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Ce Anomaly
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Paleozoic platform carbonate rocks of the Rocky Mountains host Mississippi PAAS: Post-Archean Australian Shale o-
Valley-ype (MVT) deposis i h north.and i h southhost MV, magnese, | FCR: Frature-contoled eplcement dpos Rocky Mountains (MVT) Kootenay Arc Rocky Mountains |
barite, and Rare Earth Element (REE)-Ba-F deposits. Farther to the west of the LREE: Light Rare Earth Elements 0. 107 | N 18- | anomaly. no
Rocky Mountains, the platform carbonate rocks of the Kootenay arc pericratonic MREE: Middle Rare Earth Elements a) Monarch - dolomite n=22 ) Kicking Horse - dolomite n=9 Reeves MacDonald and Jersev-Emerald (MVT) “*1a) o o oo, 55 seep carbonates  § | C% 0N
terrane also host MVT deposits in addition to vein- and replacement-type Zn-Pb HREE: Heavy Rare Earth Elements 5 0. 0 y B s o |Fensae 5 coomit, . g, mati . % 14
(£Ag, +Au) deposits. Sparry dolomitization is commonly spatially associated with Pr Anomaly: (Pr/P1¥),,,s = Proyas/(72Cepns T 72Nd,, 1) 2 g " a) Saelce:i\t/ees MacDonald (2007SP-022-13b) b) ;elg‘tfss MacDonald (20075P-022-8) I I W‘\\% S o Lo anomaty
most of these deposits and is used as an exploration guide. Ce Anomaly: (Ce/Ce*),,,s = Ce,\o/(Y2-La,, . T ¥2'Pro, o) [ c n =24 n=8 g 14 C‘%D $ 14 TN 0% sparry calcite (MVT) 104 ——no Ce anomaly

This 1s the first systematic study documenting REE variations in carbonate Eu Anomaly: (Ew/Eu*),, s = EuPAfAS (% Sy, . . 737 TDppus) . . S | 2 0.1- e 1 3 1 - o i S - I 3 - positive La true negative
minerals from MVT deposits. In conjunction with tectonic, stratigraphic, structural, Values less than or greater than 1 indicate negative and positive anomalies, ‘:’rf’ e ‘:’E’ ‘;" c—;u R0 5o 0.6-{anomaly. no~ | Ceanomaly shallow, oxic
stable and radiogenic isotope, and petrographic studies it will help to constrain the respectively, as proposed by Bau and Dulski (1996). 5 a v 5 5 . 0 0 : J——— -
genesis of MVT deposits and improve our knowledge of the metallogeny of the 0.01- | 0.014 G O B o T T e SIS g .y (PHPI) s
Kootenay arc and Rocky Mountains. It is based on more than 200 analyses by Laser : ; — 222':2 i‘; o 3‘;:::2 gzzgilﬁ’lﬂe filed voids % % 22 22 & 01- .QF;P/L.Eh_Ia'ﬁ_,H_._.—H e

. . o ) ’ unroe ® dolomite’ cg, saccharoidal, adj. to a vestige of host dolostone i O—Q—OBEQ-a—-e.”’—’_’—./.—.
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS), supported Ab reVI atl O n S -~ fine- to medium-grained. micritic matrix 0,007~ G0arse-grained, sparry, ad. to sphalerite 001. 0.01. N 4 N Shag o oo, o5 5,20 o5 smoker fluids . %
bKY, eli?ctr%n mwﬁpmbeggk- vaeztllgaadiagpées are from ;hei{ Viunroe, Shag, Cal — calcite; Dol — dolomite; Py — pyrite; Qtz — quartz; Sph — sphalerite; fg o LaCePrNASMENGATh DyHo ErTmYb Ly ¥ Lo PrNGSmEWGaTh Dy Ho Er Tm Yo Lu — coarse-grined.n carbonate-rh ayer 3| e § o e T

