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ABSTRACT

Gedrite – cordierite – garnet gneisses metamorphosed to the upper amphibolite facies near Evergreen, Colorado, are interlay-
ered with sillimanite – biotite – garnet gneisses and contain spectacular corona, symplectite, and pseudomorph textures. Corona 
textures are characterized by a core of aluminous minerals, including zinc-bearing hercynite (hc), staurolite (st), corundum (crn), 
cordierite (crd), and relict sillimanite (sil), associated with ilmenite (ilm) and later-formed högbomite (hög). The aluminous 
minerals (“corona” association) are separated from gedrite (ged), cordierite, garnet (grt), and quartz (qtz) (“matrix” association) 
by a shell of cordierite such that they are nowhere in contact with gedrite and garnet. Zincian hercynite – cordierite symplectites 
occur within the inner part of the cordierite shell, whereas staurolite – corundum – cordierite and hercynite – cordierite pseu-
domorphs mimic the shape of prismatic sillimanite crystals. Textural studies and phase relationships in the system FeO – MgO 
– Al2O3 – SiO2 ± MnO ± ZnO ± TiO2 ± S2 suggest the following reactions, derived from gedrite + sillimanite: ged + sil = crd + 
grt; ged + sil + sphalerite (sph) = grt + crd + hc + S2; ged + sil + sph + qtz = grt + crd + hc + crn + S2; sil + hc = st + crn; grt + 
sil + crd = st; grt + sil + crd + hc = st; and hc + ilm + crn = hög. These reactions were developed in response to changing physi-
cochemical conditions and enhanced by low diffusivity of aluminum and a low fl uid-to-rock ratio. Reactions involving zincian 
hercynite were developed owing to the presence of sphalerite and preserved by the low diffusivity of aluminum. Högbomite 
formed later along the retrograde cooling path. Minimum peak conditions of metamorphism were 680°C and 5 kbar on the basis 
of the stability fi eld of ged + sil + grt. Conditions recorded by the garnet – cordierite geothermometer indicate temperatures of 
629–673°C at 5 kbar and 616–659°C at 2 kbar. On the basis of the slope of the garnet- and staurolite-forming reactions, coronas, 
symplectites, and pseudomorphs formed after peak metamorphism during a clockwise path associated with post-collisional 
decompression and subsequent cooling of the Yavapai–Mazatzal provinces, probably related with rapid exhumation.

Keywords: gedrite – cordierite – garnet gneiss, zincian hercynite, corona, symplectite, Evergreen, Front Range, Colorado.

SOMMAIRE

Des gneiss à gédrite – cordiérite – grenat équilibrés au faciès amphibolite supérieur près de Evergreen, au Colorado, sont 
interlités avec des gneiss à sillimanite – biotite – grenat et contiennent des textures en couronnes, des symplectites et des pseu-
domorphes spectaculaires. Les textures en couronnes possèdent un noyau de minéraux alumineux, avec hercynite zincifère 
(hc), staurolite (st), corindon (crn), cordiérite (crd), et sillimanite (sil) en reliques, associés à ilménite (ilm) et högbomite (hög) 
tardive. Les minéraux alumineux (l’association coronitique) sont séparés de la gédrite (ged), cordiérite, grenat (grt), et quartz 
(qtz) (l’association de la “matrice”) par un liseré de cordiérite, de telle sorte qu’ils ne sont nulle part en contact avec gédrite et 
grenat. Les symplectites à hercynite zincifère + cordiérite se trouvent dans la partie interne du liseré de cordiérite, tandis que les 
pseudomorphes de staurolite + corundum + cordiérite et hercynite + cordiérite rappèlent la forme des cristaux prismatiques de 
sillimanite. D’après nos études texturales et les relations de phase dans le système FeO – MgO – Al2O3 – SiO2 ± MnO ± ZnO 
± TiO2 ± S2, nous préconisons les assemblages suivants, dérivés aux dépens de gédrite + sillimanite: ged + sil = crd + grt; ged 
+ sil + sphalérite (sph) = grt + crd + hc + S2; ged + sil + sph + qtz = grt + crd + hc + crn + S2; sil + hc = st + crn; grt + sil + crd 
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= st; grt + sil + crd + hc = st, et hc + ilm + crn = hög. Ces réactions se seraient formées suite aux changements des conditions 
physicochimiques, et promues par la faible diffusivité de l’aluminium et le faible rapport des volumes de fl uide à roche. Les 
réactions impliquant la hercynite zincifère se sont développées à cause de la présence de la sphalérite et ont été préservées à 
cause de la faible diffusivité de l’aluminium. La högbomite se serait formée plus tard, par rétrogression lors du refroidissement. 
Les conditions du paroxysme métamorphique étaient 680°C et 5 kbar, selon le champ de stabilité de ged + sil + grt. Selon le 
géothermomètre fondé sur grenat + cordiérite, les conditions indiquées auraient été 629–673°C à 5 kbar et 616–659°C à 2 kbar. 
En fonction de la pente des réactions responsables de la formation du grenat et de la staurolite, les couronnes, textures symplec-
titiques et pseudomorphes sont apparus après le paroxysme métamorphique lors d’un tracé dans le sens de l’horloge associé 
à la décompression post-collision et au refroidissement subséquent des provinces Yavapai–Mazatzal, probablement liés à une 
exhumation rapide.

 (Traduit par la Rédaction)

Mots-clés: gneiss à gédrite – cordiérite – grenat, hercynite zincifère, couronne, symplectite, Evergreen, Front Range, Colorado.

Metamorphic conditions are evaluated on the basis of 
silicate stabilities, various exchange-geothermometers 
(garnet – cordierite, spinel – cordierite, and spinel 
– sillimanite – cordierite – quartz), and the orthoam-
phibole solvus.

REGIONAL AND LOCAL GEOLOGICAL SETTING

The Evergreen area is located in the east-central 
part of the Front Range, approximately 30 km west 
of Denver, Colorado (Fig. 1). At the regional scale, 

INTRODUCTION

Gedrite – cordierite or anthophyllite – cordierite 
rocks are spatially associated with metamorphosed 
massive sulfide deposits at, for example, Manitou-
wadge, Ontario (James et al. 1978), Orijärvi, Finland 
(Schneiderman & Tracy 1991), and Palmeiropolis, 
Brazil (Araujo et al. 1995) and may constitute explora-
tion guides to ores of this type. Another potential explo-
ration guide to metamorphosed Proterozoic massive 
sulfi des includes their spatial association with nodular 
sillimanite rocks and unusual rutile- and topaz-bearing 
sillimanite rocks (e.g., Willner et al. 1990). Petersen 
et al. (1989) proposed that gedrite – cordierite rocks, 
nodular sillimanite rocks, and rutile- and topaz-bearing 
gneisses may be products of premetamorphic hydro-
thermal alteration. The current investigation is part of 
a larger study that concerns the spatial and genetic rela-
tionships of zincian-spinel-bearing rocks to metamor-
phosed massive sulfi des in Colorado (Heimann et al. 
2005). In detail, the present study focuses on outcrops 
of gedrite – cordierite – garnet gneiss in the Evergreen 
area of central Colorado (Gable & Sims 1969), which 
are spatially associated with nodular sillimanite rock 
and rutile- and topaz-bearing gneiss (Marsh & Sheridan 
1976).

