


















bearing (Barrovian) assemblages are found (Figs 1b and 8). These
rocks belong to a larger Barrovian domain that extends west and
south of the Buchan block. Previous studies of the structure and

metamorphism of the Barrovian rocks shown in Figures 1b and 8
include Read (1923), Johnson (1962), Chinner (1980), Beddoe-
Stephens (1990), Viete et al. (2010) and Carty et al. (2012).

Fig. 13. Photographs and photomicrographs of hornfelses from the northern aureole of the Insch mafic intrusion (Fig. 12) and southern aureole of the
Boganclogh mafic intrusion (Fig. 6). Where present, scale is in centimetres. (a) Incipiently spotted slate (spots consist of altered andalusite and cordierite,
distinguished by their different shapes and style of alteration in thin section); spotted slate zone, Tillymorgan transect, northern Insch aureole. (b) Altered
cordierite and andalusite in dense hornfels; spotted hornfels zone, Tillymorgan transect. (c) Andalusite-bearing hornfels; sillimanite zone, Tillymorgan
transect. (d) Andalusite, biotite and altered cordierite in the same sample as in part (c), with sillimanite present as fibrolite, but not visible in this image.
(e) Cordierite + K-feldspar-rich hornfels, with relict texture of regional knotted cordierite + andalusite-porphyroblastic schists from outside the aureole;
southern Boganclogh aureole. The elongate pale domains are K-feldspar-bearing quartzofeldspathic domains mimicking pressure shadows around
porphyroblasts in the unhornfelsed schists. (f ) Cordierite porphyroblasts and bordering K-feldspar-bearing quartzofeldspathic domains in the same sample
as part (e). The cordierite porphyroblasts contain aligned inclusion trails at an angle to the foliation in the K-feldspar-bearing matrix; biotite grains in the
porphyroblasts are finer grained than biotite in the matrix. The rock also contains scattered anhedral grains of andalusite and fibrolitic sillimanite (not visible
in this image).
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Rocks in the westernmost part of Figure 8, between Crathie Point
and Sandend, include staurolite + garnet- and kyanite + staurolite-
bearing schists (Fig. 14a). In these rocks, the staurolite and kyanite
have grown across (i.e. post-date) the dominant foliation in the

micaceous host rock (interpreted to be S2 in the schemes of Johnson
1962; Treagus and Roberts 1981; Stephenson et al. 2013a, b) (see
Fig. 14b). Graphitic schists in and south of Sandend Bay contain
staurolite porphyroblasts that show more complex microstructures,

Fig. 14. Photographs and photomicrographs of rocks from the coastal transect of the Barrovian domain east of the Portsoy shear zone (see Fig. 8). Where
present, scale is in centimetres. (a) Kyanite + staurolite schist; Crathie Point. (b) Intergrown kyanite and staurolite in biotite-rich domain of the rock shown
in part (a). (c) ‘Chiastolite schist’; Portsoy swimming pool. The pale elongate porphyroblasts are chiastolitic andalusite mostly pseudomorphed by coarse
muscovite. Parts (d–f ) Petrographic features of the rock shown in part (c). (d) Randomly orientated kyanite porphyroblasts (some altered to light brown
scaly material) within muscovite-rich pseudomorphs after andalusite. Staurolite porphyroblasts have grown partly within the muscovite-rich pseudomorphs
and partly across the sillimanite-bearing foliation that wraps the pseudomorphs. (e) Staurolite porphyroblasts containing inclusions of aligned sillimanite, the
latter also contained within the foliated biotite-bearing foliation. Deformation following staurolite development has resulted in pulling apart of the
porphyroblasts and growth of chlorite and muscovite in the pull-aparts. (f ) Light brown scaly pseudomorphs after kyanite within muscovite-rich
pseudomorphs after andalusite, and garnet that has overgrown the biotite-bearing foliation that wraps the pseudomorphs.
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suggesting syn- to post-kinematic growth relative to the dominant S2
foliation (Johnson 1962). Kyanite was noted in some of the rocks at
Sandend (Stephenson et al. 2013c, p. 369), but the andalusite
(chiastolite) reported by Viete et al. (2010) was not observed in
samples collected by us or reported by other workers.

Further east are found the celebrated andalusite–kyanite–
sillimanite schists at Portsoy swimming pool (Figs 8 and 14c), in
which a finely micaeous, biotite ± fibrolitic sillimanite-bearing
foliation wraps pseudomorphs of andalusite (Fig. 14d, f ). The
pseudomorphs consist of coarse-grained, randomly orientated
muscovite grains in which relict andalusite locally occurs.
Randomly orientated kyanite and staurolite overgrow the coarse
muscovite pseudomorphs (Fig. 14d, f ). Staurolite and garnet
porphyroblasts develop across the biotite ± sillimanite-bearing
foliation and staurolite may contain aligned sillimanite inclusions
(Fig. 14d–f ). Post-porphyroblast strain is indicated by matrix
flattening around the staurolite porphyroblasts (Fig. 14e), flattening
and extension of some of the muscovite pseudomorphs, and pull-
aparts of staurolite filled with muscovite and chlorite (Fig. 14e).
These observations accord with those of most previous workers
(Johnson 1962; Chinner 1980; Beddoe-Stephens 1990; Carty et al.
2012), but differ from Viete et al. (2010). The order of events
implied by these textures is: development of andalusite; develop-
ment of sillimanite before or during matrix flattening around the
andalusite; retrograde pseudomorphous replacement of andalusite
by muscovite under static conditions; growth of kyanite, staurolite
and garnet across the foliated matrix and within the pseudomorphs;
and variable later matrix flattening under low-grade conditions.
Other localities where kyanite is pseudomorphous after andalusite
occur in a NW-trending corridor, 2–15 km wide, immediately west
of the PDHL (Fig. 1b and Beddoe-Stephens 1990).

Whole-rock and mineral compositions

Whole-rock and mineral compositions from selected rocks were
determined by Hudson (1975), Goldsmith (2017) and in this study.
The analytical methods are provided in Supplementary Document
S1. The results are presented in the following Supplementary
Tables: S1 (mineral assemblages of analysed samples); S2
(summary table of key whole-rock and mineral compositional
parameters); S3 (whole-rock analyses); S4 (whole-rock analyses
grouped by mineral assemblage); S5–S11 (compositions of biotite,
muscovite, chlorite, cordierite, staurolite, garnet and plagioclase).

Whole-rock compositions

Whole-rock compositions are provided for 61 samples (57 from the
Buchan domain, four from the Barrovian domain). The oxidation
ratio (XFe3+ = molar Fe3+/Fetotal; Chinner 1960) was measured in 20
samples (all from Hudson 1975) and averages 0.15. The average
composition of the Buchan metapelites of this study is similar to the
average composition of the Buchan metapelites (n = 37) of Atherton
and Brotherton (1982) and is similar to the average composition of
the Dalradian pelites (n = 214) of Atherton and Brotherton (1982)
(see Table S4). The main difference is the considerably higher
oxidation ratio in the average Dalradian metapelite (0.30 vs. 0.15).

