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Introduction

Carbonatites are mantle-derived, silica-poor igneous rocks
with >50 vol. % primary carbonate minerals (Yaxley et al.,
2021). Despite being silica-poor, the modal ratio of carbon-
ate to silicate minerals is highly variable in carbonatites
(Christyetal.,2021) and is dependent on how their parental
magma is generated and evolves before emplacement. Car-
bonatites are of significant interest to exploration compa-
nies due to their high concentrations of rare-earth elements
(REEs). As carbonatite magma evolves, REEs and other in-
compatible elements concentrate within residual melts
(Anenburg et al., 2021). Anorogenic, rift-related settings
facilitate the emplacement of small-volume magmas
produced by decompressional melting of the underlying
mantle. This allows the emplacement of alkali-rich, silica-
undersaturated magmas (which can crystallize and form
rocks such as carbonatite, nephelinite and phonolite)
within large-scale, intraplate extensional structures
(Chakhmouradian and Zaitsev, 2012). Examples of such
anorogenic alkaline rock—carbonatite igneous provinces
include the Kola Peninsula of Russia and the East African
Rift system. Carbonatites and alkaline rocks in orogenic
settings may also host concentrated REEs (Song et al.,
2016). In orogenic settings, carbonatite emplacement oc-
curs either during postorogenic collapse or before a transi-
tion from a convergent to divergent tectonic setting (Yaxley
etal., 2022). The cooling and crystallization of carbonatite
magmas are accompanied by the release of alkali-rich flu-
ids, which metasomatically alter (fenitize) surrounding
country rocks (Le Bas, 2008). Fluids derived from carbona-
tite magmas contain elevated levels of alkalis and volatiles,
which can transport incompatible elements like REEs
(Elliott et al., 2018). Therefore, metasomatically altered
rocks (fenites) can in principle provide information on the
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magmas from which the fluids were sourced and any asso-
ciated mineral deposits.

To form economic concentrations of REEs in igneous
rocks, some sort of evolutionary process (liquid immisci-
bility, fractional crystallization or the release of fluids from
magma) is required (Chakhmouradian and Zaitsev, 2012).
Furthermore, carbonatites are often affected by hydrother-
mal fluids, which facilitate the development of late-stage
REE mineralization. The interaction of primary magmatic
REE-bearing minerals (e.g., burbankite and carbocernaite)
with carbonate-, chloride-, fluoride- or phosphate-rich hy-
drothermal fluids enables their dissolution and precipita-
tion of secondary REE phases (Williams-Jones etal.,2012;
Anenburg etal., 2021). The presence of fenitized rocks and
REE-bearing minerals, such as bastnésite, parisite, synchy-
site, Ba-REE fluorocarbonate and monazite, indicate REE
enrichment due to hydrothermal interaction (Wall et al.,
2008; Chakhmouradian and Wall, 2012; Hoshino et al.,
2016). As with hydrothermal dissolution-reprecipitation,
weathering can also be responsible for the breakdown of
primary REE phases allowing the transport of REEs into
later formed REE phases (Anenburg et al., 2021). Because
carbonatites are susceptible to subsolidus re-equilibration
(Chakhmouradian et al., 2016), understanding how the
mineralogy of a given carbonatite has been affected by
postmagmatic processes is critical for determining its min-
eralization potential.

Ice River Complex

The lead author’s graduate research is focused on a
carbonatite-associated REE exploration prospect in the
eastern aspect of the Ice River Complex (IRC). The pros-
pectis located 42 km southeast of Golden, in the British Co-
lumbian portion of the Vermillion Range, where it is
sandwiched between, and bordered by, Yoho and Kootenay
National parks. Since 2003, Eagle Plains Resources has
been conducting exploration on the property. TerraLogic
Exploration Inc. (on behalf of Eagle Plains Resources) ran
six exploration projects (in 2006-2010 and 2012) to ad-
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vance their understanding of the bedrock geology of the
IRC within its contact aureole (Brown and Holowath,
2022). The IRC is a late Devonian to early Carboniferous
alkaline intrusion, which has a J-like outline in plan view
and measures approximately 18 km in length and 29 km*in
total exposure. A geological map and description of the
complex are provided in Figure 1. Weakly metasomatized
Cambrian and Ordovician limestone, dolomite and shale
country rocks (Chancellor and Ottertail formations and
McKay Group) host the intrusion. The oldest parts of the in-
trusion (hereafter referred to as the layered series) comprise
arhythmically stratified, feldspar-poor, ultramafic to mafic
series ranging in modal composition from jacupirangite to
urtite. The layered series is crosscut by feldspathoid sye-
nites (hereafter referred to as the syenite series) and carbon-
atite, which are in turn crosscut by lamprophyre dikes
(Locock, 1994; Peterson and Currie, 1994; Mumford,
2009; Brown and Holowath, 2022). Emplacement of the
IRC is believed to have resulted in the formation of a
contact metasomatic skarn at the margins of the complex
(Currie, 1975).