Gedrite – cordierite – garnet gneiss of the Evergreen 
area contains corona, symplectite, and pseudomorph 
textures that involve aluminous and zinc-bearing 
minerals. Similar textures elsewhere have proven to be 
important in deciphering pressure–temperature trajec-
tories in rocks metamorphosed to the amphibolite or 
granulite facies (Robinson & Jaffe 1969, Stoddard 1979, 
Hudson & Harte 1985, Baker et al. 1987, Schumacher 
& Robinson 1987, Earley & Stout 1991, Spear 1993, 
Ouzegane et al. 1996). The main aim of the current 
study is to evaluate the origin of coronas, symplectites, 
and pseudomorphs involving aluminous minerals in 
gedrite – cordierite – garnet gneiss. Detailed petro-
graphic observations, mineral compositions, and phase 
relationships in the system FeO – MgO – Al2O3 – SiO2 
± MnO ± ZnO ± TiO2 ± S2 are utilized to determine the 
metamorphic reactions that took place in these rocks. 
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FIG. 1. Geological map of the Evergreen area, east-central 
Front Range (after Marsh & Sheridan 1976). Map patterns: 
Colorless: Cenozoic, Mesozoic and Paleozoic sedimentary 
rocks, grey: Pikes Peak Granite (1,040 m.y.), triangles: 
Silver Plume Granite (1,440 m.y.), crosses: Boulder Creek 
Granite and related rocks (1,710 m.y.), dashed lines: meta-
morphic rocks, solid line: lithological contact.
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it lies within the 1.8–1.7 Ga Yavapai Province, which 
is composed of juvenile volcanic-arc crust near its 
southern contact with the crustal 1.7–1.6 Ga Mazatzal 
Province (Condie 1982, Benett & DePaolo 1987, Karl-
strom 1998, Karlstrom & Humphreys 1998). The exact 
location of the boundary zone between these terranes 
is the subject of debate, but Shaw & Karlstrom (1999) 
proposed that at about 1.70 Ga, collision between the 
two portions of crust produced shear zones in associa-
tion with the emplacement of the older Yavapai rocks 
over the Mazatzal Province along a low-angle thrust 
system.

Gedrite – cordierite – garnet gneiss in the study area 
occurs as two lensoid bodies, up to 40 m wide, which 
extend intermittently for over 300 m in a sequence of 
sillimanite – biotite gneisses containing coarse garnet- 
and cordierite-bearing layers. Also present in the 
study area are feldspathic, hornblende, rutile-bearing, 
and calc-silicate gneisses and amphibolites (Figs. 1, 
2). Sillimanite-rich gneiss, composed mainly of silli-
manite, biotite, and muscovite, commonly contains 
white rounded pods of feldspar and quartz, up to 4 cm 
in length. These rocks resemble the nodular sillimanite 

or andalusite rocks found throughout Colorado in and 
around Proterozoic metamorphosed massive sulfi de 
deposits (Heimann et al. 2005). Gedrite – cordierite 
– garnet gneiss constitutes just one of many occurrences 
of cordierite-bearing gneiss in the Front Range that 
have been metamorphosed to the upper amphibolite 
facies and subjected to at least two Proterozoic episodes 
of folding (Gable & Sims 1969, Marsh & Sheridan 
1976). The fi rst period of deformation produced broad 
open folds and was responsible for the west-to-north-
west trend of the rocks, whereas the second episode 
of folding generated structures oriented north–north-
west to north–northeast. High-grade metamorphism 
contemporaneous with these two episodes of folding 
was dated at 1,700 to 1,775 Ma by Hedge et al. (1967) 
using Rb–Sr and U–Pb techniques. The Boulder Creek 
Granite pluton, which occurs to the west and south of 
the gedrite – cordierite – garnet rocks, was emplaced 
at 1,709 ± 40 Ma (Hedge 1969, Premo & Fanning 
2000) and was followed by intrusion of the Silver 
Plume Granite at approximately 1,450 Ma (Hedge et 
al. 1967, 1986, Hedge 1969, Marsh & Sheridan 1976). 
The last Proterozoic plutonic event occurred when the 
anorogenic Pikes Peak Granite batholith was emplaced 
at 1,040 ± 10 Ma (Hedge 1969). Brittle deformation, 
which controlled the location of the Colorado Mineral 
Belt (Tweto & Sims 1963), produced northeast-oriented 
shear zones. This period of deformation was followed 
by northwest- and north–northeast-trending faulting and 
the so-called “breccia reefs” of Lovering & Goddard 
(1950), which were precursor structures to the Laramide 
orogeny (75–45 Ma).

PETROGRAPHY, MINERAL ASSEMBLAGES 
AND REACTION TEXTURES

Gedrite – cordierite – garnet gneiss is characterized 
by a grano-lepidoblastic texture composed of coarse 
(up to 3 cm in length), dark green elongate crystals of 
gedrite, dark violet grains of cordierite (up to 2 cm in 
length), and red porphyroblasts of garnet (up to 3 cm 
in diameter).

A closer observation indicates that the gedrite – 
cordierite – garnet gneiss contains coronas, symplectitic 
intergrowths, pseudomorphs, and reaction rims (Fig. 3). 
These coronas separate the mineral assemblages in 
the gneiss into two textural associations, a “corona” 
association and a “matrix” association (Table 1). The 
corona association, composed of different combinations 
of cordierite, hercynite, corundum, staurolite, relict silli-
manite, högbomite, ilmenite, and minor quartz, is sepa-
rated from the matrix association composed of gedrite, 
cordierite, garnet, and accessory ilmenite and quartz, by 
a corona of cordierite (Table 1). The following mineral 
associations occur from the center of the corona or 
“enclave” (terminology of Robinson & Jaffe 1969) 
toward the matrix: sillimanite – aluminous minerals 
(staurolite – corundum – hercynite) – cordierite shell 
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– gedrite – (garnet – cordierite – gedrite). Within the 
enclaves, the minerals lack any deformational feature, 
in contrast to the weakly oriented gedrite and the frac-
tured nature of garnet in the matrix. Minor amounts of 
retrograde pale brown biotite (up to 0.2 mm in length) 
cross-cut gedrite and garnet and formed after these 
minerals. Pale green chlorite partially replaced biotite, 
gedrite, and garnet, and along with white mica, forms 
part of the breakdown of cordierite.

Gedrite – cordierite – garnet – 
quartz matrix association

Gedrite forms coarse acicular to prismatic crystals 
that show an undulose extinction and subgrain devel-
opment. Gedrite also appears as fi ne-grained euhedral, 
short prismatic, and elongate tabular crystals included in 
cordierite (Figs. 4a, b). Large porphyroblasts of garnet 
form highly poikilitic sieve-textured and fractured 
crystals that contain aligned quartz and cordierite inclu-
sions (Fig. 4a). A minor amount of smaller crystals of 
garnet, up to 0.2 mm in diameter, occurs as inclusions 
in cordierite, and garnet porphyroblasts are, in places, 
surrounded by a corona of cordierite.

