In situ LA-ICP-MS of sulfide minerals in VMS deposits throughout the Bathurst Mining Camp, New Brunswick, Canada:
volatile trace-element contents and distribution with implications for their syngenetic to polyphase metamorphic history
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Abstract Bathurst Mining Camp massive sulfide deposits (Goodfellow and McCutcheon, 2003) Volatile element distribution at the mineral scale
Zn-Pb—Cu-Ag-Au type; | | | O 0 ] The occurrence of volatile elements be- ™ 18 s e & 2 4 a e “’ Sphalerite is the most dominant carrier
The world-class massive sulfide deposits of Zn-Pb-Cu-Ag-Au type in the Bathurst Mining Camp, Eastern Canada are hosted within Middle Ordo- ~re-mining geologic resource of at least 349 Mt of massive sulfide grading 4.72% Zn, 1.78% Pb, 0.64% Cu, tween coexisting sulfide minerals is con- ? : ‘ N of Hg (10 to 376 ppm), followed by pyrite
vician bimodal volcanic and sedimentary sequences. They have undergone complex polyphase deformation and associated regional 51 g/t Ag, and 0.54 g/t Au; trolled mostly by lattice substitution 0 | - "’*M: aet e, 5 TR o (0.001 to 22 ppm).
greenschist and locally blueschist facies metamorphism during closure of the Tetagouche-Exploits back-arc basin in the Late Ordovician to Early 45 deposits, 25 of which are in excess of 1Mt; (nonstoichiometric and  stoichiometric) =, | - ot Fe o hl . s e o
Silurian (Salinic Orogeny) and again during the Late Silurian Acadian Orogeny. The mineralogy of massive sulfides consists of five minerals Supergiant Brunswick No.12 deposit, which was in excess of 290 Mt pre-mining massive sulfide resource; and also micro- to nano-scale mineral in- e e e - = F‘ L. Pl oSS
(pyrite, sphalerite, galena, pyrrhotite, and chalcopyrite) that comprise 95% of the mineralization, with minor amounts of arsenopyrite, marcasite, Massive sulfide deposits of the BMC contain both syngenetic and epigenetic features: clusions, which are detectable in the laser @ °®! & — ; e | Cadmium is enriched in galena (259 to
and sulfosalts. NS . . ablation profile. - o k 2192 ppm) and sphalerite (686 to 1569
Five distinct hydrothermal facies in the BMC.: As c sb d
(1) bedded or banded sulfide facies (layered Zn-Pb-rich sulfide facies: py+ sph + gn x cpy, po, and td), o | o L 19000090 1 " | ppm).
In situ LA-ICP-MS analyses of the volatile trace-element suite (As, Cd, Hg, In, Sb, Tl, etc.) of the major sulfide minerals in some of the deposits (2) bedded pyrite (py + sph + gn), Nonstoichiometric substitution in pyrite: . ;-
i ion limi iCro- i i i i i - - - - o AsS)° for (S,)* R e *;;."H'*"'-f".--'-' .. . .
in the BMC offer a lower detection limits than other micro-analytical methods. Data from the representative massive sulfide deposits of the BMC (3) vent complex or basal Cu zone or basal sulfide facies (Cu-rich sulfide facies; po + mt + py + cpy+ gtz + ( 2 Wl o el o ® , In addition to arsenopyrite, As is also
show that in addition to arsenopyrite, As is also concentrated in some pyrite porphyroclasts, galena, sphalerite, and chalcopyrite. Cadmium is sph + gn), il 8 ReeRe, 0.1 f' ) rated 4 | . ast
enriched in galena and sphalerite. The most dominant carrier of Hg is sphalerite, followed by pyrite. Indium is enriched mostly in sphalerite and (4) sulfide stringer zone (veins and impregnations of sulfide minerals (po and/or py with cpy, and traces of sph Stoichiometric substitution in pyrite: u.nﬂ*;u;i e N LU : - concentraied in Some pyriie porphyrociasts
chalcopyrite. Antimony abundances are more variable, but it typically occurs in pyrite, and to a lesser degree in galena. Also, arsenopyrite ex- and gn) in hydrothermally altered sedimentary and volcanic rocks that underlie the | Co“*, Ni** for Fe | T | T (0.25 to 10140 ppm), galena (2.7 to 7700
hibits a high content of Sb likely because of substitution of Sb and As in solid solutions. Thallium shows variable distribution, but it is mostly en- vent complex), and SeS? Se? TeS% Te 2 forS - ° || ' ppm), sphalerite (0.1 to 130 ppm), and
_ _ _ : ) ) 10000 [ .i!. " 100 _
riched in pyrite. (5) carbonate-oxide-silicate iron formation o, ':tf_ L | ek o chalcopyrite (2.4 to 113 ppm).
