmllar to those found in the secondary mclhsxons of all samples

All measured values fall into one of three groups, two of which have very similar §D

e |
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. L All 8D values are equal to or less than -89%.(SMOW) indicating that the

4

h)d?otﬁermalﬂurd was *dominated at all times by ‘meteorie-water. Pre-ore stage parent ﬂu‘rds

4

S of belween -128"/00 and -134%, mdrcalmg wrrhm error limits. a smglc flurd

ha'd 61)*
The calcu aled parent fluld 6”0 values however, do not. COrrespond 0 th oD valucs il initial

/5D/6”O ratios are assumed to have been those of meteoric water. This may be the rcsull of

an increase in the 6“0 value of the ﬂurd probably caused b\ oxygen exchange berween the
flurdﬁa,ég' the wall rock ‘at eleyated temperatures. The degree to which the 6“0 value of the
fluid WH:S raised.ma)' be calculaled. With a 6D value of -130%, the equilitfium 6O value is
-17.5%e. A;s the 80O value ';c'alculared from oxygen analyses ofv the host quartz is
approximafely 10%,, rhe §'*O value of the fluid must have been raised by ncarly 27%,. This is

a very large change but it may be Teasonable as the water was hot, approximately 300°C, and

exchamging with very reactive carbonate rocks which had very high initial, 20%, 10 25%,. 80,
"¢ I ! ..

- p , /

values. ‘ ' : y

L

Analysis‘ of calcite and .dolomite in altered wallrock from the Deer Trail mine shows -

- that calgite now has 6''O values between 14%, and 15%, and dolomite has 8'*O values between "

15%. and 1§%,. ) ' : g S
As fnentioned above rhe 6D v‘alues of the 6re stage ﬂurds range from -89 1o’ 143%,,

The paren'_ fluids of early ore stage sphalente and quarjz make up rhe part of the group f rom "

-89 10 -1-11%0\. These. values mdrcate»rhat the ﬂurd was not. pure meteorrc water, assuming

»

.thar pure meteorrc water had a 6D value of approxrmately =130 to 135%\0... and thar aD rrch

fluid, 5uch as p&mary magmarrc water or rhermal metamorphrc ‘waler, was mrxed with the

*meteorrc water These valueS‘ may also mdrcare very low water/rock ratros and progresswe

[ . -

B equrlrbrauon of meteorrc waters wrth the Loon Lake batholrrh

v .
The parent flurds of later ore srage quarrz anq sphalerrre had D values of berween .z

B 112 and 143%0, md)catmg that the fluid wag probabl\ nearlv pure mcrecnc walter. Accordmg

/»/

o4the calculated parent fluid 5“0 values this fluid had also undergonr )xygen exchange wrth

Jhe wall rocks whrch rarsed its 610 value by approxrmarely 23%0
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Fluid from the one post-ore stage calcite tested had a 8§D value of -139%,, again ‘

indicating meieoric water. The calculated §'*O value of the parent fluid 1s -1%,. indicating
that‘ the fluid had undergone oxygen exchang( 'Lh?he wall ,.rocks, this time rnising its §*O
value by approximately 17%,. The pareﬁ]{mif'the ve‘ry late calcite h{ma a 6D vaiue of
-127%, and a calcuialed 8O value of -11%, so ils 6*O value was l'raised by .6”/‘:(.7A'Fluids from
all secondary inclusions have 8§D values which are compatable with meteoric waler.

Ot

All samf)les for which both 8D and 8O values are available fall within the narrow

.

8D range of -127 to -143%,. While there is.a slight §eparag0n' between the §D. values of the
v - / N -

parent fluids of the pre-ore and ore stage mine;als. the error bars o‘f_, these two grouns + as
well as those of the post-ore and ve,ry“(late calcite - overlap, and may thus represent a single
‘6D valne. ‘Alternatively, the pre-ore stage fluids mmay actually have had a slightly higne; 6D
: inue than the ore stage fluids, possibly reﬂeaing a change in the éﬁ vaiue of the areas rain
twater with time. 8D variations within the perent fluid may have been caused by low
‘lemp.erature vevaporalion. fluid mixing or by incomplete separation of the primary and
sec‘onda_ry‘ﬂuids during decrepitatien. This seems to be the case as secondary ﬂuid 8D values
generally fall on, or slightly below, the main renge of tne primary fluids |
The 6"0 valnes of v,these«samples range from -11%0 t0 - 10%,. probably; reflecting
,varymg degrees of oxygen exchange with varying t&mperaturc resxdence time " and water to
'rock ratios. If this is the case a line drawn at the average 6D 'value, approxunately -1359 /,,o,

should intersect the meteonc water line at the fluid's ongmal 80 value, ie., approxlmately

--18%.,(SMOW) | | T o,

.
. o

LN



VII. SULFUR ISOTOPES

A. INTRODUCTION TO SULFUR ISOTOPES* )

Sulfur 1sotope studles make use of the fact that there are four naturally occuring

%{ble rsotopes of sulfur ;0 S09

abundance and relatively large mass difference. **S and **S are thc mpst eommonl.y used

A4

02%; 'S, 0.75%:; "S 4.21%; and **S, 0.02%. Duc to their

isotopes in sulfur isotope studies. The standard used in sulfur isotope studies is troilitc from
- \

< Lt
the Canyon Diablo meteorite, the **S/**S ratio- of which is approximately 0.0450045, and .

whose 8°*S value is defined as 0.0%,. This value is almost exactly the same as that of
‘tdrre'strr'al igneous sulfur, making it a reasonﬁfle standard to use. The relative S enlrich‘rﬂem

s calculated in‘a 'rn_anner identical to-that described for the pxygen_ismopes.
Because of " theig mass di—fferenc'es, the behaviour of the sulfur isotopes differ during

+

chemical and physrcal reactions. For example Dunng brologrcal reactmns in which sulfur is

convened to H,S, the H,S is depleted 1n "S with Tespect to the parem sulfur. Conversly

durrng sulfur equrlrbrated precrprtatron of sulf 1de minerals, elements such as rron which havc

- ‘hrgh bond suengths form sulfides whrch are enrxched m "S wrth respect to. the sy

P

elements with lower bond stréngths, such as lead. Tjus pyrite in a grzen deposrt 1&} i

‘e

richer in S than galena from the same deposrt “

L% D l

The degree of »S enrrchment of pyrrte over galena is a lmear pressure mdependenl '

' function controlled by the temperature at whrch the mmerals are deposited. The lower tha ‘

\ Y
temperature of \tfgmatron the larger the 468 Value ‘or dlff erence bctween the 6"S values of"

the two mmerals 1t is thus posswle to use the AG"S between two coeval/cogenetrc rmnerals to
determine - therr temperature of formatron (Tatsumi 1965) Any sulfrde mmeral pair may be

\

tsed - for such 4 determmatlon but sphalerrte/galena parrs generally seem to nge the bcs'l

. results All. proceeclmg references 104'a%S" will” refer 10 A&"S(sphalcmg galcna) unlnss .

otherwise specrf ied.
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The temperature of formation of a sphalerite/galena pair may be calculated using the’

b4 i 2
equation: -
!‘ ~

= [(0.89)* x 10°] / a™S-* (Ohmoto and Rye 1979).
Where: .~

T = temperature of formation wcgrces Kelvin.

