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ABSTRACT

The Nelson Batholith is a ca. 1,800 km? Jurassic intrusive body in southeastern British Columbia surrounded by a contact
aureole, 0.7-1.8 km wide, developed in graphitic argillaceous rocks that show only minor variations in bulk composition. Con-
trasting prograde sequences of mineral assemblages are developed around the aureole in a regular pattern, reflecting different
pressures of contact metamorphism. The following assemblages are seen going from lower to higher pressure (all assemblages
contain muscovite + biotite + quartz — Mn-rich garnet): (1) cordierite-only assemblages, (2) mix of cordierite-only and cordierite
+ andalusite assemblages, locally with cordierite + K-feldspar and andalusite + K-feldspar assemblages at higher grade, (3)
andalusite-only assemblages, with sillimanite + andalusite assemblages and locally sillimanite + K-feldspar assemblages at higher
grade, (4) staurolite-only assemblages, (5) staurolite — andalusite assemblages, with sillimanite-bearing and locally sillimanite +
K-feldspar assemblages at higher grade. The higher-pressure sequences with staurolite — andalusite are restricted to the aureole
surrounding the east half of the batholith, whereas the lower-pressure cordierite — andalusite are restricted to the aureole sur-
rounding the west half of the batholith and its northern and southern tips. The sequences of mineral assemblages correspond
closely to the facies series of Pattison & Tracy (1991) and are interpreted to represent a series of approximately isobaric metamor-
phic field-gradients below the Al,SiOs triple point, providing an excellent opportunity to evaluate thermodynamically calculated
low-pressure phase equilibria in the metapelitic system. The total difference in pressure represented by the contrasting assem-
blages is about 1.0 kbar, showing that they are a sensitive measure of small differences in pressure within the stability field of
andalusite. Thermobarometry results from the aureole are moderately consistent with the mineral assemblage constraints, but
carry pressure uncertainties larger than the total range of pressure represented by the aureole's assemblages. Pressures of the
intrusive rocks derived from hornblende barometry are scattered, and many do not agree with the pressure constraints from the
aureole. The mineral-assemblage constraints indicate down-to-the-west post-metamorphic tilting of the batholith and aureole of
about 10 , interpreted to be due to a combination of eastward thrusting of the Nelson Batholith over crustal-scale ramps during
Cretaceous—Paleocene shortening and Eocene east-side-down normal motion on the Slocan Lake — Champion Lakes fault system
that forms the western boundary of the batholith.

Keywords: Nelson Batholith, contact metamorphism, metapelites, phase equilibria, cordierite, andalusite, staurolite,
geothermobarometry, hornblende barometry, tectonics, British Columbia.

SOMMAIRE

Le batholite jurassique de Nelson, couvrant une superficie d’environ 1,800 km? dans le sud-est de la Colombie-Britannique,
est entouré d’une auréole de contact entre 0.7 et 1.8 km de large, développée dans une roche argileuse a graphite sans variations
importantes en composition. Des contrastes dans les séquences d’assemblages progrades de minéraux sont apparents autour du
batholite; ces séquences définissent un agencement régulier, témoignant de différentes pressions lors du métamorphisme de
contact. On rencontre les assemblages suivants en allant de pression plus faible a plus élevée (tous les assemblages contiennent
muscovite + biotite + quartz — grenat manganésiféere): (1) assemblages a cordiérite seule, (2) mélange d’assemblages a cordiérite
seule et cordiérite + andalousite, ici et la avec les assemblages cordiérite + feldspath potassique et andalousite + feldspath
potassique a un niveau de pression plus élevé, (3) assemblages a andalousite seule, avec assemblages a sillimanite + andalousite
et, localement, sillimanite + feldspath potassique a un niveau de pression plus élevé, (4) assemblages a staurolite seule, et (5)
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assemblages a staurolite — andalousite, avec des assemblages a sillimanite ou a sillimanite + feldspath potassique a un niveau de
pression plus élevé. Les séquences typiques de pression plus élevée, contenant les assemblages a staurolite — andalousite, ne sont
développées que dans I’auréole entourant la moitié est du batholite, tandis que les assemblages typiques de pression plus faibles,
a cordiérite — andalousite, ne le sont que dans I’auréole autour de la moitié ouest du batholite et ses extrémités nord et sud. Les
séquences d’assemblages de minéraux correspondent a la série de faciés de Pattison et Tracy (1991), et représenteraient une série
de gradients metamorphiques isobares en dessous du point triple Al,SiOs, fournissant ainsi une excellente occasion d’évaluer
thermodynamiquement les équilibres de phases calculés a faible pression dans un systeme métapélitique. L’intervalle en pression
représenté par ces séquences contrastantes serait de I’ordre de 1.0 kbar, ce qui prouve qu’elles offrent une mesure sensible de
faibles différences en pression dans le champ de stabilité de I’andalousite. Les résultats thermobarométriques provenant de
I’auréole concordent grosso modo avec les contraintes imposées par les séquences d’assemblages de minéraux, mais les
incertitudes en pression dépassent I’intervalle total de pression indiquée par ces assemblages. Les pressions dérivées de la
barométrie de la hornblende dans les roches intrusives sont éparses, et plusieurs montrent une discordance avec les pressions
déduites de I’auréole. Les contraintes apportées par les assemblages de minéraux indiquent un basculement du batholite et de son
auréole de 10 avec affaissement vers I’ouest, postérieur au métamorphisme; ce mouvement serait dii & une combinaison d’un
chevauchement vers I’est du batholite de Nelson sur des rampes dans la croQite au cours d’un raccourcissement régional du crétacé
au paléocene, et un mouvement normal éocéne, avec le coté est affaissé, le long du systeme de failles Slocan Lake — Champion

Lakes, qui délimite le batholite vers I’ouest.