1CKIng HO1SE, MOondrcll, .Ora and Ro ake deposits n the Rocky Mountain — fine grained (< 0.05 mm); mg — medium-grained (0.05 — 0.4 mm); ¢g — c¢) Coral - dolomite n=15 d) Munroe - dolomite n=14 medium- to coarse-grained,, in pyrite-rich layer, “comb” — coarse-grained, lens 3 1'4_ 3 1'4_ RS 107 \/ﬁ/vv S +0.1% shal
belt, and from the Pend Oreille, Reeves MacDonald, Jersey-Emerald, HB, Duncan oras 4 : _ 5l larized licht: - ¥l — reflected licht: oot lr—rrn—+ ¢ +— ¢ — -~ -~ 7 OO = = ‘e &

e coarse-grained (> 0.4 mm); ppl — plane polarized light; ; rl — reflected light; 10, 10, <
and Abbott-Wagner (a fracture-controlled replacement) deposits within the : L : - La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu ¥ -a Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm ¥b Lu ¥ P38 "R -os : & 0001 -
2 P P xpl — cross-polarized light; ho — host; mat — matrix; s¢ — saccharoidal; sp — T 4. 5 4 10- 10- 107- seawater stromatolie
[ , , sparry; adj — adjacent. = = dolomite . B I B I
In addition to high spatial resolution, LA-ICP-MS offers a further advantage over S = n= 06 e e 06 O et e 10° \ ———————————— o000t b
traditional whole rock analyses of carbonate concentrates: allowing the analyst to 2 4. 2 4. e 1 g 1 22y e 22 e oo -a Ce PrNdSmEuGd To by Ho Er TmYb Ltu ¥ wa e P Nd SmEu &d Tb by Ho Er Tm ¥b b ¥
1dentify compositional artefacts from inclusions and interstitial material through ‘:’g C:IE) T ‘_é o [ o lomiema 504, () PAAS-normalized REE profiles for seawater from the western North Pacific
careful examination for sharp compositional changes within the time-resolved 0 0 S 5 , , (Alibo and Nozaki, 1999) showing the distinct negative Ce anomaly and LREE
¢ e h lvsis. Th lect; f carb ¢ o £ fvisibl 0.014 0.014 U?) 0.1- c 0.1 — 7 % 1 . depletion relative to HREE, pore water from marine sediments on the California
SPECLIUIL O CaCh andlysis. s, SCIECLION O CarbONdiE Srains 1ot 01 VISIDIC | < ‘é’ TN s | .. S | . margin (Haley et al., 2004), hydrothermal vent fluids from Manus Basin (Craddock
mineral inclusions, followed by examination of COI‘reSPOIldIIlg LA-ICP-MS spectra — coarse-grained, sparry, adj. to quartz — coarse-grained, saccharoidal, adj. to sphalerite ) a > T = [ — et al., 2010), sparry calcite from the Dirtlow open-pit in the South Pennine Orefield
permits 1dentification and rej ection of 'contaminated' analyses, retaining only the 0001 — medium- to coarse-grained, sparry, adj. to sphalerite 0001 fine- to medium-grained, host dolostone 0.01- 001. o | T~ee. o . ‘1. } e (Bau et al., 2003), cold seep carloonates from northern Apenni.nes, and calcite from
analyses representing the trace element signature of carbonates. The high spatial  laCe PrNdSmEUGATb Dy Ho Er TmYbLu Y  La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu Y | | o 08 | 0s) @ ° o tz%elZOICﬁn‘ffimc maslswehsull?hld}el Braceméc'MCdLEOd deposll.ts (Gerg?a etal., o
resolution of the LA-ICP-MS method requires a large number of individual 10 10 — coarse-grained, lens in sulphide-rich band 06 10 14 s N 14). (b) A binary plot showing how true Ce and La anomalies are distinguishe
) e) Shag - dolomite n=7 f) Robb Lake - dolomite n=11 fine-grained, lens fine-grained, matrix in calcite-rich band (PrIPr)ous (PrIPr)u using the relationship between PAAS-normalized Ce and Pr anomalies, after Bau
