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Pseudosection modelling is rapidly becoming an essential part of a petrologist’s toolkit and often forms
the basis of interpreting the tectonothermal evolution of a rock sample, outcrop, or geological region. Of
the several factors that can affect the accuracy and precision of such calculated phase diagrams,
“geological” uncertainty related to natural petrographic variation at the hand sample- and/or thin
section-scale is rarely considered. Such uncertainty influences the sample’s bulk composition, which is
the primary control on its equilibrium phase relationships and thus the interpreted pressure—temper-
ature (P—T) conditions of formation. Two case study examples—a garnet—cordierite granofels and a
garnet—staurolite—kyanite schist—are used to compare the relative importance that geological uncer-
tainty has on bulk compositions determined via (1) X-ray fluorescence (XRF) or (2) point counting
techniques. We show that only minor mineralogical variation at the thin-section scale propagates
through the phase equilibria modelling procedure and affects the absolute P—T conditions at which key
assemblages are stable. Absolute displacements of equilibria can approach +1 kbar for only a moderate
degree of modal proportion uncertainty, thus being essentially similar to the magnitudes reported for
analytical uncertainties in conventional thermobarometry. Bulk compositions determined from multiple
thin sections of a heterogeneous garnet—staurolite—Kkyanite schist show a wide range in major-element
oxides, owing to notable variation in mineral proportions. Pseudosections constructed for individual
point count-derived bulks accurately reproduce this variability on a case-by-case basis, though averaged
proportions do not correlate with those calculated at equivalent peak P—T conditions for a whole-rock
XRF-derived bulk composition. The main discrepancies relate to varying proportions of matrix phases
(primarily mica) relative to porphyroblasts (primarily staurolite and kyanite), indicating that point
counting preserves small-scale petrographic features that are otherwise averaged out in XRF analysis of a
larger sample. Careful consideration of the size of the equilibration volume, the constituents that
comprise the effective bulk composition, and the best technique to employ for its determination based
on rock type and petrographic character, offer the best chance to produce trustworthy data from

pseudosection analysis.
© 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

chemical composition (X) of the equilibration volume and the
prevailing pressure—temperature (P—T) conditions at the time of

An equilibrium model of metamorphism, where the mineral crystallisation (Khorzhinskii, 1959; Thompson, 1959; Powell et al.,
assemblage developed in a rock is a combined function of the bulk 1998; Guiraud et al., 2001), has been widely adopted by the mod-
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ern geological community. Indeed, this model allows the use of
forward or reverse petrological modelling to characterise the
relative or absolute changes in P—-T—X conditions experienced by a
rock, for example, during orogenesis. The compilation and

1674-9871/© 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:richardmpalin@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gsf.2015.08.005&domain=pdf
www.sciencedirect.com/science/journal/16749871
http://www.elsevier.com/locate/gsf
http://dx.doi.org/10.1016/j.gsf.2015.08.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.gsf.2015.08.005
http://dx.doi.org/10.1016/j.gsf.2015.08.005

592 R.M. Palin et al. / Geoscience Frontiers 7 (2016) 591—607

B “THERMOCALC”
O “Pseudosection”

®
o

rurdll FERRRREEN

o
o

Theriak-Domino

N
o

Perple_X

References (Title-Abstract-Keywords)

THERMOCALC

o n nn nn!.nn h.h,lll
o 9
%2

7
CRCNCNC
%50 9,9

N
o

T T T T T
p

il kﬂhk

000 % %, <
% .50 50,05 ~0;
N NN N NCAS

@\
W

Q)\
&5
&

Yix
&

<
N
Q,b

Figure 1. Bar chart highlighting the rapid and recent increases in peer-reviewed
research articles published in ISI-indexed journals with the term “pseudosection” or
“THERMOCALC” in the article title, abstract, or keywords in the physical sciences
subject area. Data were obtained from the Scopus® online database. Bottom axis
represents publication year.

expansion of internally-consistent thermodynamic datasets rele-
vant to petrologists (e.g. Helgeson et al.,, 1978; Berman, 1988;
Holland and Powell, 1998, 2011) and the advent of associated
computer software capable of manipulating this information to the
user’s requirements (e.g. thermocalc — Powell and Holland, 1988;
Perple_X — Connolly, 1990; Theriak-Domino — De Capitani, 1994)
has led to phase diagram modelling—the graphical representation
of equilibrium relations between mineral and fluid species over a
range of P—T—X space—being increasingly relied upon to make
detailed quantitative analysis of the tectonothermal evolution of
geological terranes (e.g. Vance and Mahar, 1998; Hoschek, 2004;
Stipska and Powell, 2005; Caddick et al., 2007; Palin et al., 2012,
2013a; St-Onge et al., 2013; Mottram et al., 2014; Pownall et al.,
2014; Dyck et al., 2015; Weller et al., 2015a,b). Evidence for this
trend is given by the number of research articles published in ISI-
indexed journals that use the term “pseudosection” (a phase dia-
gram showing equilibrium phase assemblage relations for a specific
bulk-rock composition as a function of two independent extensive
variables; commonly P and T) or “thermocalc” in the article title,
abstract, or keywords, which has shown a notable increase in
recent years (Fig. 1).! As the quality and quantity of thermodynamic
data and activity—composition (a—x) relations for phases of interest
continues to improve, this technique will assume an increasingly
important role in petrological investigations and geodynamic in-
terpretations. Thus, it is essential that the relative magnitudes of
the various associated uncertainties are quantified and well
understood.

Phase diagram modelling is invariably affected by both sys-
tematic and random errors. Systematic errors mostly relate to (1)
uncertainties on the physical properties of end-members in ther-
modynamic datasets and (2) uncertainties associated with the
formulation of a—x relations describing the thermodynamic prop-
erties of solid solution mixing of end-members within one phase
(e.g. Evans, 2004; Evans and Bickle, 2005; Green et al., 2013). As
such errors are applied equally to all calculations, the relative dif-
ferences between each result should be small if the same ther-
modynamic dataset and a—x relations are used within (or between)
studies (Worley and Powell, 2000). Consequently, studies do not

! Although these trends are non-normalised and do not account for increases in
the total number of research articles published annually as new journals emerge,
general consensus in the metamorphic geology community is that phase equilibria
modelling has become a significantly more important research tool in recent years.

generally report the magnitude of this propagated uncertainty on
their calculated phase diagrams, nor discuss the potential influence
of such uncertainty on the interpretation of their results (though,
see Fig. 7b in Angiboust et al., 2011 and Fig. 10c in Palin et al., 2012
for exceptions). By contrast, random sources of uncertainty have
errors that vary according to each analysis, thus affecting the
relative precision of different results. In the context of phase
equilibria modelling, the two main sources are (1) analytical (or
“machine”) error relating to the imprecision of measurement of
mineral and/or rock compositions and (2) geological error, which is
taken here to comprise non-analytical procedures involved in a
petrological investigation (e.g. bias in sampling techniques or
petrographic interpretation of the degree of equilibrium). While
the effects of propagating systematic errors and random analytical
uncertainties on measured mineral compositions through ther-
modynamic calculations are well understood (Hodges and
McKenna, 1987; Kohn and Spear, 1991; Powell and Holland, 1994,
2008), we are unaware of any attempts to directly assess the
equivalent importance of geological errors on the pseudosection
modelling process.

The influence of such geological error can be envisaged via a
hypothetical scenario where a single rock is collected from outcrop,
divided into several pieces, and each portion given to a different
geologist in order for them to quantify its tectonothermal evolution
via pseudosection modelling (Fig. 2). If each geologist uses the same
internally consistent thermodynamic dataset and a—x relations for
their calculations, then any associated errors with these data or
formulations would be applied consistently to each pseudosection.
This would affect the overall accuracy of the calculated diagrams,
but in a systematic fashion (e.g. particular phase assemblage fields
may exhibit a common bias to high- or low-T). However, despite
being separated from the same parent sample, which has a definite
and measurable bulk composition, petrological differences (e.g.
varying mineral abundances) between each rock portion would
cause their measured (or calculated) bulk compositions to differ
(Fig. 2). As bulk-rock composition is the primary control on pseu-
dosection topology (Stiiwe, 1997), such random geological errors
would affect the relative precision of each calculated phase diagram
and so the P—T—X conditions over which the interpreted equilib-
rium mineral assemblage is stable would likely vary for each
geologist in a non-systematic manner.

This thought experiment raises important questions about the
reliability of results commonly obtained via phase equilibria
modelling. Exactly how different would the calculated P—T con-
ditions of prograde, peak, and/or retrograde metamorphism be if
the bulk-rock composition were determined using different
techniques? Would this produce a significant difference in the
interpreted tectonic evolutions, or is the magnitude of geological
error simply too small for it to be considered in the phase dia-
gram modelling process? In this contribution, we investigate
these issues with two case study examples: a low-P contact-
metamorphosed granofels from the Odenwald Crystalline Com-
plex, central Germany, and a regionally-metamorphosed me-
dium-P amphibolite-facies schist from the Danba Structural
Culmination, eastern Tibet, placing particular emphasis on the
different techniques used to determine the bulk composition of a
rock sample. For the former lithology, we determine how un-
certainties associated with point-counted mineral proportions
propagate through to pseudosection-derived calculated P—T
conditions by using a Monte Carlo method documented recently
by Palin et al. (2014a). For the latter, we examine how petro-
graphic variability occurring between different thin sections of
the same rock compares with a volume-integrated bulk-rock
composition obtained via X-ray fluorescence (XRF), and the dif-
ferences that this variability imparts on calculated phase
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Figure 2. Sketch illustration of the source of geological uncertainty investigated in this work that stems from petrological variation on the hand sample- and thin section scale.

equilibria. An Excel spreadsheet that can be used for executing
the Monte Carlo randomisation procedure described herein is also
provided as a downloadable file.

