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1 | INTRODUCTION

Rocks of broadly basic composition are important petrolog-
ical constituents of both oceanic and continental crust, and

Abstract

Recently published activity—composition (a—x) relations for minerals in upper
amphibolite- and granulite facies intermediate and basic rocks have expanded our
ability to interpret the petrological evolution of these important components of the
lower continental crust. If such petrological modelling is to be reliable, the abun-
dances and compositions of phases calculated at the interpreted conditions of meta-
morphic equilibration should resemble those in the sample under study. Here,
petrological modelling was applied to six granulite facies rocks that formed in dif-
ferent tectonic environments and reached different peak metamorphic pressure—
temperature (P-T) conditions. While phase assemblages matching those observed in
each sample can generally be calculated at P-T conditions that approximate those
of peak metamorphism, a consistent discrepancy was found between the calculated
and observed compositions of amphibole and clinopyroxene. In amphibole, Si, Ca
and A-site K are underestimated by the model, while Al and A-site Na are overesti-
mated; comparatively, in clinopyroxene, Mg and Si are generally underestimated,
while Fe** and Al are typically overestimated, compared to observed values. One
consequence is a reversal in the Fe-Mg distribution coefficient (Kp) between
amphibole and clinopyroxene compared to observations. Some of these mismatches
are attributed to the incorrect partitioning of elements between the predicted amphi-
bole and clinopyroxene compositions; however, other discrepancies are the result of
the incorrect prediction of major substitution vectors in amphibole and clinopyrox-
ene. These compositional irregularities affect mineral modal abundance estimates
and in turn the position and size (in P-T space) of mineral assemblage fields, the
effect becoming progressively more marked as the modal abundance of hornblende
increases; hence, this study carries implications for estimating P-T conditions of

high-temperature metabasites using these new a—x relations.
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may experience intense deformation and metamorphism
during tectonic activity (Brown, 2007). During collisional
orogenesis, elevated pressure (P) and temperature (7)) con-
ditions in the middle to lower continental crust can lead to
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partial melting (England & Thompson, 1986). If enough
melt is generated, it can separate from its source, ascend to
higher crustal levels, and form felsic igneous intrusions,
leaving behind a more mafic residue (Brown, 2013; Brown
& Fyfe, 1970; Diener, White, & Hudson, 2014; Sawyer,
1994, 2001; White, Powell, & Clarke, 2002). As such,
crustal anatexis facilitates long-term differentiation of the
continental crust and granulitization of its lowermost levels
(e.g. Daczko, Clarke, & Klepeis, 2001). A powerful tech-
nique for constraining the prograde and retrograde
tectonothermal evolution of metamorphic rocks is compar-
ison of the modes, compositions and textures of natural
rocks with calculated phase equilibria on petrogenetic grids
or rock-specific equilibrium phase diagrams, the latter com-
monly referred to as “pseudosections” (Powell & Holland,
2008; Powell, Holland, & Worley, 1998). However, until
recently, appropriate thermodynamic models for complex
solid solutions and melts applicable to mafic bulk composi-
tions that have undergone granulite facies metamorphism
have not been available.

Green et al. (2016) introduced activity—composition (a—x)
relations for silicate melt of broadly trondhjemitic—tonalitic
composition, augitic clinopyroxene with Si—Al mixing on
the tetrahedral sites, and amphibole that incorporates K,O
and TiO, into the formula unit. In a companion study to that
work, Palin, White, et al. (2016) used these a—x relations to
investigate phase equilibria in generic basic and intermediate
lithologies, including modern-day mid-ocean ridge basalt
(MORB) and diorite. They showed that the calculated min-
eral assemblages and modal proportions generally produced
good matches with those reported from granulite facies rocks
of these compositions. However, modelling was not com-
pleted for specific naturally occurring rocks; hence, there
was no direct comparison against petrologically observed
mineral abundances and mineral chemical analyses.

The ultimate aim is to conduct thermobarometry using
the approach of Powell and Holland (2008), in which com-
positional isopleths of major phases intersect in the correct
assemblage field, and in turn, a close relationship is found
between natural and calculated phase compositions. If these
conditions are met, then the models can be used for self-
consistent P-T determination, whereby all equilibria used
are founded from the same data set. This type of analysis
is important for mafic lithologies that have calculated
assemblage fields spanning large ranges in P-T space, in
which compositional changes in the minerals (e.g. amphi-
bole, plagioclase, and pyroxenes) are the primary indicators
of different P-T conditions.

In this paper, we examine how closely thermodynami-
cally predicted phase assemblages, modes, and mineral
compositions match those observed in six natural high-
grade metabasic rocks that reached a variety of peak P-T
conditions and formed in different tectonic settings. These

comprise (a) two samples of hornblende—granulite from the
regionally metamorphosed Namaqualand Metamorphic
Complex, South Africa; (b) a hornblende and biotite-bear-
ing mafic migmatite from Cone Peak in the Santa Lucia
continental arc, California, USA; (c) a two-pyroxene gran-
ulite from the Archean Lewisian Complex, northwest Scot-
land, UK; and (d) two samples of garnet granulite from the
Kapuskasing Structural Zone, Ontario, Canada. While mod-
elled assemblages are generally similar to those observed,
consistent discrepancies were found between predicted and
measured compositions of amphibole and clinopyroxene,
and consequently, for the modal proportions of these
phases. We discuss potential causes of these discrepancies
and the implications they have for phase equilibrium mod-
elling of high-grade metabasic rocks.

2 | SAMPLE, MINERAL, AND
ANALYSIS CONSIDERATIONS

2.1 | Sample selection

Granulite facies rocks were chosen from four regions repre-
senting a range of pressures, temperatures, and hydrous min-
eral contents. By using samples held in collections at the
University of Oxford, UK, and University of Calgary,
Canada, we were able to determine that thin sections and
hand specimens were representative of outcrops through con-
sultation with the original field geologists and comparison
with field photographs. Many of the rocks from these high-T
environments are migmatitic; however, to avoid complica-
tions from heterogeneity, the modelling was conducted on
macroscopically homogeneous rock volumes that lack quart-
zofeldspathic segregations (leucosomes) commonly associ-
ated with melt generation, such as the mesosome/palacosome
regions of migmatitic rocks, or the nonmigmatitic domains
of metabasic horizons (Waters, 1988).

2.2 | Microprobe analysis

Mineral compositions from four of the six studied samples
were obtained on a CAMECA SXFive field-emission elec-
tron probe micro-analyser (EPMA) equipped with wave-
length-dispersive spectrometers, located in the Department
of Earth Sciences, University of Oxford, UK. Operating
conditions included an acceleration voltage of 15 kV, a
beam current of 20 nA, and a spot size of 1 pm. An X-phi
matrix correction for atomic number, absorption, and fluo-
rescence was automatically applied to all analyses. The
potential for calibration error was mitigated by recalibrating
before each session against a range of natural and synthetic
standards.

Multiple spot analyses and line profiles were taken
across pyroxene, amphibole, plagioclase, garnet, and biotite
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grains in each sample to determine the extent of intracrys-
talline compositional variation. By analysing the same min-
eral phase in different parts of each thin section, it was
possible to determine the amount of intergrain heterogene-
ity within and between thin sections. The locations of all
mineral analyses in thin sections were chosen randomly
(i.e., no bias) from well-polished, unblemished areas of
unaltered grains. Mineral composition data for samples
SAl-4a and SAI-13, from the Kapuskasing Structural
Zone, were taken from tables 1 to 4 of Hartel and Pattison
(1996).

2.3 | Mineral formula recalculation

Electron probe microanalyser-derived mineral composi-
tional analyses (in wt% oxide) were converted to molecular
mineral formulae using a standard number of oxygen atoms
per formula unit. Amphibole, represents one exception to
this scheme, with a 23-oxygen +Ti cations/2 formula unit
being used and H,O content defined as (2-Ti)OH; this
change was made to emulate the amphibole a—x relation of
Green et al. (2016). Biotite represents another exception
where a 22-oxygen +Ti cation recalculation is used, due to
the high Ti contents of granulite facies biotite (Waters &
Charnley, 2002). The proportion of Fe’* in pyroxene and
garnet was determined using the method of Droop (1987),
and that in amphibole was determined using the technique
of Holland and Blundy (1994). Since there is no readily
available method of calculating the Fe>™ in biotite, 11% of
the total measured Fe was assumed to be Fe*. This value
was taken from Mossbauer spectroscopy determinations of
biotite in metapelitic rocks (Guidotti & Dyar, 1991) in the
absence of equivalent experiments conducted for biotite in
high-T" metabasites. This 11% estimate likely represents a
minimum because of the presence of magnetite in the
metabasic granulite samples reported here.