During the Laramide orogeny, the IRC and surrounding
hostrocks were thrust approximately 200 km to the east,
along a west-dipping décollement surface (Gabrielse,
1991). The IRC behaved as a relatively competent mass
during transport, whereas the surrounding hostrocks were
strongly sheared (Locock, 1994). Marginal units of the IRC
show strong deformation (e.g., gneissosity and boudinage;
Mumford, 2009). Both the IRC and hostrocks were affected
by regional metamorphism of prehnite-pumpellyite facies
with pressures of 2-9 kbar and temperatures of 200-400 °C
(Currie, 1975; Locock, 1994). Gabrielse (1991) suggested
that regional metamorphism was coeval with the eastward
thrusting of the IRC. There is a large diversity of carbona-
tite types in the IRC, differing in petrography and structural
characteristics. The following description is a summary of
previous work on these rocks. Carbonatites occur as dikes
and plugs, intruding alkaline igneous, silicate igneous and
metasedimentary hostrocks (Currie, 1975; Peterson and
Currie, 1994). The carbonatites vary in colour from white
to almost black. Currie (1975) identified three carbonatite
bodies within the IRC. The largest one is a lenticular plug
(400 by 1500 m) of white- to buff-weathering calcite car-
bonatite (unit 10, Figure 1) containing minor aegirine-
augite, fluorapatite and phlogopite and accessory pyro-
chlore, pyrite, strontianite and ilmenite. This largest car-
bonatite body is visible east of Aquila Mountain on Fig-
ure 1. Calcite-carbonatite dikes (thin, elongate bodies of
unit 10, Figure 1) commonly intrude the layered series
(units 5-9, Figure 1) and the syenite series (units 11-15,
Figure 1; Pell, 1987). Associated with the large calcite-
carbonatite body are black-weathering dikes with major
calcite, siderite and berthierine; also present are minor bio-
tite, aegirine, edingtonite, perovskite and ilmenite, as well
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as trace quantities of sphalerite and pyrite (Locock, 1994).
A younger red-weathering carbonatite is mineralogically
similar to the black-weathering carbonatite, but contains up
to 10 vol. % noncarbonate minerals, including serpentine,
pyrochlore and xenotime (Pell, 1987). In addition, car-
bonatites with ropy textures, possibly indicating ductile de-
formation, were reported by Currie (1975). More silica-
rich, massive, dark green carbonatites have also been docu-
mented, but no detailed information on their mineralogy is
currently available.

In the eastern part of the IRC (the Moose Creek valley
[MCV], outlined in purple in Figure 1), the carbonatites
have complex, poorly understood structural and temporal
relationships to the syenites (Mumford, 2009); carbonatite
and syenite bodies locally crosscut each other. This ambig-
uous structural relationship may be due to multiple phases
of carbonatite emplacement (Pell, 1987). It has also been
proposed that syenite-associated carbonatites are related to
the red-weathering carbonatite described above (Peterson,
1983). Syenite-associated carbonatites are distinct due to
low abundances of silicate minerals in these rocks, and the
presence of ankerite, barytocalcite and strontianite in addi-
tion to calcite (Peterson, 1983; Pell, 1987). Associated sili-
cate minerals in syenite-associated carbonatites include
phlogopite, alkali feldspars (dominantly albite with minor
microcline) and zeolites (natrolite, analcime and minor
edingtonite; Pell, 1987). Whole-rock geochemical analy-
ses of the carbonatites show variable Nb and REE contents
(Pell, 1987). The syenites are relatively more enriched in
Nb, but relatively less enriched in REE in comparison with
the carbonatites (Brown, 2013).