analyses to ensure that results are representative. 0.001 ' Go Pr Nd Sm Ea G4 T Dy Ho Er Tm ¥b Lu v 0.001 S N s S S S SV Y and Dulski (1996). (¢) The effect of progressive contamination of stromatolite
5 5 PAAS lized REE nrofiles for calcite and dolomite from the R MacDonald (a, b, ¢) and J 4 e B r | dni d)u denosit Y .t;. rth mK tu Ko Ote n ay Arc analyses by shale on the PAAS-normalized REE profile (van Kranendonk et al.,
S 11 e -normalize profiles for calcite and dolomite from the Reeves MacDonald (a, b, ¢) and Jersey-Emera eposits within the Kootenay 2003).
c—%' c—%' arc. (a) In sample 2007SP-022-13b, calcite shows negative sloping LREE profiles and flat to slightly negative or positive MREE to HREE profiles, 22 e o e s o N o mer 3 ety )
e O O g I C e I n g £ S except where present with the “comb” texture which exhibits positive MREE to HREE slopes and strong positive Eu anomalies; (b) Calcite in sample zerrrlSe?ZI-d A calite,fo, matrix i calcterich band Pend 4 i, o, 5. vid ll core
S g 0.1- A 8 0.1- 2007SP-022-8 shows flat to slightly positive sloping LREE to MREE profiles with steep negative MREE to HREE profiles and strong positive Eu 184 184 Ogg{;):fif:'jge,lv?d e
All of the deposits considered R —_— o f P 7)) anomalies; (¢) Dolomite from sample 2007SP-022-8 has a similar REE profiles to calcite from this sample, but with slightly lower overall content; d) i ik o "7'1”%%%5?5?5&’22513’pyme S u m m a r
1n this Study are carbonate- N owr magnesn: % % All calcite, irrespective of texture, from the Jersey-Emerald deposit has a generally flat to slightly negative overall slope. 3 ' 81w gl |, Msi.i‘;'i”}ﬁi:;ﬁf;,?,i”i)‘°.Sp“a'er”e y
hosted. They are all MVT as R # Somrt-iomic st 2 / )y &.c N ¢ 0 o THETEE 1. This study shows that calcite and dolomite from the studied
) . PPy /“‘ Banff *Vol?;anic-hosted massive sulphides 001 N 001 n 1.0+ A: 1.0- A .\ o ° y
characterized by Leach et al. BEROGTOrSE™ % 008 | & Caronatooses e rise HB and Duncan (MVT) J . o R =035 carbonate-hosted Zn-Pb deposits display significant differences in
] _ _ _ _ 10 - 10 - .. ° (Yellowhead ) .
(2005) and Paradis et al. — coarse-grained, sparry, adj. to sulphide —— coarse-grained, sparry | a) HB - calcite n=16 b) HB - dolomite n=7 08, 08, S REE content, in the overall shape of PAAS-normalized REE plots,
(2007) with the exception of 0.001 fine-grained, possible vestiges of host 0.00" —— medium- to coarse-grained, matrix L — . . — T e — and in the intensity of Fu. Ce. and Pr anomalies. In the case of
b . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ' 1. 14 1. ’ : " r*' 1. 9 9 °
Abbott-Wagner, (fracture- o La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu Y La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu Y 5 g o g 22 . 22 T fine-grained carbonates, these variations are probably due, at least
Paleozoic plutons N i) coves 20(17§;—C(i)tf-c193:li7n carbonate-rich layer i) A lc;a;gi:e, cg, sp, in sulphide-rich . . . . .
f}? ntrolled replacinllcng). AH. of ooty oo PAAS-normalized REE profiles of carbonates from MVT deposits, (a) Monarch (b) Kicking Horse (¢) Coral (d) [ 5 . Macdonaid s ot 1 -5, n e . " b o v Wi In part, to modification of the_REE signature c.o.rr.espondmg to