The Buchan samples are plotted in an AFM diagram in Figure 15,
grouped according to mineral assemblage (numerical data in
Table S4). The bulk compositions overlap in a small range,
showing that the regional distribution of mineral assemblages in the
Buchan block is not primarily controlled by variations in the bulk
composition. On a local scale, however, Hudson and Harte (1985)
found that cordierite-free, staurolite ± andalusite-bearing mineral
assemblages generally developed in bulk compositions richer in Fe
than staurolite-free, cordierite ± andalusite-bearing mineral
assemblages.

Mineral compositions

Mineral compositions were obtained primarily for porphyroblastic
muscovite-bearing, subsolidus mineral assemblages from the
classic Buchan sequence (the Ythan River transect of the Fyvie–
Methlick area; Fig. 2) and from the staurolite + cordierite-bearing
rocks of the NWBuchan coastal sequence (Fig. 8); a few samples of
gneiss were also analysed. Table S2 summarizes the key
compositional parameters of the minerals and plots of the main
whole-rock and mineral compositional parameters against grade in
the two transects are shown in Figure S2. There is no significant
grade-related trend in either transect in whole-rock composition,
Mg/(Mg + Fe) of biotite and cordierite, or XCa in plagioclase. The Ti
content of biotite in both transects increases above the sillimanite
isograd. For muscovite, the Si content decreases and K/(K + Na)
increases modestly with grade (ignoring the lowest grade samples
for the latter). The main correlations in Mg/(Mg + Fe) in biotite and
cordierite, and in XCa in plagioclase, are with respect to whole-rock
Mg/(Mg + Fe) and XCa, respectively (Figs S2h, i), showing that the
bulk composition rather than the metamorphic grade is the primary
determinant of the mineral compositions. Garnets in non-migmatitic
rocks from the Buchan zone have Ca : Fe : Mg : Mn = 4–5 : 64–83 :
6–11 : 15–26 and Mg/(Mg + Fe) = 0.09–0.11, whereas staurolite
has Mg/(Mg + Fe) = 0.13–0.17 and (Zn +Mn)/(Zn +Mn + Fe +
Mg) = 0.04–0.08, with neither mineral showing any grade-related
pattern.

Interpretation of reactions, metamorphic field gradients
and P–T paths

The mineral assemblages and textures of rocks from the different
parts of the Buchan block allow an interpretation of the principal
reactions controlling the development of the metamorphic zones.
Plotting the sequences of inferred reactions on a metapelitic phase
diagram allows an assessment of the metamorphic field gradients
for different parts of the Buchan block, and of the P–T path of
individual rocks. Interpretation of the reactions benefits from first
considering some key aspects of metapelitic phase relations.

Fig. 15. AFM diagram showing the plotting positions of metapelitic rock
compositions from the Buchan domain, grouped by mineral assemblage.
The overall average composition (cross) and 1-sigma standard deviation
(ellipse) are also shown. Compositions are listed in Table S4.
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Metapelitic phase relations

Figure 16a shows a semi-quantitative pressure v. temperature phase
diagram for an average metapelitic bulk composition, such as the
average Buchan metapelite in Figure 15. This phase diagram has

similarities to the thermodynamically calculated phase diagrams in
Figure 17, to be discussed in the next section, but also has some
differences. The topology of Figure 16a is constrained by systematic
patterns of progrademineral assemblage development in muscovite-
bearing pelites from more than 130 low-pressure metamorphic

Fig. 16. (a) Schematic phase diagram for metapelite of average composition (see text for discussion). The approximate bulk composition of the phase
diagram is shown in part (b). Numbered reactions are listed in the text. Mineral abbreviations from Kretz (1983). Als = Al2SiO5 mineral (kyanite, andalusite
or sillimanite). (b) Schematic AFM diagram for the P–T conditions shown in part (a). The dashed tie-line that joins staurolite and cordierite is discussed in
the text. (c) Same diagram as part (a), but with approximate pressure and temperature axes and with metamorphic field gradients and P–T paths plotted. See
text for discussion.
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Fig. 17. Thermodynamically calculated phase diagrams for the average composition of Buchan pelites of this study. The compositions are listed in
Table S4. The method of calculation of the phase diagrams is provided in Supplementary Document S2. Numbered reactions are listed in the text. Mineral
abbreviations from Kretz (1983). Metamorphic field gradients are drawn on the diagrams to satisfy the order of inferred reactions in the text. See text for
explanation of the pale-coloured P–T box for the Barrovian domain. (a) Phase diagram calculated using thermodynamic and a–X models HP5.5, assuming
all Fe as Fe2+ (see text for explanation and discussion). The complementary phase diagram calculated for the measured whole-rock value of XFe3+ = 0.15 is
provided in Figure S3a. (b) Phase diagram calculated using thermodynamic dataset and a–X models HP6.2, using the measured whole-rock value of XFe3+ =
0.15 (see text for explanation and discussion). The complementary phase diagram calculated assuming all Fe as Fe2+ is provided in Figure S3b.

D.R.M. Pattison and S.A. Goldsmith

 at University of Calgary on November 2, 2021http://jgs.lyellcollection.org/Downloaded from 

https://doi.org/10.6084/m9.figshare.c.5536745
https://doi.org/10.6084/m9.figshare.c.5536745
https://doi.org/10.6084/m9.figshare.c.5536745
https://doi.org/10.6084/m9.figshare.c.5536745
http://jgs.lyellcollection.org/


settings (Pattison and Tracy 1991), supported by the systematic
distribution of mineral assemblages in the tilted contact aureole
around the Nelson batholith, SE British Columbia (Pattison and
Vogl 2005). The phase diagram in Figure 16a is schematic because
current thermodynamic datasets and allied activity–composition
expressions for solid solution minerals do not reproduce some key
aspects of these systematic natural relationships, as discussed in the
next section. Nevertheless, approximate pressures and temperatures
can be assigned to the phase diagram (Fig. 16c) based on a few key
reactions, the positions of which do not change very much in P–T
space with different thermodynamic datasets. The numbered
reactions and domains on Figure 16 correspond to the reactions
discussed in the following text.

Figure 16a shows that, in rocks of the same composition,
cordierite develops at lower pressures than staurolite. The prograde
metamorphic field gradients or P–T paths of individual rocks, in
which the temperature increases with little to no increase in pressure
(i.e. isobaric or near-isobaric heating), therefore give rise to
distinctly different prograde mineral assemblage sequences (stauro-
lite-bearing v. cordierite-bearing, both commonly with andalusite).
Between the higher pressure staurolite-bearing stability field and
lower pressure cordierite-bearing stability field in Figure 16a is a
narrow pressure interval in which prograde mineral assemblage
sequences develop neither cordierite nor staurolite, only andalusite.
Although rare, such sequences have been mapped (Pattison and
Tracy 1991; Pattison and Vogl 2005). These relative pressure
differences are consistent with the relative pressure differences
implied by the common presence or absence of garnet, and by the
relative order of the prograde development of sillimanite
v. K-feldspar (Fig. 16a). Staurolite-bearing sequences are com-
monly garnet-bearing and sillimanite develops without exception
downgrade of K-feldspar, whereas cordierite-bearing sequences
rarely contain garnet, and sillimanite may develop upgrade or
downgrade of K-feldspar (Pattison and Tracy 1991).