Cordierite occurs as individual crystals with triple 
junctions at 120° in contact with gedrite and garnet, 
but it also nucleated on pre-existing gedrite as opti-
cally continuous, xenomorphic crystals, as well as thin 
elongate grains that fi ll fractures and cleavage planes in 
gedrite (Fig. 4b) and garnet. Gedrite, garnet, ilmenite, 
quartz, and minor apatite and zircon, as well as rare 
plagioclase (only one grain identifi ed herein) inclusions 
occur in matrix cordierite.

Quartz occurs as inclusions within cordierite and 
garnet as well as individual crystals in contact with 
gedrite, garnet, and cordierite. Ilmenite, which is the 
dominant oxide in these rocks, is present as anhedral 
to euhedral crystals (up to 0.8 mm in length) in contact 
with and as inclusions in garnet, cordierite, and gedrite 
(Fig. 4a). Traces of secondary hematite are intergrown 
with ilmenite. Trace amounts of ilmenite, sphalerite, 
pyrite, and chalcopyrite occur in one sample (99CO–63) 
devoid of enclaves.

Cordierite – hercynite – corundum – staurolite 
– sillimanite – högbomite corona association

The corona association consists of a central nucleus 
of Al-rich minerals surrounded by a halo of cordierite 
(Fig. 4c). In this association, cordierite forms equilib-
rium mosaics composed of smaller crystals than in the 
matrix. These crystals exhibit triple junctions at approx-
imately 120°. Relict, corroded sillimanite is locally 
preserved in the center of the nucleus, in contact with 
hercynite, corundum, cordierite, and ilmenite (Fig. 4d). 
In places, these minerals mimic the elongate sections 
of sillimanite, which they have replaced (Figs. 4d, e, f). 
Hercynite, the most abundant aluminous mineral, occurs 

as isolated dark green and rare pale green anhedral to 
subhedral crystals (0.1 mm in length), and as symplec-
titic intergrowths with cordierite. In some samples, 
hercynite contains abundant tiny opaque inclusions of 
magnetite or ilmenite, either concentrated in the rim or 
distributed within the host crystal. Her cynite – cordi-
erite symplectites occur locally between the central 
crystals of sillimanite and the cordierite shell (Figs. 
4d, e). Within the intergrowth, cordierite predominates 
over hercynite. The small worm-like symplectites are 
oriented approximately perpendicular to the corona–
matrix interface and parallel to the long side of the 
sillimanite crystal.

Corundum, which varies from small colorless subhe-
dral crystals to less common larger pale blue xenomor-
phic poikilitic crystals (up to 1 mm in size) enclosing 
cordierite, characteristically exhibits a corroded rim and 
contains inclusions of ilmenite (Figs. 4e, f). A few inclu-
sions of hercynite were also identifi ed in corundum. 
Corundum is also commonly associated with ilmenite 
and hercynite in rare and complex intergrowths in which 
both minerals contain small inclusions of each other.

Staurolite forms yellow euhedral short prismatic 
crystals (Fig. 4g) and xenomorphic, colorless to pale 
yellow crystals (Fig. 4f). In the latter case, corundum 
– staurolite – cordierite and hercynite – cordierite 
formed rectangular “mosaic”-like pseudomorphs, which 
partially replaced sillimanite (Fig. 4f). In these domains, 
sillimanite is in direct contact with hercynite, whereas 
corundum contains inclusions of sillimanite and occurs 
in contact with it in only one location. Where individual 
crystals of staurolite and hercynite are present, they are 
not in mutual contact, but are separated by ilmenite 
or cordierite. The only place where hercynite occurs 
in contact with staurolite is where it is found as tiny 
inclusions in the staurolite.

Ilmenite occurs in the coronas as xenomorphic to 
subidiomorphic crystals associated with the alumi-
nous minerals. It is included in cordierite, staurolite 
and  hercynite, and contains euhedral inclusions of 
corundum. In some samples, an intergrowth or a 
replacement among ilmenite, hercynite, corundum, 
and högbomite is present. Hercynite occurs in close 
proximity to corundum, but is separated from it by 
ilmenite or högbomite (or both). In places, dark brown 
högbomite (up to 0.05 mm in size) appears as a thin rim 
along the contact between hercynite and ilmenite where 
spatially associated with corundum (Fig. 4h).

MINERAL COMPOSITIONS

Analytical procedure

Compositions of silicates and oxides were deter-
mined using an ARL–SEMQ electron microprobe in the 
Department of Geological and Atmospheric Sciences 
at Iowa State University. Accelerating voltage was set 
at 15 kV, and specimen current at 20 nA. Natural and 
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FIG. 3. Scanned image of a thin section showing a corona 
structure in gedrite – cordierite – garnet gneiss composed 
of a core of aluminous minerals (hercynite, staurolite, 
corundum, sillimanite, cordierite, and högbomite) plus 
ilmenite separated from gedrite and almandine by a moat 
of cordierite.

synthetic silicates and oxides were used as standards. 
Representative results of the analyses are given in 
Tables 2 and 3, and all compositions are presented in 
Appendix 3 of Heimann (2002).

Amphibole

Thirty-nine analyses of amphiboles were obtained, 
with representative results given in Table 2. Formulas 
were determined on the basis of 23 oxygen atoms, and 
the proportion of Fe3+ was calculated following the 
procedure of Robinson et al. (1982). Using the Inter-
national Mineralogical Association classifi cation of 
Leake et al. (1997), amphiboles from Evergreen fall in 
the gedrite and ferrogedrite fi elds in a plot of Si versus 
Mg/(Mg + Fe2+) (Fig. 5a). Values of XMg [Mg/(Mg + 
Fe2+)] range from 0.46 to 0.57, with two outlier values of 
0.68 and 0.71. The amphiboles contain more alkalis and 
less IVAl [(Na + K) < 0.5, IVAl = 1.02 to 1.89 apfu)] than 
�Mg5Al2Si6Al2O22(OH)2, the ideal formula for gedrite 
(Fig. 5b). The edenite to tschermakite ratio (calculated 
as A(Na + K)/[IVAl– A(Na + K)], after Damman 1989) 

ranges from 0.22 to 0.46. The proportion of VIAl ranges 
from 0.70 to 1.29 (with two values of 0.32 and 0.40; 
Fig. 5c), and the variation in the occupancy of the A site 
is 0.25 to 0.53 (Fig. 5b).

