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The Rock Canyon Cr& fluoritc-REE deposit is hosted by a Cambro-Ordovician 

to Devonian carbonate-dominateci saiimentary scquence in southeastmr British 

Columbia. The most widespread mineralization consists of disseminatd, vein and 

breccia-matrix fluorite with associaid barite and a variety of REE minerais, which 

indicate that the deposit is hydrotharml and epigenetic. 

Mineralization is associated closcly with hydrothennal alteration of carbonates as 

evidenced by the extcnsively dolomitized host rock uid the common assemblage of 

saddle dolomite, fluorite, quutz and caicite in open specc. Five types of dolomite have 

been identified: (1) microdolomite; (2) replacement, non-fcnoan dolomite; (3) saddle 

dolomite I, (4) coarse, farm dolomite, Md (5) saddle dolomite II. Some Ordovician 

m icrodolomite falls in the isotopic m g e  of typical Ordovician marine carbonates. Non- 

ferroan dolomite, which predatcs mineraihaîion, is more depleted in 1 8 0  and 13c than 

mi crodolomit e. The precipitation of saddle dolomite I, which predaîes mineralization, is 

related to veins and wgs. Geochcmicd and petrographic evidence suggest that saddle 

dolomite 1 and non-fmoan dolomite w m  precipitated h m  a hot, slightly saline fluid. 

Pervasive coarse ferroan dolomite occurs in rnost host rocks to the fluontc-REE 

mineralization. Both oxygen and cu&n isotopic values (-14.06 to -1 5.2 1%0 VPDB for 

6"0, and -0.6 1 to -1.47% VPDB for 6 " ~ )  for fmoan dolomite are similar to thor of 

other epigenetic dolomites fiom the southeni Rocky Mountains, but their distinctive 

" ~ r P 6 ~ r  ratios (0.70340 to 0.70460) (Kdkrg and Muehlanbaches, 1997) are mmparable 

to mantle values and indicate that f-OM dolomite was ptecipitated fkom carbonatite- 

derived F-REE fluid. Saddle dolomite II ocarrs in open space associateci with fluorite and 

q u w  has similar isotopic compositions to ferroan dolomite and is suggested to have 

precipitated from the same fluid as that w)iich precipitated fcrroan dolomite. Late calcite, 

which postdates mindization, typidly  hm low 6% values (-0.73 to -7.14 %O VPDB) 

and radiogenic "sr/% ratios (0.70999) which is Pmilar to thor of Laramide vein 

carbonates dong the Rocky Mountains and sugsests the precipitation of late calcite fiom 

a hot, saline fluid. The recrystallidon of limestone resulted corn the waîedrock 

interaction that ocaimd during the passage of thir fluid through the sbidy area. The 



occurrence of fluorite to the wut  of the thrust h i t  indiata tbî the minerakation 

postdates the Laramide Orogeny. This contndicts îhe previous suggestion that the 

minerdiution is Devonian-Mississippian to arly Mississippian in yle. 
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CHAPTER l 
Introduction 

1.1 Introduction 

The Rock Cunyon Crdc fluotitc-REE depo& ir louted in southcasterxi British 

Columbia near the Albert. border in the Main Ranges of the K o c h  Mountains Foreland 

belt. The deposit is hosted by a S C Q U ~ C C  of Ordovician to Dcvonian erdimmtary rocks 

which are dominatd by carbonate rocks with lessa unounts of M e s  and dstones. 

The deposit Lies just a s t  ofwestwady-dipping tbwt f h b  which place Clinbro- 

Ordovician rocks over Uppcr OrdovK*n ud MiMk Devonian rock. The deposit h near 

the headwaten of Rock Canyon Cr* rpproxinuttiy 40 kiiomctrcs cast of Canai Flats, 

B.C., at ~O'IZ'N, 115'08'~. It can be a d  by conventional vehicles dong the White 

River and Canyon C r d  for- roads, which join highway 314 2 Iàlomctres south of 

Canal Flats. 

Fluorite minenliution u Rock Cuiyon C& was fht discoverad by Chris Graf 

in 1977 during a regional orplontion program for Pdeozoic, urbomtohostcd Mississippi 

Valley-type zinc-lead mùi«aliuition Wed by Riocanex. Furthcr exploration work for Zn, 

Pb, Ag, and fluorite w u  carricd out in 1978 and 1979, which included trcnching, sail and 

rock geochemistry. In 1980 the c l a h  wae navncd to Chris Gn& who h d  severai 

wimples analyzed for REE, whch wae  found to contain up to 2.3 wt. % total REE. 

Between 1985 and 199 1, exploration focusai on the v u c h  for m e  elemcnts, such as 

REE and Nb. This exploration wodq wbich extendal the mil sunpling covemge and 

included detded stmcturai mapping, outlincd an don- sont of hydrothennal alteration 

and mineralization that is over 2 bn in Imgth and up to 200 m wide (Fig. 1.1). No drüling 

has been canied out so that the subsmfb  extent of the mineralization is still unknown. 

Access is excellent, but exposure is  poor duc to thick glacial driff cover. 

1.2 Previous Studies 

The study ara hm ban llupped rt wious d u  by B d i q  (1978). L&ch 

(1979), Norsford (1981), Mott et J. (1986). Pd1 and Hom (1987) and Dix (1991). There 



Fig. 1.1. Geology of the Rock Canyon Creek Fluorite-REE Deposit 
from Samson et al. (1 999) 



,..,Normal Fault N 
LL Thrust Fault A 

O - 500 a 
Metres 

Fig. 1.2. Geology of Rock Canyon Creek Fluorite-REE Deposit 
also Showing the Sample location, 

Mod Wmd from Dix (1 991 ). 



have been no detailcd studier to date, bowever, tht concartrrte on the stratigraphy of the 

Rock Canyon Creek arm R o c b  immadirteiy east of the most ustcriy (basal) h s t ,  and 

which host the deposit, arc consideted by rnost authors to be a basal Dcvonian unit 

(Fig. 1.1). The basai Devonian unit regionilly r u t s  on 8 major unconformity. Dix (199 l), 

however, intcrpreted these rocks to be, at leut in put, Ordovician in agc v~g. 1 -2). The 

difnculty in interpreting the age rcsuits fiom the compüuted structure, caused by fàulting 

and overtuniing of the sequence, and similar fossil contents in the rocks, as well as the 

intense alteration associated with the minerrlization. One of the major dinttences between 

the interpretation of Dix (1991) a d  d e r  worken is thaî Dix (199 1) suggested that the 

mineralilntion is nult controUed ud ôoundd and cut by hi&-mgle teverse fàuîts, 

whereas d a  authors ôefiwed it to be stmWnwd and unrelated to hi@-angle huilting 

(Pell and Hora, 1987; Hom and Kwong, 1986; Pd ind Fontaine, 1988; P d ;  1992). 

An understanding of the processes aifiècting î k  distribution anâ concentration of 

the rare earth elemaits (REE) is irnpotint in muiy respects. Only a few primuy magmatic 

occurrences ofREE are known (eg. Mountain Plsa, CdXomia) wherers a number of 

REE deposits are interpreted to bc hydmthemd in origin (eg. Biyui O b ,  China). In 

carbonatites, which have the highest REE contents @REE = 72 - 155 15 ppm) and the 

highest LREE(HREE ratios (La/Lu = 7.1 - 1240) ofany rock type (Schofidd and Haskin, 

1964; Kapustin, 1966; Bubcr, 1974; Eby, 1975; Mitchell anci Brunfelt, 1975), most REE 

minerals have been precipitated fkom hydr0t)rermal fluids (Meriano, 1989). The 

mineralilntion in the Rock Canyon Creek fluorite-REE deposit is characterized by h e -  

grained, disseminateci, vein d bda-matrix fluorite in brown-wutherllig, fenoan 

carbonates. Severai REE minerais have ban i d d d  (Pd, 1992). including bunriresite 

CLn(CO3)Fl, @rite [LrsCiCW@21, Ch L~)~%(PO~MOWZO, 

synchysite (LnFCB-Caca) and g o y d e  [SrAi@û&(oH)~.Hfi J (Samson et ai., 1999). 

The rninedhtion has bem suggested to k hosted by cubonate rocks that have been 

fenitized by fluids evolved h m  a deep-satd cubomtite (Pd and Hom, 1987). This 

conclusion is based on cbndritt-nonnrlizsd REE patterns churicterized by light REE 

enrichment and no Eu am*, which is similu to the patterns san in cubonatites fkom 



British Columbia. The minerslizrtion is uuïched in F, Ba, Nb, Sr, Y and P, which is also 

consistent with carbonatitderived fluids (Pd, 1992). 

Carbonatite8 ire d d k d  8s i p a w  rocks con- at le8st 50 volume pcr cent 

carbonate mirmals, and arc no- -ed with rlkiline silicate rocks (Woollcy and 

Kempe, 1989). Evm though the mrgnutic ongin of carbodtes is bcyond dispute as a 

general p~c ip l e ,  and is i n d d  an essmtial part of the dcfinition of these rocks, the 

evidence supporthg such an ongin is dl too commonly ambiguous and circumstantial. The 

origin of carbonates becornes more compiicated when carbonatites occur emong 

sedirnent~ry carbonate rocks. In this case, d particuiariy in the substantially a l t d  

varieties of carbonates, sedimcntary carbonate fonns v a y  gradua1 transitions to the 

cahonatite carbonate. S o m  uncertaiirty then ocam over the boundary betwem the 

carbonatite carbonates and the scdimaitary cirbonate rocks, and the contacts becorne 

particulariy dficult to idcntirj. if the carbonatites are fonned metasomatically. A 

combination of evidmce fiom field relations, maochted rock types, texture, rnincralogy, 

trace elements, and isotopes are required to distinguish Iiurlimmtaq carbonates fiom 

carbonatite carbonates because no single criterion is decisive ifvolcanic features are not 

present (Barka, 1989). 

Dolomititstion in Western hu been the subject of study of many 

researchers. It has bcen suggcsted that dolomitization ocums during expoairr to a varkty 

of environments with dairent physical and chemical charactaistics. Tt has also k e n  

suggested in many case studies that dolomites could have precipitated 6om the injection 

of hydrothermal fluids. Examples of hydr0t)iennril dolomitization in Western Canada 

include the Devonian Presqu'ilt Barriet dolomites (Qing and Mountjoy, 1994), the 

Wabarnun of the Pcam River Arch (Packard a ai., 1990), the Manetoe dolomite (Morrow 

et al., 1986), dolomites fiom the Keg River F o d o n  (Adstead and Spencer, 1985), and 

Mississippian dolomites fiom the De&h Formation (White and Al-Aasm, 1997). The slow 

infiltration of buinil fluids into pa rmble  stnu during birU1 is one of modds suggested 

for dolomitization (h4ache1, 1985, 1986, Machei mi Mountjoy, 1987). As temperature 

inmeases, the Mg/Ca ratio required for doIomithaîion decreuts, thus making most wann 

solutions capable of converthg limestone to dolostone. S e v d  cese studies of dolomite in 



the southern Raclcy Mountain hve ban rcportcd (Nesb'i and Muthlaibrchs, 1994; YW 

and Demicco, 1997) tht document tk dobmitiang fluid. Prdunuiary . . work (Zhu et al, 

1 999; Samson et ai., 1999) suggests tht s c v d  diffèrent types of carbonates are 

associated with the Rock Canyon Creek fluorite-REE deposit. The relationship betwecn 

the mineralization and dolomitization is stiU unknown. Understandhg this relationship 

could provide important clues to the evolution and history of the hydrothermal fluids 

which deposited the REE ud fluorite. 

1.3 Objectives 

Dolomitiation is i common f m  of the Pdeozoic stmta of Western Canada. 

The origin and nature of the fluids that CWE such dolomitiution are i source of debate 

and intensive m c h .  The g d s  of hydrotherd rue earth elemcnt deposits is also a 

topic which has receivcd corwiddle  mention receritly. Littie is known about the source 

of the fluids responsible for such deposits. Such information is critical in undastanding the 

genesis of thesc deposits. The Rock Canyon Cr& deposit will provide a unique 

opportunity to integrate the relaîionships betwcen dolomitilation and Fluorite-REE 

mineralization. The genesis of the Rock Canyon Cfedr fluoritt-REE deposit is 

controversial. Earlier workcrs sugeest i dation to crrbonatitic magmatism, but uiy 

a££ïiiation to ignews activity is hypothetical. Dolomitilntion is widespread and closely 

associated with the rnineralimtion. The exact agc of the host rock is unclear, as is the 

structure in the mca hosting the deposit. The primary objectives of this study are 

therefore: 

To determine the nature of the w d  rock aiteration IIssoci.ted with the deposit. 

To wduate the rclatioiwhip baweai aiteration (dolomithtion) and fluoritt-REE 

mineraiization 

To gain insight into the origin and nature of the mhcdmng 
. . and dolomitizing fluids. 

0 To determine the sources and composition of diagenttic fiuids and their evolutionary 

history. 



Twmty five sunpla wae providai by Chris Graf of the E d  MUiing 

Corporation, B.C.. F i  runplu were collectai from Rock Canyon Cr& by LM. 

Samson and I.S. Al-Aum in 1995 and 1997 (Fig. 1.2). Thin ud pdi- thh ~ O M  

were prepared for ahost ail of the samples. Twaity doubly polished d e r s  were dso 

made for rnicrothemw>metric measuretncnts of fluid inclusions. Forty thin sections were 

stained by a mixture of Aüzarin Rd-S a d  Potassium Ferricyanide to distinguish dolomite 

fiom calcite accordhg to the wthod dacri'bed by Dickson (1965). AU thin sections were 

examinai under 8 standad microscope for petmgnphic d y s k  C.thodolumksWnCC 

(CL) microscopy was pcrfonned ushg 8 Tachnosyn d d  c r t h o d o l u d ~ ~ ~ ~ ~  w e  mth 

a 12- 15 Kv beam and a aarcnt intensity of0.42-0.43 mA. Fhoiescaur characteristics of 

carbonates wcre saidid with a N h n  EPI fluorrscaice attachecl to a petrographic 

microscope. 

Oxygen uid carbon isotopes wae rnrlyzsd from diffcrcnt gcnemtions of dcite 

and dolomite. The powdered sunpies were obtrinsd ushg a micrompo-mounted drill 

assembly and then reacted with l W ?  pure phorphoric acid for f m  houn, at 25' and 50°C 

for calcite and dolomite, tcspectively lccordiag to the mcthod outlined by Al-Aam a ai. 

(1990). Evolved C a  samples wae anal@ for theV oxygen and cubon isotope ratios at 

the University of ûtîawa using a SIRA-12 mass spectromcter. Pruision wu better than 

0.05 % for both 6% anâ 6%. Strontium ("sr/'%) isotopes were anaiyzed on a 

Fuuiigan MAT 262 with 5 nxed collcctoo. NBS and ocean watcr w a e  used as stmdard 

references and * ~ r P 6 ~ r  ratios were norrnatized to "sr/% = 8.375209. The rnean 

standard error was 0.00003 for NBS-987. 

Fluid inclusions were used to &tain information on the chmi* and 

temperatures of the hydrothennrt fluids at Rock Canyon C d  Inciusion 

microthennornetry wu conductd with 8 LINKAM THM-oOO h d g - M g  stage 

attached to a polarizing microscope fitted with r vidm c8mer8 at the University of 

Windsor. The stage wu ulibnted using HI0 and C&H# synthetic inclusions. Laser 



Raman Spectroscopy (LRS) wu uscd to idanify the rdid p h  in fluid inclusions of the 

host minerais as  w d  as to test for the p- of C a  md in the fluid inclusions. 

LRS was performcd u the University of Wuidsor on doubie-polished wafi i .  Bulk d y s i s  

of fluid inclusion grres wu CICned ait at McGiü University, usine an HP5890 Senes II 

gas chrornatograph equipped with r m i c r o - t h d  conductivity detcctor. The apparatus 

employed for gas extf.ction consists of a haî-trertd strinless cnwher operated by 

hydrauiic rarn. Deuils of the procedure are given by Sdvi et ai. (1997). 



CHAPTER II 
Geologic Setting 

2.1 Introduction to Regional Geology 

The Rock Canyon Cr& 0uontaREE dcpoait ocavr within the KuuMkis W<es 

rnap area (NTS 8 2 J N  1/2) (Leech, 1979). This ama lies within the Southan Rocky 

Mountlins (Fig.2. l), and OCQICS at the castan boumhy bctween the Mwi and Front 

Ranges in the ForeIud beh. The Southeni Rocky Mountains and adjacent Purcell 

Antichorium are charactetized by 8 saks of easteriy-v-8 thrust fiuhr ud f l d -  

slip folds that f o d  within Uppa Protaozoic to Tatllry scdimaiury sequencu dufing 

the L.Miidc Orogaiy (Late Jurassic to Tat*ry) (Bdy a ai., 1966; Pria anci MounGoy, 

1970; Price, 198 1; Yao and Demicu, 1997). Uppa Rotero~)ic and Lowa Cambrh units 

are dominantly composed of ds tone ,  con@omcmie, ud M e  udts. Mid& C.mbrian 

thf0~gh u p ~  J ~ c  U I l h  WC chnctCriz4d by 8 SCQUetlce of p h H 0 d  arbo-CS hl 

the east and a thidr sequcl~cc of shkr in the wcst, *ch wae deposited dong a passive 

ma& of western Ancestnl North America t h t  f o d  u r result of ri- in Late 

Proterozoic tirne (Nesbitt and M u t h l m  1994). The bounduy bctwccn these 

Lithofacies trends northwest arui iies just west of the British Columôii-Alberta bounduy. 

Late Jurassic through Tcrtiary sedimentation w u  dominated by sandstone and M e s  

(Ricketts, 1989). The study ara iies just within the üthofâcies change Mt, just west of the 

British Columbia-Alberta bounbry. Laramide structurai ferairrs are dominant in this area. 

2.2 Regional Stratignphy 

The study uu is unddain by 8 CU60n8tbdom~ed iarriimMitmy sequence 

spanning Ordovician through Upper Dcvonian rtnt. (Fig. 2.1). The KiinuriLis Laices ~p 

area has been studied by Bendjng (1 978). kcdt (1979), Nonlord (198 1). Mott et ai. 

(1986). Peu and Hom (1987) uid Dix (1991) hve stuclied the depoait ana. The suinunuy 

given below is bescd on th& oôs«vrtions. 
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Fig. 2.1. Geology of Sowthem Canadian Rocky Mountains, 
simplified from Yao et al. (1997). 



West of the 
Southern Rocky 

Mountains 

Middle Silurian 

Study Area 
East of the 

Southern Rocky 
Mountains 

IL-. -- 

Fig. 2.2 Schematic summary of the stratigraphy of the 
Rock Canyon Creek area. A: Carnbrian to Middle Silurian. 

B. Middle-Late Devonian. Fm: Formation, Mem: member, Gp: Group 



Civetian 

Burnais Fm 
'vvvvvvv 

Erosional Strata 

Dolostone 

Qua mite 

Silty Dolostone 

Calcareous Shale 

DoIomitic Limestone 

Argillaceous Limestone 

Sandstone 

Aphanitic Dolomite 

Shale 

Shaly Limestone 

Evaporites 



The McKay Group is a thick sequence of shPly liniestones, limestones and shales, 

which is late Cunbrian to euty Ordoviaui in ag, dthough in some ocairrencej î t  extends 

up to Middle Ordovician. The McKay Group is lithologicaüy simil.r to the S w e y  P d  

and Outram formuions as dcvdoped east of the Southeni R o c e  Mountains, which are 

rnainiy composeci of calcarcous sides, mudstone, microcryst.llllie fimestones, and some 

wnglomerates. 

In the western part of the Southeni Rocky Mountains, the Middle Ordovician 

McKay Group and Glenogle formations are found to interhger, the transitional Outram 

Formation is not present. The Gknogk Shales (previously tamed the "Gmptolite 

Shales"), which contains minor ~moullts of dtstone urd limtstone, codormably overiies 

the McKay Group. In the easteni part of the Southcrn Rocky Mountains, the Mid& 

Ordovician Skoki Formation is domlluted by thïniy-bedded dolostone and ovedies the 

Gienogle shales. The Owen Crak Formation unddes the Mount Wlson Quarzite d 

overiies the Skoki Formation. The most cornmon Owen Crack rocks arc v w f h e  grained 

dolostones. The Mount Wdson Quarzite compriiws pure, resistant quirirites, which arc 

wnformable on the Owen Crœk Formation or on the Glenogle Shales. 