One implication of the phase relations in Figure 16a is that
assemblages containing both staurolite and cordierite are unlikely to
be a stable configuration in muscovite + biotite-bearing pelites of
normal composition (Pattison et al. 1999). A stable staurolite–
cordierite tie-line cuts out the important and widespread association
andalusite–biotite (see Fig. 16b). No contact aureole uncomplicated
by possible polymetamorphism is known that develops a staurolite–
cordierite zone in muscovite-bearing rocks (Pattison and Tracy
1991). Muscovite + biotite + staurolite + cordierite-bearing mineral
assemblages have been reported from a few localities around the
world (Pattison et al. 1999), but these researchers argued that they
are most likely due to polymetamorphism (i.e. sequential, partially
overprinting stages of metamorphism at different pressures). Our
discussion does not pertain to K-poor, muscovite-free rocks in
which cordierite + staurolite mineral assemblages can be stable and
may develop in prograde sequences if muscovite is consumed
before chlorite (Hudson and Harte 1985; Spear 1993, figs 13-7 and
13-8; Diener et al. 2008).

Phase equilibrium modelling

Thermodynamically calculated phase diagrams were produced for
the average Buchan metapelite composition and are shown in
Figure 17 and Supplementary Figure S3. The phase diagrams
were calculated in the chemical systems MnNCKFMASHTO
(MnO–Na2O–CaO–K2O–FeO–Fe2O3–MgO–Al2O3–SiO2–H2O–
TiO2), using the measured molar Fe3+/Fetotal of the rocks, and in
MnNCKFMASHT, in which all Fe was converted to Fe2+. The
rationale and consequences of different treatments of Fe3+ are
provided in the discussion of phase equilibrium modelling in
Supplementary Document S2. The compositions used to calculate
the phase diagrams are provided in Supplementary Table S4. Three

commonly used thermodynamic datasets and allied activity–
compositions relations were tested: (1) Holland and Powell (1998;
updated to version ds5.5) and a set of a–Xmodels dating from 2005
to 2007 (hereafter termed dataset HP5.5, identical to dataset HP1 of
Pattison and DeBuhr 2015); (2) Holland and Powell (2011; dataset
6.2) and the a–Xmodels of White et al. (2014a, b) (hereafter termed
dataset HP6.2); and (3) the SPaC14 database and a–X models
described in Pattison et al. (2002) and Pattison and DeBuhr (2015).
Further details of the calculation of the phase diagrams are provided
in Supplementary Document S2.

Figure 17a shows a phase diagram calculated using dataset HP5.5
in MnNCKFMASHT in which all Fe was converted to Fe2+, and
Figure 17b shows a phase diagram calculated using dataset HP6.2 in
MnNCKFMASHTO that used the measured value of molar Fe3+/
Fetotal = 0.15. The complementary diagrams (with respect to the
assumed Fe3+/Fetotal) for the two datasets are shown in Figures S3a,
b. Figure S3c shows a subsolidus phase diagram calculated using
the SPaC14 dataset in MnNCKFMASHT in which all Fe was
converted to Fe2+ (the SPaC14 dataset does not accommodate Fe3+

and has no melt model). Figure S3d shows a suprasolidus phase
diagram for an average metagreywacke (composition CVGP of
Vielzeuf and Montel 1994) calculated using dataset HP 6.2
in MnNCKFMASHTO, which uses the measured value of molar
Fe3+/Fetotal = 0.08.

Each of the calculated phase diagrams in Figure 17 and
Figure S3 has its pros and cons, with none satisfying all the
natural mineral assemblage and mineral compositional constraints.
Figure 17a predicts a positive slope for reaction 7 instead of a
negative slope, as indicated by the prograde replacement of
muscovite + cordierite by andalusite + biotite + quartz in the
Buchan domain and in contact aureoles elsewhere (Pattison et al.
2002; Pattison and DeBuhr 2015). This difference carries
consequential implications for the metamorphic field gradient of
the classic Buchan sequence and these other settings. The phase
diagram in Figure 17b does not predict a stability field for
andalusite + cordierite in muscovite-bearing rocks – the most
widespread porphyroblastic mineral assemblage in the Buchan
block – except at pressures <1 kbar (<1.2 kbar in the Fe3+-free
system; Fig. S3b). The subsolidus phase diagram calculated using
the SPaC14 dataset (Fig. S3c) predicts a negative slope for reaction
7, but has a small stability field for staurolite + andalusite and
garnet is not predicted to be stable in the andalusite field. We
therefore used the semi-quantitative phase diagram in Figure 16 to
interpret the Buchan phase relations.

Metamorphic reactions, metamorphic field gradient and
P–T path of the classic Buchan sequence

The interpreted reactions in the following sections are simplified
reactions that focus on the major modal changes in the rocks that
define the metamorphic zones. These reactions can largely be
expressed in the K2O–FeO–MgO–Al2O3–SiO2–H2O (KFMASH)
chemical system that accounts for c. 95% of the composition of
normal metapelites, recognizing that a detailed assessment of the
chemical and modal changes in the rocks, and of the slope and
position of some of the reactions, requires consideration in a larger
chemical system such as those discussed earlier. Exceptions to this
generality are reactions involving melt, which consume significant
plagioclase. The reactions are numbered according to the scheme in
Figure 16a.

In the classic Buchan sequence, passage from the chlorite-bearing
biotite zone into the narrow cordierite zone is via the reaction:

Msþ Chlþ Qtz ¼ Crdþ Btþ H2O (1)

The initial development of andalusite in cordierite-bearing rocks
does not appear to involve the consumption of cordierite (Fig. 4a, b),
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suggesting a reaction also involving the matrix minerals:

Msþ Chl ¼ Andþ Btþ Qtzþ H2O (2)

These two divariant KFMASH reactions can be combined into a
univariant KFMASH reaction:

Msþ Chlþ Qtz ¼ Crdþ Andþ Btþ H2O (3)

In an equilibrium interpretation, the development of andalusite a little
upgrade of cordierite, but not at the expense of cordierite, could
indicate the sequential development of reaction 1 and reaction 3.
Alternatively, the greater ease of nucleation and growth of cordierite
than andalusite (cf. Waters and Lovegrove 2002) could be explained
by the progress of reaction 3, in which, for kinetic reasons, andalusite
forms a little after cordierite from the reaction of matrix minerals.