Cordierite

Representative results of the electron-microprobe 
analyses of cordierite from corona and matrix assem-
blages show them to be essentially the same (Table 2). 
Cordierite is the most magnesian mineral present in 
gedrite – cordierite – garnet rocks [Mg/(Mg + FeTot) in 
the range 0.7 to 0.8]. The content of Mg ranges from 
8.5 to 13.5 wt.% MgO, whereas the Fe content varies 
between 5.6 and 8.16 wt.% FeO. The Al2O3 content 
ranges from 31.90 to 37.60 wt.%, whereas VIAl and 
IVAl vary between 2.7 and 3.19 and from 0.9 to 1.38 
apfu, respectively.
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FIG. 4. Photomicrographs in plane-polarized transmitted light of: a. Almandine garnet (alm) surrounded by cordierite (crd), 
gedrite (ged), and ilmenite (ilm). b. Gedrite cross-cut by cordierite through fractures. c. Corona structure showing the core 
composed of hercynite (hc) and cordierite surrounded by a corona of cordierite. d. Hercynite – cordierite symplectites in 
contact with relict sillimanite (sil) and corundum (crn) – cordierite – hercynite in contact with cordierite at the edge of a 
corona. e. Hercynite – cordierite symplectites in contact with corundum, ilmenite, and relict sillimanite, and a cordierite 
collar. f. Hercynite – cordierite and corundum – staurolite (st) – cordierite pseudomorphs after sillimanite. g. The core of a 
corona composed of hercynite, euhedral staurolite, cordierite, corundum, and ilmenite. h. Reaction rim of högbomite (hog) 
along the contact between ilmenite and hercynite.
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Garnet

Twenty-six analyses of cores and rims of garnet 
grains show that they are individually homogeneous 
(Table 2). End members were calculated following 
Rickwood (1968), whereas the proportion of ferric to 
ferrous iron was determined using the technique of 
Droop (1987). Almandine (Alm), pyrope (Prp), spessar-
tine (Sps), grossular (Grs), and andradite (Adr) contents 
vary from Alm56.3 to Alm79.7, Prp15.3 to Prp32.4, Sps1.9 
to Sps5.3, Grs0.0 to Grs5.9, and Adr0 to Adr6.3, respec-
tively. The amount of ferric iron present in garnet is 
low (0–0.26 apfu). Values of XMg range from 0.15 to 
0.26, indicating that garnet is the most iron-rich silicate 
mineral in the Evergreen rocks.

Staurolite

Iron and magnesium contents of staurolite are 
12.5–13.4 wt.% FeO and 1.7–2.2 wt.% MgO, respec-
tively (Table 3); values of XMg range from 0.19 to 
0.25, with the lowest XMg value being higher than the 
lowest value for garnet. Staurolite also contains minor 
amounts of zinc (0.49–0.89 wt.% ZnO), which may 
have helped stabilize staurolite to the upper amphibolite 
facies (Ribbe 1982). These Zn contents are similar to or 
less than those of staurolite associated with cordierite 
– orthoamphibole rocks in or adjacent to massive sulfi de 
deposits elsewhere (Geco, Ontario: Spry 1982; Palmei-
ropolis, Brazil: Araujo et al. 1995). However, compared 
to staurolite from gedrite – cordierite localities unrelated 
to massive sulfi des (e.g., New Hampshire, Schumacher 

FIG. 5. Plots of orthoamphibole compositions in terms of: 
a. Mg/(Mg + Fe2+) versus Si in apfu. b. A-site occupancy 
[A(Na + K)] versus IVAl showing hypersolvus orthoamphi-
boles (gedrites). c. VIAl versus Fe2+/(Mg + Fe2+).
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& Robinson 1987), staurolite from Evergreen contains 
slightly higher amounts of Zn.

Zincian hercynite

Spinel from Evergreen consists mainly of zincian 
hercynite and rare ferroan gahnite (ghn6.5–44hc41–74
spl13–32) that contains 3.57 to 19.48 wt.% ZnO and 
possesses XMg values ranging from 0.18 to 0.29 
(Table 3, Fig. 6). Compared to zincian spinel spatially 
associated with massive sulfi de deposits, the spinel 
from Evergreen contains less zinc and falls in the fi eld 
of “aluminous metasediments” of Spry & Scott (1986) 
and in the field of “unaltered and hydrothermally 
altered Fe–Al-rich metasediments and metavolcanics” 
of Heimann et al. (2005). No compositional zoning was 
detected within individual crystals.

Högbomite

The Zn content of högbomite, ([Fe,Mg,Zn]5Al16 
TiO30[OH]2), ranges from 1.67 to 8.62 wt.% ZnO, 
with an average of about 3 wt.% ZnO (Table 3). Values 

of XMg vary from 0.17 to 0.29, whereas Fe and Mg 
contents range between 20.2 and 26.9 wt.% FeO, and 
between 2.2 and 5.2 wt.% MgO, respectively, thus 
showing that högbomite from Evergreen is among the 
most iron-rich yet reported (Table 3). The Zn:Fe ratio 
of hercynite is greater than that for högbomite; parallel 
tie-lines between coexisting högbomite and hercynite 
pairs suggest that equilibrium existed between these 
minerals (Fig. 6).

Corundum, sillimanite, ilmenite, and plagioclase

Analyses of corundum show that it consists of essen-
tially pure Al2O3, with up to 0.99 wt.% FeO, whereas 
relict crystals of sillimanite located in the core of the 
corona structures contain up to 2.2 wt.% Fe2O3 and up 
to 0.5 wt.% MgO. Ilmenite contains up to 0.13 wt.% 
ZnO, 0.80 wt.% MnO, and 0.16 wt.% MgO. A single 
tiny crystal of plagioclase, with a composition An65 to 
An81, was found as an inclusion in matrix cordierite.

Phyllosilicates

Biotite, which grew at the expense of gedrite during 
retrograde metamorphism, exhibits uniform composi-
tions (Deer et al. 1966), with values of XMg in the 
range 0.66–0.71. Values of IVAl and VIAl, calculated 
on the basis of 22 atoms of oxygen, range from 2.43 to 
2.62 and from 0.26 to 0.68, respectively. Chlorite, like 
biotite, is a product of retrograde metamorphism. It 
possesses a high Mg content and almost the same XMg 
as biotite (0.66 < XMg < 0.70).

FIG. 6. Plot showing compositions of hercynite and coexist-
ing högbomite in terms of Zn, Mg, and Fe. Tie-lines join 
coexisting minerals.
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PHASE RELATIONSHIPS

The mineral compositions recorded for the gedrite 
– cordierite – garnet rocks from Evergreen can be 
described within the system SiO2 – TiO2 – Al2O3 – FeO 
– MnO – MgO – ZnO – CaO – Na2O – K2O – H2O. 
However, this system can be simplifi ed following the 
procedure of Schumacher & Robinson (1987) and 
Robinson & Jaffe (1969) by fi rst removing H2O, which 
is considered to be an excess and mobile component. 
To make the system suitable for representing mineral 
assemblages on triangular diagrams and balancing 
metamorphic equilibria, it can be further simplifi ed by 
ignoring the minor components CaO, MnO, and Na2O, 
as only small amounts of CaO and MnO are present 
in garnet, and the same is true for Na2O and MnO in 
gedrite. The component MnO is taken into account in 
reactions that involve garnet. Considerable amounts 
of TiO2 are present only in ilmenite and later-formed 
högbomite; TiO2 is, therefore, treated as an accessory 
inert component except in reactions involving these two 
minerals. ZnO is considered here as an active compo-
nent in reactions involving hercynite, staurolite, and 
högbomite, but as an inert constituent in all remaining 
reactions. As biotite is present in only minor amounts 
as a late phase and represents the only potassic mineral 
present, the K2O component is not considered further. 
Chemographic relationships are therefore reduced to 
the system FeO – MgO – Al2O3 – SiO2 (FMAS). For 
the purpose of graphically representing subassem-
blages in two dimensions, the chemical composition 
of analyzed minerals can be plotted projecting from 
excess components like SiO2, Al2O3, or Al2SiO5, which 
are represented by quartz, corundum, and sillimanite, 
respectively (Thompson 1957, Greenwood 1975, 
Robinson & Jaffe 1969).