(Traduit par la Rédaction)

Mots-clés: batholite de Nelson, métamorphisme de contact, métapélites, équilibre de phases, cordiérite, andalousite, staurolite,
géothermobarométrie, barométrie fondée sur la hornblende, tectonique, Colombie-Britannique.

INTRODUCTION

The petrogenetic grid for metapelites has been one
of Dugald Carmichael’s career-long interests and plays
a central role in his scheme of bathograds and
bathozones (Carmichael 1978). Our paper concerns with
the systematics and thermodynamic modeling of
metapelitic phase-equilibria in the low-pressure part of
P-T space below the Al,SiOs triple point, correspond-
ing to bathozones 1-3 of Carmichael’s (1978) scheme.
The emphasis is on intermediate-grade (amphibolite-
facies) mineral assemblages involving combinations of
cordierite, andalusite, staurolite, sillimanite, garnet and
chlorite that are developed in rocks containing musco-
vite + biotite + quartz. The phase equilibria are difficult
to model thermodynamically because of the composi-
tional complexity of the minerals involved and the sen-
sitivity of the calculated phase-equilibria to small
changes in the thermodynamic parameters used
(Pattison et al. 2002). The result is marked differences
in thermodynamically predicted phase-relations at low
pressure; see Figure 1 of Pattison et al. (1999) for a sum-
mary.

The P-T range represented by the above assem-
blages is ca. 500-650 C and ca. 2.0-4.5 kbar. Realistic
uncertainties on P-T results from conventional and
multi-equilibrium thermobarometry, taking account of
random analytical errors and especially systematic er-
rors related to thermodynamic models and assumptions
about which parts of minerals were in equilibrium at
peak conditions, are at least =50 C and —1 kbar. This
covers most of the P-T region of interest, within which
there are systematic variations in the mineral assem-
blages as a function of pressure and bulk composition
(Pattison & Tracy 1991). Being able to thermodynami-

cally model these phase equilibria therefore holds the
potential for fine-scale estimation of pressure beyond
that which thermobarometry can provide.

Because experimental data on the end members and
mixing properties of several of the key phases are miss-
ing or incomplete, assemblages of minerals provide
important constraints on thermodynamic models. The
phase-equilibrium systematics found by Pattison &
Tracy (1991) were based on repeated occurrences of
mineral assemblages in contact aureoles. However,
these were based on data from many different areas and
bulk compositions, introducing uncertainty in separat-
ing the effects of P-T differences and bulk composi-
tion. The purpose of this paper is to present results from
a single exceptional setting, the aureole surrounding the
Nelson Batholith in southeastern British Columbia, in
which phase relations for metapelitic compositions over
a significant pressure-range below the triple point can
be constrained in a single contact aureole. This unusual
situation arises because of post-metamorphic tilting of
the batholith and its aureole, which exposed contrasting
prograde sequences of mineral assemblages developed
in metapelitic rocks of restricted bulk-composition. The
observed phase-equilibria are compared with the low-
pressure facies series of Pattison & Tracy (1991) and
with calculated phase-diagrams using current thermo-
dynamic databases. Pressure constraints from the phase
diagrams are compared against multi-equilibrium
geothermobarometry-based estimates from the meta-
pelites and Al-in-hornblende geobarometry of the intru-
sive rocks. The phase diagrams allow quantitative
estimates of the amount of post-metamorphic tilting of
the batholith and aureole, the tectonic implications of
which are discussed at the end of the paper.
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THE NELSON BATHOLITH AND AUREOLE

The Nelson Batholith is one of the largest of a suite
of middle Jurassic plutons in southeastern British Co-
lumbia (e.g., Archibald et al. 1983) (Fig. 1). It intrudes
oceanic and ocean-margin rocks of the Quesnellia arc
terrane that were thrust onto the North American conti-
nental margin in the early to middle Jurassic. The com-
posite batholith ranges from tonalite to granite and
comprises a northern mass, including the Mt. Carlyle
Stock, of about 30 50 km? (referred to as the main
body) and a 25 km long southern “tail” (Little 1960,
Vogl & Simony 1992) (Fig. 1). Results of U-Pb dating
indicate that the various phases of the batholith were
intruded in the Jurassic between ~159 and 173 Ma
(Parrish 1992, Sevigny & Parrish 1993, Ghosh 1995).
Geophysical data show that the batholith is a tabular
body with a flat-bottomed floor 2 to 7 km below present-
day sea level (Cook et al. 1988). To the southwest of
the Nelson Batholith is the smaller Bonnington Pluton,
broadly of the same age and lithology. A Paleocene
granite intrudes the southern part of the main mass of
the Nelson Batholith (Sevigny & Parrish 1993) (Fig. 1).

The main body of the batholith and the northeastern
margin of the tail intrude Upper Triassic rocks of the
Slocan Group (Little 1960, Cairnes 1934) (Fig. 1). The
rest of the tail intrudes Early Jurassic and Triassic rocks
of the Ymir Group. The lower part of the Ymir Group is
generally considered to correlate with the lithologically
similar upper part of the Slocan Group (Little 1960).
The Early Jurassic Archibald Formation of the Rossland
Group, which crops out on the western flank of the Hall
Syncline (Fig. 1), is considered to correlate with the
upper Ymir Group (Little 1960).