At higher grade, in rocks devoid of chlorite, the textures in
Figure 4c–e provide evidence of the growth of andalusite, biotite
and quartz at the expense of cordierite (and muscovite), implying
the reaction:

Msþ Crd ¼ Andþ Btþ Qtzþ H2O (7)

The progress of this reaction depends on the abundance of
muscovite, with cordierite persisting upgrade unreacted in musco-
vite-free rocks. The reaction or reactions responsible for the
development of sillimanite are less clear-cut, but may involve a
combination of reaction 7, in which sillimanite is produced instead
of andalusite, the polymorphic transition of andalusite to sillimanite

And ¼ Sil (9)

and fluid-catalysed base–cation reactions involving the replacement
of micas (e.g. Carmichael 1969; Vernon 1979).

At higher grade, primary muscovite is lost from the rocks, K-
feldspar develops and the rocks become variably migmatitic
gneisses. The transition into gneisses is ascribed to partial
melting. The reactions controlling the loss of primary muscovite
and the development of K-feldspar are:

Msþ Qtz ¼ Kfsþ Sil

þ H2O (dehydration reaction below the solidus)

(10)

MsþQtzþPl

¼KfsþSilþL (dehydration-meltingreactionabove thesolidus)

(100)

(Fig. 16a). The lowest grade partial melting reactions are the H2O-
consuming reactions:

Plþ QtzþMs (downgrade of reaction 100)þ H2O ¼ L (11)

Plþ Qtzþ Kfs (upgrade of reaction 10)þ H2O ¼ L (110)

(see Fig. 16a). Reactions 11 and 11′ represent the ‘wet granitoid
solidus’ and neglect the modally minor participation of other
phases.

The order in which these reactions occur appears to vary in
different parts of the classic Buchan sequence. In the Ythan River
transect (Fig. 2), upgrade of a significant sillimanite zone, the
incoming of K-feldspar cannot be distinguished on the map
scale from the transition into variably migmatitic gneisses. By
contrast, in the NE coastal transect in Fraserburgh, the sillimanite
zone is narrow and the first development of K-feldspar occurs
downgrade of the first indication of partial melting (Johnson et al.
2015), noting that the K-feldspar develops in unusual
corundum-bearing rocks (Broadsea Shore, Fraserburgh; Fig. S1).
The reaction most likely responsible for the development of

corundum+K-feldspar is:

Ms ¼ Crnþ Kfsþ H2O (17)

(Johnson and Kneller 2015). This reaction (not shown in Fig. 16)
occurs upgrade of reaction 10/10′ and, except at very low pressures,
melt-producing reaction 11/11′ (figs 2 and 4 of Pattison 1989).
However, there is little evidence for incipient migmatization in the
outcrops. Reduced aH2O could account for progress of reaction 17 at
lower temperatures, but rocks in the outcrop that could plausibly
generate reduced-aH2O fluids are lacking.

The occurrence of K-feldspar-free biotite + cordierite + andalus-
ite( + sillimanite) hornfels schollen (Fig. 5d) within the biotite +
plagioglase + quartz-rich gneisses between Fraserburgh and St.
Combs (Figs S1 and 5c) suggests that, despite the dramatic change
in the appearance of the rocks, temperatures did not exceed reaction
11 or 11′ by very much. Extensive, yet relatively low-temperature,
migmatization is implied, suggestive of fluid infiltration-driven
partial melting by reaction 11 in this area (cf. Johnson et al. 2001a, b).

Upgrade of reactions 10/10′ and 11/11′, the reactions include:

Btþ And=Silþ Qtz

¼ Crdþ Kfsþ H2O (dehydration reaction below the solidus)

(12)

Btþ And=Silþ Qtzþ Pl ¼ Crdþ Kfs

þ L (dehydration-melting reaction above the solidus)
(120)

These are followed by the garnet-producing, dehydration–melting
reactions:

Btþ Silþ Qtzþ Pl ¼ Crdþ Grt+ Kfsþ L (14)

and, at higher grade or lower pressure, in sillimanite-free rocks:

Btþ Crdþ Qtzþ Pl ¼ Grt+ Kfsþ L (15)

Reaction 14 is interpreted to account for the biotite + garnet +
cordierite + sillimanite-bearing gneisses that are abundant in the
gneiss/migmatite domain in much of the eastern and southern
Buchan block (Fig. 1b; e.g. Ellon, Haddo, Cabrach gneisses). In the
NE Buchan transect east of Fraserburgh (St Combs area), Johnson
et al. (2001b) ascribed the development of sillimanite-free garnet +
cordierite migmatites to the consumption of sillimanite by reaction
14, whereas Johnson et al. (2015) ascribed the development of these
rocks to reaction 15 at lower pressures. The highest grade,
orthopyroxene-bearing gneisses near St Combs (Inzie Head)
imply a reaction of the form

Btþ Qtzþ Pl (+Crd+ Grt) ¼ Opx+ Kfsþ L (16)

(Johnson et al. 2001a, b, 2003, 2015).
When assessed against Figure 16c, the different sequences of

reactions suggest a small difference in the pressure of metamorph-
ism between the bulk of the classic Buchan sequence (e.g. the Ythan
River transect) and the NE Buchan coastal transect (Fraserbugh–St
Combs area). In the Ythan River transect section (Fig. 2), the
sillimanite zone is relatively wide and the incoming of K-feldspar
(neglecting the cryptic K-feldspar noted in some samples near the
sillimanite isograd) cannot be distinguished on the map scale from
the transition into variably migmatitic gneisses. The latter suggests
progress of reactions 10/10′ and 11/11′ at P–T conditions close to
where they intersect (see Fig. 16). This is followed upgrade by
reaction 14 to produce the abundant garnet + cordierite + sillimanite
gneisses. By contrast, in Fraserburgh, the sillimanite zone is narrow
and the first development of K-feldspar occurs downgrade of the
first indication of partial melting (Johnson et al. 2015). These
features suggest progress of subsolidus reaction 10 followed by
reaction 11′, followed by reaction 14 or 15 at higher grade (Johnson
et al. 2001b, 2015).
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When plotted in Figure 16c, these sequences of reactions result in
tightly constrained, gently positively sloping metamorphic field
gradients. For the dominant sequence (Ythan River transect),
conditions range from (2.5–3.0 kbar, 450–550°C) in the biotite
zone to (3.0–3.5 kbar, 550–650°C) in the cordierite–andalusite and
sillimanite zones to (3.5–4.0 kbar, c. 750°C) in the higher
temperature portions of the gneiss/migmatite zone (garnet +
cordierite + sillimanite-bearing gneisses). For the NE coastal
sequence, the sequence and width of the zones suggests a slightly
lower-pressure metamorphic field gradient, perhaps by <0.5 kbar.
This difference in pressure is consistent with the gentle NNE plunge
of the Turriff syncline, which results in progressively shallower
rocks being exposed going northwards. With respect to the
thermodynamically predicted phase diagrams using the HP5.5
dataset (Fig. 17a and Figure S3a), the positive slope of reaction 7
results in a more steeply sloping metamorphic field gradient (from
<2 to c. 4 kbar).