Error propagation of measured data through formula
recalculation was performed to determine the uncertainty
on cation numbers and other derived values, for compar-
ison against calculated values. Standard deviations on oxide
weight percentages were estimated for each element from
counting statistics, guided by the SD measured on the
weight per cent total of a homogeneous population of anal-
yses. These uncertainties were propagated through formula
recalculations for amphiboles and pyroxenes using a Monte
Carlo method that employed Gaussian perturbations on the
raw oxide weight per cent to estimate 2c values for cations
and site occupancies. This is particularly important for esti-
mating the increased uncertainty on cations that are dis-
tributed over more than one site, or for estimates of ferric
iron. As a result, all quoted cation proportions and other
derived values in Section 3 have associated +2¢ values sta-
ted alongside them.
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Special considerations arise for the comparison of anal-
ysed minerals with model calculations in the case of horn-
blende and clinopyroxene. In high-T hornblende, two major
compositional unknowns are the ferric iron content and the
extent to which high-charge cations in octahedral sites (e.g.
Ti**, Fe’*) are accommodated by deprotonation (oxy-)
substitutions (e.g. Popp & Bryndzia, 1992). Recalculation
schemes such as that of Holland and Blundy (1994)
bracket the likely values of Fe®* using stoichiometric crite-
ria, choosing a mean value between the stoichiometric lim-
its as the best estimate. In most cases, for the high-T calcic
amphibole in this study (1.83-1.91 Ca per formula unit),
the limits satisfy the requirement for Ca to occur only on
M4 sites. At the lower limit for Fe**, corresponding to a
higher cation total for a given anion charge, Ca and other
non-alkali cations total 15, there is no Na on M4, and the
amount of Fe**+Mg on M4 (cummingtonite/grunerite) is
maximized. Conversely, at the upper limit for Fe**, Na in
M4 is maximized, and no Fe>* or Mg is located on M4.
Since neither of these limiting cases is petrologically likely,
the mean value for Fe’™, and its SD in a population of stoi-
chiometric amphibole analyses, was taken as a reasonable
estimate of the ferric iron content. The Fe’* estimates
obtained in this way have been shown to be in reasonable
agreement with wet chemical and Mossbauer determina-
tions on similar granulite facies hornblende (Cosca, Essene,
& Bowman, 1991; Haynes, 1998). The effect of varying
the anion charge as a result of deprotonation substitutions
was also investigated by calculating cation distributions in
the natural hornblende at a range of OH contents. The prin-
cipal result of increasing anion charge is to increase the
Fe*™ content without significantly affecting the site occu-
pancies. For consistency, the hornblende has been recalcu-
lated on the same basis as that in the Green et al. (2016)
a—x relation, in which half of the Ti substitution is taken to
involve deprotonation. In conjunction with the Holland and
Blundy (1994) scheme, this yields estimates of Fe’* con-
tent that are in reasonable agreement with model values,
demonstrating that no significant bias is introduced into the
patterns of occupancy of other cations that might affect the
comparisons to be discussed later. No correction was made
to the natural amphibole formulae for the small amount of
Mn (0.10-0.30 wt% MnO).

The clinopyroxene examined in this study contains Ti
(0.20-0.50 wt% TiO,) and Mn (0.15-0.50 wt% MnO) in
addition to the elements considered in the a—x relation.
Instead of disregarding these small amounts, the clinopy-
roxene compositions were projected from the relevant Ti
and Mn end-member compositions. The samples show
strong positive correlations between Ti and Al cations,
suggesting that an appropriate Ti end-member is
CaTiAl,O¢ (Loucks, 1990; Morimoto, 1988). Therefore,
projection reduced the Al content of the clinopyroxene
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relative to the raw analyses. Clinopyroxene was also pro-
jected from johannsenite (CaMnSi,Og) to eliminate MnO.
None of the analysed pyroxene contained measurable
K,0.

Mean weight per cent oxide analyses and calculated
cations per formula unit (cpfu) are presented in Tables S1—
S6. The following phases appear in the text and figures:
melt (L), hornblende (hb), augite (aug), orthopyroxene
(opx), garnet (g), plagioclase (pl), K-feldspar (ksp), biotite
(bi), epidote (ep), ilmenite (ilm), hematite (hem), magnetite
(mt), spinel (sp), rutile (ru), titanite (sph), and quartz (q).
All phase abbreviations are consistent with those of Hol-
land and Powell (2011) and Green et al. (2016). End-mem-
ber nomenclature and elemental
clinopyroxene and amphibole are taken from Morimoto
(1988) and Leake et al. (1997, 2003) respectively. The vec-
tor treatment of Schumacher (2007) was also applied to
amphiboles to provide a clear representation of analyses
within amphibole compositional space.

site allocations for

2.4 | Mineral abundance estimates

Mineral proportions in natural samples were calculated
using JMicroVision (Roduit, 2016), by point counting
high-resolution scans of entire thin sections. In most cases,
minerals were optically distinct, but for quartz/plagioclase
and the iron oxide phases, estimates were made based on
point counting a typical area of a composition map
obtained via EPMA. By combining these phase percentages
(Table S7) with their representative compositions, a bulk
composition was determined (described in Section 4). Fac-
tors that contribute to uncertainty in point counted esti-
mates include the amount of the mineral, its grain size and
shape, its spacing between points, and the number of points
counted. The main contribution to this error is the relation-
ship between amount of a mineral present and number of
points counted (Van der Plas & Tobi, 1965). For the sam-
ples considered herein, 500 randomly distributed points
were counted for each thin section, which produces 2c rel-
ative uncertainties of ~8% for minerals with volumes
greater than 50 vol.% (equal to an absolute uncertainty of
~4%), and relative uncertainties up to ~20% for minerals
with volumes less than 10 vol.% (absolute uncertainty of
~2 vol.%; Van der Plas & Tobi, 1965). While these values
may appear large for the purposes of this study, because
thin sections represent two-dimensional slices through natu-
rally heterogeneous three-dimensional rocks, there is inher-
ent information loss associated with calculating mineral
proportions in this way, regardless of how many points are
used. Nonetheless, by constructing the bulk composition
for each sample from these data, the calculated phase
diagram should always be representative of this two-
dimensional slice.

3 | REGIONAL SETTINGS, SAMPLE
PETROLOGY, AND MINERAL
CHEMISTRY

3.1 | DWN-346 and DWN-362:
Namaqualand Metamorphic Complex, South
Africa

The Namaqualand Metamorphic Complex forms part of a
Proterozoic orogenic belt on the southern margin of the
Kaapvaal craton in southern Africa (Colliston, Schoch, &
Cole, 2014; Hartnady, Joubert, & Stowe, 1985). It
experienced high-grade, granulite facies metamorphism at
1,030-1,040 Ma during the Namaqua thermal event
(Robb, Armstrong, & Waters, 1999). Samples DWN-346
and DWN-362 presented in this work were collected from
a belt of granulite facies supracrustal gneisses exposed in
the Buffels River region of the Bushmanland subprovince.
The sampling area falls in the northern zone B of fig. 1b
in Waters (1989), with more detailed geological descrip-
tions given in Waters and Moore (1985) and McStay
(1991). Mafic granulites in this locality represent the
metamorphosed remnants of volcanic horizons and sills
that intruded into semipelitic and pelitic gneisses (McS-
tay, 1991). Thermobarometry performed on these host
metasedimentary rocks suggested that the entire sequence
reached at least 800°C at a well-constrained pressure of
5.5 kbar (Waters, 1989).

DWN-346 was sampled from near the margin of a 20-
m-thick unit; it has a microstructure of poikiloblastic
pyroxene replacing amphibole (Figure la), interpreted by
Waters (1988) to result from dehydration of hornblende
under the influence of a gradient in chemical potential of
H,0 between the mafic rock and adjacent semipelitic mig-
matites. DWN-362 was taken from a thin, 10 cm sheet in
migmatitic metapelites; this sample exhibits an anhydrous
two-pyroxene granulite at its margins, grading into a
hornblende-bearing domain in the centre of the layer
(Figures 1b and 2b). Both samples contain the mineral
assemblage orthopyroxene, amphibole,
plagioclase, magnetite, ilmenite, and quartz; DWN-346
additionally contains minor biotite.