\ 14
2**S = absolute éfoerencc between the 6°*S values of the sphalerite and galena.

- [hlS is not the vﬁlue quoted in the Ohmoto paper. The value varies widely between
different authors and experiments, ranging from }approximalcl\' 0.963 (Sakai 1968) t
0.62 (Grootenboer 1969). A vaLue of 0.89 was used in this study. Thm value is shghll\
higher than that recommended b) Ohmoto and Rye (1979) and slightly lower lhan
that used by Dr. H. Krouse. It also gives formation lempcralurcs which agree falrl_\'

closely with those found during the fluid inclusion study.

In addition to their usefulness in determining de‘poéitional températures. ™S values of
sulfides may be-used to calcufate the initial sulfur isotolpe composition of their parent ﬂm’d‘..
This calculation is comblex ’a;nd because the §*S value of, any sulfide is controlled not only by
the temperature at which it was deposited but also by the sulfur isotope composition of the
parent fluid and the relative abundances of the sulfur species H,S, '.HS'. $?- and SO.! in
* solution, its accuracy is dependent upon many factors. H,S and SO.*:, stable in low fO, /
aéiciic-to-neutral envirbnmen‘ts‘ and high fO, / basic-to-neutral environments respectively,
are the;.most important of the four. This is because the 45°'S between H;S, HS' and §"

minor, approximately 1%, at'200°C, compared to that between H,S and SO. , which is nearly .

32%, at 200°C (Ohmoto 1972).

)
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.;Thc ratio of H,S to SO,’ in solution is controiled by the :pH, S Os;, fS; and ionjc
strength of the parent fluid. Th'erefore. in order 1o calculate the sﬁlfurv isotope composition of
_ the parent fluid its physico-chemical rﬁakeup must be defined. A fluid with a high )\O: will
favor the stahility of SO,”" over H.S and. because the SO,’ ion concemrales' s, l}\le &S
valuc ol anv H,S present would be lowered. Sulfides precipitated by such a fluid w.ould have
lower $4§ values than would those precipitated by a low fO,. H,S-rich luid be.cause‘lhe oS
values of sulfides are similar 10 lhg:e of the H,S in solution. Sulfides withhigh &**S values

were therefore probably deposited by a fluid with cither a low O, a'high mnitial 6°*S value,

or both.
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B. SULFUR ISOTOPE STUDY

Method
_Fourteen sulfide mineral ;epérales ‘were obtained {rom :orc stage vein niaterial from

' both the Madre and‘Hoodoo levels. Sia oi‘ the scparalcs.wcng‘ s“phalcrilc_ six were galena and
\wa were freibergite. Lack of suitable saniplé maierial precluded the use of pivriie or barite. - *
In 'the case of galena and sphalerilé onlyv‘sampics that appeared to b‘c in cqpilibrium

- were used. This allowed not only the determination of the absolute §'S vaue of éach suifidc
" but also the Aé"S(sphalerite-galena) value iid:lhe calculation of the temperature al' which

the sphalerite/galena pairs were deposited. As freibergite was generally deposited late in the

3

Y

vein sequence it was rarely in équilibrium with either sphalerite oi galena.
| Sulfide sampl;:slw_ere separated, crushed and ‘pickgd to ensure sample purhﬁhh
crushed and cleaned szimples were sent jto Dr. Hz\.’ Krouse's la b in the Univeisily of Calgary
wiiere they were reacted urider vac';uum with a half-and-half Cu,0-CuQO mixture at

‘, approximately 1000°C for one half ‘hour. Sb, derived f r;)m this reaction was frozen off and

" purified, then analysed by mass spectrometry to determine the sulfur **S$/°'S ratio of each

-separate.

A

a " . N ' . . \
Analytical Results ' : '

‘

All the sﬁhalerite %S values lie between 9.3%, and 11.9%,, a)/range of only 2.6%,. The
galiena- 6."5 values lie .betwegh 4.5%0 and 7.9%,, f :or. a total range of only 3.4%,. The complete

| separation of the §°*S values for sphgleiitg\ and galena see‘ms. to indicate that the minerals are i
in equilibrium with respect to **S (Table 7-1). Ttie &S y@ies of the freibergite separates are
8.9%, and 10.3%,, well within the §**S range of the sphalerite and galena. Ail sulfides are th;S

enriched in **S and fall within the narrow range of 8.2 * 3.7%,. L

s .
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Rye (1974) tesied numerous sphalerite/galena pairs and compared the calculated %S

depositional temperatures to those determined by fluid inclusion homogenization tests. Even
. . ~ 4 "
> . . .
within single sphalerite samples the §**S value varied up ic 0.8%,. 8°*S variations were also

noted in galeng samples, thougithe maximum ‘range was onlv 0.6%,. Cons"id_er_ing such

intrasample ranges, it 1s remarkable that. the total variation of 8“S valucs for sphalerite'was
: L%

only 2.6%,. and only 3.4%, in the casg of galena. This seems’to indicate that ephditians during

) . . ,./ . .. B ) : A . .
the ore stage were quite stable with"respect to pH, salinity and sulfur speciation within the

hydrothefmal fluid.

Sulfur Isotope Geothermornetry ,

Temperatyre determinations based on a*S measureménts are rarely 'as,.“{preeiselas
assumedr Even if the sphalerite/galena pair were in equilibrium, ‘and the mineral separafes.

were absolutely pure there would still be.a lu&rror in the calculated temperature This error

is caused by uncertamttes from two-separate sources.