2. Bulk composition determination

The process of obtaining a suitable bulk-rock composition as a
starting point for pseudosection construction is non-trivial, as the
bulk composition of a rock sample can be determined—and sub-
sequently simplified—in various ways (Robinson, 1991). The two
main methods described in the literature to obtain bulk-rock
compositions utilise either whole-rock XRF analyses (hereafter,
XRF-derived) or proportions of minerals coupled with their indi-
vidual representative compositions (hereafter, point count-
derived). Each of these techniques has various advantages and
shortcomings, and it is often the case that one method is more
suited to a particular rock type and/or geological scenario than the
other.

XRF provides a full elemental analysis (for those heavier than
Na) of a sample and so produces a total bulk composition for the
rock in question (Fig. 3a), though this technique cannot distinguish
between different ionic valence states and so cannot determine the
relative proportions of FeO and Fe;Os3 (i.e. Xps = molar Fe3*/total
Fe). Commonly, the oxidation state of a rock can be estimated to
within a broad range based on the accessory Fe—Ti oxide minerals
present (Chinner, 1960; Diener et al., 2007), or else wet chemistry/
titration can be additionally performed in order to provide a
maximum constraint on bulk-rock X .. (e.g. Phillips et al., 2008;
Plumhoff et al., 2015). The analysed proportions of oxide compo-
nents in XRF-derived total bulk compositions often contain con-
tributions from minerals that cannot be readily reproduced during
phase equilibria modelling due to a lack of suitable end-member
thermodynamic data or a—x relations for solid-solution behav-
iour, such as Ca from apatite, Al from tourmaline, Fe from pyrite etc;
however, if the proportions of the minerals providing these un-
wanted contributions can be determined, corrections can be made
to the actual bulk composition in order to produce a model-ready
bulk composition. For example, a molar amount of CaO equal to
3.33-times that of P,05 can be subtracted from the XRF-derived
actual bulk composition to account for the presence of apatite,
assuming that it is the sole phosphorus-bearing mineral (e.g. Pitra
and De Waal, 2001; Weller et al., 2015a). Effective usage of XRF
requires that the size of the sample analysed is smaller than the

volume of equilibration for the metamorphic event being investi-
gated (cf. Fig. 3a).

In contrast to XRF analysis, a representative bulk-rock compo-
sition may be obtained via a weighted calculation involving the
proportions of minerals present in a thin section and their repre-
sentative compositions (e.g. Carson et al., 1999; Indares et al., 2008).
Here, as the geologist decides which minerals to include in this
calculation, the total bulk composition is immediately reduced to a
model-ready bulk composition by disregarding phases containing
components outside of the chosen model system (Fig. 3b). Indeed,
standalone programs/worksheets have been created with the
explicit purpose of aiding these choices and automating the
calculation procedure (e.g. RockMaker: Biittner, 2012). This method
of bulk composition determination is essential for rocks exhibiting
mosaic equilibrium (Powell, 1978) or those showing clear textural
evidence for polymetamorphism (Argles et al., 1999). In these cases,
individual domains judged on various petrological criteria to be out
of equilibrium with the larger reacting volume (e.g. garnet cores)
can be excluded from the bulk composition contribution (St-Onge
et al., 2013). Thus, even though some minerals may be reproduc-
ible in a model, if they are part of a domain that is outside of the
equilibration volume, they are excluded from the model-ready bulk
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Figure 3. Graphical definitions of various bulk composition nomenclature commonly
used in the literature. See main text for discussion. Note that while minerals such as
tourmaline that contain components outside of the model system chosen for phase
equilibria modelling may form part of the effective bulk composition, they are not
treated as such for modelling purposes.
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composition, thus producing an effective bulk composition (Fig. 3c).
This method also allows the compositions and proportions of
phases calculated via pseudosection modelling to be compared
directly to those in the thin section of interest, thus often providing
further constraints on interpreted P—T conditions of meta-
morphism (e.g. Pearce et al., 2015). Adjustments to mineral com-
positions obtained via electron microprobe analyses must
commonly be made in order to account for system components that
do not fully correlate with the a—x relations being utilised. These
can involve components that are considered in the bulk-rock model
system, but not within the a—x relation for the phase of interest
(e.g. K and Ti in amphibole: Diener and Powell, 2012), or to
accommodate crystallographic constraints, such as the current
mica models requiring a full interlayer site (White, RW. et al.,
2014a) despite electron microprobe analyses invariably reporting
vacancies (Waters and Charnley, 2002), whether real or apparent.
Such corrections to mineral compositions form the basis of the
‘ideal analysis’ concept of Powell and Holland (2008), which is
employed in our investigation for point count-derived bulk
composition calculations. For a more detailed description of the
ideal analysis technique, the reader is referred to Appendix 1 of
Powell and Holland (2008).

Although the latter technique described above superficially
appears to provide the most suitable bulk-rock composition for
pseudosection construction, geological procedures involved in
rock collection, point counting, and petrographic investigation can
unwittingly introduce bias. For example, in porphyroblast-bearing
lithologies, are all thin sections broadly representative of the rock
from which they are cut (cf. Fig. 2)? Rocks containing garnet often
provide the best chance of constraining the tectonothermal his-
tory of a region owing to its versatility in preserving P—T-depen-
dent inclusion suites and major and rare earth element
compositional zoning profiles (Caddick et al., 2010; Baxter et al,,
2013; Palin et al,, 2014b; Wilke et al., 2015). It is natural, there-
fore, that a geologist will endeavour to have the largest garnets
exposed within the thin section area, as these have best chance of
preserving early prograde history in high-grade rocks; but what if
garnet is only a minor constituent and comprises <1 vol.% of the
rock? Here, a thin section area analysis would almost certainly
overestimate its proportion for the rock as a whole, and potentially
even for the local equilibrium domain. This issue is compounded
by the uncertainty of whether the interior of a garnet is in com-
plete chemical communication with the matrix, although com-
plexities involving progressive cation fractionation into growing
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porphyroblasts (Marmo et al., 2002) lie outside of the scope of this
investigation. Evans and Bickle (2005) briefly discussed these is-
sues and suggested that the most reliable bulk composition that
can be obtained for modelling “lies somewhere between the thin
section-scale point count-derived composition and the hand sample-
scale XRF-derived composition”. In the case-study examples below,
we directly investigate this issue in greater detail.

3. Case study 1: Garnet—Cordierite granofels

In order to assess the sensitivity of calculated assemblage field
boundaries in P—T space to variations in point count-derived bulk
compositions related to uncertainty in the calculation of mineral
modal proportions (Hirsch, 2012), pseudosections were con-
structed for a contact-metamorphosed garnet- and cordierite-
bearing granofels from the Odenwald Crystalline Complex of the
Mid-German Crystalline Rise; a NE—SW-trending zone of late
Palaeozoic high-grade metamorphic and magmatic lithologies that
formed during the assembly of Pangaea (Matte, 2001). The Oden-
wald Crystalline Complex contains abundant gabbroic, granodio-
ritic, and granitic plutons and subordinate low-P, medium/high-T
contact-metamorphosed volcanic and sedimentary sequences
(Krohe, 1991; Okrusch, 1995; Stein and Dietl, 2001; Will and
Schmaddicke, 2003; Will et al,, 2015). The variable occurrence of
andalusite, sillimanite, and/or cordierite in metapelites from the
centre of the Complex, coupled with the general absence of partial
melting, has been previously used to infer peak P—T conditions of
~3—5 kbar and ~600—700 °C (Willner et al., 1991; Okrusch, 1995;
Will and Schmaddicke, 2003).

3.1. Sample petrography and bulk compositions

Sample OD68-12 contains abundant garnet porphyroblasts in a
cordierite—plagioclase—biotite-dominated matrix, alongside minor
quartz, sillimanite, and ilmenite (Fig. 4a). Accessory apatite,
monazite, zircon, tourmaline, and pyrite also occur. Garnet por-
phyroblasts are typically subhedral, up to 3 mm in diameter, and
show concentric compositional zoning profiles: broad cores are
compositionally homogenous (Almgg_73Prp18—22Grss_gSpsa—s5) and
are surrounded by extremely thin rim regions that are relatively
enriched in Fe and Mn, and depleted in Mg and Ca
(Alm79Prp19Grs4Sps7; Fig. 4b). This coupled increase in Mn-content
and decrease in Xy (= Mg/(Fe + Mg)) at rims is typical of retro-
grade diffusional cation exchange with matrix minerals (Kohn and

Cation mole fraction
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Figure 4. Petrography of sample OD68-12. (a) Plane-polarised light photomicrograph showing the granofelsic texture of sample OD68-12. Subhedral garnet porphyroblasts occur in
a matrix comprised mainly of cordierite, plagioclase, and biotite, with proportionally minor quartz, sillimanite, and ilmenite. Red arrow indicates the position of the garnet
compositional line profile shown in Fig. 4b. (b) Garnet compositional line profile running from rim to rim. The line profile is non-continuous where the analytical traverse crosses

inclusions and fractures, analyses of which are omitted.
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Table 1

595

Representative mineral compositional analyses from sample OD68-12. Idealisation of each individual mineral composition follows the procedures outlined in Appendix 1 of

Powell and Holland (2008).