The preferred metamorphic field gradients of this study are of
higher pressure and temperature than in fig. 6 of Hudson (1985).
Johnson et al. (2001b) proposed a metamorphic field gradient for
the Fraserburgh–St Combs transect ranging from (3.0–3.5 kbar, c.
650°C) to (4.5–5.0 kbar, c. 800°C), similar to this study, whereas
Johnson et al. (2015) proposed an isobaric metamorphic field
gradient at a pressure <3 kbar for the same area. The latter is difficult
to reconcile with the development of sillimanite in muscovite-
bearing rocks downgrade of K-feldspar. One argument for the lower
pressure of the latter study was the occurrence of orthopyroxene in
the highest grade gneisses, which for the assumed average pelite
composition and the thermodynamic models used (dataset HP6.2)
was predicted to occur at c. <3.5 kbar. If the protolith of the
orthopyroxene-bearing gneisses were closer to that of a semipelite/
metagreywacke composition, such as makes up the majority of the
rocks in the Buchan sedimentary sequence, the stability of
orthopyroxene extends to higher pressure (Fig. S3d; Johnson
et al. 2008).

Metamorphic reactions, metamorphic field gradient and
P–T path of the west Buchan staurolite-bearing,
cordierite-free domain

In the west Buchan sequence, the development of garnet downgrade
of the staurolite zone is ascribed to the reaction

Msþ Chlþ Qtz ¼ Grtþ Btþ H2O (4)

There is no evidence for the involvement (e.g., dissolution) of
garnet associated with the development of staurolite, such as by the
classic univariant KFMASH reaction:

Msþ Grtþ Chlþ Qtz ¼ Stþ Btþ H2O (5)

(shown in Figs. 16, 17 and S3 as a narrow band because the reaction
occurs over an interval in these 10- or 11-component phase
diagrams). Rather, a garnet-free, chlorite-consuming reaction is
implied:

Msþ Chlþ Qtz ¼ Stþ Btþ H2O (50)

There is likewise little evidence for the consumption of staurolite
associated with the development of the first generation of andalusite
(And1). Rather, And1 appears to have developed independently
from, but later than, staurolite, suggesting progress of a staurolite-
free reaction involving matrix minerals such as reaction 2. Some
rocks show evidence for a second, later generation of andalusite
(And2), which could indicate further progress of reaction 2 or, in
staurolite-bearing rocks, the reaction:

Msþ Stþ Chlþ Qtz ¼ Andþ Btþ H2O (6)

or, in the absence of chlorite:

Msþ Stþ Qtz ¼ Andþ Btþ Grtþ H2O (8)

As in the classic cordierite-bearing Buchan sequence, the reaction
or reactions responsible for the development of sillimanite are
unclear. The reaction sequence given here is represented in the low-
grade portion of the metamorphic field gradient for the west and
NW Buchan domains shown in Figure 16c. The high-grade portion
of the west Buchan metamorphic sequence, extending into the
Cowhythe gneiss, is discussed in the following text.

Metamorphic reactions, metamorphic field gradient and
P–T path of the cordierite+staurolite-bearing NW Buchan
coastal sequence

Staurolite + cordierite domain

The NW Buchan coastal sequence and its southerly extent inland is
the only part of the Buchan domain containing coexisting cordierite
and staurolite in muscovite-bearing rocks. The order of porphyro-
blast development inferred from individual rocks (garnet–stauro-
lite–cordierite–andalusite) does not accord with the sequence of
porphyroblast isograds on the ground (cordierite–andalusite–
staurolite) (Fig. 8). We ascribe these features to polymetamorphism,
as follows. A staurolite + garnet ± andalusite-bearing mineral
assemblage (with garnet earlier than staurolite and, where
andalusite is present, staurolite earlier than andalusite) developed
by the progress of reactions 4 and 5′, followed in some rocks by
reactions 2, 6 or 8 – the same as inferred for the cordierite-free west
Buchan sequence.We interpret that the staurolite ± garnet isograd in
Figures 1b and 8 belongs to this metamorphic episode. A second,
more static, lower pressure prograde metamorphism involving
cordierite + andalusite was then imposed on the area. Where
imposed on the low-grade rocks to the east of the staurolite
isograd, such as in Banff, hornfels-like cordierite- and cordierite +
andalusite-bearing mineral assemblages and textures developed like
those elsewhere in the classic Buchan sequence elsewhere (reaction
1 followed by reactions 2 or 3). Where imposed on the higher grade
rocks to the west of the staurolite isograd, cordierite + andalusite-
bearing mineral assemblages and textures also developed, but in
rocks that, depending on their bulk composition, contained variable
amounts of staurolite, garnet and possibly early formed andalusite.

A P–T path that satisfies the order of mineral development in the
staurolite + cordierite + andalusite-bearing rocks is shown in
Figure 16c. This path involves two prograde heating events
separated by an interval of decompression and cooling: an earlier,
higher pressure, staurolite ± andalusite-producing event, followed
by a later, lower pressure cordierite + andalusite-producing event.
The difference in pressure may have been <1 kbar (Fig. 16c). Note
that a simple clockwise P–T ‘loop’ involving roughly isothermal
decompression from a higher pressure staurolite ± andalusite
assemblage to a lower pressure cordierite-bearing mineral assem-
blage (implying an order of porphyroblast development of
staurolite–andalusite–cordierite) does not satisfy the textural
evidence, in which some or much of the andalusite develops after
cordierite. Possible causes of this polymetamorphism are discussed
in the following text.

Sillimanite and migmatite zones

Interpretation of the metamorphic field gradient for the NW
Buchan coastal sequence is complicated by the evidence for
polymetamorphism in the staurolite + cordierite zone, the lack of
metapelitic bulk compositions between the sillimanite isograd
and the Cowhythe gneiss, and the presence of a fault or shear zone
in Old Hythe between the Cowhythe gneiss and the carbonates
and platy semipelites to the east (Fig. 8). The absence of
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andalusite and the relative rarity of reported cordierite in the
Cowhythe gneiss is suggestive of a higher pressure of meta-
morphism than that which prevailed in the cordierite-rich Ellon,
Inzie Head and Cabrach gneisses occurring upgrade of the
‘classic’ cordierite-bearing Buchan sequence (Figs 16 and 17).
Reactions that could account for the development of the varieties
of Cowhythe gneisses described earlier include melting reactions
10′, 11, 13 (Bt + Sil + Qtz + Pl = Grt ± Kfs + L) and 14.

The presence of sillimanite + K-feldspar in the platy, non-
migmatitic semipelites east of the fault zone in Old Hythe is
indicative of a temperature of metamorphism not dissimilar to the
sillimanite + K-feldspar-bearing Cowhythe gneisses west of the
fault, but seemingly of lower pressure (progress of subsolidus
reaction 10 rather than suprasolidus reaction 10′; see Fig. 16a).
Whereas the simplest interpretation is that the rocks to the east of the
post-metamorphic fault were dropped down relative to the
Cowhythe gneisses, the lack of partial melting in the platy
semipelite rocks could also be influenced by the carbonate-rich
rocks with which they are interlayered. These would release CO2-
rich metamorphic fluids that, by reducing aH2O in the fluid, would
suppress the onset of partial melting by reaction 11 and promote the
progress of subsolidus reaction 10 (Pattison 1989), potentially
eliminating any implication of a pressure difference.