’
'S

. ) :
The first source of uncertainty is the equation representing the degree of fractionation

. between sphalerite and galena at ény given_temperature. In the equation ; T =.[(0.89)' x 10%]
/ a*S-%, the actual value of the cqnstatrt is 0.89:0.03. :Ifhis i0.0é ra'nge represents a possiblé
temperature variation of +16°C at 200".C. | _ -

The. second source of uncertainty is the fact that any'é"S "determinati(m ig accurate to
- only £0.1%,. When a’ parr of %S values are used, as in a temperature ca'lculatron the error
nses to +O 2%.,, representmg a temperature range of +12°C at 200°C. Taken together thcsc‘
uncertamtres produce a total temperature error of approxtmately +28°C at 200°C. The errors

- listed in Table 7-1 have been ealculated for each sample as the size of the error varies with

temperature,.
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Sample DTM-54 has a calculated tempetature of formation of 112°C,. well below the
. )
temperature of ore stage deposition as lindicated by Aluid inclusion studies. This low
temperature is indicated by a large A"S value, and may be m error partly due to an impure

sphalerite separate. The sphalente contamed liny veinlets of pvm-e,whlch were very dlfﬁcult

/ R

o remove lrom the crushed sarr.ple. Such contamination would probably have raised the , -_

apparent §°*S value of the sphalerite,thhs increasing the a**S value and lowering the apparent

temp‘erature of co-precipitation. Even if the 11%, sp‘halerite contained 10 volume% of pyrite

with an assumed value of 14%,, however, [hlS effect alone gould not have produced such a

low apparent temperatureu it requires that the galena and sphalerite be in disequilibrium with

A respect to ’*S. Ev:dence that the indicated temperature is incorrect is the fact that-

pseudo-secondary inclusions in this sample homogenized at approximately 260°C, so the

material was probably deposited at even higher temperatures.

The calculated temperatures of formation for the other five sphalente/galena patrs

range from 133+20°C to 269+ 38°C. Within their errors, all values fall within the temperature

’ limits of the ore-'stage of “deposition, :150°C fo 250°C as determined in the fluid inclusion

“ study. A larger.number of sphalerite/galena pairs may l:aje provided a more complete and

reliable statistical range of formation temperatu_res, unfortunately very few such pairs were
. avatlable f or study '

The two lowest temperature vahtes “both 153°C (calculated by adding the maximum

error- to the temperature value) were detérmined for Samples contamxng abundant freibergite

-

and other sulfosalts which were mtergrown wrth the sphalerite and galena. These other
]

sulfosalts were not present in the other three sampleg. Fretbergrte was also very rare in thése-

o s

samples and was present only as fracture fiN or overgrowths Smce most sulfosalts were

deposrted in the later part of the ore stage the sulﬁde/sulfosalt mtergrowth probably indicates
‘that the two low temperature samples were formed then If s0 it seems reasonable that they :
o reflect the relatnel\ low temperatures present at that tlme whtle other sphalerxte/galena palrs

' A reﬂect deposmonal temperatures at various pomts throughout the ore stage !

1

K B
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A. METHOD

The&f‘S y:fue oof-a sulf/:ide ‘mineral is controlied by the temperature at which" it is
deposited, thé 6:“8 value of the :pa‘rent fluid, and the relative abundances of sulfur s’pccies in
sotution (Rye Aand Ohmotg 1I974~). The relative abundances of the sulfur species are controlled
bv the'?tem‘perature fO,? and pH of the solution so, if the chemistrv of .the fluid can be

.

approxnmated and the 6"S values of sulfides deposited by it are known, 11 is possnble o

- determme the dommant squur species at the time of mineral deposition. Once this is known

; the 6"S value of the‘parent fluid may be calculated. This value may indicate the source of the -

sulfur in the fluid. Th‘eir- ’arﬂe‘four major sources of sulfur for such fluids;

1L Sulfides in nearby mtrusrons or sulf ur in fluids ongmatmg from these mtrusnons
2. .Syngenetrc or dlagenettc sulf’ rdes/sulf ates'wrthm the host rocks _
3. ° Sulfates in separate evapormc units within or near the host rocks of the depeosit.
4.  Sea water sulfate or sulf ate in connate brines or formation waters

& ot
" - .

.-
[

R \Th{temperature sahmty, and approrumate pressure on the hydrothermal fluid during

: the ore stage ~have been prevrously determmed through the study of ﬂurd mclusnons To

| determine whlch sulfur- Speeles was dominant, the pH and S0, of :the ﬂuld must now be
vcalcu'lat‘ed. | . |

Holland ( 1'965)—suggests that in iow- to nrediurn-'tempezrature hyorotherrnaf deposits

the fugacrty of COz probably ranges between approxtmately 01 and 100 atmospheres log f ;

;»CO2 values would thus range from about -2 to +2. Deposits hosted in carbonates should have

b
/' CO, values in the upper part of this range. ThlS 1s relevant as the locatron of lhc boundary

- between the calcxte and anhydnte dommated frelds plotted on an f S, vs. £0O, dragra is

w partially controlled by the f CO, m the system The hlgher the f CO,, the higher the f

[
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,

Tiecessary to stabifize anhy’df@e’, or CO, in the case of the graphite/CO, boundary. As calc'ite
and Céz are usually dominant over graphite and-anhydrite in this type of depo’sit', _theseff‘}a;b
boundaries are useful in delimiting the pos;\xble range of fluid chemistry with respect toﬂ fO;, f
S,. and pH. "

At logf CO, vélues g.reate-r than or edqual to +2, separale CO;vinclusions’s.hould be
formed (H'ollaﬁd 1965). The fCO, during the orer stage was probably fairly high, as indicated
by: the presénce of abundant CO,/brine inclusions andrby the presence of rare pi}re CO,
inclhsions in prelorc stage mz;terial. Such C.O2 inclusions are not found in ore stage malerial,
so the logf CO, during tés ore stage is assumed to have had a 'maximum value of
approximately +1.5. A mini..m'um logf CO, value of -0.5 was chosen, which is somewhél
lower than that i'qdicated by Holland (1965). . '

The pH of a solution which contains CO, m equilibrium with calcite, such as the Deer
Trail veins, should, be buffered by reactions involving calcite and CO,. The folléwjng
expression includes terms for the dissocia.tion of calcite to Ca*? and CO,? ioﬁs,,-as”"‘k‘(ell as
‘H,CO; to H' and CO,"? ions, and may be used to calculate the pH 9f a solutio_n in terms\(;f
its physico-chemical parameters at given pressures and temperatures; |

i
3
!

“~

(3)logaH" = (2)logaKa + logaKb + (2)logB, + (2)logfCO; +
vlogaCa” -’logléc - log2 - 1og&HCO," (Robinson 1971; see Appendix),,
Whﬁre; - | ’ | '
~ Ka = Kequilibrium of the reaction ; H,CO, » H* + HCO,", at teﬁlpgrature T.
f? Kb = Kequilibriﬁm of the reaction ; HCO;' - H* + CO,?, at’ temperaturgyT.
B =555 + Hc;niry 's Law coqstént for CO,, at tem_peré‘ture T. |
" fCO; = the fugacity of CO, in the system |

- aCa'? = the activity of the Ca*? ion in solution.