All analysed minerals except for plagioclase exhibit lar-
gely homogeneous compositions, with no substantial varia-
tion within or between the samples. Plagioclase had the
greatest variety of compositions within and between samples,
with X4, (=Ca/(Ca+Na+K) = 0.65 + 0.05 and 0.90 + 0.02
in DWN-346 and DWN-362 respectively. Orthopyroxene in
DWN-346 has Xy, (=Mg/Mg+Fe’*) = 0.66 + 0.01 and
Al = 0.05 £ 0.01 cpfu, while in DWN-362, it has Xy, =
0.61 £ 0.01 and Al =0.06 + 0.01 cpfu. In DWN-346,
clinopyroxene displays Xy, = 0.77 & 0.03, Na = 0.03 cpfu,
Al = 0.09 + 0.01 cpfu, and Ca = 0.91 + 0.04 cpfu,

clinopyroxene,
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(@ Namaqualand

() Namaqualand: DWN-362 Hand specimen

FIGURE 1 Outcrop and hand specimen photos showing representative textures for each of the studied samples. (a) Coarse brown

poikiloblastic orthopyroxene and clinopyroxene patches overprinting granoblastic amphibolite. (b) Hand specimen of DWN-362 exhibiting the

dehydrated margins of the 10 cm sheet and central remanent amphibole. (c) Representative photo from Cone Peak of the orthopyroxene-bearing

pervasive leucocratic veins that separate regions of biotite—hornblende-bearing host rock. (d) Hand specimen of S98-15 showing pyroxene,

plagioclase, and minor biotite. (e) Representative photo from Kapuskasing detailing the relatively more abundant nature of the pervasive leucocratic

veins in the amphibolite (right) compared to the clinopyroxene-rich layers (left). (f) Photo distinguishing the dark hornblende-rich domains (SA1-

13) and the relatively more anhydrous, light-coloured, garnet—augite-rich regions (SA1-4a)

classifying as diopside—augite. Comparatively, clinopyrox-
ene in DWN-362 has Xy;; = 0.75 + 0.05, Na = 0.04 + 0.01
cpfu, Al = 0.09 + 0.02 cpfu, and Ca = 0.89 + 0.06 cpfu,
also classifying as diopside—augite. Amphibole in DWN-346
has Si=6.55+0.06 cpfu, Na=0.37+0.05 cpfu,

K =0.29 + 0.02 cpfu, Ti = 0.23 £ 0.02 cpfu, and Xy, =
0.70 + 0.03, classifying as potassian-pargasite, while in
DWN-362, it has Si = 6.53 + 0.12 cpfu, Na = 0.35 + 0.04
cpfu, K =0.22 + 0.03 cpfu, Ti = 0.14 + 0.01 cpfu, and
Xme = 0.76 + 0.03, classifying as pargasite.
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FIGURE 2 Plane polarized light photomicrographs of key petrological features in the studied samples. Scale bars = 10 mm (a) DWN-346
contains a texturally equilibrated matrix of hornblende, orthopyroxene, augite, and plagioclase, with minor biotite and magnetite distributed

throughout. (b) The relatively finer grained DWN-362 exemplifies gradation from a dehydrated augite and orthopyroxene rim to hornblende-bearing
right hand-side. (c) 87-G-3B shows a large homogeneous garnet in a matrix of amphibole, biotite, plagioclase, and quartz. (d) S98-15 depicts the
augite crystals in a finer matrix of plagioclase, orthopyroxene, biotite, and hornblende, listed in decreasing order of abundance. () SA1-13 exhibits
relatively smaller garnet porphyroblasts in a matrix of granoblastic polygonal hornblende, plagioclase, and diopside. (f) SA1-4a contains a
granoblastic polygonal matrix of garnet, augite, and plagioclase with minor hornblende

2009; Hansen & Stuk, 1993; Ross, 1976). The rocks are
abundant granulite facies migmatites (Compton, 1960) that
The summit of Cone Peak in the Santa Lucia Range, Califor- formed from high-grade metamorphism and partial melting
nia, exposes a high-grade metamorphic—plutonic complex, of a hornblende- and biotite-bearing diorite protolith at c.
within the fault-bound Salinian block (Hansen & Harlov, 100-105 Ma (Mattinson, 1978), contemporaneous with

3.2 | 87-G-3B: Cone Peak, California, USA
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plutonic activity in the region. For a detailed description of
the regional geology, structure, and age relationships in the
region, the reader is referred to Compton (1966) and Kidder,
Ducea, Gehrels, Patchett, and Vervoort (2003). Hansen and
Stuk (1993) used conventional geothermobarometry to
obtain an estimate of peak metamorphic temperature and
pressure in the range 700-750°C and 7.0-7.5 kbar.

In outcrop, relatively homogeneous meta-diorite is tran-
sected by discrete veins of orthopyroxene-bearing leuco-
come (Figure 1c), with selvedges
separating the two domains. Hansen and Stuk (1993) attrib-
uted the formation of these orthopyroxene-bearing migma-
tites to partial melting of a homogeneous rock in an open
system, similar to the mechanism described by Pattison
(1991) for granulite facies metagabbros of the Grenville
Province, Ontario, Canada. In this scenario, melting was
promoted by the chemical interaction of a low-a(H,0) fluid
with the rocks, resulting in a change from infiltration-
driven dehydration to infiltration-driven melting (Hansen &
Stuk, 1993; Pattison, 1991). Specimen 87-G-3B represents
an unmigmatized portion of meta-diorite, characterized by
a granoblastic biotite—hornblende—plagioclase—quartz matrix
with centimetre-scale garnet porphyroblasts (Figure 2c).

Electron microprobe analysis revealed that all matrix
minerals show limited compositional variation; additionally,
all ferromagnesian phases have Xy, < 0.5, indicating the
relatively high Fe content of the protolith. Plagioclase has
Xan = 0.39 £ 0.02; amphibole has Si = 6.28 + 0.11 cpfu,
Na = 0.41 + 0.08 cpfu, K = 0.36 + 0.03 cpfu, Ti = 0.30
+ 0.05 cpfu, and Xyg = 0.43 +0.01, classifying as
potassian-ferropargasite; biotite has Ti = 0.73 + 0.12 cpfu
and Al = 2.70 + 0.11 cpfu; garnet is dominantly alman-
dine (63 + 2%), with lesser grossular (20 + 1%), pyrope
(14 + 1%), and spessartine (3 = 1%) components.

biotite-enriched

3.3 | S98-15: Lewisian Complex, Scotland

The Archean Lewisian Complex in northwest Scotland
comprises  primarily  tonalite-trondhjemite—granodiorite
orthogneiss, with lesser amounts of metamorphosed mafic
and ultramafic rocks (Johnson & White, 2011; Mason &
Brewer, 2005; Park, 1966; Peach et al., 1907; Rollinson
& Fowler, 1987; Rollinson & Windley, 1980; White, Palin,
& Green, 2017). Sample S98-15 was collected from Scour-
iemore, in the Complex's “central region,” which experi-
enced (ultra)high-7 metamorphism (Johnson & White,
2011) during the Badcallian regional metamorphic episode
at ¢. 2,700-2,800 Ma (Love, Kinny, & Friend, 2004). Sills
and Rollinson (1987) summarized the wide range of P-T
estimates presented for Badcallian metamorphism in the
central region, including evaluations <8 to >15 kbar and
<800°C to >1,100°C. However, these results were obtained
exclusively using conventional thermobarometry and thus
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some of the estimates may reflect the effects of down-tem-
perature re-equilibration (cf. Frost & Chacko, 1989). More
recent investigations that have used phase equilibrium mod-
elling report tighter constraints on peak P-T conditions of
~8.0-11.5 kbar and 875-1,000°C, followed by near-isother-
mal decompression to pressures of 7.0-9.0 kbar (Feisel,
White, Palin, & Johnson, 2018; Johnson & White, 2011).

Lewisian mafic granulites exposed at Scouriemore range
from garnet—clinopyroxene rocks with minor plagioclase
through to two-pyroxene granulites. S98-15, sampled from
a metabasic granulite body on the northern coast, has a gra-
noblastic texture with large (~2-5 mm) augite porphyrob-
lasts and a matrix comprising smaller plagioclase,
orthopyroxene, and magnetite grains (Figure 1d). Horn-
blende and biotite together account for less than 2% of the
rock, with the former commonly included within pyroxene
(Figure 2d). No garnet was observed in the polished thin
section used for study here; however, in one of the five
other thin sections taken from the same sample, small rem-
nants of garnet are visible.

All minerals show minimal within-grain compositional
variation: plagioclase is labradoritic (Xa, = 0.60 + 0.06);
orthopyroxene has Xy, = 0.56 + 0.01 and Al =0.12 +
0.02 cpfu; clinopyroxene has Xy, = 0.72 £ 0.03, Na =
0.04 + 0.01 cpfu, Al =0.15 + 0.04 cpfu, and Ca = 0.90
+ 0.04 cpfu, classifying as diopside—augite; amphibole has
Si=6.13 + 0.09 cpfu, Na = 0.35 + 0.04 cpfu, K =0.49
+ 0.08 cpfu, Ti=0.23 £ 0.07 cpfu, and Xy, = 0.60 £
0.03, classifying as potassian-pargasite; biotite has Ti =
0.60 + 0.01 cpfu and Al = 2.60 + 0.05 cpfu.