C OCCUITCNCCS SUAICH aIC M {1 ) cagio say assembage Munroe (e) Shag (f) Robb Lake, within the Rocky Mountains. = % g L % oo original carbonates by later dlageﬂ.etlc, dolomltlZlng, .
British Columbia, except for | (o weeecor jorgoyEmergia I < 0.1 < 0.11 % 10 5 Gotomte g ors % 14 hydrothermal, contact metamorphic and/or regional metamorphic
Pend Oreille (Washington () Cambran-Devonian All dolomite, 1rrespective of texture, from the Monarch, Kicking Horse and Coral deposits show similar convex- % % 3 3 :. overprint.
state, US A) Deposits selected | € Hemicogerow  Reeves MaCD° | upward REE profiles with steep positive LREE slopes and shallower MREE to HREE slopes. A positive Eu o a 1o = iz 0¥y :

- ' - @ windermere Supergroup AW B al ~ ey IR, emm— SR R anomaly is exhibited in Kicking Horse (weaker) and Coral (stronger). ES L . . :
for this .StUdy are in the Rocky | e rueersusemons . ATt \ M1crophotographs of dolomlte from the Rocky Mountaln MVT depos1ts (a) Munroe depos1t Y 8 ( ) (stronger) 0.011 0.014 o A}ﬁﬁ ) - %ﬁ%“o'sg 2. Approximately 85% of carbonate minerals analysed plot outside
Mountain belt and the @P it Do ; gy L 4 sample MUNR-16-18T (ppl); (b) Shag deposit, sample SHAG-C4-7A (ppl); (¢) Monarch Munroe, Shag and Robb lake exhibit relatively flat profiles. Munroe and Shag have a slightly convex-upward — coarse-grained, sparry, in sulphide-rich layers ' ? e — of the shallow seawater field on PAAS-normalized Ce to Pr
Kootenay arc. Kicking Horse e an voleante deposit, sample MON-16-5 (ppl); (d) Coral deposit, sample HDC Tr 1a (xpl); (e) Coral deposit, hape that is not ob d at Robb Lake. Shao h lioht tive LREE sl ed. void-fill in carb ] — medium- to coarse-grained, lining voids in 06 O e '8 06 [y '8 v di ndicati d " 1 1ibrati

: » | P sample HDC ny la (pp 1): (f) Robb Lake deposit, sample 3-1(ppl). shape that is not observed at Robb Lake. Shag has a slight negative slope. 0,004 Soarse-grained, void-fill in car .Ona.te_r:c ayers carbonate-rich layers o o . s anomaly diagrams, in 1cating post- cposmona re-cquili rat1on3
Sggggflc;laizgcsigsegdﬁ?th the A_:)Fauns 100 | ' Bl F g2 Ce PrNdSmEu GdTb Dy Ho Er Tm ¥b Lu ¥ La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu Y Duncan \ et mg ma 'évbbou- "aosupnde crystallization from hydrothermal fluids or metamorphic overprint.
C —— - agner
km : _ . . 1.8 1.8
Kicking Horse Rim, a fault- . . . L c¢) Duncan - calcite n=12 PAAS-.normahzed REE profiles for calcite and | g g . : : : : :
bound P brian paleo- Map showing the locations of the deposits studied in Pend Oreille (MVT dolomite from the HB (a, b) and Duncan (c) deposits % 14 % 14l 3. Strong positive Eu anomalies, particularly if associated with
bmiln rcca? ﬂan palco this work. The Robb Lake and Coral deposits are o o _— within the Kootenay arc. 3 3 convex upward patterns are interpreted to mark the influence of hot
athymetric high. Two shown on the inset ma a) Pend Oreille (07-MET-12A-3) n=8 b) Pend Oreille (07-MET-12A-3) n=12  PAAS-normalized REE profiles for calcite N | o E (>200°C) hydrothermal fluids and correspond to carbonates
depOSItS (Robb Lake and p- Yellowhead-style, calcite Yellowhead-style, dolomite and dolomite from the Yellowhead- (a, b, ¢) g (a) Regardless of calcite texture, the REE profile are et O RE=04% precipitated fr()m, or recrystallized 1n the presence of ambient
Coral) are located in the - - and Josephine-type mineralization (d) from S 1 positively sloping with a positive Eu anomaly. ¢ T e hydrothermal fluids.
northern Rocky Mountains, outside the area depicted in Figure 1 (see inset). N 8 Pend Oreille in the Kootenay arc ) | | . T Ve %6 T ' 14 s
& e S (b) Dolomite REE profiles are negatively sloping, with (PHIPI ) (PHIPF ) . o .