AN '

Kc = 'Kequilibrium of the reaction ; CaCOj (min) - Ca* + CO;"?, at temperature

T.
aHCO," = the activity of the HCO," ion in solution,

- »
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i ﬁematite, ‘calcite, and chaicopyrite éll be stable at ;he- f O, f5,, pressure and temperature - -

g

g . I . 9]

\

- This, and all subsequent diagrams were calculated at 80 bars, as this was the absolute

-

minimum pressure of formation of-the veins. Higher pressures shift the boundaries of the gas

L
x'tdn}rolled phases but have little effect on the stability fields of the solid phases. Increased

'p},*é’ssuré does not alter the dominant sulfur species in solution, as determined later in ‘thi.\‘
é(}lia'pler.

The calcite/CO, buffered pH of a system may be calculated at anv temperature and f-
CO, value. Figure 8-1 is a graph of this relationship with buffered pH lines drawn for log/f
CO. wklues -of -2, 0, and +2. It shows that at 250°C a solution with a logf CO, valuc of
betwef;n -0:5 and +1.5 .will have a buffered pH of between 5.2 and 6.2. This is a reasonable
range as neutral pH at this temperature is 5.57. A near neutral pH is indicated bccauAsc evéh
though"l'he veins are hosted in carbonate‘rocks,‘ very little dissolution (;f the 'wa.ll rocks is
evident. A 7 . _ ~ ” B
| LAn fO, vs; fS, diagram of the stable_ mineral phase; at the-température and pressure
of .imerest_ m‘ay"now be Qsed,,to determine the approximately fugaeity of oxygen in the
ol : ’ :
,quartz,'spflaglerite, “gale.na. chaléopyrité, and pyrite. Of these caicite, chalcopyrite, 9pd pyﬁte
hiive useful ranges and lirm't's' of stabili;ty, while the-others are stable dver,;very wide rémges of

/0, and fS,. Wall rocks adjacent to ore stage vein material contain calcite, quartz, pyrite,

,he'r_natiré, kaolinite and muscovite. Again, the useful‘mirierals include calcite and pyrite, but

this time-with the addition of hematite. Combining these two assemblages requires that pyrite,

~

vconditi.on's prevalent at the time of deposition. CO, must also be stable as it was present in the
hydrothermal fluid. | : R ‘ )
Figure 8-2 is;an' fO, vs. fS, diagram of the iron-sul'fur'-oxy_gensystem at 250°C and

80 bars. The activity of FeS is assumed t0 be .55 in the pyrite and magrixc;tite".vf ields (Barton

hydrothermal ‘-s-ystem. Vein minerals deposited during the early ore ,smge include calcite,

Y

and Skinner 1979). ﬁroblénis related to the monoclinic pyrrhotite f icld have been ignored as

they do not effect the area of interest. The pyrrhotite, pyrite, hcr;iati'te and magnetite ficlds

are pldtted, along with the chalcopyrite + (pyrité‘/ hematite / magnetite) vs. bornite +
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{pyrite / hematite / magnetite) boundarics. Also plotted afe the calcite vs. anhydrite and
_graphite vs. CO, boundaries at Iog.fC(():, values of ;2, 0, and +2-. The shaded area indicates
probable conditions during the early ore stage of vein formation. The area .is limited to the
lef+ and righUby -the calcite vs. anhydrite line at fCQ’ values of -0.5 and +1.5 reslpecliyel_v.
The top _and’bpuom limits are drawn whede the alternate mineral (i.e., hematite in the pyrite
ﬁéld 'of pyrite in the hematite. ficld) has an activity of 0.1, or 10% that Qf the dominant ~
mineral. Thxs fl'imi( was chosdn because the pyrite and hematite abunda'nccs in the wall rock
arc of the same order of magnitude, neither being obviously dominant over the other. This
arca includes log/'S, values between approximately -10.4 and -11.8, and logf O, values from

approximately -34.2 to -35.3. - ‘ 3
o 4 \‘

Now that the appropriate ranges of logf O, and pH have been determined, they.may‘
be used to find the dominant sulfur species in the hydrothermal fluid during the .early ore
stage. Figure 8-3 delineates the stability f ieldd of ‘HS’, H,S, Sd.", and HSO," at 250°C and 80
bars. Heavy line}ro”u;linc' the fields of dominance of each sulfur species. Light lines represém
90% dominance of the species within whose field it lies, with a '10% contribution fro&'n the ’
species in the adjacem}t: ield, while light dashed lines represent an aciivity' ratio of 99% vs. 1%.
The effects of §? have been ignored in calculanon of the 90% and 99% lines w1thm the HS
field as the effects are very mmor’ _ ,

The stxppléi area, bounded/by the log f O, and %l;l/values determined above, lies
entirely within the I-fS f ield, most of n within the 90% actlvxty hne mdlcatmg that H,S was
the dommant&ulfursp@cm_m soluuon during the early dre stage. The narrow range of §*S~
values for sphalerite and galena ‘indivcateS'that tl;r@ughout the ore stage of deposition‘ the
parent fluid was relatively stable with respect to the dommant sulfur species in solutxon Some
variation probably occurred but the reduced sulfur spemes i.e. H,S and HS-, were probably .
always dominant over the OXIdlZCd sulf ur specnes i.e., SO and HSO,". If SO, had becomc -
dommam over H,S, sulfur partmonmg would have lowered- the §S value of the H,S and

B S
produced significant variations in the 5*S values of any ‘sulf ides deposited.
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The §°*S value of the hydrothermal fluid may now be calculated through the use of

the known S fractionation values between sulfides and H,S. Equations representing this
- i
fractionation arc given below.

28 *S(sphalerite-H.S) = [(0.12 /7 T?) x 10" ] o
» 88"S(galena-H,S) = [(-0.67 / T?) x 10* ]

a
o
o

These values give“‘ results ‘that correlate w:ilh the sphalerite/galena 1emperature
fractionatfon used previously, as they must 19 be 'iuternally consistent, and are within the
range proposed by Rye and bhmolo (1979). For example, sphalerite deposited at 200°C will
have a §°*S value which is 0.54%, higher than that of the H,S in solution, while galena
deposited under identical conditiona will have‘a 6"‘S'value whichlis 2.95%, lower than the H,S.

At 250°C the sphalerite will be 0.48% greater, and the galena 2.40%, lower, than the §%S

/

value of the H,S ' - . : .