3.4 | SA1-13 and SA1-4a: Kapuskasing
Structural Zone, Ontario, Canada

The Kapuskasing Structural Zone, Ontario, exposes an obli-
que section through ~20 km of Archean crust, uplifted
along a northwest-dipping thrust fault (Percival & Card,
1983). The highest grade rocks adjacent to the fault zone
comprise layered, migmatitic, granulite facies mafic gneisses
(Percival, 1983), formed between 2,660 and 2,640 Ma
(Krogh, 1993); these range from garnet+clinopyroxene+pla-
gioclase-rich gneisses to hornblende-rich gneisses, the latter
with trondhjemitic leucosomes occurring as patches, veins,
and dykes at a range of scales (Hartel & Pattison, 1996; see
Figure 1d). Hartel and Pattison (1996) assessed peak condi-
tions of metamorphism to lie in the 9-11 kbar and 700-
850°C range, favouring an estimate of 11 kbar and 850°C
based on comparison of the mineral assemblages with
experimentally constrained phase equilibria.

At Kapuskasing, hornblende-rich layers typically exhibit
a greater abundance of segregated leucosomes than
clinopyroxene-rich layers (Figure le,f). Sample SAI-13 is
a hornblende granulite collected from a leucosome-free
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domain within a hornblende-rich layer. Comparatively,
SAl-4a was taken from a hornblende-poor, clinopyroxene-
rich layer. Both thin sections are texturally well equili-
brated; SA1-13 has a matrix of mm-sized granoblastic
polygonal hornblende, plagioclase, and clinopyroxene,
alongside slightly larger porphyroblasts of garnet, while
SA1-4a has mm-sized granoblastic plagioclase, clinopyrox-
ene and garnet with minor hornblende (Figure 2e,f). Minor
quartz and titanite appear in the matrix of both rocks,
whilst, in SA1-13 specifically, titanite is also concentrated
as inclusions in garnet.

Hartel and Pattison (1996) reported that plagioclase is the
only mineral to show significant compositional variation in
rocks from across the region, with the An content in horn-
blende-rich gneisses (39-47%) being intermediate between
that in trondhjemitic leucosome (35-40%) and garnet—diop-
side—plagioclase-rich domains (43-80%). Slight variation in
the Xy, values at the rims of garnet, clinopyroxene, and
hornblende was also noted. Mineral compositions in the two
samples are very similar: plagioclase has an average X, of
0.45 and 0.43 in SA1-13 and SA1-4a respectively; clinopy-
roxene ranges in Xy, from 0.62 to 0.68 and has Na = 0.05

cpfu, Al = 0.12 cpfu, and Ca = 0.88 cpfu, classifying as
diopside—augite; amphibole has Si = 6.28-6.33 cpfu, Na =
0.42-0.45 cpfu, K = 0.15-0.21 cpfu, Ti = 0.19 cpfu, and
Xmg = 0.49-0.55, classifying as pargasite and ferropargasite
for SA1-13 and SAl-4a respectively; garnet is dominantly
almandine (55%), with lesser grossular (25-29%), pyrope
(12-14%), and spessartine (3—5%) components.

4 | PHASE EQUILIBRIUM
MODELLING CONSIDERATIONS

The focus of this study is to determine the ability of
recently published amphibole, clinopyroxene, and melt a—x
relations (Green et al., 2016) to replicate mineral assem-
blages, modes, and mineral compositions in natural rocks.
Therefore, the following section outlines the authors’
approach to bulk composition calculation, phase equilib-
rium modelling, and P-T estimation, as well as the uncer-
tainties associated with each of these, before detailing the
comparison strategy used for testing the models.

4.1 | Bulk composition calculation

As bulk composition is the primary control on phase dia-
gram topology and phase proportions/compositions in an
equilibrium assemblage (e.g. Stiiwe & Powell, 1995), care
must be taken to determine the most appropriate effective
bulk composition representing an equilibration volume at
the P-T conditions of interest. Recent studies have quanti-
fied some of the issues involved with defining such a

composition (e.g. Guevara & Caddick, 2016; Palin, Weller,
Waters, & Dyck, 2016), and discussed the relative magni-
tudes of different sources of uncertainty. In Section 5.3, we
consider the uncertainty associated with the calculated bulk
compositions and the effect this has on the predicted phase
assemblage and the modal abundance of minerals.

Effective bulk compositions for each sample were
determined by combining phase proportions with their
representative compositions (cf. Carson, Powell, & Clarke,
1999). This method was chosen over whole-rock X-ray
fluorescence (XRF) due to concerns in these migmatitic
rocks regarding sample heterogeneity and the extent to
which an XRF bulk composition is appropriate for the
volume represented by the thin section. Bulk rock H,O
and Xge+ contents were calculated using this same tech-
nique, based on the proportions of HO and Xg.+ in each
of the constituent minerals (as determined from recalcu-
lated EPMA data). Concerning H,O, a consequence of
this approach is that the lower temperature parts of the
calculated phase diagrams are not appropriate for inter-
preting the natural mineral assemblage that developed dur-
ing prograde metamorphism because H,O in fluid or melt
will have been lost during the rocks’ evolution to the
observed mineral assemblage. However, phase diagrams
were designed only to locate the peak, or equilibrated,
metamorphic assemblage and not to consider P-T paths.
Additional components in hornblende or biotite, such as
Cl or F, that would act to decrease overall bulk rock H,O
contents are not considered in our model system, since
geochemical analyses of these phases for 87-G-3B
(Hansen & Stuk, 1993) and SA1-13/SAl-4a (Hartel &
Pattison, 1996) show these anions exist in negligible
amounts. The effective bulk compositions
modelling are presented in Table 1.

used for

4.2 | Phase equilibrium modelling

Phase diagrams were constructed for each of the six sam-
ples, allowing examination of the predicted equilibrium
phase proportions and compositions at and around the
interpreted P-T conditions of formation. All calculations
were completed in the 10-component NCKFMASHTO
(Na,0-Ca0-K,0-FeO-MgO-Al,03-Si0,—H,0-Ti0,-0,)
system using THERMOCALC version 3.451 (Powell & Holland,
1988) and the internally consistent data set of Holland and
Powell (2011) (update ds62, 6th February 2012). The fol-
lowing a—x relations were used: melt, augite, and horn-
blende (Green et al., 2016); garnet, orthopyroxene and
biotite (White, Powell, Holland, Johnson, & Green, 2014);
epidote (Holland & Powell, 2011); magnetite—spinel (White
et al., 2002); ilmenite-hematite (White, Powell, Holland, &
Worley, 2000); plagioclase (pl, C1, and pli, 11, the latter
used when X5, > 0.8, consistent with Green et al. (2016)),
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and K-feldspar (Holland & Powell, 2003). Pure phases
included quartz, rutile, and titanite. Phase diagrams are
shaded according to the variance of each field, with darker
shades indicating higher variance.

4.3 | Identification of a stable assemblage
field

Comparison between predicted and observed mineral pro-
portions and compositions was carried out using the fol-
lowing methodology. First, the stability field representing
the interpreted peak, or equilibrated, metamorphic mineral
assemblage was identified on the phase diagram. If the
phase diagram did not provide an exact match to the inter-
preted assemblage, the degree of discrepancy was assessed
based on the relative proportions of minerals in the anal-
ysed samples. The most common discrepancies involved
minerals of small modal abundance. For example, if a sam-
ple contained <1 vol.% ilmenite, and an interpreted assem-
blage field matched the observed assemblage with the
exception of ilmenite, this field was taken to be representa-
tive of the rock as a whole, as such minor differences are
well within the margins of error associated with this mod-
elling technique (Guevara & Caddick, 2016; Palin, Weller,
et al., 2016).

4.4 | P-T estimation

The P-T conditions experienced by the rocks establish the
point of comparison between predicted and observed
modes and mineral compositions. Estimating this P-T con-
dition, however, is not straightforward, as recently alluded
to in Huang, Brown, Guo, Piccoli, and Zhang (2018). One
approach is to use conventional geothermobarometry, or
multiequilibrium thermobarometric methods like avPT
(Powell & Holland, 1994). However, the high metamorphic
temperatures experienced by granulite facies rocks result in
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the likelihood of intracrystalline diffusional exchange on
cooling from peak conditions, resulting in modifications of
mineral compositions from those at peak conditions (Frost
& Chacko, 1989; Pattison & Bégin, 1994). One common
diffusional modification involves Fe and Mg, which are
involved in simple exchange reactions among the Fe-Mg
silicates pyroxene, garnet, amphibole and, where present,
biotite. Even if the minerals are largely unzoned in Fe and
Mg, or have broad plateau regions with little zoning, they
could still have experienced modification of Fe—-Mg ratios,
as shown in the study of Pattison and Bégin (1994). Other
elements like Ca, Al, and Si, are more commonly involved
in net transfer reactions; they are also less mobile and
hence less prone to diffusional modification, the result
being different closure temperatures for different elements.
These considerations mean that P-T estimates from these
methods, are unlikely to be reliable. Independently cali-
brated conventional geothermobarometers present a further
problem in that the thermodynamic data, or geothermobaro-
metric formulations, that underpin the method are different
from the thermodynamic data used in the phase equilibrium
analysis in this paper, leading to potentially systematic dis-
crepancies.