Electron microprobe-derived composition

“Ideal analysis”

Mineral Bt Crd Grt Grt Ilm Pl Bt Crd Grt Grt Ilm Pl
Location Matrix Matrix Core Rim Matrix Matrix Matrix Matrix Core Rim Matrix Matrix
Si0, 34.60 47.84 37.09 36.57 0.09 55.25 - - - - - -
TiO, 2.83 0.00 0.27 0.10 53.63 0.00 - - - - - -
Al,03 19.06 32.64 20.89 20.45 0.09 27.63 - - - - - -
Fe,03 0.00 0.00 1.11 1.69 0.00 0.01 - - - - - -
FeO 21.13 9.84 31.50 32.95 45.68 0.00 - - - - - -
MnO 0.09 0.21 1.92 2.89 0.95 0.00 - - - - - -
MgO 791 6.89 4.86 3.27 0.14 0.00 - - - - - -
Ca0 0.07 0.00 1.94 1.65 0.02 10.13 - - - - - -
Na,0 0.00 0.00 0.00 0.00 0.00 5.09 - - - - - -
K0 9.48 0.01 0.00 0.00 0.00 0.11 - - - - - -
Total 95.17 97.43 99.58 99.57 100.60 98.22 - - - - - -

Si 2.66 5.00 297 2.96 0.00 2.52 2.67 5.00 3.00 3.00 - 2.51
Ti 0.16 0.00 0.02 0.01 1.01 0.00 0.16 - - - 1.02 -

Al 1.73 4.02 1.97 1.95 0.00 1.50 1.73 4.00 2.00 2.00 - 1.49
Fe3* 0.00 0.00 0.07 0.10 0.00 0.00 0.15 - - - 0.00 -
Fe?* 1.36 0.86 211 2.23 0.96 0.00 1.21 0.90 2.11 2.24 0.96 -
Mn 0.01 0.02 0.13 0.20 0.02 0.00 0.01 0.02 0.13 0.20 0.02 -
Mg 0.91 1.07 0.58 0.40 0.01 0.00 0.91 1.08 0.58 0.40 0.00 -
Ca 0.01 0.00 0.17 0.14 0.00 0.51 - - 0.17 0.14 - 0.49
Na 0.00 0.00 0.00 0.00 0.00 0.47 - - - - - 0.51
K 0.93 0.00 0.00 0.00 0.00 0.01 1.00 - - - - 0.01
Sum 7.77 10.98 8.00 7.99 2.00 5.00 7.84 11.00 8.00 8.00 2.00 5.00
Oxygen 11 18 12 12 3 8 11 18 12 12 3 8
Xvg 0.40 0.56 0.22 0.15 - - 0.43 0.55 0.22 0.15 - -
Alm - - 0.71 0.75 - - - - 0.70 0.75 - -
Prp - - 0.19 0.13 - - - - 0.19 0.13 - -
Grs - - 0.06 0.05 - - - - 0.06 0.05 - -
Sps - - 0.04 0.07 - - - - 0.04 0.07 - -
Xan - - - - - 0.51 - - - - - 0.49

Xan = Ca/(Ca + Na + K).

Spear, 2000). Biotite in the matrix and grains adjacent to garnet
outer rims have similar compositions, with an Xyg range of
0.39—0.41 and Ti content of 0.13—0.16 cpfu (Table 1). Cordierite has
Xmg = 0.53—0.56 and plagioclase feldspar has an anorthite content
(Xan = Ca/(Ca + Na + K)) of 0.51—-0.52 (Table 1), with both minerals
lacking systematic internal compositional zoning.

The absence of compositional variation between grains, or
zoning within individual minerals (with the exception of garnet
outer rims), in sample OD68-12 is conducive to a point count-
derived bulk composition being calculated. Volume proportions
of minerals were determined using the software JMicroVision
(Roduit, 2010), with each individual count consisting of five
hundred points randomly distributed over a digitally scanned
thin-section image. Average proportions obtained from three
separate thin sections are as follows: 11.1% garnet, 35.9% cordi-
erite, 17.4% biotite, 32.0% plagioclase, 0.8% ilmenite, 0.8% silli-
manite, and 2.0% quartz (Table 2). No significant variation was
noted between each thin section, likely owing to the relatively
fine-grained and texturally isotropic nature of the sample. Min-
eral compositional data were obtained at the Department of
Earth Sciences, University of Oxford, UK, using the techniques
and machine operating conditions described in Palin et al.
(2013b). Representative electron microprobe-derived composi-
tions were idealised before being combined with their individual
proportions for bulk-composition calculation (cf. Appendix 1 in
Powell and Holland, 2008) and are shown in Table 1. The
contribution by garnet was constructed via the summation of
concentric shells, assuming a spherical geometry. The calculated
H,0 content assumed stochiometric proportions within each

hydrous phase and the ferric iron content, where relevant, was
determined by charge-balance calculations. The resultant bulk
composition for sample OD68-12 in the MnNCKFMASHTO
(MnO—Na;0—Ca0—K,;0—FeO—Mg0O—Al,03—Si0,—H,0—-TiO2—03)
model system is: Hy0—3.53; Si0,—51.65; Al,0—16.96; Ca0—3.89;
MgO—-7.51; FeO0O—-12.02; K;0-1.35; Nay0-1.85; Ti0,—1.02;
MnO—-0.36; 0,—0.20 (mol.% oxides). A worked example of this
bulk composition calculation is given in an Excel spreadsheet
that is available for download as an electronic attachment to this
work. A description of the setup conditions and a—x relations
used for modelling is given in Appendix A, and all mineral ab-
breviations are after Kretz (1983).

3.2. Initial results

A calculated P—T pseudosection for the OD68-12 point count-
derived bulk composition is shown in Fig. 5. Importantly, Powell
et al. (2005) noted that it is the preserved mineral assemblage —
and in some cases also their individual proportions — that is most
suitable for determining peak metamorphic conditions in high-
grade rocks via pseudosection modelling, rather than mineral
compositions, which are more readily affected by retrograde
diffusion-related processes. Consequently, we focus our sample-
specific interpretations and subsequent discussions on the sensi-
tivity of the extent and position of the peak assemblage field and
modal proportion contours in P—T space, acknowledging that the
associated mineral compositions that are expected at those con-
ditions may not provide a perfect match to those in the sample due
to retrograde change. Modal proportions of phases reported from



Table 2

Perturbed phase proportions and recalculated bulk compositions for sample OD68-12.

Randomization  %°
no.

Non-normalized perturbed mineral proportions

Normalized perturbed mineral proportions

Bulk composition (mol.% oxides)