The Beaverfmt F o d o n  of late Ordoviaui to eady SihuiPUi age coriformably 

overlies the Mount Wilson QuuPte and consists of light grey to pale orange-brown, 

thickly bedded, massive dolostone. The 1owest part of the Bcavdmt Formation is the 

Whiskey T d  Member, which contains doloMtic quartz rudstones. The lower part of the 

Beaverfoot Formation contains about five percent large figements of soütary or colonial 

corals with lesser crinoid and brachiopods debris. The c o d s  are aiways present and d e  

it a very distinctive d e r  unit. Minor erosion surfàces indicate that the base of the 

Beaverfoot Formation is an unconformity that is churct«ized by l o u l  conglomerrtes 

with rounded dolomite and cbcrt chsts, ud r hyer of co~fsbgriined dolomitic suidstone 

that vanes fiom ccnhetres to metru in thidmas. 

Mid& and Upper Silurian rocl<s ue &sent nom the Southan Rockies d 

Devonian rocks rest diectly on Pracunbrian to Lwr Silunui Sint.. This gap 



corresponds to the sub-Devoni8n unwnfonnity, muking 8 major fàîure of the gedogy of 

western Canada. The ovalying C e d d  and Bunuis formations were proôably deposited 

within a very W o w  s a  with naiicted cirruluion, whicb wm comtmkd by the PurceII 

Arch and the Western Albetta Ridge in Eifelian time (Nodord, 1981). The Cedared 

Formation is the basal Devonian unit and basicaiiy comists of weU-bedded dolostone and 

dolomitic quartz sudstone. Fossils me vay mm, modly pooriy prucmd anci abradd, 

and include chorophytcs ud fhpmts of fi&, brcchiopods, gmtropods d ostrawdes. 

Bedded and IPminrted gypsum is the principle coiwtituent of the Bumais Formation, which 

aiso includes limestone, dolostom rnd breccias- In some ocauraices, the Bumais and 

Cedared formations are found to interfinger, with the Bumais Fomtion wmpktdy 

bounded by the Cedard both vertidy and latarlly. 

The Harrogate Formation overlies the Cedarai F o d o n  and consists of 

dolostom, shaiy and nodulu iimestones. Mudstones ud dule8 u e  predominua in the 

lowermost beds, limestone and dolostone in the middlc part, and mudstone in the upper 

part. This Sedilnentary sequence reflccts intennediatc-decp water depositional 

environments. The Harrogate Formation is ovedain by Upper Devonian (Frasnian) 

limestone, correlative with the Fairholme Group. The contact between these two units is 

not exposeci, although, elsewhere in the Rocky Mountains, there is an ul~confonnity 

separating the Uppa ud Middle Devonian srnt.. "f'hc FWiiolme Group is a thick 

sequence of thin baideci, fowliferous limestones with minor dolostone d grecnish-grey 

and black shale. 

2.3 Local Geology and Mineralkation at Rock Canyon Creek 

2.3.1 Local Structure 

The Rock Canyon C d  uer is undaiain by Cambriut-Ordovician to Middle- 

Upper Silurian carbonate-dominrtcd stdimaituy q u m e  (Fig. 1.1). The SeQuence to the 

southwest of the depoY is ait by a Ma of watdipping h a s t  huly and the arc8 to the 

east of the deposit is underiain by ui ovahinud to upnght homoclina qucnce, younging 

to the east (Fig. 1.1) (Pell ud Hom, 1987, 1992; Dix, 199 1). A NNW-SSE-trending foid 



axis occurs jua wea of the minarlwd zone that hrs ban vui.bly htapreted rn an 

overtumed syncline (Pd 8nd Hom, 1987) and 8s 8 antkhc (Dix, 1991) Fig. 1.2). 

Mineralization ocairs in an dongate, appmximateiy rtnt.-Perpuel zone immedirtdy east 

of the basal thnist (Fig. 1.1). Eulier work#s (Pd and Hom, 1987, 1992) indiate that the 

rnineralization is restricted to the Basal Devonian unit so that the m i n e r a b  . . 
on is 

stratabound. Dix (1991), however, suggested that the mincrrlizrtion is bounded and cut 

by high-angle Wts which lie jua cast of the minadidon zone. S e v d  fluorite 

occurrences have been found to the muth west of the thnist dong fractures and in 

breccias @k 199 1). 

2.3.2 Local Stratigrapby 

West of the Basal thrust, light grey to omnga-brown &iagnincd dolostones are 

interpreted to be the McKay Group (Norford, 1969; hach, 1979) and proôaôly part of 

the upper part of that Division (Mott et. d., 1986) (Fig. 1.1). Dix (1 99 1) f d  a wd 

exposed baad dolostone conglonierrte dong the westan dope of the creek west of Candy 

Creek, suggesting a possiile chuuid on an irregulu paidotopognphy. The brsel 

conglomerate reprcsents either thc Ordovician-Dcvonian uncodormity or the 

unconformity between the Ordovician Owen Crak Formation and the undedying Skoki 

Formation. Gienogle Shsles d Skoki Formation dolostone and ümestone are found in 

the northwestern part of the study ara (Fig. 1.1). The Mount Wdson quartzite and 

Whiskey Trail Member dolomitic quartz sundstones are absent in the vicinity of the 

deposit. Coral-rich Skoki Focmation Limestone d dolostone rest on the Skoki Formation 

to the west of the dcposit. 

The centrd part of the study uu (the deposit ara) mPinly comprises orange to 

buff coloured siliceous to silicified dolostone, with minor fine-grained limestone. These 

rocks were interpreted as basal Devonian units (Cedard F o d o n )  by d y  workers 

(Bending, 1978; Lsech, 1979; Nonford, 198 1; Mott a al, 1986; Pdl ud Hom, 1987). 

whereas Dix (1991) interpreted thesc rocks to be OrdovicUn in q e .  

BumUs  ponter ue l d y  f d .  Dix (1991) reportcd the existence of Bumais 

evaporites dong a ridge north of the Rock Canyon C M  howeva, no e~porite minerais 

have been found in the sarnples used in this study. 



East of the miin mlliarlizsd wnc (Fig.1.1). the basal Devoni~ (Pd, I9W) is 

overlain by Harrogate Formation rocks, which contain wdllcxpad dark .rgillacmus 

Limestone, d u l s u  Limeaone with bnichiopods ud a@keau dolostonc. Dix (1991) 

documeented a thin Iayer of quutz rrenites overtyYis the Hurogatc F o d o n ,  d he 

suggested that Scdilnmtation continueci within the brsin west of the West Alberta Arch, 

during exposure and aosion of quivalent strit. in the east. This quartz d t e  h y u  is 

overiain by the Upper Devonian FairhoIrne Group. which is a thick quence of thin- 

bedded, nodular to lenticular limutones with minor dolostom. The F8irholmc Gnwp 

strata display thick intabedded i n t d s  of dolostone Md limeaoclc. 

The fluorite-REE m o n  at Rock Canyon Cr& has b e n  ~tudied by Hora 

and Kwong (1986). P d  and Hora (1987). Pd ud Fontaine (1988). DDr (1991). P d  

(1992), Kerr (1995). and Samson a al. (1999). BPsed on their studies, four types of 

fluorite-REE mimrirliution hive been idOIltifidd. 

The fint and most widcspred type of minarliution consists of disscmurih . . 
OllS 

and veinlets of dark-pwple fluorite in a dark brown to dulr orange-brown-weahrhg 

dolomitic matrix. Contacts between the m h d ï z d  urd unminerrlizsd host rocks are 

gradational. Fiuorite content varies fiom 2 to gr- than 10 pa cent of the rock. 

Common accessory minenls include pyrite, barite, calcite, limonite, illite, bastnacsitc and 

gorceixite. This type of mineriilitition contains the hi- REE concentrations of the 
. . various styles of mineraliption. 

The second type of minerrlitPtion is charactaizad by massive, fine-grainad, 

colourless and purple fluorite m k d h i o n  anâ by the p- of dumino-fluoride 

minerals such as prosapite uid ayolite (Samson a al, 1999). This type of mineralizati . . 
on 

has lower REE concentdom d is only found u float in the southcmtern put of the 

property (Fig. 1.1). 

The third type of mllierrlintion . . wnsïa~ of fint-gninsd, pirplc fluoritc in fine- 

grained Limestonc, which ir locrlly intcr-ôalded with -wathdng dolostane d f o m  



the matrix of solution breccias. Fluorite concentntjo~ vuy h m  trace amounts to a few 

per cent. Minor enrichment of REE ir dso nportal (Gnf; 1985). This type of 

minemihtion is located rd.tiveiy £u away h m  the main a i n m h t i o n  zone uid 

randomly distributai throughout the brsrl Devoniui rocks. 

The fourth type of mineralization wm f d  (Pd ud Hom, 1987) in one l d t y  

and is characterized by massive purple fluorite which forms the matrix of a carbonate 

breccia and locdiy replaces the hosî rock Thc fluorite corutitutes grata than 2W of the 

rock. Accessory rnineds include buite, pyrite ud nupdk. 



CHAPTER III 
Petrography and Mineralogy 

3.1 Lithofacies 

3.1.1 Introduction 

A ficies is a body of rock defincd by specific d imentary  chuacteristics such as 

composition, lithology, texture, fossil contents, and d r n e n t a r y  structures (Reading, 

1986; Tucka  and Wright, 1990). In the samples studied s e v d  l i thohies  have been 

identified bascd on theu petrogrsphic ud m i n d o g i c  chnda i s t i c s .  The limestone 

classification employed is thu of Wright (1992). whkh ir modifiecl fiom the schcmes of 

Dunham (1962). These l i t h o f i e s  me: mudstone, wackestone, iad packstodgrainstone. 

The lirnestone and dolornitic limestone in the R d  Canyon Crcek areri are composed 

predominantly of brachiopodq crinoids, ostmwds uid aiha skelcul pinicles. Most of 

the limestones arc dolornitind to variable extmts. In spite of the fàct t h t  some indication 

of pre-diagenetic fâbrics is evident, or men cl- in some phases, limestone fabrics are so 

obliterated by dolomitization that they un k describai only by thcir c r y d l i n e  texture. 

3.1.2 Mudstone Facies 

Mudstone h i e s  rocks in abundant and are asi ly  tecognkble in both hand 

sample and under the microscope. In hand sunple, they gmmlly appeu grey to black in 

color. There are two grwps of mudstone in the study one is a black, very fine- 

grained laminated limestone, which is abundant in the Harrogaîe Formation and the 

lowest part of the Fairholm Group (Dix, 1991). east of the deposit. The mudstones 

usually do not have skelail hgments  (Plate A-B), but in some uses, thae are a few 

well-preserved bnchiopods and ostmdes. Smail unounts ofplanar-ahedd, fine- 

coarse, unimodal to polymodal replacement dolomites are dso present. The 0th- p u p  

of mudstones is in the McKay Group, west of the deposit. This group of rock is light 

gray to dark gray and is completely dolomitizcd with vay fine-graïneci planarc, 

unimodal replacement dolomites (Plate A-A). Some detrital qwtz grains are dso present 

in this fwics. niest rocks arc mody -lu and luninatecl. S k d d  fhgmcnfs are 



uncornmon and repfesented by ostr8wda and brachiopds. Tbae is d m  8 minor unount 

of very fine-grained ccydline limestone in the centre of the study arcs just west of 

Candy Creek (Pt11 and Hom, 1987). 

3-1.3 Wackestone Facies 

In the sample suite used in this study, WICkestone facies is the most aôundant and 

widespread h i e s  type. Rocks of this fàcies arc gcnaally gray to Mr gray. The ske1et.l 

fhgments are predominantly fossils, and include uimid, bmchiopods and ostncodcs; 

most are wtll preserved. Lime mud composes up to W ?  of these rocks. Evidence of 

campadon includa the presence of stylolites (Plate A-D) ud brokcn shells. The Iowa 

part of the Fairholme Group displays thick intcrbedâed intavils of dolostone a d  

limestone (Dix, 1991), and the limestores ue d n l y  of wickestone fàcies (Plate A-C, 

D). Wackestone is completely dolomitized in tht Cedared Formation (Basal Devonian). 

Late ferroan calcite cernent 611s in vugs md fhcûms, and, in some cases, calcite replaces 

dolomite crystals (Plate B-C). Moa host rocks d the mineralized zone are strongly 

to completely dolornitized and depositionai fabrics of these rocks arc obliterated. In some 

cases, however, some crinoids and Sagments of bnchiopods and ostracdes arc 

preserved (Plate A-E), which indicates that the host rocks are wackestone ficies. The 

faunal assemblage is typicrlly marine and the absence of fiunebuilding organisms 

suggests that deposition probably ocairred in a low-energy, dapcr water conditions in a 

mud-dominated environment. 

3-1.4 Packstone/Grainstone facies 

This h i e s  was only obsaved in one sample, immediatdy east of the thnist h l t ,  

and is a crinoid ud brachiopod-rich limestone (Plate A-F). 1t is duk grey in colour. The 

skeIetal fragments comprise up to 90% of the rock The inna and d l  structure of fossils 

are generally well-prt~erved and have a micrite envelopc. Dolomitization has seldvely 

affected miaite and stylolites. The lithology and fàunai assemblage ofthis packstone is 

very similar to thaî of Bcaverfbot Fonnaîion rocks. The abundant n o d  marine fauna of 

cnnoids and brachiopods suggtst bat  the scdiments that fonned this rock w u  dcposited 

in a broad, stable and moderate to Mlow marine arbonate pliaorni (Tucker and 



Wright, 1990). 

3.2 Diagenesis, Minemlization and Alteretion 

3.2.1 Early Diagenesis 

3.2.1.1 Introduction 

Diagenesis is defined as d l  the processes that ocw in and r f f a  sediments 

immediately a f k  deposition, Md eontinuing until the d m s  of incipient metamorphhm 

at elevated temperatura a d o r  pressures (Tucker, 198 1; Tu- and Wnght 1990). The 

carbonate sequence in the study .ni undawent a cmr$a diagenctic history, represented 

now by many différent types of diagenctic nbria. Major a r l y  diagenetic e v e m  include 

micntization, compaction, cemtntation, d o l o m i ~ o n ,  dicification, anâ brecciation. 

DoIomitintion is the mort signifiant d h g e d c  procar tht hu occumd in the 

carbonate rocks of Rock Canyon C r e e  ud hm rffécted .II f ~ i e s  to varying degrees. 

Almost al1 limgtones in the study uei w putially to completely dolomitized. Five types 

of dolomite have ban identified and are: (1) pervrsive microdolomite, (2) dolomite 

cement, (3) replacement non-frora dolomite, (4) d d l e  dolomite I, (5) cwse ferroan 

dolomite, and (6) saddle dolomite II. The classification of dolomite is based on texture, 

Iuminescence and composition, and W summuizsd in Table 3.1. The textural description 

is based on the classification of Sibley and Gregg (1987). The first four dolomite types 

are the products of diagenetic processes and forrned during the pre-mindization stage. 

The last two dolomite types are associatecl with the m i n d i u t i o n  and will be deacribed 

later in Section 3.2.2. 

Micntization repftsents the fis& diagaietic event to ocav witbin the carbonate 

rocks of the study area. The packstone Mes contains welldevelopai miaite envc1opes 

on shell fhgments (Plate A-F). Sorne wackestone Wes rocks aiso have miaite 

envelopes on fhgmnts  (Plate B - 4  B). M i a i t h i o n  rcprescnts an u r l y  marine 

diagenetic process involving dm, cryMOb.dair ud fingi boring into skeletal 

fragments, these bons are thai f i l ld  with miaitic calcite (Tucku and Wright, 1990)- 
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Microdolomite is wmmon in the samples used in this stuciy, especially in McKay group 

rocks. 

3.2.1.4 Dolomite Ccmeat 

Dolomite cement is widesprd in rocks fiom the central and western part of the 

200 pm in size. Dolomite cement ocain in veins, vugs uid the m h x  of intdormational 

breccias. It aiso occurs as iaopachow nms on cl- in intrrformational breccia and 

conglomerate (Plate GA), and in pores of fossil mol& (Plate B-A, B) in wackestone 

facies. It is non-ferroan and non- to ddl-red cathoâolumincsccnt. 





In the study ueq evicktlce of mechanicd compaction is b u t  obsc~ed in 

wackestone and packstone f r c iu  rocks. For a m p l e ,  fôssil grains with micrite envelopes 

have b e n  broken into s e v d  picces (Plate B-B). Condensai prckstondgrainstone ficies 

were initidly produccd during mechanical wmpaction o f  wackestone by the closer 

packing of grains. Fractures arc Jso widespread developed in the study uea, probably 

resulting fiom mechanid compaction. Veinlcts arc d l y  filled by dolomite or caicite 

cernent (Plate B-B). These vcin1cts are crosscut by late veins uid vues of ddomite, 

fluorite, quartz and latc d c i t e .  

Chernical compaction develops under i n a a w d  pressure associated with 

lithostatic stresses as would be f d  in deep burial environrncnts. In the study area, the 

rnost commoniy recognized chernid  wmpaction f m c s  are stylolites (Plate A-D). 

Other evidence of chemiud compactions, such as dissolution scams and fitted fabrics, 

were not observed. 

3.2.1.6 Dissolution 

Petrographic evidence suggests that dissolution occuc~ed eariy in the diagenetic 

history. FossiIs were dissolved, leaving voids which have geopetai texture, w a e  later 

filled by dolomite spar (Plate B-A, B, C). Micrite envelopes on some grains help to 

preserve these stnictures. Som fossils (eg. crinoidq brachiopods) have not been affected 

by dissolution, but in the same ~unple ,  some fossils do, which suggests that the 

unaffecteci fossils were stablizcd prior to diapalution (Plate A-D, F). 

3.2.1.7 Cdcitc Cemeatation 

Calcite cementation is a cornmon diagenetic ferturc in the carbonate rocks of 

Rock Canyon Creek. These cements include poikilotopic calcite, warse calcite spar and 

vein calcite. AI1 thesc type of calcite cements are non-fenoan. Poikilotopic cdcitc cernent 

ocws in c o n d e n d  packstone h i e s .  It cornpriaes corrsc crystais, up to a few 

rnillirnetres in diameter, anci d l y  engul fi s e v d  SkeIcul grains, such as ainoids and 

brachiopods. These cements ue non-luminescent unda CL. Whae well-developed 

cements in packStone ocair, dolomites are m l y  prirent, which indiate that the presmce 



of these cements might have prevented some later diagendic events. Coorse calcite spar 

usudly consists of couse, quant crystals d is mn-luminescent and non-fèrm. They 

ocair mainly in interparticle pores d cavities in p.Ckaone or wackestone ficies. They 

may show a dnisy tamire of inaeuing ayrt.l size t o d  the centre of the cavity. 

3.2.1.8 Saddk Dolomite I 

Saddle dolomite in the study .r# is chanctaized by its couse crystal size, 

curved crystal Suffâces, Md sweeping extinction (Plate HOC, D, E, F). There are two 

stages of saddlc dolomite in the study uu The first stage of d d l e  dolomite (saddle 

dolomite 1) appears to predatt the mincraiitation, as this sddle dolomite is r e p l d  by 

fluorite in a few cases and no close relationship exisb between mindization and saddle 

dolomite 1 (whereas some other saâdle dolomite are closely associateci with 

mineralization, and will be dtscribed later in section 3 -2.2.4). Saddle dolomite 1 is 
widespread and is abunâant in sorne runples. Cyg.ls of d d l e  dolomite 1 range in size 

fiom 50 to 300 p. Generally, crystals of saddle dolomite 1 are cl-, planare to planar- 

s, and they normally display red to dull red CL. Som of the crystals are, however, mned, 

with red to bright red corn and sevaal outer bands of rheniating non-luminescence and 

red CL (Plate SE, F). These ancd dolomitu ocair at the mugins of veins and wgs, 

with the centres of cavities filled by nonluminiscent d d l e  dolomite (Plate H-E, F). 