A second approach involves comparison of the
observed mineral assemblages with experimental studies
conducted on rocks of broadly similar composition. For
example, Hartel and Pattison (1996) obtained P-T esti-
mates for the Kapuskasing mafic migmatites by compar-
ing the mineral assemblages with the mafic dehydration
melting experiments of Patifio Douce and Beard (1995).
This approach typically yields higher temperature esti-
mates than from thermobarometry, generally closer to
those derived from phase equilibrium modelling, but
they are necessarily approximate because the natural
rock compositions differ to some degree from the exper-
imental compositions (Pattison, Chacko, Farquhar, &
McFarlane, 2003).

TABLE 1 Bulk rock compositions used for phase diagram construction (mol.% oxide). FeO™" is total iron expressed as FeO. O is oxygen,

which combines with FeO via the equation 2FeO+0O=Fe,05; hence, bulk O is identically equal to bulk Fe,O;, while true bulk FeO is given by
FeO"'-2x0. Bulk rock Xp,=MgO/(MgO+FeO""), and Xg.:- =(2x0)/FeO*"

Sample Locality Lithology Figure H,O SiO, ALO; CaO MgO FeO K,O Na,O TiO, O Xvg  Xpert
DWN-346 Namaqualand Hbl granulite 3a 1.39 47.13 953 13.74 11.18 11.55 034 205 071 239 049 041
DWN-362 Namaqualand Hbl granulite 4a 0.67 4381 930 14.16 1047 1646 0.09 0.55 0.66 3.84 039 047
87-G-3B Cone Peak Hbl-Bt Sa 246 5541 1330 7.53 457 926 173 400 121 054 033 0.12
granulite
S98-15 Lewisian Granulite 6a 0.18 50.62 9.89 14.84 10.14 1024 0.17 2.11 0.07 1.73 050 034
Complex
SAI1-13 Kapuskasing ~ Hbl granulite 7a 310 4924 848 13.08 1026 11.01 031 237 071 143 048 0.26
SAl-4a Kapuskasing ~ Granulite 8a 0.12 5237 887 1645 7.89 1028 0.05 236 1.07 055 043 0.11

Note. Hbl: hornblende; Bt: biotite.
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A third approach is to rely on P-T estimates of rocks
with which the mafic granulites in question are interlay-
ered, such as metapelitic rocks. This approach hinges, first,
on the presence of such rocks (of the suites examined in
this study, only the Namaqualand granulites allow this
approach), second, that the two lithologies have experi-
enced the same metamorphic conditions, and third, that
these estimates are reliable.

A fourth approach involves the use of intersecting iso-
lines of mineral modes on calculated phase diagrams,
based on the measured modes and mineral compositions
of the natural rocks (e.g. Powell & Holland, 2008). This
approach assumes that the thermodynamically predicted
phase diagrams and associated isolines are accurate, which
to some degree contradicts the aim of this study which is
to assess whether the predicted modes and mineral com-
positions provide a good match to the natural data. It is
also difficult to apply in practice when there may be no
mineral assemblage fields on the phase diagram that
exactly match the observations, forcing decisions about
which aspects of the mismatches are the more significant,
and whether minerals of small modal abundance are sig-
nificant.

A fifth approach, for rocks that show evidence for par-
tial melting, involves assuming that the peak P-T condi-
tions experienced by the rocks lies on the solidus specific
to the rock composition. This method assumes that dehy-
dration melting of hornblende, perhaps additionally biotite,
was the operative process to produce the garnet and pyrox-
enes. For such rocks that contain combinations of pyroxene
and garnet yet also contain the hydrous reactant phases
hornblende and/or biotite, the implication is that the maxi-
mum P-T conditions the rocks experienced were within a
reaction interval where the rocks had the capacity to pro-
duce more pyroxene and/or garnet and a melt phase if
heated further. Thus, the P-T conditions would be repre-
sented by the solidus for the measured rock composition.
In a practical sense, the P-T estimate for such rocks would
be the point on the solidus closest to the observed modal
mineralogy of the rock.

Even accepting the theoretical rationale for the solidus
approach, the position of the solidus in the calculated phase
diagrams is model-dependent, and so it suffers from some
of the same limitations as the intersecting
approach. In addition, the solidus approach is not applica-
ble to granulite facies rocks that were produced by pro-
cesses other than dehydration melting. Alternative
processes that can generate granulite facies mineral assem-
blages include infiltration by low a(H,O) fluid (Janardhan,
Newton, & Hansen, 1982; Newton, Smith, & Windley,
1980), or diffusion of H,O down chemical potential gradi-
ents if the rocks in question are immediately adjacent to
rocks of low a(H,O) that can act as a sink for H,O

isolines

(Waters, 1988). This latter scenario applies to the mafic
granulites from Namaqualand and therefore one of the
other approaches is required.

Accepting that there is no universally applicable “best”
method for estimating P-T conditions, we have adopted
the intersecting isolines of mineral modes approach. To
refine the P-T conditions of formation within the assem-
blage fields, isolines of equal modal proportions were cal-
culated for the major phases. Using these as guidelines,
the modal mineral proportions were determined at several
points throughout the chosen assemblage field. The point
where the mismatch between calculated and observed
modes of major phases was the smallest was chosen as
the initial estimate of the P-T conditions. In study areas
where samples were collected in close proximity, such
that the P-T conditions they experienced were likely the
same, positions were adjusted slightly so that the samples
had the same P-T estimates. The reliability of the resul-
tant P-T estimate was assessed for each rock by consider-
ation of one or several of the other approaches. For
example, in Namaqualand, the modal isoline P-T estimate
was matched with pelite thermobarometry, while at
Kapuskasing, where the rocks are interpreted to have
undergone dehydration melting of hornblende, the isoline
P-T estimate was ensured to lie close to the solidus.
These finalized points represent our reference P—T condi-
tions for the formation of the observed assemblages (stars
in Figures 3-8). In some cases, the P-T estimate for the
preserved assemblage represents the conditions at which
the rock equilibrated and will lie down-grade of actual
peak P-T. However, this makes no difference to our anal-
ysis since we compare the preserved assemblage observed
in the rock to an assemblage thermodynamically calcu-
lated at the approximated P-T conditions of preservation.
An important point, which becomes clear later in the
paper, is that the accuracy of the estimated P-T condition
of each rock turns out not to be crucial to the degree of
mismatch between predicted and observed mineral compo-
sitions.

4.5 | Mineral composition comparison

Compositions of phases within the modelled equilibrium
assemblage were ascertained via examination of the read-
bulk-info matrix produced by THERMOcALc, which defines
the proportions and compositions of all phases in the sys-
tem in terms of oxide components. These results were used
to calculate cation distributions/site allocations in amphi-
bole and clinopyroxene and are compared to measured val-
ues in Tables 2 and 3, as well as in 1:1 plots (Figure 9a—
d). Elements for which the number of observed cations is
well predicted by the models will lie on the 1:1 line. The
calcsdnle script in THERMOCALC was used, where possible,
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to derive *2c values for the calculated number of each
cation in amphibole and clinopyroxene; these are stated in
Tables 2 and 3, and shown as error bars on 1:1 plots
(Figure 9a—d), allowing comparison to the +2c values on
measured cations derived from microprobe analyses.