Grt Crd Bt Pl IIm  Sil Qtz  Grt Crd Bt Pl Ilm  Sil Qtz H,0 SiO, AlbO; Ca0 MgO FeO K0 Na0 TiO, MnO O
1 10 1027 3395 2080 3062 083 074 213 1034 3417 2094 3083 083 074 214 396 5077 1681 368 7.61 1214 159 175 112 034 024
2 10 1244 3263 1746 2956 064 083 231 1298 3403 1821 3083 067 087 241 353 5120 1690 373 748 1250 138 174 093 039 0.20
3 10 1083 3895 1406 3365 075 090 187 1072 3856 1392 3332 074 089 185 3.06 5230 1757 402 726 1136 109 193 090 036 0.16
4 10 1272 3371 1883 3681 094 068 219 1201 3184 1779 3476 089 064 207 343 5142 1687 415 712 1202 136 198 108 037 0.20
5 10 995 3540 1793 3227 086 069 212 1003 3569 1807 3252 086 0.69 214 360 5152 1706 388 740 1166 139 1.87 1.08 034 020
6 10 1144 3545 1405 3554 072 098 200 1142 3539 1403 3548 0.72 098 200 299 5244 1744 427 700 1134 109 204 087 036 0.16
7 10 964 3533 1626 2969 080 099 206 1017 3728 17.16 3133 084 104 218 350 51.61 1727 376 747 1168 132 180 1.04 034 0.19
8 10 1223 3644 1711 3568 077 091 197 1164 3466 1628 3395 073 087 188 329 5174 1722 408 721 1177 125 194 093 037 0.8
9 10 9.86 3730 1843 3827 064 0.63 221 918 3475 1717 3565 060 059 206 347 5225 1721 424 713 1094 134 206 087 031 0.20
10 10 1215 4162 1596 3124 080 082 222 1159 3971 1522 2981 0.77 079 211 327 5173 1737 363 7.61 1203 117 171 094 038 0.17
Mean 11.15 36.08 17.09 3333 077 082 211 11.01 35,61 16.88 3285 0.77 081 208 341 5170 17.17 394 733 1174 130 188 098 036 0.19
2S.D. 237 533 4.21 623 018 026 027 224 4.66 4.25 420 0.18 029 032 056 1.04 051 048 043 091 031 025 019 0.05 0.05
Range 3.07 8.99 6.75 871 030 036 044 3.80 7.87 7.02 585 029 045 056 097 1.67 0.76 0.64 0.61 156 050 035 025 0.08 0.08
11 20 799 3483 2376 3395 090 0.74 163 7770 3356 2289 3270 086 0.72 157 428 5060 1686 383 756 1149 176 188 120 028 0.26
12 20 1030 2836 1575 2760 101 1.04 247 1191 3278 1820 3189 1.17 121 285 350 5125 1681 382 724 1230 138 1.81 1.29 037 020
13 20 1010 29.62 14.63 41.07 082 079 255 1014 29.74 1469 4124 082 079 257 296 53.14 17.12 488 637 1054 1.15 238 097 032 017
14 20 931 37.11 1840 2848 057 095 174 964 3843 1906 2950 059 098 180 382 5117 1730 354 7.79 1177 147 169 090 033 0.22
15 20 1194 36,58 1885 3440 073 090 139 1139 3492 1799 3283 0.70 086 132 355 51.11 1722 394 743 1199 138 187 095 036 020
16 20 8.03 38.09 2046 3370 0.79 091 214 7.71 36,58 19.65 3237 076 088 206 389 5154 1718 383 750 11.10 152 187 1.05 029 0.22
17 20 1119 2521 1589 1950 086 1.09 189 14.80 3333 21.01 2578 113 144 250 386 4968 1661 3.18 7.86 13.84 156 143 131 044 023
18 20 13.18 3126 12.02 2894 0.73 061 194 1487 3525 1355 3263 082 069 218 287 5182 1715 399 721 1256 104 185 093 044 0.15
19 20 1016 4523 1545 3080 072 086 2.16 9.64 4292 1466 2923 069 081 205 330 5211 1765 355 7.73 1144 114 170 088 034 0.17
20 20 1443 3775 14.88 2982 097 087 241 1427 3733 1471 2949 095 086 238 3.09 5141 1712 363 751 1281 112 167 105 043 0.16
Mean 10.66 3440 17.01 3082 0.81 088 203 1121 3548 1764 31.77 085 092 213 351 5138 17.10 382 742 1198 135 182 105 036 020
2S.D. 417 11.70 6.77 1125 026 028 077 545 7.23 6.26 8.04 038 046 094 0.92 1.82 0.58 089 0.85 1.89 047 048 032 0.12 007
Range 644 2002 11.74 2158 044 048 1.17 717 1318 934 1546 058 0.75 153 141 3.46 1.04 170 149 330 072 095 043 016 0.11
Original 111 359 174 320 0.8 0.8 20 111 359 174 32.0 0.8 0.8 20 353 5165 1696 389 7,51 1202 135 185 102 036 020

@ Percentage threshold by which original modal proportion values were perturbed.
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Figure 5. P—T pseudosection calculated for sample OD68-12 using an effective bulk composition derived via point counting, as discussed in the main text. Assemblage fields are
shaded according to the number of degrees of freedom, with higher-variance assemblages represented by darker shading. (a) Pseudosection showing labelled assemblage fields. The
interpreted peak metamorphic assemblage field is shaded in red and labelled with bold text. Heavy line represents the solidus. Numbered fields are as follows: 1 — Ep Grt Bt Ky Pg
Chl; 2 — Grt Bt Ky Pg; 3 — Grt Bt And Crd St; 4 — Chl Grt Bt And Crd; 5 — Grt Bt Sil Crd Kfs; 6 — Grt Bt Sil Liq Kfs; 7 — Grt Bt Sil Crd Liq Kfs; 8 — Grt Bt Crd Liq Kfs; 9 — Kfs Grt Bt Crd Liq
Mag Opx (—Qtz); 10 — Opx Grt Bt Mag Spl Liq (—Qtz). (b) Pseudosection from part (a) with modal proportion contours for integer-rounded values of the average observed pro-
portions of major minerals garnet (11%), cordierite (36%), and biotite (17%). Percentage labels refer to thick central dashed lines in each contour set, with lighter, dashed, sub-parallel
contours representing a proportion +1% of the observed value. Heavy line represents the solidus.

calculations are determined on a 1-oxygen basis, which provides a
reasonable proxy for volume proportions, although minor dis-
crepancies may occur between minerals that have significantly
different molar volumes.

The interpreted peak assemblage Grt—Bt—Crd—Sil—Pl-Ilm—Qtz
is calculated to occur between 3.25—5.75 kbar and 570—-780 °C
(Fig. 5a). With increasing temperature, sillimanite becomes unsta-
ble and K-feldspar appears, and at lower-pressure conditions
andalusite replaces sillimanite as the stable aluminosilicate poly-
morph. Further refinement of interpreted peak P—T conditions
within this range can be performed by contouring the calculated
pseudosection for modal proportions of major P—T-sensitive pha-
ses; in this case, garnet, biotite, and cordierite, which were
observed to constitute ~11%, ~17%, and ~36% of sample OD68-12,
respectively (Table 2). Isomode contours for each of these pro-
portions are shown on Fig. 5b as heavy, dashed lines, with contours
representing +1% of each of these observed values shown as light,
sub-parallel, dashed lines in order to illustrate the representative
rate of modal proportion change across different assemblage fields.
All of these major mineral isomode contours converge at
~3.5—4.0 kbar and ~650—-700 °C, at the high-T—low-P boundary
of the peak assemblage field marked by the loss of sillimanite and
stabilisation of K-feldspar. Although analysed mineral compositions
from peak phases may not necessarily correlate well with calcu-
lated values at high-grade conditions as noted above, isopleths
representing garnet inner-rim compositions (not shown), signi-
fying those just inside of the outermost diffusion-related retro-
grade inflection also intersect at similar P—T conditions to those
delimited by modal proportion contours.

3.3. Monte Carlo randomisation procedure

The sensitivity of calculated assemblage field boundaries to this
point count-derived bulk composition is subsequently investigated
by using a Monte Carlo randomisation procedure that simulates
both petrological heterogeneity at the thin-section scale and also
uncertainty associated with the calculation of phase proportions
(Hirsch, 2012). This procedure involves calculating a randomised

proportion for each individual mineral in sample OD68-12, such
that this perturbed value lies on a normal (Gaussian) distribution,
with u (the mean) centred on the observed modal proportion, and
that two standard deviations (2¢) from u fall within a set relative
threshold of that value. For sample OD68-12, this randomisation
technique was implemented twenty times: ten times with a rela-
tive threshold of 10% (i.e. 20 = u x 0.1), and ten times with a relative
threshold of 20% (i.e. 20 = u x 0.2). For example, the original point-
counted modal proportion of garnet (11.1%; Table 2) will have 95%
(20) of its randomly perturbed modal proportions within 1.11% of
this value for a 10% relative threshold, and within 2.22% for a 20%
relative threshold. Each set of randomised modal proportions were
then normalised and used as input parameters for bulk-
composition calculation in conjunction with the idealised mineral
compositions given in Table 1. All twenty of the perturbed mineral
proportions and associated recalculated bulk compositions are
given in Table 2.

The extent to which particular assemblage field boundaries
shift in P—T space in response to this randomisation procedure can
be seen in Fig. 6a and b, which show results for a 10% and 20%
threshold, respectively. Assemblage field boundaries calculated for
the original point count-derived bulk composition (Fig. 5a) are
shown as heavy, red lines, whereas those calculated for rando-
mised bulk compositions are given as thin, dark-grey lines
enclosed within a light-grey envelope, which delimits the
maximum extent of assemblage-field boundary shift in P—T space.
Alongside examining how the assemblage field boundaries are
affected, modal proportion contours for the major minerals biotite
(Fig. 6¢ and f), garnet (Fig. 6d and g), and cordierite (Fig. 6e and h)
are shown for both percentage thresholds. Due to the random-
isation and normalisation procedure outlined above, each new
bulk composition is necessarily associated with an individual set
of mineral proportions; thus, the modal proportion contours given
in Fig. 6¢c—h are non-identical to one another. The heavy, dashed
contours represent the actual normalised integer-rounded pro-
portion (i.e. n%), and light, dashed contours represent a modal
proportion of (n & 1)%, thus providing an indication of the spatial
distribution of contours across different assemblage fields. Akin to
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Figure 6. P—T pseudosection results following randomisation of the point-count derived sample OD68-12 effective bulk composition via the Monte Carlo method described in the
main text. Assemblage fields are shaded according to the number of degrees of freedom, with higher-variance assemblages represented by darker shading. Thresholds for the modal
proportion randomisation procedure were set at 10% for part (a) and 20% for part (b). In each case, the calculated assemblage field boundaries for the original (non-randomised) bulk
composition (shown in Fig. 5a) are given as heavy, red lines. Assemblage field boundaries for randomised bulk compositions are given as thin, dark-grey lines that are enclosed
within a light-grey envelope that highlights the maximum extent of assemblage-field boundary shift in P—T space. Parts (c—h) show contours for modal proportion of biotite, garnet,
and cordierite for each of the randomised bulk compositions. Heavy, dashed contours represent the target proportion (n%), with light, dashed contours representing an integer
modal proportion of (n & 1)% of the target proportion. Note that the proportion of each mineral represented by the contour set (n + 1)% varies in accordance with the proportions
calculated during the randomisation process and are not identical between diagrams. (c) Biotite, (d) garnet, and (e) cordierite with a randomisation threshold of 10%. (f) Biotite, (g)
garnet, and (h) cordierite with a randomisation threshold of 20%. Dark-coloured shaded bands mark the extent of target modal proportion contour shift in P—T space, whereas
lighter-coloured shaded bands mark the extent of (n + 1)% modal proportion contour shift in P—T space.

the assemblage field boundary line envelopes in Fig. 6a—b, dark-
coloured shaded regions delimit the extent of target modal pro-
portion contour shift in P—T space, whereas lighter-coloured
shaded bands mark the extent of (n + 1)% modal proportion
contour shift in P—T space. Calculated pseudosections and asso-
ciated integer-rounded modal proportion contour sets for all
twenty randomised bulk compositions are individually presented
in Appendix B.