3.2.1.9 Replacement Non-tcmo Dolomite 

Replacement non-ferroan dolomite includes large isolatcd replacement dolomite 

crystals, selective dolomite in the mrtrUr of wackestone Md packstone h i e s  rocks, and 

pervasive dolomite in coarst cry stalline dolostone. Al1 these dolomites are non-fmoan 

and are du11 red to non-luminescent d e r  CL. Sorne planar-c isoiated dolomite crystals 

have a thin red rim under CL. These isolated crystals of dolomite range in size î?om 50 

to 500 p. Dolomite that selectively replaces the matrix of wackestonc and packestone 

facies is nonplanar to pl-+ and ranges in size fiom 50 to 100 pm- 

Replacement non-ferroan dolomite is the most cornmon type of dolomite in the 

samples examineci in this study and is located mainly in the central part of the study area 

(the deposit area). This dolostone is gaiai l ly grey in hand sunple, and is orange whae it 

has k e n  silicified. Most of these p i v e  dolomites ue noapluiir to pluiar-q 



nonmimical to mimimical, Md exhibit poiym0d.l tncaûes with crystals ranging in size 

fiorn 20 to 3 0  m. Some of these pavasive dolomite crystals have inclusion-rich cores 

and clear, inclusion-fi# ovcrgrowth nms (Plate G-C). 

Multiple stages of silicifiution bave ben rdcognized in the study area, although 

this type of alteration is not very cornmon in the sunples. Silica occurs as both a cement 

and as a replacement of mudstone h i e s ,  wackestone and grainstone k i e s  rocks in both 

mineralïzecj and unmineraiized rocks. Pctrogrsphically, it includes megaq- 

microquartz and length-fkst chrlccdony. There are at l u s t  thrœ rccognizable gendons 

of silicification. The wliest g d o n  inciudcs microquartz luninae in laminated 

mudstone and megaQuartz in pores of disaolved fossil fhpent .  These quartz crystals are 

anhedral to subhedral and were probably precipitated in the uuly diagenetic history as 

these quartz uystals are replaced by fluorite, M, wuidle dolomite a d  late calcite. 

There are several différent types of brcccia prescnt in the study ara .  According to 

the timing of the bracciation, there ue at least thra stages of brecciation. 

Intraformatiod brcccia occun in mudstone and wackestone facies west of the deposit 

with insitu mudstone fragments (Plate 1 4  B). The fragments are poody-sorted, angular 

and surrounded by an isopachous dolomite cement. These textures indicate that the 

breccia might be a solution culfapse breccia due to the subsurfâcc exposure. The matrix 

comprises saddle dolomite, quartq fluorite and laie, coust calcite. Some solution 

collapse breccias have aiso b e n  reportecl in B d s  Formation (Dix, 1991). 

3.2.2 Mineralization and Relrted Alteration 

Bascd on minctalogy, tucture ud the fluorescence characteristics of fiuorite, threc 

major styles of mineralkation have k e n  identifiai (Samson a al., 1999) and are 

summarized in Table 3.2. The disseminetcd fluorite style uid massive fluorite are the 

same as those described by Hom and Kwong (1986). Pd1 rad Hom (1987), Pell and 

Fontaine (1988), Dix (1991) and Samson et ai. (1999). The breccia-matrix fluorite style is 



similar to the fwrth type of minmibation deraibai  in &on 2.3.3, which Sunson et 

al. (1999) incorpartcd into the disseminated fluorite style roda. Since the host mcks to 

the breccia-matrix fluontc vc nplrcement nobfaroui ddomite and ue différent fiom 

those to disseminatal fluorite iodq in thia stuây, the bracciammix fluoritc rtyle ue 

separated 6om the diareminatd fluorite style. The finagiined pvple fhorite in fine- 

grained limestone descrikd in d o n  2.3.3 is mt v a y  cornmon and only fwnd  in one 

sample, so it was incorporated into the disseminated fluorite style. 

Table 3.2 Summrrv o f  M i n c r r l W  Rock tvmg 

1 

Breccia-matrix fluorite 1 Dark purple bmccia-matrk zoned fluorite 

Type 
Disseminated fluorite 

Massive fiuorite 1 Massive fluoritarlumino-fluoride 

M i n d o g y  and Texture 

Dissemin.tal, veinlets and mrtrix of fluorite, barite and REE 

The diueminated fluorite rtyie is primarily chnderistic of the Min minenlized 

zone which defines r northwest-trading zone nuppable for ovcr a kilometa, ab-puille1 

to W e  (Fig. 1.1). Fluorite-bsrite-REE m i n d i u t i o n  ouam in veins, in brcccia 

matrices, and disseminated thnwigh massive ud luninated dolostoae. Most rn ind ized  

samples are characterized by thin veins, vugs and maIl, disseminated patches 

(apgregates) conta i~ng colourless to purple fluorite, barite, dolomite, quartz, and REE 

minerals (Plates C, D). This type of fluorite, buite and REE M n d h t i o n  is reported to 

be the most widespread and ocnin most fiaquently within the Basal Devonian unit (Hom 

and Kwong, 1986; Pell and Horq 1987; Pd1 and Fontaine, 1988). Fluoritc in this style of 

rocks constitutes rnostiy less than 10 percent of the rock. 

The host rocks to this mincmiiution weither to dark grry to orange-brown 

colour, and dark purple fluorite un be aUly seen in veinr and vugs in hand specimen 

(Plate GA). They u e  mostly medium-gnincd ayrrilline ferroan-rich dolostona. Amy 

frorn the main minadized zone, this type of m i n d i n t i o n  ir hosied in fine-graineci 

limestone (which is similu to the third type m i n d i u t i o n  describd in s e d o n  2.3.3), 



very-fine gnincd, musive or luninated dolorione west of the depod ud even w a t  of 

the basal h s t  (Plate B-F, 1-B). These rocks are w d y  altered. Fluorite, buite and REE 

minerais vary fiom trace amounts to a fm per cent of the rock away fkom the 

mine ra lh ion  zone, and ocarr miinly in veins a d  vugs. 

The m i n d i u t i o n  is dominated by fluorite. Barite is the ncxt most abundant 

mineral, uid c m  be the dominant r n i d  in some umplts. Dolomitc d qurirtz ue less 

cornmon. The dolomite typidly  ocain uound the d g e  of the veins and vugs (Phte C- 

C, D, G-E, F) and is, in m n y  cases,  col^ thui the urrounding arbonate host rodc 

Isolated dolomite crystals also ocair in the fluorite, which indicote thaî this dolomite 

precipitated earlier than fluorite. Al1 of these dolomites are gcnerally euhedd to 

subhedral with w& sweeping extinction and an r d  unda cethodoluminescence. In 

some cases zonation is visible under CL (Plate C-C, D). Some dolomite crystais am 

pseudomorphed by quartz (Plate D-C), which is in hun replaccd by horite. Fluorite 

commoniy replaces bPrite, and aihcdnl barite crystds may be surrounded by massive 

fluorite. In contrast barite al- occurs interstitially to cuhcdd, dourless-purple fluorite 

in some samplw (Plate C-E, Samson et al., 1999). This indicatm that there is more than 

one stage of barite deposition &or fluorite deposition. 

Five generations of fluorite ut recogniuble in these rocks. The characteristics of 

the different type of fluoite are swnmuizsd in table 3.3. 

I Zoaad: bfigbiblut 7mnl n d t c  dcdalrha Ud pwpk OuOritc, 
Zoned fluocite 

rid dvlr Mue 1 ~ û y d w k p p p k r i m s .  

2 

3 

The fin comprises fine-@ned cdwku fiuorite with 1- purple fluorite, which 
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occurs mUnly as disscminaîions. This type of fluoritc is the most cornmon in samplu 

used in this study a d  exhibits bright blue to dulr-blue uthodoluminescence (Plate CG,  

D). Luminescence studies indicate that this kind of colourless fluorite can bc separated 

into two generations bascd on diffamt CL characteristics (Piate DA, B). The eulier 

stage of wlourless fluorite O is cloudy, and has 8 higher relief than the lata stage of 

wlourless fluorite, ahibi t r  bright blue CL, and is zonai. This is veincd or brecciated and 

replaced by a later stage colourless fiuorite 0 with Iowa relief and duk blue CL. The 

third type of fluorite is dark-purple uid occurs as patchcs or veidets in the coloudcss 

fluonte @), and exhibits blue to duk-blue CL. In some sunples, the duk-prrple fluorite 

crosscuts and replaces the colourless fluorite. The f d  type of fluorite is colourless 

fluorite and bright blue CL which aosscuts d replaces coloutless f l~ori te  il and 

the purple fluorite. 

Somc fiamples wntain zoned fluorite crystais in vugs that have purple cores 

surrounded by aiternating colourleas and purple fluorite sones and thit are corted by a 

dark-purple rim (Piate D-C, D). The zonation is alro seen in CL and comprises 

altemating pale-blue anâ brigtit-blue zones. The duk-purple rim shows dark blue CL. 

The REE contents of zoned fluorite crystals dccrease fiom the cores to the purple rims 

(Kerr, 1995). These aihednl toncd fluonte crystals are probably l a t a  thui the colourkss 

fluonte IïI since these aystals noniully ocair in veins or vugs w h a e  they are surrounded 

by colourless fluorite. in some amples duk purple fluorite dominates, and in others, 

wlourless fluorite dominates. 

The REE minerais are g c n d l y  diffiailt to ramgnize with transmitted light 

microscopy so that their abundance is diflcult to estimate. However, SEM analysis 

(Samson et ai., 1999) show that the REE minerais ut v a y  fine-griined (individual 

crystals typically have maximum dimensions of 10 to 40 pm) and arc either disserninated 

through the host carbonate djacent to fluoritbbuite patches or  veins, or, l e s  commonly, 

ocair mthin patches ancl veinlcts (Piate D-E). Thcre appeir to be no REE minaals 

associated with Iater stage oolourless fluorite (colourieor fluorite which probbly 
a 

indicates that the REE minerais were mainly prscipitateâ dwing the eulia stages of 

disseminatal fluorite style m i n d i d o n .  The REE mincnls g e d l y  occur as srmll 



yellow to brown -qat= of c r y d  (400 pm) that comprise rynlutial intergrowths of 

two Ca-REE fluorcarbonates with different CJREE d o s  (Plate D-F) (Samson et al., 

1999). Semiquantitative EDS uiplyses suggest tht these ue probably synchisite 

(CaREE(CO&F) and parisite (CalEE2(CO&Fi) (Samson et d., 1999). Brrsbiacsite 

( R E E C M  and gorceixite ( ( B a , ~ R E E ) A 1 3 ~ O H ' ( O Q )  have a h  becn rcported 

fiom the deposit (Hom and Kwong, 1986). 

This type of mineralintion consists of do1oaone bruxia m e n t  (Plate E-A) in 

a matrix dominated by da&-purple fluorite (ova  40 percent in volume), with les= 

amounts of colourlesq zoned fluorite. This style of minedization is different fiom 

fluorite in breccia-matries in the disseminated style in thu it hm firroui dolostone 

fiagrnents, and has noly a few zoned fluontes. Samplts containhg the breccia-matrix 

fluorite type of minaslizaîion are located in the main mineral id zone near the centre of 

the anticline. The fragments rre fine to  medium-grriincd replacement non-fmoan 

dolostone. In rnost cases, the fhgments contain no fluorite, or only a few thin veins or 

small vugs. The fiagments are gray to brk gray in hand specimen. Dolomite crystals 

exhibit non-planar to planar-s, nonmirnical textures. As s h o w  in Plate E-C, these 

dolomites have cloudy cores and clear nms, and the cloudy cores are distinguished by 

lots of very tiny inclusions. Under cathodolumint~cellce, these dolomites exhibit a duIl 

red to red colour. The maaices comprise massive, dark-purple fluorite and euhedral, 

zoned fluorite associated with minor baritc. The earlitst fiuorite in the matrix is yellowish 

and typiully nihednl (Plate EX), fônning a y d s  up to O. 5 mm in sizt that proôably 

represens a g e m t i o n  of fluonte which is not san in the disseminateci minedization. 

Some of these early-formd crystals contain pinkish-rd growth ôands (Plate E-B), but 

most are optically homogcneous. This arliest fluorite invariably dm contains abundant 

fine-grained, euhedral dolomite c r y d s  that may fom largu agsregatcs which rcsemble 

dismembered, relict dolostone hgments,  but might have beai d t d  by the m i n d u i n g  

fluid as evidenced by pinkish rtd CL. In c o n t n q  ddostone fhgmcnts exhibit du11 r d  to 

red CL. The d y ,  yellow fluorite ocum as individuai crystals, as -es and as 

fiagrnents of crystais that have ôeen overgrown, replaceci anci veined by colourless and 



Plate E: Photomicrograph of Mineralization III 

A) Breccia-matrix fluori te mineralization with fragments of dolostone (D) in matrix of purple fliiori te (PF); Hand Speci men; 
Width 3.3 cm; (From Kerr, 1995). B) Breccia-matrix fluorite showing early, euhedral cores of yellow fluorite (W) witli 
overgrowths of zoned, purple and colourless fluorite. The early yellow fluorite and zoned tluorite are crosscut, brecciated aiid 
replaced by later clear and purple fluorite (PF); width I mm; (from Kerr, 1995) (PPL.). C) Zoned breccia matrix fluorite. Ciystals 
have a yellow core (Y), an intermediate zone of colourless aiid purple fluorite, and dark purple rim (PK); PPL. D) CL image of 
area shown in photo C showing the CL zoiiation of colourless and piirple fluorite. E) Mineralizatioii style III  with ii large cciystal of 
cryolite crosscut and replaced by prosopite (white) ( P L ) .  F) Breccia-matrix fluorite showing a veiii of prosopite (PR) crosscuting 
cryolite (CR); width 2.43 mm; (from Kerr, 1995) (PPL). 



purple fluoritc. Whac this later colourless to pwple fluoritc has grown into open spacc, it 

forms euhedral, zoned overgrowths uound the yellow crystais (Plate EX) that arc up to 

0.5 mm in si=. The zonation ir cbrnciaizrd by dtanrting bands of colourless and 

purple fluorite, waîed by the dadt purple nm. Under crthodoluminescence (Plate ED), 
the early, yellow d euhedrrl fluorite crystPls exhibit a grey to light blue colour. The 

later colourless and purple fluorite zonation in this type of  rock exhibits similu CL 

zonation as that seen in zoned fluorite in the disseminated rnineralization (disseminated 

fluorite type rocks). The REE contents of this type of fluoritc also d e a e w  fiom the 

yellow cores, through the zoned overgrowth Ws, with Iate purple fluorite nms having 

the lowest REE contenta (Kerr, 1995). 

(3) Massive Fluonte 

The float samples fiom the muthastem put of the propaty (Fig. 1.1) mnsist of a 

very distinctive style of  mineralization that contains abundant dumino-fluoride minerals. 

The rnineralization is massive, comprising up to 40 % purple uid colourless fluoritc with 

lesser quartz, &te, phlogopite, cryolite (NaAlF6, proiopite (CaAlz(F,Om), goyrzite 

(SrA13(P0,)(P~OH)(O&)), 8nd dpasolite (&NaAl&& Gorceixitc has dsa b a n  

reported by Hom and Kwong (1986). 

There are no carbonate fhgmentq relicts, or any isoked carbonate aystsls  in this 

type of sample and therefore it presurnably rcpremts a more p a w i v e  alteration or part 

of a large vein. The earliest minerals in the paragentsis of this type of Mneraliz~tion 

appear to be cryolite, phlagopite and barite (Plate E-E, F, F-A, B). These minerals occur 

as coarse-grained (up to - 1 cm) mrroded single crystds or massive a g p g a t e s  in a finer- 

grained matrix comprising variable proportions of fluorite, prosopite, goyazite, qiurtz, 

elpasolite and kaolinite. The matricai are dominated by fluoritc and prosopite, which also 

ocair in veins within the ayolite and b i t e .  Cryolite occurs as highiy 6iactufed crystals, 

which are crosscut ud replaced by prosopite ud coloudess fluorite. Phlogopite ocacn as 

euhedral crystals ainoundcd by fluorite and prosopite. Barite, uyolite .ad phlogopite do 

not occur in contact, mJong their reiative timing uncat.in. Quartz appears to post-bte 

the barite, cryolite and phlogopite because it ocain u veins within, and as a d x  to, 

some barite crystals. Most quartz occurs as uihcdnl cryruls, in veins, and as isolatad, 





whedral but corroded single a y s î d s  in 8 fluorh or pmmpite nmtrk @hie F-C, D). 

Prosopite occurs rr rgsrqptca of co~~t~-gnincd uihcdril to aihtdnl -US, 

sometimes with fibrous texture, .ad as veidcts of fine-gnincd prosopite with mimr 

quartz Coarse-graincd prooopite ir ~dclwively replaced by fluorite (Plue F-C, D). Fi, 

grained prosopite veins are proûably the latest u thy aosscut d l  other m i n d s  

(Plate F-C, D, E, F). There ue at l m  tluee sepuite mes of fluorite mincralhtion. An 

early purple fluorite stage consists of thin, discontinuous veins which are crosscut by 

colourless fluorite. Massive, wlourless fluorite is the moa abundant type, comprising up 

to 40 % of the rocks in volume, which arc crosaait by later dPrk -le fluorite veins 

(Plate F-E). Later dark purple fluorite also occun interstitially ta  or as veinlets in the 

wlourless fluorite, sornetimes dong fioctures. Unda athdolumine~ccnct,  al1 fluorites 

are homogeneous d dadc blue and dt other r n i n d s  are non-luminescent. Goyazite 

occun as finagraincd aggtegates tht appear e pos&d.te the 4 v c  prosopite and 

fluorite. Elpasolite ocaur as a finagrainecl & d o n  product of ayolite. Some u n u d  

minerals have also been identified fiom ùiis assemblage including Nb- and Sn-bearing 

rutile (Samson et al., 1999) and an Ag-Sn-Te4 phuc. The latter w u  reportcd by Muller 

(1 986), and microprobe analyses indicrte a stoichiometry of rpproximaîtly 

AgsSn(TeS2b, which codate with no h w n  mincd species. No REE fluorocubonates 

have been identified tkom this style mineralization. Ail fhorites h.vc low REE 

concentrations (Kerr, 1995). 

3.2.2.2 Coarse Fcrrorn Dolomite AIttntion 

Four main types of alteration are fwnd in the study area: dolomitization, 

silici fication, FeMn alteration and felsprthiution. Most of the studied samples are 

altered to varying degrecs. A major r l t d o n  ir the focmation of f a n u n  dolomite. 

Coarse ferroan dolomite is closely associtlrni with the fluorite-REE 

mineralization, which indicates that dolomitiution is rtlated to the minerdization. These 

dolostones are distributcd mainly dong the miin mind ized  zone. In hand sample, these 

rocks are dirk gry to orangc-brown colour. Comc f-OUI dolomite consists of 

nonplaw to planrr-s, c r y d s  with 8 nonmirnid texture. 1t is iight yelbow in tmnsmitted 



light. Crystals range in size 6om 20 to 500 p. Couse, ferroan dolomites mrmally 

exhibit du11 r d  COIOUT d e r  CL. Some samples contain very minor amount of skeletai 

grains replaced by fenoan dolomite, which b w s  that oorrse ferroui dolomite is a 

replacement produa. Coarsc f#nun dolomite is the second most common type of 

dolomite in the sunp la  4 in thir study &er replacement non-faroui dolomite. 

3.2.2.3 Saddle Dolomite II 

Saddle dolomite II in the study uu is closely uwciated with fluorite, and is 

characterized by its carse a y d  s k ,  aaral cryreil nvheer, iad sweeping extinction. 

Crystals of saddle dolomite II range in size Eiom 50 to 500 p. Sacidle dolomite II occurs 

primarily as  a fracture- and nig-filling cernent, however, it is dso f d  replacing 

limestone where it is associated with f i n a g n i d  purple fluorite (Plate H-A, B). In rocks 

containing the fluoritaREE disseminatcd style ofmincralization hostd by pmnsivc 

ferroan dolomite, cwse saddle dolomite Iï typically ocanr around the edges of veins 

and w g s  and may line the civities with minor quartz uid abundant fluonte (Plate G-E, 

F). The contact between saddle dolomite crystals and cwse ferroan dolomite of the host 

rocks, is? in some cases, gradaîiod, but in rnost cucs, it un be distinguished by the 

presmce of brown REE m i n 4  agpegatcs u d  the bounduy ofthe original w g  

(Plate G-E), which indicatcs that aaddle dolomite podaîes the REE minerais. The 

boundauy can aiso be distinguished by the connut in CL chataderistics; the r d  CL of 

the saddle dolomite versus the non- to dull rai luminescence of the fenoan dolomite. The 

saddle dolomite is cl- and is muser gnined than the couse fmoan dolomite. 