Owing to the recognized issue of retrograde diffusional
modification of compositions achieved at peak P-T condi-
tions in granulite facies rocks (Frost & Chacko, 1989), and
the fact that there is inherent uncertainty on the absolute
position of phase assemblage field boundaries in P-T space
(Powell & Holland, 2008), calculated amphibole and
clinopyroxene compositions were examined over a range of
P-T conditions, +1 kbar and +50°C, centred on the refer-
ence conditions (coloured squares and stars in Figures 3—
8). Calculating an “uncertainty box” allows examination of
the extent of compositional change away from the refer-
ence point. Comparisons of the calculated and observed
values are portrayed graphically in Figures 10 and 11;
shaded ellipses display the spread of calculated values, with
each sample's ellipse colour coded to match the “uncer-
tainty box” of the corresponding phase diagram, while
cross-hatched ellipses exhibit the spread of observed
values.
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5 | PHASE EQUILIBRIUM
MODELLING RESULTS

5.1 | Assemblage fields

In general, the assemblage fields and phase boundaries for
all the studied samples resemble those shown by Palin,
White, et al. (2016) for upper amphibolite- and granulite
facies rocks of MORB-like composition. It was possible to
locate a stability field containing an exact match to the
observed assemblage for two of the samples studied here
(DWN-346 and SAl-4a; Figures 3a and 8a respectively).
In three cases, minor minerals were predicted that were not
observed in the rock, including biotite in DWN-362, ilme-
nite in 87-G-3B and K-feldspar in SA1-13. For S98-15, the
calculated stability field for the observed assemblage occurs
at unrealistic P-T conditions and modal abundance esti-
mates for major phases in this P-T range were dispropor-
tionate; therefore, a calculated assemblage was instead
chosen that left out an observed minor mineral (biotite).
However, even in these last four samples, only a single
phase is either included or excluded, and the minor phase
in question represents less than 2.0% of the mode; this can
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FIGURE 3 (a) Calculated P-T phase diagram for sample DWN-346. The star indicates the reference P-T conditions based on the observed
mineral assemblage, while the square marks an area +1 kbar and +50°C around this point. (b) Comparison of calculated (left) versus observed
(right) phase proportions (vol.%). Proportions shown here were calculated at 5.5 kbar, 800°C represented by the star in part (a). (c) Up—down bar
chart showing the absolute difference between calculated and observed phase proportions. Positive differences indicate that the phase was more
abundant in the sample than calculated via phase diagram modelling; negative differences indicate the opposite
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FIGURE 4 As for Figure 3, but for sample DWN-362. (a) Calculated P-T phase diagram, reference P-T conditions (star: 5.5 kbar, 800°C)
and associated uncertainty box. (b) Phase proportion comparison. (c) Absolute differences in volume proportions
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associated uncertainty box. (b) Phase proportion comparison. (c) Absolute differences in volume proportions
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FIGURE 8 As for Figure 3, but for sample SA1-4a. (a) Calculated P-T phase diagram, reference P-T conditions (star: 10.4 kbar, 795°C)
and associated uncertainty box. (b) Phase proportion comparison. (c) Absolute differences in volume proportions

be accounted for by uncertainty on the bulk composition,
as shown in the Section 5.3.

5.2 | Reference P-T conditions

Following the approach defined above, estimates for the
P-T of formation were determined by minimising the dif-
ference between calculated and observed modes of major
minerals. In Namaqualand, calculated and observed phase
proportions have minimal mismatch at 5.5 kbar and
800°C for DWN-346 and DWN-362 (stars in Figures 3a
and 4a). For Cone Peak, an estimate of 8.2 kbar and
770°C was determined (grey star, Figure 5a). In the Lewi-
sian Complex, reference P-T conditions of 7.5 kbar and
850°C were selected (yellow star, Figure 6a), because
these gave the best match with previous phase equilibrium
modelling studies (Feisel et al., 2018; Johnson & White,
2011). For the two Kapuskasing samples, collected in
close proximity, the minimal mismatch was located close
to the solidus, at 10.4 kbar and 795°C (stars in Figures 7a
and 8a).

5.3 | Mineral modes

The best match between calculated and observed modes
occurred in sample DWN-362, where differences were less
than 2.0% (Figure 4b,c). S98-15 exhibited the next best fit

with only plagioclase showing a >2.0% difference (Fig-
ure 6b,c). However, in DWN-346, 87-G-3B, SA1-13, and
SAl-4a, significant mismatches exist for hornblende,
augite, and plagioclase (Figures 3, 5, 7, and 8). By examin-
ing the relative sense of the mismatches, it was determined
that in the most hornblende-rich rocks, DWN-346, DWN-
362, 87-G-3B, and SA1-13, the proportion of hornblende is
significantly underestimated (1.7-9.2% mismatch) and the
proportion of augite overestimated (0.9-5.9% mismatch). In
contrast, the match between predicted and observed horn-
blende and augite modes is better in the two hornblende-
poor samples (S98-15 and SA1-4a). No persistent under- or
overprediction of the modal amount of garnet, accessory
oxides, quartz, or plagioclase was found.

The calcsdnle script in THERMOCALC was used to deter-
mine if the uncertainty on the calculated modal proportions
could account for the discrepancies described between cal-
culated and observed hornblende, augite, and plagioclase
modes. The relative percentage uncertainty on the calcu-
lated phase volumes (Figure 12a) was propagated through
calculations to find the absolute percentage uncertainty on
the calculated phase volume. Figure 12b compares this
absolute percentage uncertainty to the actual difference
found between calculated and observed values, showing
that although small differences in proportions can be
accounted for by this uncertainty,
cannot be.

larger differences
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TABLE 3 Mean observed (Obs) and calculated (Calc) clinopyroxene cation compositions (6-oxygen formula unit), for the five augite-bearing

samples. The spread in the number of cations for the observed and calculated population is expressed as 2 SDs; however, it was only possible to

calculate the observed spread for analyses collected as part of this study, not those taken from the literature (e.g. SA1-13 and SA1-4a). The

uncertainty on calculated cations is only stated when it was possible to derive the value from the compositional parameters THERMOCALC provides

DWN-346 DWN-362 S98-15 SA1-13 SAl-4a

Obs Calc Obs Calc Obs Calc Obs Calc Obs Calc
Si 196 + 002 186 +0.15 194+002 178+0.18 193+003 180+0.16 194 1.8 +0.11 194 197 +0.03
Al 0.09 = 0.01 0.16 0.09 +0.02 0.25 0.15 +£0.04 0.23 0.10  0.15 0.12  0.07
Fe** 0.02+003 015+013 004+004 020+0.17 004+003 020015 006 0.15+0.08 004 0.06+ 0.02
Fe** 022 +0.04 028 0.25 + 0.06 0.29 0.27 = 0.04 0.31 031 0.37 037 0.37
Mg 0.76 + 0.02  0.63 0.75 £ 0.03  0.56 0.67 + 0.03 0.55 0.65 0.49 0.61 0.59
Ca 091 +0.04 0.89+0.04 089 +006 092+0.02 090=+004 0.88=+0.03 088 089 +0.04 0.88 0.87+0.03
Na 0.03 +£0.00 0.03+0.02 0.02+0.00 001 +0.00 0.04+001 0.03+002 005 007+005 005 0.07=+0.03
Xve 077 £003 0.69 +£0.04 0.75+0.05 066 +0.04 0.72+0.03 064+003 0.68 0.57+005 062 0.62+0.02

As bulk composition is the primary control on phase
diagram topology and phase proportions/compositions in an
equilibrium assemblage (e.g. Stiwe & Powell, 1995) it
must be considered whether the mismatches alluded to
above are still significant when uncertainty on the bulk
compositions is accounted for. The sensitivity of the cho-
sen bulk compositions for modelling was tested using a
Monte Carlo-type randomization that incorporated a +5%
(relative) uncertainty on each oxide value. For each sample,
20 new bulk compositions were produced and then the cor-
responding phase proportions calculated at the same refer-
ence P-T conditions as the original calculations. These
phase proportions are plotted on box and whisker diagrams
(Figure 13), where the upper and lower limits of each box
are the 75th and 25th percentiles, respectively, the 50th
percentile is the line within the box, and the whiskers rep-
resent the 5th and 95th percentiles. Figure 13 shows that
even considering this large uncertainty (+5% on each oxide
value) on the bulk composition, the same trends emerge
with the most hornblende-rich rocks exhibiting underesti-
mated hornblende and overestimated augite.

5.4 | Mineral compositions

In the analysis that follows, emphasis is placed on the compo-
sitions of amphibole and clinopyroxene because these are the
minerals for which the new a—x relations of Green et al. (2016)
were developed. Mismatches were generally smaller for the
other minerals (Tables 2 and 3), with the exception of garet
in which Al and Ca are underestimated and Fe*" is overesti-
mated. Comparisons of the calculated and observed composi-
tions of clinopyroxene and hornblende at the reference P-T
conditions are shown in Figure 9 and Tables 2 and 3. These
comparisons were then extended across the respective uncer-
tainty boxes in Figures 3a, 4a, 5a, 6a, 7a, and 8a, with no sig-
nificant changes in the observed differences emerging.

5.4.1 | Amphibole

Figure 9a illustrates tetrahedral site cations in amphibole,
showing how the modelled compositions underestimate Si
and consequently overestimate Al, Al(iv), and Al(vi). This
Al/Si discrepancy is also exhibited by the mismatch of
tschermakite content (Al4Mg_,Si_,), and represents the
most prominent difference in hornblende, since there is no
overlap on Figure 10a or b between calculated and
observed compositions, even when including the uncer-
tainty on the P-T estimate. As argued in the earlier discus-
sion regarding formula recalculation (Section 2.3), Fe**
recalculation and the amount of deprotonation do not
appear to be significant factors for the comparison; there-
fore, the Al/Si mismatch indicates an overestimation of
tschermak-type substitutions.