We consider that the metamorphic field gradient of the NW
Buchan coastal sequence is best defined by linking the Cowhythe
gneiss with the staurolite ± andalusite-bearing assemblages at lower
grade, rather than with the later, overprinting cordierite + andalusite
assemblages (Fig. 16c). In this interpretation, the metamorphic field
gradient is the same as the staurolite-bearing, cordierite-free west
Buchan metamorphic sequence to the south, which also progresses
upgrade through a sillimanite zone into the Cowhythe gneiss. The
result is a positively sloping metamorphic field gradient for the
whole of the western Buchan block, ranging from (c. 3.5–4.0 kbar,
c. 550°C) in the staurolite–andalusite zone to (4.0–4.5 kbar, 700–
750°C) in the Cowhythe gneiss (Figs 16c and 17). This
metamorphic field gradient is ≤1 kbar higher in pressure than the
metamorphic field gradient for the classic Buchan sequence, despite
the conspicuously different mineral assemblage sequence. The c. 3–
5 kbar pressure range for Buchan regional metamorphism in this
study overlaps with the 4–5 kbar emplacement estimate for several
of the Buchan mafic intrusions (Droop and Charnley 1985; Droop
et al. 2003), noting that several of these intrusions were probably
emplaced into rocks that were already regionally metamorphosed.

Metamorphic P–T conditions of the Barrovian domain to
the west of the Buchan block

The staurolite + kyanite-bearing schists in the Barrovian domain to
the west of the PDHL (Fig. 8) formed at higher pressures and lower
temperatures than the Cowhythe gneiss (Fig. 16c; Beddoe-Stephens
1990). In an equilibrium interpretation, staurolite + kyanite schists
indicate pressures of ≥6.0 kbar and temperatures of 600–650°C
(medium grey box in Figs 16c, 17 and S3). A global reconsideration
of the petrogenesis of staurolite + kyanite rocks (Pattison and Spear
2018) suggests that they might form at lower P–T conditions than
previously thought, based on textural evidence for the concomitant
growth of the two minerals, rather than staurolite being the primary
reactant for kyanite as predicted in equilibrium phase diagrams
(reaction 8 in Figs 16c, 17 and S3). This observation pertains to the
staurolite + kyanite-bearing rocks of this study (Fig. 14b). It
implies the formation of both staurolite and kyanite from the
reaction of matrix minerals (muscovite, chlorite), such as by
reaction 5 or 5′ and metastable reaction 2, allowing P–T conditions
as low as (c. 5.0–5.5 kbar, 550–600°C) (light grey box in Figs 16c,
17 and Fig. S3). Whichever interpretation is made, the separateness
of the Barrovian and Buchan metamorphic domains on either side

of the PDHL is apparent, in contrast with the metamorphic
continuum implied in Chinner (1966, 1980), Harte and Hudson
(1979) and Hudson (1980).

Concerning the Portsoy chiastolite schists, an earlier meta-
morphic history prior to the development of staurolite, kyanite and
garnet involved the sequential development of andalusite and
sillimanite, followed by the partial retrogressive pseudomorphing of
andalusite by coarse muscovite under static conditions. An
approximate P–T path consistent with this sequence of events is
shown by the thick dashed line in Figure 16c.

Monazite U–Pb geochronology

An attempt to date the age of metamorphism in the Buchan domain
and in the Barrovian domain to the west of the PDHL was made by
analysing the composition of metamorphic monazite using laser
ablation inductively coupled plasma–mass spectrometry (LA-ICP-
MS). Nine rocks, six from the Buchan domain and three from the
Barrovian domain, were analysed. Of the six Buchan samples, two
are of the Ellon gneiss in the southeastern Buchan domain (07-Y-9
and 07-Y-11), one is a staurolite + andalusite schist from thewestern
Buchan domain (07-Bu-12A), one is a polymetamorphic staurolite
+ andalusite + cordierite schist from the northwestern Buchan
coastal sequence (02-Bu-5B) and two are of the Cowhythe gneiss
of the northwestern Buchan coastal sequence (07-Bu-10B and 07-
Bu-11). Of the three Barrovian samples from the coastal sequence
west of Portsoy, one is a staurolite + kyanite schist (16-SP-4B),
one is a staurolite + garnet schist (02-Bar-4) and one is a
polymetamorphic kyanite + staurolite + garnet schist with relict
andalusite and sillimanite from the Portsoy swimming pool
locality (02-Bu-6B). More samples were examined, especially
from the cordierite + andalusite zone that occupies much of the
Buchan domain, but the fine grain size of the monazite (mostly
<10 μm) prohibited analysis by LA-ICP-MS (Goldsmith 2017).

Sample locations are shown on Figures 1b, 2 and 8; back-
scattered electron images of the textural setting of monazite in the
samples are provided in Figure S4; the analytical procedures are
provided in Supplementary Document S1; monazite chemical
analyses are provided in Table S12; isotopic results and interpreted
dates are provided in Table S13; and the dates are plotted and
interpreted in concordia diagrams (Tera and Wasserburg, 1972) in
Figure S5, anchored to a common Pb value (207Pb/206Pb) of 0.86 ±
0.06 estimated from the Pb evolution model of Stacey and Kramers
(1975). Figure S4 shows the fine grain size of the monazite grains,
most of which could only be analysed with a single LA-ICP-MS
spot. Between five and 15 grains from each sample yielded
acceptable dates. Where more than one analysis was obtained for a
single grain, the dates were within error of each other (Table S13).
Most monazite occurs as isolated grains of varying aspect ratio in
the matrix, with a few occurring as inclusions within porphyro-
blasts, but there was no consistent difference in dates related to
textural setting or shape of the grains.

The two samples of Ellon gneiss gave similar results (Fig. S5a, b)
and so were combined (Fig. S5g), yielding a composite date of
474.8 ± 2.9 Ma (MSWD = 0.88). The two schist samples from the
western and northwestern Buchan domain and the two samples of
Cowhythe gneiss from the northwestern Buchan coastal sequence
all gave similar results in the range 465–470 Ma (Fig. S5c–f ).
Despite the petrological evidence for polymetamorphism in the
staurolite + andalusite + cordierite schist from the northwestern
Buchan coastal sequence (02-Bu-5B), there is no evidence for
two populations of monazite dates, either reflecting a single interval
of monazite growth, or two intervals of monazite growth with dates
within error of each other. A combined date for the four samples
from the western and northwestern Buchan domain (Fig. S5h) is
467.2 ± 2.1 Ma (MSWD= 0.93).
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These results support inferences from the geology (Stephenson
et al. 2013a, b and references cited therein) and petrology (this
study) that the Cowhythe gneiss represents highly metamorphosed
Dalradian strata, rather than a distinct domain of older basement
gneiss as suggested by Sturt et al. (1977), Ramsay and Sturt (1979)
and Viete et al. (2010, 2014). There is a hint that the Ellon gneisses
of the southeastern Buchan domain may be a little older than the
schists and Cowhythe gneiss of the NW Buchan domain, but
whether this is a robust interpretation is difficult to say. Integrating
all six samples from the Buchan domain yields a date of 469.9 ±
1.2 Ma (MSWD= 1.2), similar to the c. 470 Ma age of the
Grampian igneous intrusions in the Buchan domain (Fig. 1a).