Late calcite refar to alci te  precipitated in late vcinq wgs and breccia matrices, 

or to calcite that occun as a replacement of earlier rocks but which postdates the fluorite 

mineraiization. These calcites are the rnost common calcite type in the amples used in 

this study. Then am at least threc recognizable gcncrations of Iate calcite lu cvidenced by 

crossaitting relationships (Plate LE, F). The fint ga#.tion of caicite is conunon in 

disseminated fluorite type rocks, and g d l y  fillr in veins a d  vugs contai~ng 



dolomite, quartz, ud fluorite (Plate B-F, 1-4 B). The Qlornitc, quartz and fluorite are 

replaceâ by the calcite, which comprises coarsc, d u r  a y d s  that incrcwe in aystal sUc 

towards the centre of the vugs, veins or pores. 

RecrystalluUion of calcite is dso an important fÙturc in the jtudy ug and hss 

resulted in an inacroe in aystal size in mudstone k i e r  ud in the mraix of undreston~ 

facies, to 5-20 )un or pater and these d c i t a  n o r d i y  replace saddle dolomite, fluorite, 

quartz and fanun dolomite. These alcites genailly have light rcd CL but in sorne cases 

exhibit zonation with dtcrnating iight rai a d  red bands unda CL. 

A second genention of calcite ocavs in wide veins uid in the m d x  to dolostone 

breccias. These calcite crystds are fibrous d mn-luminescent d pst-date the fluorite 

mineraliuition, as evidenced by the replacement of fluorite hgments by the rnatrix 

calcites. The latest calcite is calcite in veinlets which crosanit ail other minerals. This 

calcite shows red luminescence and is ferroan in some cases. 

In rocks containhg disseminucd fluorite, Ltc dicification occura as aggmgata 

of fine-girined quartz and length-hSt d v l d o n y  which replace duonte a d  asmciaîed 

minerais. This silicification reprcscnts the latest stage of silicification in the shidy area. 

Some brecciu occur dong the western rm@n of the propaty uea just south of 

Rock Canyon Cr& These brecciu are polymidic. C W  are lithologicaily similar to 

rocks of Ordovician agt. Their matrix ir mainly composai of Uc co.rae caicite (up to 95 

% of the matrix), and the contact bctwecn thh laie calcite and hgments is sharp (Plate 1- 

C). The late calcite matrix exhibits a fibrous texture. In these breccias, fluorite is only 

present in fhgments. Some othcr breccias occur dong the castcni side of the 

mineraiization zone which has minor fluoritc (up to 5 %) hgments. These fluorite 

fragments an replaced by late c o ~ e  calcite ( P k  1-D). 



CHAPTER IV 
ISOTOPE STUDY 

4.1 Carbon and Oxygen Isotope Resultr 

4.1.1 Introduction 

Severai dif'fèrent carbonate minerais and phues have been anaiyzed to determine 

their isotopic composition. This d o n  aimmuues data on the carbon and oxygen 

isotopic composition of the &nates in the study ama. Details of the anaiyses can be 

found in Appendk 1. According to thcir timing dative to mincatization, three groups of 

carbonates are described: prominedidon limeaone Md dolostone, syn-mineralization 

dolomites and pst-mineraljuItion calcites. 

(1) Ordovicirn Limatone: 

Two samples of calcitic crinoid hgments in an Upper Ordovician 

packstone~grainotone hcies ümestonc have 6% d u e s  of -9.8 and -9.6 %O VPDB, and 

6 " ~  values of - 1.5 and -1.2 W. VPDB. These values arc mmewhat (about 2%) depleted 

in '*O relative to typical data for ûrdovichn caicite (Veiza et al., 1997) (Fig. 4.1A). 

(2) Devonirn Limestone 

Four samples h Devonian mudaone ficies r o c k  have 6180 d u e s  ranghg fiom 

-9.4 to -8.1 960 VPDB (average = -8.5, a = 0.6) and 6% values varying Born -1.4 to 1.0 

960 VPDB (average = -0.2, a =l. 1). nKse vrlues are a h  somewhat depletcd in "O 

relative to typiul values of Dcvonian calcite (Fig. 4. lA), whncrr the urbon isotopic 

values fa11 in the range of typicd value of Dwonian calcite. 

(3) Microdolomite 

Microdolomites (n = 7) ikom Uppa Ordovician mudstone f i e s  rocks have S"O 

values ranging corn -7.8 to -3.2 U. VPDB (average = -5.6, a = O.Z), and 6% values 
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varying &om -1 -4 to 0.8 U. VPDB (averqe = -1.4, a = 0.2). This range of values overlaps 

the typical range for Ordoviciui dolomites (Fig. 4.1A). A dolomite cement d u c  dso M s  

in this range (Fig. 4.1A). 

(4) Saddle Dolomite 1 

Two saddle dolomite 1 samples yielded vaiues of -1 5.9 and -13.1 %o VPDB in 

6180 and -0.2 and O. 1 % VPDB in  OC, resQectivdy. nKIc values are signifiuntly 

depleted in both "O and *C relative to those of Ordovician and Devonkt marine 

dolomites. 

(5) Coam Noa-ferman Ddomite 

Couse, non-ferroan dolomites (n = 9) yiddcd B"O ducs ranging fiorn - 12.1 to - 
8.0 %O VPDB (average = -9.7, O = 1.4) and 613c d u e s  v8rying fkom -2.0 to -0.1 9C 

VPDB (average = -0.7, a =0.6). Both 'b and U~ ue more depleted than Ordovician and 

Devonian limestone and microdolomites (Fig. 4.1A). 

(1) Ferroan Dolomite 

Sarnples (n = 13) f?om the ferroan dolomite which hosts the fluorite-REE 

mineraikation are considcrably more depletd in both "O ud '% thn the nonfmoui 

dolomite. The 6180 values range fkom -18.8 to -13.0 % VPDB (average = -14.9, a = 1.5) 

and 6I3c values vary fiorn -2.6 to -0.3 SC VPDB (average = -0.7, a =0.8) (Fig. 4.1B). The 

warser-grained fenoan dolomites are more depletcd in both "0 and "C in gened. 

(2) Saddle Dolomite II 

Two saddle dolomites, which arc closely a d a t e d  with the fluoritc-REE 

rnine&tion, are also sienifiuntly more depleted in both 'b d U~ thn non-lerroan 

dolomite and share the sune range as that of the faoui dolomite. The 6180 values range 

from -18.9 to -13.0 )L. VPDB and 6 " ~  d u e s  vary from -1.9 to -1.1 )C VPDB (Fig. 

4.1B). Saddle dolomite II values are significantiy more depletcd in 13c than those of 

saddle dolomite 1. 
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4.1.4 Post-rninerdaiition 

(1) Latt Cakite Vein 

Calcite (n = 4) Ciom Iate caicitc vcim has 6180 vaiues nnging fiom -17.8 to -14.1 

% VPDB (average = -15.8, a = 1.8) and 613c d u e s  varying âom -5.3 to -1.8 % VPDB 

(average = -3.2, a 4.6). The 6180 dues  nU in the same range as those of syn- 

minerabation dolomites, whcrcas the 613c values arc highiy variable and significantly 

more depleted (Fig. 4.2). 

(2) Late Calcite M i u U  

Calcite (n = 10)  in breccia matrices yiddcd 6"0 vaiues ranging from -20.7 to - 
13.8 9C VPDB (average = -17.0, a = 2.0) d 6 U ~  vllua Mlyine fiom -7.0 to -0.7 %O 

VPDB (average = -3 .O, a = 2.1). The 6"0 d u e s  n1l in the rune range as those of syn- 



muieraiization dolomites ud k dcite veiw. w h a a ,  the 6 U ~  vaiua u e  more variable, 

and significantly more depleted (Fig. 4.2). 

(3) Recryst.llhd C.lcite Ckrtr .ad Hoat Roclrr 

Calcite fkom tccrystauized breccia clasts and host rocks to the fiuorite 

mineralization, which postdate the fluorite minerrlurtion, (n = 8) have the same isotope 

composition as the late calcite veins and &cite fiom breccia matrices. They show 

significant 13c depletion relative to prc- ud syn-minedidon carbonates. The 8180 

values range from -18.4 to -14.4 %O VPDB (average = -16.6, o = 1.5) and S"C values 

Vary eorn -7.1 to -2.2 %O VPDB (av-e = -5.1, a = 1.8). 

4.2 Strontium Isotope Resub 

4.2.1 Introduction 

In order to constrain the chcmistry, enviroruncnts and possible sources of the 

mineralizing and dolomitizing fluidq severai samples have been d y z e d  for their 

strontium isotopic composition (*sr/%). These are: limestonc, microdoIomite, coarse 

ferroan dolomite, saddle dolomite, replacement non-fmoan dolomite and late calcite. A 

completed compilation can be found in Appendix 1. 

4.2.2 Strontium Isotope Raulb  

Figure. 4.3 illustrata the "sT/Ys~ ratio of the andyzcd sampks plotted against 

S"O for calcite and dolomite from the study uu. Microdolomite in Ordovician mudstone 

facies rock has a value of 0.70809 and U s  in the nnge for postulated Ordovician 

seawater. Very fine-grained Devonian calcite, erst of the deposit, shows a slightly 

e ~ c h e d  value of 0.70862 with respect to Middle Devonian se8water. Late calcite in a 

breccia mat& has values of 0.70998 and 0.70822 which are a more tadiogenic than 

Devonian calcite. Saddle dolomite II, rssociated with the fluorite mincralkation, has a 

value of 0.707839, which is similar to that of Odovician or Devonian seawater, whereas 

saddle dolomite 1 which is not evidcntly d a t e d  with fluorite mineralization yields a 



value of 0.70995. The faro.n &ioMter y*ld vuy iow "sr/% ratios naging fiom 

Fig. 4.3 "sr/% u d  oxygen botopic wmposition for caicite and 
dolomite ph- cornparimg with publkhd data for Rocky 

Mountains carbonates. 



CHAPTER V 
Fluid Inclusion Study 

5.1 Fluid Inclusion Characteristics 

5.1.1 Fluid Inclusion Types 

In the study a r a ,  M n a r l s  suitaôk for fluid inciusion rtudy indude Lte caicitc and 

a variety of dolomite and fiuoritt types. Fiuid inclusions were ciasdicd .ccording to the 

type and proportion of p h  p- rt m m  tanprrturr. Inclusions, which wae  

interpreted to have undergone necing, were not includd in this ciassification. Three 

types of fluid inclusions have ban identifid (Fig. 5.1) 

Type L: Aqueous Liquid. 

Type LV: Aqueous Liquid-Vapour. 

Type LVS : Aqueow Liquid-Vrpour-Solid. 

Fig. 5.1 SchemPtic Sunmry af Fiuid Indusicm Trges 

Aqueous type (L) inclwiow are widcqrcad in the study ucr, thoufi not v a y  

abundant, ocavring in carbonates, quutz ud 8 vuiay of the fluorite types. The fiquid 



only inclusions in carbonates ut typidy 1- thui 2 pm in Sze, wherers those in fluorite 

are highiy variable in size, ranging fiom 1 to 20  un_ 

The aqueous liquid-~pour inclusions (LV) are by fhr the most abundant, occurring 

in dieerent typa of carbonates and JI variety of fluorite typer. LV inclusions in the 

difEerent types of dolomite are mostiy vuy smaii, rsnging Erom 1 to  4 pm in size. LV 

inclusions in lote dcite ire t y p i d y  h e m  2 uid 15 pm in size. LV inclwions in 

fluorite range in size fiom 5 to 30 m. Vapoudliquid ratios of LV inclusion are highly 

variable, mging flom about 1 : 5 to up to 6: 1. 

Aqueous liquid-vapour-solid inclusions (LVS) are typicatly bctween 10 and 30 pm 

in size. This type of inclusion haJ only been found in fluorite and late calcite. The soiids 

within fluorite-hosted LVS inciusions arc gemrrlly buefiinsent, arhtdrPI, and in most 

cases ocair as aggrtgates of finegraincd uystair. The soli& arc considaed to have been 

trapped, rather than be daughter minerals becwse thy are irregularly distributcd in the 

inclusions and form aggregates ritha than single aysta is .  In some cases, the solids within 

LVS inclusions are birefhgent and square or rectangular in shape. 

5.1.2 Distribution and Ongin of Fluid Inclusions 

S. 1.2.1 Prima y Fluid Indurions 

The ongins of the fluid inclusions fkom Rock Canyon Creek wae rr<iessed using 

the cnteris of Roedder (1984). PNii.ry fluid inclusions arc prcsent in fluorite, ferroan 

dolomite, non-ferroan dolomite, saddle dolomite and Iate calcite. 

Primarv fluid inclusions doIomiE 

Most of the ferroan dolomite crystals contain fîuid inclusions. More than 80 % of 

the inclusions are type L and secondary, but som LV inclusions away fiom planes of 

secondary inclusions are intespretd as primuy inclusions. Theac primuy inclusions are 

isolated fiom 0 t h  inclusions and ue irregular in shapc. Thy are t y p i d y  very s d  (< 5 

pm), and make up less than 1 % of the volume of the host fmoan dolomite. It's difiicult 

to measure these inclusions due to the ydlow colour of the host aysta ls  and siiltl size of 



the inclusions. No rolid-baring inciusions have been f a n d  in fmoan dolomite. Tbe 

characteristics of the inclusions in saddk dolomite and non-ferroan dolomite are the same 

as those of ferroan dolomite. 

P riman fluid inclusions in fluoria 

Inclusions in fluorite are more cornplex. Most of the fluorite contains abundant 

inclusions, however, duk purple fluorite rims of zoneci fluoritcr arc buiully indusior- 

free. The inc~usions make up 5 to 10 % of the volume of the host aysuls. Fluorite in the 

massive fluorite sainples is inclusion h. Bascd on their distnition and characteristics, 

four groups of Buid inclusions in fluorite have ksi identifid: (1) LV inclusions in zoned 

fluorite; (2) LV inclusions in y d o w  cores of the breccia-mrtrix fluorite; (3) LVS 

inclusions Ui y d o w  cores of the br&8 matrix fluorite; ud (4) LV iiiclusions in 

disseminated fluorite. 

1) The aqumus ü q u i d - w  indusions (LV) in zoneci purpls-colouriess fluorite of the 

breccia-matrix fluorite are dongate ud distrikitcd dong growth bands in the zoned 

fluorite (Plate J-B, C). Such inclusions are considered to be primary. nKy range nom 

5 to 20 pm in in. The ~pour  bubbles ocaipy .bout 15 pa cent, on average, of the 

volume of these inclusions. No solids have been observcd in the inclusions in zoned 

fluorite. 

2) Aqueous, üquid-vapour inclusions in the yellow cotes of breccia-matrix fluorite ocair 

either as isolateci indurions (Plate J-C) or in -od arrays. nie inclusions 

normally mdce up to 2 to 5 % of the volume of the host crystals. Tk a h  of the 

inclusions is hi@y variable, ranging baween 2 ud 30 pun. Thy arc mody  irregdu 

in shape. In some cases, vapour bubblcs mrke up rbwt 40 % of the volume of the 

inclusions (Plate K-A, B, C), and these high vapourfiquid ratio inclusions tend t o  

decrepitate during microthennometric mcasuremc~lt. 

3) In the yellow corn of the breccia-matrix fluorite, some inclusions contain an 

unidentifid solid crystJ dong mth a vrpour bubMe a d  8 liquid p b .  These 

inclusions occur as clustas. In crystals w k e  LVS indusions present, Oise are fewa 

LV inclusions. The sizc of these crystals is consistent dat ive  to the volume of the 



Plate J INCLUSION TYPE (1) 

LVS inclusion in late 
calcite, solid 
minerals are 
birefregen t. 

LV inclusion in 
zoned breccia- 
matriz fluorite, note 
that the inclusion 
distributed along 
the grow-th zone. 

LV inclusion in 
zoned breccia- 
matrix fluorite, 
same view as the 
box in photo B, but 
different 
magnifica tion. 



Plate K INCLUSION TYPE (II) 

LV inclusion in 
yellow coms o f  
breccia-ma trix 
fluorite 

LV inclusion in 
yellow cores o f  
breccia-matrix 
fluorite. Tbe bon 
shows the schematic 
map of the 
inclusion. 

LV inclusion in 
yellow cores o f  
breccia-matrix 
fluorite 



inclusion (about 10 % of the volume ofthe inciusions), d their occurrence as singie 

crystals (Plate LA)  thui rgsreeites indicrtes that thy u e  duighter minaris. 

Their identities could not bt detaminsd by Runui -py due to the intense 

fluorescence of the host fluorite. The npourliiquid ratio in the# LVS inclusions is 

also reiatively consistent with the vrpour bubble comprishg .bout 15 to 20 per cent of 

the volume of the inclusions. 

4) In the disseminated fiuorite type rocks, fluid indusions are munly in colourless flwnte 

@ and m), most of these inclusions are seconduy or psaidoseandary. Inclusions 

that do  not appear to be dated to  p b  have, howevr, beai considerd as prllnary 

inclusions. These inclusions arc LV d occur eithcr as isolatai inclusions or in threc- 

dimensionai arrays. Thy are h i e  variable in & a d  irregular in shape. This type of 

inclusion is rare and d e  up about 2 ./. of the volume of the host uystalr. The vapour 

bubble occupies .bout 10 to 20 96 of the volume of the inclusions. Some of the higher 

vapow/liquid ratio inclusions tend to be decrepitated during microthenm,metric 

measarement. 

Primarv inclusions in late calcite 

Most of the laîe dcite is inclusion hc. In some cases, howcver, late calcite 

crystais have abundant klusions iirluding LV d LVS typer, rmlring up to 40 % of the 

volume of the host calcite (Plate &A). The inclusions are mostly LV idusions. LV 

inclusions in late calcite am g e n e d y  rounded, but in rome cases arc elongate, and range 

between 2 and 10 pm in diameter. These inclusions u d y  have wide, dark edgcs. The 

vapour bubble, on average, ocaipies approxhdy 30 9; of the volume of these 

inclusions. Some luge inclusionr contrin a solid phse. These LVS inclusions are typically 

larger than the LV inclusions. They occur u roundai to dongate inclusions ind range 

between 5 d 15 pm in in. The sotid Monrli uc typidy  b i i g e n t .  Ovarll, the 

elongate inclusions arc orientai dong the growth dLoction rr denncd by abunduit rmill 

inclusions (Plate J- A). 



Plate L INCLUSION TYPE (III) 

LVS inclusion in 
yellow cores of 
breccia matrix 
fluorite, solid 
rninerals are 
birefregent. 

Secondary LV 
inclusions in 
disseminated 
fluorite, note that 
secondary inclusions 
occur in obvious 
planes. 

1 

C i 
iMicrophotograpb of 1 fluid inclusions 
during crushing test, 
note that the vapor 
bubbles in inclusions 
expanded rapidly. 



SecondPry 8uid inclusio~ are praent in JI miaarls. In disScminateci fluorite, 

secondary inclusions are more .bund.nt thn pr- inclusions. In most cases, secandPry 

inclusions were euy to idcntify, as they nononnilly ooau in &MOUS planes (Plate GB). 

Most of the seconduy inclusions in fluorite arc LV inclusions; rue LVS inclusions arc 

ais0 present. The solid aystaJs ocair ather as single crystPls or as aggregates. These 

crystals are buefiingent and m y  be tnpped carbonates. 

5.2 Microthermomety of Fluid lnclwionr 

5.2.1 Introduction 

Freezing and heating experimaits w m  paformed on difZerent minerais includhg 

ferroan dolomite, non-ferroan dolomite, saddle dolomite, I.te caicitc Md the variaus 

variety of fluorite. Tempentures of initial ihezhg (Tn), init*l meiting (Te), nnJ ice- 

rnelting (Tm ICE), hydrohaiîte-melting (Tm HH), inclwon homogeniution (Th LV) and 

inclusion deaepitation (Td) w a e  d e  on üquid-npour ud soiid-liquid-vapour 

inclusions. The srnall size of most inclusions (5 - 10 pm) prtverited accurate 

measurements of the initial rnelting taperature. Although soiri. of the inclusions yitldd 

initial melting tcmpcratwe of around -20 OC, most inclusions are haüte undersaturated and 

Te values are Iowa t h  -20.8 OC (The c u t d c  tcmpatwe for the HGNaCl system). 