The Ca content is underpredicted in all six samples
by 0.2-0.5 cations (Figure 9c), with once again no over-
lap found when comparing values calculated over the
uncertainty box to the range of those observed
(Figure 10c). Since Na(M4) is also underestimated by the
models (Figure 9c), this places a much greater amount of
Mg and Fe’™ on the M4 site (cummingtonite/grunerite
component), than is found in natural, high-7 hornblendes,
in turn causing the aforementioned deficit in amphibole's
Ca content.

With the exception of DWN-362, predicted values for
Na in the A-site are overestimated by up to 0.3 cations and
for K, underestimated by up to 0.4 cations (Figure 9c);
these represent large discrepancies when only 0.2-0.6 total
cations of either Na or K are observed on the A-site of nat-
ural amphibole (Figure 10d). This low K,O has conse-
quences for how the bulk K,O budget is distributed
between other calculated phases.

In four of the six samples, predicted Fe** and Mg con-
tents are under- and overpredicted respectively (Figure 9b);
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FIGURE 9 Comparison of calculated and observed (a—c) amphibole and (d) clinopyroxene compositions. (a) Amphibole tetrahedral site
cations (Si and Al(iv)) along with total Al and Al(vi). (b) Amphibole M2 site cations (Al(iv), Ti and Fe3+), as well as Fe>™ and Mg, which may
substitute into any M site. (¢) Amphibole M4 site (Ca and Na(M4)) and A-site cations (K and Na(A)). (d) Clinopyroxene cations (Si, Al, Fe?*,
Fe**, Mg, Ca, and Na). Note that the number of calculated and observed Si cations has been reduced by 4 and 1.5 for amphibole and

clinopyroxene, respectively, due to the relatively large number. Each point represents that elements value in one sample, labelled where possible,

meaning there are six values for each element for (a—c) amphibole and five for each element for (d) clinopyroxene. Those elements for which the

number of observed cations is well predicted by the models will lie on the 1:1 line. 20 uncertainties are plotted as error bars where available.

Grey dotted lines show cation differences between calculated and observed values

this results in predicted Xy, ratios that are too high
(~0.05-0.10) in all but the two Mg-rich Namaqualand spec-
imens (Figure 10c). Calculated versus observed Fe’*
tents are scattered (Figure 9b), which may be expected
from the uncertainty of recalculation in natural hornblende
analyses, but there is no obvious bias to higher or lower
values. The Ti content is adequately predicted.

con-

5.4.2 | Clinopyroxene

Concerning clinopyroxene, the most significant difference
between predicted and calculated compositions concerns
Fe** and Mg. Calculated Fe®* contents were consistently
higher than observed values by ~0.05 cations, and were
accompanied by a commensurate or even larger deficiency
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in Mg (Figure 9d). This mismatch is manifested in the cal-
culated Xy, ratio which is significantly lower (~0.05-0.10)
than that for natural clinopyroxenes in four of the five
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samples (Figure 11a). Figure 14 depicts plotting positions
of hornblende, garnet, orthopyroxene, and clinopyroxene in
a CFM diagram; it shows that the predicted Fe-Mg
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FIGURE 10 A comparison of calculated and observed compositions for the samples studied, each denoted by a colour according to the key.

Cross-hatched ellipses represent the spread of measured compositions (the spread was estimated for those from the Kapuskasing), while stars and
shaded ellipses represent reference P—T condition compositions and compositions calculated over a grid extending +1 kbar and £50°C respectively.
The origin of these calculated compositions is explicated by comparison with Figures 3—8. Amphibole compositions are shown in terms of (a) the
exchange vector edenite (“ed” = Na+K in A-site) and exchange vector tschermakite (ts: Al,Mg_;Si_;), as in fig. 6 of Schumacher (2007); (b) the
Xwmg ratio versus the total number of Si cations, as in fig. 3 of Leake et al. (1997); (c) the total number of Ca cations versus the Xy, ratio; (d) the

number of K cations in the A-site versus the number of Na cations in the A-site

(a) 2.00 : : : : : (b) 0.40 : : : : :
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, 190F 1 .
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FIGURE 11 As for Figure 10, but for clinopyroxene compositions expressed in terms of (a) the total number of Si cations versus the Xy,
ratio; (b) the total number of Al cations versus the total number of Fe** cations

partitioning between amphibole and clinopyroxene (Xp;g in overestimated by the model. With regard to the M2 site, its
hb > aug) is the reverse of widely established patterns in occupancy (Ca and Na, plus a small amount of Fe?* and
natural rocks in which clinopyroxene is more magnesian Mg) appears to be matched within uncertainty (Figure 9d).
than coexisting amphibole (cf. Hartel & Pattison, 1996;
Huang et al., 2018; Kumar & Chacko, 1994; Loock,
Stosch, & Seck, 1990; Pattison, 1991; Zhao, Wilde,
Cawood, & Liu, 2000). This discrepancy pertains whether
Fe" is included or not. A consequence is that the magni-
tude of predicted Fe—-Mg partitioning between clinopyrox-
ene and garnet, and between clinopyroxene and
orthopyroxene, is smaller than observed. As discussed in

6 | DISCUSSION AND
CONCLUSIONS

6.1 | Source of the discrepancies

6.1.1 | Incorrect partitioning of elements

between phases
Section 4.4, postpeak Fe-Mg exchange may have affected P

mineral compositions but correcting for this effect does not An assessment was made to determine if the consistent

reverse the observed Fe-Mg partitioning between horn- compositional mismatches identified in amphibole and
blende and clinopyroxene. clinopyroxene could be attributed to modal or composi-
The number of Si and Al cations is typically under- tional patterns in other phases. If this is the case, mis-

(~0.05-0.15) and overpredicted (~0.10-0.15), respectively, matches may be the result of incorrect partitioning of
with SAl-4a presenting an exception where the opposite elements between the different a—x relations. Except for
occurs (Figures 9d and 11a,b); this indicates that the augite Ca, no distinct correlation could be found that links cation
a—x relation, like that for amphibole, typically overesti- discrepancies to mismatches of opposite and equal magni-
mates tschermak-type substitutions. The number of Fe’* tude in the compositions of coexisting phases. In samples
cations is overestimated in all cases, being significantly 87-G-3B, SAI1-13, and SAl-4a, predicted garnet has a
higher (~0.10-0.20) in four out of five samples greater grossular component than observed, which could
(Figure 9d); however, it should be noted that the uncer- account for the low-amphibole Ca contents; however,
tainty on Fe’* content is much greater than any other comparable compositional mismatches were found
cation. Trends in Figure 11b show a correlation between between predicted and observed hornblende in garnet-
calculated Fe®* and Al, suggesting that a ferri-tschermak bearing and garnet-free rocks, meaning incorrectly pre-
substitution, which is sensitive to P-T conditions, is dicted garnet compositions cannot account for the
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FIGURE 12 Plots produced using data from the calcsdnle script in THERMOCALC. (a) The relative percentage uncertainty on the calculated

phase volume of each mineral (solid coloured bars), as well as the modal proportions observed and calculated (stars). (b) Propagated absolute

percentage uncertainty on the calculated phase volume (solid coloured bars) and the actual difference between calculated and observed values

(striped bars)

discrepancy. Therefore, amphibole's low Ca content is the
result of overestimating the amount of Mg and Fe** on
the M4 site.

These data imply that mismatches are due to the a—x
relations for amphibole and clinopyroxene, and the way
they interact. The largest Fe>* and Mg discrepancies in
hornblende and the smallest Fe** and Mg discrepancies in
clinopyroxene occur for the hornblende poorest rocks; the

reverse is true for hornblende-rich rocks. This correlation
between the Fe’™ and Mg contents of the two phases is
most clearly seen in Figure 9b,d; when calculated amphi-
bole exhibits a deficit in Fe**, predicted clinopyroxene dis-
plays an enriched Fe®" content, whereas the opposite is
seen in Mg contents. The result is that Kp (=(Fez+/l\/lg)aug
/(F62+Mg)hb) values for calculated compositions are
always greater than those for observed compositions, and

FIGURE 13 Box and whisker plots for each sample depicting the volume per cent of calculated phase proportions at the reference P-T

conditions for 20 different bulk compositions. These bulk compositions were determined using a Monte Carlo-type randomization that

incorporates a +5% (relative) uncertainty on each oxide value. The upper and lower limits of each box are the 75th and 25th percentiles,

respectively, the 50th percentile is the line within the box, and the whiskers represent the Sth and 95th percentiles. White stars represent the

observed modal percentage of each phase
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FIGURE 14 Diagrams plotting (a) Ca/(Ca+Mg+Fe") against Xp;=Mg/(Mg+Fe**) and (b) Ca/(Ca+Mg+Fe,,) against Xpz=Mg/
(Mg+Fe). For each sample, observed values for hornblende and clinopyroxene, as well as either garnet or orthopyroxene, are plotted as open

symbols connected by dashed lines, whereas calculated values for these phases are shown as closed symbols connected by solid lines

in fact change from being less than 1.0 (observed) to
greater than 1.0 (calculated), implying a reversal in parti-
tioning of Fe?* and Mg between the two minerals. This
point is further illustrated in Figure 14, where the Xy, ratio
of amphibole is greater than that for clinopyroxene in four
of the five samples. These discrepancies in Fe**/Mg con-
tents result from the manner in which Fe** and Mg are
partitioned between amphibole and clinopyroxene. Future