The aims of this study are to 1) describe the mineralogy and
paragenetic characteristics of the different carbonatites in
the MCV, with an emphasis on REE-bearing phases and
2) identify distinct mineralization styles, which correlate to
geochemical variations and anomalies in the hostrocks. Us-
ing new analytical data, an attempt will be made to con-
strain the source of REE mineralization in the eastern part
of the IRC and identify the relationships between mineral-
ization styles and carbonatite interaction with their host-
rocks.

Methodology

Identification of paragenetic sequences is fundamental in
understanding the REE-mineralization styles in the IRC
and has implications for the petrogenesis of the complex.
For this study, there is a particular emphasis on the identifi-
cation of REE-bearing minerals and the processes that have
led to their formation. An in-depth understanding of their
compositional and paragenetic characteristics is essential
to determining the economic potential of the IRC. For this
purpose, 57 rock samples were collected during the 2022
field program. Sample sites were selected based on field
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Figure 1. Geology of the Ice River Complex (IRC) showing the major units in the complex. The study area (the extent of Eagle Plains Re-
sources’ [EPL] tenure) is shown as a black outline along the eastern margin of the complex. The area of the Moose Creek valley (MCV), as
considered for this study, is outlined in purple. The original field mapping was undertaken by Currie (1975), later digitized by TerraLogic Ex-
ploration Inc. Geological data from Cui et al. (2017) has been added. BC MINFILE entries: Moose Creek, MINFILE 082N 027; Shining
Beauty, MINFILE 082N 025; Waterloo, MINFILE 082N 028; Yippie, MINFILE 082N 097; Zinc Creek, MINFILE 082N 026 (Brown and
Holowath, 2022; BC Geological Survey, 2024). All co-ordinates are in UTM Zone 11N, NAD 83. Legend on the following page.
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Age

Quaternary

Devonian or
Carboniferous

Devonian or
Carboniferous

Devonian or
Carboniferous

Devonian or
Carboniferous

Subgroup Map unit Key Unit description (modified from Currie, 1975)
Glacial sediments, fluvial sediments, talus rock

Unconsolidated sediments 17 .
flour and related materials

Ice River Alkaline Complex units

Melanocratic rocks occasionally ocellar, with
phenocrysts of pyroxene and kaersutite,
sometimes in a feldspar-bearing matrix

Lamprophyre (minette
and sannaite)

Altered zeolite-rich
syenite

Buff-weathering rocks rich in secondary natrolite
with minor carbonate and aegirine
Massive to faintly gneissic leucocratic green to
blue rocks, including veins and dikes
Pale greenish, distinctly gneissic rock commonly

Sodalite-nepheline syenite

Leucocratic nepheline

Syenite . . ; .
s);ries syenite bearing kaersutite and sodalite
Meso- to melanocratic . : : .
i Migmatite and agmatite gneiss
syenite
- Pale, fine-grained hybrid rocks, commonly
Silica-saturated contact 3 . .
. saturated, with metasediment blocks, includes
breccia ; .
minor amounts of units 12, 13
. Buff-weathering White to buff, foliated carbonate and massive,
Carbonatite ] o .
carbonatite altered, melanocratic silicocarbonatite
Urtite Coarse-grained to pegmatitic pale green rocks
i Medium- to coarse-grained bluish rocks with
Tjolite . . .
cubic nepheline set in euhedral pyroxene lathes
- Titaniferous andradite Medium- to coarse-grained brownish-black rocks
sZries jjolite with cubic nepheline, vitreous brown garnet

- Coarse-grained blue-black rocks with prominent
Mela-ijolite i
biotite phenocrysts and clumps

Black to greenish pyroxenite with small cubes of

Jacupirangite . . -
PRERE nepheline, and minor biotite

Ice River Alkaline Complex hostrock units

Devonian or
Carboniferous

Cambrian to
Ordovician

Cambrian

Banded skarn and calcsilicate rocks, contact-
Contact skarn 4 altered sedimentary rocks formed during
emplacement of the complex
Limy shales with interbanded thin limestones
McKay Group 3 generally grey-green with local brownish
stripings and dolomite layers
Massive grey-blue limestone, shaly horizons
toward the base and top
Reddish slaty shale, commonly thinly fissile,
minor limy horizons and dolomite