The NaC1-CaClrH# system hm ban d to collvect the TmICE to srlinity (Bodnar, 

1993). This is reasonabk in fluoriiibridi hydrothermrl systun (&rich) and because of 

the carbonate wd rock rnvironmmt. The ddiiled bu c m  k found in Figure 5.2 to 

Figure 5 -4 and in Appdix  Iï. 

5.2.2.1 Ferroan Dolomite 

Upon cooiing, üquid-vrpour inclusions in faroui dolomite fkou to a âark, 

rnicroaystallinc mosiic at tempaituns krwem -58 ud 47°C. Eutectic temperature 

(Te) ranges fiom -20 to -21 OC. Th LV d u e s  range fiom 158 to 203 OC (Fig. 5.2) (meui 
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Fig 5.2 HUtogim of TL G V  for nuid iaciurioi from different u r b o i a t a  

= 181, O = 15) withthc mode at approxhatdy 180 OC. Final ice-mdting temperatures are 

highly variable, ranging h m  -22.1 to 4 . 7  % (man = -12 O C ,  O = 7). 

5.2.2.2 Non-ferrom Dolomite 

Liquid-vapour inclusions from non-fenoan dolomite yiddcd homogenization 

temperatures ranging from 182 to 233 O C  with a mode at approximately 195 OC (Fig. 5.2) 

(mean = 197 OC, O = 15), which U s  in the sunt mnge as the values for fenoan dolomite. 

A final ice-melting temperature meamrd on one good LV indusion was -10.7 OC. No 

eutectic temperature was measured. 

5.2.2.3 Saddlt Dolomite II 

Due to the small sizc of the inclusions h m  a d l e  dolomite II, m aitectic 

temperature uid hnil icamdting tempenture have kai mernued. Homogeniution 

temperatures of LV indusions h m  uddk dolomite lie bawœn 172 ud 189 Y: with the 



mode at approrrimatdy 180 OC Vig. 5.2) (mean = 181 OC, o = 8). which are simiiar to the 

valu- for ferroan dolomite and non-fmoan dolomite. 

As indiatecl in section 5 -2.2.1, LV inclusions ue mainiy found in colourlesa 

fluorite II and KD of dissemjnated fluorite style rocks. During cooling, the aqucous üquid- 

vapour inclusions in disseminateci fluorite started to fkczc to a microuystalhc mosaic 

and/or the vapour bubble disepperted at ternpentutes krween -30 and -73 OC. During 

heating &om rwm tanpenture, somt high vapour&uid ratio i n c l i o n s  decrepitated at 

tempera- betwecn 146 a d  272 OC. E u t d c  tempmhu# wae mcasured at around - 
27 O C .  Homogenization tanpcmtum arc highly VIVUbIc, Mgllie fkom 114 to 274 OC 

(mean = 183 OC, u = 42.8) (Fig. 5.3). P d  icc-rdthg tmpemtwm (Tm ICE) range fiom 

-23.8 to -8.9 OC (mean = -15.3 OC, a = 5.77). Within this range, two populations are 

evident, with modes at approximatcly -25 and -1 1 OC (Fig. 5.4, salinities are 25 and 1 1 wt 

% NaC1+CaCl2 equiv). 

5.2.2.5 Ytllow C o m  in Bnceh-Matris Fluoritt 

Initial fiating tanperr6urcs for liquid-vrpwr inclusions in the ydow fluorite 

cores were between -65 and -45 OC During h d n g  nom room tcmpcrature, some high 

vapour/liquid ratio inclusions dccrepitaîed at tanpcntuns h e m  84 and 247 OC. No 

eutectic temperatures were measutad. Soüd phases in LVS indusions do mt dissolve on 

heating (> 400 OC). HomogaUation temperatures (Th Lv) for JL LV anci LVS inclusions 

are aiso highiy variable, mging fkom 1 10 to 347 Oc (me8n = 19 1 .TC, a = 55-08). with 

the mode at approximattly 170 O C  (m. 5.3). F i d  ioamelting tanperatures (Tm ICE) 

range fkom -26.7 to -8.9 OC ( m m  = -13.9 OC, a = 5-34), with most of the data clustered 

around -1 1 OC Fig. 5.4), which is equivdent to a dinity of 11 -3 wt % NaCl+CaCI~ 

Inclusions in zoneci fluoritc yidded daîiveiy good micor ihamodc  data duc to 

their larger size. Initiai f i d g  temperatures for üquid-vapour inclusions in zonecl fluorite 



are ben-56d-35 %, wti id i ia loomthnthoaeof~f luonta .  During b d n g  

fiom room temperature, somt high vripourniguid ratio Musiom deatphtd  at 

temperatures of betwœn 122 ud 202 'C. Eut& lie bawan -28 ud -17 

OC. Solid phases in LVS Urlusions do mt diwlve on (> 400 OC). One good 

inclusion yielded a hydrohdte-meiting t- of -2.8 O C  &a ice hd mdted at 4 . 2  

O C .  Homogenization tanpaatum~ (Th LV) for JI LV and LVS inclusions are dso highiy 

variable, mging âom 97 to 290 'C (man = 160.5 O C ,  a = 73.8). with r mode at 

approximately 1 10 OC (Fig. 5.3). which ir lowa tiun those of otha fluoriter. F i  ice- 

melting temperaturer range 6rom -9.5 to -2.0 'C (nera = -5.6 OC, o = 2.2), anci are higher 

than those of the other fluorite types (Fig. 5.4). The mode for thir group (4 OC) is 

quivalent to a salinity of 6.1 wt ./. NoC1+CaC12. 

Fig 5.3 H L t g r u  of R L V  of muid Wuriau for v- of fluonta. 



Fig. 5.4 Hirtogmm of uünity of luid indus ion^ for v u k t y  of fluorites 

5.2.2.7 Late Calcite 

Upon cooiing, îiquid-wgour indusions fiom Lte d u t e  6ozc to a du(c 

microcrystaUine mosaic md the vrpour bubble disrppeusd suddenly .t temperakires 

between -59 and 4 6  OC. One sunple hm r aitectic tanperrturc of -23.1 O C .  Liquid- 

vapour-solid inclusions yieldcd initial fiecahg tanparturu Mgine from 4 to -48 O C .  

Solid phases in LVS inclusions do not dissolve on hcathg (> 400 O C ) .  FinaI icamelting 

temperatures for ail inclusions in I.te calcite lie beewkn -21.9 and. -13.6 O C  (mean = - 
17.4 O C ,  o = 3.3). Homogcnizotion tanpmtum arc smt t cd ,  ud range from 130 to 241 

O C  (mean = 183 OC, ,a = 34) with the mode at rpproximrtdy 200 OC (Fig. 5.2). 



5.3 Gas Chemistry 

Lsser Raman spectroscopy, gm chromitopphy d crushing tests wae urcd in 

an attempt to characterize the gases prrsact and the pnaairc in the fluid inclusions from 

the Rock Canyon Cr& fluorite. 

S e v d  Uiclugons fiom sunpla in which decrepitmtion wu common at low 

temperature were testai by crushing. The vapour bubbh in the indusions expandecl into 

large bubbles during the cnishing (Plate LX), wliich indiutrd that the pressure in the 

inclusion is higher than atmosphcric pressure. 

Severai inclusions in fluorite with rela!ively large vapour bubbles wae  analyzed for 

C02, CH+ HzS, and S a  ushg iua Runan sjmctroscapy. None of thesc grrcs wae 

detected. This indicates that theac gaaes are .braii in the inclusion or their concentration 

are below detection limits, which uc ükdy to be hi& kuure of the intaise fluorescaia 

of the host fluorite. 

fhree fluorite sunples with a b u n d ~ t  LV inciusions wae uiilyzed by gu 

chromatography. One of the sunplcs wu lost during -S. In the two O- N2, C a ,  

CN, i-CJIio, and H20 wac m u a i r d  Th& Ikuduiws and mole fhtiona are givai in 

Table 4.1. Basicaiiy, these two sets of data uc vcry shüar. Cubonic gu is an important 

constituent of the inclusions. &values of 5.03 and 5.37 sœm high givcn the absence of 

Correlateci phase changes during the microthamornetric -t. 

Table 4.1 Gu Chromatggp~b~k Da& 

i-CsI10 

I 

RCC95-5 

RCC37 

C a  
Sample # 

moi 

151 1.75 

1951.61 

Water 
N2 

Mol 

2.20 

4.95 

CEt 

(%) 

0.15 

0.25 

1 

mol 

N/A 

0.34 

(%) 

N/A 

0.02 

(%) 

5.03 

5.37 

Mol 

1.26 

1.56 

(%) 

0.08 

0.08 

Mol 

76.09 

104.72 



CHAPTER VI 
DISCUSSION AND INTERPRETATION 

6.1 Paragenetic Sequence 

Interpretaîion of the pamgcmris for Rodc Canyon Cmck rocks is baseci on the 

preceding petrographic, minadogic and geocbemid results. The products and timing of 

the diagenetic and hydrothanril events are divided into three major stages: early 

diagenesis, minedization and ps t -mind in t ion ,  ud are ummarized in Figure. 6.1. 

In the Rock Canyon Cndc a r a ,  early diagenetic evmts d k r  to those that predate 

the fluo fiteREE mineralization and includes micritization, microdolomite formation, 

compaction, dissolution, calcite cementation, dolomite cementation, silicifïcotion and 

brecciation. 

Micritim tion; 

Pctmgraphidly, the dark miaite rims aurwnding grains represent the first 

diagenetic event in the study arca Miai tk t ion  is an early marine process that involves 

endolithic dgae, cyanobactcria Md hngi boring into aiceletai hgments; these bores are 

then filled with miaite, a Maocrystalline calcite (Tuclter, 198 1; Tucka and Wright, 

IWO) .  Repeated boring and in-filling rcsults in the formation of micrite envelopes around 

grains (Tucka, 198 1). Poikilotopic calcite ud calcite spu fi11 in the intraparticle porosity 

and surround the micrite envelopts, indicating that micritization prcdates calcite 

cementation. 

Microdolomitç 

Microdolomite precipitated before the onset of mechanical and chernical 

compaction because early stylolites and veinlets crosscut the microdolomites, and 

stylolites in the same sunple are dolomitized by Iata replacement non-fenoan dolomite. 

Chernical compaction begins ifta a fcw metres of burid ud continua to a depth of 

sevenl hundred mctrcs ( S h i ~  ud Robbin, 1993; Chopuette Md lames, 1987). which 

indicatea t h t  the miaodolomite wu prscipitatd either at the diment-water intedàce or 

prior to buriai in excess of 10 m. ûther studics have sbown tht microdolmnite occurs in 
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mudstone uui d e s t o m  fhcies thit wen o r i g i d y  precipitatcd in upper intertidd to 

supratidai scaings (Tucker ud Wright, 1990). Tbe pnsaice of clcar nms around cloudy 

cores in the microdolomites indicrte that they hve ban undagone a rccrystallization. 

Calcite cementation is M important aspect of the diagenetic history of Rock 

Canyon Creek rocks, and it began in marine environments, continucd through deep bwial 

environments to lata diagenaic evcatr. Euly d c i t e  m o n  includes pokilotopic 

calcite, coarse calcite spar and auly crilcite veining. All these types of calcite cements are 

non-ferroan and cumposcd entircly of low-w caicite. The pokilotopic caicite cements 

formed during a relatively carly diagenttic stage, either in a d n e  environment or in 

early burial stage. The calcite spar d c i t e  veining occur u coarse crystals and in 

interparticle pores, cavity and ve in lw indicate thot these calcites postdate dissolution 

and wmpaction. 

Com~actioa; 

Ma deposition of the carbonate diments,  various compactionil textures and 

fabrics were developd due to overburden stresses. Particle reorientation and sediment 

dewatering begins at a deph of approximrtely one metre below the sediment-water 

interface (Choquette and James, 1987, lm), so tht mechanical wmpaction affects 

sediments relatively tarly in theu diagenetic histary. Although compaction occun d y  

in diagenesis, it is later than rnicritization and rnicrodolomitization as evidenced by 

broken micrite envelopcs and that microdolomites were crosscut by veinîets and 

stylo1 ites. 

Dissolution 

Dissolution textwes are also a common feaîure and are thought to have developed 

early in the diagenetic history of the Rock Canyon Cr& rocks. Dissolution may ocair  in 

several different environments including mb-door ,  meteoric and deep burial (Tucka, 

198 1). Examples of dissolution include: dissolution of metastable fossil grains, formation 

of stylolites Md dissolution of dolomite uystdr. 

Dissolution of fossil grains occurred dmving a r ly  diagenesis, povibly fkom the 

infiltration of meteoric water. This is consistent with the presence of solution-collapse 



breccias, which are i n d i d v e  ofpdaaxpasure. Fouilr on@ndly composd of aragonite 

and high-Mg calcite (Tucker, 1981) wac dissolvcd, laving voids which wae l a t a  filled 

by dolomite spar, as M d e n d  by the p r a m a  of a gcopetal textures, iadicating thaï 

dissolution might have ocairred before dolomite cements. 

Formation of stylolites develops becruse of the difference in the relative solubility 

of components when subjectcd to i n a e u r d  pmmre during buriai (Choquette and James, 

1990). In the Rock Canyon Crdc rocks, stylolites crossaat the microdolomitcs, 

suggesting that pressure solution postdateci mictodo10mitintion. 

The presence of in îd ioniu t iod  di9solutiorwollrpse breccias with dolomite 

cements and subscquent fluorite m i n d i u t i o n  show that dissolution events predate 

dolomite cements and fluorite mindization. 

Breccia tion 

The first generation of brecciation is represented by the intrPformationai solution- 

collapse breccias. The fhgments in thue brcccirr are poorly-aortcd, not rotateci, ud 

showing M e  dissolution. In a f iw cases, however, there are sorne r d d  fhgments in 

vugs showing evidence of dissolution. No obvious offoettng of existing fractures and 

veins have been observai, this indi- that the brecciaîion might not have been causeû 

by faulting. Although no cvidence of evoporation and solution mch as spelwthem or red 

beds are present in the Rock Canyon C& ana, some evaporites and solution-collape 

breccias have ôeen reporteci (Dix, 1990). Dissoiution of evaporite beds will cause 

col1 ap se of overf ying units, p d u c i n g  collapse breccias. 

Along the west dope of the c r d  wcst of C u d y  Crak ,  thm is a well-exposed 

basal conglomerate. Dix (1991) ascribed the conglomerate to a channel filling on an 

irregular paleotopognphy. Similu chuuielling characterizes the Owen Crcek base 

(Norsford, l969), but also the base of the Middle Devonian (Yahatinda Formation) dong 

the east margin of the West Alberta Arch. This unconformity might dso cause solution- 

collapse breccia formation. 

The breccia 6Rgments arc mmnmded by iropachow dolomite cements, which are 

coated by saddle dolomite, quartz ud fluoritt. These textures show that the brecciation 



predates the fluorite minailkation ud is rclrtively d y  in the dirgca*ic hirtory of the 

sequew beuuse it predates the f o d o n  of  the dolomite cements. 

Dolomite Cemena 

Dolomite aments ocair as open space fil1 such as in veins, wgs and in the 

matrices of intraformational solution-collapse breccias. It also ocam as isopachous rims 

around microdolomite clasts in intrriformatiod brsccia and conglomerate, which 

indicates that the dolomite c«nentr postdaîe the microddomites, but p&e the 

mineralization because theje dolomite cemcnts ue replrced by fluorite. Under 

cathodoluminescence, these dolomites are .II  nduminesant, which indicatm that trace 

element activaton (cg. ~ e ' 3  wae not incorponsed into the cemmts, which is consistent 

with the staining anaiysis of these dolomite. This is g e d l y  the case for cernents 

precipitated by fluids in a marine environment (Stanhuiff, 1989) where these elements 

would be oxidized and thus univailable for illcorporation into the cernents (Tucker and 

Wright, 1990). 

Saddle Dolomite 1 

Saddle dolomite I predates the mineralization, as it is replaced by fluorite. Saddle 

dolomite I exhibits dull-rd CL, but, in some cases, shows CL zonation with red to bright 

red mres and severai outer bands that alternate bctween being nonluminescent and 

exhibiting a red CL. These mned dolomites occur at the boundaries of open space such as 

veins and wgq and am followed by m>n-luminescent d d l e  dolomite. 

The replacement non-ftrroui dolomites sclectively to pawrively replace 

wackestone and packstone facies. Some of these dolomites have inclusion-rich cores and 

clear, inclusion-Eree rims, indiciting r e c r y s t . l l ~ o n  (Tucker and Wright, 1990). The 

contact between fragments of nplrcement non-fmoui dolomite and the matrix of 

fiuorite in breccia-maîrix style rocks is shirp. Some n o n - f m  dolomite r e l i a  floating 

in the fluorite matrix wae mpircai by the fluorite, indicating that formation of 

replacement non-~CTTOM dolomite prcdates the fluorite m i n d i u t i o n .  



Silicificatiop 

As deJcnbed p&Iy, thsFe ue d mgea of d i c i  fiution. The first 

generation of silica includes m i c r o q ~  lmninae in lamirutcd mudstom, chat nodules in 

siliceous dolostone and some mesli~uartz in pom lefk by fouil fiagrnent dissolution. The 

megaquartz is normally associated with dolomite cemems, i n d i d n g  that the first 

silicification is syn- to postdate dolomite cernent precipitation. The source of silica could 

either be biogenic or nonbiogenic. The presence of c h a t  d d e s  may be taken to indicate 

the redistribution of biogenic silica (Hesse, 1989), dthough the sil icaus organisms may 

not be abundant enough in shallow-wata carbonates to fonn the chcrt nodules (Dapples, 

1959). A nonbiogenic source of s i l ia  that is masonable for burial environments is fiom 

the conversion of smectite to illite (Hesse, 1989) within the nearby shale basin west of the 

deposit (Yao a al., 1997), which is consistent mth more extensive silicification west of 

the deposit than east of the deposit. 

6.1.2 Mineralizri tion 
Petrographic relationships indicate tht the minerakation was the result of 

several stages of hydrothermol activity. In order to evalua~~ the relationship m e e n  the 

dolornitization and fluorite-REE min«rlizaîion, a detailcd discussion of the paragenetic 

sequence for the m i n d i u t i o n  stage is ptesented in this section. These paragenetic 

studies show that coarsc-ferroan dolomites and sacidle dolomites are closely associated 

with the F-REE-nch hydrotherrnal mineralkat ion, as well as extensive brecciation and 

silicification. A detailed paragenetic sequence is prerentcd in Figure. 6.2. 

Coarse Ferrorn DoIomitg 

Coarse ferroan dolomites are principaily found in rocks fiom the main 

mineral id zone and am the principal hosts to the rnindization. The spatial distribution 

of coarse ferroan dolomite dong the fluoritc-REE m i n d i u t i o n  zone indicates that 

ferroan doIomitkation is the proâuct of hydrothcnnal activity thaî cause the F-REE 

minerals. Paragenetially, corne f m o ~  dolomites arc cavil with the fluonte-REE 

mineralization, as they are integrown with REE minemis. In most cases, however, the 

REE minerals and fluorite am d i m e r n i d  in, ud replice, the cou~e ferroan dolomites. 

As noted in section 3 -2.2.3, the REE a i i n d r  pdate saddk dolomite II. nKse probably 



indicate that the formation of corirst ferrom dolomite is c o d  to the formation ofREE 

mineds, but that the deposition of fluorite and d d e  dolomite II largcly postdate the 

formation of coam firrorn dolomite. 