. . . . . . é E (a) Sparry calcite in Yellowhead-type A similar La and Ce content as 1n the calcite from the PAAS-normalized Ce anomalies versus Pr anomalies for the Rocky Mountain and 4. To fully appreciate the 51gn1ﬁcance of these observations,
Biostratigraphic ages of sedimentary rocks hosting these deposits vary from lower . 01 o O mineralization (sample 07-MET-12A-3) show 0.01- same sample exhibited in panel a. This dolomite also Kootenay arc MVT deposits. Rocky Mountain deposits: (a) Monarch, (b) Robb including trends on Ce to Pr (PAAS-normalized) anomaly
Cambrian to Upper Devonian. Radiometric ages are unavailable for most of the < % REE profiles with a positive LREE to MREE — coarse-grained. lenses in matrx displays positive Ce and Eu anomalies. Lake, (¢) Munroe, (d) Shag, (e) Kicking Horse, (f) Coral. No analyses from the diagrams, the results presented here will need to be interpreted in
dep051ts we have studied as 1t 1s noteriously difficult to obtain ages from low 0 slope and a steeper, negative MREE to HREE i _ ’d - | S Monarch or Robb Lake deposits plot within the seawater field (pale b.lue, }ower comunction with: the correspondine detailed maior element
temperature. sediment-hosted deposits. Althouch most carbonate rocks hostine the 0.01- 0.01- slope, with a positive Eu anomaly. 0.001L_ Medum-grained, mafx (¢) Calcite REE profiles are generally flat with similar right quadrant), however over half of the analyses from Munroe plot in this field. J o p g JOT ¢

pe ’ : P ' i : UNG __ coarse-grained, sparry, void lining, adj. o La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu Y REE content irrespective of texture. Only a minority of analyses from the other deposits plot in the seawater field. analyses; detailed paragenetic studies; C, O, and Sr 1sotopes and
dep.osEtIS are fcry%talhzed a}r;d def(irmed, the reglllonai‘ m°etan%(})1rphl(ci grade 1; ol o opary 5 (b) Dolomite in Yellowhead-type Kootenay arc deposits: (g) Jersey-Emerald, (h) Pend Oreille, (i) Reeves clumped C and O 1sotopes; radiogenic 1sotopes; and fluid inclusion
typlca y 1n the su -greensc 1St or lower greensc 1St Tacies. ese epOSItS O not — coarse-grained, sparry, void-fill core —— medium-grained, void lining, adj. to outer edge of void : - MacDonald () HB (k) Duncan (]) Abbott-Waener. Analvses from the Jersev-

. 1 _ . oot b — —— 2 o oo ———— 4 e S ' mineralization (sample 07-MET-12A-3) has » J) 1B, can, () A & Y (C JEISEY results.
contain calcsilicate minerals except where they are located in the contact ~ ‘Comb’ Rl La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu Y La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu Y an overall flat to slightly negative sloping Abbott- Wag ner (FC R) Emerald deposit plot exclusively outside the seawater field aﬂd aﬁ nilnorlty of
metamorphic aureoles of Mesozoic intrusions (e.g., Jersey-Emerald deposit). - Texture V500 um ¢ SR RS a 10+ 10. REE profile. 101 Abbott-Wagner - dolomite n = PAAS-normalized analyses from all Kootenay are deposits studied plot within this field.