(a) Observed A

Compositions

\OPX

C aug tr F

clinopyroxene and amphibole a—x relations would ideally
bring modelled Fe—-Mg partitioning into agreement with the
natural record, by using analyses for which Mdssbauer or
wet chemical data on Fe*™/Fe®* ratios are available.
Concerning Na and K, less of a systematic pattern exists
in these natural samples when compared to Fe** and Mg.
However, it appears that the new a—x relations cannot
assign a sufficient number of K cations into amphibole. An

(b) Calculated A

Compositions

C aug tr F

FIGURE 15 ACF diagrams created using (a) average compositions of observed hornblende in the six samples to produce the red ellipse and

(b) hornblende compositions calculated at reference P-T conditions for the six samples to obtain the blue ellipse. End-member values were used

for plagioclase, garnet, augite, and orthopyroxene to draw tie lines, while end-member amphibole compositions (ts = tschermakite, pr = pargasite

and tr = tremolite) are shown for comparison purposes. Bulk compositions for each of the samples, listed in Table 1, are plotted as green

diamonds. ACF proportions were determined in the same manner as Eskola (1920) but to expand the range of Al contents, the A component
(Al,0O3+Fe,03—Na,0—-K,0) was halved, similar to the method of Spear (1993)
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improved partition coefficient for the K-pargasite end-
member may be obtained by recalibration with reference to
natural biotite- or K-feldspar-bearing high-7" assemblages.

6.1.2 | Incorrect prediction of major
substitution vectors

A pattern that emerges from the analysis of calculated com-
positions of both amphibole and clinopyroxene is the overes-
timation of tschermak-type substitutions by the a—x relations,
manifested by predicted Al/Si ratios in both minerals that
are too high. To our knowledge, earlier versions of amphi-
bole a—x relations (e.g. Diener & Powell, 2012; Diener,
Powell, White, & Holland, 2007) used in conjunction with
thermodynamic data set ds55 (Holland & Powell, 1998) did
not result in as marked mismatches between the predicted
and observed Al/Si ratio. In hornblende, this is not linked to
a discrepancy in Ti or Fe*™ content, or of systematic error
in the extent of deprotonation substitution, but appears to be
a direct overestimation of the charge-balanced Al(vi)Al(iv)
for MgSi tschermak substitution, implying that the thermo-
dynamic model overstabilizes Al-rich hornblende.

In hornblende, underestimation of Ca in the model
seems to be associated with the overestimation of the Mg
and Fe* content of the M4 site, linked to the overstabiliza-
tion of the cummingtonite and grunerite end-members. This
is likely due to these aspects of the calibration having been
done to match lower temperature natural assemblages
(Dale, Powell, White, Elmer, & Holland, 2005; Diener et
al., 2007). Insofar as these M4 site substitutions are analo-
gous to the Mg and Fe*™ contents of the M2 site in
clinopyroxene (i.e., of enstatite-ferrosilite solubility in
clinopyroxene), the temperature dependence of an increase
in Mg+Fe”* in M4 may need revising.

In clinopyroxene, the overestimation of Al and Fe’*
appears most closely linked to the charge-balanced substi-
tution Fe>*Al(iv) for MgSi. The augite a—x relation does
not address this directly, with Fe>* being accommodated in
aegirine (NaFe®*Si,Og), and tetrahedral Al in the Ca-
tschermak molecule CaAl[AlSi]Os, with order—disorder
over the two tetrahedral sites. Further investigation into the
actual ferric iron contents of natural granulite facies
clinopyroxene in metabasites will allow a more reliable
estimation of the distribution of Fe®* at various peak meta-
morphic conditions, and possibly provide improvements to
the augite a—x relation.

6.2 | Implications for modelling high-T
metabasites

The effect of overestimating Al and underestimating Ca in
amphibole is illustrated in ACF diagrams constructed for the
amphibolite—granulite facies transition (Figure 15). Tie lines
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in Figure 15a connect end-member compositions of plagio-
clase, orthopyroxene, clinopyroxene, and garnet, the latter
incorporating a grossular component, with the observed range
of hornblende compositions (red ellipse). Figure 15b is the
same diagram for the range of calculated hornblende composi-
tions (blue ellipse). Bulk compositions from Table 1 are plot-
ted as green diamonds on Figure 15a,b. For the same bulk
composition, the contrasting position of the two hornblende
ellipses results in significantly different predicted mineral
assemblages or disparate modal proportions for the same min-
eral assemblage. In Figure 15b (predicted hornblende compo-
sitions), the bulk compositions predict smaller modal
proportions of hornblende and higher modal proportions of
clinopyroxene, than in Figure 15a (observed hornblende com-
positions). These results match the modal discrepancies noted
for samples DWN-346, DWN-362, 87-G-3B, and SAI1-13,
where the models underestimate the amount of hornblende
and overestimate the amount of augite, even when large uncer-
tainties on the bulk composition are considered.

A consequence of the ACF analysis is that the size and
position of mineral assemblage stability fields on P-T dia-
grams will be displaced. This in turn may lead to an inaccu-
rate P-T estimation based on the comparison of observed
mineral modes and compositions with calculated isomode
and isopleth lines on phase diagrams. The degree of inaccu-
racy increases as the modal proportion of hornblende
increases, with (1) augite stability progressively expanded to
more bulk compositions and to a wider range of P-T space,
(2) augite being overestimated across phase diagrams, and (3)
hornblende being underpredicted across phase diagrams.
Point (1) is illustrated in the modelling completed for 87-G-
3B, in which the reference P-T likely lies at a higher pressure
than estimated by previous workers, due to pressure having
to exceed the stability field (mode-zero line) for augite to sat-
isfy the observed mineral assemblage (Figure 5a). Examina-
tion of the modal abundance predictions for DWN-346 or
SA1-13 (Figures 3c and 7c), demonstrates how determining
P-T conditions using modal isolines for hornblende and
clinopyroxene may give inaccurate P-T estimates, as a result
of points (2) and (3). Moreover, for hornblende-rich samples,
the calculated Si-poor hornblende composition may lead to
predictions of silica, and thus quartz, oversaturation. An
example might be hornblende-rich sample SA1-13 from
Kapuskasing, where quartz is predicted to persist above the
solidus. This case where “a mineral that would be present
only in a minor amount is either present when it should not
be, or absent when it should be” (Powell & Holland, 2008, p.
166) has also been suggested for eclogites, with inappropriate
thermodynamic models identified as a possible cause (Powell
& Holland, 2008). There is no doubt that the successful mod-
elling of high-7 metabasic systems presents a significant chal-
lenge. The current data set and models presented by Green
et al. (2016) provides a framework for the distribution of
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assemblages in P-T space. However, the ultimate goal of per-
forming thermobarometry by matching phase compositions in
metabasic rocks will require further development, and this
may be assisted by investigating well-equilibrated samples
that show a spread of bulk compositions and cover a range of
independently constrained P-T conditions.
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Table S2. Mean weight per cent oxide analyses of horn-
blende, in all six samples, with cations calculated for a 23-
oxygen+Ti cations/2 formula unit. For analyses collected
in this study, the spread is expressed as 2 SDs about the
mean.

Table S3. Mean weight per cent oxide analyses of
clinopyroxene, in the five augite-bearing samples, with
cations calculated for a 6-oxygen formula unit. For analy-
ses collected in this study, the spread is expressed as 2 SDs
about the mean.

Table S4. Mean weight per cent oxide analyses of
orthopyroxene in DWN-346, DWN-362, and S98-15, with
cations calculated for a 6-oxygen formula unit. The spread
in analyses is expressed as 2 SDs about the mean.

Table S5. Mean weight per cent oxide analyses of garnet
in 87-G-3B, SA1-13, and SAl-4a, with cations calculated
for a 12-oxygen formula unit. For analyses collected in this
study, the spread is expressed as 2 SDs about the mean.

Table S6. Mean weight per cent oxide analyses of bio-
tite in DWN-346, 87-G-3B, and S98-15, with cations
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calculated for a 22-oxygen+Ti cations formula unit. The
spread of analyses for 87-G-3B and S98-15 is expressed as
2 SDs about the mean; no SDs are quoted for DWN-346
since very little biotite is present in the rock and therefore
only a few analyses were made.

Table S7. Observed (Obs) and calculated (Calc) modal
phase proportions (vol.%) for each sample, determined at
the reference P-T conditions referred to in the text.
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