Saddle Dolomite 

Saddle dolomite II occurs rs a repbmtnt and as a cernent phase and is closely 

associated with fluorite-REE mineralkation. As mted previously, replacement saddle 

dolomite crystals only ocair whac firegnineci, disseminatexi purple fluorite is present, 

and are replaced by this fluorite. Most saddle dolomite II ocairs Mund the d g -  of 

veins and vugs in fanwi ddostone d mry line tk uvities .long with minor quartz 

and abundant fluorite. The d d l e  dolomite is cleuer d is eou~er @nad than the 

surrounded wane fcnoan dolomite. The textures d d b d  previously show that saddle 

dolomite II is associated with the rnindizaîion and posîdatca wlvse ferroan dolomite 

and REE minerd deposition, and prcdater colouriess fluorite 1. 

FIuoritoREE mineralizrti~g 

Texturd relaîionships indiclrte that the minediut ion w.s the result of several 

stages of hydrothermal d v i t y .  nie formation of some REE minerah are coeval with 

coarse ferroan dolornite, bit the major formation cvent of W m i n d s  postdate the 

coarse ferroan dolomite and predate saddle dolomite II. In rocks containing disseminated 

mineralization, there is an eu ly  disseminami doutle= fiuorite (I, II) with minor purple 

fluorite and barite that oca>n as a replacement of cwse fmoan dolomite and saddle 

dolomite II. Luminescence spectra of disseminatal colouriess fluorite (I and II) indicate 

low REE concentrations (Km, 1995; Samson et al., 1999). The aihedral toncd fluorite 

crystais postdate colourless fluorite, as these zoned crystals rppeu to have grown in vugs 

in colourless fluorite. These crystaîs han colouricss or purple cores SurrOunded by 

altemating colourless anâ purple zones, and arc corteci by pirple nms. Luminescence 

spectra indicate that the wrts have high REE c o n c e d o s  and the rims low REE 

concentrations (Km, 1995; Samson et ai., 1999). The zonation is dso visible unda  CL. 

This pattern of colour, REE and CL zonation is the sune as that of zoned fluorite in 

breccia-matrices. This suggcsts that the cdourierr, diueminated fluorite and the mned 

fluorite in brcccia-matrices pob.bly piecipitatecl h m  the - fluid. 



The float sampla fiom the routhasteni part of the propaty consis& of a vay 

distinctive style of mindization tht is chrnaaiLed by the dumino-fluorides prosopite 

and cryolite. No R E '  f l u o ~ n a t e s  hm ban f d  in this type of rock. The earliest 

minerals appear to k cryolite, phlogopite d buite. Thae arc at least threc separate 

stages of fluorite. Luminescme spcctra indicate a low REE amcentrations of  fluorite 

(Kerr, 1995; Samson et ai., 1999), uid the crthodoluminescence colour is dark blut. 

Post m i n e d i d o n  events include lrtt calcite precipitation, s i l ic i f idon and 

brecciation. 

Latt Calcihtioq 

Late calcite occludes veins, vugs or breccia-matrices, or ocairs as a replacement 

phase. Petrographically, d l  these cnlcites postdrte the fluorite-REE mindization. In 

rocks containing disseminatal fluorite, amme d c i t e  normally ocairs in veins and vugs 

where it replaces fluorite, d d l e  dolomite II, baritc and quartz In some brecciu, calcite 

occurs in the matrix and replaces fluorite fiasments. Al1 these calcite types have similar 

isotopic composition, the detailed nature uid sowce of fluids which precipitated these 

calcite will be discussed in next section. 

Silicificatioa 

In rocks containing disseminaîed fluorite, l.te silicification occurs as aggregates 

of very fine-grajned quartz and le@ fut  chaidony, which replace fluorite and 

associated minerals. This silicification repments the latest stage ofsilicification in the 

study area. How- the relationship b a n  this silicification and late caicitc is still 

unknown due to a tack of contact b a n  these two m i n d s .  

Brecciation 

The latest stage of brecciation is iwsoci.ted with late dcitization. Dix (1991) 

suggested that thexe wae sorne b h  b n c c i u  dong the western margin of the property 

area just south of the Rodr Canyon Cm&. Thest brecciu are m i n d i z e d  and 

polyrnictic. The clasts are daiveci îmrn a wiety of Ordovician units lad frypnents of 

Bumais Formation are prescrit as well (Dix, 1991). Dix (1991) dso suggested that this 
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breccia is fwlt bwnd and is uSOCUtaJ with minediution. Obscnmtions reported here 

show that the matrix is mainly late, coarsc clilcite (up to 95% of the motrix). In a few 

cases, the rnatrix does have minor fluorite (up to 5%)¶ howevu, the fluorites were 

replaced by late, coafse calcite (Plate G-D), and probably were, originally, fhgments. 

Some other breccias occur dong the western side of the m i n d i z e d  zone (Plate G-C). 

These breccias only have late, coarse calcite in the matrix, and fluorite is oniy present as 

fragments. These textures suggest tht this grneration of brecciation postdate the 

mineralization. 

6.2 Nature and Evolution of Fluids 

In this section, 8 disausion of  the nature ud evolution of  fluids responsible for 

the various diagenetic and hydrathamJ events will be prcscnted, using fluid inclusion 

data. 

Replacement non-ferroan dolomite ptedates the fluorite-REE mineralization. Not 

much data are availablc for replacement non-ferroan dolomite bacause of the yellow 

colour of the host crystals and small size ofthe inclusions. Fluid inclusions from non- 

ferroan dolomites yielded homogenhation tempcratures ranging from 182 to 233 OC with 

the mode at approximately 195 OC and final ia-mdting tempemure at -10.7 O C ,  

indicating that the pmminailiution fluid wu high tempartun (195 OC ) and of 

moderately salinity (14.7 wt % NaCl+CaCL equiv) (Fig. 5.3, Fig. 6.3A). 

As noted in the previous section, couse fenoan dolomite and saddle dolomite II 

are associated with the mineralkation stage but in detail pred.tt fluorite deposition. Fluid 

inclusions firom faoui dolomite d suidle dolomite II have homogenization 

temperature that average 180 OC and din i ty  with avmge of 16 wt % NaCI+CaCl2, equiv 

(Fig.6.3A). 



As shown in Figure 5.4, bd on the d in i ty  of inclusions in fluorites, thac are 

three identifiable groups of inclusions which are representad by modes at 25 (Group I), 

1 1.3 (Group II) and 6.5 (Group m) cq. wt % NaCl+CaC~. Group 1 and Ii are resincted to 

disseminated fluorite and yellow fluorite cores in the b m i r  d c e s ,  and there is no 

correlative relationship ôetwecn salinity d homogenimtion tempefcrture. As shown in 

Figure 6.3, inclusions in disseminated fluorite and the yellow fluorite cores in the breccia 

matrices show the same range of salinity and homogenuafion temperature. This might 

indicate that these two types of fluorites are fonned nom same fluids and a the same 

tirne, which is consistent with petromhic cvidence (see section 6.1.2). Group III 

inclusions with lower salinity are restricted to zoneci breccia matnx fluorite, and these 

inclusions also have lower tmnogenization tempcrrturc (Fig.6.3B). 

In summary, fluid inclusions fiom coane fenm dolomite, saddle dolomite and 

disseminated fluorite are indistinguishble. This might indicate that they are f o n d  fiorn 

the same fluid, or the m i n d l i n g  fluid did not change much during the early stage of the 

mineralization. From the disseminated fluorite d yellow fluorite cores to the wned 

fluorite, the fluids evolved to have lower saiinitiw uid lower temperatuis. 

Late dc i t e ,  which postdaîes the mindization, yieIded an average temperature of 

183 OC and an average salinity of 20 wt % NaC1+CaCl2, epuiv (Fig.6.3A), which 

indicates that the pst-minadiut ion fluid is high temperature and high salinity. 

Basically, the p s t - m i n d i u t i o n  fluid hm the rune tempetshire as that of pre- 

mineralization and mineralization, but thc d i n i t y  is somewhu higha than many of the 

inclusions that represan the rninaalizing fluid. 

6.3 Isotopic Composition of Limestone and Microdolomite 

As noted in section 4.1.2, ûrdoviciui limeaones have isotopic values which arc 

somewhat depleted in "O dative to typicai dru for Ordovician calcite (Fig. 4.1A). 

Samples from Devonian mudstone h i e s  rocks are d m  somewhat depleted in 'b 
relative to typical values of Devonian calcite (Fig. 4.1 A), whcress the carbon isotopic 



values fd l  in the range of t y p i d  viluc of Devonian calcite. Strontium ("srP6sr) isotopic 

composition shows dightly more rdiogaiic vducr of 0.7086 with respea to Middle 

Devonion seawatct (FigA.3). The 6180 and 6% dues of the mi~odolomites cover a 

wide range, and only a f w  display in original &ne arbonite composition Pig. 4.1A). 

One sample, which h a  6180 and 613c values similar to those of pristim marine 

carbonates, has "sr/% ratio of O.îO8W dao indiciting a &ne origin. Other sunples 

show a pmgresivc depletion in both oxygen and arbon with increuing size of crystals. 

One potential e x p l d o n  for this depletion is the d n g  of oxygen and carbon isotopes 

during subsequent recrystrlIiption and diagenesis (Plckud et al., 1990; White and Al- 

Aasm, 1997), which is consistent with petrographic evidence of clear overgrowth rims 

around cloudy cores. 

6.4 Source of Flulds 

In order to evaluate the murce of d i fkent  fluids at Rock Canyon Creek, several 

possible models and cornparisons to previous data for the Southcm Roc@ Mountains 

must be considerad. 

6.4.1 Previous Work and Possible Models 

In recent yeers, fluid flow models in Westan Canada have been the abject of 

study for many researchers. htegraied gmlogiul and geochemid investigations on 

carbonates, especially dolomites, provide important idormation for the understanding of 

the origins, nature and movement of  fluids. As indiutcd in the introduction, such studies 

have been widely reportcd fiom Western C a d .  

Dolornitization in Westem Canada has dso been an intensively studied topic for 

researchers. It has been suggested that dolomites codd have precipitated eorn the 

injection of hydrothamrl fiuidr (Qing and Mountjoy, 1994, Packard a al., 1990, Momw 

et al., 1 986, Aulstead and Spaica, 1985, White and Al-Aum, 1997). The slow 

infiltration of basind fluids into p a m a b l e  rtnt. during buriil is inother mode1 for 

dolomitization (Machel, 1985, 1986, Machel and Mountjoy, 1987). Otha proposai 

models for dolomitization in Western Cuud. include: dolomitization due to sulphate 



reduction (Machel 1987) for the Dcvonian Nisku r a f  trend, ud pmcipitation of fine- 

crystalline microdolomites via the sœpage-reflux mechanhm (P-d and Al-Mm,  

1993; Qing, 1991). H y p d i n e ,  seawata, and mctmric d n e  Mxing arc also popdar 

models for dolomitization. 

Two major fluid flow events, which have a f b t e d  the Rodoes, have b e n  

reported. One is a high temperature, high silinity fluid flow ment (Ader), and the other 

is a high temperatwe, low salinity (Laramide) fluid flow cvent. S e v d  isotopic and fluid 

studies of dolomites in the Southcm Rocky Mountrin hve k e n  reported (Nesbitt and 

Muehienbaches, 1991, 1993, 1994, 1995, 1997; Y m  uid Demicco, 1997). 

Nesbitt et al. (1994) pmmted a dctailed study of epigenctic dolomites in 

Cambrian carbonate units in the southeni Cuudim Rocky Mountains. On the basis of 

fluid inclusion and isotopic studies, they ascribed the dolomitization and MVT 

mineralization to a large-de ,  moderately-saline hydrothamrl fluid that cmanated fiom 

the shale units to the West. This fluid had a temperature of 150 * 25 OC and a d in i t y  of 

20 to 25 equivalent wt % NaCl+CaC12. The epigenetic dolomitts have isotopic vaiues of 

6180 = -20 to - 1% VPDB, 6 "C = - 1 f 2% VPDB (Fig. 6.41, and "sr/% > 0.7 1 0. 

From West to east, the fluid temperatures ancl abundance of epigenetic dolomite, 

magnesite a d  Pb-Zn m i n d i u t i o n  dccrewe, the 6% of epigeneiic dolomite imeases. 

This indicates that the fluids flowed fiom west to errst. A Late Devonian to Early 

Mississippian age hydrothamil fluid was suggestcd, which is consistent with the basinal 

brine associated with the Middle Devonian Golden embayrnent (Fritz et ai., 1991). 

Yao and Demico (1997) rcported a shidy of d d l e  dolomite in Cambrian 

carbonate rocks in the southem Curodian Rocky Mountains. They proposed that the 

dolomitization was caused by l a rge -de  fluid fîow, Md also proposcd that the Late 

Silunan to Lote Devonian uplifi of western portions of the Alberta Basin produced a West 

to east topographic graâient that drove flow acrosr the basin. The d d l e  dolomites 

studied by Yao and Demico (1997) have 6% d u e s  of -23 to -1 8.5% VPDB, and 813c 

values of -2 î 2% VPDB (Fig. 6.4). muid inclusion studiu indicated tht the 

dolomitizing fluid w u  a hydrothermal brine with homogaiiution temperature of 
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between 100 and 200°C. The salinity of  the fluid was between 20 and 50 equivalent wt. 

% NaC1+CaCl2. 

Based on fluid inclusion and isotopic data, White and Al-Aasm (1 997) infered 

that hot, slightly saline fiuids wac responsible for the formation of d d l e  dolomite and 

coarse crystalline dolomite in the Mimissippiui Uppa Debolt Fomt ion  in northeastern 

British Columbia. White and Al-Aasm (1997) postuiated that Laramide deformation 

drove fluid flow Eiom west to m. These hydrothermal dolomites have isotopic values of 

6180 = -10.8 to -7.82% VPDB, 6% = +1 MU, VPDB @ig 6.4). The inclusions in 

these dolomites have homogaiization tanpaûwes ranging h m  87 to 214 OC, salinities 



of about 8 wt % NaCI+CaC12 equiv and strontium imtopic ritos (("srBr) fkom 0.7086 

to 0.7099. 

Clarke (1998) BSCrjbe the formation of sacidle dolomite in the Middle Devonian 

Slave Point Formation, Northwestern Alberta, to highly dine, hydrothermal fluid which 

might have k e n  driwn by the topo(p.phic gruiient uural by the uplift of the Western 

Canada Sedimentary Basin bctween the Inte Dew>nian rnd Mississippian. The saddle 

dolomites have 6% d u e s  of -14.0 to -1 1 2 . a  VPDB, ud 6% values of +1 to 3% 

VPDB (Fig. 6.4). Inclusions in thgc dolomites have homogeniution temperatures 

ranging fiom 125 to 161 OC, dinities v q  fiom 22.2 to 24.7 wt ./. NaC1+CaC12 

equivalent and strontium isotopic values lies betwœn 0.7086 d 0.7104. 

Daoiled studies of syn- to port-luunide vein aIbonaies in L.tc Proteromic 

units (Nesbitt and Muetilenbaclu et al., 1993, 1995, 1997) indicate that a large-scale syn- 

to pst-Lanunide fluid flow event in the southun RocLy Mountains was wocia td  with 

the rise of the Southan Rocky Mountains. The fluid wu modefate to low temperature, 

and had low salinity . A significant portion of this fluid is postulatcd to have been 

meteoric in origin ( e v i d e d  by bD values, Nesbitt et ai., 1993, 1995, 1 997) and it is 

thought to have becorne radiogaiic when passing through deep wata sedimentiry rocks 

West ofthe southern ROCIC~ ~ountains. nie 6% values iad " s ~ P s ~  ratios how a hi* 

degree of regionai hetaogaieity, and they infa thl the hetaogemity is related to 

variations in the host rock lithology, which indiuta reîatively ~ p i d  recquilibration of 

the isotopic signatures of dissolveci C and Sr, as the fluids m v d  f?om one rock unit to 

another. The low 6 " ~  values (Fig.6.4) dso indiate thaî the precipitating fluid contains a 

certain amount of cubon da ivd  fiom organic mata i i l s  which might corne fiom deep 

water sedimentary rocks. 

6.4.2.1 Source of Fiuid 

As noted in section 6. l., d d l e  dolomite 1 and non-fmm dolomite predate the 

fluorite mineralization. As indicaîed in geaion 6.2.1, the fluid responsible for these 



dolomites wu high tanpaiau* (19S°C), modaitdy Pline (15 wt. % NaCl+CaClS, ancl 

are depleted in 6180 and radiogcnic "~&r ratios nlaîive to typical values of 

Ordovician and Devonian marine dolomites. 

The red colour of the saddle dolomite under CL is an indication of precipitation in 

a deep-burial reducing environment w h  ~e'* wm rviulable (Boggs, 1992). nie coarse 

crystal size and the preseIlce of twephasc fluid inclusions with high homogenization 

temperatures excludes the possibility that hypersaline seawatcf, seawater, or meteoric- 

marine mixing were the mechanism~ of doiomitization because dolomite precipitatcd in 

any of these rnodels wauld ody contUn singlephase fiuid inclusions (Allan and 

Wiggins, 1993). 

Local &ne carbonates and evaprites are not the source for the "sr because 

" S K ~ S K  ratio (0.70995) of sddle dolomite 1 is more diogenic thn Ordovician and 

Devonian marine carbonites and rre indicative of r dlochthous source. Brinw may 

incorporate ndiogcnic "sr during passage through c M c  seque- (Mwntjoy et al., 

1992). Saddle dolomite fiom Rock Canyon Crak  has a simiIar corbon and oxygen 

isotopic composition to epigcnctic dolomites (W, 1997; Nesôitt et ai., 1994) fiom the 

southem Rocky Mountains. âl'O values of non-faroan dolomite are slightly higk 

relative to those of d d l e  dolomite 1 and are depletai than the expccted range for 

dolomite precipiuted fkom Ordovician and Devonian aeawater (Fig. 6.5). The majority of 

S"C values for sadde dolomite 1 and non-fmoan dolomite fdl in the expected range for 

Ordovician and Devonian marine dolomites, suggerting h î  urbon waa derived locaily 

from the carbonates. "sr/% &os of 0.70995 to 0.71082 for sddle dolornite 1 and 

non-ferroan dolomite in Rock Canyon Credc till in the range of epigemtic dolomites in 

the southeni Rocky Mountains (0.709 to 0.7 12) (Koffjrberg d Nesbitt, 1993). They 

interpreted those dolomites to have b e n  prccipitated fiom a large-de fluid flow event 

invoiving a saline brine that errmuted fiom the deep wrta M e s  to the west. The 

isotopic composition of a d l e  dolomite I in Rock Canyon Crœk lies between values for 

epigenetic dolomites in the southern Rocky Mountains (Y- et J., 1997; Nesbitt et al., 

1994; KofFyberg et al., 1993) and those of saddle dolomite in northwestern Alberta 
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Fig.6.S ComprMon of pnviour Uotopic composition to data of non-ferrom 
dolomite and srddle dolomite from thia study. The ranges a n  urne  u those 

in Figure 6.4 

(Clarke, 1998) indicate t k  they might f o d  &om the sune fluid nlated to Antler fluid 

flow. 

This pramindization fiuid flow event d extensive alteration of carbonate 

rocks in the study ama. As was noted in d o n  6.1.1, Maodolomite in mudstone and 

wackestone facies wae rdcrystallized during the infiltration of a later fluid. Evidence that 

support reaystallization include: 1) outa ciorr rimr on crystah; 2) depletcd 6180; a d  3) 

radiogenic "sr/% d o s  dues with respect to podatcd Ordovician and Devonian 

marine carbonate vaiues. Most of the microddomit# show a progressive depletion in 

both oxygen and arbon with inaeuing aystal *Ec. One potcntid expluution for this 



depletion is the rrsetting of oxygen d cubon isotopes during mibsequent 

recrystallization d diagenuis (Packad a al., 1990; White and Al-A.sm, 1997). 

In summary, the high f o d o n  tcmpcrmin, fluid inclurion salinity, oxygen 

isotopic composition, and petrogmphic evidence suggest that saddle dolomite 1 and non- 

ferroan dolomite were precipitated during Antler fluid flow. This also may have caused 

recrydlitation of carbonates in the study aru. This hypothesis will be tested in the 

fol10 wing section using isotopic modeling. 