Table 8-1 lists tl°1e samples tested the 8*S values of each sphalerite and galena -

sample the calculated temperature of deposmon of each sphaleme/galena pair, and the sulfur

%
a
[

.. fractionation values for Sphaleme and galena at the calculated temperature of formauon. The

u

formation temperatures are r(;uhde'd to_the nearest 25,‘_’C and are constrained to lie between

150°C and 250°C Also listed are the calculated 6"S values of the parent fluids of each

o-

3 sphalerite and galena sample, based on the calculated formatlon temperature for each

sph‘alente/galena parr SR

/-L

The calculated 6"S values for Lhe parem f‘luld of the sphaleme and galena from each
. T

samplé paxr are very S1m11ar ‘the maxlmum varlauon being 0.4%, in the case of DTM-63. If
the Calculated 615 values for the parent fluids of a sphalerlte/galena sample pair were very
"clrss:mflar they would have to be dlsregarded but’ the fact that all palrs are mternally

[N "_..

v 1ﬁbnsrstem wthorespecl to 6S- valucs, mdlcales that LheS are in’ equrlrhrlum thh ‘respect to

N

. L, v : ~ d
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The average calculated 6™S value -of the parent fluids of galena samples is 10.0%..
. neariy idcmical 1o lh\al of_the sphalerite parent f{luids at 10.1%,. The fluid from which the
sulfides were precipitated probably had an average 6'*S valuc of about 10.6%0 and may have

varied between §.0%, and 11.5%,

If the 6'S valuc, and the H,S/SO.? ralie of the parenmal ﬂuid remains constant, and
the sulfides are in equilibrium with respect to sulfur. a 4**S vs. §**S(sphalerite, rgalena) plot
of mé sulfur iselope data should define two straight lines (Fig. 6-4a). One‘linc is defined by
the splralcrile data points, while the other is defined by the galena data _poims. If the above
criteria are met these lines intersect at a point on the Y axis and, because the Y axis
corresponds to an infinitely high temperature where there'is 1o “S/'“Syvfxaclionation_ the 2™S
value”of this line is equal to 0.0%,. l‘he point of intersection of these two ]ir\res thus represents
the 6°*S value of the parent fluid. In Figure 8-4a the §°*S value of the parent fluid is 10.0%,.
This is essentially a graphical extrapolation method of determining the same value as that
’f ound in the previous calculations and is only applicable if the sulfides were deposited under
the ideal conditions def’ inerl above. These conditions do not seem to have been met during the
f ormation of the Deer Trail veins.

‘Figure 8-db is a 'plot of the reaults of this sulfur isolope study. The sphalerite and
galena palrs define two lines which intersect at 2 point on the Y axis. Values from DTM - 63
labeled 63 are anomalous and do not correspond to the lines defined by the other four parrs
of data pomts ThlS may be the result of low temperature sulf ur disequilibrium or it-may have
been caused by a fluctuauon in the 68 value of the parent fluid or a change in its H S/SO.

rauo Best fit l es 10 the two sets of points intersect at a §**S value of about 8.5%,. This is in

rough agreemem with the 10%, value calculated previously, but the assocrated H,S lme is

non- honzontal his may indicate that the parent.fluid §*S value rose with time, possibly
because of initial pr { erential reduction of S of mterstrcnal sulfates f ollowed by the reduction
of S as the light sulfur was exhausted Such a sloped lme may also have been caused bv a

)
rise oflg/c H,S/80,?" ratio of the fluid as~?eposrrnon cqmmued.

. D)
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B. INTERPRETATION

Figure 8-5 shows the §°*S ranges of the Deer Trail vein minerals, fluids, and possible

N '
i

sulfur sources.

Fluids in a hydrothermal system are often assumed to be driven by a deeply buried

heat source. In the case of the sysiem which forged the Deer Trail veins this heat source was

* probably the Loon Lake batholith. Hydrothermal fluids which penetrated the batholith could :

have leached sulfur from the sulfides within it and the extracted sulfur would have had a §%S
value of approximately 0%,. Any sulfides deposited by this fluid, assuming the dominant
sulfur species was H,S, would have had S values of slightly less than 0%, to approximately

-5%.. depending upon the temperature of deposition and the mineral _sbecies being

precipitated. The same range of °*S values would also occur if the sulfu T the fluid was

derived from the intrusion in the form of primary magmatic water which contained
sulfur. As the §°*S valueé of sulfides from the Deer Trail mine range between 4.5%, and

11.9%,. the source of sulfur iﬁ the hydrothermal fluid was probably not the Loon. Lake

. batholith. Also, sulfides deposited by fluids containing magmatic sulfur generally demonstrate

highly variable §°*S values, which is not the case with the Deer Trail vein sulfides.
(o]

Though the Deer Trail series is dominated by dolostone and 4limestone, substantial

volumes of slate, quartzite, and argillite are also present. Many of the slaty and argillic units-

are goethitet stained and, near intrusive bodies, have been highly metamorphosed and now
contai ‘l\arge pyrite metacrysts, esbecially the McHale slate (Campbell and Loofbourow 1962).
This, or otht;gulf ide rich units, could have acted as a sulfur source for any fluids circulating

through them.
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The Deer Trail series was deposited in a very shallow sea, as evidenced by mudcracks

and. ripple marks on paleosurfaces (Campbell and Loofbourow 1962). Evaporitic

sulfur-bearing minerals, while not preseny as discrete beds. may be included as small grains

2

within the carbonate and silty units. Theso could also have act as a sulfur source (0 any fluid
circulating through the sequence and because lherr volume is 50 large their bulk sulfur
'conccmrauon nced not have been verv high to suppl) the volume of sulfur necessary (o
produce a large sulfide vein depo"sil

No rsotope analyses of the Deer Trail series metasedrmems are available but Rve et al.
(1984) conducted a sulfur rsoIOpe analysis of dragenerrc barite and copper sulfides which are
present in small quamilies within Ravalli Group metasediments of Montana. These sediments
are older than the Missoula Group but webs deposited under very similar conditions so the
‘data should.be generally applicable to the Deer Trail series metasedrments The 8°*S values of
the barite generally range from 15%, to 20%,, though a few ues fall between -5%, and 2/00,

. and one sample had a §°S value of 6%,. The tow 6"5 alue barites were attributed to an

{

»

. influx of meteoric waier during barite f ormation, while hrgh 63S value bame was assumed to
have formed in a sysiem dominated by sea water. The copper sulfides tested had 6*S values
of between -3%, and 1%, If fluids leached this, or a simila_r. ‘sediment the combined sulfur

from coppeg sulfides and barite could have had an average‘o"S value of approximately 10%,.