Ottertail Formation

Chancellor Formation

Figure 1 (continued). Legend for geology of the Ice River Complex, showing the major units in the complex.
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observations and the results of a scintillometer-assisted
survey (Brown and Holowath, 2022), which targeted
anomalies outlined in Brown (2013). From this sample
suite, a total of 35 polished thin sections were prepared
from selected samples chosen on the basis of whole-rock
geochemical data (major- and trace-element concentra-
tions), using such geochemical indicators as total REE, Ba,
Zr, Nb, Th, SiO, and Al,O; contents. The incompatible
trace elements were chosen for their association with man-
tle-derived magmatism and generally low levels in meta-
sedimentary hostrocks, whereas the SiO, and Al,O; values
are useful for discriminating between carbonatites, alkaline
silicate rocks and their metasomatically modified variants.

The polished thin sections were examined using a Leica
Microsystems Leica DM750 P polarizing microscope to
identify major constituent minerals and textural character-
istics. The sections were then examined using a variety of
analytical techniques, including cathodoluminescence
(CL) and backscattered-electron (BSE) imaging, energy
dispersive X-ray spectrometry (EDX) and wavelength-dis-
persive X-ray fluorescence (WDXRF), and Raman vibra-
tional microspectroscopy (Raman). By using a combina-
tion of imaging and quantitative techniques, a compre-
hensive understanding of textural (BSE and CL) and
compositional (EDX, WDXRF, Raman) characteristics of
the selected sample suite was achieved.

Cold-cathode CL imaging is used for luminescent minerals
(such as calcite, apatite and fluorite; Mitchell etal., 2017) to
identify trace-element-induced compositional variations
and zonation, which would be undetectable in BSE images,
including variations arising from REE substitutions in
these minerals. In tandem with CL imaging and EDX, BSE
imaging was used to elucidate interrelations among differ-
ent minerals, and in particular, microtextural characteris-
tics beyond the resolution of an optical microscope (such as
exsolution lamellae and symplectic intergrowths). Optical,
CL and BSE imaging were also used to identify and map
representative areas of interest for further quantitative
analysis.

Quantitative microbeam techniques enable major- and
trace-element compositional variations to be determined
in situ and with a spatial resolution of 10-30 um. A nonde-
structive microbeam technique capable of detecting major
and minor elements in mineral grains at concentrations
>200 ppm is WDXRF. For accurate petrographic character-
ization of all rock types in this study, WDXRF was used to
determine the major-element composition of all constituent
minerals (feldspars, clinopyroxenes, calcite, etc.) and REE
phases. Raman was used to identify polymorphs and
compositionally similar phases that cannot be reliably dis-
criminated using a combination of EDX and CL imaging.
To enable accurate beam positioning, matching BSE and
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reflected-light microscopic images and maps of target areas
were used.

Moose Creek Valley
Structure

Igneous rock exposures in the MCV are abundant at higher
elevations in the western flank of the valley, where they are
hosted within the Ottertail Formation and McKay Group.
Igneous rock exposures in the MCV generally dip gently
westward. Throughout the MCYV, three phases of deforma-
tion are recognized. Folding F, is characterized by small-
scale, tight folds around the margins of the syenite series.
This deformation event was probably caused by syenite
emplacement. Folding F, represents a structurally domi-
nant compressive event caused by the Laramide orogeny,
and is characterized by open, north- to northwest-trending
axial traces. In the MCV, the main exposure of F; is a
sigmoidal-shaped, open- to isoclinal-plunging anticline,
which trends north-northwest to west-northwest. Post-
orogenic dextral shear rotated the jacupirangite—urtite lay-
ered series, carbonatite plug and surrounding hostrock
~30° and is also responsible for the sigmoidal shape of the
F, anticline and local tertiary folding (F5; Currie, 1975).

Late-Stage Igneous Features of the MCV

Numerous syenite, lamprophyre and carbonatite dikes and
sills are exposed within the MCV. Three distinct groups of
intrusions were identified: 1) a nepheline syenite—nephe-
linolite group, 2) a syenite—monzodiorite group and 3) an
alkali feldspar granite dike. The syenite dikes are typically
grey, follow a north-northwest trend, and dip between 35°
and 65° (Figure 2a; Mumford, 2009). Their texture is fine
grained to pegmatitic and commonly inequigranular; indi-
vidual bodies range from 0.20 m to several metres in width
and may be traced in outcrop for ~200 m. Syenite bodies,
which intrude the Ottertail Formation, generally conform
to bedding in the hostrock and, therefore, can be classified
as sills. Syenite intrusions are strongly deformed, which is
observed as boudinage at the outcrop scale and as foliated
biotite aggregates at the thin-section scale (Mumford,
2009).