Using the procedure of Robinson & Jaffe (1969), 
chemographic relationships are schematically shown in 
SiO2 – (FeO + MgO) – Al2O3 subspace, in which cordi-
erite, gedrite, garnet, hercynite, sillimanite, staurolite, 
and corundum are plotted with tie-lines joining coex-
isting phases (Fig. 7a). The presence of the components 
ZnO, CaO, NaO, and MnO, which are not represented 
here, adds extra variables to the number of phases that 
can be stable under the same set of conditions and 
requires a series of triangular plots to show the observed 
subassemblages. Most importantly, ZnO, which is 
present in hercynite and staurolite, is not considered 
in Figure 7a. A three-dimensional representation with 
ZnO as a component (fi ve components if FeO and MgO 
are considered separately) would allow the coexistence 
of the subassemblages hercynite – sillimanite – cordi-
erite, corundum – cordierite, and staurolite – cordierite 
[or the fi ve-phase assemblage sillimanite – hercynite 
– cordierite – corundum – staurolite (Figs. 4e, f)] 
without producing crossing tie-lines, as observed in 
Figure 7a. This subcomposition space is illustrated by 
the tetrahedron SiO2 – (FeO + MgO) – Al2O3 – ZnO 

[S – (F + M) – A – Z] in Figure 7b, a schematic repre-
sentation in which staurolite and hercynite are shown. 
In this diagram, the addition of the ZnO component, 
located behind the plane containing S – (F + M) – A, 
in conjunction with the combination of FeO and MgO, 
allows for the representation of an assemblage such as 
corundum – hercynite – cordierite – sillimanite. Thus, 
for a given bulk-rock composition, ZnO increases the 
number of stable minerals and the stability fi elds of 
Zn-bearing mineral phases.

An alternative approach for showing chemo-
graphic relationships in more complex systems is to 
project from an extra phase following the method of 
Thompson (1957) and Greenwood (1975). One possi-
bility consists of projecting from sillimanite onto the 
planes SiO2 – MgO – FeO or SiO2 – MgO – (FeO + 
ZnO + MnO). Such a projection was used by Robinson 
& Jaffe (1969) and Schumacher & Robinson (1987) to 
represent gedrite, cordierite, staurolite, corundum, and 
spinel compositions and to show the sequence of reac-
tions that produced aluminous assemblages. Although 
gedrite is no longer in contact with sillimanite, it once 
was, and so it can be plotted in diagrams to allow for 
the visualization of mineral assemblages and reactions 
before and during the formation of the enclaves as well 
as all the reactions involving sillimanite. However, 
when using real compositions of minerals instead of 
idealized compositions, this projection does not work 
well to represent the corona assemblages present in 
gedrite – cordierite – garnet rocks from Evergreen, as 
three of the minerals, corundum, hercynite, and stauro-
lite, plot in a negative sense. Alternative chemographic 
representations consist of projecting from corundum 
or quartz. A projection from corundum allows for the 
representation of some of the corona assemblages and 
the visualization of the mineral reactions involving 
corundum. However, the matrix phases garnet and 
gedrite do not coexist (only gedrite may once have 
coexisted) with corundum and, therefore, a projection of 
these minerals would be invalid. The second alternative, 
which involves a projection from quartz onto the plane 
defi ned by [Al2O3 – (Na2O + CaO)] – MgO – (FeO + 
ZnO + MnO), permits the representation of the matrix 
assemblages and works well to represent most mineral 
reactions (Fig. 7c). The result of adding ZnO + MnO, 
and subtracting Na2O + CaO, is to minimize the effect 
of these extra components in the projection of hercynite, 
staurolite, gedrite, and garnet.

INTERPRETATION OF TEXTURES 
AND METAMORPHIC REACTIONS

On the basis of detailed textural studies of corona 
and matrix associations and chemical compositions 
of coexisting minerals obtained from electron-micro-
probe analyses, a set of linear equations in the system 
FeO – MgO – Al2O3 – SiO2 ± ZnO ± TiO2 ± MnO ± 
S2 (FMAS ± ZTMnSulfur) can be solved by matrix 
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analysis to obtain a set of balanced metamorphic reac-
tions among the mineral phases. This matrix analysis 
performed with compositions of minerals in the systems 
FMA, FMAZ, FMAZMnSulfur, FMAZSulfur, and FTA 
(depending on the phases involved), coupled with the 
textural investigations, allow for the identifi cation of a 
set of reactions that occurred during the evolution of 
the gedrite – cordierite – garnet rocks at Evergreen. 
The observed and inferred reactions and calculated 
stoichiometric coeffi cients are listed in Table 4.

Gedrite + sillimanite + garnet + quartz + sphalerite is 
the precursor assemblage in gedrite – cordierite – garnet 
rocks, on the basis of the existence of relict (corroded) 
sillimanite crystals in the center of the coronas that are 
nowhere in contact with the matrix assemblage gedrite 
– garnet, and of quartz inclusions in cordierite, gedrite, 
and garnet (Fig. 8a). Cordierite formed as a replacement 

along the cleavage planes of gedrite and was, therefore, 
not part of the precursor assemblage. Sphalerite was 
the likely precursor to zincian hercynite owing to its 
presence as tiny inclusions in hercynite and sillimanite 
in gedrite – cordierite – garnet rocks and surrounding 
rocks, and the absence of zinc in any of the precursor 
silicates.

On the basis of the above considerations, we started 
by calculating a simplifi ed reaction in the system FMA 
ignoring zinc-bearing phases:

0.73 gedrite + 0.46 sillimanite = 0.35 garnet 
+ 1.00 cordierite (system FMA). (1)

Note that mineral formulas were based on 23 atoms of 
oxygen for gedrite, 20 for sillimanite, 24 for garnet, 
and 18 for cordierite. By using these values, which are 

FIG. 7. Compositions of minerals and chemographic rela-
tionships of matrix and corona assemblages in Evergreen 
gedrite – cordierite – garnet gneisses. a. SiO2 – (FeO + 
MgO) – Al2O3 diagram. The addition of MnO and ZnO 
allows for extra phases. b. SiO2 – (FeO + MgO) – Al2O3 
– ZnO tetrahedron. Dashed tie-lines are for Zn-bearing 
minerals that are present behind the plane SiO2 – (FeO + 
MgO) – Al2O3. c. Quartz projection onto the plane [Al2O3 
– (Na2O + CaO)] – MgO – (FeO + ZnO + MnO). Coexist-
ing minerals are joined by tie-lines.
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20 or nearly 20 atoms of oxygen, coeffi cients in the 
reaction approximate modal proportions (and therefore 
volumes) of reactant and product phases (Thompson 
1982b). Reaction (1), which is shown by dashed lines in 
a quartz projection in [Al2O3 – (Na2O + CaO)] – MgO 
– [FeO + ZnO + MnO] space in Figure 8a, was fi rst 
proposed by Grant (1968) and Hudson & Harte (1985), 
and mentioned by Gable & Sims (1969) in their descrip-
tion of gedrite-bearing gneisses from the Front Range. 
Chemographic relationships indicate that reaction (1) 
can account for the presence of the common assemblage 
gedrite – cordierite – garnet – quartz in the matrix, and 
for the formation of garnet and cordierite that grew at 
the expense of gedrite in the matrix. Cordierite also 
nucleated close to sillimanite, next to older grains of 
garnet, and forming cordierite coronas around gedrite.