Prior to intrusion of the Nelson Batholith, the region
underwent contractional deformation during the juxta-
position of arc rocks of Quesnellia with the North
American miogeocline. This Early to Middle Jurassic
deformation produced thrust faults, two sets of folds,
and widespread foliations. Regional Barrovian-style
metamorphism developed in association with this de-
formation occurs in a narrow north—south-trending elon-
gate culmination that reaches sillimanite grade near
Kootenay Lake. The Nelson Batholith lies within the
chlorite and biotite zones on the western flank of the
regional metamorphic culmination (Archibald et al.
1983, and references therein) and was intruded during
the final stages of the regional deformation and meta-
morphism (Little 1960, Fyles 1967, Vogl 1993). Fol-
lowing emplacement, the Nelson Batholith and aureole
rode passively in the upper plate of deep-seated thrust
faults that fed more easterly contractional structures
(e.g., Archibald et al. 1983, 1984). Contractional defor-
mation gave way to horizontal extension and widespread
normal faulting in the Eocene (e.g., Carr et al. 1987,
Parrish et al. 1988). The combination of Jurassic to Pa-
leocene contractional deformation and Eocene extension
led to tilting of the Nelson Batholith and aureole.

The western margin of the Nelson Batholith is
bounded by the east-dipping Slocan Lake — Champion
Lakes fault system (Fig. 1), a large Eocene system of
normal faults that separates the batholith from the
Valhalla metamorphic core complex (Carr et al. 1987,
Parrish et al. 1988). Three closely spaced west-dipping
faults (the Ainsworth faults), shown as a single fault-
zone on Figure 1, occur between the eastern margin of
the main body and Kootenay Lake (e.g., Fyles 1967).
The southern part of the westernmost fault coincides
with the batholith — country-rock contact, on the basis
of the juxtaposition of foliated granite with regionally
metamorphosed staurolite-grade rocks (Fyles 1967).
The Ainsworth faults are Jurassic thrust faults that were
reactivated with normal motion in the Tertiary (Fyles
1967). The Midge Creek fault, a thrust fault likely re-
lated to the Ainsworth faults, coincides with the south-
eastern margin of the tail (Vogl & Simony 1992). Aside
from these three perimeter zones, contacts are intrusive
and provide suitable study-areas of the contact meta-
morphism.

Previous P-T work on the Nelson
Batholith and aureole

The Nelson aureole, here defined by the outermost
occurrence of porphyroblasts of cordierite, andalusite
or staurolite, extends up to 1800 m from the intrusive
contact and overprints the regional foliation (Fyles 1967,
Childs 1968, Beddoe-Stephens 1981, Vogl 1993, this
study). Mineral assemblages in the Nelson aureole have
been reported by Drysdale (1917), Cairnes (1934),
McAllister (1951), Hedley (1952), Fyles (1967), Crosby
(1968), Childs (1968), Cox (1979), Beddoe-Stephens
(1981), Brown & Logan (1988) and Vogl (1993). Many
of the metapelitic rocks around the aureole contain an-
dalusite, indicating emplacement pressures less than that
of the Al;SiOs triple point [ca. 3.8 kbar: Holdaway
(1971), 4.5 kbar: Pattison (1992)]. Archibald et al.
(1983) concluded that the aureole of the main (north-
ern) part of the batholith is in bathozone 2 of
Carmichael’s (1978) scheme [2.2-3.5 kbar, using the
triple point of Holdaway (1971)], with conditions pos-
sibly as high as bathozone 3 ( 4 kbar) adjacent to the
southern tail of the batholith. Ghent et al. (1991) noted
that low-Al hornblende in metabasic assemblages in the
aureole of the southern part of the main batholith indi-
cates pressures less than about 4 kbar.

Ghent et al. (1991) applied the Al-in-hornblende
geobarometer to the intrusive rocks. Pressure estimates
range from 3.1 to 6.4 kbar, with magmatic epidote oc-
curring in a few samples that yielded the highest pres-
sures. Spatial variations in pressure, although not very
consistent, were attributed by Ghent et al. (1991) to a
combination of regional tilts to the north and west re-
lated to Eocene normal faulting on the Slocan Lake Fault
and upwarping of frozen-in isobaric surfaces due to late
magmatic diapiric uprise. Our new data allow a test of
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this model and of the reliability of the hornblende
geobarometer.

LitTHoLoGgY AND BuLk CompPosITION OF METAPELITES

The Ymir Group and Archibald Formation (south)
and Slocan Group (north and east) are lithologically
similar throughout the area, consisting of dark, graphitic,
locally sulfide-rich argillites variably interbedded with
quartzite, wacke and dark marble. Whole-rock X-ray
fluorescence (XRF) analyses were done on 24 samples
from around the aureole to check for compositional vari-
ability (see Fig. 2; locations of samples are shown in
Fig. 4). The samples were obtained from the intermedi-
ate-grade (amphibolite-facies) porphyroblastic rocks
that are the focus of this paper. Nineteen of the samples
come from the Ymir Group and five come from the
Slocan Group. Appendix 1 lists the results of the XRF
analyses, and Table 1 provides some key compositional
parameters.