Another abundant igneous rock type in the MCV is lampro-
phyre. It occurs as dark grey to dark green dikes ranging
from 0.15 to 5 m in width. The dikes crosscut both the IRC
and surrounding metasedimentary sequence, follow a
northwest trend and have similar dips to the syenite intru-
sions (Figure 2b). Two principal varieties of lamprophyre
have been identified: aphanitic to fine-grained, amphibole-
rich sannaite and conspicuously porphyritic, biotite-rich
minette. The lamprophyres are locally deformed, as indi-
cated by calcite-filled tension gashes and boudinage.
Mumford (2009) noted isotopically indistinguishable sye-
nite-lamprophyre dike assemblages occurring throughout
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Figure 2. Photographs of late-stage igneous features in the
Moose Creek valley, southeastern British Columbia: a) ridge be-
tween Buttress Peak and Manganese Mountain (looking south)
showing syenite dikes emanating from the syenite series into sur-
rounding Ottertail Formation limestone (unit 2, Figure 1); b) mi-
nette dike (outlined with yellow dashed line) on the ridgeline be-
tween Sentry Peak and Zinc Mountain (looking south) intruding
meso- to melanocratic syenite (unit 12, Figure 1); c) carbonatite
dike crosscutting carbonate metasedimentary rocks south of the
ridge between Manganese Mountain and Buttress Peak (note F3
folding in the hostrock).
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the MCYV, and presumably they were derived from the same
source as the lamprophyres. Both lamprophyre and syenite
intrusions exhibit a similar orientation with respect to the
regional tectonic fabric, indicating their postemplacement
rotation into the main foliation plane (S;; Figure 2c).

Carbonatite Field Relationships

The least abundant intrusive rock in the MCV (both in vol-
ume and number of mapped bodies) is carbonatite. This
rock is typically found as sills or dikes measuring from 0.10
to 2 m in width. However, numerous thinner crosscutting
veins and veinlets comprising similar mineral assemblages
are also observed in the syenites and metasedimentary host-
rocks (Figure 3a—c). For this study, large carbonatite bodies
and pervasively metasomatized rocks were preferentially
sampled because they can be more readily recognized in the
field based on their distinctive structural characteristics
(such as crosscutting relationships or recessed units). Also,
a scintillometer-assisted survey in the MCV showed the ra-
diometric response from the carbonatites was low but
greater than the hostrock background (Brown and
Holowath, 2022). Areas of elevated radiometric response
were targeted for sampling. The sampled intrusions are
moderately to steeply dipping (24-90°) bodies that gener-
ally follow a south-southwest trend and range from 2 to
>50 m in exposed length.

Three varieties of carbonatite were identified on the basis
of field, geochemical and petrographic characteristics: pale
greyish dolomite carbonatite; white to light grey, saccha-
roidal, calcite carbonatite; and cream to pink, barytocalcite
carbonatite. Oxidized carbonatite varieties are orange-
brown to dark brown owing to the replacement of accessory
pyrite by Fe-oxyhydroxides. Potentially related to the bary-
tocalcite carbonatite is a fracture-hosted hydrothermal car-
bonate-rich assemblage observed in both calcite carbona-
tites and syenites. The texture of carbonatites ranges from
fine to coarse grained and from subequigranular to brec-
ciated. All samples show some textural evidence of post-
emplacement ductile and brittle deformation.