The results from the Barrovian domain differ from those of the
Buchan domain and are, in general, more difficult to interpret, with
a higher proportion of the grains showing discordance (Table S13
and Figs 5i, j, k, l). The samples show little evidence of the strong c.
470 Ma signal of the Buchan rocks. Examining the two samples that
show no petrographic evidence for polymetamorphism (16-SP-4B
and 02-Bar-4; Figs. S5i, j), both show a population of grains at c.
450 Ma. Sample 02-Bar-4 additionally shows a small older
population of grains at c. 490 Ma. The few acceptable analyses
from the polymetamorphic rock from Portsoy swimming pool (02-
Bu-6b; Fig. S5k) show hints of the same two groupings. Combining
all three samples (Fig. S5l), two groupings emerge: one at 452.7 ±
3.9 Ma (MSWD= 3.0) and a second, weaker grouping at 498 ±
11 Ma (MSWD = 4.2). If the 12 grains from the three samples that
are <10% discordant are combined, a 206Pb/238U date of 453.3 ±
6.7 Ma (MSWD= 2.8) results (omitting a single 501 Ma grain). If
the nine of these grains with dates within error of each other are
combined, a 206Pb/238U date of 449.4 ± 3.9 Ma (MSWD = 0.75)
results. For the older population, an unanchored date of 482 ±
20 Ma (MSWD= 6.5) results, but the implied 207Pb/206Pb value of
c. 0.4 is low.

Neither of the two age groupings fits simply into the
geochronological framework for Barrovian and Buchan meta-
morphism of Viete et al. (2010, 2013), acknowledging evidence for
the diachroneity of Grampian regional metamorphism (e.g.
Dempster 1985; Dempster and Harte 1986). The c. 450 Ma group
is c. 15 Ma younger than the hypothesized end of Grampian
metamorphism at c. 465 Ma (Viete et al. 2013), although it overlaps
with the c. 443 Ma Glen Kyllachy granite in the NW Grampian
terrain (van Breemen and Piasecki 1983) and with some c. 450 Ma
granites in the Buchan block (Fig. 1a). It also lies within error of a
456.0 ± 4.5 Ma date for metamorphic titanite in the nearby
deformed Portsoy gabbro in the PDHL (Carty et al. 2012). The c.
500 Ma group, of equivocal reliability, is not recognized in previous
studies, although it overlaps within uncertainty with a 493 Ma date
for a phase of the Portsoy gabbro and a 486 Ma date for the Inzie
Head mafic gneiss in the NE Buchan block (Johnson et al. 2017; see
Figure 1a).

Synthesis of metamorphism in the Buchan block and
adjacent Barrovian domain

Spatial and temporal controls of the metamorphic zones in
the Buchan block

Accepting the petrological evidence for polymetamorphism in the
staurolite–cordierite domain of the NW Buchan block, two broad
scenarios present themselves to account for the distribution of the
Buchan metamorphic zones. These are shown in cartoon cross-
sections in Figure 18. The first (Fig. 18a) is the development of an
early staurolite–andalusite prograde sequence in the western part of
the Buchan domain, followed by a later Buchan-wide cordierite–
andalusite sequence developed in predominantly unmetamorphosed
rocks, except in the northwestern portion of the west Buchan

domain, where the rocks had already developed staurolite-bearing
mineral assemblages.

The second scenario (Figs 18b and 19) is a Buchan-wide
metamorphism that varied in depth, with higher pressure staurolite
+ andalusite-bearing mineral assemblages developed in the west,
lower pressure cordierite + andalusite-bearing mineral assemblages
developed in the east and south, and an intermediate-pressure
interface region between the two in the SW Buchan dominated by
andalusite-bearing mineral assemblages (Figs 1b, 6 and 19). This
interpretation is the same as was made for the spatially restricted
development of cordierite-bearing v. staurolite-bearing mineral
assemblage sequences in the tilted contact aureole of the Nelson
batholith (Pattison and Vogl 2005), which additionally contained a
narrow, but mappable, zone of andalusite-only mineral assemblages
between the two that is reminiscent of the Buchan interface zone
described here. In the second scenario, the regional staurolite +
andalusite metamorphic zone in the NW Buchan domain was
locally overprinted by a lower pressure, static cordierite–andalusite
metamorphism.

The similarity in appearance of the hornfels-like, spotted
cordierite + andalusite rocks in the classic Buchan sequence and
those in the NW coastal sequence (compare Fig. 3c and d) might
suggest that they formed at the same time, favouring the first scenario.
Yet other considerations favour the second scenario, primary among
them the gap in cordierite-bearing mineral assemblages between the
NW Buchan domain and the SWBuchan domain (Fig. 1b). Whereas
the cordierite overprint in the NW Buchan domain resulted in
abundant staurolite + cordierite-bearing mineral assemblages, no
staurolite + cordierite-bearing mineral assemblage occurs in the
staurolite domain SW of here. Rather, in the SW Buchan domain,
the domain of staurolite-free, cordierite-bearing mineral assemblages
stops roughly where the domain of staurolite-bearing, cordierite-free
mineral assemblages starts, with the two domains separated by the ill-
defined, relatively narrow interface region dominated by andalusite
(Fig. 6). In addition, the interface zone occurs at a high angle to the
porphyroblast-in, sillimanite and migmatite isograds, suggesting that
its primary control is not thermal.

Accepting the second scenario, the domain of polymetamorphic
staurolite + cordierite-bearing mineral assemblages in the NW
Buchan domain is ascribed to a local low-pressure thermal overprint
on the regional pattern. The possible cause of such a thermal
perturbation is obscure, with a local, later episode of mafic
magmatism perhaps being the most likely. A possible surface
manifestation of this magmatism could be the local dykes and other
mafic outcrops that comprise the poorly exposed Boyndie mafic
intrusion in this area (Figs 1 and 8), but these rocks are themselves
metamorphosed (Read 1923) and no geochronology has been
performed on this body of which we are aware.

In both scenarios, we interpret that the overall driving force for the
low-pressure–high-temperature metamorphism was mafic magma-
tism of varying timing and spatial extent, possibly related to an
already elevated geothermal gradient related to lithospheric extension
(Viete et al. 2010). Following metamorphism, the rocks of the
Buchan domain were juxtaposed against the Barrovian domain to the
west by the PDHL, followed by folding into the Turriff syncline and
erosion (Fig. 18). Exposure of deeper staurolite-bearing assemblages
in the west Buchan domain suggests that the west limb of the Turriff
synclinewas upturnedmore than the eastern limb, consistent with the
locally steep dip of the strata on thewest limb of the Boyndie syncline
(compare map and cross-section in Fig. 1a with Fig. 1b).