Figure 2 shows the whole-rock compositions plot-
ted in an AFM diagram projected from H,O, quartz,
average Nelson muscovite (Al/K = 3.24; Appendix 3),
albite and anorthite components of plagioclase (Al/Na
=1 and Al/Ca = 2) and ilmenite (Fe/Ti = 1). Using this

scheme, A = (Al-3.24 K-Na-2Ca)/ 2, and Fe =
Fe?* — Ti, assuming that all Fe is Fe?*. Manganese and
Fe3* are ignored in the projection scheme. Low amounts
of Fe®* are anticipated because of the presence of il-
menite, pyrrhotite and graphite in most rocks, whereas
the average MnO content of the Nelson rocks is 0.11
wit% (Appendix 1). The projection scheme is imperfect
and not strictly thermodynamically valid (for example:
Ca and Na are assumed to occur only in plagioclase,
even though they are present as minor components of
garnet and muscovite, respectively; Ca and Na are both
assumed to be eliminated by projection from plagio-
clase, even though plagioclase is not uniform in com-
position in all rocks; and Ti is assumed to occur only in
ilmenite, even though Ti is present as a minor compo-
nent in biotite). Nevertheless, the projection scheme is
successful in bringing the projected bulk-compositions
close to the pertinent two-phase tie lines and three-phase
regions for the measured mineral compositions in the
same rocks [on average, within Mg/(Mg + Fe) = 0.02].

The data in Figure 2a show that the variability in A
values is significant (mean 0.17; range —0.07 to 0.38,
eliminating two extreme data), but that the variation in
Mg/(Mg + Fe) is rather small (mean 0.45; range 0.40-
0.50). Whether the range in A values reflects unrepre-
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TABLE 1. SUMMARY OF WHOLE-ROCK ANID MINERAL-COMPOSITION PARAMETERS RELEVANT TO
ASSEMBLAGES IN THE AURECLE OF THE NELSON BATHOLITH, BRITISH COLUMBIA

Arca Sample SU Dist.  Asscmblage WR! WR2 WR3 Btl Bt2 Gnl Grt2 Grt3 St St2 Crd
Mg# Xy, A Mg#  Ti Mgk Xy, Xey Mg# Xgpow Me#
A 92-PC-20a Ym 700 Crd 0429 0011 0.180 na. na.  np.  np.  np. np. np. alt'd
A 92-PC-19a Ym 650 Crd 0484 0012 0.137 0464 0077 np. np. np. np. np. 0583
A 92-PC-17 Ym 30 Crd-And 0470 0017 0235 na. na np. np. np. np. Nnp. na
A 92-PC-27 Ym 50 Crd-And-Gri(e) 0465 0.014 0.023 0.482 0078 0.082 0.276 0.042 np. np. alt'd
Average A 0462 0014 0.144 0473 0.078
B 03-OC-5b Ym 700 Chl-Grt{e) n.a. na. na. na.  na 0107 0235 0.039 na. na n.a.
B 92-0C-10a  Ym 680 And na.  na. na 0484 0095 np. np. np. np. np.  np.
B 92-0C-152 Ym 630 Crd 0494 0012 0424 0525 0098 np. np. np. np.  np. alt'd
B 92-0C-15b Ym 630 And na.  na na 0500 0079 np. np. np. np.  np. np.
B 92-0C-9 Ym 550 And 0491 0.013 0268 na na np. np. np. np. Nnp. n.p.
B 03-0C-4 Ym 500  And-Sil-Grte) 0413 0054 0287 na  na n.a. na. na  np. np.  np
B 92-0C-17 Ym 400 And-Sil-Grt(e) 0465 0.022 0.149 pa.  na  na na A np. Lp. o LD
B 92-0C-18 Ym 350 And-Sil-Gri(e) 0.470 0014 0.123 0424 0.158 0.106 0279 0032 np. np. np.
B 03-0C-2b Ym 20 And-Sil-Kfs 0456 0011 0227 na  na np. np. np. np. Nnp. 0Dp
Average B 0.465 0.021 0246 0486 0.108 0.107 0.257 0.036
D 03-CW-5a Ym 1500 Chl-Grt{e) n.a. n.a. n.a. n.a. n.a. 0.140 0463 0088 na n.a. n.a.
D 91-CW-8b  Ym 1400  St-And-Gri(e) na.  na na 049 009 0.120 0.157 0056 0.160 0.049 n.p.
D 93-CW-+4 Ym 1350  Grt(c) n.a. n.a. n.a. n.a. n.a. 0.105 0.244 0.054 n.a n.a. n.a.
D  93-CW-22  Ym 900 St-And-Grt(e) 0.403 0.010 0.238 0.492 0.089 0.128 0.125 0.044 0.155 0.041 n.p.
D  91-CW-9p  Ym 3800 St-And-Gri(e) na.  na  na 0501 0105 0.121 0.117 0.046 0.146 0.030 n.p.
D 91-CW-9c Ym 800 St-Grt(c) 0.443 0.010 -0.262 0.459 0.102 0.113 0.134 0.040 0.139 0.114 n.p.
D 93-CW-10 Ym 600  St-And-Grt{e) 0.410 0.009 0.285 0480 0.097 n.a. n.a. n.a. n.a. n.a. n.p.
D 93-CW-14a Ym 370 St-Sil-And 0438 0014 0291 na  na np. np. np. na na.  n.p.
D 91-Q-33 Ym 50 Sil-Grl) 0.484 0.009 -0.002 0.464 0.129 0.125 0.132 0048 np. np. np.
D 93-CW-19a Ym 50  Sil-Kfs-Gri(I) 0482 0025 0093 na  na na na na  np. np.  np
Average D 0.443 0013 0.107 0482 0.102 0.122 0.196 0.054 0.150 0.059
E  92-A-3a Ym 450 St-And-Grt(e) 0.457 0.008 0.040 0494 0.089 0.108 0.165 0054 0,133 0.113 np.
E 92-A2c Ym 300  St-And-Grt(e) na. na  na 0462 0090 0.096 0.104 0.057 0.151 na. np.
F 92-ER-2¢ Ym 250  And 0.473 0010 -0.072 0477 0096 np. np. np. np.  np.  0Lp
Average E&F 0.465 0.009 -0.016 0478 0.092 0.102 0.135 0.056 0.142
G 92-8P-18a Sl 500 Crd 0.494 0.005 0.167 0552 0.085 np. np. np. np. 0np alt'd
G 92-5P-18b  S§1 500  Crd-And 0483 (.004 0.197 0526 0075 np. np. np. np. np alt'd
G 92-SP-30¢  S1 80  Crd-Kfs na.  na na 0527 0105 np. np. np. np. np 0684
Average G 0489 0.004 0.182 0.538 0.088
1 92-MH-5a Sl 400 Crd-And na na  na 0418 0067 np. np. np. np. np. alt'd
I 92-MH-24  §] 120 And na.  na  na 0384 0165 np. np. np. np. np.  np.
Average ] 0401 0.116
1 93-NK-1 SI 300  St-And-Sil 0.395 0.008 0366 0422 0097 np. np. np.  0.151 0046 np.
J NB-52 Sl 350 St-And-Sil-Got(e) na.  na. na 00408 0.090 0.100 0.108 0.034 0.124 na.  np
Average J 0.415 0.094 0.138
K 92-FL-15a  SI 750  And-St 0443 0.006 0.023 0450 0074 np. np. np.  0.146 0.143 np.
K  92-FL-1b Sl 0 Sil-Gr(l) 0412 0.005 0379 0.421 0.154 0.126 0.036 0.021 np. np.  np.
Average K 0428 0.006 0.201 0436 0.114
All  Overall average 0451 0013 0.161 0470 0.099 0.112 0.186 0.047 0.145 0.074 0.633