Mineralogy of the Eastern Ice River
Complex Carbonatites

Dolomite Carbonatite

Dolomite carbonatite is interpreted to be the earliest phase
of carbonatite magmatism in the eastern IRC, where it is
confined to the area surrounding the Yippie mineral show-
ing (MINFILE 082N 097, BC Geological Survey, 2024;
Figure 1). Of particular note in this area is an anastomosing
carbonatite-syenite sill (Figure 3a) associated with the
greatest REE enrichment recorded on the property (Brown
and Holowath, 2022). This carbonatite is composed pre-
dominantly of mosaic-textured, fine- to medium-grained
dolomite (Figure 4a). Its most notable petrographic feature

Geoscience BC Summary of Activities 2024
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Figure 3. Photographs of carbonatite dikes in the Moose Creek
valley (MCV), southeastern British Columbia: a) carbonatite—sye-
nite sill at the Yippie showing (MINFILE 082N 097, BC Geological
Survey, 2024), associated with the greatest rare-earth-element en-
richment within the study area; b) brown, oxidized, calcite carbon-
ate dike, viewed looking northward toward Sentry Peak; c) white,
calcite carbonatite breccia crosscutting the McKay Group, south-
east of Mount Mollison.

Geoscience BC Report 2025-01

Figure 4. Images of dolomite and calcite carbonatites, Ice River
Complex, southeastern British Columbia: a) backscattered-elec-
tron (BSE) image of dolomite (Dol) carbonatite intruded by calcite
(Cal) carbonatite; b) BSE image of relict accessory monazite (Mnz)
surrounded by a poikilitic reaction rim comprising fluorapatite
(Fap), ancylite (Anc) and strontianite (Str); ¢) cathodolumines-
cence image of b) and surrounding area showing yellow-luminesc-
ing calcite crosscutting dolomite and blue luminescing fluorapatite
rims on nonluminescent monazite. Abbreviations: Bbn, bur-
bankite; BCal, barytocalcite; Ca, calcium; Sr, strontium.
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isaccessory equant monazite, which is partially replaced by
secondary REE-Sr-Ba phases (Figure 4b, c).

Calcite Carbonatite

The most common variety of carbonatite found throughout
the MCV is calcite carbonatite. The best-studied example is
a dike composed predominantly of mosaic-textured, fine-
to coarse-grained calcite, minor platy phlogopite and fi-
brous magnesioarfvedsonite near fenitized contacts. To-
ward the rim, there is a decrease in Mg content in calcite
grains, which indicates their crystallization from an ini-
tially Mg-rich source (Viladkar, 2000; Chakhmouradian et
al.,2016). Phlogopite crystals are also zoned and character-
ized by Mg enrichment in their cores relative to more Fe-
rich rims (Figure 5a). Accessory phases include monazite
and burbankite, which occur as ovoid inclusions encapsu-
lated in calcite, pyrrhotite or sphalerite (Figure 5b). Mona-
zite and burbankite appear to have reacted with postmag-
matic fluids (evidenced by the precipitation of hydrous
minerals), producing reaction rims or pseudomorphs com-
posed of ancylite, apatite, strontianite, barite and calcite
(Figures 4b, ¢, 5¢). Silicate-rich varieties of calcite carbon-
atite containing elevated levels of SiO,, K,O, FeO and
MgO contents are typically weathered to an orange-brown
colour owing to oxidation of ferromagnesian silicates (in
particular, replacement of biotite by chamosite and, to a
lesser extent, clinochlore). Throughout the MCYV, silicate-
rich calcite carbonatite is more abundant than silicate-poor
calcite carbonatite and contains brecciated fragments of the
country rocks (Figure 5d).

Barytocalcite Carbonatite

A vein of cream to pink barytocalcite carbonatite with a
glimmerite contact margin was observed at the intersection
between jacupirangite and melasyenite units. Its associa-
tion with glimmerite indicates contact-metasomatic
changes similar to those reported for other carbonatites in
British Columbia (Chakhmouradian et al., 2015; Rukhlov
et al., 2018). Barytocalcite carbonatite is a newly recog-
nized rock type for the IRC, making it one of just a few lo-
calities worldwide where barytocalcite has a rock-forming
status (Zaitsev etal., 1998; Reguir, 2001). Whole-rock geo-
chemical analysis of the sample collected from this car-
bonatite shows anomalously high concentrations of Ba, Sr
and REE (~12.5, 1.9 and 1.4 wt. %, respectively). Fine- to

>
»