It is evident from examination of Fig. 6 that certain assemblage
field boundaries are significantly more sensitive to bulk-
composition perturbation than others. For example, the
andalusite-to-sillimanite and sillimanite-to-kyanite polymorphic
transitions are bulk composition independent, so they necessarily
remain in a fixed position in P—T space (though their extent may
vary according to expansion or compression of neighbouring
fields). The transition between sillimanite-bearing assemblages
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and K-feldspar-bearing assemblages that marks the upper-T limit of
the interpreted peak assemblage field on Fig. 5 occurs across the
quinivariant assemblage field Grt—Bt—Sil—Crd—Kfs—Pl-Ilm—Qtz
(labelled ‘Sil-out/Kfs-in’ on Fig. 6a—b). The position of this assem-
blage field shows only minor variation in P—T space, as it is closely
related to the univariant KFMASH reaction:
Bt + Sil + Qtz = Grt + Crd + Kfs + Liq (1)
which provides a fundamental control on low-P phase stability in
high-grade metapelites. The position of assemblage fields repre-
senting higher-variance expressions of this univariant reaction is
thus tightly constrained by the KFMASH end-member equilibria,
and their variation in P—T space are weakly controlled by in-
teractions with MnNCKFMASHTO equilibria involving phases con-
taining non-KFMASH components (e.g. TiO, in ilmenite, or
Ca0—Nay0 in plagioclase).

Magnetite was not identified in sample OD68-12, although it has
been documented elsewhere in similar garnet- and cordierite-
bearing pelitic granofelses from the central Odenwald Crystalline
Complex (Okrusch et al., 2000). Calculated phase assemblages for
sample OD68-12 (and others; see Fig. 2 of White, RW. et al., 2014a)
indicate that magnetite stability is pressure-sensitive at this low
bulk-rock X ., only occurring below ~3 kbar at the temperature
range of interest. Although the magnetite-in/out assemblage field
boundary lines do not border the interpreted peak assemblage field
for the original non-perturbed point-counted bulk-rock composi-
tion (Fig. 5), they migrate up- and down-P by approximately
+0.5 kbar for assemblages calculated for a 10% relative threshold
(Fig. 6a), and by approximately 41 kbar for assemblages calculated
for a 20% relative threshold (Fig. 6b). In each of these cases, its
calculated presence serves to restrict the P—T-extent of the
magnetite-absent interpreted peak assemblage field to higher-P
conditions of ~3.5 kbar and ~4 kbar, respectively. For contact
metamorphosed units such as those in the Odenwald Crystalline
Complex, it is often desirable to accurately constrain the pressures
of metamorphism as a proxy for determining the depth of
emplacement of associated magmatic intrusions (e.g. Pownall et al.,
2012). Even with a conservative estimate of petrological variation
using a 10% relative threshold for modal proportion perturbation,
this magnetite-in/out line raises the low-P limit of the interpreted
peak assemblage field in 0D68-12 by ~0.5 kbar (Fig. 6a), and the
magnitude of this effect doubles to nearly 1 kbar for a 20%
threshold (Fig. 6b). With a representative crustal density of
~2750 kg/m? and assuming no tectonic overpressure, 1 kbar is
representative of ~3—3.5 km depth within the Earth’s crust. Thus,
interpretations of the depth of intrusion of a magmatic pluton
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based on the P—T extent of a metamorphic phase assemblage field
on a pseudosection may vary significantly, potentially influencing
tectonic interpretations, as discussed further below.

4. Case study 2: garnet—staurolite—kyanite schist

XRF analysis is commonly used to obtain bulk compositions for
metamorphic rocks that are, for example, too fine- or coarse-
grained for thin-section scale point counting to be effective. How-
ever, where grain sizes are amenable for point counting, it is
worthwhile to consider how much an XRF-derived bulk composi-
tion differs from that calculated via mineral modal proportions and
representative compositions, and whether this affects the ability of
phase diagram modelling to accurately reproduce the observed
petrographic features in any significant way. This issue is investi-
gated by using a sample of garnet—staurolite—kyanite schist from
the Danba Structural Culmination in the Triassic—Jurassic Songpan-
Garzé Fold Belt of eastern Tibet (Roger et al., 2010; Weller et al.,
2013), from which bulk compositions have been obtained via
both techniques.

4.1. Petrography and bulk compositions

Eight bulk-rock compositions were obtained directly from
sample W113: one via XRF and seven via point counting of separate
thin sections. A ninth ‘artificial’ bulk composition was calculated
indirectly by taking the mean of each of the seven point count-
derived compositions, all of which are given in Table 3. Whole-
rock major-element data were obtained using XRF analysis of a
fused glass bead on a Rigaku RIX-2000 spectrometer at the
Department of Geosciences, National Taiwan University, Taiwan,
following the procedures outlined in Wang (2004) and Weller et al.
(2013). These wt.% oxide data were recalculated into molar pro-
portions of oxides in the MnNCKFMASHTO compositional system,
with a reduction made to the measured CaO content based on the
presence of apatite. Mineral compositions and modal proportions
were obtained using the same techniques outlined above for
sample OD68-12, with representative compositional analyses ide-
alised for use in bulk composition calculation (Table 4). Point count-
derived bulk compositions produced low bulk-rock X. values in
the range 1—4% (Table 3), which are supported by the presence of
ilmenite and absence of magnetite and/or hematite in these mid-
crustal amphibolite-facies rocks (cf. Diener and Powell, 2011).
Consequently, pseudosection modelling for the XRF-derived bulk
composition employed an Xg;. = 1%. Calculations using a value of
5% (Appendix B) produced negligible differences in calculated
phase assemblage fields, with assemblage field boundary shifts of

Point-counted mineral proportions calculated from seven thin sections of sample W113 and associated calculated bulk compositions. The W113 XRF-derived whole-rock bulk

composition assumes molar Xg.s. = 1%.

Thin section Normalized point-counted mineral proportions  Anhydrous bulk composition (mol.% oxides) AKFM co-ordinate
St Ms Bt Qtz Pl Im Grt Ky SiO; AlbO3 CaO MgO FeO KO NaO TiO, MnO O A K F M

1 04 170 269 243 27 02 14 271 6178 2246 029 543 562 327 043 057 005 011 061 009 0.15 0.15
2 11.0 277 246 177 20 04 44 122 5740 2239 045 5.82 864 386 050 0.69 014 011 055 009 021 0.14
3 00 283 333 148 16 06 50 164 56.60 2081 047 7.07 872 458 049 098 0.14 014 051 011 021 017
4 154 351 251 108 12 04 34 86 5388 2438 033 620 924 449 054 071 012 011 055 010 021 0.14
5 7.0 265 307 222 25 08 58 44 5933 1721 058 686 987 424 053 1.09 017 013 045 0.11 026 0.18
6 00 424 294 236 26 02 18 00 6404 1506 032 6.62 6.83 553 078 0.64 0.06 013 044 0.16 020 0.19
7 168 255 248 207 23 08 72 18 5731 1945 066 6.15 1097 3.67 050 098 022 0.11 048 009 027 0.15
Average 72 289 278 192 21 05 42 101 5862 2025 044 631 856 423 054 081 013 0.12 051 0.11 022 0.16
2S.D. 147 159 67 100 11 05 42 189 681 652 028 117 362 147 022 041 012 003 012 005 008 0.04
Range 168 254 86 135 15 06 58 271 1016 932 037 164 534 226 035 052 0.17 004 017 007 012 0.05
XRF (original) 56.15 18.86 0.19 7.76 9.27 540 123 097 0.12 005 046 0.13 022 0.19
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Representative mineral compositional analyses from sample W113. Idealisation of each individual mineral composition follows the procedures outlined in Appendix 1 of

Powell and Holland (2008).