Column headings: SU: stratigraphic unit; Ym:Ymir Group, SI: Slocan Group. Dist.: distance from contact, in m, All assemblages contain
Ms + Bt + Qtz + Pl + Gr + Ilm = Po + Tur + Zrm = Ap = Mnz = Xnt. Grt(e): early garnet; Grt(l): late garnet. WR1: Whole-rock Mg/(Mg
+ Fe), assuming that all the Fe is ferrous, and after removal of Fe associated with ilmenite and pyrrhotite (see text for further details).
WR2: Whole-rock Mn/(Mn + Fe + Mg), with the same approach for Fe as in WR1. WR3: Whole-rock A value in AFM diagram (see text
for details of projection scheme). Btl: Matrix biotite Mg/(Mg + Fe), assuming that all Fe is terrous. Bt2: Matrix biotite Ti, in number
of cations per formula unit assuming L1 atoms of oxygen. Grtl: Garnet rim Mg/(Mg + Fe), assuming that all Fe is ferrous. Gri2: Garnet
tim X,,,, cqual to Mn/(Mn + Ca + Fe + Mg}. Grt3: Garnet rim X, equal to Ca/(Mn + Ca + Fe + Mg). St1: Staurolite rim Mg/{Mg + Fe),
assuming that all Fe is ferrous. St2: Staurolite rim Xz, , y,, = (Z0 + Mn) / (Zn + Mn + Fe + Mg). Crd: Cordierite rim Mg/(Mg + Fe),
assuming that all Fe is ferrous. Abbreviations: n.a.: not analyzed, n.p.: mineral not present in the assemblage, alt'd: altered.
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sentative sampling due to porphyroblast “nugget” ef-
fects, is an artifact of the projection scheme, or indi-
cates meaningful differences in Al content is debatable
and discussed below. Eighteen of the 24 bulk composi-
tions have A values that fall on or below the garnet-
chlorite tie-line. There is no significant difference in
composition between the Ymir and Slocan metapelites
(mean A value: 0.16 and 0.21, respectively; mean Mg/
(Mg + Fe) value: 0.45 for both). The average whole-
rock Mg/(Mg + Fe) at Nelson is very similar to that of
average pelite worldwide (e.g., Ague 1991).

PHAsE EquiLiBrIA

Figure 3 shows schematically the low-pressure phase
equilibria that pertain to the Nelson metapelitic assem-
blages. Reactions are listed in Table 2. The chemical
system pertaining to Figure 3 and Table 2 is the model
pelitic system K,0-FeO-MgO-Al,03-SiO,—H,0
(KFMASH), a choice that is justified in more detail later
in the paper. Reactions within this system account well
for the significant modal changes observed in the rocks,
recognizing that they are simplifications of the natural
reactions that occur. One mineral that is not well mod-
eled in KFMASH is garnet, which occurs as a modally
minor, relatively unreactive phase in some of the rocks
and is treated as an additional or “extra” phase stabi-

lized by Mn and Ca. The stability field of garnet shown
in Figure 3 therefore underrepresents its ocurrence in
natural (Mn + Ca)-bearing rocks such as those in the