Figure 5. Images of calcite carbonatite assemblages, Ice River
Complex, southeastern British Columbia: a) backscattered-elec-
tron (BSE) image of zoned phlogopite (Phl) in calcite (Cal) carbona-
tite; b) BSE image of ovoid monazite (Mnz) and titanium-rich mag-
netite (Ti Mag) inclusions in pyrrhotite (Po); ¢) BSE image of a
pseudomorph after burbankite composed of ancylite (Anc), stron-
tianite (Str), apatite (Ap), barite (Brt) and partially resorbed dolo-
mite (Dol); d) crossed-polarized light image of comb-textured cal-
cite carbonatite containing xenoliths of foliated McKay Group
metasedimentary rock. Abbreviation: Gn, galena.
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Figure 6. Images of barytocalcite carbonatite vein, Ice River Com-
plex, southeastern British Columbia: a) cathodoluminescence im-
age of barytocalcite (BCal) showing trace-element zoning, which
is undetectable optically; note red-luminescing calcite (Cal) near
the glimmerite—barytocalcite vein contact; b) corresponding
plane-polarized light image of the barytocalcite vein and glim-
merite composed of phlogopite (Phl) and ilmenite (lim).

medium-grained barytocalcite makes up the bulk of this
vein and is also developed interstitially within the glimmer-
ite (Figure 6a, b). The remainder of the vein is composed of
accessory strontianite and ancylite, which are found as very
fine-grained overgrowths on incorporated barite and il-
menite grains. In CL images, barytocalcite luminesces dull
to bright yellow; smaller patches of red-luminescing calcite
are found within the glimmerite and at its contact with bar-
ytocalcite (Figure 6a).

Hydrothermal Carbonate Assemblages

Mineralogically complex hydrothermal carbonate assem-
blages are hosted in thin veinlets crosscutting syenites (Fig-
ure 7a) and carbonatites (Figure 7b, ¢). These assemblages
share many similarities with the barytocalcite carbonatite,
in particular, an abundance of Ba and Sr carbonate phases.
The principal difference between the assemblages and the
barytocalcite carbonatite is the abundance of chlorite
(dominantly chamosite) in the former. The instability of bi-
otite, paucity of hematite and abundance of chamosite, il-
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Figure 7. Images of veinlet-hosted hydrothermal carbonate
assemblages, Ice River Complex, southeastern British Co-
lumbia: a) backscattered-electron (BSE) image of fracture
infill of barytocalcite (BCal), strontianite (Str), ancylite (Anc)
and thorite (Thr) in K-feldspar (Kfs)—rich syenite with minor
biotite (Bt); in syenites, smaller-scale fractures are com-
posed of thorite ‘rims’ surrounding fracture edges, strontia-
nite and ancylite ‘blockages’ in fluid pathways, and baryto-
calcite forming around the strontianite-ancylite blockages;
b) BSE image of fracture infill of alstonite (Asn), ancylite,
strontianite and thorite in carbonatite; in comparison with a),
there is more ancylite and less thorite in this assemblage;
the alstonite present in this assemblage is a polymorph of
barytocalcite; the fracture infill in carbonatites is distinctly
less ordered, compared to a); ¢) cathodoluminescence im-
age of zoned apatite (Ap) occurring close to the hydrother-
mal assemblage shown in b); wavelength-dispersive X-ray
fluorescence analysis of the apatite indicates light rare-
earth-element enrichment in blue-luminescing zones. Ab-
breviation: Cal, calcite.
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menite and locally siderite in this hydrothermal assemblage
imply acidic conditions conducive to K* and Fe*" mobility
(Miicke, 2005; Chakhmouradian etal., 2015). The fracture-
infilling material is very fine grained and typically com-
prises alstonite, strontianite, ancylite, biotite, chamosite
and ilmenite; thorite, pyrrhotite, sphalerite, galena, mona-
zite, kukharenkoite, synchysite, cuxenite and allanite are
much less abundant. Minerals such as biotite, chamosite
and ilmenite are particularly abundant in thicker veinlets
associated with pervasive alteration and oxidation.

Fenite

Metasomatic mineral assemblages that can be confidently
interpreted as fenite were observed along fractures and in
xenoliths hosted by carbonatites and syenites. All known
examples of fenitization in the MCV samples are sodic.
These metasomatic rocks are composed predominantly of
albite and aegirine (Figure 8a), with magnesioarfvedsonite
(Na amphibole) observed only in the endocontact zone of
calcite carbonatite. At the contact between syenite and
fenitized jacupirangite, primary K-feldspar is rimmed by
hyalophane and Ba-rich phlogopite (Figure 8b), indicating
Ba mobility. In addition to Na- and Ba-silicate phases,
fenitization produced several oxide minerals (Figure 8c).
Oikocrysts of thorutite (ThTi,Og) are intergrown with Nb-
bearing anatase (tetragonal TiO,), whereas pyrochlore (Na-
Ca-Nb oxide) occurs as inclusions in Nb-bearing brookite
(orthorhombic TiO,). Titanite crystals in the precursor rock
were replaced by ilmenite and calcite. Minor quantities of
very fine-grained calcite, ancylite and barytocalcite also
occur in the fenitized rocks.