e SERG e . SR e 2 f- i - - - = ' -07- = REE profiles for
c) Pend Oreille (07-MET-12A-5) n=12 d) Pend Oreille (MET-07-2) n=38 pro1ies 10 : :
e BV aaaiar BT Yellowhead-style, dolomite Josephine-style, dolomite (¢) Both dolomite types in Yellowhead-type dolomite from the I"l;hekr}egel}ltlvely s}lop iln% arylays gfﬁorrlellat(eid analyslcs tgom IE)I};bII)Jake, Sha%,
: D D mineralization (sample 07-MET-12A-5) have ® 1 fracture-controlled AL%;E{_;WE‘OTEZ; liirél irrfcbllith(e eos(zzeeisiililol?lzliaolzea 1(r)inn)t’ b r,edl}llcflecc?rflh?ilzls
n a yt I Ca et O S ﬁ " ﬁ 1 flat to slightly negative sloping REE profiles, -%’ replacement deposit & Y P P velb Y '
® Q)
. . . . . . e & regardless of texture. £ (FCR), Abbott-
LA-ICP-MS analyses were carried out at the University of Victoria using a 5 5 S Wagner, in the A k I
c . B B9 , cknowledgements
B} i- ' ' Thermo-Fisher X- 01 * 0.1 (d) Dolomite in Josephine-type mineralization ) Kootenay arc show . . o . 71N . . .
Nevaave UP-2 1? (NC_:)YAG laserf 1.? nm) mterfacled to gltherla CHHO=TISAC g g —— (sample MET-07-2) shows an overall } positive LREE to This study 1s a contribution to NRCan's Targeted Geoscience Initiative Program (TGI-5). Support for this study was provided through the Specialty Metals Ore Systems
series 2 quadrupole ICf —MS.OI' an Agl ent 3800 triple quadrupole ICP-MS. o a 7 positively sloping REE profile with a flat to - MREE slopes with flat Project and the Volcanic- and Sedimentary-Hosted Base Metal Mineralization Project's 'Activity VS-2.1: Is there a genetic link between various types of sediment-hosted
Repeated analyses of the (.Zalibl'.athIl standards (NIST 615, NIST 613, NIST 61 1) . = o 0.01- 0.014 convex-upward profile in the LREE. 0.01- MREE to HREE deposits of the Canadian Cordillera?'.
showed no measurable drift in instrument sensitivity over the course of each m.ﬂmg” , B o | . . profiles, and a positive h o benofited from the field T eollab ] : L Columb ] ] | N | Geal
: : : : — coarse-grained, sparry, ad]. to pyrite This study benefited from the field assistance and collaboration of Fiona Katay (British Columbia Ministry of Energy, Mines and Petroleum Resources, Regional Geologist
. Microphotogra hs of carbonates from the Kootena arc MVT deposits. (a) Pend Oreille . . . . . . . L - - : : Eu anomaly. Y y Iy Y . S » INCE &
an.illll}./tl(iasl(;eSSI;) Iz The E(‘zllll teg[ Of{ell\e/[men? n Eihe ?CR?g i[andaid i[hlésoglgtamzd are dep osft) san;gplg 07-MET-12A-3 (Yellowhead-type i/mnerahzau onp opl): gb)) Pend Oreille 0.001L Ime?lUfT]-gralllnefi aJId- t? Splhalelrlte Iandl pyrllte - 0001 — Imeolurr?- tolcoalrse-lgrallnedl, dollom!te-r:ch clastl | 0001l — Imeclilunrll- tol coarse-lgrallnec!, sparry, ad{. to .SUIF.)hId.e based in Cranbrook). We thank David Pighin and Chris Graf for their perspectives on the geology of southeastern British Columbia. David Pighin provided access to drill
witnin o (relative) of the GeoReM preterred value ( ochum et al., ) an deposit. sample MET-07-2 (Josephine-type mineralization; ppl); (¢) Reeves MacDonald La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu Y La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu Y La Ce Pr Nd SmEu Gd Tb Dy Ho Er Tm Yb Lu Y cores stored at the Vine property south of Cranbrook, and Chris Graf provided samples from the Shag deposit. The sample from Coral deposit was provided to the third
repeated measurements over the course of each analytical session showed that deposit, sample 2007-022-13b (ppl); (d) Jersey-Emerald deposit, sample 08SP75-1 (ppl); (e) author by Dr. Graham Wilson (Turnstone Geological Services Ltd.) and Francis Manns (Principal at Artesian Geological Research). Connor Robinson helped with setting

analytical precision for the REE+Y 1s within 10% relative. Jersey-Emerald deposit, sample 08SP75-1 (ppl); (f) HB deposit, sample HB-DUMP-5 (x). up and editing the final version of this document.
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