The barite SO,* 1d hgve bad to have been reduced durmg or after leaching by the’ flurds
S0 as to produce a fluid dommated by H,S and compatable with the results of this study

“ Another possrorlrty is that the sulfur was leached frorrr pre;gxrstmg sulfrde deposits.
"Numerous stratabound copper-zinc-lead' deposits are present tlfé Belt rocks of the
northwestem states, southwestern Alberta and southeastern Brmsh Columbra (Harrrson 1972 ;
:Clark et aI 1971) The Missoula Group hosts such deposrts in Stevens\coumy, though “no

mineable deposits have yet been found. The &S values of sulfrdes in similar deposrts in

southwestcrn Alberta generally fall between 5% and 13%,, though a few values do lie well

above or below thrs range (Morlon etal. 1974). ‘ :

&
it
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Any H_vdrothermal_ fluids indis;criminall_\‘ leaching suifur from these deposits would
have acquired a sulfur isotope 'signature’ similar to that of the original sulfides, i.e.. §'S

- values between 5%, and ‘13%,. which correlates with the calculated §™S values of the parcnt

fluids of the Deer Trail veins.

. 1 :
“Ahether Lh}ev}il‘timale sulfur source was the partially evaporitic sequence of Deér. Trail

series metasediments; stratabound sulfide deposits  within these mctasediments or  ab
Combinaiion of bofh_ the source reservoir volume was large and the parent fluid could have
retained a fairly‘consisfanl 5*S Qalue, as seems lo have been the casq‘;»wilh the sulfides from
the Deer Trail veins. Some minor -variations in either the §*S value orw the H,S/SO,’ ratio of
the parent fluid probably occurred, but the §°*S values of thé Deer Trail vein sulfides still

correspond to those of sulfides deposited by fluids containing dorﬁjnam]y sedimentary-derived

sulf ur.



IX. SUMMARY AND CONCLUSIONS

All the data gathered during this study indieate.lhal the Deer Trail veins are a fairly
typtcal mesothermal deposit. The veins developed l_hrough the infilling of dilatént fractures in
a hydrothermal system which was driven by the cooling Loon Lake batholith. The veinslr
parallel and longitudinal faults, and the F, and F, fold axes all have parallel to sub- parallel
strikes and lrends SO lhe dnlatenl fractures may be genencall\ related to these structures.

¢+ The pre-ore stage was dominated by the deposmon of quartz with mmor pyrite and
calcite, between approximately 250°C and 300°C. The hydrothermal fluid was dominated by
| . meteoric water with a 8D value of approximately -130%,. As the §*Q value of this fluld was
between 8%, and 10%, it had probably undergone oxygerf exchauge with the host rocks,
increasing its 6'*O value by al)out 27%o- Flmd salrmly was approximately, 8 wt.% NaCl
equivalent and it contained substantial CO,, which may have formed during thermal

degradation of the carbonate-rich country rocks by the Loon Lake batholith. Systern pressure

was probably between 500 and 1000 bars, and had an‘absolute minimum value of %0 bars.

Ore stage";u'l-ﬁde deposition took place between 250°C and 150°C. Early ore stage
fluids had 6D‘values between -89%o,and -111%,, indicating the presence of | a D-rich fluid,
possibly | magmatic iwater from the batholith or metamorphic water generated in the
metamorphrc aureole surroundmg the bathohth The high .D values could a]so have been
caused by re equllrbrauon of meteone water with the batholith at low water/rock ratios.
Hydrothermal fluids durmg the zest. of the ore stage had §D values of approxrmately ~135%,
SO uvere nearly pure meteoric waier. As the §'O value of the 6re stage flufd was between 4%,

and 7%0. oxygen exchange had‘again 'raised its l“O ¢ontent, this time by about 23%,. Fluid .
: salmm was generally near 6 wt.% NaCl equivalent, and the CO, comem -of the l'lurd fell from

a high mmal value 10 essentially nrl bv the end of the ore stage.
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Sphalerite and galena formed during this stage had 'S values of between 4.5%, and
-11.9%,. The hydrothermal fluid therefore had a &S value of about 10%,. indicating a
sedimentary sulfur source.

Py

Below 150°C sulfide deposmon essentially ceased, barrmg minor amounts of -pyrite

w ,,;7
.

associated with post-ore stage quartz. The post-ore stage fluids had a 6[) value of
approximately -135%,. The 5“0 value was approximately -4%,. so even at .lcmpcralurc:s below
150°C oxygen exchange between thé fluid and host rocks was taking place. The salinity of the

post-ore stage fluid was approximately 3 wt.% NaCl equivalent, much lower than that of the
. ._:* "“
ore stage.

The Deer Trail veins are very similar to*6fier quartz-Ag-base metal vein deposits in

Stevens county in several ways;

1. The deposits are dormnatcd by quartz, sphalerite, galena and f re:bergﬂe and also

conLain:pyme and- chaIcopyme

2. @nartzi is the dommant gangue mineral, though calcne and adularia may be presem

3. No Sb, As or Hg sulfides are present though Sb and As are present in other minerals.
. ~ ‘

4. Wall rocks around the deposits are highly altered and silicified.

5. Silver is present in freibergite and as other silver sulfosalts.

~

TEIC Deer Trail mine is at the souther;l end of a linear ér-ray of mines which stretches
t% the northeast of thé Deer T;ail mine. (Fig 2-1). Alt 'deposibts"aﬁre hosted by dolostone or
limestone' dominated: unité. No major‘veins have been foun,drin silaty or other incompetent
units, probébly because such._ u‘nit's‘are unable to maintain open fractures. All ‘deposils

including the Deer Trail were formed after batholith emplacement, late Cretaceous to carly

Tertiary. .

¢

Py
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Miils (1977) reported that the average 87%S value of galena from four discofdﬁ‘n vein
deposits like the Deer Trail veins was 9.2%.. similar to the 6%, average value found for Deer
Trail mine galena and suggesting a common source of lead for all deposits. Mirieralogical and
other physical similarities indicate .thal these depésils are genetically related. Proximity to the
l.oon Lake batholith, however, seems to have con[r(;lled both the density of quartz veins in an
arca and the silver grade of these veins. Three mines in the Deer Trail district, whhich is
adjacent 1o a batholith, have duced over 100,000 oz. of silver. vao of these have produced
almost, or over, 300;0‘60 oz. & silver. The three l/afge mines to the noftheasl of the Deer Trail
mine; the Nevada, Double Eagle and Cleavland mines, have produced only 100,000 oz. of
silver in Eotal. Ore grades i‘n the Deer Trailli district were also higher, averaging iSOO to 2400
g/t (50 to 80 oz./t), while the Ag grade of the other three mines was approximately 300 té
600 g/t (10 to 20 0z./1). \

‘ Other mines similar to the Deer Trail mine are also present in no'rlhérn Stevens
county. All important silver producers are closely associated with batholithic intrusions

resembli_ng, or associated with, the Loon Lake batholith (Mills 1977).