Oxygen and carbon isotopic rnodcling was pafonned in order to mode1 the 

alteration of microdolomite by the fluid which precipitated saddle dolomite 1 and non- 

ferroan dolomite, and which cause the recrystalliution of mido lomi te .  The user- 

defined parameters for this model arc as follows: 1) the oxyeen and h n  isotopic 

composition of the microdolomite w#e chosen ta be -3.19 and 0.25% VPDB, 

respeaively, beuuse these vaiues h l 1  within the range arpectcd for dolomite precipitated 

by Middle Ordovician ~ w a t e ~ ,  2) the original oxygen and d m n  isotopic composition 

of the fluid that procipitatecl d d l e  dolomite 1 were +2.44% SMOW and 4.19% VPDB, 

respectively; 3) The tempmture w u  assumai to k 19S°C, which represents the mean 

value for the formation temperature b a d  on fluid inclusion data. As shown in Fig 6.6, 

this model is consistent with the hypothesis that microdolomite in mudstone and 

wackestone facies rodcs wefe altered by the A d e r  large-de fluid flow event which 

precipitated saddle dolomite 1 and non-fetrom dolomite. The higha 6180 of non-fmoan 

dolomite compared to sacidle dolomite I CM be explaineci by a lower waterhck ratio 

during the formation of non-fmoan dolomite during the watedmck i n t e d o n ,  which is 

consistent with petrogrophic evidence that saâdle dolomite 1 occludes vcins and vugs and 

non-ferroan dolomite is a replacement phase. 

6.4.3 Carbonatitederived, F-REEnch fluid 

The ocaumm of the fluorite uid r e W  m i n d s  in veinlcts, breccia nutrices 

and as a replacement of dolostone indiates thrt the deposit is hydrothermai and 

epigenetic. The suggestion has pmriously k c n  d e  (Hom and Kwong, 1986; Pell and 
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Fige 6.6 Oqgea ind urboi botopk modding for prcminer ibt io i  Iuid. 

Microdolomite mact with pre-miierioutioi firid whkh preeipitated uddk 
ddomite 1 and mon-ftrroru dolomite. 

Horq 1987; Pell, 1992) that Rock Canyon Creck wu formeci by hydrothermai activity 

related to a hidden urbonatitic intrusion because of the gcochemiul character of the 

deposit, most notably the high REE and Nb and the LREE-riched chondrite-normalized 

REE patterns with no Eu anomaly. Several lines of evidence fiom this study fiirther 

support theu suggestion. 

Several minerals that are common in urbonatites are present in the deposit, 

notably pyrochlore, apatitc (Hogarth, 1989). Although not as distinctive, the REE 

mineralq fluorite, barite, K-feldspar d N b - M n g  mile are consistent with a 

carbonatitic association. These minerais are puticululy comrnon in latastage 

hydrothermal carbonrtites. Dolomites, which host the fluorite-REE mineralization, are 

ferroan, and fmoui dolomite is i common minail in late stap cmhlutites (Bell, 1989). 

Cryolite and prosopite are rue uid u n w d  m i n d r  in hydmthamrl systerns. Cryolite 

and prosopite are most typiully associatcd with aikaline granites as an accessory 



minerais or in pegmtites, veins a d  aiteration u>ng ancl also ocairs associated with 

undersaturated alkalic intrusions (Samson et al., 1999). Phlogopite is rare in sedimentary 

environrnents. The priescnct of these m i n d a  supports the case that the deposit is 

carbonatiterelated. 

The cathodoluminescence characteristics of fluorite are quite usefûl in 

distinguishing the environment of formation of fluorite. Mariano (1988) noted that 

fluori te fiom LREEdominated cubonatitc environment luminesces a strong blue colour 

with peaks betwcen 405 nm and 430 nm. C.thodoluminesccncc of fluorite fiom Rock 

Canyon Creek shows buiccrlly blue CL vrrying fiom bright blue to du11 blue, which is 

af so consistent with 8 carbonatite d a t i o n .  

As was noted in the introduction, the ongin of carbonates becorne more 

camplicated when carbonatites are formed among sedimentary carbonate rocks (Barker, 

1989). Feman dolomites, which host the fluoritc-REE mineralization, and associated 

saddle dolomites have a lack of ignaow taturu, mrking it difficult in distinguishing 

fiom rocks of sedimentary origin. Oxygen, carbon and strontium isotope analyses provide 

better evidence of a carbonatitic origin. 

The farwi dolomites have lowa 6% and 6% values (Fig.4.1B) than the pre- 

mineralization carbonates, a d  are neam the prirmuy crrbonatite box (CBT, as 

construded by Reid and Coppcr, 1992). The faroan dolomites show a trend of 

progressive depletion in both oxygen uid crrbon isotopes with incr-ing crystai size. 

The marsest ferroan dolomite show the most depletion in both 'b and 13c. This trend 

is the same as that for c h n a f i t e s  in g e d  (Deines, 1989) and in partîcular for calcite 

carbonatite, where early corrse carbonate are mon depleted in "0 and 13c than later fin- 

grained carbonates (Reid and Coppcr, 1992, Clarke et al., 1994). Several models have 

been proposed to account for such a relationship. 

Reid and Cooper (1992) have modelcd this acnd tlirough crystallization of 

pnmary urbonatite at 700°C where Ca is the dominant oxygen and carbon &a, and 

assuming that the firctionation of cubon urd oxygen isotopes occwred bctwecn 



caicitddolomite and C G  at 700°C. An incrarc in 6% ud 6% rrailted nom increasing 

degrees of fhctionation. Mding w*bk proportions of HIO u an d d i t i o d  oxygen 

a m i s  un rduce  the slopc of the 180 and I3c enrichmentand. This tnad has aiso been 

interpreted as a u r b o d t e  nraionation sequence at high COz/HaO ratios by Neilson and 

Buchardt (1985), and Knudscn and Buchardt (1991). Although no i p w u s  textures are 

observed in studied sunples, the distinctive strontium isotopic ("~rP6~r) ratios of ferroan 

dolomite canies a mande-like signature. So, the trend obsewed in this study might also 

have resulted fiom the increasing degrees of hctionation. 

Strontium-87 is g e d  naturaily by the n d i d v e  dccay of%b (Faure, 

1986). Early work on the Sr isotopic gsochemistry of cubonaîites (Powell et al., 1962, 

Hamilton and Deans, 1%3, Powell, 1966, Bell et J., 1973, 1989) showcd that most 

carbonatites have low initial "sr/% dos, considembly Iowa than values for average 

continentai cnist. F w e  ud Powell (1972) quotd a d u c  of 0.7034 f 0.0006 for typical 

carbonatiteq and pointed out the rimilarity of this vilue to values for o c d c  baralts, and 

interpreted the d o  as k i n g  consistent with a m t l c  or d a p  a u d  ongin for 

carbonatitic melts. Exceptions include the kgh "sr/% ratios of vein cubonatites, 

corisidered to be hydrotheniul in origin. These indicate that Sr isotope ratios can serve as 

usefiil tracers of fluid sources in hydrothermal systems and help to distinguish 

carbonatites 6om sedimentary carbonates. 

Although the fetroan dolomite at Rock Canyon Creek has similar oxygen and 

carbon isotopic compositions to epigenetic dolomites fkom southem Rocky Mountains 

(Fig. 6.4 and 6.7) (Nesbitt et ai., 1994; Yao et ai., 1997), ai1 the f m o ~  dolomites 60m 

Rock Canyon Cr& have " ~ r m r  bawecn 0.703357 and 0.704616 (Fig 4.3). This l ave s  

little doubt thai the f w o m  dolomite hur a mantlalike Sr isotope signaturc that is similar 

to that of carbonatites, and that the mineralizing process hm not changed the ratio too 

Saddle dolomite II; wtiich is associiuted with the mindization, shows a higher 
a7 ratio but is slightly lowa  thn those of typiul m ~ n e  carbonites and epigenetic 

dolomites fiom the southan Rodcy Mountains (KofQkg ,  1993). This might indicatc 

that saddle dolomite II precipitated îkom a n s i d d  fluid which evolvcd fiom tk fluid 



Fig. 6.7 Cornparisoi d pnviooi #o%&iYP&J&bsitio11 ta ftmm doIomite 
from this study. The rangea i re  same aa those in Figurc 6.4. 

that precipitated the ftnoan dolomite. ïfsq the residual fluid inherited the geochemical 

signature of wall rock. Such a hypothesis is consistent with petmgraphic evidence that 

saddle dolomite II postdates fenoan dolomite. 

The other possibility is that the fiuids lcsponsible for saddle dolomite II and 

ferroan dolomite A d  be diffmnt. In this clcenario, the fluid which precipitated saddle 

dolomite II has a high "sr/% &o. The r d o n  of this fluid with ferroan dolomite 

caused the N i o  of the fluid to dccrerse. Thadore, the "~rf%r ratio of saddle 

dolomite II lies betwecn thu of fwm dolomite and thaî of precipitating fluid. 



Carbon and 0- 

As indicated above, it is likely thai the fernwi doIomite precipitated fkom 

carbonatite-derived fluids via replacement of the sadimentiry carbonates. A variety of 

models of waterlmck interaction hve b a n  perfonnad based on the r d o n  of a 

carbonatitderived fluid with thc &nate redinianuy rocks. The 6% and 613c values 

of the carbonate host rocks wcre chosai to be -7U. uid 0.5% VPDB, respectively, 

because this value represents the lerst altered microdolomite in the study area. The 

porosity was assumai to k 15 which repreacnts typicol values of sedimentary 

carbonates. The Eiactionation factors betwecn dolomite and water wcrc calculated using 

the equation of Land (1983), and the hctionation foctors betwœn dolomite and C a  

were calculated using the equation of Deines (1974). The otha parameters were 

surnmarized in table 6.1. 

in this table, 618& (VSMOW) and 8"& (VPDB) are the d u e s  of the 

carbonatite fluid, caicuIated using the equatiow of Lanâ (1983) and Deines (1974) bascd 

on a carbonatite quilibration tempahir r  u-) of 30°C (Santos et ai., 1995). 

Fractionation -ors (a) were calculated based on the water-rock reaction temperature 

(Th,,,,) modeleci. The last cdumn in the table is the cubon conccntraîion in the fluids. 

Carbon 
( P P ~ )  

Mode1 # 

Mode1 1 

I L I I 1 1 1 

Mode1 6 1 -27.5 ( -4.1 5 1 1.00993 1 1.000907 1240 1 300 1 2000 

Mode1 5 

Model 1 and Model 2 basicllly use the aune parameters, but diffa in the urbon 

concentration in the fluid, to test how the cubon concentration affects the model. W e l  

-30.3 

618& 
(SMOW) 

-30.3 

613& 
(PDB) 

a 
m g  .- . ) 

-4.35 

-4.15 

a 

1.0121 

1 .O147 

T- 
cc) 

1.00153 

' Tclbd. 
cc) 

1 1 

200 1 300 1 44200 

1.00274 160 300 88400 



3 uses a urbonatite formation tcm~errturt of 6ûû°C, which r d t d  in more depleted 

fluid 6180 and 6%, to test how the fluid isotopic composition affects the fluid. Model 4 

and model 5 modified the &on temperature h m  modd 1; Model 4 uses 240°C and 

Model 5 uses 160°C. Model 6 uses a lower carbon concentration in the fluid and 

represents marine wata, which ructcd  with microdolomite P temperature of ?40°C. 

As shown in Figure 6.8, Mode12 fits the .caul d.t. wdl. It rquires 8 hi@ 

carbon concentration in the original fluid. Cornparad to Mode1 1, Model 2 h s  a higher C 

concentration in the fluid, d the modeld values ire closa to a straight line and fit the 

actual data betta. Nonnally, carbonatitedaived fluids contain high carbon 

concentrations, this is confirmecl by the g m  duomotographic daîa of the inclusion fluids. 

Santos et al. (1995) modelecl isotopic exchange h a e n  carbonate rock and 

carbonatite-derived H20-Ca fluids .t différent and with diff-m H2O/C& 

ratios. Their study indicated that luge oxygen and cubon isotopic variations in 

carbonatites csn take place at IOW temperatures (below 3 0 e )  and involves fluids with 

high carbon concentrations. Model 3 used a fluid with more depleted 6180 and 6% 

values than the other models b c u w e  of a higk  initiai temperature. The modeleci values 

of Mode1 3 are much higher in "O than the actual data, which indiates tht the 

temperature of the fluid is not thaî high and nirtha supports Santos' study. 

As shown in Figure 6.8, the modeltd valu= for Modd 4 arc lowcr than the actual 

data in both 6180 d 6 1 3 c  values and the modela! values for Model5 are higher than the 

actual data. Comparing Model 2 to Modds 4 and 5, the d o n  tempemure of 2W°C is 

more reasonable than 160 a d  240°C. This tcmparturr ir consiritent with homogenization 

temperatures of inclusions in fenm dolomite which have r mûde at about 200°C. 

Model 6 represcnt marine m e r  rac&ing with carbonates. The effect of the low C 

concentration of marine watcr (normaily betwcen 20 and ZOO0 ppm) is to only dlow 

significant modification of 6 ' ' ~  a very high water/rock ratio. Consequently, the model 

does not fit the actual data. 
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Fig. 6.8 Orygen and carbon wtopic modding for ferroan dolomite. Digitai 
murnôers lrbd tbt m d d  numbtr. 

in surnmary, Mode12 is consistent with the a c t d  data and shows that the 6"0 

and 6*% composition of the host rocks are consistent with prccipitation o f  the f m a n  

dolomite from carbonaîitcderived fluids d n g  with scdimentuy carbonates at a 

temperature of about 200°C. 

Strontium botow 

Strontium isotopes uid strontium concentrations dm can k used to model the 

same proass as was d u a t d  with the urbon and oxygen isotopic rnodeling. To model 

the strontium isotope values for fenou1 dolomite and sddle dolomite II, the following 

parameters were used: 1) an initial s?+ concentdon in the host rock of 350 pprn; 2) a 

s?' concentration in the fluid of  10 000 ppm, bwd on high concentration of Sr in 

carbonatite rocks (5000 to 1 Sûûû ppm) (Bell, 1989); 3) a strontium "sr/% vaiue for the 



Fig. 6.9 Strontium coacmtmtioo lad rtmatium Uotopic modding curvc. Tbe 
digital numberr near the cuwe represent the water/rock ratio. 

fluid of 0.7025, which rcpresent the typicai value for urbonrtites (Be11 1989); and 4) an 

original "srP6sr ratio of the host rock of 0.7108, which is the value of adyzed non- 

ferroan dolomite. Basically, as shown in F i e w  6.9, the modd shows a good fit to the 

actual data for fenoan ud saddle dolomite .ad shows the progressive sZ* enrichment 

and " ~ r P 6 ~ r  depletion with increasing fluidliock d o ,  which is consistent with the 

increasing crystal size of host fmoan dolomite. The model requires the s?' 
concentration in the host rocks to be about 350 ppm, which is somewht higher than that 

of the host rock. Nevcrthelcsq the modd provides hirtha support for the proposeci 

model. Saddle dolomite II hm a lowa s?+ c o n c e d o n  ud higher "sr/% ratio thui 

the ferroan dolomite, ud cquilibmted at a IOWU waterlrock d o .  This might indicatc that 

the saddle dolomite II precipitated &om the residue of the fluid which prccipitatcd the 



ferroan dolomite, which ir consistent with the petrographic evidcnce thaî the saddle 

dolomite II postdates the kman dolomite. 

6.4.4.1 Source of muid 

Late calcites (pst-mineralization) are widespread and abundant in the study area 

isotopic (6"0 = -20.7 1 to -13.83% VPDB, 6% = -7.14 to 4.73% VPDB) and Buid 

inclusion evidence (Th L V  = 130 to 2M°C with salinities of 16.5 to 23.6 wt % 

NaClKaCh) imply prccipitation bom d i n e  brina rt elevated tempmtures. These 

carbonates are more depietcd in 8% than other carbonites in the study area. The ~8' 
concentrations in these calcites is much hi* than typical marine carbonates and the 

%P6~r raîios of 0.708221 and 0.709984 are radiogcnic with respect to Ordovician and 

Devonian marine carbonates. As shown in Figure 6.4 Md Figure 6.10, the isotopic 

composition of the late, coarse calcite h m  this study is comparable to the composition 

of calcite f?om syn- to pst-lucunidc veins in the Rocky Mountains (Nesbitt and 

Muehlenbachs, 1993, 1995,1997), Jthough the -de vcin values extend to much 

lower 6% values. Ntsbitt ei ai. (1994) rsaikd the q m  to poa-Laramide veining to be 

the result of a regional fluid flow nom west to east. From the high formation temperature, 

oxygen isotopic composition of the precipitating fluid and pctrographic evidence, it is 

suggestd that the laie, coarse ulcite it Rock Canyon Creek might have precipitated nom 

equivalent syn- to pst-Laramide fluids. A significant portion of this fluid would have 

been meteoric in origin (m e v i d c d  by 6D d u e s ,  Nesbitt et al., 1993, 1995, 1997) and 

it would have become more radiogmic whtn paming through deep-water dimentaxy 

rocks west of the study arca. The low 6% values dso idicaîe .te the fluid containeci a 

certain amount of C derived fiom orguiic material which might dm have wme bom 

deep water sedimentary rocks. On the other hnd, fluid inclusion solinities in the late 

calcites fkom Rock Canyon Crsdr are a high, which diffar fkom the low salinities of 

Laramide fluids. It is possible tht the fluid urne b r n  a d&pa source, which is 

reasonable because the study ucr l i a  immsdiately of a brsrl thrust &ch cwld  

have provided a conduit to truisfer the fluid u p d .  
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Fig.6.10 Cornparian of piwiour irotopic composition to iate calcites fmm #bis 
study. The mnga a n  mme in the Fig.6.4. 

This large-scale orogenic fluid flow event may also have causeci aiteration of pre- 

existing carbonates in the study ara. As was noted in section 6.1.1, some calcite micrite 

in mudstone and wackestone facies wae rccrystallizcd during the infiltration of later 

diagenetic fluid. Evidence th.1 support reaydlintion includes: 1) depleted 6% and 

613c values with respect to poshrlated d u e s  for ûrdovician and Devonian calcites; 2) 

radiogenic "srP6sr ratios. The cecrystailintion of dci te  by the Iarge-sde orogenic 

fluid which cause the precipitaîion of Iate caicites. In order to test this hypothesis, we can 

mode1 the oxygen a d  ahon  isotopic composition of dcite. 

6.4.4.2 Isotopic Modding 

nie parameters uscd in this modeling include: 1) the oxygcn ud urbon isotopic 

compositions of dci te  micrite were chosen to be 4 . 1 9  and 0.08% VPDB, respectively, 

because these values fidl within that range expead for caicite prccîpitatcd f?om 
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Fig.6.11 Orygta and urboe htopic modding for Ltc cakitt. Tbe digitai 
numbcrr near the cuwe are wrter/rock ratios. 

Devonian seawater, 2) the original oxygen and &n isotopic composition of the fluid 

that precipitated the Iate calcite w a e  -0.06% SMOW and -7.13% VPDB, respectively, 

based on calculations using the equations of Land (1983) and Deines et al. (1974); 3) The 

temperature is assumai to be 20O0CY which rcprcsents the mean value for 

homogenizaîion temperature of late calcites. The mode1 fits the a d  data well 

(Fig.6.1 l), and so this d e l  confirms that some calcite may hivt b œ n  alter4 by large- 

scale orogenic fluid which precipitated late calcites. 

6.5 Age Constraints of the Host Rock and Mineralization 

As n o t d  in Chapta I, the age of the roclcr immahtely eas& of the (basal) thnist, Md 

which host the deposit, is still contmversiai. As shown in Fig. 2, Dix (1 99 1) interpreted 

these rocks to be Ordovician in agq becuise he thought the lithologies are similar to 



those west of the basal thnjst. In this study, sunpla~ wcst of the ôasal thrust are d n l y  

fine to medium-gnined massive dolostone of muckone h c i y  whenu Yrnples 

immediately cast of the h a î  thnist u e  mrinly siliacnrs coust-graincd dolostone which 

are brown in hand sunple. As mentioncd arfier, the host rock  to the mincdizaîion are 

mainIy altered wackestone ficies, which is more similu to the Devonian limestone east 

of the deposit than to the McKay Group dolostone. In other wads, thcse rocks are 

probably Devonian in age mthcr t h  Ordoviciari. 