TABLE 2. MINERAL REACTIONS RELEVANT TOQ ASSEMBLAGES IN THE
AUREOLE OF THE NELSON BATHOLITH, BRITISH COLUMBIA

Fe- and Mg-free reactions

1 And =5il
2 Ms + Qrz = Als + Kfs + H.O
17 Ms =Cm + Kfs + H;0

Univariant reactions in KFMASH

3 Ms + Chl+ Grt+ Qiz =St+Bt+H.0

4 Ms +Chl+8t+Qtz  =Als+Bt+H,0O

5 Ms + Chl + Qrz =Crd + And + Bt + H,0

[ Ms + St + Qtz =Grt + Als + Bt + H,O
Divariant reactions in KFMASH

7 Ms + Chl + Quz =Grt + Bt+ H.O

8 St+ Bt+Qtz =Qrt + Ms+H.O

9 Ms + Grt =Als + Bt + Qtz

10 Ms + Chl + Qtz =S+ DB+ H,0

1 Ms + 5t + Qtz = Als + Bt + H.O

12 Ms + Chl + Qtz = Als + Bt + H.O

13 Ms + Chl + Qtz =Crd+ Bt + H.O

14 Ms + Crd =Als + Bt + Quz + H,O

15 Ms + Bt + Qtz =Crd + Kfs + H;O

16 Bi+ Als + Qiz =Crd + Kfs + H,0

Als: ALSiO; mineral (andalusite or sillimanite).

Model univariant and divariant
reactions in KFMASH

Mineral-assemblage stability fields
for fixed bulk-composition

Reactions listed in Table 2

All reactions down-T of reaction 2 involve
Ms+Bt+Qtz+H20

All assemblages down-T of reaction 2
contain Ms+Bt+Qtz+Mn-rich Grt(e)

Chi+And Sil+Kfs
Pressure of T-X
diagram in Fig. 3¢

Crd+And .
. Crd+SileKfs
Crd+AndKfs ™.

PRCGD Msscdiks  orgekfs

® .

FiG. 3.

Mineral-assemblage stability fields
at fixed pressure for variable
bulk-composition

T T T T T T T T T

b A
S PGRI
(19
Crd
—TO—|
@ Chl

A B C D

C=bulk
@ composition
of P-T diagram in Fig.3b
TN SN N N N N TR N

0.0 0.2 0.4 0.6 0.8 1.0
Whole rock Mg/(Mg-+Fe)

Reactions and schematic representation of mineral-assemblage stabilities in the KFMASH system. Stability fields for

mineral assemblages containing (Mn + Ca)-bearing garnet, such as found in the Nelson rocks, extend to lower pressure and
temperature than shown in these diagrams (see Fig. 10). (a) Schematic P-T diagram showing numbered reactions discussed
in the text and listed in Table 2. For clarity, only a portion of the full Fe—-Mg divariant reaction intervals is shown. Dashed
portions of reactions are not “seen” by the bulk composition of interest. (b) Schematic P-T diagram showing stability fields
of mineral assemblages for a fixed bulk-composition. (c) Schematic isobaric T-Xre_vq diagram showing the dependence of
mineral-assemblage stability on whole-rock Mg/(Mg + Fe).
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Nelson aureole (see Distribution and Significance of
Garnet below).

The qualitative topology of Figure 3 is based on the
grids of Pattison & Tracy (1991) and Pattison et al.
(1999, 2002), a choice that is justified later in the paper.
Figure 3a is a schematic P-T diagram showing the lo-
cation of the numbered reactions listed in Table 2,
whereas Figure 3b is a schematic P-T diagram showing
the distribution of stable assemblages of minerals in P—
T space for a fixed bulk-composition. Figure 3c is a
schematic isobaric T-Xge_mg diagram that shows how
different mineral assemblages can be developed at the
same P-T conditions in rocks of differing bulk-rock Mg/
(Mg + Fe).

Comparison of Figures 3b and 3c shows the two
competing factors that influence the development of a
given assemblage of minerals: bulk composition and P—
T conditions. For bulk compositions of a fixed or
restricted range of Mg/(Mg + Fe), (staurolite — an-
dalusite)-bearing assemblages are developed at a higher
pressure than (cordierite — andalusite)-bearing assem-
blages, with the two domains separated by a small
interval in pressure in which andalusite-bearing assem-
blages develop without either staurolite or cordierite as
coexisting or precursor phases (Fig. 3b). Figure 3c
shows, in contrast, that (staurolite — andalusite)-bearing
assemblages can develop in Fe-rich compositions (e.g.,
composition A) at the same P-T conditions that (cordi-
erite + andalusite)-bearing and cordierite-only assem-
blages develop in Mg-rich compositions (e.qg.,
compositions C and D, respectively).

SEQUENCES OF MINERAL ASSEMBLAGES
IN THE AUREOLE

The contact aureole of the Nelson Batholith was
examined in twelve areas (labeled A-L in Fig. 1). Six
of the areas (A—F) are located along the southern “tail”
of the batholith within the Ymir Formation, whereas the
remaining six (G-L) are located along the northern and
eastern margins of the main batholith within the Slocan
Group. The contact aureole of the Bonnington Pluton
also was examined (area M in Fig. 1). Particular em-
phasis is placed on areas A, B and D because they are
adjacent to each other along the southern tail of the
batholith and show a progressive change in prograde se-
quence of mineral assemblages.