N

D

The Coeur d'Alene .rrﬁning district of Idaho Alies approximately 150 km éést of the
Deer Trail distfict'. These two districts are sim\ilar in many respects. - Both aré rich sil\fer
producers which are hosted ip Precambfian‘ Belt metasedimemél and uassc‘xiated with
Jurassic-Cretateous ‘q‘uartz monzonitic intrusions. Both' are probably f}}esothé al veins with
large vertical exiems and in Both districts silver is present as freibergite afong \:& other lesser
7sulf osalts. | | |

Fluid inclusions in Coeur d'Alene vein. quértz homogenize ér decr@pitate at
approximately 325°C_(Yates and Rfipley ‘f$85). This is somewhat hotter than the tem‘peratures.
found fpr the homogenization of ore stage inclusions from the Deer Trail yeins,“ but
'cg)mpafable to those fourid for the pre-ore stage. Coeur d"Alene inclusions contain brines with
fluid salinimiés of approximately 11 wt.% NaCl quivalent and éppreciable. CO,. There. is no
indicalfdn of fluid boiling in either deposit. Coeur d'Alene?hydrotherm;l fluids had‘ 60 of

j .

i
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}

approximately 8.5%, and 6[5 values of -110%, to -140%,. The fluids were thus ‘oxygcn
exchanged meteoric water very similar to those of the I}ecr Trail svstem.
. O
Harris er a/. (1981) analysed several Iclrahedr’ilc samples from the Sunshine mine of
the Coeur d'Alenc district and found that their §'S values ranged between 2.9Y%,. and 5.9Y%,
with a mean value of 4.4%,.  Two galena samples from the Coeur'd"Alene district had 6'S
values of approximately 4%, (Ault 1962). These values are somewhat lower than those of

t ‘
Deer Trail mine sulfides and give a poorer indication of a sedimentary sulfur source.

In many respecfs the Deer Trail and Coecur d'Alene districts are very similar. Their
form and mineralogy differ somewhat but their apparent age, temperature of formation and
isotope signatures indicate that they were formed by similar proces‘s'es. Such processcS were
probably controlled hyarge scale geological evehls which occurred coincidentally in the Deer
Trail ax;d Coeur d'Alene districts. These events may have extended 1o northern Stevens county

-and into southern British Columbia, though more isotope and mineralogical data are needed

before anything can be stated with certainiy.
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XI. APPENDIX - TEST, CALCULATION AND CALIBRATION METHODS

A. ELECTRON MICROPROBE

All samples were analysed v;/ilh'the energy dispersive analvsis section of the FFDS-11
clectron microprobe facilities of the department of geology . Ail spectra were counted for 240
seconds al an operating vollz;éc of 15 Kv. Standards for all elements were chosen s as (o
" minimize the corrections that were hecessar_v in processing the data. To do this standards with
chemical properties and average molecular weights similar to thosc of the samples were
chosen. The standards were also required to contain, where possible, at l-easl twice as much of

the element of interest as the sample. The standards used for each element were:

silver metal (Ag) - silver
chalcopyrite (CuFeS,) - copper
pyrite (FeS,) - iron, sulfur
‘stibnite (Sb,S,) - antimony

willemite (Zn,SiO.) - zinc, manganese

N

Default standards were used in the processing of arsenic and cadmium data.
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B, STAGE CALIBRATION

All fluid inclusion healing and freezing tests were performed- with a Chaixmeca model
VT2 120 microthermometry a\pparatl‘ié'j Cog)ling was accomplishcd by circulating a liquid
nitrogen cooled gaseous nilrogen“‘s[rcam through the sample stage. Heat was supplied by an
- clectrical rcs\isxancc circutt within the stage. The slage lemperature. was measured by a
platinum resistance sensor within the stage. the readout for which has a resolulion- of 0.1°C.

To determine the accuracy and precision of the indicated temperature under actual test
condilions‘. It wa$ necessary 10 calibréte the stage. Calibration was donec by testing several
standards which melt at known temperaturcs. Or over very smali temperature ranges. Each

standard was placed between two cover-slip Iracments, the thermal mass of which

approximated that of the fluid inclusion chips used in actual runs.

Six standards were chosen to cover the probable range of interest, i.e., -60°C 1o

+400°C. They were;

A) Pure CO;; m.p. = -56.6°C. ( In quariz from Bitsc\:h, Swit.zerland.)
. B) Pure water; m.p. = +0.01°C.
C) Merck 9700; m.p. = +100.0°C.
" D) Ammonium nitrate; NH.I:IO,; m.p. = +169.6°C. |
E) Sodium nitrate; NaNQ,; m.p. = +306.8°C. | .

F) Potassium dichromate; Kr,Cr,0,; m.p. = +398.0°C.
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Each standard was tested seven times. Heating rates were held to 0.3°C 10 0.4°C per
minute within 10°C of the melting point. This was done 1o reduce thermal lag and any other
tempcrature measurement errors. Test results are listed in Table A-1. |

ngrc A-ql is a graph of these résulls. It shows that the indicated temperature was

~always slightly hilghcr than the true-stage temperature, especiallv at (crﬁpcralurc.s over
+200°C. The accuracy and precision of the indicated -lempcraturc both deteriorate at higher

lemperatures. o #

Figure A-2 shows the calibration curve determined for the stage used in this study. It
shows the value of the lempérature correction which must be applied to the readout
temperature at all values between about -57°C and +400°C. All corrections are negative, and

must thus be subtracted from the_ indicated temperature.
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C. SULFUR ISOTOPES
Sample calculation of the boundary between two minerals on a logf$S, vs. logf O, plot.
pvrrhotite - pyrite
. FeS + (0.5)S. » FeS, -
At 250°C assume that the acuviny (a)bof Fe 0.55 (Barnton and Skinner 1979) .
‘ K(eq) = akeS, - akeS - /8§,

K(eq) = {1 / (aFeS)(/fS,"}

I

logK(eq) = -logaFeS - (1/2)logfS,
logK(eq) = .222 - (1/2)logf$,
At 250°C the l‘ogK(eq) of this reaction is 7.0]1 (Table A-2).
701 = 222 - (1/2)log/fS,
6.788 = -(1/2)logfS,"
-13.576 = logfS,
| Therefore, at 250°C the pyrrhotite/pyr@oundary is a straight line at logfS, = -13.576 .