Electron microprobe-derived composition “Ideal analysis”
Mineral Bt Grt Grt IIm Ms Pl St Bt Grt Grt Ilm Ms Pl St
Location Matrix Core Rim Matrix Matrix Matrix Pblast Matrix Core Rim Matrix Matrix Matrix Pblast
Si0, 36.83 36.53 36.54 0.15 45.40 59.97 26.69 - - - - - - -
TiO, 1.78 0.04 0.06 56.03 0.79 0.02 0.73 - - - - - - -
Al,03 18.98 20.81 20.78 0.18 35.01 24.38 53.21 - - - - - - -
Fe;03 0.00 235 2.00 0.00 0.00 0.06 0.00 - - - - - - -
FeO 17.73 28.15 33.13 4427 1.04 0.00 13.91 - - - - - - -
MnO 0.03 6.04 0.91 0.30 0.00 0.00 0.10 - - - - - - -
MgO 11.01 1.60 3.13 0.19 0.67 0.00 1.88 - - - - - - -
Cao 0.03 5.14 3.19 0.02 0.00 6.23 0.02 - - - - - - -
Na,0 0.15 0.00 0.00 0.03 1.14 7.57 0.22 - - - - - - -
K20 8.96 0.00 0.01 0.05 9.81 0.01 0.00 - - - - - - -
Total 95.50 100.66 99.75 101.22 93.86 98.24 96.76 - - - - - - -
Si 2.76 297 2.98 0.00 3.06 2.71 7.52 2.76 3.00 3.00 - 3.06 2.70 7.50
Ti 0.10 0.00 0.00 1.03 0.04 0.00 0.16 0.10 - - 1.04 - - -
Al 1.67 1.98 1.98 0.01 2.78 1.30 17.67 1.67 2.00 2.00 - 2.78 1.30 18.00
Fe’+ 0.00 0.11 0.09 0.00 0.00 0.00 0.00 0.06 - - 0.00 - - -
Fe?* 1.11 1.90 2.24 0.95 0.06 0.00 3.28 1.05 1.93 2.27 0.95 0.07 - 3.20
Mn 0.00 0.41 0.06 0.01 0.00 0.00 0.02 0.00 0.42 0.06 0.01 - - 0.02
Mg 1.23 0.19 0.38 0.01 0.07 0.00 0.79 1.23 0.20 0.38 0.00 0.08 - 0.77
Ca 0.00 0.44 0.28 0.00 0.00 0.31 0.01 - 0.45 0.28 - - 0.30 -
Na 0.02 0.00 0.00 0.00 0.15 0.68 0.12 - - - - 0.15 0.70 -
K 0.86 0.00 0.00 0.00 0.84 0.00 0.00 1.00 - - - 0.85 0.00 -
Sum 7.75 8.00 8.00 2.00 7.00 5.00 29.56 7.87 8.00 8.00 2.00 7.00 5.00 29.50
Oxygen 11 12 12 3 11 8 46 11 12 12 3 11 8 46
Xng 0.53 0.09 0.14 - 0.53 - 0.19 0.54 0.09 0.14 - 0.53 - 0.19
Alm - 0.64 0.76 - - - - 0.64 0.76 - - - -
Prp - 0.07 0.13 - - - - 0.07 0.13 - - - -
Grs - 0.15 0.09 - - - - 0.15 0.09 - - - -
Sps - 0.14 0.02 - - - - 0.14 0.02 - - - -
Xan - - - - - 0.31 - - - - - 0.30 -

Xmg = Fe**|(Fe?*+Mg).
Xan = Ca/(Ca + Na + K).

less than 5 °C. Fluid was assumed to be present (H,O in excess)
during prograde and peak metamorphism due to the absence of any
previous dehydrating thermal events having affected the region
(Huang et al., 2003). A description of the phase diagram modelling
setup conditions and a—x relations utilised is given in Appendix A.
Sample W113 contains large centimetre-scale garnet, staurolite,
and kyanite porphyroblasts that lie within a strongly foliated ma-
trix defined by biotite, muscovite, plagioclase, quartz, and ilmenite.
In contrast to sample OD68-12, calculated modal proportions of
minerals in sample W113 show significant variation on the thin
section scale, with all being cut in the same orientation perpen-
dicular to the dominant schistosity (Fig. 7). For example, either
kyanite or staurolite may be absent from various sections, but may
comprise up to 27.1 and 16.8 vol.% of others (Table 3). This variation
can be attributed to the coarse-grained, porphyroblastic nature of
the sample: a common feature of amphibolite-facies pelites.
Though some staurolite porphyroblasts are partially pseudo-
morphed at their periphery by muscovite (Fig. 7), this is not ubiq-
uitous. Some staurolite grains have mutual straight grain
boundaries with kyanite and garnet, suggesting that it was indeed
part of the peak equilibrium assemblage, even if the growth of
kyanite during metamorphism required its consumption. As such,
staurolite is considered as a stable phase, where present. Repre-
sentative idealised mineral compositions are given in Table 4.

4.2. Pseudosection modelling

A P—T pseudosection constructed for sample W113 using the
XRF-derived bulk composition is shown in Fig. 8a, where the peak

assemblage Grt—Bt—Pl—St—Ky—Ilm—Ms—Qtz—H-0 is calculated to
be stable at ~5.5—7.5 kbar and ~600—620 °C (field number 8).
The P—T extent of this field is consistent with the metamorphic
field gradient determined for the Danba Structural Culmination by
Weller et al. (2013). Although this restricted region of P—T space
may appear to provide a well-constrained estimate of the condi-
tions of peak metamorphism, it is apposite to confirm that the
calculated phase proportions are similar to the observed values so
as to support the reliability of the results (e.g. sample OD68-12).
As it is not practical to accurately determine the proportions of
minerals in the volume of rock used for XRF analysis, averaged
values of each of the seven point-counted thin section proportions
were initially assumed to be representative of the sample miner-
alogy: 7.2% staurolite, 28.9% muscovite, 27.8% biotite, 19.2% quartz,
2.1% plagioclase, 0.5% ilmenite, 4.2% garnet, and 10.1% kyanite
(Table 3).

Calculated isomode contours for garnet, biotite, staurolite, and
kyanite for this XRF-derived bulk composition are shown in
Fig. 8b—e, respectively, where it is clear that there is a poor corre-
lation between the observed and calculated mineral proportions.
Contours representing target values (solid lines) for both garnet
and biotite lie at higher-P (or lower-T) conditions than the inter-
preted peak assemblage field (Fig. 8b—c), and neither staurolite nor
kyanite show matching target values throughout the P—T range
investigated (Fig. 8d—e), with their calculated proportions being
underestimated compared to the thin-section average values.
Calculated proportions at representative P—T conditions of 6.5 kbar
and 615 °C within the centre of the interpreted peak assemblage
field are 3.8% staurolite, 41.2% muscovite, 35.2% biotite, 14.1%
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Figure 7. Representative images of thin sections of sample W113 showing variation in observed mineral proportions. Pie chart insets give the relative proportions of minerals
garnet, staurolite, kyanite, muscovite, biotite, quartz, plagioclase, and ilmenite. All images are shown at the same scale and the long-axis field of view is approximately 25-mm. Thin-

section numbers correlate with those given in Table 3.

quartz, 1.9% plagioclase, 0.8% ilmenite, 1.3% garnet, and 1.3% kyanite,
indicating that the discrepancies are largely accommodated by a
calculated over-estimation of muscovite and biotite.

Fig. 9 shows four representative P—T pseudosections calculated
for point count-derived bulk compositions obtained from thin
sections 1, 2, 5, and 7 (Table 3). Pseudosections for bulk composi-
tions obtained from additional thin sections 3, 4, and 6 are shown in

all assemblages include llm, Ms, Qtz, H,0

Pressure (kbar)

600 650
Temperature (°C)

450 500 550

Appendix B. The interpreted peak assemblage field
Grt—Bt—Pl-St—Ky—Ilm—Ms—Qtz—H>0 is highlighted in each case
and is located at similar P—T conditions to that for the XRF-derived
bulk composition shown in Fig. 8 for all examples excluding thin
section 6. Modal proportion contours for garnet, biotite, staurolite,
and kyanite are indicated on each pseudosection and are labelled as
target integer-rounded values (n%), given as solid lines, with sub-