Maps showing the distribution of mineral assem-
blages from areas A—F and G-K are shown in Figures
4a and 4b, respectively. Mineral abbreviations are from
Kretz (1983). All assemblages in the aureole, and >90%
of those outside of the aureole, contain biotite, reflect-
ing the pre-intrusion biotite-grade regional metamor-
phism. All assemblages contain quartz, muscovite,
plagioclase and graphite, in addition to some or all of
ilmenite, tourmaline, zircon, monazite, pyrrhotite,
xenotime, and allanite. Chlorite and fine-grained white

mica (“sericite”) are commonly present as secondary
minerals. Photomicrographs are provided in Figures 5
and 6.

Minerals from 23 samples were analyzed with wave-
length dispersion on either an ARL SEMQ electron
microprobe or JEOL JXA-8200 electron microprobe,
both at the University of Calgary, using standard oper-
ating conditions (15 kV, 20 nA, focused beam) and a
range of well-characterized natural and synthetic stan-
dards (e.g., Nicholls & Stout 1988). Results from five
samples analyzed on both instruments are in excellent
agreement. Representative compositions for biotite,
muscovite, garnet, staurolite, cordierite, and plagioclase
are provided in Appendices 2—7, respectively, and a
summary of key compositional parameters of the min-
erals is provided in Table 1. Figure 7 shows whole-rock
compositions and mineral compositions plotted in AFM
diagrams for each area. In Figure 2a, biotite composi-
tions are plotted along with the whole-rock composi-
tions discussed above. The mean and range of Mg/(Mg
+ Fe) in biotite is similar to that of the whole-rock com-
positions.

Mineral reactions are discussed according to the
numbering scheme in Table 2 and Figure 3. Figure 8a is
a qualitative P-T diagram, corresponding to the low-
pressure part of Figure 3b, on which the sequences of
mineral assemblages from the different areas are plotted.
For simplicity, the P-T paths are assumed to be isobaric.

Area A: the southernmost part of the tail (Fig. 4a)

The width of the aureole in area A, based on the
outermost occurrence of porphyroblasts of cordierite, is
about 700 m. Crd + Bt is the dominant assemblage, with
the exception of two samples from within 50 m of the
intrusive contact that contain pseudomorphs after an-
dalusite in addition to cordierite. Cordierite occurs as
ovoid porphyroblasts with diffuse margins that have
overgrown the regional foliation (Fig. 5a). Cordierite in
most samples is completely altered to fine-grained chlo-
rite and “sericite”, with the exception of some samples
near 92-PC-19A (Fig. 4a). Pseudomorphs after an-
dalusite have a more rectilinear outline and typically
contain coarser grained material that is richer in
“sericite”. Garnet occurs in a single Crd + And + Bt
sample adjacent to the contact (92-PC-27b) as euhedral,
largely altered grains <200 m in diameter, within the
matrix and in some cases as inclusions in cordierite. The
garnet is interpreted to be of early-stage origin, predat-
ing growth of cordierite and andalusite, and is termed
Grt(e).

The occurrence of Crd + Bt assemblages upgrade of
cordierite-free, chlorite-bearing rocks suggests that
cordierite was produced from the KFMASH divariant
reaction:

Ms + Chl + Qtz = Crd + Bt + H,0. (13)
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The abundance of chlorite-free Crd + Bt assemblages
suggests that in most rocks, chlorite was consumed by
reaction 13. The rare development of And + Crd + Bt at
high grade suggests progress of the KFMASH divariant
reaction:

Ms + Crd = And + Bt + Qtz + H,0, (14)
or, where the bulk composition is more Fe-rich, by the
KFMASH univariant reaction:

Ms + Chl + Qtz = And + Crd + Bt + H,0, (5)

in which case both andalusite and cordierite were pro-
duced by chlorite breakdown and persisted upgrade (see
Fig. 3c). An isobaric metamorphic field-gradient that
satisfies the sequence of reactions for area A is shown
in Figure 8a.

Area B: the southern part of the tail (Fig. 4a)

The width of the aureole in area B, based on the
outermost occurrence of porphyroblasts of andalusite,
is about 700 m. Andalusite porphyroblasts appear up-
grade of Chl + Bt phyllites, giving rise to abundant as-
semblages of And + Bt that occurs up to the sillimanite
isograd. A single sample on the isograd contains the
assemblage And + Chl + Bt. The andalusite porphy-
roblasts are 0.5-5 mm long and typically show a
chiastolitic pattern of inclusions or accumulations of
graphite and opaque phases along rectilinear grain-
edges, or both (Figs. 5h, ¢). Andalusite may be partly or
wholly altered to fine- to coarse-grained “sericite”. A
single sample containing Crd + Bt was collected from
the And + Bt zone in the north part of area B (92-OC-
15a in Fig. 4a), reflecting a more magnesian bulk-com-
position (Table 1, Fig. 7b).

The onset of the sillimanite zone, ca. 450 m from
the contact, is marked by the appearance of fibrolitic
and fine-grained sillimanite (for a distinction, see
Pattison 1992). The sillimanite occurs in mats within
the matrix and in fine needles intergrown with biotite or
muscovite. At higher grade within the sillimanite zone,
ca. 200 m from the contact, sillimanite directly replaces
andalusite (Fig. 5d). Within 50 m of the contact, K-feld-
spar occurs in muscovite-poor, sillimanite-rich samples
containing a few relict crystals of andalusite largely re-
placed by coarse sillimanite. The K-feldspar occurs in
anhedral, cryptoperthitic crystals associated with quartz
and variable amounts of sillimanite, in discrete granular
domains of a coarser grain-size than the matrix. This
texture resembles the occurrence of K-feldspar in areas
D and I (Figs. 5g, 6g), and may be indicative of incipi-
ent fusion (partial melting).