Metamorphic field gradients and P–T paths in the Buchan
block

The metamorphic field gradients in Figures 16 and 19 have a gentle
positive slope in P–T space, interpreted to reflect post-metamorphic
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folding of the Dalradian strata and metamorphic isograds into the
Turriff syncline and Buchan anticline. The c. 1 kbar pressure
difference between the high-grade (gneiss) and low-grade (biotite
zone) ends of the metamorphic field gradients (Fig. 16c) can be
compared with the depth difference inferred on stratigraphic
grounds between the trough of the Turriff syncline and the crest
of the Buchan anticline (see lithological cross-section in Fig. 1a).
This difference is of the order of 4–5 km, using as a datum the
stratigraphic interface between the Southern Highland Group and
the underlying Argyll Group. Assuming an average density of
lithified siliciclastic rock (psammite and pelite) of 2.6 g cm−3, this
difference in depth translates to a pressure difference of c. 1.5 kbar.
The metamorphic field gradients in Figure 16c have as their lower
grade anchor entry into the cordierite or staurolite zones and thus do
not extend to the lower grade rocks in the centre of the Turriff
syncline, bringing the two estimates into closer agreement.

In detail, however, the isograds do not always conform to the
lithological boundaries (compare Fig. 1a and b) and they transect
some regional shear zones (Johnson et al. 2015). These observa-
tions indicate that the metamorphic field gradient is at least locally
controlled by thermal doming that predated folding. The result may
be that the metamorphic field gradient in certain parts of the Buchan
domain is closer to isobaric, such as near the crest of the Buchan

anticline (e.g. Johnson et al. 2015). The averagedmetamorphic field
gradients in Figures 16c and 19 may therefore mask local variations.

The P–T path of individual rocks in the Buchan domain will not
have been the same as the positively sloping metamorphic field
gradient because the latter arose entirely or in part from post-
metamorphic folding. More likely, the P–T path of individual rocks
was sensibly isobaric, reflective of thermally dominated metamorph-
ism associated with lithospheric extension and mafic magmatism.

Relation between the Buchan and Barrovian domains

The PDHL represents a metamorphic, geochronological and
tectonic discontinuity between the Buchan block and the
Barrovian domain to its west. It truncates metamorphic zones in
the west of the Buchan block, with rocks adjacent to the PDHL
ranging in grade from staurolite + andalusite-bearing schists (c.
3.5 kbar, 550–600°C) in the SW Buchan domain to high-grade
migmatitic gneisses (Cowhythe gneiss; c. 4.5 kbar, 700–750°C) in
the NW Buchan domain (Fig. 16c). The Barrovian staurolite +
kyanite-bearing schists to the west of the PDHL indicate P–T
conditions of 5.5–7.0 kbar and 580–650 °C, depending on the
interpretation of the kyanite-forming reaction (see earlier). These
estimates are of lower pressure than the 8–9 kbar estimates of

Fig. 18. Cartoon cross-sections of the Buchan domain (not to scale) illustrating two possible scenarios for the evolution of the observed metamorphic zones,
including polymetamorphism in the NW Buchan. The approximate line of section is along the northern Buchan coast between Portsoy in the west and
Fraserburgh in the east (Fig. 1). Abbreviations and symbols for the metamorphic domains are the same as those in Figures 1b and 19. The inclined fold axis
of the Turriff syncline reflects greater inferred upturning of the west limb of the Turriff syncline than the east limb, to expose the deeper staurolite-bearing
rocks of the west Buchan domain. See text for discussion.
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Beddoe-Stephens (1990) based on classical geothermobarometry.
Thus, despite the markedly different mineral assemblages on either
side of the PDHL, the peak metamorphic pressure difference
between them may have been in the range c. 1.5–2 kbar, similar to
the estimate of Beddoe-Stephens (1990) despite the different
methods used. This pressure difference corresponds to a depth
difference of 4–7 km. These differences in peak metamorphic
pressure are unlikely to represent estimates of the vertical throw
across the PDHL because the dominant age of metamorphism
appears to be different on either side of the PDHL based on the

monazite geochronology of this study (c. 470 Ma for the Buchan
rocks and c. 450 Ma for the Barrovian rocks).

West of the PDHL is a domain, 2–15 km wide, in which
andalusite is pseudomorphed by kyanite (Figs 1b and 19; Beddoe-
Stephens 1990). This domain of pressure increase was interpreted
by Dempster et al. (1995) to reflect loading by the emplacement of
mafic intrusions, whereas Baker (1987) and Beddoe-Stephens
(1990) interpreted the domain to indicate the extent (at the present
level of erosion) of westerly-directed thrust overlap of the Buchan
block over the Barrovian rocks. Even if the suggestion of west-

Fig. 19. (a) Simplified metamorphic map of the Buchan block and adjacent Barrovian domain according to Scenario 2 of Figure 18b. The map is based on
Figure 1b, but with intrusions and the Old Red Sandstone removed. The extent of the regional metamorphic zones in ground now occupied by intrusions is
extrapolated. The domain labelled St?A indicates an area of andalusite schists that resemble in appearance staurolite + andalusite-bearing schists to the NE
and SW, but in which staurolite has not been observed in this study. The shaded metamorphic zones are interpreted to have developed prior to a local
andalusite–cordierite overprint in the NW Buchan domain (see text for discussion). The approximate trace of the Keith shear zone is from Stephenson
(2013). Lines of section 1′, 1, 2 and 3 correspond to metamorphic field gradients 1′, 1, 2 and 3 in part (b). (b) Metapelitic phase diagram from Figure 16
showing different metamorphic field gradients corresponding to the lines of section in the map in part (a). See text for discussion.
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directed thrusting on the PDHL is accepted, the final motion must
have been normal (extensional) to differentially exhume the deeper
Barrovian rocks relative to the shallower Buchan rocks. David
Stephenson (pers. comm. 2021) suggested that the western margin
of the zone of pseudomorphing might be marked by the Keith shear
zone (Stephenson et al. 2013b; Gunn et al. 2015), an anastomosing,
top-to-the-west shear zone that follows the line of deformed older
granites in Figure 1a. The trace of the Keith shear zone is shown in
Figure 19. The NE-narrowing of the zone of pseudomorphing
matches the NE-narrowing of the gap between the Keith shear zone
and the PDHL.

The pseudomorphed andalusite is commonly assumed to be of
‘Buchan’ age (c. 470 Ma), implying that the low-pressure–high-
temperature metamorphism characteristic of the Buchan block
extended up to 15 km west of the PDHL. This assumption may or
may not be valid (Viete et al. 2010) because andalusite in the
contact aureole of the c. 600 Ma Ben Vuirich intrusion well to the
SW of Figure 1 is also pseudomorphed by kyanite. In addition, the
geochronology results of this study reveal little evidence for a c.
470 Ma peak in the Portsoy andalusite–kyanite rocks. Further
petrological and geochronological study is needed.
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