Figure 8. (a) P-T pseudosection calculated for sample W113 using an XRF-derived bulk composition with X . = 1%. Assemblage fields are shaded according to the number of
degrees of freedom, with lower variance assemblages represented by darker shading. The interpreted peak metamorphic assemblage field is shaded in red and labelled with bold
text. Dotted region represents suprasolidus phase assemblages. Numbered fields are as follows: 1 — Bt Ep Chl Pg; 2 — Bt Ep Chl PI; 3 — Grt Bt Ep Chl PI; 4 — Grt Bt And Chl PI; 5 — Grt
Bt St Chl PI; 6 — Grt Bt St Chl; 7 — Grt Bt St Ky; 8 — Grt Bt St Ky PI; 9 — Grt Bt St P Sil. Dashed box represents P—T limit of parts b—e, which show modal proportion contours for (b)
garnet, (c) biotite, (d) staurolite, and (e) kyanite. Heavy, non-dashed modal proportion contours represent observed values (cf. Table 3), where relevant.
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Figure 9. Representative P—T pseudosections calculated for bulk compositions derived from different thin sections of sample W113 via point counting. In all cases, dotted regions
represent suprasolidus phase assemblages and assemblage fields are shaded according to the number of degrees of freedom, with higher-variance assemblages represented by
darker shading. The interpreted peak metamorphic assemblage field is shaded in red and labelled with bold text. Insets show the regions outlined by dashed boxes in enhanced
detail. Numbered fields are as follows: (a) 1 — Cld Chl Grt Ep Ky; 2 — Cld Chl Ep Pg Ky; 3 — Cld Chl Pg And; 4 — Chl Pg And; 5 — St Chl Pg And; 6 — Grt Chl Ep St Ky Pg; 7 — Grt St Chl Pg
Ky; 8 — Grt Bt Chl St Ky; 9 — Grt St Bt Pg Ky; 10 — Grt Bt Ky St Pl; 11 — Grt Bt Sil St P1. (b) 1 — Cld Chl Ep; 2 — Cld Mrg Ep Chl; 3 — Mrg Chl St; 4 — Grt Mrg Chl St Bt; 5 — Grt Mrg St Bt; 6
— Grt St Chl Bt; 7 — Grt Chl St Ky; 8 — Grt Bt Sil St PL. (c) 1 — Ep Bt Chl PI; 2 — Grt Ep Bt Chl PI; 3 — Grt Bt Chl PI; 4 — Grt Bt Chl Pl Mrg; 5 — Grt Ep Bt Chl Mrg; 6 — Grt Bt Chl St; 7 — Grt
Bt St Ky; 8 — Grt Bt St Mrg; 9 — Grt Bt Chl Mrg Pl; 10 — Grt Bt St Pl Mrg; 11 — Grt Bt St Ky Pl; 12 — Grt Bt St Sil PL. (d) 1 — Grt Ep Cld Chl; 2 — Grt Ep Mrg Cld Chl; 3 — Grt St Chl Bt; 4 —
Grt Bt St Ky; 5 — Grt St Chl Pl; 6 — Grt St Bt Chl Pl; 7 — Grt Bt Ky St Pl; 8 — Grt Bt Sil St Pl

parallel dashed lines representing (n + 1)%. Target values for each
phase are not equal between diagrams, instead corresponding to
thin section-specific proportions given in Table 3. In each diagram,
point-counted target values for garnet, staurolite, and kyanite all
converge on a small area of P—T space around 7.5 kbar and 610 °C
that lies within the interpreted peak assemblage field. For thin
sections 2, 5, and 7 (Fig. 9b—d), the target value for biotite also
passes close to these regions, although lies ~ 2 kbar down-P for thin
section 1 (Fig. 9a). A pseudosection calculated using a bulk
composition derived from thin section averaged modal proportions
is shown in Fig. 10a and offers a useful comparison to that for the
XRF-derived bulk composition (Fig. 8a). Contours for integer-
rounded average target modal proportions of garnet (Fig. 10b),
biotite (Fig. 10c), staurolite (Fig. 10d), and kyanite (Fig. 10e)
converge within the interpreted peak assemblage field at ~7 kbar
and 610 °C (Fig. 10a).

These results for XRF- and point count-derived bulk composi-
tions are quite different, despite the interpreted conditions of peak
metamorphism determined by the extent of the interpreted equi-
librium assemblage in P—T space being similar for each (~7.5 kbar
and 610 °C). The individual point count-derived bulk compositions
provide a very good match between calculated and observed
mineral proportions, which is particularly surprising given the
large ranges observed between individual thin sections (Table 3).
However, a poor correlation exists between the predicted modal
proportions of minerals in the peak assemblage field for the XRF-
derived bulk composition and those averaged from all seven thin
sections, which are thus unlikely to accurately represent the actual
3D-integrated proportions present in sample W113.

The magnitude of variation between each calculated bulk
composition can be expressed graphically in AKFM
(Al;,03—K;0—Fe0O—MgO) compositional space (Fig. 11a), with the
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Figure 10. (a) P-T pseudosection calculated for a bulk composition derived from average point-counted mineral proportions. Dotted region represents suprasolidus phase as-
semblages and assemblage fields are shaded according to the number of degrees of freedom, with higher-variance assemblages represented by darker shading. The interpreted peak
metamorphic assemblage field is shaded in red and labelled with bold text. Numbered fields are as follows: 1 — Grt Chl Ep; 2 — Grt Chl Cld Ep Mrg; 3 — Grt Bt Chl St; 4 — Grt Bt St
Mrg; 5 —Grt Bt St Sil Pl; 6 — Grt Bt Sil Pl Kfs (—Ms). Dashed box represents P—T limit of parts b—e, which show modal proportion contours for (b) garnet, (c) biotite, (d) staurolite, and
(e) kyanite. Heavy, non-dashed modal proportion contours represent calculated average values (cf. Table 3).

XRF-derived bulk composition located more-or-less within the
main cluster of point count-derived bulk compositions, albeit
slightly further away from the Al;0O3 apex. Normalized AKFM co-
ordinates for all bulk compositions are given in Table 3. Projec-
tion of these data from muscovite onto the AFM plane, with quartz
and HO0 in excess (Thompson, 1957), also allows examination of
their positions relative to equilibrium phase relationships calcu-
lated at estimated peak conditions of 7.5 kbar and 610 °C in the
KFMASH compositional system, which is the simplest system in
which the key univariant equilibria in metapelites can be repre-
sented (Fig. 11b). Despite having a relatively larger wt.% K,0 content
than the averaged point-count derived bulk composition (~ 1.25-
times), the XRF-derived bulk composition has very similar AKFM
normalized co-ordinates (Fig. 11a) due to K;O being a

@) ALO,

K,0

® XRF-derived

@ Average point count-derived
O Individual point count-derived

proportionally minor component when compared to the absolute
amounts of Al,03, FeO, and MgO (Table 3). In fact, the greatest
variation in AKFM space occurs in the normalized alumina contents
(0.44—0.61; Fig. 11a and Table 3), which have approximately con-
stant FeO:MgO ratios, but show an inverse relationship with K,O
content (Table 3). This is expressed petrologically and on an AFM
compatibility diagram by antithetic proportions of mica (matrix) to
porphyroblasts (e.g. Figs. 7 and 11b). For example, the most
alumina-poor thin section (number 6) contains no staurolite or
kyanite — two distinctly Al-rich porphyroblasts — but has a
disproportionately high amount of muscovite ( ~42.4%, compared
to the mean value of 28.9%; Table 3).

Such a phenomenon is likely to be an expression of aluminium
being one of the most immobile major rock-forming elements

b) AlL0,-3K,0

Figure 11. Chemographic projections in the KFMASH compositional system for sample W113. (a) Al,03—K,0—FeO—MgO (AKFM) tetrahedron with quartz and H,O in excess
showing the position of various bulk compositions calculated for W113 using both methods described in the text. Shaded region on the tetrahedron represents the AFM plane
shown in part (b), with the positions of the bulk compositional data derived using a Thompson (1957) projection from muscovite. (b) AFM compatibility diagram calculated at
7.5 kbar and 610 °C with quartz, muscovite, and H,0 in projection. The positions of XRF-derived and point count-derived bulk compositions are marked with circles, with values for

individual data points referring to the thin section number given in Table 3.
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under metamorphic P—T conditions (Carmichael, 1969; Rumble,
1982), with its effective length-scale of diffusion being the pri-
mary control on the size of the equilibration volume in a meta-
pelite. This, in turn, is an expression of original mineralogical
variation across sedimentary layering in the protolith, for example
with the relative proportions of quartzofeldspathic material to Al-
rich clay minerals (illite, smectite, and/or kaolinite), which con-
trol domainal A:K:FM ratios. Whilst it is unlikely that the
decimetre-sized volume of W113 used for XRF analysis is larger
than the size of the equilibration volume at peak amphibolite-facies
P—T conditions (Fig. 3), it is notably more heterogeneous than
sample OD68-12 by virtue of a distinct millimetre-scale spaced
foliation and centimetre-scale porphyroblasts (Fig. 7). Thus, point
counting is likely to preserve small-scale petrographic features (e.g.
Al-rich, porphyroblast-rich domains) that are otherwise averaged
out in XRF analysis of a larger sample. Each point count-derived
bulk composition appears to be reasonably representative of the
sample volume sectioned (Fig. 9), as shown by isomode contours
for different phase proportions converging at the same P—T con-
ditions in the same peak assemblage field, even if any particular
thin section is not representative of the sample used for XRF
analysis. A much larger number of thin sections of sample W113
than is used here would therefore are required in order to produce a
reliable representation of its volume-integrated mineralogy.

5. Discussion and conclusions

Petrological studies involving any form of thermobarometry
aim to determine the absolute P—T conditions of metamorphism
for a sample of rock, the relative differences in P and/or T between
multiple samples, or both. These data are typically used to inter-
pret the changing depths in the Earth at which metamorphism
and/or deformation took place, thus shedding light on the tectonic
settings of formation and the geodynamic processes responsible.
Hodges and McKenna (1987) suggested that two of the most sig-
nificant quantifiable sources of uncertainty in conventional ther-
mobarometry are analytical imprecision and the systematic error
associated with experimental calibration techniques, with the
latter accounting for 80—90% of the total pressure uncertainty and
over 70% of the total temperature uncertainty for any particular
calibration. When a single pair of equilibria is used for compara-
tive purposes, the systematic experimental-related errors cancel,
leaving only random uncertainty associated with analytical
imprecision as a contributing factor. Nonetheless, these remaining
errors are cited to be at least +1 kbar and +50 °C at the 20 level
(Hodges and McKenna, 1987; Kohn and Spear, 1991; Powell and
Holland, 2008), meaning that discrimination between multiple
datasets using the same geobarometer is only statistically valid for
a difference of at least ~6—7 km of crustal thickness. Furthermore,
this uncertainty should be considered as a minimum given the
possibility of disequilibrium within the considered mineral
assemblage.