As discussed in the previous d o n ,  8 cubonititc-rehtcd origin has b e n  proposed 

for the Rock Canyon Cr& fiuoritbREE mindiut ion.  S e v d  authors have suggested 

that the mineralidon is stntibound a d  rppuiently ocairrsd prior to the Jura- 

Cretaceous deformation (Lanunide Orogeny), as no fluorite is observecl west of the basal 

thnist, and the rnineralization postdates the deposition of the basal Devonian unit. 

Another age have been suggested rs most other C;UbOlllfitu in British Columbia are 

Devo-Mississippian to Euiy Mississippian in rge (Pell, 1987). Dix (1991) rruggested that 

the minediution is usocLtcd with high-ursle hulting. Since some fluoritc occurrences 

have been found west of the thnia, the fluotitdtEE minerrlhtion occurrcd during or 

after syn to ps t - luunide  deformation (tbnisting), d the m i n d i n t i o n  is not bound to 

a single stntigraphic unit. As d i s c u d  in Section 6.1, Euih brccci y which Dix 

suggested are a product of fàulting rssociatd with m i n d W o n ,  are suggested here to 

postdate the minerakation. So, it is most likely tht the mindization occurred during 

the Laramide Orogeny, but earlier then the formation of late calcite. 



CHAPTER VI1 
CONCLUSIONS 

The following conclusions are based on detailed petrographic and geochemical 

analysis of samples fiom Rock Canyon Creek fluorite-REE deposit, southeastem British 

Columbia. 

( 1 ) Three major mineralization styles are identified in the study area: disseminated 

fluonte, breccia-matrix fluorite, and massive fluorite. 

(2) Five major types of dolomite have been identified: massive microdolomite, non- 

ferroan dolomite, saddle dolomite 1, coarse ferroan dolomite, and saddle dolomite II. 

( 3 )  Three major fluid events have occurred in the study area. Geochernical and 

petrographic evidence suggest that saddle dolomite I and non-ferroan dolomite were 

precipitated fiom a hot, slightly saline fluid that altered the microdolomite, and which 

represents a pre-mineralization fluid. 

(4) Ferroan dolomite and saddle dolomite II are closely associated with the 

mineralization. Isotopic evidence suggests that they were precipitated from 

carbonatite-derived F-REE-rich fluids. Both the temperature and the salinity of the 

fluid decreased with time. 

(5) Late calcite, which postdates mineralization. typically has low 6 ' ) ~  values and 

radiogenic ''sd8%r ratios These values are similar to those of Laramide vein 

carbonates in the southern Rocky Mountains suggesting that late calcite was 

precipitated from the same fluids that formed late- to post-Laramide veins elsewhere 

in the Rocicy Mountains. The recrystallization of  limestone is thought to have resulted 

from the passage of this fluid through the study area 

(6) The occurrence of fluorite to the west of the thmst fault indicates that the 

mineralizat ion postdates Laramide thmst ing. This contradicts the previous suggestion 

that the mineralization is Devonian-Mississippian to early Mississippian in age. 
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Oxvgen. Carbon and Strontium Isoto~e Results 

RCC97-10 cc clast, recrystallized 

RCC95-3b-1 cc clast, recrystallized 

RCC29-1 cc host. recrystallized 

RCC95-4 cc host, recrystallized 

RCC95-3a cc host, recrystallized 

RCC95-14-1 cc host, recrystallized 

RCC95-13 cc host. recrystallized 

Average 

RCC32b 

RCC95-3b-3 

RCC97-11 

RCC37-26 

RCC41-1 

RCC97-16 

RCC97-10-1 

RCC97-25-1 

RCC97-23 

RCC27 

Average 

rj 

cc matrix 

cc matrix 

cc matrix 

cc m a t e  

cc matrix 

cc matrix 

cc matrix 

cc matrix 

cc matrix 

cc matrix 

RCC97-13 Late cc vein 16.42 -1 4.06 -1 -76 

RCC95-14-2 Late cc vein 13.48 -1 6.91 -5.26 

RCC97-19-1 Late cc vein 15.96 -1 4.51 -2.14 

RCC97-9 Late cc vein 12.58 -1 7.78 -3.58 

Average 14.61 -1 5.82 -3.19 

c 1.87 1.81 1.59 



Oxygen, Carbon and Strontium Isotope Resulb (cont'd) 
- 

Sample 0 Description (SMOW) "srP6sr sr2' 61 0 
(PDB) . (PDB) ( P P ~ )  

RCC97-6 Mass cc, Ordovician 20.81 -9.8 -1 -24 

FiCC23 Mass cc, Ordovician 21 .O3 -9.59 -1 -46 

Average 20-92 -9.69 -1 -35 

G 0.156 0.148 O. 1 56 

RCC95-16 Limestone, Devonian 21.23 -9.39 -1 -43 

RCC97-20 Limestone, Devonian 22.58 -8.08 0.12 

RCC95-8 Limestone, Devonian 21.76 -8 -48 -0.62 0.7086241 4 267.7 

RCC97-28 Limestone, Devonian 22.48 -8.18 1 .O3 

Average 22.01 -8.53 -0.23 

ci 0.64 0.59 1 .O5 

RCC97-5 Microdolomtie 

RCC97-3c Microdolomite 

RCC97-2 Microdolomite 

RCC97-3a Microdolomite 

RCC97-1-1 Microdolomite 

RCC97-1-2 Dolomite Cement 

RCC97-4a Microdolomite 

Average 

Ferroan Dolomite 

Ferroan Dolomite 

Ferroan Dolomite 

Ferroan Dolomite 

Ferroan Dolomite 

Ferroan Dolomite 

Ferroan Dolomite 

Ferroan Dolomite 

Ferroan Dolomite 

Ferroan Dolomite 



RCC95-6 Ferroan Dolomite 15.32 -1 5.1 3 -0.34 

RCC43 Ferroan Dolomite 17.22 -1 3.28 -0.71 

Average 1 5.59 -1 4.86 -0.71 

r; 1.54 1 -49 0.75 

Oxygen, Carboa and Strontium Isotope Resdts (cont'd) 

RCC29-2 saddle dolomite l l 1 1 -45 -1 8.88 -1.91 0.70784m 703.6 

RCC35-2 saddle dolomite II t 7.93 -1 2.95 -1 -1 3 

RCC97-15 saddle dolomite 1 14.47 -1 5.95 -0.2 0.70995k12 539.9 

RCC97-5-2 saddle dolomite I 17.43 -1 3.08 0.14 

Average 15.32 -1 5.22 -0.78 

ci 2.99 2.81 0.93 

RCC97-13-1 

RCC97-14-2 

RCC95-3 b-2 

RCC35-1 

RCC37 

RCC36 

RCC97-7 

RCC97-21 

RCC97-25 

Average 

Ci 

s?+ 
( P P ~ )  

Non-ferroan Dolomite 

Non-ferroan Dolomite 

Non-ferroan Dolomite 

Non-ferroan Dolomite 

Non-ferroan Dolomite 

Non-ferroan Dolomite 

Non-ferroan Dolomite 

Non-ferroan Dolomite 

Non-ferroan Dolomite 

RCC95-12 Ferroan Dolomite 15-57 -14.88 -0.12 

8 7 ~ r B 6 ~ r  

- . 

Note: CC: Calcite; f: variations caused by machine. 

1 ~arnpie i Description g3c 
(PDB) 

6' '0 
(SMOW) 

6180 
(PDB) 



Fluid 1 nclusion Da ta 
Sample Host Group Inclusion Origii 

Minerals # # 
Rcc95-1 FDO 1-1 -4 1 P 
Rcc95-1 FDO 1-1-5 1 P 
Rcc95-1 FDO 1-4-5 2 P 
Rcc95-1 FDO 1-4-5 1 P 
Rcc95-1 FDO 1-7-1 2 P? 
Rcc95-1 FDO 1-7-1 1 P 
Rcc95-1 FDO 1-8-1 1 P? 

- 

Rcc95-1 FDO 1-9-1 1 P 
Rc~95-1 FDO 1-9-1 2 P 
Rcc95-1 FDO 1-9-2 2 P 
Rcc95-1 FDO 1-9-2 1 P 
Rcc36 CFL 1-1-1 2 P 
Rcc36 CFL 1-1-1 3 P 
Rcc36 CFL 1-1-1 1 P 

1 RCC% 1 ZFL 11-2-11 1 1 P 

phases/ Tn 1 Te ~ T ~ I C E ~  TmHH ~ T ~ L V  1 TD 1 Salinity wi 1 
(Oc) (Oc) (Oc) (Oc) (OC) (Oc) N ~ C I + ~ ~ C I ,  

-47.6 -21.4 -9.8 170 13.7 



Fluid Inclusion Data (cont'd) 
TmHH 
(Oc) 

-2.8 

TmlCE 
(OC) 

-4,2 
-1 2.4 
-5.7 
-7.2 
-25,7 
-4.9 
-1 0.9 
-1 3.7 

-8.34 
- 54  

-1 7.7 

-13.1 

-9.5 

Sample 

Rcc36 
Rcc36 
Rcc36 
Rcc36 
Rcc36 
Rcc36 
Rcc36 
Rcc36 
Rcc36 
Rc~36  
Rcc37 
Rcc37 
Rcc37 
Rcc37 
Rcc37 
Rcc37 
Rcc37 
Rm37 
Rcc37 
Rcc37 
Rcc37 
Rm37 
Rcc37 
Rcc37 

Origin 

P 
P? 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P? 
P? 
P 
P 

P? 
P 
P 
P? 
P 
P 
P 
P 
P 

ThLV 
(Oc) 

169.9 

290.1 
247.6 
101.1 
93.9 
346.8 
229.8 
21 9.6 
21 9.1 

104.9 
97.1 
102.8 
291.4 

109.5 

229.3 
125.3 

132.3 

Host 
Minerals 

CFL 
CFL 
ZFL 
CFL 
ZFL 
ZFL 
CFL 
ZFL 
CFL 
CFL 
CFL 
ZFL 
ZFL 
ZFL 
ZFL 
ZFL 
CFL 
CFL 
CFL 
CFL 
ZFL 
ZFL 
ZFL 
ZFL 

Phases 

LV 
LV 
LV 
LV 

LVS 
LV 
LV 

LVS 
LVS 
LVS 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 

TD 
(OC) 

119.7 

84.1 
172.4 

1 02,6 

202,3 
202.3 

159.2 

Salinity wt O/O 

NaCI+CaC12 

6.7 
16.3 
8.8 
10.7 

1 

26 
7.7 
14.9 
17.5 

12.1 
8.4 

20.7 

17 

13.4 

Y 

Group 
# 

1-4-1 
1-5-1 
3-1-1 
3-2-1 
3-3-1 
3-4-1 
3-4-2 
3-5-1 
3-5-2 
3-5-2 
1-1-1 
1-1-2 
1-1-2 
1-2-1 
1-2-1 
1-2-2 
1-3-1 
1-3-1 
1-3-3 
1-3-3 
1-4-1 
1-4-1 
1-4-2 
1-5-1 

Tn 
(OC) 

-34.9 

-47.3 
-57.4 
-65 

-56.3 
-56,3 

-49.2 

-48.3 

I 

Inclusion 
# 
4 
2 
1 
4 
1 
1 
1 
1 
1 
2 
1 
1 
2 
1 
2 
1 
2 
1 
2 
1 
1 
2 
1 

- 

1 

Te 
( O c )  

-21.4 

-27.8 

-22.8 





Fluid Inclusion Data (cont'd 
\ I 

Sample 1 Host 1 Group (lnclusionl~riginl phases1 Tn 1 Te 1 T ~ I C E  1 TmHH 1 ThLV 

Rcc95-5 
Rcc95-5 
Rcc97-16 
Rcc97-16 
Rcc97-16 
Rcc97-16 
Rcc97-16 
Rcc97-16 
Rcc97-16 
Rcc97-16 
Rc~97-16 
Rcc97-16 
Rc~97-16 
Rcc97-16 
Rcc97-16 
Rc~97-16 
Rcc97-16 
Rcc97-16 
Rcc97-16 
Rcc97-16 
Rcc97-16 
Rcc97-16 
Rcc95-3b 

Minerals 
DFL 
DFL 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
LCC 
NFD 

# 
1-6-1 
1-6-1 
1-1-1 
1-1-1 
1-1-1 
1-1-1 
1-1-1 
1-2-1 
1-2-1 
1-3-1 
1-3-1 
1-3-1 
1-3-1 
1-3-1 
1-3-1 
1-3-1 
1-3-2 
1-3-2 
1-3-3 
1-4-1 
1-4-1 
1-5-1 
1-1-5 

# 
1 
2 
5 
3 
4 
1 
2 
2 
3 
5 
7 
6 
2 
3 
1 
4 
1 
2 
1 
1 
2 
1 
1 

P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 

LV 
(OC) 

LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 

-20.6 

-1 5.4 
-21 -9 

-1 7.1 

1 

(OC) 

209.7 
208.7 
154.5 
94.9 
131.2 
154.1 
208.4 
200 
210 

174.9 
161.9 
179.2 

-54.4 
-60.2 
-48.5 
-59 

-66 
-51.5 

P ' LV 161.9 
179.2 
209.9 
240.8 
214.6 
228 
1 26 

1 30.1 
1 83.5 

-23.1 

P 
P 
P 
P 
P 
P 
P 
P 

(OC) 
-22.7 

-1 8.4 

-16.4 
-21.9 
-1 2.6 
-19.5 

-1 3.6 
-1 0.7 

LV 
LVS 
LVS 
LVS 
LV 
LV 
LV 
LV 

(OC) (OC) 
21 9.3 



Fluid 1 nclusion Da ta (con t'd) 

Notcs: FDO: Fcrroiiii Doloiiiiic CFL: Coloiirlcss Fluoritc ZFL: Zoiicd Fliioritc 
DFL: Dissciiiiniiicd Fluoriic LCC: Lriic Ciilcitc NFD: Noii-fcrroiiii Doloiiiilc 
QZ: quartz SD: Saddlc Doloiiiitc I I  

Sample 

Rcc95-3b 
Rcc95-3b 
Rcc95-3b 
Rcc95-3b 
Rcc95-3b 
Rcc95-3b 
RccSS-3b 
RccSS-3b 
Rcc95-3b 
Rcc97-10 
Rcc97-10 

Rcc29 
Rc~29 
Rcc29 
Rcc29 

Host 
Minerals 

NFD 
NFD 
NFD 
NF0 
NFD 
NFD 
NFD 
NFD 
NFD 
Qz 
Qz 
SD 
SD 
SD 
SD 

Group 
# 

1-3-1 
1-3-1 
1-3-1 
1-3-1 
1-3-2 
1-3-3 
1-3-3 
1-4-1 
1-4-2 
1-1-1 
1-1-1 
1-1-1 
1-1-1 
1-1-2 
1-2-1 

Inclusion 
# 
2 
4 
1 
3 
1 
2 
1 
3 
1 
2 
1 
1 
2 
1 
1 

Origin 

P 
P 
P 
P 
P 
P 
P 

PS? 
P 
P 
P? 
P 
P 
P 
P 

Phases 

LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
LV 
t V  
LV 
LV 

Tn 
(Oc) 

Te 
(OC) 

TmlCE 
(OC) 

TrnHH 
(Oc) 

ThLV 
(TC) 
200 

1 93.1 
195.7 
193.1 
209.3 
192.6 
186.9 
181,7 
233.2 
386.5 

116.5 
182,l 
172A 
1 89.3 

TD 
(OC) 

303 

Salinity wi % 
NaCI+CaCI? 

! 



APPENDIX III 
INTRODUCTION AND FORMULAE FOR 

GEOCHEMICAL MODELING 

Introduction 

Geochernical rnodeling was used in this study in order to: 1) determine the 

necessary conditions, especially fluid isotopic compositions, required to  chemicalIy alter 

sedimentary carbonates to  vanous dolomite and calcite phases; 2) compare the results of 

this modeling with actual geochemical data fiom Rock Canyon Creek; 3) determine if the 

precipitatinç environment proposed for the alteration o f  the phase are compatiable with 

fluid composition suggested by the model. 

The equations used in the geochemical modeling were taken from Bamer and 

Hanson ( 1  990). Mass balance equations were employed to monitor simultaneous 

variations in the isotopic composition of  the fluid and soiid as a fiinction of waterlrock 

ratio during waterkock interaction. The mass balance equations allow cornpansons to be 

made between the proposed waterlrock interaction model and the actual geochemical 

data- The senes of equations are summarized below. 

The modeling is performed for a porous mineral-fluid system where the fluid 

passes through the pores of a given volume of rock, and where a particular mineral is 

altered in increments of fluid. The basic assumption is that mineral and fluid reach isotopic 

and elemental equilibrium before the next increment of fluid is introduced into the system. 

Numerous iterations are performed until, at a certain waterlrock ratio, the entire system 

reaches equilibrium. 

The variables which control the chernical composition of the carbonate minerais 

are the isotopic composition of  the fluid, the isotopic composition of the original 

sediments, waterlrock ratio, the fiactionation factor (temperature dependent), whether 

open- o r  closed system behavior is assumed, and porosity. Al1 of  these parameters are 

selected by the user except for the watedrock ratio, which is dependent on the porosity of 

the original sediment. 



Formulae 

The following set of equations is taken from Banner and Hanson (1990), and was 

used for modeling element and isotopic variations during fluid-rock interaction. 

The initial concentration of element (1) in the system, CL, is determined by: 

Where F is the weight fraction in the system for any iteration, C:., and C:, are the initial 

concentrations of element (1) in the fluid and solid before interaction, respectively 

F is related to the amount of porosity in the altered rock and the density of the 

fluid and rock by: 

Where P is porosity in volume fraction or  weight fraction, and ps and pl- are the densities 

of the solid and fluid, respectively. 

The cumulative fluid/rock ratio, N, at any stage of the modeling process is 

determined by: 

N = 11 A (F(1- F)) (3)  

Where n is the number of iterations, and F /(1- F) is the incremental fluid/rock ratio. 

The single element distribution coefficient, D', is used to calculate the 

concentration of element (1) in the solid, c:, aAer the equilibration with the fluid: 

Calculation of the change in the composition of the rock upon repeated addition of 

fluid with the same initial composition simulates open-system fluid-rock interaction. These 

changes are determined by iterative calculations, using first equation (1) and then equation 
1 (4) in which the composition of the rock in equation (I), C,.. , is denved tiom the previous 

calculation of C: using equation (4). 



For modeling of the strontium concentration and strontium isotope composition in 

the fluicürock system the initial concentration of the system, c:', is determined using 

equation ( 1 ), and the concentration of strontium in the solid, cs', following equilibration 

with the fluid is calculated using equation (4). 

The strontium isotope ratio for the system, (87~r/86~r).. prior to any interaction is 

~overned by the following equation: - 

L o  

Where ("s~%)L. represent the strontium isotope ratio of the fluid, and ( " ~ r / ~ ~ ~ r ) , .  the 

strontium isotope ratio o f  the solid. 

Following calculation of  the original strontium isotope ratio, the concentration of 

strontium in the solid. C'S, is substituted for the original concentration of  strontium in the 

solid, c":. to calculate successive strontium ratios. 

For the oxygen isotopic composition of the system, 6"0,. for each iteration is 

calculated by: 

Where and 6"0,, are the oxygen isotopic composition (SMOW), prior to 

interaction for the fluid and solid respectively. And Cc: is constant for a given F. because 

C':,and Cp, are constant. After equilibration, 6'80sand 6"Or are related by: 

d"0, = a(6180 , -  + 1000)- 1000 (7) 

and S ' w s  is given by: 

( 6 ' v 0 ,  )cOo ) - 1 0 0 0 ( ~ ;  )F(1 - (alS,.I6 )) 
6"0, = 

Cf (1 - ~-)(a:' ,.'6 ) + C* ( F )  

where a:8f-'6 is the isotopic fiactionation factor for oxygen between the solid and the fluid 

phase, and is temperature dependent. For the n e a  fluid/rock interaction, 6'*0, from this 



equation is substituted into the previous equation to calculate the new 6"0, and the new 

6'7Is , and the process is continued until the fluid/rock system reaches the equilibrium, 

Le. the fluid can no longer alter the isotopic composition o f  the solid. 

Modeling o f  the carbon isotopic system can be accomplished by substituting 6 ' ' ~  

for 6'80 in the above equations, and applying the appropriate fractionation factor (a) for 

carbon in equations (7) and (8). 
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