In order to take into account the widespread pres-
ence of hercynite within the coronas (Figs. 4d, e), we 
modifi ed reaction (1) to include Zn. As noted above, 
we assumed that, prior to development of hercynite, Zn 
was contained mainly within sphalerite. In other words, 
this modifi cation involves the addition of one compo-
nent (Zn), but two phases (sphalerite and  hercynite). 
Consequently, the system cannot be balanced without 
the consideration of an additional component (S2 cannot 
serve this purpose because its activity is assumed to be 
fi xed by the amount of sphalerite). We chose Mn for this 
purpose, which led to the following reaction (Fig. 8a):

0.74 gedrite + 0.77 sillimanite + 0.26 sphalerite 
= 0.09 garnet + 1.00 cordierite + 0.36 hercynite 
+ 0.26 S2 (FMAMnZSulfur). (2)

Following the reasoning outlined above for balancing 
reactions, the formula for hercynite was calculated 
assuming 20 atoms of oxygen. Reaction (2) is consis-

tent with the clear textural evidence for the consump-
tion of gedrite and sillimanite and the production of 
substantial cordierite during formation of the coronas, 
as well as with the widespread association of hercynite 
with cordierite in the coronas. However, reaction (2) 
predicts a ratio of hercynite to cordierite far greater than 
that actually observed. We attribute this to the role of 
Mn in constraining the reaction coeffi cients. Because 
of the low Mn content of gedrite and sillimanite, reac-
tion (2) can generate only a limited amount of garnet. 
This, in turn, forces an unrealistically large coeffi cient 
for hercynite, because the Mg/Fe value of cordierite is 
much higher than that of gedrite. We consider that the 
above problem arises because the Mn content utilized 
for garnet may represent that of the prograde composi-
tion of this phase, rather than that produced during the 
corona-forming reaction. Hence, we also calculated a 
variant of reaction (2) in which we forced the propor-
tions of cordierite and hercynite in the coronas to be 
90% and 10%, respectively, on the basis of petrographic 
observations. Fixing this ratio reduces the number of 
unknowns and allows the mass-balance equations to be 
solved without considering Mn:

0.73 gedrite + 0.56 sillimanite + 0.07 sphalerite 
= 0.27 garnet + 1.00 cordierite 
+ 0.11 hercynite + 0.04 S2 (FMAZSulfur). (3)

Note that this reaction produces a greater amount of 
garnet per unit of cordierite than is the case for reaction 
(2), but less than reaction (1).

The nucleation of cordierite adjacent to sillimanite 
by reactions (2) and (3) is probably due to the low 
rate of diffusion of Al (e.g., Mongkoltip & Ashworth 
1983, Schumacher & Robinson 1987). However, since 
the cordierite shell grew in close proximity to gedrite, 
the low diffusivity of Mg was probably also important 
for its nucleation. Like cordierite, the nucleation of 
 hercynite was dependent upon the low rate of diffusion 
of Al, and it formed next to sillimanite. The result of the 
diffusion-controlled reaction is a shell of cordierite of 
almost constant width around sillimanite that is locally 
intergrown with hercynite in worm-like symplectites. 
Reactions (2) and (3) also explain the presence of coex-
isting hercynite and cordierite in sillimanite-bearing and 
sillimanite-absent samples (Figs. 4e, 8a). In the latter 
samples, sillimanite was either consumed during the 
progress of these reactions, or it is not observed in the 
small area of the thin section. The appearance of the 
assemblage cordierite – hercynite – sillimanite refl ects 
a more aluminum-rich domain than where garnet, 
gedrite, and cordierite are dominant. This mineralogical 
variation, however, is a local effect produced by the 
nucleation of minerals next to available sillimanite, 
which was not abundant in the original assemblage, as 
indicated by the small volume occupied by the enclaves 
and the absence of this mineral in some of the rocks.
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The presence of corundum in the center of enclaves 
that contain hercynite and cordierite also requires a 
reaction in which gedrite, sillimanite, quartz, and sphal-
erite are consumed. Taking into account the proportion 
of corundum, hercynite and cordierite in the enclave, 
the corundum-forming reaction is:

0.75 gedrite + 0.46 sillimanite 
+ 0.04 sphalerite + 0.02 quartz = 0.31 garnet 
+ 1.00 cordierite + 0.06 hercynite 
+ 0.06 corundum + 0.02 S2 (FMASZSulfur). (4)

Reaction (4) is schematically shown in Figure 8b and 
is texturally supported by the presence of sillimanite 

FIG. 8. Metamorphic reactions for Evergreen gedrite – cordierite – garnet gneisses shown in projections in the systems [Al2O3 
– (Na2O + CaO)] – MgO – (FeO + ZnO + MnO) from quartz (a, d) and SiO2 – (FeO + MgO) – Al2O3 (b, c). Diagrams show 
the formation of cordierite – garnet, hercynite, corundum, and staurolite by the following reactions starting from gedrite + sil-
limanite (dashed tie-line): a) ged + sil + sph = grt + crd + hc + S2, b) ged + sil + sph = grt + crd + hc + crn + S2, c) sil + hc = crn 
+ st, d) crd + grt + sil = st. Numbers refer to reactions in the text and Table 4. The addition of MnO and ZnO in b) and c) will 
slightly shift the positions of garnet and hercynite, respectively. Long dashed tie-lines indicate reactant and precursor phases. 
Short dashed lines are for Zn-bearing minerals. See text and Table 4 for a discussion of reactions and further details.
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inclusions in corundum, and the existence of the 
assemblage corundum – sillimanite – cordierite (Figs. 
4f, g). In places, corundum and cordierite occur as 
pseudomorphs after sillimanite next to relict sillimanite, 
whereas  hercynite is located in the outer zone of the 
enclave (Fig. 4f). The ragged appearance of corundum 
in places indicates that this mineral was subsequently 
unstable, probably because it reacted further (Figs. 4e, 
f). The presence of ZnO, which permits the stabilization 
of a fi ve-phase assemblage, and the partial completion 
of reaction (4), make it possible to preserve the meta-
stable association sillimanite – hercynite, as long as 
they are isolated from gedrite by the cordierite corona. 
However, the enclave texture also allows for the forma-
tion of corundum via the breakdown of sillimanite and 
hercynite (Fig. 8c):

0.35 sillimanite + 0.07 hercynite 
= 0.16 staurolite + 1.00 corundum (FMA). (5)

As a result of reactions (1) to (4), the assemblage garnet 
– sillimanite – cordierite was probably stable until the 
completion of the growth of the cordierite shell between 
gedrite and sillimanite. The presence of staurolite in the 
coronas could have resulted from reaction (5) as well 
as the following reaction (Fig. 8d):

3.67 garnet + 11.96 sillimanite 
+ 1.00 cordierite = 11.73 staurolite (FMA). (6)

However, the small amount of zinc present in staurolite 
was likely derived from hercynite via the following 
reaction:

2.97 garnet + 11.58 sillimanite + 1.11 hercynite 
+ 1.00 cordierite = 12.26 staurolite (FMAZ). (7)