Conclusions and Future Work

Dolomite, calcite and barytocalcite carbonatites have been
identified throughout the Moose Creek valley (MCV). The
most abundant carbonatite type, calcite carbonatite, is com-
posed of calcite and minor proportions of dolomite and
ferromagnesian silicate minerals. Predominantly dolomitic
or barytocalcitic rocks are less common throughout the
MCYV; however, minor quantities of dolomite and baryto-
calcite are observed in calcite carbonatites. In MCV dolo-
mite carbonatites, monazite and burbankite are primary,
early-crystallizing rare-earth-element (REE)-bearing min-
erals. Both minerals show evidence of a reaction with post-
magmatic fluids, which produced a texturally complex sec-
ondary mineral assemblage of Sr-Ba carbonates, barite and
apatite. In this assemblage, the principal REE host is
ancylite. Monazite is an early-crystallizing REE phase in
both dolomite and calcite carbonatites, as indicated by its
euhedral equant morphology, occurrence as inclusions in
other minerals, and the presence of late-stage reaction as-
semblages developed at the expense of monazite. All exam-
ined calcite carbonatites contain ancylite and apatite; these
minerals are most abundant in samples where the replace-
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Figure 8. Images of fenite assemblages, Ice River Complex,
southeastern British Columbia: a) plane-polarized light image of
aegirine (Aeg)- and albite-rich fenite overprinting syenite; b) back-
scattered-electron image of the contact between syenite (at left)
and fenitized jacupirangite; note a reaction rim of hyalophane
(Hya) and phlogopite (Phl) between the two rocks; ¢) BSE image of
thorutite (Thrt) oikocrysts intergrown with anatase (Ant) and
rimmed by brookite (Brk) containing pyrochlore (Pcl) inclusions;
the identity of anatase and brookite was confirmed by Raman
microspectroscopy. Abbreviations: Ab, albite; Anc, ancylite; Ap,
apatite; Cal, calcite; Chl, chlorite; Ilm, ilmenite; Kfs, K-feldspar; Ntr,
natrolite; Ttn, titanite.
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ment of monazite or burbankite is observed. The nature or
source of a fluid responsible for this hydrothermal over-
print is at present unknown. It can be hypothesized that it
was carbonatitic, given the absence of other voluminous
intrusives enriched in Sr, Ba and REE in the study area.
However, the relative contribution of nonmagmatic
sources to this fluid remains to be determined. A study of C-
O stable isotope variations in the MCV rocks is presently
underway to address this question.

Silica-rich varieties of calcite carbonatite are widespread
throughout the MCV; it is not clear if these rocks represent
products of silica contamination or crystallized from a sil-
ica-rich melt. These rocks are pervasively altered, which
resulted in biotite replacement by chlorite and deposition of
diverse secondary REE-bearing minerals (monazite,
kukharenkoite, synchysite, euxenite and allanite) in associ-
ation with chlorite. The late-stage REE-bearing minerals
are less abundant than monazite and ancylite. An investiga-
tion of compositional variability of these minerals, with
emphasis on petrogenetically sensitive trace elements (Mn,
REEs, Th and U) is currently underway to analyze the dis-
tribution of REE among different constituent minerals in
the carbonatites and constrain the processes of their
formation.

This study recognized barytocalcite carbonatite as a new
rock type for the Ice River Complex (IRC). Barytocalcite is
accompanied by strontianite and ancylite (as a major REE
carrier), which is mineralogically akin to fracture-hosted
hydrothermal assemblages observed throughout the MCV.
It is therefore possible that this type of carbonatitic mag-
matism had a larger footprint prior to the exhumation and
erosion of the IRC during the Laramide orogeny. The prov-
enance of barytocalcite is presently being investigated us-
ing C-O stable isotope, Sr radiogenic isotope and trace-
element geochemical analyses.
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