Mercury and cadmium in sphalerite: AR L N1 | M L
Abundances of volatile elements in Bathurst Mining Camp show that the contents of these elements varies in the various types of VMS depos- Methodology et s of ansassed s arine i versce (o) Fe “*, Cd ", Hg **, ... for Zn*' . = e E Antimony abundances are more varia-
its, which reflect the different conditions of massive sulfides formation, such as differences in the temperature of deposition, metal sources, and In situ LA-ICP-MS analvses of the volatile trace-element suite (As. Cd | | _ _ | |
geochemical characters of the ore-bearing solutions and host rocks. Because of the primary variation of volatile trace elements in these sulfide ySes € S _ sulte (As, a [ T T Indium in sphalerite: 0% oow o all - ble, but it typically occurs in pyrite (0.002-
facies, they can be used in enhancing our interpretation of the ore-forming environment, as well as potentially be used as a trace-element vec- Hg, In, Sb, Tl, etc.) of the major sulfide minerals in some of the deposits .., .. .. .. «w Cu* + In M for 97 " = R ~— 2770 ppm), and lesser degree in galena
tOring tool (VOIatile element halos diSperSiOnS) In the eXploratiOn for massive sulfide depOSitS. in the BMC offer lower detection limits than other micro_ana|ytica| :Ni T A e o ( . 4 ) or 4 ' LA i s o a (10-407 ppm) ArsenOpyrite exhibits hlgh
Cu 0.084 0.201 0.111 0.361 0.517 0.556 1uuu! - - : " 1uu-:~! N ... o _
Summary of the Bathurst Mining Camp Geology - — methods (see Table). R N N . ote of - . d m’:. }_ - -"% o ol ‘Eg‘. - le ‘2 content of Sb (5660-8800 ppm) likely be-
The Bathurst massive sulfide deposits form part of a middle Ordovician arc and . z i | od out at LA-ICP-MS lab at D c Y e s Inary plots or representative volatile an o § &S, ¢ el . cause of substitution of Sb and As in solid
back-arc system that developed on the Gondwanan continental margin of the i > AT Sulfide a.na ySes we.re Ca_lme outd C_ S 1a a. epartment o other t_race elen_’lenl‘S (”_7 ppm) fro_m repre- | «j, = ¢ 0.1 F . " 8o solutions.
northern Appalachians (Goodfellow and McCutcheon, 2003). e o RS IR~ s Earth Sciences, University of New Brunswick , Fredericton on a SRR I N I N N sentative massive sulfide deposits in the oo b e e oot
s . s BN Resonetics S-155-LR with laser wavelength 193nm excimer laser abla-  «. o o 0w om BMC. o =
=Siluri ' Vi ' ' ira- Lot o= )7 ' '. 1235 0067 0.107 0084 026 0801 0513
Erg Silurian rocks Iin fche I_BMC can be divided into five groups, ngmely the Mira TR 3_ 9/ tion system coupled to an Agilent 7700x quadrupole ICP-MS. | - | | | o | | o
michi, Tetagouche, California Lake, Sheephouse Brook, and Fournier groups (van NE . <1 . - Volatile element distributions in VMS sulfide minerals: Implications for their syngenetic to polyphase metamorphic history
Staal, 1987; van Staal et al., 2003a). The Miramichi Group, the oldest group (490- | " S e e e The technique can reveal whether the trace elements occur withinthe ..~ . . .. . ..
478 I\/Ig), C.OHISIS’[S of a passive-margin continentally derived turbidite sequence. 7 ~ LG2 A Xs — { A Lwaof sulfide (as solid solution) or as micro- or submicroscopic inclusions of a R I N - - There is vast variation of volatile trace-element contents in different pyrite grains
The Miramichi Group was succeeded by Bathurst Supergroup that constitutes %i -- wx LA v R different mineral that can be distinguished in the ablation profile. | | | | | | S | |
Sheephouse Brook, Tetagouche, and California Lake groups, along with the Four- 2 < 4 " x Lot g Elevated contents of volatile elements in pseudo-primary pyrite are signature of their syngenetic origin. Metamorphism and deformation pro-
nier Group. The first three groups mainly include ensialic volcanic and sedimentary || . x@AR A L eg A cesses cause the depletion trends in recrystallized pyrite.
rocks, which are dominated by two distinct cycles of felsic volcanism succeeded L2 g 3277 le 177 Grand Faits Ore petrography The variation of volatile trace-elements, such as Hg, Cd, and In is higher in remobilized sulfide phases (sphalerite, galena, and chalcopyrite).