It is worth noting that a staurolite-forming reaction 
but without hercynite as a reactant was proposed by 
Robinson & Jaffe (1969) and Hudson & Harte (1985) 
to explain the origin of aluminous enclaves in samples 
from New Hampshire and northeast Scotland (Buchan 
Dalradian), respectively. However, these authors did not 
consider the ZnO component of the system. Reaction (7) 
accounts for the presence of Zn in hercynite and stau-
rolite, hercynite inclusions in staurolite and cordierite, 
staurolite pseudomorphs after sillimanite next to relict 
sillimanite, and the assemblage staurolite – cordierite 
(Figs. 4f, g). Staurolite nucleated close to hercynite, 
cordierite, corundum, and sillimanite in the corona. The 
fact that staurolite and corundum appear in close spatial 
association indicates that corundum may have been a 
reactant in the staurolite-forming reaction, but interme-
diate steps between the earlier formation of hercynite 
and corundum, as well as the origin of staurolite, cannot 
be deduced. Therefore, the amount of corundum in the 
possible staurolite-forming reaction remains unknown. 
The completion of this reaction ended the association 

hercynite – sillimanite and explains the absence of silli-
manite in some samples, where it was consumed. Where 
reaction (7) did not reach completion, sillimanite was 
preserved as relics spatially associated with  hercynite 
(Figs. 4d, e, f). Although topological relationships 
suggest that the assemblage staurolite – cordierite 
– sillimanite was stable, staurolite and sillimanite were 
never observed in mutual contact.

The presence of staurolite in some rocks and not in 
others can be explained by local variations in chemical 
composition; an enrichment in Fe was favorable for its 
growth. As a result of reactions (5), (6), and (7), the 
local composition becomes more aluminum-rich than 
that represented by the matrix phases. Upon comple-
tion of reaction (4) and the formation of staurolite and 
the other minerals in the corona, cordierite will isolate 
all the aluminous minerals from gedrite and end the 
association gedrite – sillimanite – garnet.

A rim of högbomite developed along the contact 
between ilmenite and hercynite (Fig. 4h) and adjacent to 
corundum, and probably formed by the following reac-
tion that took place during retrograde metamorphism:

0.71 hercynite + 4.77 ilmenite 
+ 3.12 corundum = 1.00 högbomite (FTA). (8)

The reaction was also balanced in the system AFZ. 
The formation of högbomite by this reaction explains 
the corroded appearance of corundum and the intimate 
spatial association among all four minerals. According 
to Petersen et al. (1989), reaction (8) is a pressure-
independent reaction.

THERMOBAROMETRY

Temperatures and pressures were calculated using 
mineral compositions, mineral stabilities, and geother-
mometers based on the assemblages garnet – cordierite, 
spinel – cordierite, and spinel – cordierite – sillimanite 
– quartz. Reactions and mineral assemblages utilized are 
based on textural interpretations. The lower stability-
limit of the assemblage gedrite + sillimanite + garnet + 
quartz, as indicated by the reaction line:

staurolite = gedrite + sillimanite + garnet (9)

suggests that peak pressures and temperatures of meta-
morphism were >5 kbar and 680°C, respectively (Fig. 
9). Utilizing T–X solvi for orthoamphiboles (Spear 
1980, Fig. 14), gedrite – ferrogedrite compositions 
(IVAl = 1.02 to 1.89 apfu; VIAl = 0.32 to 1.29 apfu; A-
site occupancy = 0.24 to 0.54 apfu, Fig. 5b) suggest a 
minimum temperature of orthoamphibole formation of 
520–590°C. A temperature of ~583°C is obtained by 
the intersection of the orthoamphibole solvus, which 
indicates the lower-temperature limit for the presence 
of gedrite (Spear 1993; Fig. 9, this work):
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gedrite + anthophyllite = orthoamphibole, (10)

with the reaction

andalusite = sillimanite. (11)

The upper stability-fi eld of staurolite, assuming excess 
quartz, as dictated by reaction (6), coincides with the 
lower limit of the garnet – cordierite assemblage of 
680oC at 5 kbar (Fig. 9). However, the upper tempera-
ture of 680oC may be a minimum, as staurolite contains 
up to 0.9 wt.% ZnO, which would cause reaction (5) to 
shift to slightly higher temperatures. The intersection 
of reaction (6) with reaction (11) indicates a minimum 
retrograde pressure for the stability of staurolite in 
the presence of sillimanite of approximately 2 kbar 
(Fig. 9).

The garnet – cordierite geothermometer is based on 
experimental or empirical calibrations of the following 
exchange-equilibria (Thompson 1982a):

MgFe–1 [cordierite] = MgFe–1 [garnet]. (12)

It was applied to samples in the present study, and 
temperatures were calculated at 2 and 5 kbar, which is 
the range of pressures estimated from reaction (1) and 
the intersection of reactions (6) and (11). The garnet 
– cordierite geothermometer applied to eleven garnet 
– cordierite pairs from fi ve samples yielded tempera-
tures of 629–673°C at 5 kbar and 616–659°C at 2 kbar 

(Table 5), using the calibration of Bhattacharya et al. 
(1988).

The association of spinel with sillimanite, cordi-
erite, and quartz in the corona assemblage allows for 
the application of the spinel – sillimanite – cordierite 
– quartz geothermometer of Nichols et al. (1992). 
Temperatures obtained from seven hercynite – cordi-
erite pairs in three samples are 482 to 608°C at 5 kbar 
and 468 to 593°C at 2 kbar. Application of the spinel 
– cordierite pressure-independent geothermometer 
of Vielzeuf (1983) to twelve spinel – cordierite pairs 
in four samples yielded temperatures of 567 to 780°C.

DISCUSSION AND CONCLUSIONS

The stability fi elds of sillimanite + garnet + gedrite 
+ cordierite [reactions (9) and (1)] indicate peak condi-
tions of metamorphism of above 5 kbar and 680°C. 
On the basis of the stability of staurolite [reaction 
(6)], coupled with the minimum temperature of 580oC 
derived from the presence of gedrite, the P–T condi-
tions recorded in cordierite – gedrite rocks at the time 
of corona formation in the Evergreen area are approxi-
mately 590–680oC and 2.0–5.0 kbar. These conditions 
are similar to P–T estimates (620–710oC at 3–5 kbar) 
for rocks in the Central City area, 25 km northeast of 
Evergreen (Gable & Sims 1969). Considering that stau-
rolite formed after peak conditions later than her cynite 
and corundum, and because the presence of minor 
amounts of Zn in staurolite expands its fi eld of stability, 

FIG. 9. P–T diagram in the system FMAS showing reactions pertinent to cordierite 
– orthoamphibole rocks (Spear 1993), calculated geothermobarometry values, recorded 
peak-to-retrograde P–T conditions (shaded area), and a possible P–T path for Evergreen 
gedrite – cordierite – garnet gneisses. Reaction numbers are the same as those in the 
text. The symbols indicate:

____ � Spl–crd–sil–qtz geothermobarometry (Nichols et al. 1992)
- - - - � Spl–crd geothermometry (Vielzeuf 1983)
- • - • � Grt–crd geothermometry (Bhattacharya et al. 1988)
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the upper-temperature limit might be even higher than 
this estimate. Temperatures obtained from the following 
geothermometers: garnet – cordierite (629–673°C at 
5 kbar and 616–659°C at 2 kbar), spinel – cordierite 
(567–780°C), and spinel – sillimanite – cordierite 
– quartz (482–608°C at 5 kbar and 468–593°C at 2 
kbar), overlap with the range of estimates given above. 
However, the lowest temperatures obtained from spinel 
– sillimanite – cordierite – quartz geothermometry must 
be in error, as they are <504 ± 20oC (i.e., aluminosili-
cate triple point of Holdaway & Mukhopadhyay 1993), 
and must fall within the stability fi elds of kyanite or 
andalusite. This low-temperature estimate may in part 
be due to the low content of quartz and its exclusive 
presence as inclusions within cordierite in the corona, 
and possible errors associated with the calibration of 
the geothermometer proposed by Nichols et al. (1982). 
The problem is exacerbated if the aluminosilicate 
triple point of 550oC and 4.5 kbar of Pattison (2001) 
is preferred. The temperature range of the garnet 
– cordierite geothermometer fi ts within the range of 
temperatures derived from silicate stabilities, indicating 
that equilibration of these minerals probably took place 
after the formation of staurolite. The upper temperature 
obtained from the spinel – cordierite geothermometer 
is considerably higher than this range and the upper 
stability-limit of staurolite, which is consistent with the 
idea that hercynite formed prior to staurolite. The reason 
for the broad range of temperatures obtained with the 
spinel – cordierite geothermometer remains uncertain, 
but Vielzeuf (1983) claimed that the geothermometer 
was best used for granulite-facies rocks, rather than 
amphibolite-facies rocks, and pointed out that the 
distribution coeffi cients (and hence the error of uncer-
tainty) for the spinel – cordierite calibration are more 
dispersed at amphibolite-facies conditions. However, 

the broad range of temperatures may also be due to the 
presence of Zn in hercynite, which affects the calibra-
tion, as well as the low rate of diffusion of aluminum in 
hercynite, which could have prevented re-equilibration 
as temperatures fell.

Robinson & Jaffe (1969), Schumacher & Robinson 
(1987), Clarke et al. (1989), Yardley (1989), Passchier 
& Trouw (1996), Cadéron et al. (2005), and Yang 
& Indares (2005) provided considerable evidence 
to support the concept that aluminous coronas and 
symplectites in rocks metamorphosed to the upper 
amphibolite to granulite facies formed after peak meta-
morphism during a period of decompression associated 
with substantial exhumation. In addition, Baker et al. 
(1987) explained the origin of corona textures in kyanite 
– garnet – gedrite gneisses by a set of reactions that took 
place during uplift and little cooling. However, these are 
alternative interpretations. Clarke & Powell (1991) and 
Brown (2002) suggested that coronas may have formed 
along a “normal” path of retrograde cooling; according 
to Pitra & De Waal (2001), they may even have formed 
during prograde metamorphism.

Textural and compositional studies of symplectites 
and coronas in gedrite – cordierite – garnet rocks at 
Evergreen suggest that they formed via a complex set 
of discontinuous, continuous, and diffusion-controlled 
reactions in the system FMAMnZSulfur from the assem-
blage gedrite – sillimanite – garnet – quartz – sphalerite. 
The reactions proposed herein help explain: 1) the 
presence of relict sillimanite crystals in the center of 
the coronas, 2) the presence of cordierite cross-cutting 
gedrite and the formation of minor garnet in the matrix, 
3) the formation of hercynite – cordierite symplectites 
between sillimanite and gedrite, 4) the cordierite shell 
around the Al-rich minerals, which separates them 
from gedrite and garnet, 5) hercynite inclusions within 
corundum and staurolite, and sillimanite inclusions in 
corundum, 6) hercynite – cordierite, and corundum 
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– staurolite – cordierite pseudomorphs after sillimanite, 
and 7) grains of högbomite between hercynite and 
ilmenite where spatially associated with corundum.

On the basis of the inferred set of texturally 
supported reactions, we suggest that coronas and 
symplectites formed after the peak conditions of meta-
morphism were reached. The earliest metamorphic 
assemblage gedrite – garnet – sillimanite (in the system 
FMAMn) requires initial P–T conditions to have been 
located above reaction (1) at P > 5 kbar and on the 
higher-temperature side of reaction (9) above 680oC 
(Fig. 9). Reaction (1) has a relatively fl at slope indi-
cating that an increase in volume takes place during 
decreasing pressure. Therefore, starting in the gedrite 
– sillimanite – garnet fi eld, the formation of cordierite 
+ garnet by reaction (1) is associated with a period 
of decompression (Fig. 9). Zincian hercynite formed 
during the same overall reaction as a result of the pres-
ence of Zn in the system. The formation of cordierite 
– hercynite symplectites and the cordierite corona are 
consistent with this retrograde period of decompres-
sion that took place starting at 5 kbar. The subsequent 
formation of staurolite from the assemblage cordierite + 
garnet + sillimanite [reaction (6)] requires the P–T path 
to cross toward lower temperatures (Fig. 9). The result 
of this sequence of reactions is a clockwise path that 
ends in the fi eld where staurolite is stable and represents 
the corona assemblage.

We consider that most of the minerals in the coronas 
and the hercynite – cordierite symplectites present in 
Evergreen gedrite – cordierite – garnet gneisses formed 
during this path of decompression and subsequent 
cooling. The nearly isothermal reaction (8) (Petersen et 
al. 1989) associated with the formation of högbomite 

probably occurred during cooling after the formation 
of the coronas.

The intrusion of the Boulder Creek Granite pluton 
at 1,710 Ma (Hedge 1969, Premo & Fanning 2000) 5 
km south of Evergreen overlaps the age of metamor-
phism of 1,775 to 1,700 Ma (Hedge et al. 1967), but 
this intrusive event appears to have caused only local 
contact effects. However, if we assume the location of 
the boundary zone between the Yavapai and Mazatzal 
provinces of Shaw & Karlstrom (1998) and accept their 
proposal that the Yavapai province overthrusted the 
Mazatzal province, the Evergreen area, located in the 
Yavapai province, was likely affected by rapid uplift. 
This assumption can be related to interpretations of 
1.70–1.65 Ga post-collisional decompressional history 
and metamorphism inferred for the Mazatzal province 
(Williams & Karlstrom 1996, Selverstone et al. 1999). 
Such a scenario would explain the formation of the 
corona and symplectitic textures, which are, in general, 
associated with regions of rapid decompression. We 
note here that this reconstruction is in disagreement with 
a counter-clockwise P–T path proposed by Selverstone 
et al. (1999) for the evolution of Proterozoic crustal 
rocks beneath the Colorado Plateau on the basis of 
textural evidence from xenoliths in Tertiary diatremes. 
Alternatively, the intrusion of 1,440 Ma granite rocks 
(Silver Plume Granite) about 5 km southeast of the 
study area may also have played a role in the genera-
tion of the corona textures and mineral growth during 
exhumation, consistent with geochronological data and 
interpretations of a metamorphic event at about 1.4 Ga 
in the Wet Mountains (Siddoway et al. 2000).
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