Manganese-rich garnet (<1% modally) has been ob-
served in two low-grade argillites immediately down-
grade of the andalusite isograd and in three samples
from the sillimanite zone (Fig. 4a). In all cases, it oc-

curs as small euhedral crystals (<200 m diameter) scat-
tered evenly throughout the rock. In the And + Sil + Bt
rocks, euhedral crystals of garnet occur as inclusions in
andalusite with the same grain-size and habit as those
in the matrix (Fig. 5c), suggesting that it was not in-
volved significantly in the modal changes associated
with the development of andalusite and sillimanite. As
in area A, this garnet is inferred to predate the develop-
ment of andalusite and is termed Grt(e).

The occurrence of And + Bt — Chl assemblages up-
grade of andalusite-free, chlorite-bearing rocks (Fig. 4a)
suggests that andalusite was produced from the
KFMASH divariant reaction:

Ms + Chl + Qtz = And + Bt + H,0. (12)
The development of sillimanite upgrade of the And +
Bt suggests the reaction:

And = Sil. @)

The development of K-feldspar and marked reduction
in muscovite at the highest grade indicate progress of
the reaction:

Ms + Qtz = Sil + Kfs + H,O or L. (2)

(where L represents silicate liquid). Because K-feldspar
and textural evidence for melting are both present in
sample 03-OC-2b, and neither is present in the next
lowest grade sample (Fig. 4a), we are unable to con-
clude whether melting preceded K-feldspar growth or
vice versa.

An isobaric metamorphic field-gradient that satisfies
the above sequence of reactions for area B, including
the near-coincidence of reaction 2 with the onset of
melting, is shown in Figure 8a. The predominance of
cordierite-free And + Bt assemblages in rocks of simi-
lar bulk-composition to area A indicates that area B lies
at a higher pressure than area A.

Area C: the south-central part of the tail (Fig. 4a)

Because only a few samples could be obtained from
area C, it is not considered in detail. Area C is signifi-
cant, however, in being the first area to the north of areas
A and B to develop staurolite. The width of the aureole,
based on the outermost occurrence of porphyroblasts of
staurolite, is about 1000 m. The dominant assemblage
upgrade of the regional Chl + Bt argillites is St + Bt +
Grt(e), occurring in rocks with a similar grain-size and
texture to the staurolite-bearing assemblages from area
D, to be discussed in detail below. There is a lack of
higher grade (e.g., Al,SiOs-bearing) mineral assem-
blages in area C, even within 300 m of the contact. The
occurrence of St + Bt assemblages suggests that area C
is at higher pressure than area B (Fig. 8a).
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Fic. 5. Photomicrographs of lower-pressure mineral assemblages from the cordierite — andalusite and andalusite-only domains
of the Nelson aureole (Figs. 4, 9). (a) Altered cordierite porphyroblasts in a fine-grained graphitic matrix, sample 92—PC-20,
area A. (b) Andalusite porphyroblasts in a fine-grained graphitic matrix, 92-OC-10a, area B. (c) Early garnet, Grt(e), in-
cluded within andalusite, 92-OC-18c, area B. (d) Fine- and coarse-grained sillimanite intergrown with and replacing
andalusite, upgrade of 92-OC-18c, area B. () Altered cordierite and fresh andalusite porphyroblasts in a fine-grained graphitic
matrix, sample 92-MH-5a, area I. (f) Andalusite porphyroblasts in a foliated, biotite-rich matrix, area H. (g) Andalusite
crystals and a coarse-grained segregation of K-feldspar and quartz in a (Ms + Sil)-bearing matrix. Sample 92-MH-24, area
I. (h) Corundum and andalusite in a sillimanite-bearing matrix, near sample 92-SP-30c, area G.
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Fic. 6. Photomicrographs of higher-pressure mineral assemblages from the staurolite — andalusite domain of the Nelson aureole
(Figs. 4, 9). (a) Staurolite porphyroblasts in a fine-grained graphitic matrix, sample 91-CW-9b, area D. Early-formed garnet,
Grt(e), occurs as euhedral crystals in the matrix and as euhedral inclusions in staurolite. (b) Andalusite and staurolite, sample
91-CW-9c, area D. (c) Partial replacement of staurolite by andalusite, sample 93—-CW-10, area D. Euhedral inclusions of
early garnet, Grt(e), are of a similar size and shape to those at lower grade. (d) Staurolite and sillimanite, upgrade of sample
93-CW-10, area D. (e) Coarse-grained muscovite pseudomorph after staurolite (?), upgrade of sample 93—-CW-10, area D.
The coarse-grained muscovite contains sillimanite and remnants of andalusite and staurolite, in addition to a euhedral inclu-
sion of early-formed garnet, Grt(e). (f) Fibrous matrix sillimanite and coarser-grained aggregates of sillimanite, biotite and
quartz, sample 91-Q-33, area D. Late garnet, Grt(l), is of a different grain-size and texture compared to the Grt(e) seen at
lower grade. (g) Segregation of relatively coarse-grained K-feldspar and quartz in a (Bt + Sil)-bearing matrix, sample 93—
CW-19a, area D. (h) Coarse-grained sillimanite, possibly a pseudomorph of andalusite, in a biotite-bearing matrix, east of
sample 92-FL-1b, area K.
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Fic. 7. AFM diagrams showing whole-
rock compositions (WR) and mineral
compositions from different areas
within the aureole (see Figs. 1, 4). The
projection scheme is the same as in
Figure 2.