An analogous procedure is used to calculate the logf O, value in reactions involving oxygen.

Calculation of system pH as controlled by fCO, in a system containing water, CO, and calcite
in equilibrium. '
pH is assumed to be buffered by the followmg reactions;

aH,CO,%pp) » B x fCO, (app = apparent « of H,CO, = aH,CO, + aPlCO,

H,CO; » H* + HCO,"; equilibrium coefficient = Ka.

HCO,‘ -»H + CO,?‘;'equilibrium coefﬁciepi“ = Kb.

[C\faCOJ:](min) ‘—> Ca* + CO,™; eguilibrium coefficient = Kc

H,0 » H' + OH"; equilibrium coefficient = va. ' o

' . b
2m€Ca* + mH* = mHCO,  + 2mCO,* + mOH"-
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L0S « '0(T) + S %
OS + H«'0(T) + SHD

4’08 + H(Z) +'0(2) + (be)S'H #

208 + .H « 'OSH #
H + '0OSH « '0(7) + (be)S'H #

-

- S+ .H<¢ SH#
SH + .H .« (be)S'H #

HO + .H« O'H .,

40D + B « (uw)['0DeD] .

© = 40D+ H+ 'ODH.
~ 'O0H + H « (bE)'0D'H »
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lrom the above equations the following relationship may be obtained.

Ka’ x Kbx B* x fCO,* » aCa*
aH' = e A (equation #1) (Robinson 1971)
Kea 2 x aHCO,

Which is equivalent to: (3)logaH™ = (2)logKa + logKb + (2)logB + (2)longQ,
. .
logaCa®" - logKc - log2 - logaHCQ, (equation #1)
B = 5557/ Hénr_v's law constant for CO, in a onc molar ( I=1 ) solution at any given
temperature (Holland 1965). |

To calculate the loga of the Ca- and HCO, ions in solution use the Debye - Huckle

theory for individual ionic activity;

A x z¥(ion) x I? ' .
-loga(ion) = ------ieeeiiiaiaaoot (equation #2)
1+ a°(ion) x Bx 1+
Where;
a;(ion) =_effective ionic radius.
z(io_n):= ionic charge. |
I = ionic strength of the solution
A,B = constants at a given temperature (Helgeson 1967).
Substituting thé: values for the activity of the Ca"’ and HCO,' ions, calculated from equation

#2, into equation #1 allows the calculation of the systems pH at various fCO, values at

each temperature of interest.

-



Le. (3logaH = (2)logKa + logKb + (2)logB + (logfCO, +

logaCa‘’' - logKc - log?2 - logaHCOQO, .

All of the above values are now known, except (3)logaH  and (2)og/ CO. so the cquation
now reduces to:
(3)pH = X - (2)log/CO,

Now inscrt the required fCO, values to find the pH valuc at cach point of interest.
]
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D. OXYGEN AND HYDROGEN ISOTOPES
‘ 2
All samples 10 be used in the hydrogen isotope study were broken into pieces of 0.1 1o

o

0.5 c¢m in diameter. Calcite dand sphalerite were used ‘as is'. as were most of the quartz
samples. Exceptionally ‘dirty’ quartz was leached in aqua regia for approximately 24 hours to
remove all sulfides and/or calcite.

Inclusion fluids from six of the samples was released by crushing. Samples used in this
method were first heated under vacuum to approximately 80°C for two hours to drive oflf all
surface and fracture water. They were then crushed under vacuum and all liberated water was
frdzen off in a liquid niirogcn bath. This method was found ;o be unsatisfactory as the
amount of water liberated, only about 1 to 3 ul, was generally too small to ensure aﬁ accurate

analyses. Also, this method released water from all inclusions within the sample at once,
' £

. _including primaries, pseudo-secondaries and secondaries. The water produted is thus a

combination of all fluids present in the sample and, unless all fluids have identical 6D

,
N
——

ompositions, the analylical results are meaningless, reflecting only the average 8D value of
» ' .

- alk fluids present.
S
}’ ‘

To t.ry to avoid these problems, a second method was used. Samples were again
broken into small pieces and cleaned when necessary, but this time the‘ fluid inclusion water
"was released by heating thé sample under vacuum. Samples were first placed in nickel sample
tubes and heated to approximately 125°C, again to drive off all surface and fracture water.

-

Heating wag continued for, approximately two hours, or until no measurable pfessure change

} , ,
was noted in the vesse@‘?ter sealing for one half hour. Next the sample was" heated to a
temperature high enough to decrepiiate the secondad jnclusioqs but leave the priruaries intact.
This 'temperature- varied for'each dépositionai stage and sample type'. ie., calcite,_ quartz,
spha'lerile, bul was genﬁerally around 275°C to 300°C for-ore stége material, ‘as determined

through ebservations made during the fluid inclusion study. The released secondary inclusion

water was frozen off in a CO;-alcohol slush to prevent the capture of{any CO, released.
&



129

Next the water from’ the primar_\"inclusions. actually the fluid from all inclusions
which decrepitated at temperatures above approximately 300°C. which included primaries,
pscudo-secondéries and anv rare high temperature secondaries which may have been present,
was collected. To do this the sample tube was re-evacuated and then heated to approximately
65()°C. l.iberated water was collected for two hours, again by freezing with an alcohol - CO,
¢ slush.

L
In—the case of the post-ore stage calcite and the very late calcite sample the inilial

!

heating was held to 100°C to prevent unwanted decrepitation of their low temperature primary

-

fluid inclusions. Primary flu.idg were then collected at approximately 400°C.

The 8§D valdes for fluids captured by the crushing method generally fell between or
near those of fluids- released in low andvhigh temperature decrepitation (Table‘ 6-1). For
example, the water captured during crushiﬁg of sample DTM-12 had a 8D value of -151%,,
while th:? captured at 300°C had a value of -152%,. The 8D value of water captured at 650°C

was -142%,. This indicates that in this case the secondary fluids were isotopically lighter than

. those ersent in primary inclusions within the sample. It also indicates that secondary fluid:

inclusipns were in this case dominant over primary inclusions with the result that the water
collected during crushing reflected the lower D value of the secondary fluids. The difference

between the 6D values of primary and secondary fluids 1s most pronouhced in the early ore

g

stage quartz and sphalerite samples, and is least obvious or absent in minerals deposited by

fluids with low 8D values.

" As expected, the crushing method provides water sarhples whose 8D value reflects the
average composition of the fluids within inclusions in the sample. Heating, on the other hand,
~ allows at least a crude separation of the fluids into their original groups and providesfmuch

more meaningful results.