The P—T extent of a field on a pseudosection corresponding to
the interpreted equilibrium peak assemblage can often be smaller
than these +1 kbar and +50 °C values associated with conventional
thermobarometry (e.g. Fig. 9), making phase equilibria modelling a
more attractive (although labour-intensive) technique for detailed
investigation of the tectonothermal evolution of a metamorphic
rock. Even when this is not the case, refinement of P—T conditions in
large fields can be achieved by contouring for mineral proportions
and/or compositions, as shown for sample OD68-12 (Fig. 5). Many
studies alternatively use mineral compositions for the same
delimiting purposes, in particular isopleths for garnet end-member
proportions (Evans, 2004), given that they represent a single sto-
chiometrically constrained equilibrium as opposed to an

interpreted equilibrium based on the compositions of multiple
touching grains.

The two case study examples described above show that minor
variations in the bulk composition used for pseudosection model-
ling could upset this idealised workflow. Although pseudosection
analysis of sample OD68-12, a well-equilibrated and texturally
homogenous garnet—cordierite—granofels, proved successful in
terms of matching observed and calculated minerals at P—T con-
ditions of peak metamorphism, only minor variation in the modal
proportions of each phase was sufficient to cause important
assemblage field boundaries to shift in P—T space. A relative
perturbation of 10% on observed mineral proportions caused the
pressure-sensitive magnetite-in/out field boundary to migrate up/
down-P by ~0.5 kbar, and a larger perturbation of 20% effectively
doubled this transposition to approximately +1 kbar (Fig. 6).
Importantly, however, assemblage fields representing higher-
variance equivalents of KFMASH univariant reactions are signifi-
cantly less sensitive to bulk composition variation and therefore
provide more reliable constraints on the P—T conditions of meta-
morphism. Evans and Bickle (2005) reported a similar result
whereby propagated errors on thermodynamic dataset end-
members for accessory/minor minerals could lead to un-
certainties on calculated modal proportions on a pseudosection of
up to 30%. Although the 10% (or even 20%) threshold for mineral
modal proportion variation considered here might appear gratu-
itous when compared to the accuracy of point-count methods
available (e.g. Hirsch, 2012), it is easily justifiable when considered
in the context of the “unseen” third dimension associated with thin
section preparation procedures.

For XRF-derived bulk compositions, mineral proportions and
compositions used to compare calculated phase equilibria with
natural parageneses must be obtained via electron microprobe
analysis of a 2D thin section; however, it is unlikely that the
observed proportions in a profile match those present in a 3D
volume, even if the thin section is cut from the same block used for
XRF analysis, as is common practice. This point is demonstrated
well for amphibolite-facies metapelite sample W113, where a poor
correlation was observed between modal proportions of minerals
predicted to be present within the interpreted peak assemblage
field on an XRF-derived pseudosection, compared to average values
determined from several thin sections. Given that correlations be-
tween observed and calculated modal proportions were notably
better for point count-derived bulk compositions, it is clear that the
mineral proportions obtained via averaging multiple thin sections
do not effectively represent those present in the rock as a whole,
unless dealing with an extremely homogenous or fine-grained li-
thology. Despite this, the point count-derived bulk compositions
appear to be representative of the much smaller centimetre-scale
sample volume from which they were cut, even if they are not
representative of the larger decimetre-scale block used for XRF
analysis, and so have value in the pseudosection modelling process.
The main differences between both techniques reflect varying
proportions of matrix relative to porphyroblasts, which we relate to
protolith sedimentological variation, with original clay-rich hori-
zons locally forming porphyroblast-rich layers in the metamorphic
environment due to Al-immobility.

5.1. Complexities related to an evolving equilibration volume

The case study examples discussed above assume that all
MnNCKFMASHTO-compatible mineral constituents are part of each
respective effective bulk composition; however, minor components
such as MnO that preferentially enter garnet cores may become
unable to chemically communicate with the matrix during its
growth until temperatures allow diffusional equilibration on length
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scales exceeding that of the porphyroblast radius (Spear, 1988;
White, RW. et al, 2014b). Although the actual (Fig. 3a) and
model-ready (Fig. 3b) bulk compositions do not change during
element fractionation, the effective bulk composition will (Fig. 3c).
As such, the amount of rock representative of an equilibration
volume that can be replicated via pseudosection modelling
dynamically changes in space and time, owing to the distinctly
different mobilities of different elemental species under varying
metamorphic conditions (White et al.,, 2008). Open-system pro-
cesses such as the percolation of melts, fluids, or brines may
additionally drive reactions via bulk-composition changes (e.g. al-
kali metasomatism) on a local or regional scale, promoting miner-
alogical change that cannot be accounted for solely by changing
P—T conditions in a closed-system environment (e.g., White, AJ.R.
et al., 2014).

Equilibration volumes in a rock are likely to be largest at high
temperatures and will contract with cooling such that minerals that
were once in equilibrium become unable to chemically communi-
cate during retrograde metamorphism. The formation of different
equilibration volumes comprised of multiple grains of different
minerals produces domains with different effective bulk composi-
tions than that of the entire rock, and thus different equilibrium
phase assemblages can form in each. More importantly, unless the
mineral proportions in a particular domain exactly match those of
the whole rock, a pseudosection used to investigate a rock’s
petrological evolution during prograde and/or peak metamorphism
is unsuitable for investigating mineralogical change that occurs in
chemically isolated domains during retrogression. Conventional
thermobarometry can be used estimate the conditions of miner-
alogical change in this situation (e.g. Palin et al., 2013a), where
suitable pressure- and/or temperature-sensitive minerals have
recrystallised. However, a comprehensive assessment of the time-
evolution of an equilibration volume must incorporate chemical
potential fields that consider the effects of cooling through a tem-
perature range over which the diffusion of chemical components
for any given length scale becomes sequentially ineffective. This
issue will be explored in a future publication.

5.2. Implications for tectonic interpretations and concluding
remarks

The identification of relative or absolute changes in P—T condi-
tions during metamorphism is a fundamental step in elucidating
the geodynamic processes that have affected a geological terrane.
While some workers have performed pseudosection analysis using
bulk compositions averaged from multiple petrologically similar
samples (e.g. Chen et al., 2008; Reche and Martinez, 2008; Zhang
et al., 2012), our case study example for sample OD68-12 warns
that important limiting assemblage field boundaries may migrate
in P—T space by unknown (but potentially significant) amounts.
Even small differences in bulk compositions identified in the same
sample (e.g. W113) lead to distinct differences in pseudosection
topologies and associated mineral compositions and modal pro-
portions (Figs. 7—10). In a recent study, Pattison and DeBuhr (2015)
used pseudosection modelling of metapelites from around the
Bugaboo Batholith, British Columbia, to constrain different pres-
sures of metamorphism on either side of the contact aureole. Given
the similar present-day levels of exposure, these data were taken to
infer post-intrusion tilting in the region; however, the absolute
difference in pressure across the aureole was reported to be
~0.3 kbar, which is significantly smaller than the minimum
resolvable limit even for comparative studies using conventional
thermobarometry (Hodges and McKenna, 1987; Kohn and Spear,
1991; Powell and Holland, 2008). Although such small fields may
be identifiable on a pseudosection, it is important to recognise that

the sources of error concerning bulk-composition determination, as
shown in this study, can be larger still. It is perhaps an inconvenient
truth that such small differences in pressure or temperature cannot
be resolved with statistical certainty by using currently available
techniques; whether conventional thermobarometry or phase
equilibria modelling.

As such, although phase diagrams constructed with currently
available a—x relations and thermodynamic datasets satisfactorily
reproduce broad patterns of field observations, literal interpreta-
tion of calculated pseudosections is not recommended, not least
due to frequent updates to internally consistent thermodynamic
datasets and a—x relations that can affect the stabilities of even
simple calculated mineral assemblages (cf. Green et al., 2013;
White, RW. et al.,, 2014a). In particular, the range of uncertainties
associated with these modelling procedures calls into question the
veracity of studies that employ such techniques to investigate non-
equilibrium behaviour of natural rock systems, such as over-
stepping of reactions requiring nucleation of a new phase. Though
these processes have been demonstrated to be important in certain
natural cases (Waters and Lovegrove, 2002), the magnitude of
transposition of assemblage-field boundary positions in P—T space
caused simply by geological error as shown here casts doubt on the
ability of pseudosections to provide meaningful data in these sce-
narios. Nonetheless, a phase equilibria modelling approach is
highly valuable for deducing general P—T trends, as long as the
absolute P—T conditions are not over-interpreted. Careful consid-
eration of the size of the equilibration volume, the constituents that
comprise the bulk composition used for modelling, and the best
technique to employ for its determination based on rock type and
petrographic character, offer the best chance to produce trust-
worthy data from pseudosection analysis.
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