_by mafic volcanism of the Fou.rnier Gro_up that is the youn.gest group (~ 465 Ma); it %g Z = The massive sulfide ores are fine grained and commonly texturally complex, but typically contains predomi-
s defined by ocean-floor matfic volcanic and related sedimentary rocks that were S 37 e \‘ nately 95 percent of only five minerals (pyrite, sphalerite, galena, pyrrhotite, and chalcopyrite in order to abun-
obducted onto the para-autochthonous sequences. % 15 3g§g>?<3 o | /; y IO p | y 24 7 P " J Py ’ 24
o e ! o/l dance) and the minor amounts of arsenopyrite, marcasite, and sulfosalts. Future work
The Bathurst Supergroup formed within an intra-crustal (continental) proto back- X 20 4715 primary textures are locally preserved and mostly have been overprinted by secondary textures, such as Comprehensive study of distribution of volatile trace-element suite in the major deposits in the BMC in different sulfide facies;
arc basin (similar to the Japan Sea) and is referred to as the Tetagouche—Exploits fﬁ . - equilibrium textures, ductile and brittle deformation, int Elucidation of inter- and intra-deposit variation of volatile trace-elements and its implication in genesis related processes;
ias'f ,Evag gtaal’_ 19?7)|'E Cllosg_rle (?f thhe Tetagﬂijcge_-Expllmtrs] bacl:j—e}rc baf_"n frorg - o N > S IR A A S Y Determination of the volatile element halos in the Bathurst Mining Camp will reveal the vertical and extensive lateral distributions of volatile
€ Late Lrdovitian 10 karly <litriah has resufied in polyphase aetormation an S ek * elements in this area and introduce effective exploration tools for the locating concealed deposits that might be undetected by other explorations
associated lower to upper grade greenschist facies and locally blueschist facies . YN / o 15k methods
regional metamorphism during the Salinic Orogeny. Subsequent Acadian defor- 5 f%qgﬁ ¢ RN scale z |
mation (Late Silurian in this region) refolded pre-existing Salinic structures leading ' — "‘_d —— »
to complex re-folded fold structures. Peak metamorphism condition varies from Siuran-Devonian ") ntrusive rocks (undivided) | AMeam b 24 Ll Sovog References
325° to 400°C and 6 to 7 kbars. The present distribution and shape of massive sul- | @S @ nnsiverocks wndviaed) JATIGE _ prod ¥ \ . 3
fide deposits and associated sulfide stringer zones are mainly controlled by D1 Middle-Lats Ordovician " oot 7 alfoma Lake. 0 Nepsgut S et 2l o o e T T e N sl SR, | T o Goodfellow, W.D., and McCutcheon, S.R., 2003, Geologic and genetic attributes of Volcanic sediment-hosted massive sulfide deposits of the Bathurst Mining Camp, northern
and D2 structures (Goodfellow and McCutcheon 2003). @ oo R o, Capian Norts Exnsion. 33, Onean Brock L M“ e R Ao SN A, New Brunswick-a synthesis. In: Goodfellow, W.D., McCutcheon, S.R., and Peter, J.M., eds. Massive sulfide deposits in the Bathurst Mining Camp, New Brunswick and north-
P o 1> Choser larized reflected light) of representative massive sulfide samples of the BMC. A. Bed-  ern Maine. Economic Geology Monograph 11, p. 245-302.
. ) Taagouche Group Cnconfomiy 14 Pt Landng Broo 35 Srama ded sulfide facies (CP-39;161°: Restigouche deposit ), B. Replacement of pyrite by chal ite and pyrrhotite ( 94
Most deposits In the BMC are hosted by the Tetagouche Group (_32 of 45) and @ ceiomia ke Grou — 17l Glodeazone 4o, Shaimat Se N i es ( ’ gou posit ), p. p.y/ 4 _ COp.yI’I ©ar Pyrl‘ oHte ( van Staal, C.R., 1987, Tectonic setting of the Tetagouche Group in northern New Brunswick: Implications for plate tectonic models of the northern Appalachians. Canadian
Calnfo_rma_a Lake Group (13 of 45), Wlth_ the majorlty being ass.qcnated with the Late Cambrian-Early Ordovician 19 Hoan Stoo b zon i2 ook -DL-34; 423m; DDH 93-42, Key Anacon east zone), C. Chlorite-quatrz-pyrite-pyrrhotite vein hosted in altered, fine  joyrmal of Earth Sciences, v. 24, p. 1329-1351.
NepISIQUIt Falls and Spruce Lake formations, respectively. In addition, the Ch_es_ter e 3% Hean Siea westarms_ 45.winet o -grained crystal tuff (stringer zone) (LPA-025; 136.2 m; DDH A1, Brunswick No. 12), D. Cataclastic texture in pyrite
deposit belongs to the Sheephouse Brook Group the southern of Bathurst Mining o , . th int th of chal ’ l d sphalerit J h of ‘0 (97-KM-30- 188" DDH B van Staal, C.R., Wilson, R.A., Rogers, N., Fyffe, L.R., Langton, J.P., McCutcheon, S.R., McNicoll, V., Ravenhurst, C.E., 2003, Geology and tectonic history of the Bathurst Su-
Camp (Goodfellow and McCutcheon 2003). Simplified geological map of the Bathurst Mining Camp, with intergrowth of chalcopyrite, galena, and sphalerite and overgrowth of arsenopyrite (97-KM-30, ’ " pergroup, Bathurst Mining Camp and its relationship to coeval rocks in southwestern New Brunswick and adjacent Maine-a synthesis. In: Goodfellow, W.D., McCutcheon,

Canada, showing the location of massive sulfide deposits. 289, Brunswick No. 6). S.R., and Peter, J.M., eds. Massive sulfide deposits in the Bathurst Mining Camp, New Brunswick and northern Maine. Economic Geology Monograph 11, p. 37—60.
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